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Chapter 1
Introduction and Scope of the Thesis

3

4

Introduction and the Scope of the Thesis
Malaria remains one of the deadliest diseases on earth. In the latest report,
the World Health Organisation (WHO) estimated more than 200 million
cases of malarial infection in 2016 worldwide, where 445 thousand have
been fatal, despite enormous efforts in malaria control and elimination.
A highly complex lifecycle, striking ability to develop drug resistance, as
well as poor availability and misuse of current drugs in malaria-endemic
countries make malaria eradication more and more challenging [1-3]. A
constant supply of novel antimalarial drugs with orthogonal action modes
is needed to eliminate or at least delay the emergence of global drug resistance of the malarial parasite [4]. This thesis is a compilation of academic
publication discussing the methods used in antimalarial drug research.
While the main attention is focused on the drug target validation in malarial parasite, we also report crystallographic data and preliminary characterization of several enzymes within essential pathways, previously reported or suggested to be promising drug targets. These data will provide
additional basis for rational drug discovery against malaria.
In Chapter 2, we discuss the so-called “Harlow-Knapp” effect in antimalarial research, a trend previously described for human kinase research
[5, 6]. Despite the pressing need for a constant supply of novel antimalarial drugs targeting diverse parasitic systems, the majority of efforts have
rather been focused on optimization of the existing scaffolds and further
investigation of validated and druggable pathways of the parasite. A summary of the knowledge available for these pathways with specific focus in
pathway interplay is used to generate a “road map” for further antimalarial drug development and new target identification [7]. Furthermore,
a promising approach for novel drug target validation applied to a highly
complex organism, such as Plasmodium falciparum, is suggested.
Drug target validation in parasitic systems is a challenging and expensive
process, especially in cases when the parasite has a complex lifecycle and
multiple host organisms. In Chapter 3, we continue the discussion on
current methods that have been used for antimalarial drug target vali-
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dation [8]. Despite constant improvements, the genetic manipulation
toolset used to validate drug targets in the majority of “standard” cases,
remains insufficient in malaria. In addition to the overview of the current antimalarial toolset and associated “gaps”, we discuss an alternative
route for specific inhibition of the target enzymes. Extreme specificity of
inter-oligomeric interactions provides an opportunity to exploit oligomerization as a tool in drug validation. We suggest a novel strategy of highly
specific in vivo functional modulation of the selected target proteins for
their validation, the Protein Interference Assay (PIA).
The PIA assay requires the knowledge of the quaternary structure of the
target protein as well as detailed knowledge of the residues involved in
these oligomeric interactions. The availability of spatial structure as well
as basic biophysical characterization can provide such information. We
will focus on X-ray protein crystallography as the dominant method of
protein-structure determination. However, recent advances in such techniques as cryoEM, NMR spectroscopy and in silico structure modeling
suggest, that these methods could soon reach the functionality of X-ray
crystallography and will be used for routine measurements as often [911]. The perspectives of X-ray crystallography will be further discussed in
Chapter 8.
In addition to the several examples of PIA-applications discussed in Chapters 2&3, in Chapter 4, we describe the crystal structure of malate dehydrogenase from Plasmodium falciparum (PfMDH)[12]. We show how
these data can be used in order to modulate the activity of the enzyme in
vitro with high specificity, without recourse to questionable genetic manipulations or laborious and expensive inhibitor design. We report structure-based mutations designed to manipulate its quaternary structure,
resulting in significantly altered activity of the enzyme. Furthermore, we
show that the modified mutants can be incorporated into the native assembly in vitro and render the resulting chimeric enzyme inactive.
In Chapter 5, we report the crystal structure and preliminary characterization of the unliganded aspartate transcarbamoylase from Plasmodium
falciparum PfATC, another potential target for antimalarial drug discov-
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ery [13]. The reported structural and mutagenic data can further be used
in PIA-validation of PfATC as a drug target. The trimeric nature, as well
as the location of each of the three active sites at the oligomeric interfaces, make PfATC a good target for PIA, as introduction of one mutant
copy into the native trimeric assembly would likely result in significant or
full activity loss. Such experiments both in vitro and in vivo are ongoing
(Bosch, Lunev, Batista et al., in preparation).
In Chapter 6, we report identification of the lead-compound inhibiting PfATC as well as its preliminary biophysical characterization using
the combination of (semi)high-throughput Differential Scanning Fluorimetry (DSF), X-ray crystallography and activity measurements [14].
2,3-Napthalenediol was identified using DSF based on a significantly
increased thermal stability of PfATC in its presence. Further assays, as
well as crystal structure of the complex confirmed the binding of the compound. The location of the binding of 2,3-Napthalenediol suggests that it
can be further developed into a specific PfATC inhibitor. In this chapter
we also report preliminary attempts to generate and characterize a family
of structurally-related compounds in order to provide additional data for
further drug-development.
In Chapter 7, we report the expression, crystallization and X-ray data
collection of pyridoxal kinase from Plasmodium falciparum (PfPdxK)
[15]. PfPdxK is involved in the vitamin B6 metabolism and has been previously suggested as a promising drug target [16-20].
Chapter 8 is a summary of this thesis. Furthermore, we briefly discuss
the future perspectives of antimalarial drug discovery and the methods
used. Emergence and rapid evolution of novel research tools as well as
further advances in high-throughput methods used in drug screening,
crystallization, data collection, processing and analysis will likely significantly affect “classic” drug discovery. We believe that all available tools
should be used in synergy in order to fight malaria and other devastating
diseases.
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Abstract
In order to counter the parasite’s striking ability to rapidly develop
drug-resistance, a constant supply of novel antimalarial drugs and potential drug targets must be available. The so-called Harlow-Knapp effect,
or “searching under the lamp post”, in which scientists tend to further
explore only the areas that are already well illuminated, significantly limits the availability of novel drugs and drug targets. This chapter will summarize the pool of electron transport chain (ETC) and carbon metabolism
antimalarial targets that have been “under the lamp post” in recent years,
as well as suggest a promising new avenue for the validation of novel drug
targets. The interplay between the pathways crucial for the parasite, such
as pyrimidine biosynthesis, aspartate metabolism and mitochondrial tricarboxylic acid (TCA) cycle, is described in order to create a “road map” of
novel antimalarial avenues.
Keywords
Malaria, Plasmodium falciparum, drug design, drug target validation,
protein interference, metabolic map, oligomerization.
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1. Introduction
“Portrait of a serial killer”, a commentary published in 2002 in Nature
Journal states: “Malaria may have killed half of all the people that ever
lived” [1]. Despite the effort and funds spent on malaria eradication, it
continues to infect approximately 200 million people worldwide every
year and kill one in every four infected [2]. While effective in the past, current antimalarials are becoming less and less reliable as the parasite rapidly develops drug resistance [3]. There have been a number of extensive
reviews covering the recent status of antimalarial research and parasite’s
resistance [3-11]. The shared message highlighted in these articles is that
a constant supply of novel antimalarials is urgently required. Similarly to
the Harlow-Knapp effect described for human kinase research [12], the
majority of the antimalarial research is currently aimed at optimization of
existing drugs targeting the known and validated pathways.
The currently used antimalarial drugs can be classified into few classes
based on the mode of action [3, 7]. Briefly, the groups that receive the
most attention of the researchers include the artemisinins and chloroquine-like compounds, which target the food vacuole and heme processing and detoxification [13, 14], antifolates targeting the mitochondrial
dehydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS),
such as proguanil [15, 16], and mitochondrial inhibitors targeting the electron transport chain and consequently pyrimidine biosynthesis. Unfortunately, resistance has been reported for nearly all available treatments
[3, 7]. Unsurprisingly, compounds such as artemisinin and quinolines
that target a broad range of essential pathways within the parasite have
successfully been used for nearly 40 years before the wide spread of resistance had been reported. In contrast, single-target drugs such as antifolates and atovaquone, have lost their efficacy within few years of clinical use [11, 17]. A number of promising approaches to counter the rapid
emerging drug resistance suggested by Verlinden et al. include extension
of combination therapy to three or more orthogonal drugs, development
and use of multitargeting compounds interfering with unrelated targets,
and deeper look into the unexplored alternative targets [3]. In all three
cases, in order to successfully overcome the parasite’s remarkable ability
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to develop resistance to nearly all drugs used against it, by far, a number
of novel validated drug targets must be significantly expanded.
This chapter summarizes the pool of the mitochondrial and carbon-metabolism targets that have been “under the spotlight” in recent years, and
suggests a promising new avenue for the validation of novel drug targets.
We will focus on the interplay between the pathways crucial for the parasite, such as pyrimidine biosynthesis, aspartate metabolism, and mitochondrial TCA cycle, in order to create a “road map” for further antimalarial drug development.
2. The Harlow-Knapp effect
A scientific analogue of biblical “The rich get richer and the poor get poorer” can be rephrased 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”
[12] or the “Harlow-Knapp effect”. It was first noted by Harlow and colleagues [18] and further expanded by the Knapp group [19], based on the
analysis of the number of publications and patents featuring human protein kinases. Kinases are known to regulate the majority of the cellular
pathways including those involved in cancer and other diseases. It was
observed that despite the availability of human kinome [20] more than
three quarters of protein research was still focused on just 10 per cent of
the kinases that were already known before the kinome publication [21].
Edwards and co-workers have also noticed, that “the availability of research tools influences a protein’s popularity”. In other words, scientists
tend to further explore the well-known systems, ignoring the less studied
biomolecules for which the probing tools are yet unavailable.
The availability of such tools for each system greatly limits the research
opportunities and the attention to said system. Antimalarial research is
not an exception to the Harlow-Knapp effect: a limited opportunity for genetic manipulation [22] and complex life cycle of the parasite makes novel
drug target validation highly challenging. Similarly to the human kinase
research, scientists tend to “keep looking under the spot light” amongst
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the few already validated targets, such as mitochondrial bc1 complex in
malaria (target of the widely used Atovaquone), trying to optimize the existing compounds. Since first mentioned in the literature, there have been
published more than 40 articles featuring plasmodial bc1 complex [23]
and to date it remains one of the most cited plasmodial enzymes.
Dihydroorotate dehydrogenase from Plasmodium falciparum (PfDHODH) is another clear example of the Harlow-Knapp effect in antimalarial research. Since first proposed as a potential drug target more
than a decade ago [24] and first inhibitors reported few years later [25],
the major part of the research effort was focused on the optimisation of
the initial scaffold. In addition to the recent achievements in PfDHODH
inhibitor discovery by Phillips et al. [26], orthogonal methods, such as
fragment-based drug design and virtual screening, have already yielded a
number of very potent chemical scaffolds for this enzyme [27].
This divergent approach should be further exploited for other targets in
order to yield novel and more potent scaffolds and support the antimalarial research.
3. Combination therapy
The compound artemisinin and its derivatives have long been considered
the most active and potent antimalarials for their efficacy against nearly
all parasite stages [9, 14]. Artemisinins are believed to cause alkylation of
proteins and heme and lead to oxidative damage within the parasite as
well as affect the heme-related detoxification, although the exact mode of
action is still a subject of debate [9, 14, 28]. Artemisinin-based combination therapy (ACT) is still recommended by the World Health Organization (WHO) for the treatment of uncomplicated falciparum and non-falciparum malaria in nearly all areas [7]. ACT implies the use of the fast-acting
artemisinin component, responsible for the rapid parasitaemia clearance,
in combination with another long-acting drug partner, to eliminate the
remaining parasites and suppress the selection of artemisinin resistance
[29]. Despite the recent emergence of artemisinin-resistanst falciparum
malaria in Southeast Asia [30], the proven efficacy of combination therapy suggests that there is a pressing need for greater variety of highly ef-
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fective antimalarial compounds. Combination of two or more drugs with
different mode of action and resistance mechanisms significantly lowers
the chances of the parasites to develop resistance to such treatment [31].
Thus, the research focus should be extended from optimization of existing
compounds to development of novel research tools in order to explore and
dissect other potentially druggable pathways of the parasite and thus bypass the Harlow-Knapp effect. As stated by Verlinden et al.: “History has
clearly indicated that new antimalarials must be continually developed in
the ensuing event of resistance development to the current antimalarial
arsenal”. The rate of drug resistance occurrence of malaria has been by far
significantly faster than the development of antimalarials [3]. Thus, a constant supply of novel unrelated antimalarial compounds with orthogonal
modes of action are urgently required.
4. The mitochondria as drug target for P. falciparum malaria
Mitochondria are organelles that act as the power plant of the cell, as they
produce energy for all cellular activities. There are several molecular and
functional differences between the mitochondria of Plasmodium species
and those from the host. It is also known that the plasmodial mitochondria play a critical and essential role in the parasite’s life cycle [5, 32, 33].
Previous studies have suggested that oxidative phosphorylation is not an
essential pathway for parasite survival during blood stage [34, 35]. In
this stage, the parasite depends mainly on glycolysis as an energy source
[36-38]. The observed glucose consumption in P. falciparum-infected red
blood cells (RBC) was 75–to100-fold higher than in uninfected RBC [39].
Extraordinary glucose uptake during the infection leads to hypoglycemia,
which together with an increased production of lactate and resulting lactic acidosis, are the major causes of mortality during severe malaria [40].
Thus, it is generally believed that the role of mitochondria in the parasite is not an oxidative phosphorylation but the maintenance of the inner-mitochondrial potential. Currently, the chemotherapeutic Malarone,
a combination of mitochondrial bc1 complex inhibitor Atovaquone and
the dihydrofolate reductase inhibitor Proguanil, collapses the inner mitochondrial potential and induces parasite’s growth arrest, confirming the
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mitochondrial metabolism to be crucial for the viability of the parasite.
The importance of mitochondria for Plasmodium development in asexual
stages is reinforced by the validation of another component of the mitochondrial electron transport chain (ETC), dihydroorotate dehydrogenase
(DHODH), as drug target [41, 42].
5. Electron transport chain (ETC)
The plasmodial mitochondrial electron transport chain (ETC) is composed of non-proton motive quinone reductases, such as dihydroorotate dehydrogenase (DHODH), malate-quinone oxidoreductase (MQO),
glycerol 3-phosphate dehydrogenase (G3PDH), type II NADH dehydrogenase (NDH2, Alternative Complex I), and succinate dehydrogenase
(SDH, Complex II), and proton motive respiratory complexes, including
bc1 complex (Complex III), cytochrome c oxidase (Complex IV), and ATP
synthase (Complex V) (Figure 1). The ETC requires ubiquinone (coenzyme Q) and cytochrome c1 that function as electron carriers between the
complexes [33, 43-46]. The (possible) roles of the ETC enzymes and their
known inhibitors will be discussed in the following sections.
5.1. Dihydroorotate dehydrogenase (DHODH)
The P. falciparum enzyme Dihydroorotate dehydrogenase (PfDHODH)
bridges the ETC and the pyrimidine biosynthesis; PfDHODH catalyses
the key step of oxidation of dihydroorotate to orotate (a precursor for the
biosynthesis of pyrimidine bases). The flavin mononucleotide (FMN)-dependent oxidation reaction catalyzed by DHODH can be divided in two
half reactions: firstly, the oxidation of dihydroorotate through reduction
of FMN and, secondly, the reoxidation of FMNH2 to regenerate the active
enzyme. Two electrons resulting from this oxidation reaction are fed into
the ETC through flavin mononucleotide cofactor to ubiquinone, generated at the cytochrome bc1 complex, bridging pyrimidine metabolism and
ETC [24, 48, 49]. Inhibition of PfDHODH results in disruption of de novo
biosynthesis of pyrimidines [48]. During the blood stage, the parasite de-
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pends strictly on this pathway for pyrimidine availability, which is essential for the formation of DNA, RNA, glycoproteins and phospholipids [43].
Given the essential role of the PfDHODH in the survivability of blood
stage parasite and the significant differences to human DHODH [24], it
is reasonable that the malarial enzyme has emerged as a novel validated
drug target [26, 48, 50]. Inhibition of human DHODH was shown to be
effective in treatment of autoimmune diseases such as rheumatoid arthritis [51, 52]. The development of potent hDHODH inhibitors, such leflunomide and brequinar, led to the search of analogues with potential to inhibit plasmodial DHODH. These analogues were found to be poorly effective
[53], potentially due to the differences in leflunomide and brequinar
binding sites between human and plasmodial DHODH. These differences
make PfDHODH a potential species-specific drug target [24], which was
extensively explored by a considerable number of studies. Although early
research has not yielded effective results, the following high-throughput
screening studies have led to important achievements in the discovery of
PfDHODH inhibitors, such as benzimidazolyl thiophene-2-carboxamides
[54-56], s-benzyltriazolopyrimidines [57], N-substituted salicylamides
[58], trifluoromethyl phenyl butenamide derivatives [59] and triazolopyrimidine based inhibitors [25, 60-64]. The triazolopyrimidine based
compound DSM265 was shown to be a potent inhibitor of the PfDHODH
and Plasmodium vivax DHODH (PvDHODH) with excellent selectivity
versus hDHODH [48]. DSM265 has become the first DHODH inhibitor to
enter human antimalarial clinical trials, and its preclinical development
was recently published, showing significant differences in DSM265 inhibitory activity between mammalian and plasmodial DHODHs. The kill
rate of DSM265 for in vitro blood-stage activity has shown to be similar
to atovaquone, but significantly lower than observed for artemisinin and
chloroquine. In addition, DSM265 has shown favorable pharmacokinetic
properties, predicted to provide therapeutic concentrations for more than
8 days after a single oral dose in the range of 200-400 mg, representing an
advantage over current treatment options that are dosed daily. DSM265
was well tolerated in repeat-dose, showed cardiovascular safety studies in
mice and dogs, was not mutagenic, and was inactive against panels of human enzymes/receptors. Together, these data suggest that DSM265 has
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Figure 1: Suggested “roadmap” of essential metabolic processes of P. falciparum such as pyrimidine
biosynthesis, aspartate metabolism and mitochondrial TCA cycle. The map includes already validated
drug targets PfDHODH [24] and Cytochrome bcI complex [23, 47] as well as other promising targets.

a high potential to be validated as a drug combination partner for either
single-dose treatment or once-weekly chemoprevention [26].
5.2 Cytochrome bc1 (complex III)
The cytochrome bc1, also known as ubiquinol:cytochrome c oxidoreductase or complex III, is the only enzyme complex common to almost all
respiratory ETC’s [65]. This complex is composed of 11 different polypeptides, and its catalytic core is composed of three subunits, namely cytochrome b, cytochrome c1 and Rieske protein, also known as iron-sulphur
protein (ISP) [66-68]. Cytochrome bc1 is found in the inner-mitochondrial membrane and functions as a transporter of protons into the intermembrane space through the oxidation and reduction of ubiquinone in the Q
cycle [67-70]. This enzymatic complex contains two distinct binding sites
for the reduction and oxidation of ubiquinol and ubiquinone, both located
within cytochrome b. The Qo site acts to oxidize ubiquinol near the intermembrane space, while the Qi site binds and reduces ubiquinone near the
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mitochondrial matrix [71, 72].
Although the crystal structure of plasmodial bc1 complex has not been
solved, the high degree of sequence homology with others organisms
which the X-ray crystal structure is known (e.g., Saccharomyces cerevisiae [73]), allowed the discovery of many inhibitors. Cytochrome bc1
of Plasmodium is in fact a major drug target for the treatment and prevention of malaria and, to date, is the only component of the ETC with
a clinically used antimalarial drug association [23, 47]. The compound
atovaquone, a hydroxynapthoquinone, inhibits cytochrome bc1 by binding to the Qo site. This inhibition leads to parasite death through the
collapse of the Plasmodium mitochondrial membrane potential with no
effect on the mammalian host [42, 74, 75]. Although atovaquone is a potent plasmodial bc1 complex inhibitor, its clinical utility is limited by the
rapid emergence of resistant parasites when used as monotherapy [76].
Resistance to atovaquone has been developed due to mutations in the codon 268 (Y268S/C/N). These mutations affect the binding of the atovaquone to the target [77]. Because of that, atovaquone is coformulated with
proguanil (Malarone) for treating uncomplicated malaria or as chemoprophylaxis for preventing malaria in travellers.
Aside of atovaquone, other bc1 complex inhibitors were described, as
acridones [78], quinolones [79-81], pyridones [82, 83], and benzene sulfonamides [84]. Although many compounds have presented inhibitory
potential against bc1 complex, this target might be considered underexploited, since the majority of these compounds target the Qo site [85]. The
Qi site of cytochrome bc1 has been far less explored and only the binding
of a few compounds has been reported [86-89].
5.3. Type II NADH dehydrogenase (NDH2)
Instead of the canonical multimeric complex I, or NADH:dehydrogenase,
found in mammalian mitochondria, the Plasmodium ETC possesses the
type II NADH:quinone oxidoreductase (NDH2). This enzyme, also known
as alternative complex I, is a five quinone-dependent oxidoreductase enzyme involved in the redox reaction of NADH oxidation with subsequent
quinol production [90]. Although the activity of NDH2 is still not bio-
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chemically confirmed in P. falciparum, it has been described in some detail for other organisms that also possess the type II NADH:quinone oxidoreductase, such as plants, fungi, and bacteria [91-96]. Differently from
complex I, NDH2 is not involved in the direct pumping of protons across
the membrane. Instead of proton pumping, NDH2 enables the H+- unregulated generation of mitochondrial reducing power supplying the various respiratory chains with reducing equivalents from NAD(P)H [44, 90].
So far, no crystal structure of the P. falciparum NDH2 (PfNDH2) is available and prediction of PfNDH2 is based on sequence and structural similarities to other redox enzymes [44, 91, 97]. Although deletion of PfNDH2
was shown to be not lethal in the asexual blood stage parasites [98], PfNDH2 was described as a putative “choke point” in the mitochondrial
ETC, and has been highlighted as a potential target for antimalarial development [44, 90, 99]. Given the lack of structural data for PfNDH2 and its
poor homology to any other structure on PDB, the existing studies aiming
to inhibit PfNDH2 for ‘druggable’ purposes have used chemoinformatics
and virtual screening methods. PfNDH2 (as other NDH2 analogues) has
shown to be insensitive to rotenone, a well-known inhibitor of complex I
[90, 100]. The compound 1-hydroxy-2-dodecyl-4(1H)quinolone (HDQ),
initially identified as an inhibitor of yeast NDH2 [101] was reported to be a
potent inhibitor of P. falciparum proliferation [102]. In fact, HDQ inhibits PfNDH2 but, in addition, it disrupts mitochondrial function through
the potent inhibition of the bc1 complex [103]. The compounds dibenziodolium chloride (DPI) and diphenyliodonium chloride (IDP) have
also been reported to inhibit PfNDH2 activity in crude lysate fractions
and both have shown efficacy against whole parasite proliferation [90].
However, a further study put the potential of PfNDH2 inhibition by these
compounds into question, since the authors were unable to corroborate
the previous findings through dose–effect profiles using purified recombinant PfNDH2 [100]. These results suggest that DPI and IDP may not
be effective inhibitors of PfNDH2, but their antiparasitic effect might be
attributed to other enzymes instead (e.g. PfDHODH) [100]. Inhibition of
PfNDH2 by artemisinin has also been demonstrated, suggesting a dual
role for mitochondria in the action of artemisinin [104]. More recently,
Antoine et al. demonstrated that the low degree of inhibition of this en-

