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Abstract

Background: The validation of drug targets in malaria and other human 
diseases remains a highly difficult and laborious process. In the vast ma-
jority of cases, highly specific small molecule tools to inhibit a proteins 
function in vivo are simply not available. Additionally, the use of genetic 
tools in the analysis of malarial pathways is challenging. These issues re-
sult in difficulties in specifically modulating a hypothetical drug target’s 
function in vivo.

Objective: The current “toolbox” of various methods and techniques to 
identify a protein’s function in vivo remains very limited and there is a 
pressing need for expansion. New approaches are urgently required to 
support target validation in the drug discovery process.

Method: Oligomerization is the natural assembly of multiple copies of a 
single protein into one object and this self-assembly is present in more 
than half of all protein structures.

Thus, oligomerization plays a central role in the generation of functional 
biomolecules. A key feature of oligomerization is that the oligomeric in-
terfaces between the individual parts of the final assembly are highly spe-
cific. However, these interfaces have not yet been systematically explored 
or exploited to dissect biochemical pathways in vivo.

Results and Conclusion: This mini review will describe the current state 
of the antimalarial toolset as well as the potentially druggable malarial 
pathways. A specific focus is drawn to the initial efforts to exploit oligom-
erization surfaces in drug target validation. As alternative to the conven-
tional methods, Protein Interference Assay (PIA) can be used for specific 
distortion of the target protein function and pathway assessment in vivo.

Keywords: Drug target validation, in vivo specificity, malaria, oligomer-
ization, protein Interference, protein: protein interactions.



67  

1. Introduction

1.1. Novel Small Molecules as Research Tools in Drug Target 
Validation

The generation of novel small molecules (NSMs) is a major bottleneck 
for both academia and the pharmaceutical industry. NSMs are primarily 
needed to provide specific tools to dissect and understand biological prob-
lems addressed in basic research and are required in the biological scienc-
es for three fundamental reasons: firstly, to counter the Harlow-Knapp ef-
fect, secondly, to provide validation of a proposed drug target, and thirdly, 
to generate starting points (“leads”) for drug development by the pharma-
ceutical industry. Any successful NSMs must possess minimal cross-reac-
tivity (or high specificity) if the effect of interference in a single protein’s 
function is to be established with any reasonable degree of rigorousness.

1.2. The Harlow-Knapp Effect: Searching Under the Lamp Post
In 2008, Harlow and co-workers highlighted that a small subsection of 
human protein kinases are the subject of the vast majority of scientific 
publications. This results in an imbalance in the research into this import-
ant class of proteins and the in vivo function and/or role of the majority 
of kinases in human disease remains relatively unexplored [1]. Knapp and 
colleagues extended this observation in 2010 by noting that the same mi-
nor fraction of kinases was also statistically over-represented in patent 
applications [2]. The same effect is also seen in the relationship between 
small molecule tools available to study individual nuclear hormone re-
ceptors and publications arising from research on these receptors (Fig. 
1). Thus, the Harlow-Knapp effect has been defined as “the propensity of 
the biomedical and pharmaceutical research communities to focus their 
activities, as quantified by the number of publications and patents, on a 
small fraction of the proteome” [3]. This can also be expressed to the lay-
person as scientists exploring only areas that are already well illuminat-
ed (or “under the lamp post”). The obvious solution to counter the Har-
low-Knapp effect is to increase the availability of more general tools to 
modulate protein function in vivo. This has been previously expressed in 
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the observation that “where there has been a shift in research activity, it 
was often spurred by the emergence of tools (Table 1) to study a particular 
protein, not by a change in the protein’s perceived importance” (Fig. 1; 
[4]). Thus, the availability of novel and specific tools generally results in a 
more complete understanding of biological systems of interest.

1.3. The Need for New Validated Targets for Drug Discovery for 
the Treatment of Malaria

In humans, malaria is caused by infection by one of six species of Plasmo-
dium (P. falciparum, P. vivax, P. malariae, P. knowlesi, classic P. ovale 
curtisi and its variant type P. ovale wallikeri). The species P. falciparum, 
P. vivax, P. malariae and P. ovale are spread directly between human 
hosts by female mosquitoes of the genus Anopheles. More recently, P. 
knowlesi (a species previously thought to cause malaria only in primates) 
has been detected in humans in South-East Asia. Of these five species, P. 
falciparum and P. vivax pose the greatest threat to global health. While 
P. falciparum predominates on the African continent and causes the ma-
jority of deaths, P. vivax is found over a wider geographical area - as it can 
survive and develop in the Anopheles host at lower temperatures. This 
potentially makes P. vivax the more dangerous of the two species as, in 
addition to its ability to survive and spread into cooler climates, P. vivax 
possesses a dormant liver stage (the hypnozoite). This dormancy enables 
it to survive for long periods (acting as an undetected reservoir for fur-
ther infection for periods of many months). Dormancy can also contribute 
to the development of multi-drug resistance, as parasites exiting in the 
hypnozoite state whilst the patient is at decreased doses of chemotherapy 
are not sufficiently challenged. This may lead to the development of re-
sistance genes in individual parasites that are not cleared from the blood 
before producing gametocytes able to transmit the resistant genotype. In 
spite of significantly increased research efforts in recent years (US$ 2.7 
billion in 2013) malaria remains a significant threat for global health. In 
2013 almost 200 million cases of malaria were responsible for 584,000 
deaths worldwide, with the majority (90%) of cases in Africa, although 3% 
of all cases originated from the Eastern Mediterranean region (Fig. 2). Of  
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Figure 1

Fig. (1). Relationship between tool availability and the degree of scientific examination of a nuclear 

hormone receptor. Figure adapted from [4].

Figure 2

Figure 2. Global distribution of malaria infections in 2013 (Source: WHO Malaria Report [5])
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the 584,000 reported deaths, 78% were of children under 5 years old [5].
While the gap between the current funding levels (US$ 2.7 billion) and 
those required to eliminate the disease (US$ 5.1 billion) has decreased, 
the emergence of multidrug resistant strains of the malaria-causing par-
asites has increased the therapeutic burden on front-line antimalarials, 
such as artemisinin-based combination therapies (ACTs). Unfortunately, 
drug resistance to artemisinin and its derivatives has recently emerged in 
South-East Asia [6-10].

While South-East Asia accounts for only approximately 7% of the global 
malarial incidence, the emergence of artemisinin resistance is a serious 
threat to all current gains made towards control, treatment and elim-
ination [11-13]. The Harlow-Knapp effect is already strongly present in 
the development of novel antimalarials as the current crop of therapeu-
tic targets is a limited subset of malarial proteins [14]. As stated above, 
one of the major challenges for the future is to develop novel drug targets 
to expand the repertoire of chemotherapeutics available in combination 
therapies. These future combination therapies should clear the para-
site from infected hosts with sufficient precision to minimize the risk of 
further drug resistance emerging [15]. For an excellent overview of the 
current status in drug resistance in the malarial parasite, the reader is 
directed to a recent review [16]. It should be borne in mind that the ulti-
mate control/elimination of malaria is highly likely to require an effective 
vaccine. Currently, much focus is on the performance of RTS, SA/AS01, 
which provides protection in children with an efficacy of 30–50% [17, 18]. 
However, this efficacy falls significantly short of that required to provide 
“herd immunity” for the human species (90–95%). Additionally, the rapid 
emergence of drug resistance in malaria is also mirrored by observations 
that the parasite has also developed mechanisms to evade the immune 
system, increasing the challenge for successful vaccine development [19]. 
Thus, until an effective vaccine is discovered, fully certified and ready for 
public use (which might take a long time), novel chemotherapeutics (and 
perhaps more importantly, validated targets for novel chemotherapeu-
tics) are urgently required to support global efforts to control and eradi-
cate this disease.
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2. Genetic Approaches in Drug Target Validation in Malaria

To obtain novel drug targets and vaccine candidates it is indispensable 
to have a robust molecular genetic toolbox to manipulate the parasite. 
However, classical genetic technologies are non-trivial in Plasmodium, 
as the parasite’s nucleus is protected by four membranes and the para-
site’s A/T-rich DNA is unstable in Escherichia coli (E. coli). The complete 
genome sequence of P. falciparum, which facilitates functional genomic 
studies, has been available since 2002 [20], although Wu and colleagues 
already succeeded in transfecting the parasite in 1995 [21]. In this tran-
sient transfection, circular plasmid DNA is maintained inside the parasite 
under drug selection as episomes, initially in an unstable replicating form 
(URF) that, after extended selection times, changes to an apparently sta-
bly replicating form (SRF) [22]. Both are concatameric structures with 
a head-to-tail orientation of at least three plasmids, which seems to be 
an essential modification for the transfected parasite [22]. It is believed 
that the various physical barriers surrounding the parasite [21, 23-25] and 
the requirement for concatamerization lead to a low transfection efficien-
cy in P. falciparum (estimated at 1.10-6 [26]). It is still not known how 
these plasmids are replicated or segregated during asexual division in the 
bloodstage, but there is an extended period they can be maintained in 
culture [22, 27]. Nevertheless the absence of positive selection leads to 
the loss of the plasmid, probably because of uneven segregation during 
mitosis [22, 28].
Transient transfection of P. falciparum makes classic reverse genetic ap-
proaches possible, such as stage-specific expression [29], expression of 
proteins for drug susceptibility assays compared to wild type [30] or lo-
calization and trafficking analysis with green fluorescent protein (GFP) 
fusion proteins [31, 32]. To date, there are four positive selectable mark-
ers available: the human dihydrofolate reductase (hdhfr) [33, 34]; Blas-
ticidin S deaminase [35], neomycin phosphorotransferase [36] and pu-
romycin-N-acetyltransferase [37 which enhances the number of possible 
constructs.
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2.1. Single and Double Crossover

Stable transgene expression via homologous, single crossover recombina-
tion into the haploid genome of P. falciparum during the blood stage has 
been demonstrated [21, 37, 38]. Drug selection can isolate the few para-
sites with integrated DNA by taking advantage of the unstable episomally 
plasmids. In this example, the selection pressure on a parasite population 
by a drug is removed for 3–4 weeks, before reselection using the same 
drug. This drug cycling is repeated various times to remove all episomes 
and to achieve only the required integrants. This process can take around 
12 weeks. Due to the haploid nature of the parasite and the high num-
ber of single copy genes, a single crossover event is typically sufficient to 
generate genetic modification in the parasite (knockout or single point 
mutations). This homologous recombination methodology has provided 
important insights into erythrocyte invasion [39], sexual differentiation 
and cyto-adherence of infected erythrocytes by providing direct in vivo 
analysis of the effects of genetic manipulation.
However, gene integration and/or knockouts remain a long and ineffi-
cient procedure. Therefore, Duraisingh and colleges established a double 
crossover using the Herpes simplex virus (HSV) thymidine kinase (tk) for 
negative selection [40]. The viral tk phosphorylates nucleoside analogues, 
such as gancyclovir [41], which will form nucleoside triphosphates that 
inhibit DNA synthesis and the enzyme thymidylate synthase [42]. After a 
transfection of P. falciparum a positive selection will isolate the success-
fully transfected parasites. Subsequently, negative selection via gancyclo-
vir will remove all parasites, which have not integrated the gene of interest 
via double crossover. This technique made possible the first genetic dele-
tion in P. falciparum, as shown by studies of the non-essential gene Pfrh3 
[40]. Additionally, the potential for integration events is highly increased, 
while the time required to obtain the selected parasite is drastically re-
duced. However, this method shows a marked “bystander” effect, in which 
gancyclovir kills parasites even when they do not express tk. This leads to 
a decreased selection of low frequency double crossover recombination 
events [43, 44].
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To improve the efficiency of gene disruption it was recently shown that 
zinc-finger nucleases (ZFNs) are functional in P. falciparum [45]. Cus-
tomized ZFNs generate double-strand breaks (DSBs) of targeted DNA, 
which allows the generation of knockouts or allele replacements much 
faster than conventional methods [45]. Although this technique is prom-
ising, it is associated with high costs. For each targeted genomic region a 
new sequence-specific nuclease has to be established and validated on the 
specific target [46, 47].

An efficient alternative is based on clustered regularly interspaced short 
palindromic repeats (CRISPR). CRISPR-associated proteins (CRIS-
PR-Cas) system has been used recently in P. falciparum [48]. In this 
methodology, a single guide RNA (sgRNA) is used to direct a Cas9 endo-
nuclease causing a DSB at a target DNA site. To do so the sgRNA has an 
upstream 20-nucleotide sequence that is homologous to the target site 
and the -NGG- protospacer adjacent motif (PAM). The repair mechanism 
of DSBs through error-prone non-homologous end joining (NHEJ), as de-
scribed for human cells [49-52], seems to be absent in the malarial par-
asite. Therefore, Plasmodium depends on homologous recombination to 
maintain genome integrity [20, 53, 54]. The efficiency of this method was 
already shown by disruption of the non-essential knob-associated histi-
dine-rich protein (kahrp) and erythrocyte binding antigen 175 (eba-175) 
by integrating a selectable marker [48]. Additionally, successful gene dis-
ruption using linear DNA has been reported [48]. As linear DNA is appar-
ently lost in P. falciparum after 4 days [55], this could make negative se-
lection dispensable [56]. However, the modification of origin recognition 
complex 1 (orc1) by single point mutation without integrating a selectable 
marker has also been obtained with this technique [48]. The CRISPR-Cas 
system could be the method of choice for gene disruption.
Nevertheless, proteins that are essential during the asexual blood stage 
still cannot be investigated by conventional knockout systems since loss-
of-function mutants are dying or are overgrown by non-integrators. A 
new potential drug target needs to have an essential role in the parasites 
survival; therefore new tools to investigate essential proteins are urgently 
required.
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2.2. RNA Based Genetic Tools

A powerful tool to investigate essential blood stage proteins would be the 
utilization of RNA interference (RNAi), causing the silencing of the cor-
responding transcript. However, RNAi is not functional in malaria para-
sites due to the lack of the complete RNAi machinery [57-59]. Although 
RNAi silencing is not functional in Plasmodium, there are several other 
possible genetic manipulation systems based on RNA that provide op-
portunities. Long double-stranded RNA (dsRNA) that interferes with the 
cognate messenger expression led to a growth inhibition of 40% as shown 
for the transcription factor Pfmyb1 [60] is required for intra-erythrocytic 
growth and controls key genes for cell cycle regulation. Downregulation of 
gene expression can also be achieved by autocatalytic RNA (riboswitches), 
employing self-cleaving ribozymes N9, integrated into the transcriptional 
unit of different genes [61]. The use of protein-binding RNA aptamers has 
also been reported to be functional in P. falciparum [62, 63]. Recently, 
unique peptide-morpholino oligomer (PMO) conjugates have been de-
signed to bind to specific mRNA that is subsequently cleaved by RNaseP, 
resulting in a reduction of the protein expression. This strategy has al-
ready been applied to study the plasmodial gyrase A (PfGyrA) [64, 65].

2.3. Knockout and knockdown of essential genes
Another possibility to overcome the limitation in analyzing essential P. 
falciparum genes is the use of site-specific recombinases. This technique 
has already been applied to P. berghei and P. falciparum using different 
recombinases. While in P. berghei a flippase recombinase (FLP) recog-
nizes a pair of FLP recombinase target sequences (FRT) that flank the 
genomic region of interest [66, 67], in P. falciparum a ligand-activated 
DiCre recombinase seems more promising. Cre recombinase catalyzes the 
recombination between two 34 bp sequences, known as LoxP. In the Di-
Cre system Cre is split into two inactive fragments, where each is fused to 
either FK506-binding protein (FKBP12) [68] or FKBP12± rapamycin-as-
sociated protein (FRAP) [69]). Heterodimerization can be then induced 
by rapamycin, which leads to a tight regulation of recombinase activity 
within the parasite.
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In T. gondii, the deletion of an essential gene has already been performed 
following this approach [70]. The first application of the DiCre system in 
P. falciparum was performed by Collins and colleagues targeting Pfsera5, 
which could not be disrupted using conventional homologous recombina-
tion [71]. They showed that the use of an alternative transcription termi-
nation site does not affect the targeted protein. This has also been shown 
for the FLP/FRT-mediated excision [72].
Establishing a new robust Tet-repressible transactivator allows control 
of the transcription to analyze essential Plasmodium genes via the Tet-
off-System [73]. Thereby, an upstream of the gene of interest integrated 
transcription factor - consisting of the tet-repressor and its activating do-
main sequence (TRAD) - binds to tet-operator sequence (TetO) that con-
trols the promotor of the respective open reading frame. Subsequently, 
anhydrotetracycline (ATc) is used to mediate the binding of the TRAD to 
TetO [73-76]. Through this strategy an efficient knockdown of genes es-
sential in the blood stage of the murine malarial parasite P. berghei could 
be demonstrated [73].

Another inducible system in Plasmodium is the use of the human protein 
FKBP12. Fusing the FKBP12 protein destabilization domain (ddFKBP) to 
the gene of interest will lead to an expression of the protein with an un-
structured tail, which will be targeted for protein degradation [77]. The 
expressed fusion protein can be stabilized through a rapamycin-derived 
ligand called shield (Shld-1), which specifically interacts with the ddFKBP.
This tool has already been successfully used in T. gondii as wells as for 
several proteins of P. falciparum [78-81]. However, it remains unclear 
whether fusion of the ddFKBP influences the conformation of the targeted 
protein in terms of protein-protein/ligand interaction, intracellular traf-
ficking or protein secretion. Further, it has been proposed that long-term 
exposure to ShId-1 could lead to transgenic parasites that would impact 
the effectiveness of ShId-1 [82]. As an alternative, Muralidharan and col-
leagues introduced the Escherichia coli dihydrofolate reductase (DHFR) 
degradation domain (DDD). A GFP-DDD fusion protein has been gen-
erated whose degradation can be modulated by folate analogues such as 
trimethoprim (TMP). Recently, a new strategy using the Glucosamine-6- 
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phosphate activated ribozyme (GlmS ribozyme) has been investigated as 
inducible genetic tool in P. falciparum. In Saccharomyces cerevisiae the 
GlmS ribozyme has been shown to control reporter gene expression re-
sponse to exogenous glucosamine (GlcN) [83]. Prommana and colleagues 
were able to insert the ribosome sequence into the untranslated region 
(UTR) of a targeted gene. This leads to the expression of a chimeric tar-
get mRNA encoding for an additional ribozyme RNA. The chimeric RNA 
self-cleaves upon the addition of GlcN to the parasite culture medium, 
resulting in the degradation of the mRNA and the knockdown of the tar-
get protein. The use of glmS system resulted in a successful knockdown of 
the essential P. falciparum dihydrofolate reductase-thymidylate synthase 
(PfDHFR-TS) [83]. Although this technique seems highly promising, pro-
longed GlcN treatment at high dose seems toxic to parasites [84].
In summary, the molecular genetics toolbox has been greatly enhanced 
in the last decade, but still remains insufficient in terms of essential gene 
analysis (Table 1). The long periods required isolating parasites with in-
tegrated DNA modifications, combined with the low efficiency and the 
difficulty of essential gene analysis shows the importance to develop new 
methods for the function analysis of P. falciparum proteins.

3. Mitochondrial electron transport proteins of P. falciparum 
as potential drug targets
Mitochondria are membrane bound organelles found in most eukary-
otic cells. The typical function of mitochondria is the production of ATP 
through recurrent oxidation of substrates within the TCA cycle. Oxidation 
of substrates within the TCA cycle generates electrons, which are used to 
supply the ETC at the inner mitochondrial membrane. Thereby, a proton 
gradient is generated across this membrane and is typically utilized by 
ATP synthase for the production of ATP.
There are significant differences in the behavior of parasitic mitochondria 
when compared to the classical behavior of mitochondria, such as those 
of the human host. However, the precise function of the TCA cycle of P. 
falciparum remains unclear and the role of the parasite mitochondria has 
been the subject of much debate. Indeed, the TCA cycle of the malarial 
parasite was recently suggested to be uniquely bifurcated, although this 



77  

Table 1:

Technique System Mode of action (Dis-) Advantages

Genomic 
modification
(knock in/
knockout)

Single crossover On and off drug cycling to 
select for integration

Time consuming

Double cross-
over 

Genetic deletion of non-es-
sential gene 

Time consuming

Customized 
ZFNs

ZFN induces the break of 
double-stranded DNA

High costs

CRISPR-Cas Double-strand breaks me-
diated by the Cas9 endonu-
clease 

Highly efficient but not for 
essential genes

Cre/LoxP 
system 

Rapamycin induced di-
merization of Cre

Requires co-transfection 
solely for small fragments

Conditional 
and inducible 
gene expres-
sion (knock-
down)

Tet-off-System ATc needed for initiation of 
transcription 

Not available for P. falci-
parum

FKBP12 
destabilization 
domain (DD)

DD domain leads to protein 
degradation which can be 
prevent by Shld-1

Fast and regulative 
Can influence protein func-
tion or localization

E. coli DHFR 
degradation 
domain (DDD)

TMP stabilizes proteins 
fused to the DDD domain

Parasite needs to express 
hDHFR due to the toxic 
effect of TMP

GlmS ribozyme GlcN induces the GlmS 
ribozyme which subsequent-
ly degrades the transcript of 
interest

Knockdown of essential 
genes 
GlcN is cytotoxic

DNA/RNA 
based tech-
niques

Peptide-mor-
pholino oligo-
mer

PMO conjugates bind to 
mRNA which leads to its 
degradation by RNaseP

High costs

Aptamers Selection of nucleic acid 
oligomers against epitopes 
of interest (SELEX)

Identification of novel 
proteins 
Broad application 
Time consuming

Protein inter-
ference

Protein/peptide 
interference

Knockdown of intracellular 
protein activity

Applicable on essential 
proteins 
Structural information of 
the target is needed

Table 1: Overview of the genetic toolbox for target validation in P. falciparum. 
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assertion was subsequently retracted [85]. It has more recently been 
demonstrated that blood-stage parasites possess a conventional cyclic 
(oxidative) TCA cycle [86, 87]. However, the essential nature of the mito-
chondria to parasite development and survival has led to a great degree of 
interest in it as a target for drug development (e.g., [88, 89]). The reader 
is referred to recent reviews [90-92] for a detailed overview of the current 
state of mitochondrial inhibitors. 

Early studies showed that during the intraerythrocytic stages P. falci-
parum relies primarily on anaerobic glycolysis [93-95]. In these exper-
iments, the majority of the radiolabeled glucose fed to the parasite, was 
shown to be converted to lactate. Only a minor fraction of radiolabeled 
metabolites was found within the TCA cycle, suggesting a minimal feed of 
substrate into the TCA cycle and an inactive TCA cycle during the blood 
stages of the parasite. This is correlated with an almost 100-fold increase 
of glucose consumption of parasite-infected erythrocytes compared to 
healthy erythrocytes. This increased use of glucose as a food source leads 
to increased production of lactate, resulting in lactic acidosis in the hu-
man host, which, together with hypoglycaemia, is the major cause of mor-
tality during severe malaria [96].

While P. falciparum encodes all the genes necessary for a conventional 
TCA cycle [20, 97], the pyruvate dehydrogenase (PDH) complex is local-
ized in the apicoplast, where it may be involved in fatty-acid biosynthesis 
[98, 99]. Within the conventional TCA cycle the PDH complex is respon-
sible for oxidation of pyruvate imported from cytosol into acetyl-CoA. 
Despite the dependence of P. falciparum on anaerobic glycolysis during 
blood stages, the presence of the functional respiratory chain and main-
tenance of the electrochemical potential across the inner mitochondrial 
membrane has been proposed to be critical for the parasite’s survival (eg., 
[100, 101]). This is additionally demonstrated through the parasite’s sen-
sitivity to atovaquone, which causes a failure in mitochondrial electron 
transport via an inhibition of the cytochrome bc1 complex [102-104]. 
This results in a collapse of the electrochemical potential (DP) across the 
inner mitochondrial membrane. Studies have subsequently shown that 



79  

atovaquone is a competitive inhibitor of Q0 interactions [105, 106]. As a 
result it has been postulated that a possible function of the mitochondri-
al respiratory chain is the reoxidation of mitochondrial dehydrogenases 
through the regeneration of ubiquinone (CoQ). Currently, five proteins 
are thought to compose the malarial “Q-cycle” responsible for supplying 
electrons to the bc1 complex. Two of these are soluble proteins found in 
the mitochondrial matrix (glycerol-3-phosphate dehydrogenase (PfGPD) 
and malate quinone oxidoreductase (PfMQO)), one spans the inner mito-
chondrial membrane (succinate dehydrogenase) and two are found with-
in the mitochondrial intermembrane space (NADH-dehydrogenase (Pf-
NDH2) and dihydroorotate dehydrogenase (PfDHODH)). The function of 
PfNDH is currently thought to be to maintain the inner mitochondrial 
membrane potential [107, 108], although it is not an essential gene as 
knocking out PfNDH2 is not lethal [109]. In 2007, Painter and co-work-
ers created transgenic P.falciparum parasites expressing the non-CoQ 
dependent dihydroorotate dehydrogenase (yDHODH) from S. cerevisae 
[110]. While completely resistant to all cytochrome bc1 complex inhibitors 
those parasites showed hypersensitivity to proguanil. This demonstrated 
that collapsing the mitochondrial membrane potential with proguanil was 
only effective in killing parasites in combination with mitochondrial elec-
tron transport inhibition caused by atovaquone. The role of PfDHOHD 
is thought to be in supporting parasite proliferation through de novo 
pyrimidine biosynthesis, as the parasite depends on glycolysis to supply 
energy [100]. This is supported by the lack of enzymes for pyrimidine sal-
vage identified within the parasite genome (3D7, [20]). Thus, the malarial 
Q-cycle enzymes (and specifically PfDHODH) link the function of malari-
al mitochondrial electron transport proteins with pyrimidine biosynthesis 
[111, 112]. 

4. Purine and Pyrimidine Biosynthetic Pathways

The intraerythrocytic phase of P. falciparum is associated with extraor-
dinary resource uptake from the host cell. Active proliferation during this 
stage requires a supply of purines and pyrimidines for parasite growth to 
support the rapid replication of parasites within erythrocytes. Plasmodial 
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purine and pyrimidine metabolic pathways are promising targets for an-
ti-malarial drug research [113-115] as they significantly differ from those 
in host cells. Plasmodium parasites lack the de novo purine synthesis 
pathway and salvage host cell purines for growth [116, 117]. Inhibition of 
this pathway was shown to be lethal for P. falciparum in vitro [118]. Ear-
ly biochemical studies on Plasmodium parasites P. berghei [119, 120], P. 
Knowlesi [121] and P. lophurae [122, 123] demonstrated the inability of 
Plasmodium species to metabolize pyrimidines. The parasites lack thymi-
dine kinase, an enzyme responsible for salvaging host thymidine. There-
fore, P. falciparum does not possess active pyrimidine salvage pathways 
and depends entirely on de novo synthesis through a series of enzymatic 
reactions. 

5. Generation of CoQ: The Apicoplast as a Drug Target

Apicomplexian parasites such as Plasmodium species possess a relict 
plastid-like organelle known as apicoplast [124]. It represents a promising 
antimalarial drug target [125-130]. The isoprenoid biosynthesis pathway 
located in the apicoplast was shown to be an effective source of drug tar-
gets for antimalarial chemotherapy both in vitro and in vivo [125]. Mul-
tidrug-resistant. P. falciparum strains showed significant sensitivity to 
the treatment with fosmidomycin (an inhibitor of the apicoplast located 
DXP reductoisomerase [125] and its derivative, FR-9000098. Additional-
ly, mice infected with the rodent malaria parasite P. vinckei showed full 
recovery after the fosmidomycin treatment.

As mentioned above, ubiquinone (CoQ) is a pivotal component of the ETC 
of Plasmodium species. CoQ is composed of a benzoquinone ring, which 
participates in redox reactions, and a side chain of several isoprenic units 
which is used to attach the molecule to the mitochondrial inner-mem-
brane [131]. The length of the isoprenoid tail varies between organisms 
[132].
The biosynthesis of the isoprenoid tail occurs in the apicoplast, IPP and 
DMAPP are condensed via the enzyme prenyltransferase to form the iso-
prenoid chains of defined lengths [98, 125, 133]. The side chain of CoQ 
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in P. falciparum consists of eight or nine units and labeling experiments 
showed an active non-mevalonate isoprenoid pathway followed by CoQ 
biosynthesis [134]. Authors have also presented data showing that para-
sites treated with nerolidol, a structural analog of isoprenoid tail interme-
diate, showed reduced CoQ biosynthesis activity in all intraerythrocytic 
stages [135]. This study, using a natural source of nerolidol, showed clear 
growth inhibition of P. falciparum cultures - again highlights the impor-
tance of CoQ biosynthesis pathway for parasites survival. 

The first stage of isoprenoid biosynthesis results in production of isopen-
tenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate 
(DMAPP). These two isomers serve as precursors of isoprenoids, a large 
and diverse family of compounds that play an important role in many 
metabolic processes, including lipid biosynthesis, cell membrane mainte-
nance and steroid biosynthesis [136, 137]. Human isoprenoid biosynthe-
sis was reported as promising drug target, as it is important for diverse 
cellular processes involved in the rapid growth of cancer cells [138]. While 
the isoprenoid biosynthesis in humans is carried out through a classic 
mevalonate pathway, most bacteria including important pathogens and 
apicomplexian parasites synthesize their IPP and DMAPP through an al-
ternative methylerythritol phosphate pathway pathway [139].

6. Bridges and Crosstalk 

Studies using radioactive fumarate, a byproduct of both the purine sal-
vage pathway and a TCA cycle intermediate, suggested a high degree of 
metabolic crosstalk between nucleic acid biosynthetic/salvage pathways 
and the mitochondrial ETC [140]. Indeed, based on series of labeling ex-
periments, the authors showed that instead of secreting radioactive fuma-
rate as metabolic waste P. falciparum converts it into aspartate through 
malate and oxaloacetate. The proposed fumarate to aspartate conversion 
pathway within P. falciparum involves fumarate hydratase (PfFum), ma-
late dehydrogenase (PfMDH)[141, 142], malate-quinone oxidoreductase 
(PfMQO) and aspartate aminotransferase (PfAspAT) [143, 144].
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PfAspAT catalyzes a reversible reaction between L-aspartate and 2-ox-
oglutarate (or α-ketoglutarate, α-KG) into oxaloacetate and L-glutamate 
(EC 2.6.1.1). It has been structurally classified as PLP-dependent enzyme, 
much like other aminotransferases [145]. Bulusu et al. also suggested that 
incorporation of fumarate into nucleic acid occurs only via incorporation 
into the pyrimidine backbone, as no significant fractions of labeled pu-
rines were observed during incubation of the parasite with radioactive 
fumarate. In addition, parasites treated with atovaquone showed no en-
richment of labeled aspartate and the conversion of fumarate to malate 
was unaffected. These observations indicate that the fumarate-to-aspar-
tate pathway depends on a functional ETC. The AspAT of P. falciparum 
is also believed to play a significant role in supplying intermediates into 
the TCA cycle [146, 147] and conversion of fumarate into aspartate [140]. 
Thus, PfAspAT bridges the glycolytic, amino acid biosynthesis, TCA cycle, 
de-novo pyrimidine biosynthesis and purine salvage pathways [148].