21

zyme by artemisinin indicates a non-ETC mode of action [105].
In more recent efforts, Biagini et al. (2012) undertook a high-throughput
screen (HTS) against PfNDH2 using HDQ in combination with a range
of chemoinformatic tools as starting point. This approach led to the selection of the quinolone core as the key target for SAR, followed by the
selection of CK-2-68 as a lead for further development [81, 106]. Structural alterations aiming to improve the inhibitory activity and aqueous
solubility led to the compounds SL-2-64 and SL-2-25, the last presenting
activity against PfNDH2 and whole-cell P. falciparum in the nanomolar
range. In vivo experiments using P. berghei-infected mice demonstrated
that SL-2-25 was able to clear parasitemia in the Peters’ standard 4-day
suppressive test when given orally a dose of 20 mg kg−1 [107]. SL-2-25, as
other quinolones in this study, had the ability to inhibit both PfNDH2 and
cytochrome bc1 at low nanomolar range, the same dual inhibition previously observed for HDQ. This dual targeting of two key mitochondrial enzymes suggests that the quinolone pharmacophore is a privileged scaffold
for inhibition of both drug targets.
Although the recent efforts in inhibiting PfNDH2 have improved the
knowledge of its druggability, the report of PfNDH2 crystal structure
would allow deeper biochemical characterisation and more rational drug
design targeting PfNDH2.
5.4. Mitochondrial glycerol-3-phosphate dehydrogenase
(MG3DH)
Mitochondrial glycerol 3-phosphate dehydrogenase (mG3DH) is a ubiquinone-linked flavoprotein embedded in the mitochondrial inner membrane that transfers reducing equivalents directly from glycerol 3-phosphate into the electron transport chain [108, 109]. The P. falciparum
genome has homologues of both cytoplasmic and mitochondrial G3DH
and assays indicate that the addition of glycerol-3-phosphate stimulates
electron transport through the inner membrane [110-112]. Together with
NDH2, mitochondrial G3DH from P. falciparum (PfmG3DH) is also suggested to play an important role in the redox balance under conditions
of low O2. Further studies might clarify the essentiality of mG3PDH in
Plasmodium survivability and also evaluate its potential as a drug target.
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5.5 Succinate dehydrogenase (SDH)
The succinate dehydrogenase (SDH), also known as succinate: ubiquinone
oxidoreductase (SQO) or complex II is an enzymatic complex involved in
both TCA cycle, functioning as a primary dehydrogenase, and in mitochondrial ETC, functioning as electron donor [113]. This dual role makes
SDH a branch point between major systems in aerobic energy metabolism. The enzyme has been isolated and characterized from prokaryotic
[114-117] and eukaryotic organisms [118-121], including P. falciparum
[122, 123]. SDH is located in the cytoplasmic membrane in bacteria [124]
and in the mitochondrial inner membrane in eukaryotes [125]. The enzymatic complex is highly conserved and is basically composed of four subunits: a flavoprotein subunit (SDH1) and an iron-sulfur subunit (SDH2)
together form a soluble heterodimer that binds to a membrane anchor
b-type cytochrome (a CybL (SDH3)/CybS (SDH4) heterodimer). In P. falciparum, the two major subunits possess molecular masses of 55 kDa (Fp,
flavoprotein subunit) and 35 kDa (Ip, iron–sulfur protein subunit) [122].
The SDH activity was shown to be essential for Plasmodium survivability,
which makes this enzyme an attractive target for antimalarial development. The already reported differences in kinetic properties between P.
falciparum SDH (PfSDH) and human SDH increase the probability that
PfSDH inhibitors might represent potent and selective antimalarial compounds [122]. In fact, SDH is sensitive to a number of inhibitors, such
as 5-substituted 2,3-dimethoxy-6-phytyl-1,4-benzoquinone derivatives,
plumbagin and licochalcone [125], but so far, inhibitors with potential for
antimalarial development still have to be discovered.
5.6. Malate Quinone Oxyreductase (MQO)
The malate:quinone oxidoreductase (MQO) is a peripheral membrane-bound flavoprotein, which catalyzes the oxidation of malate to oxaloacetate, reducing ubiquinone [126]. Plasmodium species possesses a
group 2 MQO, in contrast to bacterial group 1 MQO [127]. P. falciparum
MQO (PfMQO) is part of both mitochondrial ETC and TCA cycle, substituting other mitochondrial malate dehydrogenases (MDH) [111, 112,
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128]. To date, no crystal structure of the Plasmodium MQO or inhibition
studies are available. However, recent experiments showed, that while
knockout of six enzymes of plasmodial TCA cycle did not cause any significant growth inhibition, no viable MQO-knockout strains of P. falciparum
could be obtained yet [34]. These findings as well as the absence of MQO
in the human host makes the enzyme an interesting target for antimalarial
drug discovery.
5.7. ATPase
Although malaria parasites generate most of their ATP via aerobic glycolysis during the blood stage of their life cycle, they appear to possess a
complete ATP synthase complex [46]. P. falciparum ATP synthase (PfATP
synthase), is not reported to generate ATP, but is suggested to act as a proton leak for the ETC [45, 46]. The use of bedaquiline, TMC207 has been
proven to be effective for the treatment of multidrug-resistant tuberculosis. This compound targets M. tuberculosis ETC via inhibition of ATP synthase raising the hypothesis that this may also be a valid drug target for
malaria in the future [129]. So far, only one PfATP synthase inhibitor was
described. The compound almitrine, originally developed as a respiratory
stimulant, has activity against PfATP synthase and at the cellular level
[130]. Recently, a genetic study demonstrated that mitochondrial ATP
synthase is dispensable in blood-stage P. berghei although is essential in
the mosquito phase [131]. For P. falciparum, previous attempts to knock
out the mitochondrial ATP synthase subunits were unsuccessful, suggesting an essential role played by this enzyme complex in blood stages of the
parasite [46]. The difference in essentiality of ATP synthase between P.
falciparum and P. berghei could be explained by a possible distinction in
the requirements of the two species for ATP [131]. Still, more studies are
needed to define whether or not ATP synthase is essential in P. falciparum
blood stage and consequently evaluate its potential as antimalarial target.
6. Tricarboxylic acid (TCA) cycle
While Plasmodium relies mainly on glycolysis during the blood stage, the
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TCA metabolism does occur in asexual Plasmodium, but at low turnover
[35]. The exact function of the plasmodial TCA cycle is still a subject of
debate, as it does not seem to function like a conventional TCA cycle. In
2010 a branched TCA pathway has been suggested for the parasite [132]
but was subsequently retracted [133]. It was proposed that plasmodial
TCA enzymes function not only in the classical, but also in the reverse
direction, generating either reductive or an oxidative pathway, depending
on the direction. Both pathways would result in the generation of malate,
which is subsequently exported from the mitochondria, with α-ketoglutarate (2OG) being anti-ported to feed both the oxidative and reductive
pathways [132]. Depending on the nutrient availability, Plasmodium species might not excrete malate as metabolic waste, utilizing it for metabolic
purposes [134].
Further metabolomic studies suggest that P. falciparum utilizes the conventional TCA cycle during both sexual and asexual blood stages [35]. The
functional respiratory chain appears to be essential for the maintenance
of the inner-mitochondrial membrane potential as well as protein and
metabolite transport within the mitochondrion. Increased sensitivity of
gametocyte stages to sodium fluoroacetate (NaFAc) was also reported.
NaFAc was previously reported to inhibit the TCA cycle enzyme aconitase
in Leishmania [135]. Both sexual and asexual cultures of P. falciparum
treated with 1 mM NaFAc showed significant citrate accumulation in the
parasite as well as decrease in downstream TCA metabolites, suggesting
the specific inhibition of aconitase of P. falciparum. However, no significant growth inhibition of the asexual parasites was observed, while gametocyte development was significantly reduced. These findings provide
a potential for future transmission-blocking therapy.
Recently, Ke et al. [34] reported significant flexibility in TCA cycle metabolism of P. falciparum. The knockout experiments with all TCA cycle
enzymes showed altered substrate fluxes between mitochondrial and cytosolic pools in nearly all cases. Out of eight enzymes of the TCA cycle,
knockout of six enzymes of the TCA cycle showed no detectable growth
defects. However, the authors were unable to disrupt the genes encoding
fumarate hydratase and malate-quinone oxireductase, suggesting a potentially essential role of these two enzymes in asexual parasite develop-
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ment. Although the fully functional TCA cycle appears to be dispensable
for parasite survival in asexual blood stages [34], the interplay of some
TCA enzymes with other essential pathways still represents an interesting
target for antimalarial drug development. Below, we describe the role of
three enzymes (aspartate aminotransferase, malate dehydrogenase and
fumarate hydratase) in Plasmodium metabolism and also their potential
for antimalarial drug discovery. Other enzymes involved in this pathway
(e.g., PfSDH, PfMQO) were previously described within the ETC section
(see above).
6.1. Aspartate aminotransferase (AspAT)
The enzyme aspartate aminotransferase (AspAT) catalyzes the reversible
reaction of L-aspartate and α-ketoglutarate into oxaloacetate and L-glutamate. The AspAT from P. falciparum (PfAspAT) was placed into the Ia
subfamily, being the most divergent member of this group. The crystal
structure of PfAspAT reveals an architecture similar to that previously determined in the E. coli (1B4X14–17) [136-139], yeast cytosolic [140], pig
heart cytosolic [141], and mitochondrial and cytosolic chicken [142-144]
homologues. PfAspAT is a homodimeric enzyme [145, 146], and 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 binding and N-terminal region that stabilizes the interaction between the two monomers into a dimer [142, 147, 148]. Two independent
active sites are positioned near the oligomeric interface and are formed by
residues from both subunits [146]. The active site is highly conserved between available AspATs, making the design of species-specific inhibitors
very challenging. However, it is known that the active site requires the formation of a homodimer, and analysis of AspAT has highlighted the N-terminal region as being highly divergent from other AspAT family members
in both sequence and structure [145, 146]. Such a divergence may allow a
more specific interference with the parasitic AspAT oligomeric surfaces,
which offers a unique opportunity to generate highly specific interference
with protein function in vivo. Such an approach will be further discussed
in this chapter.
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6.2. Malate dehydrogenase (MDH)
The enzymes malate dehydrogenase (MDH) catalyzes the reversible NAD(P)+-dependent oxidation of oxaloacetate to malate. Like other members
of the NAD+-dependent dehydrogenase family, the MDHs possess two
functional domains, the catalytic domain and the NAD+ -binding domain.
Protozoan MDHs are differentiated into two subdivisions: mitochondrial
and cytosolic MDHs, the first being part of the TCA cycle, providing oxaloacetate for the generation of citrate and NADH to fuel the mitochondrial
ETC. The mitochondrial MDH is absent in P. falciparum, being replaced
by PfMQO (described in ETC section). The cytosolic MDH is present in P.
falciparum (PfMDH), acting as a supplier of metabolites, such as malate,
to the mitochondria and might be responsible for the generation of reducing equivalents to feed the respiratory chain [149].
The crystal structure of PfMDH has recently been solved [150]. Analysis of
the PfMDH structure revealed a tetrameric assembly, although isoforms
of the enzyme from other species have been reported to be present as either dimers or tetramers. Similar to PfAspAT, the oligomeric nature of
PfMDH and the low degree of evolutional conservation of the oligomeric
interface residues provide an opportunity for a highly specific protein-interference approach (described further).
6.3. Fumarate hydratase (FH)
Fumarate hydratase (FH) is an enzyme that catalyzes the reversible conversion of fumarate to malate. Although P. falciparum contains a fumarate hydratase homologue (PfFH), it differs substantially from the ‘class
II’ type enzyme found in yeast and mammalian cells [151, 152]. Instead,
the PfFH resembles the iron-sulfur-containing ‘class I’-type enzymes
found in some bacteria and archaea [153]. PfFH was shown to be essential
to the asexual stages of the parasite [34]. PfFH was initially suggested to
be located within the mitochondrion [153], however this localization is yet
not entirely clear.
Fumarate is a side product of the purine salvage pathway and acts as
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metabolic intermediate of the TCA cycle. As previously mentioned, P.
falciparum does not export fumarate as metabolic waste but converts
the metabolite to aspartate through malate and oxaloacetate. Besides, P.
falciparum-infected erythrocytes and free parasites incorporate labeled
fumarate into the nucleic acid and protein fractions [153]. Taken together, these data provide a biosynthetic function for fumarate hydratase and
suggest that this enzyme could therefore be targeted for the development
of antimalarial chemotherapeutics.
7. Pyrimidine biosynthetic pathway
A key-step for spreading of malaria parasites in the human host is the
extensive and rapid replication of parasite DNA, which depends on the
availability of essential metabolites such as pyrimidines [154, 155]. In
the Plasmodium species, besides DNA, the pyrimidine nucleotide is also
involved in the biosynthesis of RNA, phospholipids and glycoproteins
[155-157]. Sequencing studies have revealed that in malaria parasites, the
genes encoding for the pyrimidine biosynthetic pathway enzymes have
been conserved, while those responsible for pyrimidines salvage have not
[158]. It means that, while human cells are able to acquire pyrimidines
either via de novo synthesis or by salvaging, the malaria parasites lack pyrimidine salvage enzymes and depend exclusively on the de novo pathway
as source of pyrimidines for their survival [5, 33]. De novo synthesis from
carbamoyl phosphate and aspartic acid follows basically the same steps
found in the human host and in other eukaryotes: orotic acid is formed
by dihydroorotase (DHOase) and DHODH. The orotic acid is so turned
into orotidine 5′-monophosphate (OMP) by addition to 5′-phospo-D-ribosyl-α-1- pyrophosphate, a step carried out by orotate phosphoribosyltransferase (OPRT). OMP is subsequently decarboxylated to uridine
5′-monophosphate (UMP) the precursor of all other pyrimidine nucleotides and deoxynucleotides needed for nucleic acid synthesis [159]. Except for PfDHODH, which is discussed in the ETC topic, the enzymes involved in de novo pyrimidine biosynthesis pathway that could potentially
be targeted for antimalarial development are discussed below.
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7.1. Carbamoyl phosphate synthetase II (CPSII)
Carbamoyl phosphate synthetase II (CPSII) is responsible for the first step
of the de novo pyrimidine biosynthesis, catalyzing the formation of carbamoyl phosphate in the cytosol from bicarbonate, glutamine and ATP [160].
Differently from the human CPSII, CPSII from P. falciparum (PfCPSII) is
a monofunctional protein [155]. PfCPSII also differs from its mammalian
homolog by the presence of two inserted sequences, located between junctions of the glutamine aminotransferase and synthetase domains [161].
Despite the absence of structural information and active inhibitors, the
druggable potential of this enzyme has already been demonstrated by the
potent growth inhibitory effect of a synthetic ribozyme with specificity for
the PfCPSII gene over P. falciparum cultures [162]. The same synthetic ribozyme has shown no toxicity to mammalian cells. Other mini ribozymes
were further redesigned to improve cleavage activities and metabolic stabilities [163]. These results suggest that compounds capable to inhibit PfCPSII in a specific way might be promising antimalarial candidates, since
ribozyme approaches have a significant more challenging application due
to target accessibility, stability, specificity and delivery efficiency [164].
7.2. Aspartate transcarbamoylase (ATC)
Aspartate transcarbamoylase (ATC, EC 2.1.3.2) catalyzes the condensation of aspartate and carbamoyl phosphate to form N-carbamoyl-L-aspartate and inorganic phosphate. Previous studies with human tumor tissues
showed significantly elevated levels of ATC nearly in all samples [165].
In P. falciparum, ATC also exists as a monofunctional protein, unlike its
human homolog. Although a number of publications suggest ATC from P.
falciparum to be a promising drug target [166-168], it has not been fully
characterized and no inhibitors have yet been reported. A recently reported crystal structure of the truncated PfATC revealed high level of sequence
conservation amongst homologous enzymes from other organisms, especially in the active site area [169].
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7.3. Dihydroorotase (DHOase)
Similarly to CPSII, P. falciparum dihydroorotase (PfDHOase) is a monofunctional protein and thus differs from the mammalian host, in which the
36.7 kDa enzyme is located on the central part of the 240 kDa CAD multifunctional protein [170]. This enzyme catalyzes the reversible cyclization
of N-carbamoyl-L-aspartate (CA-asp) to L-dihydroorotate (L-DHO)[159].
Orotate and a series of 5-substituted derivatives were found to inhibit
competitively the purified enzyme from P. falciparum culture. In mice
infected with P. berghei, 5-fluoro orotate and 5-amino orotate at a dose of
25 μg/g body weight eliminated parasitemia after a 4-day treatment, an
effect comparable to that of the same dose of chloroquine. The infected
mice treated with 5- fluoro orotate at a lower dose of 2.5 μg/g had a 95%
reduction in parasitemia [171]. The moderate inhibition of PfDHOase by
L-6-thiodihydroorotate (TDHO) in cultured parasites induced major accumulation of CP-asp and growth arrest, similar to atovaquone [172]. The
analysis of physical, kinetic, and inhibitory properties of the recombinant
PfDHOase performed by Krungkrai and colleagues suggests, that specific
inhibitors may limit the pyrimidine nucleotide pool in the parasite, but
have no significant adverse effect to human host [173]. Although the low
amount of information about PfDHOase does not allow to confirm it as
a good candidate to antimalarial development, the report of its crystal
structure and biochemical characterisation could clarify whether this enzyme is essential or not to the parasite’s survivability.

7.4. Orotate phosphoribosyl transferase (OPRT) and orotidine
5′-monophosphate decarboxylase (OPDC)

The last two steps of the pyrimidine biosynthesis in P. falciparum are
catalyzed by a heteromeric complex that consists of two homodimers of
PfOPRT and PfOPDC encoded and expressed by two separate genes [174,
175]. The enzyme orotate phosphoribosyl transferase (OPRT) catalyzes
the formation of orotidine 5′-monophosphate (OMP) from α-D-phos-
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phoribosyl pyrophosphate (PRPP) and orotate, the fifth step of the pyrimidine biosynthesis [155]. The OPRT inhibitors reported so far, include the
compound 5′-Fluoroorotate, an alternative substrate for this enzyme that
was shown to inhibit the in vitro growth of P. falciparum at nanomolar
range [176, 177] and to clear parasitemia from P. berghei-infected mice
[171]. This antimalarial activity is related to the inactivation of malarial
thymidylate synthase by 5′-fluoro-2′-deoxy-UMP metabolite through covalent binding to methylene tetrahydrofolate at the active site. The compound pyrazofurin has also been described as a moderate inhibitor of P.
falciparum OPRT (PfOPRT), inhibiting its activity at micromolar range
by blocking the maturation of trophozoites to schizonts [176, 178]. Interestingly, pyrazofurin does not affect the OPRT activity in mammalian cells
[179].
A recent study of the transition state analogues of PfOPRT also showed,
that despite the tight binding in vitro, the synthesized compounds failed
to inhibit parasite culture growth in vivo [180-182]. No growth inhibition
was observed at high compound concentrations up to 100 μM, suggesting
poor compound accessibility in vivo.
A recently reported crystal structure of PfOPRT shows homodimeric assembly, where each of two active sites include amino acids from both
chains [183]. Despite the high level of homology with human OPRT, the
active site of PfOPRT has few amino acids that differ from HsOPRT. Authors suggest that these differences might lead to the design of selective
substrate-like inhibitors in the future.
Orotidine 5′-monophosphate decarboxylase (OPDC) catalyzes the final
step of the de novo pyrimidine biosynthesis pathway, the decarboxylation
of orotidine 5′-monophosphate (OMP) to uridine 5′-monophosphate
(UMP), with no need for the presence of a cofactor or metal ion [184].
Many inhibitors of plasmodial OPDC have been described so far, where
the nucleotide 5′-monophosphate analogue xanthosine 5′-monophosphate (XMP) is the most promising inhibitor [185]. XMP acts as a competitive inhibitor with tighter binding than OMP. The P. falciparum OPDC
inhibition by XMP is highly selective, having a 150-fold preference for the
malarial enzyme compared to human OPDC. Other inhibitors includes the
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6-iodouridine 5′-monophosphate (6-iodo-UMP) [186], 6-azidouridine
5′-monophosphate (6-N3-UMP) [187], barbiturate 5′-monophosphate
(BMP)[185], 6-N-methylamino uridine [187] and 6-N,N-dimethylamino uridine [187]. Although a considerable number of PfOPDC inhibitors
have been described and a crystal structure of PfOPDC is available [188],
a deeper investigation is necessary to confirm PfOPDC as validated drug
target.
8. Protein Interference Assay (PIA) as drug validation tool
We have recently proposed a novel promising drug-target validation approach that relies on common feature of all biological systems, namely
oligomerization [22]. Oligomerization is a self-assembly of two or more
copies of one protein molecule (or different molecules) into one object.
Recent analysis shows that the majority (60%) of non-redundant protein
structures available in the Protein Data Bank (PDB) represent dimerization or higher oligomerization order [189]. In many cases, the biological
activity of a protein complex is dependent on the correct oligomeric order.
Oligomerization may be required for a number of reasons, including the
correct active site or cofactor binding site assembly on the oligomeric interface or allosteric regulation. Examples where dimerization is crucial for
the formation of active sites on the oligomeric interface include previously
mentioned aspartate aminotransferase (AspAT)[22], aspartate transcarbamoylase (ATC) and orotate phosphoribosyl transferase (PfOPRT) [183]
from P. falciparum. In addition, the physiological assembly of PfOPRT/
PfOPDC heterotetramer was shown to be more effective compared to the
monofunctional enzymes [190]. A number of recent publications also
suggest the protein oligomerization to be a key driving force in evolution
[189, 191-194].
Another important aspect of oligomerization is remarkable selectivity and
binding affinity. The Llarge surface area of the intraoligomeric interfaces
and evolutionary diversity allow oligomeric partners selectively bind to
each other with no cross-reactivity in the system. In the majority of cases, purification of oligomeric proteins from both native and recombinant
sources can be performed without any foreign protein incorporations in
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the assembly. Unlike the active sites and cofactor binding sites where evolutionary constraints restrict the sequence diversity to retain the function,
oligomeric interfaces are significantly less conserved amongst homologous proteins [195, 196]. Thus, small molecule compounds reacting with
the conserved active site of target enzyme of the parasite will likely interact with the host’s homologous enzyme.
Direct interference with protein self-assembly would provide an opportunity for a highly selective modulation of protein activity or function both
in vitro and in vivo.
9. Making (Breaking) Bad proteins
The recently proposed Protein Interference Assay (PIA)[22] involves the
utilization of structural knowledge (data) and mutagenic modification of
one (or more) of the monomers within the target oligomeric assembly.
These modifications may affect the binding site for a cofactor, catalytic
activity or disrupt the oligomeric interface of the target protein. Thus, recombinant and, most importantly, controlled co-expression of both wild
type and its inactive (hyperactive) mutant would allow the formation of
the complex with modified activity in vitro.
Previously mentioned homodimeric PfOPRT, as part of the PfOPRT/
PfORDC heterotetramer, could also be a subject to PIA. The active sites
of PfOPRT were reported to contain the amino acids from both subunits,
suggesting that introduction of the active site mutants with modified activity in vivo would also affect the native PfOPRT. This assay would potentially bypass previously observed difficulties with poor inhibitor accessibility and aid in validation of the enzyme as antimalarial drug target.
Despite the obvious limitation of PIA approach to oligomeric proteins,
this assay would still allow partial assessment of the system of interest,
as many of the studied pathways are likely to involve at least one oligomeric assembly. We suggest that PIA would also allow re-evaluation of
the previously studied promising targets where conventional validation
approaches have failed.
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10. Conclusion
In order to assess a gene’s product role one must possess a set of tools,
such as genetic manipulations (e.g., knockout, silencing etc.), to modulate
the target function in vivo. Sufficient specificity (with little or no cross-reactivity) is essential for correct interpretation of the data. Although genetic manipulations have been proven to be highly effective in model and
fully defined systems, less studied and complex systems remain highly
challenging. In many pathogenic systems, including human malaria, conventional genetic manipulation techniques or small-molecule inhibitor
approaches do not always provide the desired efficacy [22]. In a number of
human pathogens, multiple life cycle stages in different hosts and vectors
make both in vitro and in vivo target characterization highly challenging.
A number of classic techniques such as silencing RNA [197, 198] have already been reported to be non-effective in certain cases [199-202].
In addition, the use of small-molecule inhibitor approaches in vivo is associated with high costs and is often limited due to the variety of host-specific reasons that are difficult to predict, such as rapid metabolism, poor
membrane transport or localization. For example, while a number of compounds were reported to inhibit PfOPRT activity in vitro as well as clear
parasitemia in P. berghei-infected mice, in vivo trials with P. falciparum
have failed [180]. Thus, potential drug targets may remain unexplored
due to the inability to use the existing validation tool set.
An insufficient number of effective target-validation tools significantly
limits the understanding of human pathogenic systems and hinders the
rate of innovative drug development. A constant supply of robust and
effective techniques is needed in order to successfully dissect yet unexplored parasitic pathways, provide the basis for rational drug design and
counter-balance the ability of many human pathogens to rapidly develop
drug-resistance. We believe that Protein Interference Assay (PIA) will enrich the currently available research toolset.
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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 majority 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 result 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 interfaces between the individual parts of the final assembly are highly specific. 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 oligomerization surfaces in drug target validation. As alternative to the conventional 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, oligomerization, protein Interference, protein: protein interactions.
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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 problems addressed in basic research and are required in the biological sciences for three fundamental reasons: firstly, to counter the Harlow-Knapp effect, secondly, to provide validation of a proposed drug target, and thirdly,
to generate starting points (“leads”) for drug development by the pharmaceutical industry. Any successful NSMs must possess minimal cross-reactivity (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 important 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 minor 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 receptors 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 layperson as scientists exploring only areas that are already well illuminated (or “under the lamp post”). The obvious solution to counter the Harlow-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 Plasmodium (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 majority 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 further 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 resistance 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 parasites 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 elimination [11-13]. The Harlow-Knapp effect is already strongly present in
the development of novel antimalarials as the current crop of therapeutic 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 parasite 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 ultimate 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 chemotherapeutics) are urgently required to support global efforts to control and eradicate 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 parasite’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 transient 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 stably 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 efficiency 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 approaches possible, such as stage-specific expression [29], expression of
proteins for drug susceptibility assays compared to wild type [30] or localization and trafficking analysis with green fluorescent protein (GFP)
fusion proteins [31, 32]. To date, there are four positive selectable markers available: the human dihydrofolate reductase (hdhfr) [33, 34]; Blasticidin S deaminase [35], neomycin phosphorotransferase [36] and puromycin-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 recombination into the haploid genome of P. falciparum during the blood stage has
been demonstrated [21, 37, 38]. Drug selection can isolate the few parasites 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 number 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 inefficient 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 successfully transfected parasites. Subsequently, negative selection via gancyclovir will remove all parasites, which have not integrated the gene of interest
via double crossover. This technique made possible the first genetic deletion 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 reduced. 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]. Customized 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 promising, 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 (CRISPR-Cas) system has been used recently in P. falciparum [48]. In this
methodology, a single guide RNA (sgRNA) is used to direct a Cas9 endonuclease 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 described for human cells [49-52], seems to be absent in the malarial parasite. 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 histidine-rich protein (kahrp) and erythrocyte binding antigen 175 (eba-175)
by integrating a selectable marker [48]. Additionally, successful gene disruption using linear DNA has been reported [48]. As linear DNA is apparently lost in P. falciparum after 4 days [55], this could make negative selection 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 lossof-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 corresponding transcript. However, RNAi is not functional in malaria parasites 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 opportunities. 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 designed to bind to specific mRNA that is subsequently cleaved by RNaseP,
resulting in a reduction of the protein expression. This strategy has already 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) recognizes 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 DiCre system Cre is split into two inactive fragments, where each is fused to
either FK506-binding protein (FKBP12) [68] or FKBP12± rapamycin-associated 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 recombination [71]. They showed that the use of an alternative transcription termination 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 Tetoff-System [73]. Thereby, an upstream of the gene of interest integrated
transcription factor - consisting of the tet-repressor and its activating domain sequence (TRAD) - binds to tet-operator sequence (TetO) that controls 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 essential 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 unstructured 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 trafficking 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 colleagues introduced the Escherichia coli dihydrofolate reductase (DHFR)
degradation domain (DDD). A GFP-DDD fusion protein has been generated 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 response 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 target 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 target 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, prolonged 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 integrated 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 eukaryotic 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