Extensive GFP-labeling experiments have shown that PfAspAT is local-
ized in the cytosol and no traces of mitochondria-localized PfAspAT were 
observed [146]. Additionally, specific inhibition of PfAspAT in parasitic 
cytosol resulted in a complete loss of glutamate-oxaloacetate transferase 
activity, demonstrating that no other parasite cytosolic protein can com-
pensate for loss of PfAspAT activity. Finally, sequence analysis does not 
indicate the presence of any protein homologous to AspAT encoded in the 
parasite’s genome [20], supporting the hypothesis that PfAspAT activity 
is localized only in the cytosol.

7. Proteases and Uptake Targets

In addition there are several other important pathways and processes as 
well as enzymes and surface proteins that can function as valid drug tar-
gets for malaria. Degradation of hemoglobin and uptake from glucose by 
the parasite are essential processes that are promising drug targets [149, 
150]. The processes are well understood with several crucial enzyme al-
ready discovered and are a main focus of research. Within the pathway of 
hemoglobin degradation, plasmepsins, a class of aspartic proteases of P. 
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falciparum, emerged as a prominent targets due to the well-studied crys-
tal structure of plasmepsin II [151]. Further studies showed that single 
plasmepsins were dispensable for parasite survival, and several plasmep-
sin types within the class needed to be simultaneously targeted for lethal 
effect [152]. Similarities in structure to other proteases such as cathepsin 
D, renin and HIV-1 proteases [153, 154] give hints for possible inhibitors 
[30, 155]. Several inhibitors also showed an effect on plasmepsin II [156-
158], however low selectivity between plasmepsin II and other proteases is 
a major problem in research. Structure-based screening (including virtual 
screening) has also yielded a number of nonpeptidomimetic plasmepsin 
inhibitors [152]. Although, despite the excellent inhibitory potential in vi-
tro, several compounds were less active in vivo and vice versa [158]. This 
effect could potentially be attributed to poor permeability or non-specific 
effects of the tested compounds.
As the parasites do not express the mitochondrial pyruvate dehydroge-
nase [99], glucose catabolism relies completely on glycolysis. To sustain 
viability, the parasite needs to import glucose from the host’s metabolism 
[159]. The hexose/glucose transporter PfHT from P. falciparum has been 
shown to be crucial for the import of glucose and the survival of the par-
asite [160, 161]. With just 28% amino acid identity to its closest related 
human ortholog GLUT1, PfHT is a promising target for antimalarial drugs 
[162-165]. While screening with different compound libraries, several 
promising candidates were found [150]. Nevertheless, additional modifi-
cations have to be applied before these compounds can be considered as 
antimalarial drugs.
Further approaches are based on the similarity of essential enzymatic 
pathways between the malaria parasite and plants [166]. For example, 
known herbicides can serve as possible drug leads. One of these pathways 
is the synthesis of dTMP, in which the enzyme serine hydroxymethyltrans-
ferase (SHMT) is key player [167, 168]. Screening for inhibitors using the 
target-based herbicide programs of BASF [169, 170] identified promising 
compounds against SHMT [166]. These compounds show high activity 
against some species of Plasmodium and at different stages of the parasite 
life cycle. This makes them interesting candidates for blood stage malarias 
as well as hypnozoite stage P. vivax malaria [171]. However, the low met-
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abolic activity of the most promising compound is one major problem to 
be overcome.

8. Vaccination

In addition to the possibility of finding drugs against the infection with 
malaria, another approach is the development of a vaccine. The most 
prominent candidate for vaccination is the circumsporozoite protein 
(CSP), which is a major surface protein of sporozoites of several species 
of Plasmodium [172-180]. The protein contains random repeats of an im-
munodominant B cell epitope [176-179, 181-184] surrounded by N-termi-
nal and C-terminal domains. Several antibodies against the epitope of the 
protein, as well as the surrounding domains have been developed [174, 
175, 185-190]. Transduction of the antibody in mosquitos and mice protect 
the host from an infection [191-193]. Based on this findings, the vaccine 
RTS,S/AS01 for human has been developed and first Phase III trials have 
been performed in children [18, 194, 195]. However, vaccination shows a 
modest efficacy against clinical and severe malaria. Further problems are 
the high costs and technical difficulties associated with manufacturing the 
vaccine at a sufficient volume.

9. Oligomeric Interfaces as targets for Protein Interference As-
says (PIA) in drug target validation

In the brief review of a subset of the potentially druggable malarial enzy-
matic pathways given above, one feature dominates: where a clear indi-
cation as to the essential nature of a gene product has been demonstrated 
or disproved a specific tool compound is available. While these tool com-
pounds are frequently suggested to be lead-compound for drug discovery, 
perhaps their greater importance is in the ability to validate (or invali-
date) any particular protein as a drug target. This is another clear example 
of the Harlow-Knapp effect slowing efforts in the development of novel 
anti-malarials. In addition, it is frequently observed, that compounds pre-
viously shown to be active in in vitro assays are poorly taken up in vivo. 
This can be due to host of different reasons that are difficult to predict in 
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Figure 3

Figure 3. Oligomeric state of all protein entries in the protein data bank (www.rcsb.org; August 
2017). Molecules composed of one, two, three or four copies of identical protein chains are known as 
“monomers”, “dimers”, “trimers” or “tetramers”, respectively.

advance (e.g., poor membrane passage/subcellular localization or rapid 
metabolism). This non-translation of compound activity between in vitro 
and in vivo further limits the availability of novel small molecule tools and 
may be an additional contributing factor in the Harlow-Knapp effect.
We are attempting to address these gaps by providing an alternative route 
to the specific enzymatic inhibition provided by small molecules by utiliz-
ing a natural property of many proteins: oligomerization.

9.1. Oligomerisation is a Common Feature of Enzymes

Oligomerisation (the assembly of two or more copies of a single protein 
into one object) is a prominent feature in more than one half of all protein 
structures currently available within the protein data bank (PDB, http://
www.rcsb.org; [196]) and plays a key role in the generation of functional 
biomolecules. While oligomeric interfaces are highly specific, the biome-
chanics of self-assembly in protein function has not been systematically 
explored or exploited as a method to dissect biochemical pathways. In-
terference in the self-assembly of macromolecules represents an excellent 
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opportunity in the analysis of biochemical pathways in vivo, particularly 
in cases where standard techniques (e.g., RNAi/knock in/out) have a low 
success rate [57].
Based on an examination of >100,000 structures in the PDB it is apparent 
that more than one half of all proteins in the PDB are present in self-as-
sembled states/oligomers (dimers, trimers, etc., Figure 3). These mol-
ecules generally display extremely high affinity and specificity for their 
cognate partners, typically due to extended molecular surfaces between 
the monomers. Our recent work [142, 143, 147, 197-200] has focused on 
the carbon metabolism pathway of the malarial parasite. This pathway 
contains a number of oligomeric enzymes, making it an ideal system to 
test our hypothesis that oligomeric self-assembly can be used to modulate 
in vivo behavior. In the case of oligomers possessing enzymatic activity, 
the active site can be found both at oligomeric surfaces (e.g., the dimeric 
PfAspAT (aspartate aminotransferase; Figure 4; [144, 146])) and con-
tained within a single chain of the oligomer (e.g., the tetrameric PfMDH 
(malate dehydrogenase)). 
9.2. PIA-based inhibition of PfAspAT

The Crystal structures of AspATs from other organisms are available, in-
cluding E.coli AspAT [201-204], S. cerevisae cytosolic AspAT [205], Pig 
heart cytosolic AspAT [206] and both cytosolic and mitochondrial AspATs 
from chicken [207-209]. A structural comparison between plasmodial As-
pAT and its homolog from the human host is in preparation and will be 
published elsewhere (Bosch, Batista, Lunev et al., in preparation)
PfAspAT is a homodimeric enzyme (PDB code 3K7Y; [146, 210]) with a 
molecular weight of each subunit of 45 kDa. Each subunit consists of a 
large PLP (cofactor) binding domain, a smaller domain, that shifts the 
enzyme from “closed” to “open” form in order to provide substrate bind-
ing and N-terminal “Arm” of 13 residues, that stabilizes the interaction 
between the two monomeric subunits into a dimer (Figure 4a, [207, 211, 
212]). Two independent active sites are positioned near the oligomeric 
interface and are formed by residues from both subunits (Figure 4b). The 
spatial arrangement of substrate recognition sites, cofactor-binding sites 
and catalytic machinery are highly similar between known AspATs [146]. 
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Comparison of available AspAT structures shows a highly conserved ac-
tive site architecture in terms of both sequence similarity and atomic ar-
rangement, making the design of a specific active site inhibitor that does 
not interact with the host AspAT, very challenging. Berger et al. [213] had 
previously identified a glycine (G197) to serine mutation found only in 
plasmodial species. However, this mutation is highly buried from the sol-
vent and would require significant unfolding of the protein before any ac-
cess would be available to any exogenously added molecules (Figure 4b). 
However, the difference in calculated surface charge between PfAspAT 
and the AspATs of the human could be pivotal for the design of specific 
inhibitors [146]. It should be noted, that PLP-dependent enzymes from 
protozoan parasites were suggested to be promising drug targets due to 
high metabolic diversity [214, 215]. Moreover AspATs (EC 2.6.1.1) were 
found to be present in all available genomes, again underlying their im-
portance [216].
When compared to other organisms using BLAST [218], it is clear that 
73% of the 405 AspAT residues are not evolutionary conserved (Table 
2). The remaining 27% are divided into slightly conserved (7%), strongly 
conserved (11%) and absolutely conserved residues (9%). A similar dis-
tribution is observed when the residues involved in oligomeric interac-
tions are examined. However, while the percentage of non-conserved res-
idues involved in oligomeric interactions (69%) remains very similar to 
the overall number (73%), there are more absolutely conserved residues 
involved (17%; Figure 4, 5). This difference is due to the fact that both ac-
tive sites are located at the oligomeric surface between two subunits and 
include highly conserved residues [146]. The fact that 69% of the residues 
involved in the dimer interface are non-conserved represents a significant 
opportunity for specific inhibition of PfAspAT.
Although there is a high level of sequential and structural homology 
between AspATs from different species, the N-terminal residues repre-
sent a very important difference. Indeed, all the currently known AspAT 
structures possess the structural difference in N-terminal region. Further 
experiments showed, that not only the first 13 N-terminal residues of 
PfAspAT are distant from active sites, non-conserved and represent con-
formational difference when compared to another known AspATs, but 
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Figure 4

Figure 4. PfAspAT. (a) PfAspAT is a dimer (individual monomers shown in teal and yellow), with the 
dimeric interface stabilize by a 13-residue “Arm” (red). b) The two active sites of PfAspAT are formed 
by contributions from both of the monomers (Y70 (yellow) from one monomer and R257 (teal) from 
the other). Both Tyr70 and Arg257 donate the hydrogen bonds to the phosphate group of the cofactor 
PLP and are essential for activity [217].

Figure 5

Figure 5. An analysis of the residues involved in oligomerisation of PfAstAT. (a) Indicates the surface 
contribution of residues involved in dimerization (blue), (b) highlights the subset of these residues 
that are absolutely or strictly conserved (red, purple), (c) highlights those residues that are slightly 
conserved (green). The remaining residues of the interface show no significant conservation across 
the AspATs aligned
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Figure 6

Figure 6. (a) The presence of PfAspATN50 results in inhibition of in vitro PfAspAT activity in vitro. 
(b) The presence of PfAspATN50 inhibits AspAT activity in the parasite cytosol, but does not inhibit 
the activity of cytosolic human AspAT (Figures reproduced from [143]).

Table 2

Residues Overall Involved in Oligomeric interac-
tions

Non-conserved 73% 69%

Slightly conserved 7% 8%

Strongly conserved 11% 6%

Absolutely conserved 9% 17%

A table comparing the sequence conservation of available AspATs. With the exception of the catalytic 
machinery found at the interface, the oligomerisation surfaces do not contain a significantly higher 
population of conserved residues.
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Figure 7

Figure 7. Under the condition that a plasmid-based over expression of mutant PfAspAT produces a 
significant excess of protein, with respect to the native protein, a single crucial mutation of one active 
site would result in a 50% drop of activity in vivo with extremely high specificity.

also play an important role in catalytic activity of the enzyme [146]. Sever-
al mutant forms of PfAspAT were designed and tested in vitro. Truncation 
of the first 7 and 13 N-terminal residues resulted in 15–50% wild type
activity loss, respectively. Importantly, static light scattering experiments 
have also shown that truncation mutants were still able to form dimers in 
vitro.
Furthermore, a peptide possessing the first 13 N-terminal residues of 
PfAspAT was designed and recombinantly expressed linked to a C-termi-
nal 6xHis-tag. In order to provide enough space between the 6xHis-tag 
and first 13 N-terminal residues the peptide construct consisted of first 50 
N-terminal residues of PfAspAT (PfAspATN50). The wild type PfAspAT 
was shown to be able to efficiently pull down the PfAspATN50 peptide. 
This pull-down assays showed that the N-terminal region is sufficient for 
an interaction between the monomers. Circular dichroism experiments 
demonstrated that the PfAspATN50 peptide was unstructured in solu-
tion, excluding the pull-down interaction was a result of a partially folded 
PfAspAT mimicking a portion of the interaction surfaces shown in Figure 
4. The addition of PfAspATN50 to wild type PfAspAT resulted in almost 
complete loss of the wild type activity at a ratio of 1:10 (Figure 6).
The effect of the PfAspATN50 presence on PfAspAT activity was also as-
sayed in vivo. The lysates were extracted from both cultured parasites and 
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human erythrocytes and the AspAT activity was measured in presence 
PfAspATN50 polypeptide [146]. The results of the assay demonstrated, 
that the PfAspATN50 does not affect the human erythrocyte AspAT activ-
ity, while the wild type PfAspAT activity is clearly inhibited.
Summarizing the results obtained, we believe that oligomeric surfaces 
offer a unique opportunity to generate highly specific interference with 
protein function in vivo. This opens the door to the potential to quanti-
tatively evaluate a proteins function in vivo without recourse to complex 
genetic approaches, non-specific small molecules or difficulties in siRNA 
approaches.
We are currently performing experiments that aim to identify a phenotype 
of specific inhibition of PfAspAT based on overexpressing active site mu-
tations of PfAspAT in the parasite. This has the additional advantage that 
such overexpression systems are well characterized. As the AspAT active 
site is composed of contributions from both monomers, overexpression of 
a single mutant with one disturbed active site would potentially result in a 
drop of AspAT activity of 50% (Figures 4b & 7). 

9.3. The Role of Pdx1/2 in the Protection of the Parasite Against 
Oxidative Stress

The two enzymes Pdx1 and Pdx2, which are expressed by Plasmodium fal-
ciparum, play an important role in the biosynthesis of pyridoxal 5-phos-
phate (PLP). PLP is the active form of vitamin B6, which is an essential co-
factor of more than 140 enzyme-catalyzed reactions in mammalian cells. 
For its synthesis, 12 Pdx1 enzymes assemble into a functional dodecamer 
and each Pdx1 is decorated by one Pdx2 enzyme, forming a multimeric 
complex with two hexameric rings. The interaction of PfPdx1 and PfPdx2 
in the process of vitamin B6 biosynthesis represents a potential new target 
to identify novel drugs against the human malarial parasite P. falciparum.

During the intraerythrocytic stage of its life cycle, P. falciparum relies 
on the digestion of human hemoglobin as the main source of amino acid 
for its metabolism. However, while digesting hemoglobin, elevated levels 
of reactive oxygen species (ROS) are also generated. Although ROS such 
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as singlet molecular oxygen (1O2), superoxide anions (O2
-) and hydrogen 

peroxide (H2O2) are important signaling molecules of immune systems 
against invading pathogens, the elevated levels of oxidative stress in P. 
falciparum must be quenched in order to avoid oxidative damage to DNA 
and proteins [219, 220]. Cercosporin, an O2 producer, was used to inves-
tigate the role of vitamin B6 in fighting oxidative stress. Northern blotting 
results show the expression level of vitamin B6 biosynthesis genes PfPdx1 
and PfPdx2 increase 2-3 fold when treated with cercosporin, with respect 
to the untreated control [199]. This clearly demonstrates an involvement 
of two enzymes in combating increased amount of O2 in P. falciparum. 

Figure 8

Fig. 8. Parasites expressing Pdx1 and Pdx2 mutations are significantly more susceptible to 1O2 oxida-
tive stress. (a,b) Under the condition that the mutated proteins are expressed at endogenous levels, 
the transfection of parasites with mutant Pdx1 or Pdx2 will result in an in vivo loss of activity of 50%. 

(c) Doubly transfected parasites will retain only 25% wild type Pdx1/Pdx2 activity.

9.4. PIA-based inhibition of the vitamin B6 biosynthesizing en-
zymes PfPdx1/PfPdx2 

Overexpression of PfPdx1 and PfPdx2 in a co-transgenic cell line results in 
elevated PLP levels of 36.6 μM compared with 12.5 μM in wild-type par-
asites, leading to a higher tolerance towards oxidative stress. In contrast, 
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overexpressing either enzyme PfPdx1 or PfPdx2 singly does not rescue 
cercosporin-treated parasites. Furthermore, overexpressing inactive Pf-
Pdx1 and PfPdx2 mutant proteins also demonstrates the key role of en-
dogenous vitamin B6 as an antioxidant. Through in vivo interference with 
the assemblies of PfPdx1 and PfPdx2 expression, we have previously val-
idated the antioxidative effect of the endogenous vitamin B6 biosynthesis 
pathway in P. falciparum [199]. As stated above, PLP generation by Pdx1/
Pdx2 functions only when functional Pdx1 and Pdx2 are assembled. In in 
vitro experiments, we demonstrated that specific Pdx mutants (i.e., PfP-
dx1-K83A and PfPdx2-E53Y), are correctly inserted into the Pdx1/2 PLP 
synthase complex but result in a loss of catalytic function, Overexpres-
sion of mutated PfPdx1 and PfPdx2 in vivo does not effect the parasites’ 
proliferation. Both wild type and transfected parasites were killed in the 
presence of high concentration of cercosporin.

However, while wild-type parasites were unaffected by lower concen-
trations of cercosporin, parasites transfected with either Pdx1 or Pdx2 
mutated proteins were more challenged by ROS. Importantly, parasites 
transfected with both mutations were highly susceptible to ROS damage. 
In this experiment, the mutant Pdx1 and Pdx2 proteins were under the 
control of native promoters, strongly suggesting that these proteins are 
present at equivalent levels to that of the native (unmated proteins). Un-
der these conditions, the singly transfected parasites would retain 50% 
Pdx1/Pdx2 PLP synthase activity, whereas the doubly transfected para-
sites would possess only 25% Pdx1/2 PLP synthase activity (Figure 8). 
This provides further evidence that oligomerization can be used in vivo to 
provide a highly specific analysis of interference with a targeted pathway.

10. Self-assembled molecules may pass through intermediate 
folding states during assembly.

We have previously shown that the plasmodial enzyme PfPdx1 passes 
through a defined assembly path during its association into the final active 
oligomer of 12 subunits. We demonstrated that the conformational mobil-
ity of a conserved glycine residue (G155) is required to allow the molecule 
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to pass through a transition state before assembly into the final oligomer 
[198]. These data show that the overall fold of constituent monomers can 
be significantly different to that present in the final assembly. These struc-
tural differences (or folding states during biomechanical assembly) may 
also offer novel opportunities for the design of small molecules that bind 
to transient pockets and inhibit by disrupting oligomerization, rather than 
through targeting an evolutionarily conserved active site.

11. Summary and Outlook

In the literature reviewed above we believe that we have presented a case 
for the use of PIA to specifically target and study biological pathways in 
vivo. This approach has a number of advantages. Firstly, the use of oligo-
meric surfaces provides a mechanism for highly specific targeting. This 
is a feature of the extent and size of oligomeric surfaces and their power 
to select only the “correct” binding partner from all other binding part-
ners available within the cytosol. Additional supporting evidence for this 
statement is available in any publication demonstrating the purification 
of an oligomeric protein. Certainly such purity is generally required for 
the crystallization of any of the ~33,000 oligomeric structures available in 
the PDB (Figure 3). To our knowledge, such purifications rarely (if ever) 
result in the incorporation of “foreign” monomers in the purified oligomer 
at any detectable level. 

Secondly, transfection and control of expression levels within many cel-
lular systems (including the malarial parasite) is well understood and can 
be leveraged to fine-tune the degree of in vivo inhibition required. This 
can be achieved through the use of native promoter sequences or induc-
tant concentrations. Quantification and comparison of expression lev-
els of mutants with respect to the native proteins is also straightforward 
through standard Western blotting techniques. This allows a quantitative 
analysis based on actual protein levels, rather than a more simplistic on/
off approach exemplified by genetic knock-out methods. In addition, con-
stant expression of the mutant monomers within the parasite bypasses 
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the transportation and possible degradation limitations associated with 
transfection with isolated proteins or peptides.
Thirdly, this approach allows for the design of very simple control exper-
iments (i.e., empty vectors) that only need to be performed once for any 
particular choice of transfection or overexpression vector. This allows a 
high degree of confidence in the comparison of results.
This approach is limited to pathways that contain oligomeric proteins, al-
though the analysis above (Figure 3) indicates that most biological path-
ways are likely to contain at least one step catalyzed by an oligomeric pro-
tein. Our future work will concentrate on identifying further oligomeric 
targets in biomedically relevant systems and establishing phenotypic data 
on the effects of specific interference to validate novel drug targets in hu-
man diseases. 

Acknowledgments

The authors would like to thank the Fundação de Amparo à Pesquisa do 
Estado de São Paulo (FAPESP, grants 2012/12807-3 and 2013/10288-1) 
for financial support. 



96  

References

1. Grueneberg DA, Degot S, Pearlberg J, Li W, Davies JE, Bald-
win A, et al. Kinase requirements in human cells: I. Comparing ki-
nase requirements across various cell types. Proc Natl Acad Sci U S A. 
2008;105(43):16472-7. doi: 10.1073/pnas.0808019105. PubMed PMID: 
18948591; PubMed Central PMCID: PMCPMC2575444.

2. Fedorov O, Müller S, Knapp S. The (un)targeted cancer kinome. 
Nat Chem Biol. 2010;6(3):166-9. doi: 10.1038/nchembio.297. PubMed 
PMID: 20154661.

3. Isserlin R, Bader GD, Edwards A, Frye S, Willson T, Yu FH. The 
human genome and drug discovery after a decade. Roads (still) not taken. 
eprint arXiv:11020448. 2011.

4. Edwards AM, Isserlin R, Bader GD, Frye SV, Willson TM, Yu 
FH. Too many roads not taken. Nature. 2011;470(7333):163-5. doi: 
10.1038/470163a. PubMed PMID: 21307913.

5. WHO. World Malaria Report. World Health Organisation. 
2014;(Geneva, Switzerland).

6. Noedl H, Socheat D, Satimai W. Artemisinin-resistant malaria in 
Asia. N Engl J Med. 2009;361(5):540-1. PubMed PMID: 19641219.

7. Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, et al. 
Artemisinin resistance in Plasmodium falciparum malaria. N Engl J Med. 
2009;361(5):455-67. PubMed PMID: 19641202.

8. Enserink M. Malaria’s drug miracle in danger. Science. 
2010;328(5980):844-6. doi: 10.1126/science.328.5980.844. PubMed 
PMID: 20466917.
9. Satimai W, Sudathip P, Vijaykadga S, Khamsiriwatchara A, 
Sawang S, Potithavoranan T, et al. Artemisinin resistance containment 



97  

project in Thailand. II: Responses to mefloquine-artesunate combination 
therapy among falciparum malaria patients in provinces bordering Cam-
bodia. Malar J. 2012;11:300. doi: 10.1186/1475-2875-11-300. PubMed 
PMID: 22929621; PubMed Central PMCID: PMCPMC3445821.

10. Ariey F, Paul RE. Antimalarial resistance: is vivax left behind? Lan-
cet Infect Dis. 2014;14(10):908-9. doi: 10.1016/S1473-3099(14)70921-1. 
PubMed PMID: 25213734.

11. Maude RJ, Pontavornpinyo W, Saralamba S, Aguas R, Yeung S, 
Dondorp AM, et al. The last man standing is the most resistant: eliminat-
ing artemisinin-resistant malaria in Cambodia. Malar J. 2009;8:31. doi: 
10.1186/1475-2875-8-31. PubMed PMID: 19228438; PubMed Central 
PMCID: PMCPMC2660356.

12. Imwong M, Russell B, Suwanarusk R, Nzila A, Leimanis ML, Sri-
prawat K, et al. Methotrexate is highly potent against pyrimethamine-re-
sistant Plasmodium vivax. J Infect Dis. 2011;203(2):207-10. doi: 10.1093/
infdis/jiq024. PubMed PMID: 21288820; PubMed Central PMCID: 
PMCPMC3071051.

13. Miotto O, Almagro-Garcia J, Manske M, Macinnis B, Campino 
S, Rockett KA, et al. Multiple populations of artemisinin-resistant Plas-
modium falciparum in Cambodia. Nat Genet. 2013;45(6):648-55. doi: 
10.1038/ng.2624. PubMed PMID: 23624527; PubMed Central PMCID: 
PMCPMC3807790.

14. Vial H, Taramelli D, Boulton IC, Ward SA, Doerig C, Chibale K. 
CRIMALDDI: platform technologies and novel anti-malarial drug targets. 
Malar J. 2013;12:396. doi: 10.1186/1475-2875-12-396. PubMed PMID: 
24498961; PubMed Central PMCID: PMCPMC3827883.

15. Cowman AF, Cooke BM. Molecular Approaches to Malaria 2000. 
Drug Resist Updat. 2000;3(2):74-6. doi: 10.1054/drup.2000.0135. 
PubMed PMID: 11498369.



98  

16. Sinha S, Medhi B, Sehgal R. Challenges of drug-resistant malar-
ia. Parasite. 2014;21:61. doi: 10.1051/parasite/2014059. PubMed PMID: 
25402734; PubMed Central PMCID: PMCPMC4234044.

17. Aide P, Aponte JJ, Renom M, Nhampossa T, Sacarlal J, Mando-
mando I, et al. Safety, immunogenicity and duration of protection of the 
RTS,S/AS02(D) malaria vaccine: one year follow-up of a randomized con-
trolled phase I/IIb trial. PLoS One. 2010;5(11):e13838. doi: 10.1371/jour-
nal.pone.0013838. PubMed PMID: 21079803; PubMed Central PMCID: 
PMCPMC2973956.

18. Agnandji ST, Lell B, Fernandes JF, Abossolo BP, Methogo BG, 
Kabwende AL, et al. A phase 3 trial of RTS,S/AS01 malaria vaccine in Af-
rican infants. N Engl J Med. 2012;367(24):2284-95. doi: 10.1056/NEJ-
Moa1208394. PubMed PMID: 23136909.

19. Stanisic DI, Barry AE, Good MF. Escaping the immune system: 
How the malaria parasite makes vaccine development a challenge. Trends 
Parasitol. 2013;29(12):612-22. doi: 10.1016/j.pt.2013.10.001. PubMed 
PMID: 24176554.

20. Gardner MJ, Hall N, Fung E, White O, Berriman M, Hyman RW, 
et al. Genome sequence of the human malaria parasite Plasmodium falci-
parum. Nature. 2002;419(6906):498-511. PubMed PMID: 12368864.

21. Wu Y, Kirkman LA, Wellems TE. Transformation of Plasmodi-
um falciparum malaria parasites by homologous integration of plas-
mids that confer resistance to pyrimethamine. Proc Natl Acad Sci U S A. 
1996;93(3):1130-4. PubMed PMID: 8577727; PubMed Central PMCID: 
PMCPMC40043.

22. O’Donnell RA, Preiser PR, Williamson DH, Moore PW, Cow-
man AF, Crabb BS. An alteration in concatameric structure is associated 
with efficient segregation of plasmids in transfected Plasmodium falci-
parum parasites. Nucleic Acids Res. 2001;29(3):716-24. PubMed PMID: 



99  

11160894; PubMed Central PMCID: PMCPMC30406.

23. Deitsch K, Driskill C, Wellems T. Transformation of malaria par-
asites by the spontaneous uptake and expression of DNA from human 
erythrocytes. Nucleic Acids Res. 2001;29(3):850-3. PubMed PMID: 
11160909; PubMed Central PMCID: PMCPMC30384.

24. Janse CJ, Waters AP. Episomal transformation of Plasmodium 
berghei. Methods Mol Med. 2002;72:305-15. doi: 10.1385/1-59259-271-
6:305. PubMed PMID: 12125128.

25. Thathy V, Ménard R. Gene targeting in Plasmodium berghei. 
Methods Mol Med. 2002;72:317-31. doi: 10.1385/1-59259-271-6:317. 
PubMed PMID: 12125129.

26. O’Donnell RA, Freitas-Junior LH, Preiser PR, Williamson DH, 
Duraisingh M, McElwain TF, et al. A genetic screen for improved plas-
mid segregation reveals a role for Rep20 in the interaction of Plasmodi-
um falciparum chromosomes. EMBO J. 2002;21(5):1231-9. doi: 10.1093/
emboj/21.5.1231. PubMed PMID: 11867551; PubMed Central PMCID: 
PMCPMC125903.

27. Crabb BS, Gilson PR. A new system for rapid plasmid integration in 
Plasmodium parasites. Trends Microbiol. 2007;15(1):3-6. doi: 10.1016/j.
tim.2006.11.006. PubMed PMID: 17126551.

28. van Dijk MR, Vinkenoog R, Ramesar J, Vervenne RA, Waters AP, 
Janse CJ. Replication, expression and segregation of plasmid-borne DNA 
in genetically transformed malaria parasites. Mol Biochem Parasitol. 
1997;86(2):155-62. PubMed PMID: 9200122.

29. Dechering KJ, Kaan AM, Mbacham W, Wirth DF, Eling W, Kon-
ings RN, et al. Isolation and functional characterization of two distinct sex-
ual-stage-specific promoters of the human malaria parasite Plasmodium 
falciparum. Mol Cell Biol. 1999;19(2):967-78. PubMed PMID: 9891033; 



100  

PubMed Central PMCID: PMCPMC116028.

30. Andrews KT, Fairlie DP, Madala PK, Ray J, Wyatt DM, Hilton PM, 
et al. Potencies of human immunodeficiency virus protease inhibitors in 
vitro against Plasmodium falciparum and in vivo against murine malar-
ia. Antimicrobial Agents and Chemotherapy. 2006;50(2):639-48. doi: 
10.1128/AAC.50.2.639-648.2006.

31. Waller RF, Reed MB, Cowman AF, McFadden GI. Protein traffick-
ing to the plastid of Plasmodium falciparum is via the secretory pathway. 
EMBO J. 2000;19(8):1794-802. doi: 10.1093/emboj/19.8.1794. PubMed 
PMID: 10775264; PubMed Central PMCID: PMCPMC302007.