76

Table 1:
Technique
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Cre/LoxP
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Requires co-transfection
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Not available for P. falci-

transcription
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FKBP12

DD domain leads to protein
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sion (knock-

destabilization

degradation which can be

Can influence protein func-

down)

domain (DD)

prevent by Shld-1

tion or localization

E. coli DHFR

TMP stabilizes proteins

Parasite needs to express

degradation

fused to the DDD domain

hDHFR due to the toxic

domain (DDD)
GlmS ribozyme

effect of TMP
GlcN induces the GlmS

Knockdown of essential

ribozyme which subsequent-

genes

ly degrades the transcript of

GlcN is cytotoxic

interest
DNA/RNA

Peptide-mor-

PMO conjugates bind to

based tech-

pholino oligo-

mRNA which leads to its

niques

mer

degradation by RNaseP

Aptamers

Selection of nucleic acid

Identification of novel

oligomers against epitopes

proteins

of interest (SELEX)

Broad application

High costs

Time consuming
Protein inter-

Protein/peptide

Knockdown of intracellular

Applicable on essential

ference

interference

protein activity

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 mitochondria 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. falciparum relies primarily on anaerobic glycolysis [93-95]. In these experiments, 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 human host, which, together with hypoglycaemia, is the major cause of mortality 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 localized in the apicoplast, where it may be involved in fatty-acid biosynthesis
[98, 99]. Within the conventional TCA cycle the PDH complex is responsible 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 maintenance 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 sensitivity 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
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atovaquone is a competitive inhibitor of Q0 interactions [105, 106]. As a
result it has been postulated that a possible function of the mitochondrial 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 mitochondrial membrane (succinate dehydrogenase) and two are found within the mitochondrial intermembrane space (NADH-dehydrogenase (PfNDH2) 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-workers 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 electron 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 salvage identified within the parasite genome (3D7, [20]). Thus, the malarial
Q-cycle enzymes (and specifically PfDHODH) link the function of malarial mitochondrial electron transport proteins with pyrimidine biosynthesis
[111, 112].
4. Purine and Pyrimidine Biosynthetic Pathways
The intraerythrocytic phase of P. falciparum is associated with extraordinary 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 anti-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]. Early 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 thymidine kinase, an enzyme responsible for salvaging host thymidine. Therefore, 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 targets for antimalarial chemotherapy both in vitro and in vivo [125]. Multidrug-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. Additionally, 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-membrane [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 isoprenoid 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 parasites treated with nerolidol, a structural analog of isoprenoid tail intermediate, 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 importance of CoQ biosynthesis pathway for parasites survival.
The first stage of isoprenoid biosynthesis results in production of isopentenyl 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 maintenance and steroid biosynthesis [136, 137]. Human isoprenoid biosynthesis 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 alternative methylerythritol phosphate pathway pathway [139].
6. Bridges and Crosstalk
Studies using radioactive fumarate, a byproduct of both the purine salvage 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 experiments, the authors showed that instead of secreting radioactive fumarate 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), malate 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-oxoglutarate (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 purines were observed during incubation of the parasite with radioactive
fumarate. In addition, parasites treated with atovaquone showed no enrichment of labeled aspartate and the conversion of fumarate to malate
was unaffected. These observations indicate that the fumarate-to-aspartate 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 localized 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 compensate 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 targets 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 already 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 crystal structure of plasmepsin II [151]. Further studies showed that single
plasmepsins were dispensable for parasite survival, and several plasmepsin 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 [156158], 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 vitro, 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 dehydrogenase [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 parasite [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 modifications 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 hydroxymethyltransferase (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 immunodominant B cell epitope [176-179, 181-184] surrounded by N-terminal 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 Assays (PIA) in drug target validation
In the brief review of a subset of the potentially druggable malarial enzymatic pathways given above, one feature dominates: where a clear indication as to the essential nature of a gene product has been demonstrated
or disproved a specific tool compound is available. While these tool compounds are frequently suggested to be lead-compound for drug discovery,
perhaps their greater importance is in the ability to validate (or invalidate) 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 previously 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 utilizing 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 biomechanics of self-assembly in protein function has not been systematically
explored or exploited as a method to dissect biochemical pathways. Interference 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-assembled states/oligomers (dimers, trimers, etc., Figure 3). These molecules 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 contained 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, including 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 AspAT 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 binding 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 active site architecture in terms of both sequence similarity and atomic arrangement, 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 solvent and would require significant unfolding of the protein before any access 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 importance [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 distribution is observed when the residues involved in oligomeric interactions are examined. However, while the percentage of non-conserved residues 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 active 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 represent 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 conformational difference when compared to another known AspATs, but

87

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-

Non-conserved

73%

69%

Slightly conserved

7%

8%

Strongly conserved

11%

6%

Absolutely conserved

9%

17%

tions

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]. Several 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-terminal 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 solution, 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 assayed 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 activity, 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 quantitatively 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 mutations 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 falciparum, play an important role in the biosynthesis of pyridoxal 5-phosphate (PLP). PLP is the active form of vitamin B6, which is an essential cofactor 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 investigate 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 oxidative 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 enzymes 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 parasites, 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 PfPdx1 and PfPdx2 mutant proteins also demonstrates the key role of endogenous vitamin B6 as an antioxidant. Through in vivo interference with
the assemblies of PfPdx1 and PfPdx2 expression, we have previously validated 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., PfPdx1-K83A and PfPdx2-E53Y), are correctly inserted into the Pdx1/2 PLP
synthase complex but result in a loss of catalytic function, Overexpression 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 concentrations 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). Under these conditions, the singly transfected parasites would retain 50%
Pdx1/Pdx2 PLP synthase activity, whereas the doubly transfected parasites 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 mobility 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 structural 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 oligomeric 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 partners 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 cellular 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 inductant concentrations. Quantification and comparison of expression levels 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, constant 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 experiments (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, although the analysis above (Figure 3) indicates that most biological pathways are likely to contain at least one step catalyzed by an oligomeric protein. 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 human diseases.
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Abstract
Malaria remains a major threat to human health, as strains resistant to
current therapeutics are discovered. Efforts in finding new drug targets
are hampered by the lack of sufficiently specific tools to provide target
validation prior to initiating expensive drug discovery projects. Thus, new
approaches that can rapidly enable drug target validation are of significant interest.
In this manuscript we present the crystal structure of malate dehydrogenase from Plasmodium falciparum (PfMDH) at 2.4 Å resolution and
structure-based mutagenic experiments interfering with the inter-oligomeric interactions of the enzyme. We report decreased thermal stability,
significantly decreased specific activity and kinetic parameters of PfMDH
mutants upon mutagenic disruption of either oligomeric interface. In contrast, stabilization of one of the interfaces resulted in increased thermal
stability, increased substrate/cofactor affinity and hyperactivity of the enzyme towards malate production at sub-millimolar substrate concentrations. Furthermore, the presented data show that our designed PfMDH
mutant could be used as specific inhibitor of the wild type PfMDH activity, as mutated PfMDH copies were shown to be able to self-incorporate
into the native assembly upon introduction in vitro, yielding deactivated
mutant:wild-type species. These data provide an insight into the role of
oligomeric assembly in regulation of PfMDH activity and reveal that recombinant mutants could be used as probe tool for specific modification
of the wild type PfMDH activity, thus offering the potential to validate its
druggability in vivo without recourse to complex genetics or initial tool
compounds. Such tool compounds often lack specificity between host or
pathogen proteins (or are toxic in in vivo trials) and result in difficulties
in assessing cause and effect - particularly in cases when the enzymes of
interest possess close homologs within the human host. Furthermore, our
oligomeric interference approach could be used in the future in order to
assess druggability of other challenging human pathogen drug targets.
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1. Introduction
Malaria is a devastating disease and Plasmodium falciparum is responsible for the most lethal form of malaria [1]. During proliferation of the
parasite within the host’s red blood cell the parasite depends on external
nutrients that have to be imported and subsequently metabolized [2, 3].
This interconversion of nutrients is believed to be essential to provide the
metabolic intermediates for the parasite’s growth. The validation of the
druggability of these metabolic steps is highly challenging as the applicability of the probe techniques is limited in P. falciparum and depends on
reverse genetics [4]. However, a possible alternative is offered through
the examination of interaction surfaces between subunits of oligomeric
proteins.
In recent publications Panchenko and colleagues summarised the biological importance, physico-chemical properties and evolutionary aspects of
protein oligomerisation [5-7]. The authors showed that approximately 60
% of the non-redundant protein structures available in the Protein Data
Bank (PDB) are of dimeric or higher oligomeric order [6]. Protein oligomerisation is a feature shared by all organisms; oligomerisation is often
essential to form functional protein complexes and can provide regulatory, stability, protective, selective, functional diversity or evolutionary benefits to the host organism [7]. Oligomeric interfaces also show extremely
high specificity and binding affinity. In the majority of cases, oligomeric
proteins can be purified from both recombinant and native sources in a
single oligomeric state that show no non-cognate incorporation within
the isolated assembly. Specificity of the oligomeric interfaces minimizes
the interactions between unwanted partners, such as closely related and
similar proteins of different pathways. Disruption of the native oligomeric
state of the protein also often leads to the misregulation or the complete
loss of function. Nishi and colleagues have shown a number of examples
where mutations induce changes in the native oligomeric state, leading to
devastating human diseases such as Alzheimer [7].
The evolutionary diversity of protein:protein interaction interfaces is
also a key parameter in the study and treatment of infectious diseases.
In many cases the proposed target protein from a pathogen shares func-
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tion with a homologous protein of the human host. Tool compounds or
methods that target the likely conserved active sites of the pathogenic enzymes will almost inevitably interact with the homologous proteins of the
host system, as evolutionary constraints will restrict sequence diversity in
these regions. Protein:protein interaction surfaces are less restricted by
such constraints, as compensatory mutations can return the function of
the surface (supporting oligomerisation) more diversely than mutations
in an active site that must retain molecular function. This evolutionary diversity is also found in protein:protein interactions within oligomeric protein assemblies. Earlier studies have shown that protein interfaces tend
to exhibit slightly higher level of evolutional conservation than the rest of
the surface [8, 9] but significantly lower than that of active sites. Thus, we
believe that oligomeric surfaces offer a potential in selective incorporation
that may rival current cutting-edge genetic approaches to validate essential pathways for their druggability.
Enzymes within plasmodial carbon metabolism pathway have previously
been suggested as promising targets for drug discovery [10, 11]. Particularly, our previous research was focused on plasmodial aspartate aminotransferase (PfAspAT, EC 2.6.1.1), an enzyme involved in aspartate
metabolism, energy metabolism, pyrimidine biosynthesis as well as supplying the TCA cycle of the parasite with it’s intermediates [12-14]. Malate
dehydrogenase (PfMDH, EC 1.1.1.37) is located downstream of PfAspAT
in the cytosol of the parasite. It catalyzes the reversible reaction from malate to oxaloacetate using the reduction of NAD+ to NADH, thus aiding in
the maintenance of the correct redox environment, crucial for the parasite’s survival particularly during the blood stages [15]. PfMDH is also involved in the shuttle mechanism of the TCA cycle intermediates (malate/
oxaloacetate), necessary for electron transfer from cytosolic NADH to the
mitochondrial electron transport chain [16], a validated antimalarial drug
target [17, 18]. These data make PfAspAT as well as PfMDH promising
antimalarial drug targets.
Recently, the crystal structure of the PfAspAT has been solved [13] and
PfMDH has been biochemically characterized and its spatial structure has
been modeled [19-22]. Pradhan and colleagues reported a number of mutagenic experiments aimed at identification and characterization of key
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substrate and co-substrate binding pockets of PfMDH [21]. Furthermore,
based on their in silico model authors reported analysis of the quaternary
structure of PfMDH as well as attempts to disrupt its oligomeric assembly
[20]. Despite these efforts, neither PfAspAT nor PfMDH has as yet been
validated as a drug target. In both cases (as well as in case of other malarial enzymes that possess close homologs in human host) an inhibition
tool with sufficient specificity in vivo is needed for successful drug target
validation.
Here we report the crystal structure of PfMDH at 2.4Å resolution. Based
upon an examination of the crystal structure we have identified two major
oligomeric interfaces within the tetramer and designed two point mutations (E18W and V190W) aiming at disruption of these interfaces. As anticipated, both mutations distorted the native oligomeric state, resulting
in dimeric species with alternated kinetic parameters and significantly
reduced specific activity. No evidence of significant misfolding could be
derived, as both mutants retained basal activity and the ability to bind to
oxaloacetate and cofactor NADH. Alternatively, introduction of additional
hydrogen bonds via the E18Q mutation has likely stabilized the respective
interface and resulted in increased specific activity of the enzyme (malate
formation) at sub-millimolar substrate concentration.
Furthermore, our co-purification experiments showed that deactivated
PfMDH-V190W species were able to incorporate into the native PfMDH
assembly in vitro. The resulting chimeric protein contained both wild
type and mutant copies, as confirmed by western blotting, and possessed
no measurable activity.
These findings show that interference with oligomeric interfaces of PfMDH could be used to modulate its function with high specificity. The structural information on PfMDH has been used to generate recombinantly
expressed mutant protein that could incorporate into the native assembly, inhibiting the specific activity in vitro. Extension of such a method
in vivo could be used as a general tool approach in drug target validation,
especially in challenging cases where the active site of the target protein is
highly conserved or no tool compound with sufficient specificity is available.
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2. Results
Wild-type malate dehydrogenase (EC 1.1.1.37) from Plasmodium falciparum (PfMDH-WT) was cloned, recombinantly expressed, purified and
crystallized, as previously described [23]. PfMDH-WT crystals belonged
to P1 space group and diffracted to 2.4 Å. Molecular replacement yielded a clear solution of 4 tetramers in the asymmetric unit with R/Rfree of
0,25/0,26, respectively (Table 1). The final model has been deposited in
PDB under accession code 5NFR. PfMDH is a globular tetrameric protein [20, 23], where each monomer is comprised of 326 residues, which
form 9 alpha helixes and 11 beta-sheets (Figure 1a, b). Similarly to other
NAD-dependent dehydrogenases, the active sites are located in the cleft
between two domains: an N-terminal cofactor-binding domain containing a parallel structure of first six beta-sheets (Rossmann-fold) and C-terminal substrate-binding domain (Figure 1a) [21, 24].
Overall, PfMDH shows high structural homology with other apicomplexian dehydrogenases available in the PDB [25]. When superposed with a
structure of a predicted ancestral apicomplexian malate dehydrogenase
(4PLH) [26], PfMDH structure shows an rmsd on C-alpha positions of
approx. 1 Å (Figure 1c). Similarly, superposition with Cryptosporidium
parvum MDH (2HJR) [27] shows an rmsd of 1.3 Å (Figure 1d). Subsequently, sequence conservation of PfMDH amongst closely homologous
species was analyzed using BLAST [31]. Overall, the residues of PfMDH
showed a sequence conservation of 32% amongst this set of closest relatives, with the residues comprising the active sites displaying a sequence
conservation of close to 100% (Table 2). The analysis of the oligomeric interfaces as measured by PISA [32] online server, revealed an total solvent
accessible surface area of 3641 Å2 (25% of the total accessible surface area)
where 15.8 % of the residues are conserved (Table 2).
The oligomeric surfaces of PfMDH can be split into two major groups: AB
and AC (Figure 2a, b, Table 2). These surfaces comprise 1852.9 Å2 (AB)
and 1372.1 Å2 (AC), respectively. The smaller interface (AD) likely does
not represent a surface essential for oligomerization due to its relatively
small size (421.3 Å2) and we have neglected it in the current analysis.
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Table 1. Data collection and refinement statistics of PfMDH
PfMDH (5NFR)
Data collection
Beamline
Space group

X13 (EMBL)

BM14 (ESRF)

P1

P1

71.8, 156.6, 158.6

72.02, 152.69, 158.39

104.6, 101.1, 95.1

103.77, 101.46, 94.93

19.76 – 2.95

47.6 – 2.4

Cell dimensions
a, b, c (Å)
α, β, γ (o)
Resolution (Å)
Rmerge

17.6 (64.8)

5.3 (45.6)

Mean I/σI

5.88 (1.42)

10.46 (1.57)

Completeness (%)

92.0 (73.6)

89.5 (64.3)

Redundancy

2.59 (2.21)

2.12 (1.90)

Refinement
Resolution (Å)

2.4

No. reflections

230493
0.25 / 0.26

Rwork / Rfree
No. atoms
Protein

38114

Non-protein atoms

195

Average B-factors
Protein (Å2)

23.49

Ions (Å2)

24.3

R.m.s. deviations
Bond lengths (Å)

0.019

Bond angles ( )

1.743

o

Ramachandran plot
Most favored, %
Allowed, %

97.40
2.27

R-factor is defined as ()/, where Fobs and Fcalc are observed and calculated structure factors of the
reflection of hkl, respectively.
Rmerge is defined as , where Ii(hkl) is the ith intensity measurement of reflection hkl and <I(hkl)> is the
average intensity from multiple observations.
Rfree was calculated on the basis of a small subset (5 %) of randomly selected reflections omitted from
the refinement. Values in parentheses correspond to the highest resolution shell. Data collection statistics are derived from previously reported article [23]
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Table 2. Sequence conservation of PfMDH across homologs and surface analysis.
PfMDH
No. of residues

313

Conserved residues

99 (31.6%)

* absolutely

24 (7.7%)

: strongly

42 (13.5%)

. weakly

33 (10.5%)

(% of total number of
residues)
Active site residues

6

* absolutely

5 (84%)

: strongly

1 (16%)

. weakly

0

(% of active site residues)
Interface
Interface residues

AB

AC

AD

Total

51

37

13

101

Conserved residues

11 (21.7%)

4 (10.8%)

1 (7.7%)

16 (15.8%)

* absolutely

6 (11.7%)

0

0

6 (5.9%)

: strongly

3 (5.9%)

3 (8.1%)

1 (7.7%)

7 (6.9%)

. weakly

2 (3.9%)

1 (2.7%)

0

3 (2.9%)

Total ASA per mono-

14290

mer (Å2)
Buried ASA (Å2)

Total: 3641 (25.5% of total ASA)
AB

AC

AD

1852.9 (13.0%

1372.1 (9.6%

421.3 (2.9% ASA)

ASA)

ASA)

A table indicating the sequence conservation across the different oligomeric interfaces of PfMDH.
Sequence conservation of PfMDH amongst closely homologous species was analyzed using BLAST
(4). Overall, the residues of PfMDH show a sequence conservation of 31.6% amongst this set of closest
relatives, while the residues comprising the active sites possessed a sequence conservation of 84 %
(Figure 1b,e & f). Analysis of the oligomeric interfaces using PISA [32] revealed an overall oligomeric
surface of 3641 Å2 , with contributions to the different oligomeric interfaces as shown above.
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Figure 1

Figure 2
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Figure 1 (a) shows the secondary structure of wild type PfMDH as well as substrate and cofactor
binding sites. Like other malate dehydrogenases, PfMDH consists of 9 alpha-helixes and 11 beta-sheets. First 6 beta-sheets form parallel structure (Rossman fold) and belong to the cofactor-binding N-terminal domain. The NADH and pyruvate molecules were modeled using superposition with
homologous MDH structure (4PLC, rmds 1 Å) [26]. (b) PfMDH is a globular homo-tetramer, the
subunits are labeled A, B, C and D. (c) Structural superposition of PfMDH (green) with predicted ancestral apicomplexian malate dehydrogenase (53% sequence identity, 1 Å rmsd on C-alphas, 4PLC)
[26] shown in magenta. (d) Structural superposition of PfMDH (green) with MDH from Cryptosporidium parvum (43% sequence identity, 1.3 Å rmsd on C-alphas, 2HJR) [27] used for molecular
replacement (cyan). Structures were superimposed using GESAMT [28] package from CCP4 suite
[29] and visualized using PyMol [30].
Figures 2 a-c show the interfaces formed between individual subunits of PfMDH: AB (a), AC (b) and
AD (c); residues involved in the oligomeric contact are shown in blue. Evolutionary conservation of
the interface residues is shown in red (absolutely conserved), orange (strictly conserved) and green
(slightly conserved). For more details on sequence conservation please refer to Table 2. (d) Positions
of the active sites of adjacent subunits A (yellow) and B (Magenta) are shown. Active sites from A and
B subunits are mirror reflections of each other, well separated and distal to AC interface. (e) Structural
superposition of PfMDH AB subassembly (green) and dimeric malate dehydrogenases from E. coli
MDH (29% sequence identity, 2.5 Å rmsd, 2PWZ, primary citation unavailable) shown in gold. In
order to highlight the active site positions, the NADH and pyruvate molecules were modeled into the
active sites using superposition with homologous MDH structure (4PLC, rmds 1 Å) [26]. Structure
superposition was performed using GESAMT [28] package from CCP4 suite [29] and visualized using
PyMol [30].