32. Wickham ME, Rug M, Ralph SA, Klonis N, McFadden GI, Tilley L, 
et al. Trafficking and assembly of the cytoadherence complex in Plasmodi-
um falciparum-infected human erythrocytes. EMBO J. 2001;20(20):5636-
49. doi: 10.1093/emboj/20.20.5636. PubMed PMID: 11598007; PubMed 
Central PMCID: PMCPMC125667.

33. Fidock DA, Wellems TE. Transformation with human dihydrofo-
late reductase renders malaria parasites insensitive to WR99210 but does 
not affect the intrinsic activity of proguanil. Proc Natl Acad Sci U S A. 
1997;94(20):10931-6. PubMed PMID: 9380737; PubMed Central PM-
CID: PMCPMC23535.

34. Zhang K, Rathod PK. Divergent regulation of dihydrofo-
late reductase between malaria parasite and human host. Science. 
2002;296(5567):545-7. doi: 10.1126/science.1068274. PubMed PMID: 
11964483; PubMed Central PMCID: PMCPMC3830934.

35. Mamoun CB, Gluzman IY, Goyard S, Beverley SM, Goldberg 
DE. A set of independent selectable markers for transfection of the hu-
man malaria parasite Plasmodium falciparum. Proc Natl Acad Sci U S A. 
1999;96(15):8716-20. PubMed PMID: 10411941; PubMed Central PM-
CID: PMCPMC17582.



101  

36. de Koning-Ward TF, Waters AP, Crabb BS. Puromycin-N-acetyl-
transferase as a selectable marker for use in Plasmodium falciparum. Mol 
Biochem Parasitol. 2001;117(2):155-60. PubMed PMID: 11606225.

37. Crabb BS, Cowman AF. Characterization of promoters and sta-
ble transfection by homologous and nonhomologous recombination in 
Plasmodium falciparum. Proc Natl Acad Sci U S A. 1996;93(14):7289-94. 
PubMed PMID: 8692985; PubMed Central PMCID: PMCPMC38976.

38. Crabb BS, Triglia T, Waterkeyn JG, Cowman AF. Stable trans-
gene expression in Plasmodium falciparum. Mol Biochem Parasitol. 
1997;90(1):131-44. PubMed PMID: 9497038.

39. Cowman AF, Crabb BS. Invasion of red blood cells by malaria para-
sites. Cell. 2006;124(4):755-66. doi: 10.1016/j.cell.2006.02.006. PubMed 
PMID: 16497586.

40. Duraisingh MT, Triglia T, Cowman AF. Negative selection of Plas-
modium falciparum reveals targeted gene deletion by double crossover re-
combination. Int J Parasitol. 2002;32(1):81-9. PubMed PMID: 11796125.

41. Balzarini J, Bohman C, De Clercq E. Differential mechanism of 
cytostatic effect of (E)-5-(2-bromovinyl)-2’-deoxyuridine, 9-(1,3-dihy-
droxy-2-propoxymethyl)guanine, and other antiherpetic drugs on tumor 
cells transfected by the thymidine kinase gene of herpes simplex virus type 
1 or type 2. J Biol Chem. 1993;268(9):6332-7. PubMed PMID: 8384209.

42. Reardon JE. Herpes simplex virus type 1 and human DNA poly-
merase interactions with 2’-deoxyguanosine 5’-triphosphate analogues. 
Kinetics of incorporation into DNA and induction of inhibition. J Biol 
Chem. 1989;264(32):19039-44. PubMed PMID: 2553730.

43. Freeman SM, Abboud CN, Whartenby KA, Packman CH, 
Koeplin DS, Moolten FL, et al. The “bystander effect”: tumor regression 
when a fraction of the tumor mass is genetically modified. Cancer Res. 



102  

1993;53(21):5274-83. PubMed PMID: 8221662.

44. Hirschowitz EA, Ohwada A, Pascal WR, Russi TJ, Crystal RG. In 
vivo adenovirus-mediated gene transfer of the Escherichia coli cytosine 
deaminase gene to human colon carcinoma-derived tumors induces che-
mosensitivity to 5-fluorocytosine. Hum Gene Ther. 1995;6(8):1055-63. 
doi: 10.1089/hum.1995.6.8-1055. PubMed PMID: 7578418.

45. Straimer J, Lee MC, Lee AH, Zeitler B, Williams AE, Pearl JR, et al. 
Site-specific genome editing in Plasmodium falciparum using engineered 
zinc-finger nucleases. Nat Methods. 2012;9(10):993-8. doi: 10.1038/
nmeth.2143. PubMed PMID: 22922501; PubMed Central PMCID: PMCP-
MC3697006.

46. Maeder ML, Thibodeau-Beganny S, Sander JD, Voytas DF, Joung 
JK. Oligomerized pool engineering (OPEN): an ‘open-source’ protocol for 
making customized zinc-finger arrays. Nat Protoc. 2009;4(10):1471-501. 
doi: 10.1038/nprot.2009.98. PubMed PMID: 19798082; PubMed Central 
PMCID: PMCPMC2858690.

47. Sander JD, Dahlborg EJ, Goodwin MJ, Cade L, Zhang F, Cifuent-
es D, et al. Selection-free zinc-finger-nuclease engineering by context-de-
pendent assembly (CoDA). Nat Methods. 2011;8(1):67-9. doi: 10.1038/
nmeth.1542. PubMed PMID: 21151135; PubMed Central PMCID: PMCP-
MC3018472.

48. Ghorbal M, Gorman M, Macpherson CR, Martins RM, Scherf A, 
Lopez-Rubio JJ. Genome editing in the human malaria parasite Plas-
modium falciparum using the CRISPR-Cas9 system. Nat Biotechnol. 
2014;32(8):819-21. doi: 10.1038/nbt.2925. PubMed PMID: 24880488.

49. Cho SW, Kim S, Kim Y, Kweon J, Kim HS, Bae S, et al. Analysis of 
off-target effects of CRISPR/Cas-derived RNA-guided endonucleases and 
nickases. Genome Res. 2014;24(1):132-41. doi: 10.1101/gr.162339.113. 
PubMed PMID: 24253446; PubMed Central PMCID: PMCPMC3875854.



103  

50. Cradick TJ, Fine EJ, Antico CJ, Bao G. CRISPR/Cas9 systems tar-
geting β-globin and CCR5 genes have substantial off-target activity. Nu-
cleic Acids Res. 2013;41(20):9584-92. doi: 10.1093/nar/gkt714. PubMed 
PMID: 23939622; PubMed Central PMCID: PMCPMC3814385.

51. Fu Y, Foden JA, Khayter C, Maeder ML, Reyon D, Joung JK, et al. 
High-frequency off-target mutagenesis induced by CRISPR-Cas nucleases 
in human cells. Nat Biotechnol. 2013;31(9):822-6. doi: 10.1038/nbt.2623.
PubMed PMID: 23792628; PubMed Central PMCID: PMCPMC3773023.

52. Pattanayak V, Lin S, Guilinger JP, Ma E, Doudna JA, Liu DR. 
High-throughput profiling of off-target DNA cleavage reveals RNA-pro-
grammed Cas9 nuclease specificity. Nat Biotechnol. 2013;31(9):839-43. 
doi: 10.1038/nbt.2673. PubMed PMID: 23934178; PubMed Central PM-
CID: PMCPMC3782611.

53. Aravind L, Iyer LM, Wellems TE, Miller LH. Plasmodium biology: 
genomic gleanings. Cell. 2003;115(7):771-85. PubMed PMID: 14697197.

54. Kirkman LA, Lawrence EA, Deitsch KW. Malaria parasites utilize 
both homologous recombination and alternative end joining pathways 
to maintain genome integrity. Nucleic Acids Res. 2014;42(1):370-9. doi: 
10.1093/nar/gkt881. PubMed PMID: 24089143; PubMed Central PM-
CID: PMCPMC3874194.

55. Deitsch KW. Gene silencing and antigenic variation in malaria par-
asites. ScientificWorldJournal. 2001;1:650-2. doi: 10.1100/tsw.2001.369. 
PubMed PMID: 12805767.

56. Pfander C, Anar B, Schwach F, Otto TD, Brochet M, Volkmann K, et 
al. A scalable pipeline for highly effective genetic modification of a malar-
ia parasite. Nat Methods. 2011;8(12):1078-82. doi: 10.1038/nmeth.1742. 
PubMed PMID: 22020067; PubMed Central PMCID: PMCPMC3431185.

57. Baum J, Papenfuss AT, Mair GR, Janse CJ, Vlachou D, Waters AP, 



104  

et al. Molecular genetics and comparative genomics reveal RNAi is not 
functional in malaria parasites. Nucleic Acids Res. 2009;37(11):3788-98. 
doi: 10.1093/nar/gkp239. PubMed PMID: 19380379; PubMed Central 
PMCID: PMCPMC2699523.

58. Kolev NG, Tschudi C, Ullu E. RNA interference in protozoan par-
asites: achievements and challenges. Eukaryot Cell. 2011;10(9):1156-63. 
doi: 10.1128/EC.05114-11. PubMed PMID: 21764910; PubMed Central 
PMCID: PMCPMC3187059.

59. Barnes RL, Shi H, Kolev NG, Tschudi C, Ullu E. Comparative ge-
nomics reveals two novel RNAi factors in Trypanosoma brucei and pro-
vides insight into the core machinery. PLoS Pathog. 2012;8(5):e1002678. 
doi: 10.1371/journal.ppat.1002678. PubMed PMID: 22654659; PubMed 
Central PMCID: PMCPMC3359990.

60. Gissot M, Briquet S, Refour P, Boschet C, Vaquero C. PfMyb1, a 
Plasmodium falciparum transcription factor, is required for intra-eryth-
rocytic growth and controls key genes for cell cycle regulation. J Mol Biol. 
2005;346(1):29-42. doi: 10.1016/j.jmb.2004.11.045. PubMed PMID: 
15663925.
61. Agop-Nersesian C, Pfahler J, Lanzer M, Meissner M. Functional ex-
pression of ribozymes in Apicomplexa: towards exogenous control of gene 
expression by inducible RNA-cleavage. Int J Parasitol. 2008;38(6):673-
81. doi: 10.1016/j.ijpara.2007.10.015. PubMed PMID: 18062972.

62. Niles JC, Derisi JL, Marletta MA. Inhibiting Plasmodium falci-
parum growth and heme detoxification pathway using heme-binding 
DNA aptamers. Proc Natl Acad Sci U S A. 2009;106(32):13266-71. doi: 
10.1073/pnas.0906370106. PubMed PMID: 19633187; PubMed Central 
PMCID: PMCPMC2726426.

63. Ulrich H, Wrenger C. Disease-specific biomarker discovery by 
aptamers. Cytometry A. 2009;75(9):727-33. doi: 10.1002/cyto.a.20766. 
PubMed PMID: 19565638.



105  

64. Dar MA, Sharma A, Mondal N, Dhar SK. Molecular cloning of 
apicoplast-targeted Plasmodium falciparum DNA gyrase genes: unique 
intrinsic ATPase activity and ATP-independent dimerization of PfGyrB 
subunit. Eukaryot Cell. 2007;6(3):398-412. doi: 10.1128/EC.00357-06. 
PubMed PMID: 17220464; PubMed Central PMCID: PMCPMC1828931.

65. Augagneur Y, Wesolowski D, Tae HS, Altman S, Ben Mamoun 
C. Gene selective mRNA cleavage inhibits the development of Plasmo-
dium falciparum. Proc Natl Acad Sci U S A. 2012;109(16):6235-40. doi: 
10.1073/pnas.1203516109. PubMed PMID: 22474358; PubMed Central 
PMCID: PMCPMC3341008.

66. Carvalho TG, Thiberge S, Sakamoto H, Ménard R. Condition-
al mutagenesis using site-specific recombination in Plasmodium ber-
ghei. Proc Natl Acad Sci U S A. 2004;101(41):14931-6. doi: 10.1073/
pnas.0404416101. PubMed PMID: 15465918; PubMed Central PMCID: 
PMCPMC522007.

67. Combe A, Giovannini D, Carvalho TG, Spath S, Boisson B, Lous-
sert C, et al. Clonal conditional mutagenesis in malaria parasites. Cell Host 
Microbe. 2009;5(4):386-96. doi: 10.1016/j.chom.2009.03.008. PubMed 
PMID: 19380117.

68. Siekierka JJ, Hung SH, Poe M, Lin CS, Sigal NH. A cytosolic bind-
ing protein for the immunosuppressant FK506 has peptidyl-prolyl isomer-
ase activity but is distinct from cyclophilin. Nature. 1989;341(6244):755-
7. doi: 10.1038/341755a0. PubMed PMID: 2477714.

69. Chiu MI, Katz H, Berlin V. RAPT1, a mammalian homolog of yeast 
Tor, interacts with the FKBP12/rapamycin complex. Proc Natl Acad Sci 
U S A. 1994;91(26):12574-8. PubMed PMID: 7809080; PubMed Central 
PMCID: PMCPMC45481.

70. Andenmatten N, Egarter S, Jackson AJ, Jullien N, Herman JP, 
Meissner M. Conditional genome engineering in Toxoplasma gondii un-



106  

covers alternative invasion mechanisms. Nat Methods. 2013;10(2):125-7. 
doi: 10.1038/nmeth.2301. PubMed PMID: 23263690; PubMed Central 
PMCID: PMCPMC3605914.

71. Collins CR, Das S, Wong EH, Andenmatten N, Stallmach R, Hack-
ett F, et al. Robust inducible Cre recombinase activity in the human malar-
ia parasite Plasmodium falciparum enables efficient gene deletion within a 
single asexual erythrocytic growth cycle. Mol Microbiol. 2013;88(4):687-
701. doi: 10.1111/mmi.12206. PubMed PMID: 23489321; PubMed Central 
PMCID: PMCPMC3708112.

72. Ecker A, Lewis RE, Ekland EH, Jayabalasingham B, Fidock DA. 
Tricks in Plasmodium’s molecular repertoire--escaping 3’UTR exci-
sion-based conditional silencing of the chloroquine resistance trans-
porter gene. Int J Parasitol. 2012;42(11):969-74. doi: 10.1016/j.ijpa-
ra.2012.09.003. PubMed PMID: 23023047; PubMed Central PMCID: 
PMCPMC3517811.

73. Pino P, Sebastian S, Kim EA, Bush E, Brochet M, Volkmann K, 
et al. A tetracycline-repressible transactivator system to study essential 
genes in malaria parasites. Cell Host Microbe. 2012;12(6):824-34. doi: 
10.1016/j.chom.2012.10.016. PubMed PMID: 23245327; PubMed Central 
PMCID: PMCPMC3712325.

74. Bujard H. Controlling genes with tetracyclines. J Gene Med. 
1999;1(5):372-4. doi: 10.1002/(SICI)1521-2254(199909/10)1:5<372::AID-
JGM61>3.0.CO;2-T. PubMed PMID: 10738554.

75. Meissner M, Schlüter D, Soldati D. Role of Toxoplasma gondii 
myosin A in powering parasite gliding and host cell invasion. Science. 
2002;298(5594):837-40. doi: 10.1126/science.1074553. PubMed PMID: 
12399593.

76. Meissner M, Krejany E, Gilson PR, de Koning-Ward TF, Solda-
ti D, Crabb BS. Tetracycline analogue-regulated transgene expression in 



107  

Plasmodium falciparum blood stages using Toxoplasma gondii transac-
tivators. Proc Natl Acad Sci U S A. 2005;102(8):2980-5. doi: 10.1073/
pnas.0500112102. PubMed PMID: 15710888; PubMed Central PMCID: 
PMCPMC548799.

77. Banaszynski LA, Chen LC, Maynard-Smith LA, Ooi AG, Wandless 
TJ. A rapid, reversible, and tunable method to regulate protein function in 
living cells using synthetic small molecules. Cell. 2006;126(5):995-1004. 
doi: 10.1016/j.cell.2006.07.025. PubMed PMID: 16959577; PubMed Cen-
tral PMCID: PMCPMC3290523.