Overall, 15.8% of the surface residues are conserved amongst the closest
relatives. These observations agree with earlier reports, which show that
in general enzyme oligomeric surfaces show significantly lower conservation than active-site residues [8, 9]. Active sites from subunits A and B
mirror each other and are located in close proximity to the AB interface
(but well separated from each other and interface residues) (Figure 2d)
and distal to the AC interface. The AB PfMDH sub-assembly is highly similar to other dimeric malate dehydrogenases, such as E. coli MDH (29%
sequence identity, 2.5 Å rmsd, 2PWZ, primary citation unavailable) (Figure 2e). Structural comparison with Human type 2 MDH (28% identity;
2DFD, primary citation not available) shows a lower degree of structural
homology between the separate subunits of each tetramer (2.5 Å rmsd on
C-alphas).
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2.1. Point Mutations Influence the Oligomeric State of PfMDH
Based upon an examination of the crystal structure, point mutations of
PfMDH were designed to interfere with the AB and AC oligomeric surfaces. The loop region between α6 and β8 of each subunit (residues 187-192)
was found reaching in the hydrophobic pocket region between β7 and β10
of adjacent subunit, facilitating the
AC oligomeric contact (Figure 3a). The mutation V190W was designed
to introduce a steric clash (Figure 3a) in that region of AC interface – potentially resulting in a dimeric form of PfMDH similar to that observed in
other organisms (e.g. E. coli; Figure 2e). The PfMDH-V190W mutant was
recombinantly expressed and purified. The impact of the mutations was
confirmed by static light scattering measurements (Table 4), confirming
that PfMDH-V190W is dimeric in solution. These results have suggested
that the mutation had the desired effect of disrupting the AC interface and
that the AB interface in V190W mutant remained unperturbed, as this
interface could still support dimerization.
The AB interface is mainly formed by residues that belong to alpha helices
1, 2, 5 and 8 from both subunits. The core non-conserved region between
the α1 helices of each subunit is mainly hydrophobic with the exception
of the acidic Glu 18 pair (Figure 3b). Similarly to the V190W case, a point
mutation E18W was designed to introduce a steric clash between the
subunits A and B (Figure 3b). PfMDH-E18W mutant was recombinantly
expressed, purified and subsequently characterized using SLS measurements (Table 4), confirming the presence of dimeric species.
The E18Q mutation was designed to strengthen the AB interface by replacing the Glu:Glu interaction with complementary hydrogen bonding
pair between the mutated glutamines 18 from adjacent chains (Figure 3b).
Similarly, PfMDH-E18Q was recombinantly expressed and purified. The
ability of the PfMDH-E18Q mutant to form tetramers in vitro, as confirmed by SLS (Table 4), strongly suggests that there were no adverse alterations to the surfaces that support oligomerisation (either AB or AC).
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Figure 3

Figure 3. (a-top) Undisrupted oligomeric interface of PfMDH (AC). Subunit A is schematically
shown as cartoon (yellow), surface of the adjacent subunit C is shown in cyan. (a-bottom) Interface
mutation V190W located between α6 and β8 causes disruption of the A-C interface as confirmed by
SLS experiments. Point V190W mutations were modeled in PfMDH structure using Coot [33] and
visualized using PyMol [30]; mutated clashing residues are shown in red.
(b-top) Native AB oligomeric interface of PfMDH; Glutamate 18 pair in the core α1:α1 is shown in
sticks. (b-bottom) Predicted steric clash caused by E18W mutation, causing an oligomeric disruption
of AB interface and a model of the additional hydrogen bond pair (Gln18-Gln18) introduced between
α1 helixes from adjacent subunits.
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2.2. Thermal Stability of PfMDH Interface Mutants Indicates
the Mutants Adopt a Well-folded Conformation
Purified PfMDH WT as well as the mutant samples were assayed against a
buffer-component library using thermal shift assay (TSA) [34-36]. Interestingly, all PfMDH samples were rather unstable at physiological conditions (in PBS, Figure 4a), agreeing with previously reported sharp thermal
transition and activity loss in the range of 313 – 318 K observed for
PfMDH, purified directly from P. falciparum parasites [22].

Table 3. Primers used in this study.
Primer

Sequence
PfMDH cloning for recombinant expression (pASK-IBA3, His6-tag)

IBA3-MDH-s (BsaI, His6)

5’-GCGCGCGGTCTCCAATGACTAAAATTGCCTTAATAGGTAGTGGTC-3’

IBA3-MDH-as (BsaI, His6)

5’-GCGCGCGGTCTCAGCGCTTTAATGATGATGATGATGATGGCCTTTA
ATTAAGTCGAAAGCTTTTTGTGTG-3’

PfMDH cloning for recombinant expression (pASK-IBA3, Strep-tag)
IBA3-MDH-s (SacII)

5’-ATATCCGCGGATGACTAAAATTGCCTTA-3’

IBA3-MDH-as (NcoI)

5’-AGAGCCATGGCTTTTAATTAAGTCGAAAGC-3’

PfMDH V190W Site-directed mutagenesis primers (pASK-IBA3)
MDH-V190W-s

5’-GATATACATCGGTAAATGGTTGGCCTTTATCTGAATTTGTC-3’

MDH-V190W-as

5’-GACAAATTCAGATAAAGGCCAACCATTTACCGATGTATATC-3’
PfMDH E18W Site-directed mutagenesis primers (pASK-IBA3)

MDH-E18W-s

5’-CAAATCGGAGCAATTGTTGGATGGTTGTGTTTGCTGGAAAATCTTGG-3’

MDH-E18W-as

5’-CCAAGATTTTCCAGCAAACACAACCATCCAACAATTGCTCCGATTTG-3’
PfMDH E18Q Site-directed mutagenesis primers (pASK-IBA3)

MDH-E18Q-s

5’-CAAATCGGAGCAATTGTTGGACAATTGTGTTTGCTGGAAAATCTTGG-3’

MDH-E18Q-as

5’-CCAAGATTTTCCAGCAAACACAATTGTCCAACAATTGCTCCGATTTG-3’

Recognition sites for restriction enzymes used (specified in the primer name) are highlighted in
bold. Mutations sites are underlined.
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Based on these data, the buffer conditions for further assays have been
optimized. Among tested buffer components, 100 mM Na-citrate pH 5.5
and 400 mM NaCl showed highest midpoints of the melt curves (interpreted as Tm, Figure 4). As a result of TSA analysis the assay buffer used
for further experiments consisted of 100 mM Na-phosphate and 400 mM
NaCl at pH 7.4. Citrate was not used in the assay buffer due to the annotated activation behavior of citrate on MDH activity [37]. Possible effects
of acidic as well as citrate-based buffer systems on PfMDH have not been
addressed in this study. Increased melting temperatures of PfMDH-WT
(ΔTm = 13 K), V190W (ΔTm= 7 K), E18W (ΔTm= 5 K) and E18Q (ΔTm= 12.5
K) samples in the assay buffer compared to PBS allowed the use of assay
buffer for all four PfMDH samples in further experiments.
Little or no stabilization effect was observed upon addition of 20 mM substrate (malate or oxaloacetate) to the assay buffer for all four PfMDH samples (Table 4). However, the samples were significantly stabilized upon
addition of 10 mM NADH cofactor (ΔTm 6 - 10 K). Addition of other cofactor, NAD+ caused little or no effect on thermal stability of PfMDH wild
type and mutant samples (Table 4).
Interestingly, but not unexpectedly, disruption of the native oligomeric
interface in case of both V190W and E18W resulted in significantly reduced thermal stability (Tm’s approximately 10-15 K lower, Figure 4, Table
4) compared to the wild-type enzyme. PfMDH-V190W mutant where AC
interface was disrupted retained the preference for lower pH citrate buffer (ΔTm= 6 K, Figure 4c) and high ionic strength (ΔTm= 7 K, Figure 4b).
Unlike V190W, E18W mutation disrupting the AB oligomeric interface
resulted in significantly less stable enzyme species inert to either citrate
(ΔTm= 0.5 K) or high ionic strength (ΔTm= 2.5 K)(Figure 4b,c). As anticipated, E18Q mutation introducing an additional hydrogen bond pair into
the AB interface resulted in mild stabilization of the enzyme (ΔTm= 1-3 K,
Figure 4, Table 4).
Overall these data indicate that all PfMDH mutants adopted a folded
conformation, in which the hydrophobic core of the protein is shielded
from the bulk solvent, as all three mutants demonstrated TSA-determined
Tm’s consistent with globular proteins, rather than denatured or unfolded
proteins [36, 38]. The reduction in stability of PfMDH-V190W and PfM-
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DH-E18W mutants compared to the wild type could be attributed to the
stabilizing effects of tetramer assembly upon the individual monomer
folds. Relatively high initial fluorescence signal observed for V190W and
E18W samples (Figure 4) compared to the wild-type enzyme could be explained by exposure of hydrophobic parts of AB and AC interfaces, usually
shielded from the solvent, to the SYPRO orange dye.
2.3. Oligomeric Distortions Influence the Substrate/Cofactor
Binding of PfMDH
Microscale Thermophoresis (MST, Nanotemper GmgH) experiments performed with fluorescently labeled (see Materials&Methods) PfMDH-WT
supported previously proposed mechanism, where the cofactor NADH/
NAD+ must bind prior the substrate [24]. Indeed, the affinity measured
for NADH binding (172 ± 73 μM, Table 4) was much higher than that
of substrate oxaloacetate (3.9 ± 0.6 mM, Table 4). Distortion of the AC
interface (distal from the active sites) via V190W mutation caused 3-fold
decreased affinity (Kd 474 ± 105 μM) towards NADH and no apparent
change in oxaloacetate binding (Kd 3.9 ± 0.8 mM). In contrast, AB interface distortion via E18W mutation resulted in 10-fold decreased NADH
affinity (1.7 ± 0.6 mM) and unexpectedly 6-fold increased affinity towards
oxaloacetate (0.62 ± 0.22 mM).
Stabilization of the AB interface via E18Q mutation resulted in significantly increased binding affinity towards both NADH and oxaloacetate
(Kd’s 3.2 ± 1.2 μM and 823 ± 33 μM, respectively; Table 4). Binding assays
with substrates were performed separately. No measurable binding of
NAD+ or malate could be observed for all PfMDH constructs, supporting
previous hypothesis that under standard conditions the reaction is more
favorable towards malate formation [24].
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Table 4. Summary of the biophysical parameters of PfMDH
mutants, as assessed by Static Light Scattering assay (SLS),
Microscale Thermophoresis assay (MST) and Thermal Shift
Assay (TSA).
PfMDH

Wild type

V190W

E18W

E18Q

Static Light Scattering (SLS)
Oligomeric state

Tetramer

Dimer

Dimer

Tetramer

Molecular weight

140.5 ± 4.2

70.5 ± 0.3

76.6 ± 0.4

139.4 ± 0.2

(kDa)
Microscale Thermophoresis (MST)
Dissociation
constants:

3.93 ± 0.58

3.86 ± 0.80 mM

621 ± 220 μM

Oxaloacetate&

mM

Nd

Nd

823 ± 33 μM
Nd

Malate&

Nd

474 ± 105 μM

1.66 ± 0.61 mM

3.2 ± 1.2 μM

NADH£

172 ± 73 μM

Nd

Nd

Nd

NAD+£

Nd
Thermal Shift Assay (TSA)

Samples
Assay buffer

Tm (ΔTm compared to Assay Buffer sample), K
331

315

320

333.5

Oxaloacetate (20

331 (0)

mM*)

333 (2)

316 (1)

319 (-1)

333.5 (0)

316 (1)

318 (-2)

Malate (20 mM*)

333.5 (0)

341 (10)

322 (7)

326 (6)

NADH (10 mM*)

341 (7.5)

334 (3)

318 (3)

319 (-1)

335,5 (0)

NAD+ (10 mM*)
& Assays performed in the absence of co-factors
£ Assays performed in the absence of substrates
* in assay buffer (100 mM Na-Phosphate pH 7.4 and 400 mM Na Cl)
Oligomeric state determination of the PfMDH WT and its mutants was performed using static light
scattering (SLS), as described in Materials and Methods section. Dissociation constants for NAD and
Malate could not be determined for either WT or mutant versions of PfMDH even at high substrate/
cofactor concentrations reaching 20 mM. TSA experiments performed in the Assay buffer (100 mM
Na-Phosphate pH 7.4, 400 mM NaCl) assessed the effects of 20 mM oxaloacetate, 20 mM malate, 10
mM NADH and 10 mM NAD+ on thermal stability of PfMDH and its mutants.
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Figure 4

Figure 4 shows examples of TSA melting curves of PfMDH WT (dark bold lines), PfMDH-V190W
(dotted red lines), PfMDH-E18W (dotted blue lines) and PfMDH-E18Q (faint lines) in various buffer
conditions: (a) PBS, (b) 400 mM NaCl, (c) 100 mM Na-Citrate pH 5.5 and (d) Assay Buffer (100 mM
Na-Phosphate pH 7.4, 400 mM NaCl). Melting temperatures of each sample are displayed next to
the respective curves. Analysis of these curves shows that PfMDH is rather unstable in PBS (a) and
requires optimized buffer conditions for further experiments. This effect is more pronounced for its
mutant forms, where native oligomeric assembly has been disrupted (dotted lines). PfMDH-E18Q
mutant shows higher thermal stability, thus supporting the hypothesis that introduction of the additional hydrogen bond pair at the AB interface has had the desired stabilization effect. (b) 400 mM
NaCl has significantly stabilized the wild type PfMDH (ΔTm= 10 K), dimeric V190W mutant (ΔTm= 7
K) and tetrameric E18Q mutant (ΔTm= 8.5 K), while having minor effect of the E18W dimeric mutant
(ΔTm= 2.5 K). (c) 100 mM Na-Citrate pH 5.5 significantly stabilized the wild type enzyme (ΔTm= 17.5
K) and the E18Q mutant (ΔTm= 15.5 K), while having lesser effect on V190W mutant (ΔTm= 6 K) and
negligible effect on E18W (ΔTm= 0.5 K). (d) Selection of the Assay Buffer allowed further experiments
to be performed for all four PfMDH constructs used in this study in the same stabilizing buffer conditions (WT ΔTm= 13 K, V190W ΔTm= 7 K, E18W ΔTm= 5 K, E18Q ΔTm= 12.5 K).
TSA assays were performed in 96-well PCR plates (VWR) using SFX96 Real-Time PCR reactor
(BioRad). Melting curve (in terms of increased fluorescence, RFU) of each sample was plotted against
the temperature gradient (293 – 363 K) using BioRad SFX96 software and the temperatures of the
inflection points (Tm’s) were used as indicators of the thermal stability of each sample. ΔTm’s reflect
stabilization effect of each condition compared to the control experiments performed in PBS. For
more details refer to Materials and Methods section.
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2.4. Oligomeric Distortions Influence the Specific Activity of
PfMDH
Specific activity of the wild type PfMDH and its mutants was measured
in terms of amount of NADH oxidized or (NAD+) reduced (U = 1 μmol
NADH min-1) per milligram of the enzyme. Wild type PfMDH displayed
Michaelis-Menthen kinetics for forward reaction (malate oxidation) with
Vmax of 9.2 ± 0.4 U mg-1 and Km of 3.0 ± 0.3 mM of malate (Figure 5a). Reverse reaction (oxaloacetate reduction) was interpreted as positively cooperative with Hill coefficient of 1.75 ± 0.11, significantly higher Vmax of 111
± 4 U mg-1 and Khalf of 2.8 ± 0.2 mM (Figure 5b). These data are consistent
with previously reported specific activity of PfMDH measured to be approx. 80 U mg-1 and no observed substrate inhibition at high oxaloacetate
concentrations [22].
Distortion of the native oligomeric assembly via V190W and E18W mutations has significantly affected the enzyme activity and substrate kinetics. Indeed, the forward reaction catalyzed by the dimeric PfMDH-V190W
mutant was interpreted as cooperative with Hill coefficient of 1.5 ± 0.1.
Maximal measured specific activity was approx. 0.6 U mg-1 and calculated
Khalf was above 7 mM (Figure 5a). The reverse reaction followed a nearly
linear trend with maximal measured activity of 35.2 ± 1.1 U mg-1 at 10 mM
oxaloacetate (Figure 5b).
Similarly, disruption of AB interface via E18W mutation resulted in significantly reduced maximal specific activity measured for a forward reaction (approx. 0.17 U mg-1). The reaction could be interpreted as cooperative with Hill coefficient of 1.45 ± 0.3 (Figure 5a). Reverse reaction
catalyzed by E18W mutant followed Michaelis Menten kinetics with Vmax
= 19.3 ± 0.4 U mg-1 and Km = 0.20 ± 0.02 mM (Figure 5b).
Interestingly, E18Q mutation did not significantly change the forward
enzyme activity. The reaction followed Michaelis-Menthen kinetics with
slightly lower calculated Km (8.3 ± 0.6 U mg-1) and reduced Km (2.5 + 0.5
mM), compared to the wild type PfMDH (Figure 5a). In contrast, the reverse reaction of E18Q was interpreted as cooperative with Hill coefficient
of 1.2 ± 0.1 (Figure 5b) at substrate concentrations below 2.5 mM oxaloacetate. Above that concentration, the E18Q mutant showed significant
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substrate inhibition (Figure 5b). Vmax of the reverse reaction (below 2.5
mM oxaloacetate) increased to 140 ± 6 U mg-1 with significantly lower Khalf
of 0.38 ± 0.4 mM.
2.5. Oligomeric Interfaces can be used to Incorporate deactivated Mutants into a PfMDH Assembly after Recombinant
Expression
Recombinantly expressed wild-type PfMDH-WT (Strep-tagged) and PfMDH-V190W (His6-tagged) were expressed separately in E. coli. The lysates
were mixed and purified by sequential streptactin and Ni-NTA-affinity
chromatography to isolate the wild-type:mutant complex. Subsequent
Western Blot analysis demonstrated that PfMDH-V190W was able to insert itself into a pre-formed wild-type PfMDH assembly (Figure 6). Subsequent activity assays demonstrated that while recombinant wild-type
PfMDH displayed both reductive and oxidative activity, the isolated wildtype:V190W chimera possessed no activity in either direction (Figure 5c,
d). These data support our hypothesis that a properly formed oligomeric assembly is required for correct catalytic function of PfMDH and that
a chimeric assembly can be generated through introduction of dimeric
PfMDH-V190W species to the wild-type tetrameric PfMDH in vitro. The
chimeric PfMDH:PfMDH-V190W has likely a perturbed AC interface and
is shown to be inactive in in vitro activity assays. In conclusion, deactivated oligomeric mutants can be used in vitro as specific inhibitors of
PfMDH activity.
3. Discussion
The structural data agree with previous findings, in which PfMDH was
reported as homo-tetramer in solution [20]. While the majority of MDHs
exists in a tetrameric form [24], a number of homologs from other species have been reported to exist in a dimeric form; and the oligomeric
assembly of MDH has been suggested to be critical for the enzymatic
function [20, 24]. Each monomeric subunit of PfMDH is comprised of
11 beta-sheets and 9 alpha-helices (Figure 1a). Overall the fold of PfM-
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DH is highly similar to those of previously determined MDHs (see Results
section). While enzymes of the malarial carbon metabolism pathway have
been suggested to be promising drug targets, the similarity in fold and
associated similarity in position of the active site residues (Table 2) provides a further demonstration of the difficulties of validating MDH as a
malarial drug target. An insufficiently specific inhibitor of the MDH active
site would almost certainly have significant cross-reactivity with the human MDH homologs – leading to difficulties in deconvoluting the effect
of the MDH inhibitor on the parasite in in vivo assays. Unfortunately,
genetic approaches in the malarial parasite are non-trivial and would not
necessarily provide a clearer route to the validation of PfMDH as a drug
target [4].
Analysis of the crystal structure of PfMDH showed that AB assembly is
highly similar to that of the active E. coli dimer (Figure 2e). Interestingly,
the disruption of the AC interface via V190W mutation (Figure 3a, b) likely breaks the native tetrameric PfMDH assembly into two inactive dimers
(Figure 5a, d), as supported by SLS (Table 4). Previous attempts to interfere with the native tetrameric assembly of PfMDH have been reported
[20]. The authors proposed that disruption of a salt bridge near the AC
oligomeric interface (PfMDH-R183A/R214G) would cause the splitting of
the tetramer into an AB dimer, analogous to the dimeric E. coli MDH.
However, while this mutant retained activity, the investigation of the oligomeric state was performed using size-exclusion chromatography rather
than direct biophysical measurements. However, static light-scattering
experiments demonstrated the oligomeric states of mutants, highlighting
the importance of precise biophysical measurements when estimates of
oligomeric state are made. Analysis of our crystal structure of PfMDH also
suggests that PfMDH-R183A/R214G could potentially re-assemble into a
tetramer in solution at least transiently, thereby retaining activity, as no
inter-oligomeric clashes were introduced by these mutations. In contrast,
our data demonstrate that the V190W and E18W interface mutations not
only cause the breakdown of the native assembly into dimers (Table 4),
but also make the transient re-formation of the tetramer unlikely due to
steric hindrance (Figure 3).
Significantly reduced specific activity (Figure 5), decreased thermal sta-

149

bility (Figure 4) and a shift to a lower oligomeric state (Table 4) observed
for PfMDH-V190W and PfMDH-E18W mutants suggest that tetrameric
assembly of PfMDH is crucial for its catalytic activity, although the AC
and AB interfaces are well separated from the active sites. Furthermore,
no obvious electrostatic connection can be observed between AC interface
and the closest active site. Our kinetic data suggest that this is not as a result of the V190W or E18W mutations creating misfolded species, as both
mutants were still able to bind the cofactor NADH and oxaloacetate, although with significantly altered affinities (Table 4). Interestingly, V190W
mutation disrupting AC interface resulted in approximately three-fold
reduced affinity towards NADH and no apparent change in oxaloacetate
binding (Table 4), while E18W showed approximately ten-fold reduced affinity towards NADH and six-fold increased affinity towards oxaloacetate.
These findings suggest different control mechanisms, facilitated by the
proper formation of AB or AC interface.
As anticipated, stabilization of AB interface with additional hydrogen
bonds (E18Q) improved NADH and oxaloacetate binding approximately
fifty-fold and five-fold, respectively (Table 4). None of the PfMDH variants
(including wild type) addressed in this study showed measurable binding
of NAD+ or malate, supporting the assumption that the malate-forming
reaction is more favored under standard conditions [24]. Furthermore,
no significant thermal stabilization by NAD+ or malate could be observed
by TSA (Table 4). These finding reflect the changes in catalytic activity,
observed for all three mutants (Figure 5). Indeed, at intracellular malate
concentration (approximately 1.6 mM), previously estimated by NMR
spectroscopy [39], approximately 30- and 190-fold reduced specific activity for malate oxidation was observed for V190W and E18W mutants,
respectively (Figure 5c). However, while the V190W mutation decreased
specific activity for oxaloacetate reduction at sub-millimolar oxaloacetate
concentration (0.625 mM) four-fold, the E18W mutant was approximately twice more active, compared to the wild type (Figure 5d). Similarly, in
the same conditions the E18Q stabilized mutant did not show significant
changes in forward activity (malate –oxaloacetate, Figure 5c), while the
reverse reaction (oxaloacetate – malate) was ten times more rapid (figure
5d).
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These data also correlate with previous studies on C. aurantiacus MDH,
where mutagenic alteration of the electrostatic interactions contributing
to both AB and AC interfaces lead to pH-dependent thermal destabilization and up to 4-fold activity loss of resulting mutants compared to the
wild type [40]. Furthermore, mutagenic disruption of AB interface in E.
coli MDH using steric clashes resulted in monomeric species and dramatically decreased activity [41].
Our data then show that incorporation of PfMDH-V190W into the wildtype assembly is possible in vitro, as co-purification using sequential affinity chromatography steps results in a sample that contains both wildtype and V190W PfMDH species, whereas the control experiments did not
(Figure 6). No measurable activity could be observed for this chimeric assembly in vitro (Figure 5c, d), demonstrating that incorporation of PfMDH-V190W into the wild-type assemblies can provide a mechanism to
specifically target the activity of PfMDH. This is highly likely to be due to
a perturbation of the oligomeric state through the introduction of a steric
clash on the AC interface. Due to the activation effect observed for E18W
mutant at sub-millimolar oxaloacetate concentrations we did not attempt
to incorporate PfMDH-E18W into the native assembly, as the aim of this
study was rather specific inhibition.
The ability of PfMDH-V190W to insert itself into the wild-type assembly
and perturb its activity is of key importance for our future experiments,
in which we will introduce this mutant as a recombinantly expressed protein within blood stage parasite cultures in order to provide validation of
PfMDH as a novel potential antimalarial drug target [4, 10]. By using controlled overexpression of the inactivated mutant within the parasite (using a transfection technique [42-45]), we propose to achieve overpopulation of the endogenous target protein and ensure that at least one mutant
copy is present in each target protein assembly, thus rendering the target
protein inactive. Our approach would potentially bypass the limitations
often associated with conventional drug target validation techniques,
such as poor inhibitor transportation, degradation, insufficient specificity
or uncertainty in essential gene analysis [4]. The work presented here also
demonstrates that oligomeric state control may have significant potential
in validating other drug targets in the future, both through inhibition and
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stimulation of activity.
4. Materials and Methods
4.1. Protein Production and Purification
Cloning, recombinant expression and purification of PfMDH were performed according to previously reported manuscript[23]. Site-directed
mutagenesis was performed using sequence specific primers and pASKIba3-PfMDH-WT plasmid as a template (Table 3). Resulting plasmids
pASK-Iba3-PfMDH-V190W, pASK-Iba3-PfMDH-E18W and pASK-Iba3PfMDH-E18Q encoded full length PfMDH with C-teminal His6-tag and
V190W, E18W and E18Q mutations, respectively. All constructs were verified by automated sequencing (Sanger). The mutant versions of PfMDH
were expressed and purified according to the same protocol as the wild
type, with minor modifications.
Briefly, after Ni-NTA purification, PfMDH-V190W, PfMDH-E18W, PfMDH-E18Q and wild type samples were applied onto S200 10/300 size exclusion column (GE Healthcare), previously equilibrated with 100 mM
Na-Phosphate pH 7.4 and 400 mM NaCl using NGC chromatograph
(BioRad). The proteins eluted as a single peaks with retention volumes
of 18.4 mL (V190W), 17.8 mL (E18W), 16.8 mL (E18Q) and 17 mL (WT).
4.2. Thermal Shift Assay (TSA)
TSA assays were performed in 96-well PCR plates (VWR) using SFX96
Real-Time PCR reactor (BioRad). The protein stability was assayed based
on the increased fluorescence of the dye upon binding to the hydrophobic
core of the unfolded protein. SYPRO Orange dye (5000 stock, Invitrogen)
was added to the protein sample at 2 mg ml-1 in a 1:500 ratio. The protein
samples were assayed against various buffer systems (pH gradient) as well
as buffer components [34, 35]. The volume of each sample was 50 μL, the
final protein concentration in each assay was 0.2 mg ml-1 (5,7 μM). Melting curve (in terms of increased fluorescence) of each sample was plotted
against the temperature gradient (293 – 373 K) and the temperatures of
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the inflection points (Tm’s) were used as indicators of the thermal stability
of each sample.
4.3. Determination of Oligomeric State
The oligomeric state of PfMDH wild type and its mutants was determined
by static light scattering experiments performed inline with size exclusion
chromatography using NGC (BioRad). PfMDH-WT sample, purified to
homogeneity and concentrated to 1.0 mg ml-1, was injected onto Superdex S75 10/300 (GE Healthcare) size exclusion column in line with MiniDAWN TREOS (Wyatt) three angle static light scattering device. The size
exclusion column was previously equilibrated with 100 mM Na-Phospate
pH 7.4, and 400 mM NaCl. An inlet filter was used to prevent big aggregates (>100 nm) from interfering with the measurements. Static light
data was analysed using software provided by the manufacturers (ASTRA
6.1.5.22; Wyatt Technologies). The PfMDH-WT sample eluted as a single
peak and was characterized as a monodisperse (Mw/Mn = 1.002) tetramer with Mw of 140.5 ± 4.2 kDa (Table 4). The protein concentration and
particle size were calculated based the protein theoretical absorbance at
280 nm [Abs 0.1% (1 mg ml-1) = 0.39; http://web.expasy.org/protparam].
Similarly, PfMDH-E18Q sample was characterized as monodisperse (Mw/
Mn = 1.003) tetramer with Mw of 139.4 ± 0.2 kDa (Table 4). The calculation of the extinction coefficients of PfMDH-WT and E18Q samples was
performed with 10% uncertainty, as the neither WT nor E18Q sequence
contain tryptophan residues.
V190W and E18W samples were characterized as monodisperse dimers
(Mw/Mn = 1.003) with calculated Mw of 70.5 ± 0.3 kDa and 76.6 ± 0.4
kDa, respectively (Table 4).
4.4. Activity assays
The kinetic parameters of PfMDH-WT, as well as PfMDH-V190W, PfMDH-E18W and PfMDH-E18Q mutants were assayed in 100 mM Na-Phosphate pH 7,4, 400 mM NaCl. Specific activity of PfMDH mutants was
assayed based on the increased absorbance of NADH oxidized (NAD+ re-
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duced) at 340 nm and measured as μmol NADH converted per minute
by 1 mg of the enzyme. The reactions were performed in 1 ml cuvettes
(Sarstedt) at room temperature using Jasco 650 UV-VIS spectrophotometer (Jasco GmbH). The forward reactions were performed using 50
nM enzyme pre-incubated in the assay buffer supplemented with 5 mM
NAD+. The reactions were initiated using decreasing concentrations of
DL-malate starting at 10 mM. Similarly, the reverse reaction of the reduction of oxaloacetate was performed by 50 nM of the enzyme in presence
of 0.5 mM NADH and initiated by addition of oxaloacetate (highest concentration 10 mM). All measurements were performed in triplicates. No
spontaneous NADH oxidation or NAD+ reduction in presence of the high
substrate concentrations and absence of the enzyme was observed.
4.5. Microscale Thermophoresis (MST)
MST measurements were performed on a Nanotemper Monolith NT.115
instrument (Nanotemper Technologies, GmbH) using His-tag fluorescent
labeling. Each PfMDH (WT or mutant) sample, purified to homogeneity,
was freshly labeled with the Monolith His-Tag RED-tris-NTA labeling dye
according to the supplied protocol (Nanotemper Technologies, GmbH).
Measurements were performed in 100 mM Na-Phosphate pH 7,4 and 400
mM NaCl containing 0.05 % Tween-20 in standard treated capillaries
(MO-K002, Nanotemper Technologies, GmbH). The final concentrations
of either labeled protein in the assay were 50 nM. The ligands (DL-malate,
Oxalacetate, NAD+ and NADH) were titrated in 1:1 dilutions following
manufacturer’s recommendations. All binding reactions were incubated
for 10 min at room temperature followed by centrifugation at 20,000 x g
before loading into capillaries. All measurements were performed in triplicates using automatically assigned LED power and medium MST power,
LaserOn time was 30 sec, Laser Off time 5 sec.
4.6. Co-Purification of PfMDH-WT and PfMDH-V190W
Wild type PfMDH open reading frame was re-cloned into pASK-IBA3
using a modification of the protocol described in [12, 23] (Table 3). Re-
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sulting plasmid encoded full-length PfMDH-WT with C-terminal Streptag. Expression of both Strep-tagged PfMDH-WT and His6-tagged PfMDH-V190W mutant was performed as described above. The lysates were
separately clarified by centrifugation, mixed and incubated for 2 hours at
277 K [46]. The subsequent co-purification from the mixed lysates was
performed via the Strep-tactin as well as via Ni-NTA agarose (IBA Lifesciences, Qiagen).
Co-purified PfMDH-WT and PfMDH-V190W were visualized by western
blot using a monoclonal Strep-tag II antibody (IBA) or anti-His antibody
(Pierce, USA) and a secondary anti-mouse horseradish peroxidase labeled
goat antibody (BioRad, Germany) as described in [46] (Figure 6).
4.7. Crystallization and X-ray Data Collection and Structure Determination
PfMDH was purified to homogeneity, concentrated and crystallized as described in [12, 23]. The data collection statistics are shown in Table 1.
Crystal structure of PfMDH was initially solved by molecular replacement
using BALBES software [47] within the CCP4 suite [29] using the data
collected on X13 beamline (EMBL, Hamburg). The PDB model of Cryptosporidium parvum MDH (2HJR) [27] was used as a search model [31],
yielding a clear solution for 16 molecules in the asymmetric unit. The data
from BM14 beamline (ESRF, Grenoble) was subsequently used for molecular replacement using MOLREP [48] and confirmed the previously
identified solution supporting the presence of four tetrameric PfMDH
assemblies in the asymmetric unit. Rebuilding and refinement were carried out using Coot [33] and Refmac5 [49], respectively. The presence of
non-crystallographic symmetry was used as a restraint in refinement at
all stages. The final model refined against data to a resolution of 2.4 Å and
has been deposited with the PDB [25] under the accession number 5NFR.
For more detailed data refinement statistics of PfMDH please refer to Table 1.
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Abstract
De novo pyrimidine biosynthesis pathway of Plasmodium falciparum is a
promising target for antimalarial drug discovery. The parasite requires a
supply of purines and pyrimidines for growth and proliferation and is unable to take up pyrimidines from the host. Direct (or indirect) inhibition of
de novo pyrimidine biosynthesis via dihydroorotate dehydrogenase (PfDHODH), the fourth enzyme of the pathway, has already been shown to
be lethal for the parasite. In the second step of the plasmodial pyrimidine
synthesis pathway, aspartate and carbamoyl phosphate are condensed to
N-carbamoyl-L-aspartate and inorganic phosphate by aspartate transcarbamoylase (PfATC). In this paper, a 2.5-Å crystal structure of PfATC is
reported. The space group of PfATC crystals was determined to be monoclinic P 21, with unit-cell parameters of a = 87.0, b = 103.8, c = 87.1, α =
90.0, β = 117.7, γ = 90.0. The presented PfATC model shares a high degree
of homology with the catalytic domain of E. coli ATC. There is as yet no
evidence of existence of the regulatory domain in PfATC. Similarly to E.
coli, the PfATC was modeled as homo-trimer where each of the three active sites is formed on the oligomeric interface. Each active site comprises
the residues from two adjacent subunits in the trimer with high degree of
evolutional conservation. Here, we also describe the activity loss due to
mutagenesis of the key active site residues.
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1. Introduction
According to World Health Organization (WHO) 3.3 billion people worldwide are at risk of being infected with malaria. The disease is considered
endemic in more than 100 countries. In 2015 the WHO estimated that
there were more than 200 million infections and approximately half a
million deaths of malaria, where the majority of death cases occurred
amongst children under 5 years old in Africa [1].
Malaria is caused by protozoan parasites of genus Plasmodium (P. falciparum, P. vivax, P. knowlesi, P. malariae and P. ovale curtisi). P. falciparum is responsible for the most dangerous and fatal form of the disease. The complex life cycle of the parasite, as well as the spread of current
drug-resistant strains, make malaria treatment highly challenging [2].
There is an urgent need of new anti-malarial agents, making the identification of new drug targets very important [3-7]
The intraerythrocytic stage of P. falciparum is associated with an extraordinary resource uptake from the host cell. Active proliferation during this
stage requires a supply of purines and pyrimidines for parasite growth to
support the production of DNA and parasite replication. Malaria parasites
lack the de novo purine synthesis pathway and take up host cell purines
for growth [2, 8]. Inhibition of this pathway was shown to be lethal for
P. falciparum in vitro [9, 10]. Early biochemical studies on Plasmodium parasites P. berghei [11-13], P. knowlesi [14] and P. lophurae [15, 16]
demonstrated the inability of Plasmodium species to metabolize pyrimidines. The parasites lack a thymidine kinase, the enzyme responsible for
salvaging host thymidine, as was confirmed by the completion of the genome sequence [17]. As the parasite lacks the pyrimidine import pathway
[18, 19], pyrimidine biosynthesis pathway has been demonstrated to be
major target for antimalarial drug research [20-22].
Plasmodial pyrimidine biosynthesis is affected, directly or indirectly, by
many of the current antimalarials [23]. For example, the most widely
used current antimalarial drug atovaquone [24] is known to inhibit cytochrome b in complex III of the respiratory chain and thus collapse the
mitochondrial intra-membrane potential. This inhibition causes failure to
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provide oxidized ubiquinone to the fourth enzyme in the pyrimidine biosynthetic pathway, dihydroororate dehydrogenase (PfDHODH) [25, 26],
which was validated as an essential enzyme for the parasite and a promising drug target [22, 23, 27]. The search for selective PfDHODH inhibitors
that might lead to the new antimalarial therapy remains a current topic
amongst antimalarial researchers [22, 28-31].
Aspartate transcarbamoylase (ATC, EC 2.1.3.2) catalyzes the second step
of pyrimidine biosynthesis, the condensation of aspartate and carbamoyl
phosphate to form N-carbamoyl-L-aspartate and inorganic phosphate.
The ATC from Escherichia coli was fully characterized by William Lipscomb and colleagues [32]. The E. coli ATC is known to be a highly regulated enzyme: the rate of pyrimidine biosynthesis is stimulated or inhibited in response to cellular levels of the end products of the pathway [33]. In
E. coli the ATC holoenzyme is composed of six catalytic and six regulatory
subunits: three regulatory pairs coordinate two catalytic trimers.
ATCs are also promising targets for anti-proliferative and anti-tumor
drugs as Madani and coworkers showed that while almost undetectable
in healthy human brain tissue, significant ATC levels were present in all
studied tumor samples [34]. In 2014, ATC from P. falciparum (PfATC)
was also reported as a potential target for gametocidal drug development
[35].
PfATC is a polypeptide of 375 amino acids with a predicted molecular mass
of 43.3 kDa (PlasmoDB ID: PF3D7_1344800; Table 1). BLAST analysis of
PfATC sequence shows that the N-terminal region of approximately 36
amino acids does not have known structural homologs [36]. In addition
no homologs of the ATC regulatory chain have yet been identified in the
plasmodial genome. The amino acids (55-372) can be aligned to the catalytic domain of P. abyssi ATC [37] with an identity of 38%. Based on the
absence of structural analogs in the Protein Data Bank (PDB) and predicted presence of apicoplast-targeting signal [38], the N-terminal region of
36 amino acids was removed and a truncated construct PfATC-Met3 was
used in this study. Attempts to obtain the full-length PfATC have failed
due to spontaneous proteolysis near the N-terminus (data not shown).
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The truncated PfATC (PfATC-Met3) consists of 349 amino acids including
339 of wild type PfATC (37-375) and SAWSHPQFEK sequence of Streptag (IBA3) at the C-terminus with approximate molecular mass of 40.3
kDa. Recent attempts to characterize PfATC were published [39, 40], but
a crystal structure is necessary to study the molecular basis of the catalytic
mechanism, support validation of PfATC as a drug target and potentially
support structure based drug design.
In this manuscript, the crystal structure and preliminary characterization
of a truncated PfATC as well as its localization within the parasite is reported. Structural information was used to design a mutant of PfATC with
significantly reduced catalytic activity; the activity profiles of the mutant
and wild type enzymes are reported. These data are essential in understanding the role of plasmodial aspartate metabolism and might lead to a
novel antimalarial therapy.
2. Materials and Methods
2.1. Cloning
A full length gene encoding for PfATC was amplified via reverse transcriptase PCR using P. falciparum total RNA from P. falciparum as a template.
In the first step, the cDNA was synthesized from RNA using Maxima
First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific). In the
second step, full-length PfATC gene was amplified from the cDNA template using sequence-specific sense (5´-GCGCGCGGTCTCCAATGATTGAAATATTTTGCACTGC-3´) and antisense (5´-GCGCGCGGTCTCCGCGCTGCTAGTTGATGAAAAAATGAG-3´) primers. The PCR reaction
was performed using SuperMix HiFi polymerase mix (Invitrogen). The
generated PCR product was digested with BsaI (restriction sites underlined) and cloned into pASK-IBA3 vector (www.iba-lifesciences.com)
previously digested with the same enzyme. The final expression plasmid
pASK-IBA3-PfATC-full encoded the full-length version of PfATC with the
additional amino acids SAWSHPQFEK (Strep-tag) at the C-terminus (Table S1).Cloning of the truncated PfATC (PfATC-Met3) was performed via
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PCR amplification using pASK-IBA3-PfATC-full plasmid as a template,
sense (5´-GCGCGCGGTCTCCAATGTTTTATATCAATAGCAAG-3´) and
antisense
(5´-GCGCGCGGTCTCCGCGCTGCTAGTTGATGAAAAAATGAG-3´) sequence-specific primers.
The PCR fragment was similarly cloned into pASK-IBA3 vector previously digested with BsaI. The final expression plasmid pASK-IBA3-PfATCMet3 encoded the truncated version of PfATC (residues 37-375) with the
additional amino acids SAWSHPQFEK (Strep-tag) at the C-terminus (Table 1). All plasmid samples were verified by sequencing.

2.2. Expression

PfATC-Met3 was recombinantly expressed using E. coli Rosetta 2 (DE3)
pLysS (Nalgene) competent cells transformed with pASK-IBA3-PfATCMet3 expression plasmid. The optimal cell line and inductor concentration were chosen based on preliminary small-scale expression trials (data
not shown). The culture was propagated in 1 L of selective LB media supplemented with 50 μg ml-1 ampicillin, 35 µg ml-1 chloramphenicol and 4
mM MgCl2 at 310 K in 2 L baffled Erlenmeyer flasks (Nalgene) and induced with 60 ng ml-1 of Anhydrotetracycline (AHT) according to the expressiontrial results. The temperature of the culture was lowered to 291 K
after induction and cells were harvested by centrifugation after overnight
expression. Centrifugation was performed using SLA-3000 rotor (Thermo Scientific) at 10,000 x g for 30 min.

2.3. Purification
Purification of recombinant PfATC-Met3 was performed via Strep-Tag
chromatography according to the manufacturer’s recommendations (IBA
Lifesciences). The bacterial pellet from 1 L culture was resuspended in
40 mL Lysis buffer [50 mM Tris (Tris(hydroxymethyl)aminomethan) pH
8.0, 300 mM NaCl, 5% (v/v) glycerol, 3 mM β-mercaptoethanol (BME)].
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Table 1. Macromolecule production information
Gene

Truncated PfATC (wild type)

Source organism

Plasmodium falciparum strain 3D7

DNA source

pASK-IBA3-PfATC-full plasmid

Forward primer (BsaI)

5´-GCGCGCGGTCTCCAATGTTTTATATCAATAGCAAG-3´

Reverse primer (BsaI)

5´-GCGCGCGGTCTCCGCGCTGCTAGTTGATGAAAAAATGAG-3´

Expression vector

pASK-IBA3

Expression host

Escherichia coli
MFYINSKYKIDLDKIMTKMKNKSVINIDDVDDEELLAILYTSKQFE
KILKNNEDSKYLENKVFCSVFLEPSTRTRCSFDAAILKLGSKVLNI

Complete amino acid sequence of the construct
produced

TDMNSTSFYKGETVEDAFKILSTYVDGIIYRDPSKKNVDIAVSSSS
KPIINAGNGTGEHPTQSLLDFYTIHNYFPFILDRNINKKLNIAFVG
DLKNGRTVHSLSKLLSRYNVSFNFVSCKSLNIPKDIVNTITYNLKK
NNFYSDDSIKYFDNLEEGLEDVHIIYMTRIQKERFTDVDEYNQYKN
AFILSNKTLENTRDDTKILHPLPRVNEIKVEVDSNPKSVYFTQAEN
GLYVRMALLYLIFSSTSSAWSHPQFEK

Gene

PfATC-R109A/K138A double mutant (PfATC-RK)

DNA source

pASK-IBA3-PfATC-Met3 plasmid

Forward primer (R109A)
Reverse primer (R109A)
Forward

primer

(K138A)
Reverse primer (K138A)
Expression vector
Expression host

5´-GTTCCTTGAACCAAGTACAGCAACAAGATGTTCTTTTGATGC-3´

5´-GCATCAAAAGAACATCTTGTTGCTGTACTTGGTTCAAGGAAC-3´
5´-CTGATATGAATTCAACTTCTTTTTATGCGGGAGAAACTGTTGAAGATGCC-3´
5´-GGCATCTTCAACAGTTTCTCCCGCATAAAAAGAAGTTGAATTCATATCAG-3´
pASK-IBA3

Escherichia coli
MFYINSKYKIDLDKIMTKMKNKSVINIDDVDDEELLAILYTSKQFE
KILKNNEDSKYLENKVFCSVFLEPSTATRCSFDAAILKLGSKVLNI

Complete amino acid sequence of the construct
produced

TDMNSTSFYAGETVEDAFKILSTYVDGIIYRDPSKKNVDIAVSSSS
KPIINAGNGTGEHPTQSLLDFYTIHNYFPFILDRNINKKLNIAFVG
DLKNGRTVHSLSKLLSRYNVSFNFVSCKSLNIPKDIVNTITYNLKK
NNFYSDDSIKYFDNLEEGLEDVHIIYMTRIQKERFTDVDEYNQYKN
AFILSNKTLENTRDDTKILHPLPRVNEIKVEVDSNPKSVYFTQAEN
GLYVRMALLYLIFSSTSSAWSHPQFEK

Table 1. The cloning details for truncated version of PfATC-Met3 and the mutant PfATC-RK.
BsaI restriction sites in the primers are underlined. Point mutations are shown in bold and
highlighted. Additional Strep-tag residues at the C-terminus are shown in bold italic.
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The lysis was performed by sonication on ice. The supernatant containing soluble Strep-tagged PfATC-Met3 was clarified by centrifugation at
45,000 x g (SS-34 rotor, Thermo Scientific) and filtered using 0.45 µm filter membrane (Whatman). The filtered supernatant was incubated with
2.0 mL Strep affinity resin (Strep Tactin Superflow, IBA Lifesciences) for
20 minutes at 277 K and subsequently poured onto a gravity-flow column
(Bio Rad) and washed with 100 mL Lysis Buffer. The protein was eluted
with 8 mL Elution buffer [50 mM Tris pH 8.0, 300 mM NaCl, 2.5 mM
desthiobiotin, 5% (v/v) glycerol, 3 mM BME]. The eluate was pooled and
concentrated at 277 K to 2 mg mL-1 using Vivaspin 4 concentration column with a 10 kDa cutoff (Sartorius Stedim Biotech).
In order to select the correct buffer for further purification a Thermal
Shift Assay [41, 42] was performed using CFX96 Real-Time system (BioRad). SYPRO Orange dye (5000x stock, Invitrogen) was added to the
protein sample (2 mg mL-1) at 1:500 ratio. Each experiment consisted of
5 μL of the protein/dye mixture and 45 μL of the buffer component to
be screened. Water was used as a control instead of the buffer sample.
Inflection points in graphs of relative fluorescence units (RFU) against
temperature were determined manually and used as an indicator of the
sample thermal stability in presence of the screened buffer components.
Components that exhibited positive thermal shift in comparison to a water control sample were used to select a size exclusion chromatography
(SEC) buffer [20 mM Tris pH 8.0, 300 mM NaCl, 10 mM Na-Malonate,
5% (v/v) glycerol and 2 mM BME]. The remaining protein was concentrated to a volume of 1 mL (Vivaspin4, Sartorius Stedim Biotech) and
purified via SEC using a HiLoad 16/60 Superdex 75 column (GE Healthcare) pre-equilibrated with SEC buffer using NGC liquid chromatography
system (BioRad). The purified protein eluted as a single peak and was
pooled and concentrated to 10 mg mL-1 at 277 K (Vivaspin4, Sartorius
Stedim Biotech). The final concentration was determined based on the
protein theoretical absorbance at 280 nm [Abs 0.1% (1 mg ml-1) = 0.84;
http://web.expasy.org/protparam].
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Figure 1

Figure 1. (a) 10 % SDS–PAGE of the purified PfATC-Met3. The sample was boiled in SDS-loading
buffer prior to loading and the gel was stained with Coomassie Blue. Left lane - unstained protein
marker (Thermo Scientific; labelled in kDa), right lane – final PfATC-Met3 sample. (e) A diffraction-quality single PfATC-Met3 crystal mounted in a cryo-loop (Molecular Dimensions Ltd.) grown
in 200 mM Sodium Sulphate, 5 mM MgSO4, 15 % (w/v) PEG 3350 in 100 mM bis-Tris Propane pH
7.5. Dimensions as measured on the beamline are shown.

The concentrated protein was immediately used in crystallization trials.
The estimated protein purity was better than 95% (Figure 1, a) as assessed
by Coomassie Brilliant Blue-stained SDS-PAGE [43]. The final yield of
purified PfATC-Met3 was 6 mg per liter of culture. Expression and purification of the mutant version of PfATC-Met3 were performed identically
2.4. Crystallization
Screening for crystallization conditions for PfATC-Met3 was performed
using a high-throughput crystallization robot (Gryphon, Art Robbins)
against commercially available sparse-matrix screening kits (JCSG plus
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and PACT premier; Molecular Dimensions Ltd.). All experiments were
performed at 293 K using the sitting drop vapor diffusion technique in
96-well MRC2 plates (Molecular Dimensions Ltd.). Equal volumes (0.1
μL) of protein solution and crystallization reagent were equilibrated
against 50 μL of reservoir solution. Medium-size single crystals appeared
overnight in various conditions containing PEG 3350/4000. Further optimization was performed using the hanging-drop technique by varying
the precipitant concentration, ionic strength, pH and buffer conditions.
The optimized conditions consisted of equal amounts (1.5 μL) of 9 mg
ml-1 PfATC-Met3 sample and 0.2 M Sodium Sulfate, 5 mM MgSO4, 15 %
(w/v) PEG 3350 in 0.1 M bis-Tris Propane pH 7.5 as the crystallization
solution at 293 K. Rhomboid-shaped diffraction-quality crystals (Figure
1b) with maximum dimensions of 200 μm appeared overnight and were
subsequently harvested using mounted round LythoLoops (Molecular Dimensions Ltd.), incubated in the Cryo-buffer (below) and flash-cooled in
liquid nitrogen prior to shipment to the
synchrotron. The Cryo-buffer was chosen based on an estimation from
[44] and consisted of 0.2 M Sodium Sulphate, 5 mM MgCL2, 15 % (w/v)
PEG 3350, 20% glycerol in 0.1 M bis-Tris Propane pH 7.5.