78. Herm-Götz A, Agop-Nersesian C, Münter S, Grimley JS, Wandless 
TJ, Frischknecht F, et al. Rapid control of protein level in the apicomplex-
an Toxoplasma gondii. Nat Methods. 2007;4(12):1003-5. doi: 10.1038/
nmeth1134. PubMed PMID: 17994029; PubMed Central PMCID: PMCP-
MC2601725.

79. Armstrong CM, Goldberg DE. An FKBP destabilization domain 
modulates protein levels in Plasmodium falciparum. Nat Methods. 
2007;4(12):1007-9. doi: 10.1038/nmeth1132. PubMed PMID: 17994030.

80. Dvorin JD, Bei AK, Coleman BI, Duraisingh MT. Functional di-
versification between two related Plasmodium falciparum merozoite in-
vasion ligands is determined by changes in the cytoplasmic domain. Mol 
Microbiol. 2010;75(4):990-1006. doi: 10.1111/j.1365-2958.2009.07040.x. 
PubMed PMID: 20487292; PubMed Central PMCID: PMCPMC3627358.

81. Russo I, Oksman A, Vaupel B, Goldberg DE. A calpain unique to 
alveolates is essential in Plasmodium falciparum and its knockdown re-
veals an involvement in pre-S-phase development. Proc Natl Acad Sci U S 
A. 2009;106(5):1554-9. doi: 10.1073/pnas.0806926106. PubMed PMID: 
19164769; PubMed Central PMCID: PMCPMC2629787.

82. de Azevedo MF, Gilson PR, Gabriel HB, Simões RF, Angrisano 
F, Baum J, et al. Systematic analysis of FKBP inducible degradation do-



108  

main tagging strategies for the human malaria parasite Plasmodium falci-
parum. PLoS One. 2012;7(7):e40981. doi: 10.1371/journal.pone.0040981. 
PubMed PMID: 22815885; PubMed Central PMCID: PMCPMC3397994.

83. Prommana P, Uthaipibull C, Wongsombat C, Kamchonwongpaisan 
S, Yuthavong Y, Knuepfer E, et al. Inducible knockdown of Plasmodium 
gene expression using the glmS ribozyme. PLoS One. 2013;8(8):e73783. 
doi: 10.1371/journal.pone.0073783. PubMed PMID: 24023691; PubMed 
Central PMCID: PMCPMC3758297.

84. Naik RS, Krishnegowda G, Gowda DC. Glucosamine inhibits ino-
sitol acylation of the glycosylphosphatidylinositol anchors in intraeryth-
rocytic Plasmodium falciparum. J Biol Chem. 2003;278(3):2036-42. doi: 
10.1074/jbc.M208976200. PubMed PMID: 12419814.

85. Olszewski KL, Mather MW, Morrisey JM, Garcia BA, Vaidya AB, 
Rabinowitz JD, et al. Branched tricarboxylic acid metabolism in Plas-
modium falciparum. Nature. 2010;466(7307):774-8. doi: 10.1038/na-
ture09301. PubMed PMID: 20686576; PubMed Central PMCID: PMCP-
MC2917841.

86. Ke H, Lewis IA, Morrisey JM, McLean KJ, Ganesan SM, Painter 
HJ, et al. Genetic investigation of tricarboxylic acid metabolism during 
the Plasmodium falciparum life cycle. Cell Rep. 2015;11(1):164-74. doi: 
10.1016/j.celrep.2015.03.011. PubMed PMID: 25843709; PubMed Cen-
tral PMCID: PMCPMC4394047.

87. MacRae JI, Dixon MW, Dearnley MK, Chua HH, Chambers JM, 
Kenny S, et al. Mitochondrial metabolism of sexual and asexual blood stag-
es of the malaria parasite Plasmodium falciparum. BMC Biol. 2013;11:67. 
doi: 10.1186/1741-7007-11-67. PubMed PMID: 23763941; PubMed Cen-
tral PMCID: PMCPMC3704724.

88. Vaidya AB, Mather MW. Mitochondrial evolution and functions 
in malaria parasites. Annu Rev Microbiol. 2009;63:249-67. doi: 10.1146/



109  

annurev.micro.091208.073424. PubMed PMID: 19575561.

89. Rodrigues T, Lopes F, Moreira R. Inhibitors of the mitochondrial 
electron transport chain and de novo pyrimidine biosynthesis as antima-
larials: The present status. Curr Med Chem. 2010;17(10):929-56. PubMed 
PMID: 20156168.

90. Barton V, Fisher N, Biagini GA, Ward SA, O’Neill PM. Inhibit-
ing Plasmodium cytochrome bc1: a complex issue. Curr Opin Chem Biol. 
2010;14(4):440-6. doi: 10.1016/j.cbpa.2010.05.005. PubMed PMID: 
20570550.

91. Vyas VK, Ghate M. Recent developments in the medicinal chemis-
try and therapeutic potential of dihydroorotate dehydrogenase (DHODH) 
inhibitors. Mini Rev Med Chem. 2011;11(12):1039-55. PubMed PMID: 
21861807.

92. Nixon GL, Pidathala C, Shone AE, Antoine T, Fisher N, O’Neill PM, 
et al. Targeting the mitochondrial electron transport chain of Plasmodium 
falciparum: new strategies towards the development of improved antima-
larials for the elimination era. Future Med Chem. 2013;5(13):1573-91. doi: 
10.4155/fmc.13.121. PubMed PMID: 24024949.

93. Bryant C, Voller A, Smith MJ. The incorporation of radioactivity 
from (14C) glucose into the soluble metabolic intermediates of malaria 
parasites. Am J Trop Med Hyg. 1964;13:515-9. PubMed PMID: 14196045.
94. Scheibel LW, Pflaum WK. Cytochrome oxidase activity in 
platelet-free preparations of Plasmodium falciparum. J Parasitol. 
1970;56(6):1054. PubMed PMID: 4323401.

95. Roth EF, Calvin MC, Max-Audit I, Rosa J, Rosa R. The enzymes 
of the glycolytic pathway in erythrocytes infected with Plasmodium fal-
ciparum malaria parasites. Blood. 1988;72(6):1922-5. PubMed PMID: 
3058230.



110  

96. Planche T, Krishna S. Severe malaria: metabolic complications. 
Curr Mol Med. 2006;6(2):141-53. PubMed PMID: 16515507.

97. Bozdech Z, Llinas M, Pulliam BL, Wong ED, Zhu J, DeRisi JL. The 
transcriptome of the intraerythrocytic developmental cycle of Plasmodi-
um falciparum. PLoS Biol. 2003;1(1):E5. PubMed PMID: 12929205.

98. Ralph SA, van Dooren GG, Waller RF, Crawford MJ, Fraunholz 
MJ, Foth BJ, et al. Tropical infectious diseases: metabolic maps and 
functions of the Plasmodium falciparum apicoplast. Nat Rev Microbiol. 
2004;2(3):203-16. doi: 10.1038/nrmicro843. PubMed PMID: 15083156.

99. Foth BJ, Stimmler LM, Handman E, Crabb BS, Hodder AN, Mc-
Fadden GI. The malaria parasite Plasmodium falciparum has only one 
pyruvate dehydrogenase complex, which is located in the apicoplast. Mol 
Microbiol. 2005;55(1):39-53. doi: 10.1111/j.1365-2958.2004.04407.x. 
PubMed PMID: 15612915.

100. Fry M, Webb E, Pudney M. Effect of mitochondrial inhibitors on 
adenosinetriphosphate levels in Plasmodium falciparum. Comp Biochem 
Physiol B. 1990;96(4):775-82. PubMed PMID: 2171868.

101. Fisher N, Meunier B. Molecular basis of resistance to cytochrome 
bc1 inhibitors. FEMS Yeast Res. 2008;8(2):183-92. doi: 10.1111/j.1567-
1364.2007.00328.x. PubMed PMID: 18093133.

102. Fry M, Pudney M. Site of action of the antimalarial hydroxynaphtho-
quinone, 2-[trans-4-(4’-chlorophenyl) cyclohexyl]-3-hydroxy-1,4-naph-
thoquinone (566C80). Biochem Pharmacol. 1992;43(7):1545-53. PubMed 
PMID: 1314606.

103. Mather MW, Darrouzet E, Valkova-Valchanova M, Cooley JW, 
McIntosh MT, Daldal F, et al. Uncovering the molecular mode of action of 
the antimalarial drug atovaquone using a bacterial system. J Biol Chem. 
2005;280(29):27458-65. doi: 10.1074/jbc.M502319200. PubMed PMID: 



111  

15917236; PubMed Central PMCID: PMCPMC1421511.

104. Vaidya AB, Mather MW. Atovaquone resistance in malaria para-
sites. Drug Resist Updat. 2000;3(5):283-7. doi: 10.1054/drup.2000.0157. 
PubMed PMID: 11498396.

105. Kessl JJ, Meshnick SR, Trumpower BL. Modeling the molecular 
basis of atovaquone resistance in parasites and pathogenic fungi. Trends 
Parasitol. 2007;23(10):494-501. doi: 10.1016/j.pt.2007.08.004. PubMed 
PMID: 17826334.

106. Fisher N, Abd Majid R, Antoine T, Al-Helal M, Warman AJ, John-
son DJ, et al. Cytochrome b mutation Y268S conferring atovaquone resis-
tance phenotype in malaria parasite results in reduced parasite bc1 cata-
lytic turnover and protein expression. J Biol Chem. 2012;287(13):9731-41. 
doi: 10.1074/jbc.M111.324319. PubMed PMID: 22282497; PubMed Cen-
tral PMCID: PMCPMC3322985.

107. Biagini GA, Viriyavejakul P, O’neill PM, Bray PG, Ward SA. Func-
tional characterization and target validation of alternative complex I of 
Plasmodium falciparum mitochondria. Antimicrob Agents Chemother. 
2006;50(5):1841-51. doi: 10.1128/AAC.50.5.1841-1851.2006. PubMed 
PMID: 16641458; PubMed Central PMCID: PMCPMC1472221.

108. Fisher N, Bray PG, Ward SA, Biagini GA. The malaria parasite 
type II NADH:quinone oxidoreductase: an alternative enzyme for an al-
ternative lifestyle. Trends Parasitol. 2007;23(7):305-10. doi: 10.1016/j.
pt.2007.04.014. PubMed PMID: 17499024.

109. Boysen KE, Matuschewski K. Arrested oocyst maturation in Plas-
modium parasites lacking type II NADH:ubiquinone dehydrogenase. 
J Biol Chem. 2011;286(37):32661-71. doi: 10.1074/jbc.M111.269399. 
PubMed PMID: 21771793; PubMed Central PMCID: PMCPMC3173203.

110. Painter HJ, Morrisey JM, Mather MW, Vaidya AB. Specific role of 



112  

mitochondrial electron transport in blood-stage Plasmodium falciparum. 
Nature. 2007;446(7131):88-91. PubMed PMID: 17330044.

111. Gutteridge WE, Dave D, Richards WH. Conversion of dihy-
droorotate to orotate in parasitic protozoa. Biochim Biophys Acta. 
1979;582(3):390-401. PubMed PMID: 217438.

112. Baldwin J, Farajallah AM, Malmquist NA, Rathod PK, Phillips MA. 
Malarial dihydroorotate dehydrogenase. Substrate and inhibitor specifici-
ty. J Biol Chem. 2002;277(44):41827-34. doi: 10.1074/jbc.M206854200. 
PubMed PMID: 12189151.

113. Downie MJ, Kirk K, Mamoun CB. Purine salvage pathways in the 
intraerythrocytic malaria parasite Plasmodium falciparum. Eukaryot Cell. 
2008;7(8):1231-7. doi: 10.1128/EC.00159-08. PubMed PMID: 18567789; 
PubMed Central PMCID: PMCPMC2519781.

114. Cassera MB, Hazleton KZ, Merino EF, Obaldia N, Ho MC, Mur-
kin AS, et al. Plasmodium falciparum parasites are killed by a transition 
state analogue of purine nucleoside phosphorylase in a primate animal 
model. PLoS One. 2011;6(11):e26916. doi: 10.1371/journal.pone.0026916. 
PubMed PMID: 22096507; PubMed Central PMCID: PMCPMC3214022.

115. Cassera MB, Zhang Y, Hazleton KZ, Schramm VL. Purine and py-
rimidine pathways as targets in Plasmodium falciparum. Curr Top Med 
Chem. 2011;11(16):2103-15. PubMed PMID: 21619511; PubMed Central 
PMCID: PMCPMC3319363.

116. Hyde JE. Drug-resistant malaria - an insight. Febs J. 
2007;274(18):4688-98. PubMed PMID: 17824955.

117. de Koning HP, Bridges DJ, Burchmore RJ. Purine and pyrimidine 
transport in pathogenic protozoa: from biology to therapy. FEMS Mi-
crobiol Rev. 2005;29(5):987-1020. doi: 10.1016/j.femsre.2005.03.004. 
PubMed PMID: 16040150.



113  

118. Kicska GA, Tyler PC, Evans GB, Furneaux RH, Schramm VL, Kim 
K. Purine-less death in Plasmodium falciparum induced by immucillin-H, 
a transition state analogue of purine nucleoside phosphorylase. J Biol 
Chem. 2002;277(5):3226-31. doi: 10.1074/jbc.M105906200. PubMed 
PMID: 11706018.

119. Büngener W, Nielsen G. [Nucleic acid metabolism in experimental 
malaria. 1. Studies on the incorporation of thymidine, uridine, and ad-
enosine in the malaria parasite (Plasmodium berghei and Plasmodium 
vinckei)]. Z Tropenmed Parasitol. 1967;18(4):456-62. PubMed PMID: 
5613460.

120. Büngener W, Nielsen G. [Nucleic acid metabolism in experimen-
tal malaria. 2. Incorporation of adenosine and hypoxanthine into the nu-
cleic acids of malaria parasites (Plasmodium berghei and Plasmodium 
vinckei)]. Z Tropenmed Parasitol. 1968;19(2):185-97. PubMed PMID: 
4878204.

121. Polet H, Conrad ME. Malaria: extracellular amino acid require-
ments for in vitro growth of erythrocytic forms of Plasmodium knowlesi. 
Proc Soc Exp Biol Med. 1968;127(1):251-3. PubMed PMID: 4966979.

122. Walsh CJ, Sherman IW. Purine and pyrimidine synthesis by the avi-
an malaria parasite, Plasmodium lophurae. J Protozool. 1968;15(4):763-
70. PubMed PMID: 5719073.

123. Tracy SM, Sherman IW. Purine uptake and utilization by the avi-
an malaria parasite Plasmodium lophurae. J Protozool. 1972;19(3):541-9. 
PubMed PMID: 5074425.

124. McFadden GI, Reith ME, Munholland J, Lang-Unnasch N. Plastid 
in human parasites. Nature. 1996;381(6582):482. doi: 10.1038/381482a0. 
PubMed PMID: 8632819.

125. Jomaa H, Wiesner J, Sanderbrand S, Altincicek B, Weidemeyer 



114  

C, Hintz M, et al. Inhibitors of the nonmevalonate pathway of isoprenoid 
biosynthesis as antimalarial drugs. Science. 1999;285(5433):1573-6. 
PubMed PMID: 10477522.

126. Wiesner J, Jomaa H. Isoprenoid biosynthesis of the apicoplast as 
drug target. Curr Drug Targets. 2007;8(1):3-13. PubMed PMID: 17266527.