2.5. Data Collection

Cryo-cooled PfATC-Met3 crystals were sent to European Synchrotron
Radiation Facility (ESRF, Grenoble) using dry-shipping cryo-container
(Taylor-Wharton) and a 2.4 Å data set was collected at 100 K in the nitrogen stream at the ID23-2 beamline. Initial characterization of the crystals
and the optimization of data collection parameters were performed using
BEST software [45, 46]. The space group of PfATC crystals was calculated
to be monoclinic P 21 with unit-cell parameters of a = 87.0, b = 103.8, c
= 87.1, α = 90.0, β = 117.7, γ = 90.0, the solvent content was calculated
to be 59.4 %. The data were processed using the XDSapp [47] software.
The analysis also showed that the crystal was twinned. The Matthews coefficient [48] predicted a trimeric form of PfATC-Met3 in the asymmetric
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unit. The data collection and processing statistics are reported in Table 2.

2.6. Data processing and Refinement

The structure of PfATC-Met3 was solved by molecular replacement
using BALBES [49] software within the CCP4 package [50]. The crystal
structure of ATC from Pyrococcus abyssi [37] was used as a search model
(38% identity) yielding a solution of three molecules in the asymmetric
unit. The model was further optimized via manual rebuilding in COOT
[51] and refined with REFMAC5 software [52]. The final refinement steps
were carried out with global NCS restraints, TLS restraints calculated via
TLSMD web server [53, 54]. These steps also included twin-refinement.
The final 2.5-Å model of PfATC-Met3 consisted of 3 molecules in the
asymmetric unit with R factor of 0.18 and free R factor of 0.22 (Table 3)
and has been deposited in the Protein Data Bank (PDB) with the accession
code 5ILQ. The structure figures in this manuscript were prepared with
PyMol [55].

2.7. Mutagenesis

The double mutant PfATC-Met3-R109A/K138A (hereafter PfATC-RK)
was created via site-directed mutagenesis using the previously described
pASK-IBA3-PfATC-Met3 expression plasmid as a template. The PCR reaction was performed using Phusion Hot Start II DNA polymerase (Thermo Scientific) according to the manufacturer’s recommendations. For
mutagenesis details please refer to Table 1. The generated mutant plasmid was treated with DpnI enzyme for 2 hours at 310 K to eliminate the
parental template. The mutations were validated by sequencing. Similarly
to the wild type the mutant construct also encoded a C-terminal Strep-tag.
Expression and purification of PfATC-RK mutant were performed identically to PfATC-Met3.
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Table 2. Data collection and processing
Values for the outer shell are given in parentheses.
Diffraction source

ESRF ID 23-2

Wavelength (Å)

0.98

Temperature (K)

100

Detector

PILATUS 6M

Crystal-detector distance (mm)

337.55

Rotation range per image (°)

0.1

Total rotation range (°)

129

Exposure time per image (s)

0.04

Space group

P 21

a, b, c (Å)

86.96, 103.80, 87.11

α, β, γ (°)

90.0, 117.6, 90.0

Mosaicity (°)

0.2

Resolution range (Å)

45.0 – 2.42 (2.56 – 2.42)

Total No. of reflections

126651 (20324)

No. of unique reflections

50423 (8051)

Completeness (%)

95.9 (95.6)

Redundancy

2.51 (2.52)

<I/σ(I)>

10.81 (1.98)

CC1/2

99.7 (76.6)

Rmeas(%)

7.6 (58.0)

Overall B factor from Wilson plot
(Å2)

56.64

Rmeas is defined as Σhkl Σi | Ii(hkl) - <I(hkl)> | / Σhkl Σi Ii(hkl), where Ii(hkl) is
the ith intensity measurement of reflection hkl and <I(hkl)> is the average
intensity from multiple observations.
The free R-factor was calculated using 5% of randomly selected reflections
omitted from the refinement.

2.8. Activity Assays

The kinetic properties of PfATC-Met3 as well as PfATC-RK were investigated according to [56], [57] and [58] with minor modifications. Briefly,
the reaction was carried out at room temperature in a total volume of 160
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μl of 14 mM L-aspartate and 1 mM carbamoyl phosphate (CP) saturated
substrate solution in 200 mM Tris-Acetate buffer pH 8. The reaction was
stopped by 80 μl of 25 mM Ammonium molybdate in 4.5 M H2SO4. After
all the reactions were stopped 160 μl of 0.5 μM malachite green in 0.1
% (w/v) poly(vinyl alcohol) (PVA) were added and incubated for 30 min
at room temperature. Subsequently, the absorption of the samples at a
wavelength of 620 nm was measured. The analyses were evaluated from
at least three independent quadruplicate assays using GraphPad Prism 4
(GraphPad Software, USA).

2.9 Transfection
The open reading frame of the full-length PfATC was cloned in front of
the GFP gene of the expression vector pARL1a and subsequently transfected into P. falciparum. Briefly, erythrocytes were washed in cytomix
[59] and an aliquot of 450 ml was combined with approximately 100 mg
of the construct resuspended in 50 ml of TE buffer. The red blood cells
were electroporated using a Gene-Pulser X-Cell total system (BIORAD) at
0.31 kV and 900 mF. After electroporation the cells were transferred into
pre-warmed RPMI medium and inoculated with 50 ml of red blood cells
infected with 10% schizonts to give a parasitaemia of 1%. Four hours post
transfection the culture medium was exchanged. Parasites were grown for
24 h without drug selection before the medium was supplemented with
5 nM of WR 99210. Parasites were first observed after 16–60 days of selection and live parasites were analyzed by fluorescent microscopy using
an Axioskop 2 plus microscope (ZEISS). In order to visualize the nucleus,
parasites were incubated with Hoechst 33342 dye according to the manufacturer’s recommendation (Invitrogen). For Co-localization experiments
to visualize the ER, transfected Plasmodium was supplemented with 2
mM of ER-Tracker™ Red BODIPY-TR (Invitrogen) prior to microscopy.
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3. Results

A truncated version of ATC from Plasmodium falciparum was cloned,
recombinantly expressed, purified and crystallized. Full-length PfATC is
a protein of 375 residues and calculated molecular weight of 43.3 kDa.
BLAST [36] analysis has revealed no structural homologs of the first 36
N-terminal residues (Figure 2). PfATC shows 38% identity (84% query
cover) with the catalytic subunit of ATC from Pyrococcus abyssi (PDB
code: 1ML4; [37]) and 39% identity (84% query cover) with the Escherichia coli ATC (PDB code: 1D09; [60]). Nucleotide BLAST analysis also
shows 37% identity (86% query cover) with ATC domain of Human CAD
(carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and
dihydroorotase) protein. The crystal structure of this domain is not yet
available, although the preliminary data have been reported [62]. Further analysis with PlasmoAP tool [38] showed a strong prediction for
the N-terminal region to contain an apicoplast targeting sequence with
a possible cleavage site between residues 27-28 (IRT-KK) (Table S1). The
GFP-labelling experiments in vivo showed distinct localisation of PfATC
rather than in ER supporting the hypothesis of apicomplexian nature of
the enzyme (Figure 3). Based on these data, the third methionine in the
sequence (Met37) was selected as a starting point of our construct.
Attempts to express and purify full-length PfATC with sufficient purity
have failed. SDS-PAGE analysis of the elution fraction of Strep-purification showed three distinct Strep-tagged (C-terminal) bands with sizes
around 43 kDa and further size-exclusion purification showed three overlapping peaks that could not be separated with sufficient purity (data not
shown). Use of protease-inhibitors cocktail during the lysis and purification did not show any significant improvement. The presence of at least
three versions of PfATC of different lengths in the elution fraction suggests
that the full-length protein is proteolyzed near the N-terminus due to the
apicoplast-targeting nature of this region. The activity assay performed
with PfATC-Met3 showed that it possesses catalytic activity and further
experiments have been performed with this truncated PfATC construct.
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Figure 2

Figure 2. The homology analysis of PfATC-Met3 was performed using BLAST tool [36] and visualized via Tcoffee [61]. Red, yellow, green and blue colours represent good, average, bad and weak
alignment, respectively. Residues essential for the active sites are shown with arrows. Absolutely,
strongly and slightly conserved residues are marked with ``*``, ``:`` and ``.``symbols, respectively.
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Table 3. Structure solution and refinement
Resolution range (Å)

20.0 – 2.5

Completeness (%)

95.2

σ cutoff

1

No. of reflections, working set

42863

No. of reflections, test set

2354

Final Rcryst

0.18

Final Rfree

0.22

No. of non-H atoms

7909

Protein

7801

Ion

23

Water

88

R.m.s. deviations
0.019

Bonds (Å)

1.96

Angles (°)
Average B factors (Å )

57.39

Protein

58.04

Ion

56.76

Water

51.47

2

Ramachandran plot
Most favoured (%)

93.60

Allowed (%)

5.98

Free R-factor was calculated using 5% of randomly selected reflections omitted from the refinement.
Values in parentheses correspond to the highest resolution shell.

The recombinant PfATC-Met3 was produced with a C-terminal Strep-tag
(Iba Lifesciences) and purified by Strep-chromatography according to the
manufacturer’s recommendations. In order to achieve higher purity and
homogeneity, PfATC-Met3 was further purified via SEC and the final purity was assessed via SDS-PAGE analysis (Figure 1, a). The yield of pure
homogeneous protein was approximately 6 mg per liter of culture. In order to increase the post-purification stability of the protein sample and
increase crystallization chances, the SEC buffer was chosen based on the
results of Differential Scanning Fluorimetry. The fresh purified protein
was concentrated to 9 mg mL-1 and used for crystallization experiments.
Multiple crystals of PfATC-Met3 appeared overnight in various crys-
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tallization screening conditions containing PEG (polyethyleneglycol)
3350/4000. Optimization of the initial conditions yielded single PfATC
crystals with maximum dimension of 0.2 mm (Figure 1, b). The final crystallization condition was 0.1 M bis-Tris Propane pH 7.5, 0.2 M Na-Sulffate, 5 mM Mg-Sulfate and 15% (w/v) PEG 3350.
The optimized crystals diffracted X-rays to a maximum resolution of 2.4
Å at ID23-2 beamline (ESRF, Grenoble). The space group of the PfATC-Met3 crystals was determined to be monoclinic P 21, with unit-cell parameters of a= 87.0, b= 103.8, c = 87.1, α = 90.0, β = 117.7, γ = 90.0. The
presence of three PfATC molecules per asymmetric unit was confirmed by
molecular replacement and the 2.5-Å structure of PfATC-Met3 has been
deposited in the PDB with the accession code 5ILQ.

3.1. Overall structure of PfATC-Met3

PfATC-Met3 is a homo-trimer with three active sites formed at the oligomeric interfaces (Figure 4, a, b). Superposition of the PfATC-Met3 structure and catalytic subunit of E. coli ATC (PDB code: 1D09; [60]) showed
high level of sequence and secondary structure conservation (Figure 2,
Figure 5). BLAST [36] analysis against nine known homologs (structures
available) showed that of 375 residues 46 (12.3%) were absolutely conserved, 43 (11.5%) were strongly conserved and 25 (6.7%) slightly conserved. The loops formed by 84-91, 203-212 and 265-275 residues of PfATC-Met3 are slightly longer than their E. coli analogues (residues 34-36,
150-155 and 206-208, respectively). In addition, the N-terminal region of
PfATC-Met3 model (residues 37-48) is also longer and shows no secondary structure. Poor electron density coverage suggests that this region is
highly mobile. For this reason N-terminal residues 37-46 (chain A) and
37-43 (chains B, C) were excluded from the final model as well as the loops
formed by the residues 297-311 (all three chains) and C-terminal region
of chain A (residues 375-378). The presence of additional electron density
near the C-terminus was modelled as the Strep-tag (SAWSHPQFEK) with
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the last 2-3 residues (FEK) excluded.
In 1991 Stevens and co-workers reported the essential residues that form
the active site of ATC based on the structure of E. coli ATC, confirmed
by site-specific mutagenesis experiments [65]. In PfATC-Met3, all the homologous residues are absolutely conserved (BLAST) among the ATC´s
from other organisms (Figure 2, 6). Each subunit of the trimer hosts an
active site comprised with two residues (Ser135 and Lys138) from the adjacent chain.
PISA analysis [66] of the PfATC-Met3 structure showed that the oligomeric contact between each subunit pair (hereafter A and B) is formed by
32 (Buried Surface Area (BSA) of 899 Å2) and 27 residues (BSA of 956 Å2),
respectively (Figure 7, a-f). The interface from the subunit A consists of 9
absolutely conserved, 3 strongly conserved and 2 slightly conserved residues. The adjacent interface B has 8 absolutely, 4 strongly and 2 slightly
conserved residues, respectively. Each subunit has a total surface area of
approximately 14,300 Å2 where 1855 Å2 (13%) belong to the intraoligomeric interfaces.

Figure 3. Fluorescent microscopy imaging of P. falciparum transfected with GFP-labeled PfATC
shows distinct localisation of PfATC (see materials and methods 2.9).

Figure 4. The overall model of PfATC-Met3. (a) PfATC-Met3 is a homo-trimer with three active sites
(shown with stars) formed at the oligomeric interfaces. (b) Schematic view of PfATC homo-trimer.

Figure 5. The secondary structure of PfATC-Met3 compared to the E. coli ATC (a) and B. subtlis ATC
(b). Coordinates of PfATC-Met3 (green) structure and catalytic subunits of E. coli ATC in liganded
R-state (magenta, PDB code: 1D09, [60] and unliganded T-state B. subtlis ATC (blue, PDB code:
3R7D, [63]) were superimposed using COOT [51, 64].
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Figure 3

Figure 4

Figure 5
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Figure 6

Figure 6. Superposition of the key active site residues of PfATC-Met3 (green) and E. coli ATC (magenta, PDB code: 1D09) that exhibit the absolute conservation amongst homologous species (see Figure 2).

Figure 7

Figure 7. PfATC-Met3 structure analysis reveals that each subunit forms two oligomeric contacts
with other subunits of the trimer (a). Residues that form these contacts are shown in blue (b-f). Absolutely (red), strongly (orange) and slightly conserved (green) residues of these interfaces are shown
(c,e). Active site residues (magenta) are also shown on the surface (f).
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3.2. Mutagenesis studies and activity profile of the truncated
version of PfATC

Based on the mutagenic studies on E. coli ATC summarized in [32] and
overall structure similarity, a mutant PfATC-Met3 version was constructed. In E. coli, point mutations of the essential active site residues of the
catalytic chain ATC resulted in significant loss of activity. For example,
guanidinium group of Arg54 of E. coli ATC was shown to be crucial for
binding of the substrate carbamoyl-phosphate (CP) and enzymatic condensation of CP and aspartate, and when removed (Arg54Ala mutation)
caused 17,000-fold loss in activity and 13-fold reduction in affinity for CP
[67, 68]. The amino group of Lys84, that completes the active site of the
adjacent subunit, interacts with both Arg54 and aspartate upon binding;
Lys84Asn mutation has resulted in 1200-fold activity loss of the E. coli
enzyme [60]. Both mutations did not affect the folding and the structure
of the enzyme as confirmed by X-ray data (data not shown). Comparison
between the crystal structures of PfATC-Met3 and the E. coli ATC (PDB
code: 1D09; [60]) showed that the Arg109 and Lys138 residues of the active site of PfATC-Met3 are homologous to Arg54 and Lys84 of E. coli
ATC. The mutant version PfATC-RK (R109A/K138A) was designed and
cloned using site-specific mutagenesis technique and recombinantly expressed according to the same protocol as the PfATC-Met3 (See Materials
and Methods section).
In order to confirm the presence of the catalytic activity of the recombinant PfATC-Met3 a phosphate-detection system based on malachite
green [57] was established. The specific in vitro activity of PfATC-Met3
was 11.04 ± 1.04 μmol min−1 mg−1. Activity assays with the double mutant
PfATC-RK was also performed and showed significantly lower value of
0.85 ± 0.30 μmol min−1 mg−1. Additional native PAGE electrophoresis and
DLS (Dynamic light scattering) experiments (data not shown) confirmed
the presence of oligomeric PfATC-Met3 assembly in the solution for both
wild type and mutant versions. These data have confirmed the initial hypothesis that the mutations of the key active site residues (R109A and
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K138A) significantly reduce the catalytic activity while having no adverse
effect on the oligomeric assembly.
4. Discussion

Pyrimidine biosynthesis of P. falciparum represents highly attractive target for future antimalarial drug development. Determined crystal structure of truncated aspartate transcarbamoylase from Plasmodium falciparum, the enzyme that catalyses the second step of the pathway, shows
high degree of evolutional conservation amongst its homologs from other
organisms. The active site of the enzyme shows the highest degree of conservation, making the structure-based design of specific active site targeting inhibitors of PfATC and its further validation as a drug target highly
challenging.
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Table S1. Macromolecule production information (Full-length PfATC)
Source organism

Plasmodium falciparum strain 3D7

DNA source

cDNA generated from total RNA via reverse transcriptase PCR

Forward primer (BsaI)

5´-GCGCGCGGTCTCCAATGATTGAAATATTTTGCACTGC-3´

Reverse primer (BsaI)

5´-GCGCGCGGTCTCCGCGCTGCTAGTTGATGAAAAAATGAG-3´

Expression vector

pASK-IBA3

Expression host

Escherichia coli
MIEIFCTAIVVITILIVGVFVYMIIRTKKKKLKLDNMFYINSKYKI
DLDKIMTKMKNKSVINIDDVDDEELLAILYTSKQFEKILKNNEDSK
YLENKVFCSVFLEPSTRTRCSFDAAILKLGSKVLNITDMNSTSFYK

Complete amino acid

GETVEDAFKILSTYVDGIIYRDPSKKNVDIAVSSSSKPIINAGNGT

sequence of the con-

GEHPTQSLLDFYTIHNYFPFILDRNINKKLNIAFVGDLKNGRTVHS

struct produced

LSKLLSRYNVSFNFVSCKSLNIPKDIVNTITYNLKKNNFYSDDSIK
YFDNLEEGLEDVHIIYMTRIQKERFTDVDEYNQYKNAFILSNKTLE
NTRDDTKILHPLPRVNEIKVEVDSNPKSVYFTQAENGLYVRMALLY
LIFSSTSSAWSHPQFEK

Table S1. The cloning details for the full version of PfATC. BsaI restriction sites in both primers
are underlined. Predicted apicoplast targeting sequence (PlasmoAP, [69]) is also underlined.
Predicted cleavage site (IRT-KK) is shown in italic. Additional Strep-tag residues at the C-terminus are shown in bold italic.
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Abstract
Aspartate transcarbamoylase catalyzes the second step of de novo pyrimidine biosynthesis. As malarial parasites lack pyrimidine salvage machinery and rely on de-novo production for growth and proliferation, this
pathway is a target for drug discovery. Previously, an apo crystal structure
of aspartate transcarbamoylase from Plasmodium falciparum (PfATC) in
its T-state has been reported. Here we present crystal structures of PfATC in the liganded R-state as well as in complex with the novel inhibitor,
2,3-napthalenediol, identified by high-throughput screening. Our data
shows, that 2,3-napthalediol binds in close proximity to the active site,
implying an allosteric mechanism of inhibition. Furthermore, we report
biophysical characterization of 2,3-napthalenediol. These data provide a
promising starting point for structure-based drug design, targeting PfATC
and malarial de-novo pyrimidine biosynthesis.

Keywords: Malaria, Pyrimidine biosynthesis, Aspartate transcarbamoylase, Inhibitor, 2,3-napthalenediol.
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1. Introduction
Aspartate transcarbamoylase (EC 2.1.3.2) catalyzes condensation of carbamoyl-phosphate (CP) and L-aspartate to form N-carbamoyl-L-aspartate
(CA) and phosphate, the second step in de-novo pyrimidine biosynthesis.
Unlike humans, malarial parasites lack pyrimidine salvage machinery,
making de novo pyrimidine biosynthesis pathway a promising target for
drug discovery [1-6].
Crystal structures, as well as inhibitor design have been reported for the
fourth, fifth and sixth enzymes of de-novo pyrimidine biosynthesis pathway in P. falciparum: dihydroorotate dehydrogenase (PfDHODH)[7],
orotate phosphoribosyltransferase (PfOPRT)[8] and orotidine 5′-monophosphate decarboxylase (PfOMPDC, PDB: 3N2M). Furthermore, PfDHODH has been validated as a drug target and a number of compounds
targeting PfDHODH have entered clinical trials [9]. Dihydroorotase (PfDHO) has been characterized [10], but no crystal structure is available.
We recently reported the crystal structure of the unliganded form of P.
falciparum aspartate transcarbamoylase (PfATC)[11].
Here we report the identification of a lead compound inhibiting PfATC
(2,3-napthalenediol), a crystal structure of PfATC with 2,3-napthalenediol as well as biophysical characterization of a sub-family of structurally
related compounds. Our crystal structure shows that 2,3-napthalenediol
does not bind in the active site of the enzyme and does not significantly
affect the binding of the first substrate.

201

2. Materials and Methods
2.1. Expression and purification

Wild type PfATC-Met3 was cloned, expressed and purified to homogeneity as previously described [11].

2.2. Differential Scanning Fluorimetry (DSF)

Initial screening for PfATC-Met3 inhibitors was performed against a
small molecule library similarly to [11]. Each reaction consisted of 2 μL
compound (100 mM stock in 100% DMSO) and 45 μL Master mix (10x
Sypro Orange (Invitrogen), 50 μM PfATC in 50 mM Tris-HCL pH 8.0 and
300 mM NaCl). Final protein assay concentration was 5 μM, final DMSO
concentration was 2% (v/v). Previous assays showed that PfATC could tolerate up to 10% (v/v) DMSO (data not shown). Control experiments with
2% (v/v) DMSO were performed in each plate. Inflection points of the
melting curves were determined using BioRad CSX 96 control software
and used as indication of sample thermal stability.

2.3. Microscale Thermophoresis (MST)

MST measurements were performed on a Nanotemper Monolith NT.115
instrument (Nanotemper Technologies GmbH). Purified PfATC-Met3
was labeled using the RED-NHS Monolith Protein Labelling Kit according
to manufacturer’s protocol. The labeled protein was concentrated using
a centrifugation filter with a 3 kDa cutoff, diluted with glycerol to a final
concentration of 50% (v /v) and aliquoted for storage at 193 K. MST measurements were performed in MST buffer (50 mM HEPES pH 8.0, 300
mM NaCl) supplemented with 0.05% (v/v) Tween 20 in standard capillaries (Nanotemper Technologies GmbH). Labeled PfATC-Met3 was used
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at a final concentration of 20 nM. The ligands were titrated in 1:1 dilutions
following the manufacturer’s protocol. All binding reactions were incubated for 10 min followed by centrifugation at 20000g prior to loading.
All measurements were performed in triplicate at 20-60 % LED and 40%
MST power.

2.4. Activity Measurements

The kinetic properties of PfATC-Met3 were investigated according to [12]
with minor modifications. Enzymatic reactions were performed according
to [13] in a total volume of 100 μL in 50 mM Tris-Acetate buffer at pH 8.0;
the final concentration of PfATC-Met3 was 50 nM. Aspartate and carbamoyl-phosphate (CP) saturation curves of the enzymes were assayed using
a fixed concentration of CP (2 mM) and aspartate (1 mM). Small-molecule dose-response curves were measured using assay buffer supplemented with 1% (v/v) DMSO, 2 mM CP and 1 mM aspartate. The reactions
were initiated with one of the substrates and quenched after 10 min with
100 μL of Stop mix (two volumes of Antipyrine (26.5 mM 2,3-Dimethyl-1-phenyl-3-pyrazolin-5-one in 50% (v/v) sulfuric acid) and one part of
Oxime (80 mM 2,3-Butanedione monoxime in 5% (v/v) acetic acid). After
quenching, the plates were sealed with transparent sealing tape to prevent
evaporation and incubated overnight in the dark at room temperature, according to [12]. After incubation, the plates were developed for 30-60 min
at 318 K in ambient light and the absorbance of the samples was measured
at 466 nm using a Synergy H1 Hybrid Reader (BioTek). Positive control
experiments with a gradient of carbamoyl-aspartate were performed to
provide calibration curves. The carbamoyl-aspartate detection method
showed high reproducibility and low or no sensitivity to either substrates
or compounds tested. Each reaction was performed in triplicate. Analyses
were performed using Microsoft Excel and Graph Pad Prism.
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Table 1
PfATC-Met3 with

PfATC-Met3-full

2,3-Naphthalenediol (6FBA)

(5ILN)

Hanging drop

Sitting drop

24-well

96-well

293

293

10

10

20 mM Tris pH 8.0, 300 mM NaCl,

20 mM Tris pH 8.0, 300 mM

Method
Plate type
Temperature (K)
Protein concentration (mg ml-1)
Buffer

compo-

sition of protein
solution

10 mM sodium malonate, 5% (v/v) glycerol,
2 mM BME

NaCl,
10 mM sodium malonate, 5%
(v/v) glycerol, 2 mM BME

C r y s t a l l i z a t i o n 0.1 M bis-tris propane pH 7.5,0.2 M Na2SO4,
condition

0.2 M Potassium citrate
tribasic monohydrate, 20 %

15 % (w/v) PEG 3350,

(w/v) PEG 3350

10 mM of 2,3 –Napthalenediol
(Final DMSO conc. 10 % (v/v))
Volume and ratio

3 μl (1:1)

2 μl (1:1)

500 μl

50 μl

of drop
Volume of reservoir
Table 1 shows crystallization conditions of PfATC crystal grown in presence of 2,3-Napthalenediol as
well as the PfATC-full crystal.

2.5. Crystallisation, X-ray data collection and processing.

Co-crystallisation of PfATC-Met3 with ligands was performed according
to [11] with minor modifications. Namely, the crystallization solution was
supplemented with 10 mM of ligand (100 mM stocks in 100% DMSO).
Purified product of PfATC-full expression [11] was screened for crystallization using JCSG plus sparse matrix (Molecular Dimensions, Ltd).
Diffraction-quality crystal appeared overnight in condition B12 (0.2 M
Potassium citrate tribasic monohydrate, 20% (w/v) PEG 3350). All crys-
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tals were cryo-protected using crystallization-liquor supplemented with
20% (v/v) glycerol, flash-cooled and stored in liquid nitrogen prior to data
collection. Crystallisation parameters are summarised in Table 1. Cryocooled PfATC crystals were shipped to the European Synchrotron Radiation Facility (Grenoble). Data collection parameters are summarized in
Table 2.
The data collected for PfATC-Met3 crystals grown in presence of
2,3-napthalenediol were processed using XDSAPP [14] and Aimless [15].
Data for PfATC-full crystals were automatically collected and processed at
the MASSIF-1 beamline [16, 17]. The structures were solved and initially
refined using the DIMPLE pipeline within CCP4 suite [15] with the coordinates of the unliganded PfATC-met3 (5ILQ; [11]) as a starting model.
The final refinement steps included manual rebuilding in Coot [18] and
Refmac5 [19] using locally generated NCS restraints and TLS parameters
calculated via the TLSMD web server [20, 21].
The resulting crystal structures are deposited in the PDB [22] under accession codes 5ILN (citrate-liganded PfATC) and 6FBA (2,3-napthalenediol-liganded PfATC). Data collection and processing statistics are shown
in Table 2.

3. Results

As previously reported, full-length PfATC could not be recombinantly
expressed due to spontaneous cleavage of the N-terminal apicoplast targeting sequence [11]. Recombinant expression product obtained using a
pASK-IBA3-PfATC-full plasmid encoding full-length PfATC [11] was used
in crystallization trials. This resulted in single PfATC crystals that diffracted to 2.2 Å at the MASSIF-1 beamline (ESRF). The resulting crystal structure was refined to an R factor and Rfree of 0.18 and 0.23, respectively.
Analysis of the resulting crystal structure revealed the presence of three
PfATC molecules in the asymmetric unit.

205

Table 2
PfATC-Met3 with

PfATC-full

2,3-Naphthalenediol (6FBA)

(5ILN)

ID23-1 (ESRF)

MASSIF-1 (ESRF)

Wavelength (Å)

0.979

0.965

Temperature (K)

100

100

PILATUS 6M

PILATUS 2M

399.8

323.3

Diffraction source

Detector
Crystal-detector distance (mm)
Rotation range per image ( )

0.1

0.15

Number of images

1600

1054

Space group

P 3(2)

P 1 21 1

a, b, c (Å)

86.8, 86.8, 138.2

86.5, 107.3, 87.3

α, β, γ (o)

90.0, 90.0, 120.0

90.0, 117.5, 90.0

43.38 – 2.05

45.1 – 2.2

6.4 (98.1)

10.8 (82.8)

11.46 (1.45)

5.0 (0.8)

o

Cell dimensions

Resolution (Å)
Rmerge
Mean I/σI
Completeness (%)

98.7 (98.5)

97.7 (83.8)

CC ½

98.9 (50.6)

98.4 (43.8)

Isa
Observed reflections
Unique reflections
Redundancy

28.70

36.08

228939 (37251)

200859 (12804)

72366 (11695)

69139 (5787)

3.16 (3.18)

2.9 (2.2)

Refinement
Resolution (Å)
No. reflections (unique)
Rwork / Rfree

2.0

2.2

74373

65645

18.4 /22.5

17.9/23.4

7830

8200

No. atoms
Protein
Non-protein

113

52

Water

142

166

Average B-factors
Protein (Å2)

44.9

51.7

Ligands (Å2)

49.7

60.1

Waters (Å2)

41.1

44.1

0.025

0.020

2.3

1.97

R.m.s. deviations
Bond lengths (Å)
Bond angles ( )
o
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Ramachandran plot
Most favored, %

97.3

96.3

Allowed, %

2.5

3.2

Table 2 shows data collection, processing and refinement statistics of both structures.
R-factor is defined as ()/, where Fobs and Fcalc are observed and calculated structure factors of the
reflection of hkl, respectively.
Rmerge is defined as , where Ii(hkl) is the ith intensity measurement of reflection hkl and <I(hkl)> is the
average intensity from multiple observations.
Rfree was calculated on the basis of a small subset (5 %) of randomly selected reflections omitted from
the refinement. Values in parentheses correspond to the highest resolution shell.

Each subunit consists of 11 α-helices and 9 β-strands arranged in two
folding domains (Figure 1a,b). The N-terminal carbamoyl-phosphate
(CP) binding domain is formed by helices α1-5 surrounding a flat sheet
of β1-4 and α11 piercing through the fold. Similarly, in the C-terminal aspartate-binding domain a central sheet (β5-9) is surrounded by helices
α6-10. Connection of these domains is facilitated through α6 and α11 running in opposite directions. Side chains of α3 and β2 from each subunit
form a tunnel in the centre of the trimer. Similar assembly of ATC of other
species has been described previously [24] as well as the aspartate transcarbamoylase subunit of human CAD [25].
Oligomeric contacts within the trimer are formed between α4, β1 & β2 of
each subunit and α3, α11 and a loop between α11 and β9 from adjacent
subunits (Pro333-Val337) (Figure 1b). Evolutionary conservation of PfATC and its surfaces has been previously reported [11]. Each of three active
sites of the trimer is located in a cavity between N- and C-domains and
completed by mobile loop regions α9-β8 (residues 296 - 313) and α4*-β2*
(132 - 140) from an adjacent subunit (Figure 1b). For convenience an additional alpha-like region at N-terminus of PfATC-Cit structure (5ILN)
has been labelled as α0. The N-terminus of 5ILN was modelled to Lys30,
supporting previously suggested and predicted cleavage site between residues 27-28 (IRT-KK, [11]).
Based on the presence of unambiguous electron density a phosphate
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and citrate molecules have been modelled within one of the active sites
of 5ILN (Figure 1a,b). Superposition of the N-terminal domains of PfATC-Cit (5ILN) and apo-structure (5ILQ) revealed a significant shift (3-4
Å) of the entire C-domain towards the N-terminal domain upon citrate
binding, resulting in narrower active site (Figure 1a & b). Helix α9 as well
as the loop between α9 and β8 shaping the C-terminal side of the active
site cavity were fully modelled in 5ILN (Figure 1a & b), while they were
omitted from the apo-structure due to lack of electron density.
This observation suggests stabilization of the active site residues and adjacent regions upon citrate binding. Furthermore, a significant remodelling of the loop between α4 and β3 containing the catalytic Lys138 was
observed upon citrate binding (Figure 1a & b). The entire loop has moved
11.7 Å (Ser133 Cα), bringing Lys138 closer to the active site. These observations suggest that 5ILN with citrate and phosphate bound in the active
site can be used as a reasonable model of R-state PfATC, similarly to the
citrate-bound E. coli ATC reported by Lipscomb and colleagues [26].

3.1. Hit compound identification

Wild type PfATC-Met3 was recombinantly expressed and purified as described [11]. Differential Scanning Fluorimetry (DSF) assays performed
against a library of small-molecule compounds identified a hit compound
(2,3-Naphthalenediol, Figure 2a), significantly increasing the thermal stability of PfATC-Met3 (ΔTm 6.5 K, Figure 2a). Microscale Thermophoresis
(MST) assay confirmed binding with a dissociation constant (Kd) of 19.9
± 4.7 μM (Figure 2b). Further MST analysis showed that at saturating
concentrations of 2,3-napthalenediol (100 μM) the affinity of PfATC to
carbamoyl-phosphate (CP) was not significantly affected. Indeed, PfATC
was shown to bind CP in the presence and absence of 2,3-napthalenediol
with dissociation constants of 2.6 ± 0.3 μM and 4.0 ± 0.8 μM, respectively. Similar CP binding was observed for ATC subunit from human CAD
(Kd = 6.3 μM) [25]. No binding of aspartate in the absence of CP could be
detected in either case.
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tures was performed in Coot [18].

shown for citrate-liganded (Figure 1f. purple) PfATC. All figures were generated using PyMol [27]. Superposition of the coordinates of PfATC struc-

1c, rose) and citrate-liganded (Figure 1d, purple) PfATC. Figure 1e shows the surface of the 2,3-Napthalenediol binding pocket. The same surface is

the adjacent subunit are labelled with asterisks. Figures 1c & d show 2,3-Napthalenediol liganded structure of PfATC (green), unliganded (Figure

Figures 1a & b show unliganded (rose) and citrate-liganded (teal) structures of Plasmodium falciparum aspartate transcarbamoylase . Elements of

Figure 1
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Figure 2

Figure 2a shows thermal stabilization of PfATC sample in presence of 2,3-Napthalenediol as assessed by DSF. Figure 2b shows binding curve of 2,3-Napthalenediol to the fluorescently labelled
PfATC sample as assessed by MST. Figures 2c & d show kinetic parameters of PfATC as assessed by
activity assays. Figure 2e shows inhibition dose-response of PfATC sample towards increasing concentrations of 2,3-Napthalenediol at optimum conditions (Figure 2c & d). Figure 2 f shows inhibitory properties of compounds structurally related to 2,3-Napthalenediol. Inhibition dose-response
of PfATC sample towards each compound, compound structures as well as half maximal inhibitory
concentrations are shown.
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3.2. 2,3-napthalenediol inhibits PfATC activity

Kinetic measurements performed with PfATC-Met3 using varying concentrations of substrate allowed identification of optimal assay conditions
(Figure 2c & d). In the presence of 1 mM aspartate wild type PfATC-Met3
showed sigmoidal cooperative response towards CP (Vmax = 12.1 ± 0.3 μmol
mg-1 min-1 and Hill slope of 2.7 ± 0.6 (Figure 2c)). Similarly, in the presence of 2 mM CP, PfATC-Met3 showed sigmoidal response towards aspartate at concentrations below 1 mM (Vmax of 10.1 ± 0.4 μmol mg-1 min-1 and
Hill coefficient of 1.5 ± 0.1). At higher aspartate concentrations a strong
substrate inhibition effect was observed (Figure 2d). This correlates with
previous observations made for E. coli ATC [24] and human ATC CAD
subunit [25]. Experiments using 2,3-napthalenediol, performed in 2 mM
CP and 1 mM aspartate revealed an IC50 value of 5.5 ± 0.9 μM (Figure 2e),
confirming the inhibitory nature of 2,3-napthalenediol.
3.3. 2,3-napthalenediol binds near the active site of PfATC

Crystals of PfATC-Met3 grown in presence of 10 mM 2,3-naphthalenediol
diffracted to a resolution of 2.0 Å (Table 2). The PfATC-Met3-2,3-naphthalenediol complex crystal structure has been deposited under accession code 6FBA. Analysis revealed three 2,3-naphthalenediol molecules
bound in the asymmetric unit (Figure 3a-c), where hydroxyl groups of
2,3-napthalenediol face the Pro333-Pro335 loop opposite Arg109, forming polar contact with the side chain of Glu140 and a water-bridge with
Pro333 and Leu334’s carbonyl main chain oxygens (Figure 3c). The naphthalene moiety of 2,3-napthalenediol is located between the α3 helix and
the hydrophobic cavity formed by α4 helix and β1-3 sheets of the adjacent
subunit.

3.4. Structural re-arrangements associated with 2,3-napthalenediol binding
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Binding of 2,3-naphthalenediol did not significantly affect the structure of
PfATC compared to the apo-structure (5ILQ, 0.55 Å rmsd on Cα’s, Figure
1c). However, stabilizing effects of 2,3-naphtalenediol, confirmed by DSF
experiments (Figure 1b), were visible in the crystal structure in reduced
B-factors for mobile loops α4*-β2*(132-140) and α9-β8 (296-313) of the
liganded structure.
Binding of 2,3-naphthalenediol resulted in significant shift in side chain
position (4.7 Å between guanidine-groups) of Arg109 as well as Pro333Pro335 loop shift (1.3 Å towards the compound), while the rest of interacting residues were not significantly affected (Figure 1c, 4a-c). A shift in
Arg109 side-chain position towards the active site resulted in the formation of a channel between the active site cleft and the inter-oligomeric
cavity hosting 2,3-naphthalenediol (Figure 4b, g-i). Slight re-arrangement
of the residues forming that cavity resulted in its expansion to accommodate 2,3-naphthalenediol.
Structural comparison with the citrate-bound PfATC structure (5ILN,
N-terminal domain alignment) showed significantly higher position difference of Arg109 main chain (2.8 Å, Figure 1d) as well as the side chain
(4.6 Å between guanidine-groups). Furthermore, the entire C-terminal
domain of the citrate-bound PfATC structure shows significant shift compared to the 2,3-naphtalenediol- and apo-structures (Figure 1). Positions
of the Pro333-Pro335 loops differ by 2.3 Å (Figure 1d). Significant differences as well as the increased B-factors (5ILN) are observed for the 132140 loop, compared to the 2,3-naphtalenediol-bound structure (Figure
4d-f). Movement of the 132-140 loop re-arranges the hydrophobic pocket
between α4 helix and β1-3 sheets of the N-terminal PfATC domain (Figure
4e - i), making the potential binding of 2,3-naphthalenediol unlikely due
to the steric hindrance. Furthermore, the sizes of both the inter-oligomeric cavity and hydrophobic pocket were reduced (Figure 4i).

Figure 3 shows the binding site of 2,3-Napthalenediol between two adjacent subunits labelled as a
(green) and b (yellow). Electron density (contoured at 1.2s) supporting the presence of 2,3-Napthalenediol is shown in blue (Figure 3a & b). Figure 3c shows polar contacts between 2,3-Napthalenediol and surrounding residues (black dotted lines).
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Figure 3
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Figure 4

Figure 4 shows structural rearrangements of the 2,3-Napthalenediol binding site. Comparison of
2,3-Napthalenediol-bound (yellow) and unliganded (grey) PfATC is shown in Figures 4a–c, where
(a) shows secondary structure comparison, (b) shows the surface of the 2,3-Napthalenediol bound
structure (yellow), (c) surface of unliganded PfATC.
Similarly, comparison with the citrate-bound structure (purple, 5ILN) is shown in Figures 4d–f,
where significant re-arrangement can be observed.
Figure 4g shows the expanded intersubunit cavity hosting a molecule of 2,3-Napthalenediol and a
channel connecting this cavity with the active site. Adjacent subunits are shown in green and yellow.
In the absence of 2,3-Napthalenediol a reduced cavity as well as no channel to the active site can be
observed (Figure 4h, rose & grey). In the presence of citrate in the active site (Figure 4i, purple
& blue) the intersubunit cavity is significantly remodelled making the binding of 2,3-Napthalenediol
unlikely due to steric hindrance.
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3.5. Further compound development

Based on the structure of 2,3-naphthalenediol the inhibitory effects of
a sub-family of structurally related compounds were assessed. Dose
response of PfATC towards 2-napthol, 2-amino-3-napthol, 4-tert-butylcatechol, 6-bromo-2-napthol, 6,7-dibromo-2,3-napthalenediol and
1,4,6,7-tetrabromo-2,3-napthalenediol was measured (Figure 2f). None
of the tested compounds showed improved inhibition of PfATC sample
with the exception of 1,4,6,7-tetrabromo-2,3-napthalenediol (IC50 of 2.2 ±
0.3 μM, Figure 2f).

4. Discussion

Comparison of PfATC complexed with 2,3-napthalenediol, citrate-liganded and un-liganded crystal structures suggest an allosteric mode of inhibition, as 2,3-napthalenediol binds in a cavity between adjacent subunits of
the trimer (Figure 3). Significant differences could be observed (Figure 1d,
Figure 4d - f) in comparison with the citrate-bound PfATC structure (an
analogue of the liganded R-state of the enzyme), while no major differences with the apo-structure were detected (Figure 1c). Furthermore, affinity
towards the first substrate CP was not significantly affected by binding of
2,3-napthalenediol and no re-arrangement of the CP-binding mobile loop
α4 - β2 (132-140) was detected upon 2,3-napthalenediol binding (Figure
4a – c). These data imply that 2,3-napthalenediol could “hold” PfATC in
its unliganded-like low affinity T-confirmation. Further optimization of
the initial scaffold would likely take advantage of the intersubunit hydrophobic cavity and the induced channel leading to the active site (Figures
4g – i). Comparison with the ATC subunit of human CAD [25] shows that
only eight residues in close proximity of 2,3-napthalenediol are conserved
(Arg109, Ser113, Leu126, Glu140, Asp144, Tyr152, Pro333 and Pro335),
while the rest of the residues formingthe cavity remain diverse. Significantly lower evolutional conservation of 2,3-napthalenediol binding site
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compared to nearly 100 % conserved active site of PfATC provides an
opportunity for selective inhibitor design. Furthermore, the intersubunit
cavity of PfATC hosts a unique pair of cysteines (Cys100, Cys112) from adjacent subunits located approx. 5 Å away from each other. The presence of
this cysteine pair is mainly observed in Plasmodium species, while none
of other ATC’s from homologous organisms with sequence identity over
30 % possess either Cys 100 or Cys112 (Figure 2 from [11]), providing an
additional opportunity for highly specific drug discovery targeting PfATC.
Although these two cysteines do not form disulfide bonds in either of the
reported structures of PfATC, their presence is unlikely coincidental, as
mutagenic substitution of Cys112 with alanine results in significantly reduced thermal stability of PfATC (unpublished data). Analysis of the inhibitory properties of compounds structurally related to 2,3-napthalenediol
(Figure 2f) shows that removal or substitution with amino group of one
of the hydroxyl groups of 2,3-napthalenediol was not beneficial. Attempts
to further exploit the hydrophobic cavity opposite to hydroxy-groups side
using brominated 2,3-napthelediol analogues also did not yield significant improvements. None of the selected compounds could be clearly observed in co-crystallization trials with the exception of 2-amino-3-napthol
and 6,7-dibromo-2,3-napthalenediol. Binding of 2-amino-3-napthol was
virtually indistinguishable from 2,3-napthalenediol, however the exact
positions of the amino and hydroxyl groups of 2-amino-3-napthol could
not be identified. Due to significantly reduced inhibitory properties (Figure 2f) as well as no detectable thermal stabilization (DSF) and binding
to PfATC (MST) (data not shown), 2-amino-3-napthol was not further addressed in this study. The crystal structure of PfATC co-crystallized with
6,7-dibromo-2,3-napthalenediol showed the presence of two strong electron density peaks near the binding site of 2,3-napthalenediol, which were
interpreted as bromine atoms and further confirmed by anomalous data
collected near the bromine absorption edge (data not shown). Due to the
lack of unambiguous density allowing the positioning of the naphthalene
moiety of the entire compound as well as highly disordered mobile loops
α4 - β2 (132-140) and α9 - β8 (296-313), the corresponding structure
could not be fully modelled with sufficient confidence and is not reported
in this study.
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Overall, identification of the inhibiting compound binding in a hydrophobic moderately conserved intersubunit cavity in close proximity of the
active site of PfATC and structural rearrangements associated with it’s
binding provide an opportunity for further drug developments and could
result in highly specific PfATC inhibitor. Such a compound would aid in
validation of PfATC as a drug target and could be an addition to the antimalarial “toolbox”.
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Abstract
Pyridoxal kinases (PdxK) catalyze the phosphorylation of vitamin B6 precursors. Thus, these enzymes are an essential part of many metabolic processes in all organisms. The protozoan parasite Plasmodium falciparum
(the main causative agent of Malaria tropica) possesses a unique de novo
B6-biosynthesis pathway in addition to an interconversion pathway based
on the activity of plasmodial PdxK (PfPdxK). The role of PdxK in B6 salvage has prompted previous authors to suggest PdxK as a promising target for structure-based antimalarial drug design. Here, the expression,
purification, crystallization and preliminary X-ray diffraction analysis of
PfPdxK are reported. PfPdxK crystals have been grown in space group
P21, with unit-cell parameters a = 52.7, b = 62.0, c = 93.7 A°, α = 90o, β =
95o, γ = 90o. A data set has been collected to 2 A° resolution and an initial
molecular replacement solution is described.
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1. Introduction
Malaria remains a major health problem, as approximately half of the
world’s population lives in regions where it is transmitted (i.e., in most
parts of the tropics and subtropics). Malaria is caused by infection with
one of several species of the genus Plasmodium, of which Plasmodium
falciparum is responsible for the most severe and lethal form [1]. In 2012,
Plasmodium infected over 200 million and killed at least 600,000 people
worldwide [2]. The actual number of deaths and infections is likely to be
higher, as in many cases the data is unavailable or undocumented. There
is as yet no effective vaccine available against malaria and the parasite
rapidly develops resistance to drugs used for its treatment, making the
identification of new drug targets important for global health [3-5]. New
antimalarial agents that provide higher efficacy and less toxicity are urgently required.
A member of the ribokinase superfamily, pyridoxal kinase (PdxK) functions in the vitamin B6 salvage pathway [6] and catalyzes the phosphorylation of pyridoxal, pyridoxine and pyridoxamine into precursors of the
active form of B6 (PLP) [7]. This active form is essential for both prokaryotes and eukaryotes as it is involved in a variety of metabolic processes as
a cofactor, as well as in combating oxidative stress caused by singlet oxygen [8, 9]. For example PLP is an essential cofactor in the activity of plasmodial Aspartate aminotransferase (PfAspAT), which has been suggested
to be a drug target as it bridges both carbon metabolism and nucleotide
biosynthesis [10-12]. Unlike mammalian cells, P. falciparum has a functional pathway for B6 de novo biosynthesis [13], which has already been
validated as a drug-target [14]. Additionally the parasite possesses an interconversion pathway based on PdxK, which has already been exploited
for pro-drug discovery [15].
Pyridoxal kinases have been structurally characterized in several organisms including H. sapiens [16], E. coli [17], B. subtilis [18], A. thaliana
[19] and in the parasite T. brucei [20]. PdxK has been proven to be essential for growth of T. brucei, as knock-out parasites were unable to survive
in PLP-free medium [21].
The availability of a crystal structure of the plasmodial PdxK (PfPdxK)
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is essential in the dissection of the unique vitamin B6 salvage pathway of
P. falciparum [13] and its validation as a drug target in the treatment of
malaria. It will provide new details into the mechanism of the B6 interconversion pathway and can also be used in comparative studies with PdxK
homologs from other organisms. PfPdxK is a polypeptide of 497 amino
acids with a predicted molecular mass of 57.2kDa [13]. Sequence analysis of wild-type PfPdxK shows that it contains a 205-amino-acid insert
(109–314) that has no structural homologues. The 292 amino acids Nand C-terminal to this insert (51% of the sequence) can be aligned with the
H. sapiens PdxK (GenBank accession O00764) with 32% identity, resulting in an overall identity of 16%. The structural and functional differences
could be used in the design of selective antimalarials.
Here we report the expression, purification, crystallization and preliminary X-ray diffraction characterization of PfPdxK.
2. Methods
2.1. Macromolecule production
2.1.1. Cloning of PfPdxK
The PdxK gene of P. falciparum was amplified by polymerase chain reaction (PCR) using P. falciparum 3D7 cDNA as template and sequence-specific sense (5’-GCGCCCGCGGTATGAAGAAGGAAAATATTATCTCC -3’)
and antisense (5’- GCGCCCATGGGCAAAAAAAACAGGCTCTTC-3’) oligonucleotides containing AcII and NcoI restriction sites, respectively (Table 1). The PCR was performed with Pfu polymerase using the following
conditions: one cycle of 367K for 7 min followed by 35 cycles of 1 min at
367K, 1.5 min at 315K and 2 min at 341K, according to [13]. The PCR fragments were cloned into pASK-IBA3 previously digested with BsaI and the
nucleotide sequence was determined by automated sequencing (Seqlab,
Germany). Nucleotide-sequence and protein-sequence analyses were performed using the software Gene Runner. The final construct consisted of
full-length PfPdxK with the additional amino acids GHHHHHH (6 Histag) at the N-terminus (Table 1).
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2.1.2. Expression of PfPdxK
PfPdxK was recombinantly expressed in Escherichia coli Rosetta 2 (DE3)
(Novagen) using the expression plasmid pASK-IBA3-PfPdxK, which contains the open reading frame for the PfPdxK gene fused to a N-terminal
His-tag to facilitate purification. Recombinant protein was purified via
nickel-chelating chromatography employing the N-terminal His tag according to the manufacturer’s recommendations (Macherey and Nagel,
Germany). Transformed E. coli Rosetta 2 (DE3) cells were propagated in
2L of selective media (LB in the presence of 50 µg mL-1 Ampicillin, 35 µg
mL-1 Chloramphenicol, 4 mM MgCl2) at 310K in 2L baffled Erlenmeyer
flasks (Nalgene) and induced at an OD600 of 0.6 with 200 ng mL-1 anhydrotetracycline (AHT). After induction, the temperature of the culture was
lowered to 291K and the cells were incubated over night. Subsequently,
they were harvested by centrifugation at 10,000 x g for 30 min.
2.1.3. Purification of PfPdxK
The bacteria pellet was resuspended in 30 mL Lysis buffer A [100 mM Tris
pH 8.0, 300 mM NaCl, 20 mM imidazole, 5% (v/v) glycerol and 0.1 mM
β-mercaptoethanol (BME)]. The cells were lysed on ice by sonication and
the homogenate was clarified by centrifugation at 45’000 x g for 60 min.
It was not necessary to supplement the lysis buffer with lysozyme as sonication was sufficiently effective.
The supernatant containing the soluble His-tagged protein was filtered
using a 0.45 µm filter (Whatman) and incubated for 10 min with 1.0 ml
Ni-NTA affinity resin (Ni-NTA Agarose, Protino, Macherey Nagel, Germany) at room temperature. Recombinant protein was purified employing
the C-terminal His-tag according to the manufacturer’s recommendations. The following steps were also performed at room temperature as
no significant protein degradation was observed. The resin was poured
into a gravity-flow column (Bio-Rad) and washed with 50 mL lysis buffer
(as defined above), followed by 10 mL wash buffer [100 mM Tris pH 8.0,
300 mM NaCl, 50 mM imidazole, 5% (v/v) glycerol, 3 mM BME]. The
protein was eluted with elution buffer [50 mM Tris pH 8.0, 250 mM NaCl,
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0.3 M imidazole, 5% (v/v) glycerol, 3 mM BME].
The eluate was collected and concentrated to a volume of 1 mL and applied onto a HiLoad 16/60 Superdex 75 column (GE Healthcare) previously equilibrated with 10 mM 2-(N-morpholino)ethanesulfonic acid
(MES) pH 6.5, 100 mM NaCl, 100 mM ammonium nitrate, 5% v/v glycerol, 2mM BME. The gel-filtration buffer was chosen based upon a Thermofluor-based stability assay [22, 23](Figure 1), as previous crystallization
attempts resulted in crystals unsuitable for diffraction experiments. Thermofluor data were collected on a CFX96 Real-Time System (Bio-Rad). SYPRO Orange (Invitrogen) was added to the protein sample (concentrated
to 2 mg mL-1) at 1:500 dilution. Experiments were composed of 45 μL
of the buffer component to be screened and the 5 μL of the protein/dye
solution. Inflection points in graphs of relative fluorescence units (RFU)
against temperature were determined manually and used as an indicator
of the sample thermal stability in the buffer component screened. Comparisons were made against a control sample containing only water. The
final purified protein eluted as a single peak. This peak was pooled and
concentrated using a Spin-X UF concentration unit with a 10 kDa cut-off
(Corning). The final protein concentration was determined to be 10 mg
mL-1 based upon its theoretical absorbance at 280 nm [Abs0.1%(1 mg ml-1) =
0.49; http://web.expasy.org/protparam/]. The protein was immediately
used in crystallization trials. The protein purity was estimated to be better than 95% (Figure 1a) as assessed by Coomassie Brilliant Blue-stained
SDS-PAGE [24]. The final yield of purified PfPdxK was approximately 5
mg per litre of culture.
2.2. Crystallization of PfPdxK
Concentrated protein was submitted to the EMBL Hamburg high-throughput crystallization facility [25] for initial screening against the Classics and
Classics II Suites (Qiagen) sparse-matrix screening kits. All crystallization
was performed at 293 K using equal volumes (200 nL) of protein solution and crystallization reagent. Small crystals were observed in multiple
conditions. Manual hanging-drop optimization screens were performed
around these conditions in order to reproduce and improve the crystal size
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by varying the precipitant concentration, buffer and pH. Optimised trials
were performed using the hanging drop method, in which 1 μL of protein
solution at a concentration of 10 mg mL-1 was mixed with an equal amount
of reservoir solution and equilibrated over 1 mL of the reservoir solution
at 293 K. Diffraction quality crystals were obtained in 0.1 M HEPES pH
7.75, 0.2 M CaCl2, 31% (v/v) PEG 400, 5% (v/v) glycerol (Table 2, Figure
2a). Crystals appeared after 24 h and were suitable for diffraction studies
after one week.
2.3 Data collection and processing
2.3.1. Diffraction analysis
PfPdxK crystals were directly flash-cooled to 100K in the nitrogen stream
at the beamline. After initial analysis using the software BEST [26, 27] a
2.0-Å dataset was collected at X12 beamline (EMBL, DESY, Hamburg) using a beam size of 200 x 200 μm. Data-collection parameters are indicated
in Table 3. The space group of the PfPdxK crystals was determined to be
P21, with cell parameters of a=52.7, b=62.0, c=93,7, α=90o, β=95o, γ=90o.
Based on these cell parameters, a single PfPdxK molecule is expected in
the asymmetric unit with a Matthews’ coefficient of 2.87 Å3 Da-1 and a solvent content of 57% [28]. Data were reduced using the XDS/SCALE [29,
30]. Data were merged using AIMLESS. An Rfree set [31] for use in subsequent structure refinement and validation was created using 5% of the
reflections selected at random. The data set was examined for indications
of twining, but no statistically significant twining could be found.
2.3.2 Molecular Replacement
Molecular replacement was performed using the BALBES pipeline [32].
Automated database searching within BALBES provided a number of homologous structures for use as molecular-replacement models. An initial
solution was found using the coordinates of sheep brain PdxK (PDB entry
1RFU, [33]) as a search model. This solution was found using the 1RFU
structure sequence modified for molecular replacement to match the se
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Table 1.
Source organism