127. Lim L, Linka M, Mullin KA, Weber AP, McFadden GI. The carbon 
and energy sources of the non-photosynthetic plastid in the malaria par-
asite. FEBS Lett. 2010;584(3):549-54. doi: 10.1016/j.febslet.2009.11.097. 
PubMed PMID: 19968990.

128. Lim L, McFadden GI. The evolution, metabolism and functions of 
the apicoplast. Philos Trans R Soc Lond B Biol Sci. 2010;365(1541):749-
63. doi: 10.1098/rstb.2009.0273. PubMed PMID: 20124342; PubMed 
Central PMCID: PMCPMC2817234.

129. Oldfield E. Targeting isoprenoid biosynthesis for drug discov-
ery: bench to bedside. Acc Chem Res. 2010;43(9):1216-26. doi: 10.1021/
ar100026v. PubMed PMID: 20560544; PubMed Central PMCID: PMCP-
MC2943567.

130. Jordão FM, Kimura EA, Katzin AM. Isoprenoid biosynthesis in the 
erythrocytic stages of Plasmodium falciparum. Mem Inst Oswaldo Cruz. 
2011;106 Suppl 1:134-41. PubMed PMID: 21881768.

131. Ernster L, Dallner G. Biochemical, physiological and medical as-
pects of ubiquinone function. Biochim Biophys Acta. 1995;1271(1):195-
204. PubMed PMID: 7599208.

132. Turunen M, Olsson J, Dallner G. Metabolism and function of coen-
zyme Q. Biochim Biophys Acta. 2004;1660(1-2):171-99. PubMed PMID: 
14757233.

133. Tonkin CJ, van Dooren GG, Spurck TP, Struck NS, Good RT, 



115  

Handman E, et al. Localization of organellar proteins in Plasmodium fal-
ciparum using a novel set of transfection vectors and a new immunofluo-
rescence fixation method. Mol Biochem Parasitol. 2004;137(1):13-21. doi: 
10.1016/j.molbiopara.2004.05.009. PubMed PMID: 15279947.

134. de Macedo CS, Uhrig ML, Kimura EA, Katzin AM. Characteriza-
tion of the isoprenoid chain of coenzyme Q in Plasmodium falciparum. 
FEMS Microbiol Lett. 2002;207(1):13-20. PubMed PMID: 11886744.

135. Lopes NP, Kato MJ, Andrade EH, Maia JG, Yoshida M, Planchart 
AR, et al. Antimalarial use of volatile oil from leaves of Virola suri-
namensis (Rol.) Warb. by Waiãpi Amazon Indians. J Ethnopharmacol. 
1999;67(3):313-9. PubMed PMID: 10617066.

136. Adams PD, Grosse-Kunstleve RW, Hung LW, Ioerger TR, McCoy 
AJ, Moriarty NW, et al. PHENIX: building new software for automated 
crystallographic structure determination. Acta Crystallogr D Biol Crystal-
logr. 2002;58(Pt 11):1948-54. PubMed PMID: 12393927.

137. Rohmer M. The discovery of a mevalonate-independent pathway 
for isoprenoid biosynthesis in bacteria, algae and higher plants. Nat Prod 
Rep. 1999;16(5):565-74. PubMed PMID: 10584331.

138. Wiemer AJ, Hohl RJ, Wiemer DF. The intermediate enzymes of 
isoprenoid metabolism as anticancer targets. Anticancer Agents Med 
Chem. 2009;9(5):526-42. PubMed PMID: 19519294.

139. Wiemer AJ, Hsiao CH, Wiemer DF. Isoprenoid metabolism as 
a therapeutic target in gram-negative pathogens. Curr Top Med Chem. 
2010;10(18):1858-71. PubMed PMID: 20615187.

140. Bulusu V, Jayaraman V, Balaram H. Metabolic fate of fumarate, a 
side product of the purine salvage pathway in the intraerythrocytic stag-
es of Plasmodium falciparum. J Biol Chem. 2011;286(11):9236-45. doi: 
10.1074/jbc.M110.173328. PubMed PMID: 21209090; PubMed Central 



116  

PMCID: PMCPMC3059058.

141. Lunev S, Butzloff S, Romero AR, Linzke M, Batista FA, Meissner 
KA, et al. Oligomeric interfaces as a tool in drug discovery: Specific inter-
ference with activity of malate dehydrogenase of Plasmodium falciparum 
in vitro. PLoS One. 2018;13(4):e0195011. Epub 2018/04/25. doi: 10.1371/
journal.pone.0195011. PubMed PMID: 29694407.

142. Wrenger C, Müller IB, Butzloff S, Jordanova R, Lunev S, Groves 
MR. Crystallization and preliminary X-ray diffraction of malate dehydro-
genase from Plasmodium falciparum. Acta Crystallogr Sect F Struct Biol 
Cryst Commun. 2012;68(Pt 6):659-62. doi: 10.1107/S1744309112014571. 
PubMed PMID: 22684064; PubMed Central PMCID: PMCPMC3370904.

143. Wrenger C, Muller IB, Schifferdecker AJ, Jain R, Jordanova R, 
Groves MR. Specific inhibition of the aspartate aminotransferase of Plas-
modium falciparum. J Mol Biol. 2011;405(4):956-71. PubMed PMID: 
21087616.

144. Wrenger C, Muller IB, Silber AM, Jordanova R, Lamzin VS, Groves 
MR. Aspartate aminotransferase: bridging carbohydrate and energy me-
tabolism in Plasmodium falciparum. Curr Drug Metab. 2012;13(3):332-6. 
PubMed PMID: 22455555.

145. Mehta PK, Hale TI, Christen P. Aminotransferases: demonstration 
of homology and division into evolutionary subgroups. Eur J Biochem. 
1993;214(2):549-61. PubMed PMID: 8513804.

146. Wrenger C, Müller IB, Schifferdecker AJ, Jain R, Jordanova R, 
Groves MR. Specific inhibition of the aspartate aminotransferase of 
Plasmodium falciparum. J Mol Biol. 2011;405(4):956-71. doi: 10.1016/j.
jmb.2010.11.018. PubMed PMID: 21087616.

147. Wrenger C, Müller IB, Silber AM, Jordanova R, Lamzin VS, Groves 
MR. Aspartate Aminotransferase - Bridging Carbohydrate and Energy 



117  

Metabolism in Plasmodium Falciparum. Curr Drug Metab. 2012. PubMed 
PMID: 22428963.

148. Ting LM, Shi W, Lewandowicz A, Singh V, Mwakingwe A, Birck 
MR, et al. Targeting a novel Plasmodium falciparum purine recycling 
pathway with specific immucillins. J Biol Chem. 2005;280(10):9547-54. 
doi: 10.1074/jbc.M412693200. PubMed PMID: 15576366.

149. Dan N, Bhakat S. New paradigm of an old target: An update on 
structural biology and current progress in drug design towards plasme-
psin II. European Journal of Medicinal Chemistry. 2015;95:324-48. doi: 
http://dx.doi.org/10.1016/j.ejmech.2015.03.049.

150. Ortiz D, Guiguemde WA, Johnson A, Elya C, Anderson J, Clark J, 
et al. Identification of Selective Inhibitors of the Plasmodium falciparum 
Hexose Transporter PfHT by Screening Focused Libraries of Anti-Malar-
ial Compounds. PLoS ONE. 2015;10(4):e0123598. doi: 10.1371/journal.
pone.0123598. PubMed PMID: PMC4404333.

151. Banerjee R, Liu J, Beatty W, Pelosof L, Klemba M, Goldberg 
DE. Four plasmepsins are active in the Plasmodium falciparum food 
vacuole, including a protease with an active-site histidine. Proceedings 
of the National Academy of Sciences of the United States of America. 
2002;99(2):990-5. doi: 10.1073/pnas.022630099.

152. Huizing AP, Mondal M, Hirsch AK. Fighting malaria: struc-
ture-guided discovery of nonpeptidomimetic plasmepsin inhibitors. J Med 
Chem. 2015;58(13):5151-63. Epub 2015/03/17. doi: 10.1021/jm5014133. 
PubMed PMID: 25719272.

153. Silva AM, Lee AY, Gulnik SV, Majer P, Collins J, Bhat TN, et al. 
Structure and inhibition of plasmepsin II, a hemoglobin-degrading en-
zyme from Plasmodium falciparum. Proceedings of the National Academy 
of Sciences of the United States of America. 1996;93(19):10034-9. doi: 
10.1073/pnas.93.19.10034.



118  

154. Asojo OA, Gulnik SV, Afonina E, Yu B, Ellman JA, Haque TS, et al. 
Novel uncomplexed and complexed structures of plasmepsin II, an aspar-
tic protease from Plasmodium falciparum. Journal of Molecular Biology. 
2003;327(1):173-81. doi: 10.1016/S0022-2836(03)00036-6.

155. Wyatt DM, Berry C. Antimalarial effects of HIV proteinase inhibi-
tors: Common compounds but structurally distinct enzymes [2]. Journal 
of Infectious Diseases. 2005;192(4):705-6. doi: 10.1086/432079.

156. Meyers MJ, Goldberg DE. Recent advances in plasmepsin medic-
inal chemistry and implications for future antimalarial drug discovery 
efforts. Current Topics in Medicinal Chemistry. 2012;12(5):445-55. doi: 
10.2174/156802612799362959.

157. Boss C, Richard-Bildstein S, Weller T, Fischli W, Meyer S, Binkert 
C. Inhibitors of the Plasmodium palciparum parasite aspartic protease 
plasmepsin II as potential antimalarial agents. Current Medicinal Chem-
istry. 2003;10(11):883-907. doi: 10.2174/0929867033457674.

158. Ersmark K, Samuelsson B, Hallberg A. Plasmepsins as poten-
tial targets for new antimalarial therapy. Medicinal Research Reviews. 
2006;26(5):626-66. doi: 10.1002/med.20082.

159. Lang-Unnasch N, Murphy AD. Metabolic changes of the malar-
ia parasite during the transition from the human to the mosquito host. 
Annual review of microbiology. 1998;52:561-90. Epub 1999/01/19. doi: 
10.1146/annurev.micro.52.1.561. PubMed PMID: 9891808.

160. Blume M, Hliscs M, Rodriguez-Contreras D, Sanchez M, Landfear 
S, Lucius R, et al. A constitutive pan-hexose permease for the Plasmodium 
life cycle and transgenic models for screening of antimalarial sugar ana-
logs. FASEB journal : official publication of the Federation of American So-
cieties for Experimental Biology. 2011;25(4):1218-29. Epub 2010/12/21. 
doi: 10.1096/fj.10-173278. PubMed PMID: 21169382; PubMed Central 
PMCID: PMCPMC3058700.



119  

161. Slavic K, Straschil U, Reininger L, Doerig C, Morin C, Tew-
ari R, et al. Life cycle studies of the hexose transporter of Plasmo-
dium species and genetic validation of their essentiality. Molecular 
microbiology. 2010;75(6):1402-13. Epub 2010/02/06. doi: 10.1111/j.1365-
2958.2010.07060.x. PubMed PMID: 20132450; PubMed Central PMCID: 
PMCPMC2859251.

162. Joet T, Eckstein-Ludwig U, Morin C, Krishna S. Validation of the 
hexose transporter of Plasmodium falciparum as a novel drug target. 
Proc Natl Acad Sci U S A. 2003;100(13):7476-9. Epub 2003/06/07. doi: 
10.1073/pnas.1330865100. PubMed PMID: 12792024; PubMed Central 
PMCID: PMCPMC164611.

163. Patel AP, Staines HM, Krishna S. New antimalarial targets: the 
example of glucose transport. Travel medicine and infectious disease. 
2008;6(1-2):58-66. Epub 2008/03/18. doi: 10.1016/j.tmaid.2008.01.005. 
PubMed PMID: 18342277.

164. Slavic K, Krishna S, Derbyshire ET, Staines HM. Plasmodial 
sugar transporters as anti-malarial drug targets and comparisons with 
other protozoa. Malaria journal. 2011;10:165. Epub 2011/06/17. doi: 
10.1186/1475-2875-10-165. PubMed PMID: 21676209; PubMed Central 
PMCID: PMCPMC3135577.

165. Staines HM, Derbyshire ET, Slavic K, Tattersall A, Vial H, Krish-
na S. Exploiting the therapeutic potential of Plasmodium falciparum 
solute transporters. Trends in parasitology. 2010;26(6):284-96. Epub 
2010/04/16. doi: 10.1016/j.pt.2010.03.004. PubMed PMID: 20392668.

166. Witschel MC, Rottmann M, Schwab A, Leartsakulpanich U, Chit-
numsub P, Seet M, et al. Inhibitors of plasmodial serine hydroxymeth-
yltransferase (SHMT): cocrystal structures of pyrazolopyrans with po-
tent blood- and liver-stage activities. Journal of medicinal chemistry. 
2015;58(7):3117-30. Epub 2015/03/19. doi: 10.1021/jm501987h. PubMed 
PMID: 25785478.



120  

167. Nirmalan N, Wang P, Sims PF, Hyde JE. Transcriptional analysis 
of genes encoding enzymes of the folate pathway in the human malaria par-
asite Plasmodium falciparum. Molecular microbiology. 2002;46(1):179-
90. Epub 2002/10/09. PubMed PMID: 12366841.

168. Pang CK, Hunter JH, Gujjar R, Podutoori R, Bowman J, Mudep-
pa DG, et al. Catalytic and ligand-binding characteristics of Plasmodium 
falciparum serine hydroxymethyltransferase. Molecular and biochemical 
parasitology. 2009;168(1):74-83. Epub 2009/07/14. doi: 10.1016/j.mol-
biopara.2009.06.011. PubMed PMID: 19591883; PubMed Central PM-
CID: PMCPMC2741015.

169. Mombelli P, Witschel MC, van Zijl AW, Geist JG, Rottmann M, 
Freymond C, et al. Identification of 1,3-diiminoisoindoline carbohydra-
zides as potential antimalarial candidates. ChemMedChem. 2012;7(1):151-
8. Epub 2011/11/19. doi: 10.1002/cmdc.201100441. PubMed PMID: 
22095896.

170. Kunfermann A, Witschel M, Illarionov B, Martin R, Rottmann M, 
Hoffken HW, et al. Pseudilins: halogenated, allosteric inhibitors of the 
non-mevalonate pathway enzyme IspD. Angewandte Chemie (Interna-
tional ed in English). 2014;53(8):2235-9. Epub 2014/01/22. doi: 10.1002/
anie.201309557. PubMed PMID: 24446431.

171. Derbyshire ER, Prudencio M, Mota MM, Clardy J. Liver-stage 
malaria parasites vulnerable to diverse chemical scaffolds. Proc Natl 
Acad Sci U S A. 2012;109(22):8511-6. Epub 2012/05/16. doi: 10.1073/
pnas.1118370109. PubMed PMID: 22586124; PubMed Central PMCID: 
PMCPMC3365169.

172. Fernández-Arias C, Mashoof S, Huang J, Tsuji M. Circumsporozoite 
protein as a potential target for antimalarials. Expert Review of Anti-in-
fective Therapy. 2015;13(8):923-6. doi: 10.1586/14787210.2015.1058709.

173. Yoshida N, Nussenzweig RS, Potocnjak P, Nussenzweig V, Aika-



121  

wa M. Hybridoma produces protective antibodies directed against 
the sporozoite stage of malaria parasite. Science (New York, NY). 
1980;207(4426):71-3. Epub 1980/01/04. PubMed PMID: 6985745.

174. Potocnjak P, Yoshida N, Nussenzweig RS, Nussenzweig V. Mon-
ovalent fragments (Fab) of monoclonal antibodies to a sporozoite surface 
antigen (Pb44) protect mice against malarial infection. The Journal of ex-
perimental medicine. 1980;151(6):1504-13. Epub 1980/06/01. PubMed 
PMID: 6991628; PubMed Central PMCID: PMCPMC2185881.

175. Nardin EH, Nussenzweig V, Nussenzweig RS, Collins WE, Harina-
suta KT, Tapchaisri P, et al. Circumsporozoite proteins of human malaria 
parasites Plasmodium falciparum and Plasmodium vivax. The Journal of 
experimental medicine. 1982;156(1):20-30. Epub 1982/07/01. PubMed 
PMID: 7045272; PubMed Central PMCID: PMCPMC2186717.

176. Godson GN, Ellis J, Svec P, Schlesinger DH, Nussenzweig V. 
Identification and chemical synthesis of a tandemly repeated immuno-
genic region of Plasmodium knowlesi circumsporozoite protein. Nature. 
1983;305(5929):29-33. Epub 1983/09/01. PubMed PMID: 6193427.

177. Ozaki LS, Svec P, Nussenzweig RS, Nussenzweig V, Godson GN. 
Structure of the plasmodium knowlesi gene coding for the circumsporo-
zoite protein. Cell. 1983;34(3):815-22. Epub 1983/10/01. PubMed PMID: 
6313209.

178. Enea V, Arnot D, Schmidt EC, Cochrane A, Gwadz R, Nussenzweig 
RS. Circumsporozoite gene of plasmodium cynomolgi (Gombak):cDNA 
cloning and expression of the repetitive circumsporozoite epitope. Proc 
Natl Acad Sci U S A. 1984;81(23):7520-4. Epub 1984/12/01. PubMed 
PMID: 6209717; PubMed Central PMCID: PMCPMC392178.

179. Arnot DE, Barnwell JW, Tam JP, Nussenzweig V, Nussenzweig 
RS, Enea V. Circumsporozoite protein of Plasmodium vivax: gene cloning 
and characterization of the immunodominant epitope. Science (New York, 



122  

NY). 1985;230(4727):815-8. Epub 1985/11/15. PubMed PMID: 2414847.
180. Dame JB, Williams JL, McCutchan TF, Weber JL, Wirtz RA, Hock-
meyer WT, et al. Structure of the gene encoding the immunodominant 
surface antigen on the sporozoite of the human malaria parasite Plasmo-
dium falciparum. Science (New York, NY). 1984;225(4662):593-9. Epub 
1984/08/10. PubMed PMID: 6204383.

181. McCutchan TF, Lal AA, de la Cruz VF, Miller LH, Maloy WL, 
Charoenvit Y, et al. Sequence of the immunodominant epitope for the sur-
face protein on sporozoites of Plasmodium vivax. Science (New York, NY). 
1985;230(4732):1381-3. Epub 1985/12/20. PubMed PMID: 2416057.

182. Lal AA, de la Cruz VF, Welsh JA, Charoenvit Y, Maloy WL, Mc-
Cutchan TF. Structure of the gene encoding the circumsporozoite protein 
of Plasmodium yoelii. A rodent model for examining antimalarial sporo-
zoite vaccines. The Journal of biological chemistry. 1987;262(7):2937-40. 
Epub 1987/03/05. PubMed PMID: 3102479.

183. Procell PM, Collins WE, Campbell GH. Circumsporozoite pro-
tein of the human malaria parasite Plasmodium ovale identified with 
monoclonal antibodies. Infection and immunity. 1988;56(2):376-9. Epub 
1988/02/01. PubMed PMID: 3338845; PubMed Central PMCID: PMCP-
MC259291.

184. Krettli AU, Rocha EM, Lopes JD, Carneiro CR, Kamboj KK, Co-
chrane AH, et al. Circumsporozoite protein of Plasmodium gallina-
ceum characterized by monoclonal antibodies. Parasite immunology. 
1988;10(5):523-33. Epub 1988/09/01. PubMed PMID: 2461541.

185. Charoenvit Y, Mellouk S, Cole C, Bechara R, Leef MF, Sedegah M, 
et al. Monoclonal, but not polyclonal, antibodies protect against Plasmo-
dium yoelii sporozoites. Journal of immunology (Baltimore, Md : 1950). 
1991;146(3):1020-5. Epub 1991/02/01. PubMed PMID: 1988490.



123  

186. Del Giudice G, Tougne C, Renia L, Ponnudurai T, Corradin G, Pes-
si A, et al. Characterization of murine monoclonal antibodies against a 
repetitive synthetic peptide from the circumsporozoite protein of the hu-
man malaria parasite, Plasmodium falciparum. Molecular immunology. 
1991;28(9):1003-9. Epub 1991/09/01. PubMed PMID: 1922106.

187. Chappel JA, Hollingdale MR, Kang AS. IgG(4) Pf NPNA-1 a hu-
man anti-Plasmodium falciparum sporozoite monoclonal antibody cloned 
from a protected individual inhibits parasite invasion of hepatocytes. 
Human antibodies. 2004;13(3):91-6. Epub 2004/12/16. PubMed PMID: 
15598989.

188. Stuber D, Bannwarth W, Pink JR, Meloen RH, Matile H. New B 
cell epitopes in the Plasmodium falciparum malaria circumsporozoite 
protein. European journal of immunology. 1990;20(4):819-24. Epub 
1990/04/01. doi: 10.1002/eji.1830200416. PubMed PMID: 1693336.

189. Burkot TR, Da ZW, Geysen HM, Wirtz RA, Saul A. Fine specific-
ities of monoclonal antibodies against the Plasmodium falciparum cir-
cumsporozoite protein: recognition of both repetitive and non-repeti-
tive regions. Parasite immunology. 1991;13(2):161-70. Epub 1991/03/01. 
PubMed PMID: 2052404.

190. Plassmeyer ML, Reiter K, Shimp RL, Jr., Kotova S, Smith PD, 
Hurt DE, et al. Structure of the Plasmodium falciparum circumsporozoite 
protein, a leading malaria vaccine candidate. The Journal of biological 
chemistry. 2009;284(39):26951-63. Epub 2009/07/28. doi: 10.1074/
jbc.M109.013706. PubMed PMID: 19633296; PubMed Central PMCID: 
PMCPMC2785382.

191. de Lara Capurro M, Coleman J, Beerntsen BT, Myles KM, Olson 
KE, Rocha E, et al. Virus-expressed, recombinant single-chain antibody 
blocks sporozoite infection of salivary glands in Plasmodium gallinace-
um-infected Aedes aegypti. The American journal of tropical medicine 
and hygiene. 2000;62(4):427-33. Epub 2001/02/28. PubMed PMID: 



124  

11220756.

192. Isaacs AT, Jasinskiene N, Tretiakov M, Thiery I, Zettor A, Bourg-
ouin C, et al. Transgenic Anopheles stephensi coexpressing single-chain 
antibodies resist Plasmodium falciparum development. Proc Natl Acad 
Sci U S A. 2012;109(28):E1922-30. Epub 2012/06/13. doi: 10.1073/
pnas.1207738109. PubMed PMID: 22689959; PubMed Central PMCID: 
PMCPMC3396534.

193. Deal C, Balazs AB, Espinosa DA, Zavala F, Baltimore D, Ketner G. 
Vectored antibody gene delivery protects against Plasmodium falciparum 
sporozoite challenge in mice. Proc Natl Acad Sci U S A. 2014;111(34):12528-
32. Epub 2014/08/13. doi: 10.1073/pnas.1407362111. PubMed PMID: 
25114213; PubMed Central PMCID: PMCPMC4151717.

194. Campo JJ, Sacarlal J, Aponte JJ, Aide P, Nhabomba AJ, Do-
bano C, et al. Duration of vaccine efficacy against malaria: 5th year of 
follow-up in children vaccinated with RTS,S/AS02 in Mozambique. 
Vaccine. 2014;32(19):2209-16. Epub 2014/03/19. doi: 10.1016/j.vac-
cine.2014.02.042. PubMed PMID: 24631081.

195. Efficacy and safety of RTS,S/AS01 malaria vaccine with or with-
out a booster dose in infants and children in Africa: final results of a 
phase 3, individually randomised, controlled trial. Lancet (London, En-
gland). 2015;386(9988):31-45. Epub 2015/04/29. doi: 10.1016/s0140-
6736(15)60721-8. PubMed PMID: 25913272.

196. Berman HM, Bhat TN, Bourne PE, Feng Z, Gilliland G, Weissig 
H, et al. The Protein Data Bank and the challenge of structural genom-
ics. Nat Struct Biol. 2000;7 Suppl:957-9. doi: 10.1038/80734. PubMed 
PMID: 11103999.
197. Jain R, Jordanova R, Muller IB, Wrenger C, Groves MR. Purifica-
tion, crystallization and preliminary X-ray analysis of the aspartate ami-
notransferase of Plasmodium falciparum. Acta Crystallogr Sect F Struct 
Biol Cryst Commun. 2010;66(Pt 4):409-12. PubMed PMID: 20383010.



125  

198. Knöckel J, Jordanova R, Müller IB, Wrenger C, Groves MR. Mo-
bility of the conserved glycine 155 is required for formation of the active 
plasmodial Pdx1 dodecamer. Biochim Biophys Acta. 2009;1790(5):347-
50. doi: 10.1016/j.bbagen.2009.02.016. PubMed PMID: 19272411.

199. Knöckel J, Müller IB, Butzloff S, Bergmann B, Walter RD, Wrenger 
C. The antioxidative effect of de novo generated vitamin B6 in Plasmodium 
falciparum validated by protein interference. Biochem J. 2012;443(2):397-
405. doi: 10.1042/BJ20111542. PubMed PMID: 22242896.

200. Kronenberger T, Schettert I, Wrenger C. Targeting the vitamin 
biosynthesis pathways for the treatment of malaria. Future Med Chem. 
2013;5(7):769-79. doi: 10.4155/fmc.13.43. PubMed PMID: 23651091.

201. Jäger J, Moser M, Sauder U, Jansonius JN. Crystal structures of 
Escherichia coli aspartate aminotransferase in two conformations. Com-
parison of an unliganded open and two liganded closed forms. J Mol Biol. 
1994;239(2):285-305. doi: 10.1006/jmbi.1994.1368. PubMed PMID: 
8196059.

202. Kamitori S, Okamoto A, Hirotsu K, Higuchi T, Kuramitsu S, Kag-
amiyama H, et al. Three-dimensional structures of aspartate aminotrans-
ferase from Escherichia coli and its mutant enzyme at 2.5 A resolution. J 
Biochem. 1990;108(2):175-84. PubMed PMID: 2121725.

203. Okamoto A, Higuchi T, Hirotsu K, Kuramitsu S, Kagamiyama H. 
X-ray crystallographic study of pyridoxal 5’-phosphate-type aspartate 
aminotransferases from Escherichia coli in open and closed form. J Bio-
chem. 1994;116(1):95-107. PubMed PMID: 7798192.

204. Smith DL, Almo SC, Toney MD, Ringe D. 2.8-A-resolution crys-
tal structure of an active-site mutant of aspartate aminotransferase from 
Escherichia coli. Biochemistry. 1989;28(20):8161-7. PubMed PMID: 
2513875.



126  

205. Jeffrey PD, Bewley MC, MacGillivray RT, Mason AB, Woodworth 
RC, Baker EN. Ligand-induced conformational change in transferrins: 
crystal structure of the open form of the N-terminal half-molecule of 
human transferrin. Biochemistry. 1998;37(40):13978-86. doi: 10.1021/
bi9812064. PubMed PMID: 9760232.

206. Arnone A, Rogers PH, Hyde CC, Briley PD, Metzler CM, Metzler 
DE. In Transaminases (eds P Christen and D Metzler), pp 138-155 John 
Wiley and Sons, NY. 1985.

207. Ford GC, Eichele G, Jansonius JN. Three-dimensional structure of 
a pyridoxal-phosphate-dependent enzyme, mitochondrial aspartate ami-
notransferase. Proc Natl Acad Sci U S A. 1980;77(5):2559-63. PubMed 
PMID: 6930651.

208. Malashkevich VN, Toney MD, Jansonius JN. Crystal structures 
of true enzymatic reaction intermediates: aspartate and glutamate ke-
timines in aspartate aminotransferase. Biochemistry. 1993;32(49):13451-
62. PubMed PMID: 7903048.

209. McPhalen CA, Vincent MG, Jansonius JN. X-ray structure refine-
ment and comparison of three forms of mitochondrial aspartate amino-
transferase. J Mol Biol. 1992;225(2):495-517. PubMed PMID: 1593633.

210. Jain R, Jordanova R, Müller IB, Wrenger C, Groves MR. Purifica-
tion, crystallization and preliminary X-ray analysis of the aspartate amino-
transferase of Plasmodium falciparum. Acta Crystallogr Sect F Struct Biol 
Cryst Commun. 2010;66(Pt 4):409-12. doi: 10.1107/S1744309110003933. 
PubMed PMID: 20383010; PubMed Central PMCID: PMCPMC2852332.

211. McPhalen CA, Vincent MG, Picot D, Jansonius JN, Lesk AM, Cho-
thia C. Domain closure in mitochondrial aspartate aminotransferase. J 
Mol Biol. 1992;227(1):197-213. PubMed PMID: 1522585.

212. Battchikova N, Koivulehto M, Denesyuk A, Ptitsyn L, Boretsky 



127  

Y, Hellman J, et al. Aspartate aminotransferase from an alkalophilic Ba-
cillus contains an additional 20-amino acid extension at its functionally 
important N-terminus. J Biochem. 1996;120(2):425-32. PubMed PMID: 
8889830.

213. Berger LC, Wilson J, Wood P, Berger BJ. Methionine regenera-
tion and aspartate aminotransferase in parasitic protozoa. J Bacteriol. 
2001;183(15):4421-34. PubMed PMID: 11443076.

214. Kappes B, Tews I, Binter A, Macheroux P. PLP-dependent en-
zymes as potential drug targets for protozoan diseases. Biochim Biophys 
Acta. 2011;1814(11):1567-76. doi: 10.1016/j.bbapap.2011.07.018. PubMed 
PMID: 21884827.

215. Kronenberger T, Lindner J, Meissner KA, Zimbres FM, Corona-
do MA, Sauer FM, et al. Vitamin B6-dependent enzymes in the human 
malaria parasite Plasmodium falciparum: a druggable target? Biomed 
Res Int. 2014;2014:108516. doi: 10.1155/2014/108516. PubMed PMID: 
24524072; PubMed Central PMCID: PMCPMC3912857.

216. Percudani R, Peracchi A. A genomic overview of pyridoxal-phos-
phate-dependent enzymes. EMBO Rep. 2003;4(9):850-4. doi: 10.1038/
sj.embor.embor914. PubMed PMID: 12949584; PubMed Central PMCID: 
PMCPMC1326353.

217. Jager J, Moser M, Sauder U, Jansonius JN. Crystal structures of 
Escherichia coli aspartate aminotransferase in two conformations. Com-
parison of an unliganded open and two liganded closed forms. J Mol Biol. 
1994;239(2):285-305. PubMed PMID: 8196059.

218. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic lo-
cal alignment search tool. J Mol Biol. 1990;215(3):403-10. doi: 10.1016/
S0022-2836(05)80360-2. PubMed PMID: 2231712.

219. Ortiz de Orué Lucana D, Bogel G, Zou P, Groves MR. The oligo-



128  

meric assembly of the novel haem-degrading protein HbpS is essential 
for interaction with its cognate two-component sensor kinase. J Mol Biol. 
2009;386(4):1108-22. PubMed PMID: 19244623.

220. Ortiz de Orué Lucana D, Groves MR. The three-component signal-
ling system HbpS-SenS-SenR as an example of a redox sensing pathway 
in bacteria. Amino Acids. 2009;37(3):479-86. doi: 10.1007/s00726-009-
0260-9. PubMed PMID: 19259771.


	Chapter 3