P. falciparum

DNA source

P. falciparum 3D7 cDNA

PlasmoDB ID

PF3D7_0616000

Forward primer

5-GCGCCCGCGGTATGAAGAAGGAAAATATTATCTCC-3

Reverse primer

5-GCGCAAGCTTCTAATGATGATGATGATGATGTCCAAAAAAA
ACAGGCTCTTCTTTAATTAAAATATC-3

Expression vector

pASK-IBA3 (IBA Lifesciences)

Expression host

E. coli Rosetta 2 (DE3)

Complete amino-acid sequence

MGDRGMKKENIISIQSQVFDGFCGNNIAAFVFRRRGHIPKILNTVQY

of the construct produced

YSKFKHSGVELNSQEVDIILSEYNKDQEFMNDSNIYFLTGYIKNAEC
VDMVTKNILELRRKRKIHRGKSNDNNMNGHMNGHMNGHMNGHMNGHM
NGHMNGHMNGHMNGHMNGHMNGHMNGHTNGHMNGHMNDHMNGHMNGH
TNDHMNGHTNDHMNGHTNDHMNGHTNDHMNDHMNGHTNDHMNDHMND
HMNGHTNSHTHGLTNGHMDEPNGEHPYRLMNSNELKSSHQIIPQGKQ
IHEKDMLKNNILTISQGRKKDEELYFIENIINLNFLWVCDPVMGDNG
RLYVDERVVESYKKAIEYVDIITPNQYETELLCGIKINEEKDVIKCL
DVLLHKGVKIVIITSVNYNFDKDHLFLYVSFFNNKNKIVYFKYKILK
IHFNCFGSGDLFSCLLSFIVKQKGNILHIISKVLNIVQNVIKNSLTG
LELNIIENQDIIASDGLINDILIKEEPVFFGHHHHHH

Length of the construct (amino 508
acids)
Molecular weight of the con-

58.5

struct (kDa)
Abs 0.1% (1mg ml-1) of the con-

0.48

struct
Complete amino-acid sequence

MKKENIISIQSQVFDGFCGNNIAAFVFRRRGHIPKILNTVQYYSK-

of wild-type PfPdxK

FKHSGVELNSQEVDIILSEYNKDQEFMNDSNIYFLTGYIKNAECVDMVTKNILELRRKRKIHRGKSNDNGNMNGHMNGHMNGHMNGHMNGHMN
GHMNGHMNGHMNGHMNGHMNGHMNGHTNGHMNGHMNDHMNGHMNGHTNDHMNGHTNDHMNGHTNDHMNGHTNDHMNDHMNGHTNDHMNDHMNDHMNGHTNSHTHGLTNGHMDEPNGEHPYRLMNSNELKSSHQIIPQGKQIHEKDMLKNNILTISQGRKKDEELYFIENIINLNFLWVCDPVMGDNGRLYVDERVVESYKKAIEYVDIITPNQYETELLCGIKINEEKDVIKCLDVLLHKGVKIVIITSVNYNFDKDHLFLYVSFFNNKNKIVYFKYKILKIHFNCFGSGDLFSCLLLSFIVKQKGNILHIISKVLNIVQNVIKNSLTGLELNIIENQDIIASDGLINDILIKEEPVFF

Length of the wild-type PfPdxK
(amino acids)
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497

Molecular weight of wild-type

57.2

PfPdxK (kDa)
Abs0.1% (1mgml1) of wild-type

0.49

PfPdxK
Macromolecule-production information. The SacII (forward primer) and HindIII (reverse primer) cleavage sites are underlined and the six-His tag is underlined and shown in italics both in the
reverse primer and in the complete construct sequence.

quence of PfPdxK, with a Z-score of 4.6 and R and Rfree factors of 0.546 and
0.546, respectively. Amino acids of the search model (PDB entry 1RFU)
that were identical to the PfPdxK sequence were left unmodified, while
non-identical amino acids were truncated to the last common atom, with
the chemical identity of the atom changed to match the PfPdxK sequence
when necessary. Initial restrained refinement was performed within the
BALBES automated pipeline, using REFMAC5 [34]. This resulted in a
model containing the aligned portions of PfPdxK (amino acids 5-103 and
310-485), with R and Rfree factors of 0.482 and 0.506, respectively (Figure
3a,b; Table 3).
Table 2.
Method
Temperature (K)
Protein concentration (mgml1)
Buffer composition of protein solution

Hanging drop
293
10
10 mM MES pH 6.5, 0.1 M NaCl, 0.1 M ammonium nitrate, 5% (v/v) glycerol, 2 mM BME

Composition of reservoir solution

0.1 M HEPES pH 7.75, 0.2 M CaCl2, 31% (v/v)
PEG 400, 5% (v/v) glycerol

Volume and ratio of drop (nl)
Volume of reservoir (ml)
Crystal size (maximal dimension) (m)

200, 1:1
1
100

Crystallization parameters
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Figure 1

Figure 1. (a) 8% SDS–PAGE of the purified PfPdxK. Sample was boiled in SDS-loading buffer prior to loading and the gel was stained with Coomassie Blue. Left lane, PfPdxK sample. Right lane,
unstained protein marker (Thermo Scientific; labelled in kDa). (b) Thermal shift assay results for
PfPdxK. When exposed to sodium chloride (i), BME (ii), ammonium chloride (iii) and MES pH 6.5
(iv) PfPdxK samples showed positive shift in thermal stability.

Figure 2.

Figure 2. (a) Diffraction-quality single PfPdxK crystals grown in 0.1 M HEPES pH 7.75, 0.2 M
CaCl2, 31% (v/v) PEG 400, 5% (v/v) glycerol. (b) Example of the diffraction frame obtained from a
PfPdxK crystal on beamline X12 at the EMBL, Hamburg. The edge of the detector corresponds to a
resolution of 2 Å. The corresponding beamline parameters are given in Table 3
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3. Results and Discussion
We have reported the availability of PfPdxK crystals suitable for diffraction analysis. The initial crystallization conditions for PfPdxK were obtained using the EMBL high-throughput crystallization facility [25] and
subsequently refined using manual hanging drop screens. Small crystals
(5–10 µm) were obtained when PfPdxK was concentrated in a buffer composed of 10 mM Tris pH 8.0, 150 mM NaCl prior to crystallization screening. However, the small crystal size resulted in poor diffraction (8–10 Å
resolution) unsuitable for structure determination.

Table 3
Data-collection statistics:
Beamline

X12, EMBL Hamburg

Wavelength (Å)

1 Å (12.398 keV)

Temperature (K)

100, Oxford Cryostream 700 series

Oscillation range (o)

0.2

Detector

MARCCD 245

Crystal-to-detector distance (mm)

180

No. of frames

600

Exposure per frame (s)

36
Data-integration statistics:

Space group
Unit cell parameters

P 21
a=52.7, b=62.0, c=93.7
α=90o, β=95o, γ=90o

Resolution limits (Å)
Total No. of reflections

8.92 – 1.99 (2.05-1.99)
39368 (2753)

Multiplicity

2.55 (2.50)

Completeness (%)

95.3 (90.1)

Rmerge (%)

4.4 (78.8)

Mean I/σ(I)

13.11 (1.35)

Results of data collection from PfPdxK crystals
Rmerge is defined as ΣhklΣi|Ii(hkl)-<I(hkl)>|/ΣhklΣiIi(hkl), where Ii(hkl) is the ith intensity measurement
of reflection hkl and <I(hkl)> is the average intensity from multiple observations.

231

An important step was the optimization of the gel-filtration buffer using
the Thermofluor method [22, 23]. As shown in Fig. 1 (b), PfPdxK shows
increased thermal stability in the presence of β-mercaptoethanol (+5 K),
ammonium chloride (+7 K) and MES pH 6.5 (+2 K) with respect to a water control. Thermofluor analysis also indicated that 100 mM NaCl was
the optimal ionic strength of NaCl, with higher concentration of NaCl resulting in thermal destabilization. Optimized PfPdxK crystals suitable for
diffraction measurements were obtained from the protein concentrated to
10 mg mL−1 in gel-filtration buffer in a 1:1 ratio with 0.1 M HEPES pH 7.75,
0.2 M CaCl2, 31% (v/v) PEG 400, 5% (v/v) glycerol. The optimized crystals used for data collection had maximal dimensions of 100 μm and diffracted to 2 Å resolution on beamline X12 at EMBL (Hamburg). The data
collection and processing statistics are shown in table 3. While the data
quality in the highest resolution bin is relatively poor (Rmerge = 51.7 %),
sufficient signal exists for the use of this data in refinement based on maximum likelihood algorithms (I/s(I) = 2.03, [34]). An example diffraction
pattern is shown in Figure 2b. Initial molecular replacement trials were
performed in BALBES [32] using REFMAC5 [34] and a potential solution
was found using the coordinates of PdxK from sheep brain ([33], PDB
entry 1RFU,), which showed 14% sequence identity overall (Figs. 3a,b).
There is a large insertion (104–309; 205 amino acids) in the PfPdxK sequence that has no structural homologue. While the remaining 303 amino
acids of PfPdxK have a reasonable homology (28% identity) with 1rfu, we
believe that this unmodelled portion may explain why the molecular-replacement solution and initial R factors are worse than might have been
anticipated. However, the structure solution and refinement of PfPdxK
are in progress and will be reported elsewhere. The determined structure
is likely to aid in dissecting the plasmodial vitamin B6 metabolism and
further anti-malarial drug design.
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Figure 3

(a) A diagram showing the preliminary model of the PfPdxK asymmetric unit. The molecular-replacement solution is shown in red and symmetry-related molecules are shown in green. (b) A diagram
showing the preliminary 2Fo − Fc electron-density map contoured at 1.4σ. The map was calculated
with weighted phases from REFMAC5 [34] following restrained refinement of the molecular-replacement solution. These diagrams were created using PyMOL (v.1.5.0.4; Schrödinger).
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Chapter 8

Summary and Future Perspectives
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Summary
Despite reported elimination from many regions, malaria remains a devastating burden to the human population, annually infecting millions and
killing hundreds of thousands people, predominantly in Africa, and delaying economic development in endemic regions[1, 2].
Rising phenotypic and clinical resistance against all chemical entities
used against malarial parasites urgently requires a continuous supply of
novel antimalarial drugs [3-9]. Recently Verlinden et al. stated that clinical lifespan of novel antimalarials must at least exceed the time required
for drug development[3]. This task requires significant efforts in speeding
discovery and validation of new antimalarial drug targets, parallel to the
development of novel drugs, delivery strategies and resistance prevention. This thesis was primarily focused on new drug target identification
and providing means and structural information for target validation in
Human malaria. The introductory Chapter 1 presents an overview of the
academic publications addressing these topics in detail.
In Chapters 2 & 3, we stress the urgent requirement of novel probe techniques to be developed in order to tackle yet far more rapid rate of the
drug resistance development of the parasite.
Chapter 2 reviews the pool of the malarial mitochondrial and carbon
metabolism targets that have received attention in recent years in order
to draw more attention to unexplored areas [10]. We discuss the “Harlow-Knapp” effect in antimalarial research, as scientists tend to further
research well-known targets and pathways, improving existing drugs
rather than exploring less studied directions. Plasmodial bc1 complex (a
target of Atovaquone) and a validated antimalarial target dihydroorotate
dehydrogenase (PfDHODH) are striking examples of the Harlow-Knapp
effect and the number of articles featuring both enzymes is continuously rising [11-14]. The main reason of such a tendency is lack of specific
probe-tools in the antimalarial “toolbox” allowing targeted interference
with previously unexplored enzymes and pathways of interest.
We propose a novel method for specific modulation of target protein activity using a common biological feature – oligomerization. In this meth-
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od the target proteins are probed using their own mutagenic copies, thus
bypassing common challenges such as expensive inhibitor design, (often)
unreliable genetic manipulation techniques or ambiguous in vivo results
of the drug tests due to the poor transport, drug degradation or localization. An example of such ambiguity is given in the Chapter 2, where orotate phosphoribosyltransferase from Plasmodium falciparum (PfOPRT)
has not yet been validated as drug target despite the predictions and identification of tight-binding in vitro inhibitors. Although these inhibitors
were able to clear parasitemia from P. berghei –infected mice, no in vivo
efficacy against P. falciparum was observed [15]. It is unknown whether PfOPRT was dispensable for parasites survival or whether the assayed
drugs were simply non-effective, degraded or couldn’t reach their target
in vivo.
The Protein Interference Assay (PIA), introduced in Chapter 2, requires
structural information on the target system, which is used to generate
functionally affected mutant species. These mutant proteins are able to
recombine with their wild type counterparts, modulating their activity
and thus providing an opportunity for highly specific interference with
the target proteins in vitro. Furthermore, overexpression of such mutants
within Plasmodium parasites using transfection technique would allow
in(ex) vivo interference and subsequent phenotypic analysis and drug target validation. The facts that the majority of the protein structures deposited in the Protein Data Bank [16], belong to oligomeric species, as well as
the overall lower evolutional conservation of oligomeric interfaces, compared to often highly conserved active sites [17-20], make PIA a promising
addition to the antimalarial “toolbox”. We believe that PIA would aid in
validation of previously unexplored targets as well as re-evaluation of already studied systems, where current validation approaches have failed.
In Chapter 3, we continue the review of the current drug target validation
tools and the potential drug targets from various malarial pathways [21].
Analysis of the essential genes remains highly challenging despite great
improvements in the molecular genetics toolset in recent years. These
methods are often ineffective in challenging organisms with multiple stag-
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es in their life-cycle, such as Plasmodium parasites. New methods that
can provide reliable analysis of the essential genes are urgently required.
In this chapter, we specifically focus on the oligomeric surfaces and interactions and report the initial progress in utilizing structural information
on such surfaces in drug target validation. We use our previous data as an
example of specific target inhibition through Protein Interference Assay:
in vitro inhibition of Aspartate Aminotransferase (PfAspAT) [22] and in
vivo inhibition of PfPdx1/PfPdx2 complex (Plasmodial PLP-synthase) resulting in significantly increased sensitivity of the transfected parasites to
reactive oxygen species [23].
Using PIA in challenging and complex systems, such as malarial parasite,
would provide a number of advantages compared to the conventional validation methods. The complex lifecycle of the malarial parasite renders
stage-specific target analysis highly challenging. As parasite cultivation is
extremely difficult in such cases as mosquito- and dormant liver-stages,
the isolation of the parasites with integrated DNA modifications would
be nearly impossible, making the essential gene analysis using “standard”
techniques highly difficult.
High specificity of PIA is achieved due to the ability of the oligomeric surfaces to bind only to the “correct” partners, making potential cross-reactivity highly unlikely. Furthermore, such specificity allows target validation prior to initiating often expensive and laborious small-molecule
inhibitor design.
Controlled expression of the mutant probes within the parasite is facilitated through transfection [24-27], a well-understood technique that allows
quantitative analysis based on actual protein levels.
PIA also allows bypassing common and often host-specific target validation limitations, such as degradation of the inhibitor, poor membrane
transport or localization. The described PIA approach generates complete
mutant proteins directly within the parasite. These mutants are practically indistinguishable from their wild type targets, contain the necessary
targeting sequences and are constantly expressed.
In Chapter 4, further example of PIA modulation of the target enzyme
in vitro is reported [28]. We describe crystal structure of malate dehy-
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drogenase from Plasmodium falciparum (PfMDH) and identification of
the oligomeric interfaces, based on our previously collected X-ray data
[29]. We designed a number of point mutations interfering with the native tetrameric state of PfMDH. Introduction of a steric clash at one of the
interfaces, distal from the active sites, resulted in dimeric species with
significantly reduced specific activity. Furthermore, we show that mutant
dimers can recombine with the wild type PfMDH in vitro, rendering the
wild type-mutant chimera inactive. As both substrate and cofactor binding sites of PfMDH are highly conserved, design of a specific small molecule inhibitor would be extremely challenging and risky, as no evidence is
yet available to validate PfMDH as antimalarial drug target. However, the
use of PIA-generated PfMDH mutants provides an opportunity for rapid and an inexpensive acquisition of such evidence. Further experiments,
confirming PIA-inhibition of PfAspAT and PfMDH activity in vivo and
survivability of transgenic parasites are underway (Batista, Bosch, Lunev
et al., manuscript in preparation).
In Chapter 5, the crystal structure and preliminary characterization
of another promising antimalarial target, aspartate transcarbamoylase
(PfATC), is reported [30]. Based on the analysis of the crystal structure of
PfATC as well as previous reports on homologous ATC’s [31], we have designed mutant version of PfATC, lacking two key active site residues with
significantly reduced specific activity.
These results provide a basis for further PIA validation of PfATC as a drug
target. Firstly, recombinant co-expression of both wild type and mutant
PfATC would confirm the proposed ability of the mutant PfATC to incorporate into the native assembly, as neither introduced mutation was designed to interfere with the oligomeric state. Subsequent activity assays
are required to confirm the proposed inhibitory effect of introduction of
the mutant copy into the native assembly. As introduction of one mutant
copy would impair two out of three active sites, controlled overexpression of the mutant version would ensure that in each PfATC (mutant-wild
type) chimeric assembly at least two out of three subunits are mutated.
Furthermore, survivability of the transfected malarial parasites expressing mutated PfATC in addition to the endogenous wild type enzyme would
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show phenotypic effect of PIA-mediated specific inhibition of PfATC. Such
experiments are underway (Bosch, Lunev, et al., in preparation).
In addition to the efforts aimed at the validation of PfATC as a drug target
using PIA, conventional drug discovery approach was also used. In Chapter 6, identification of the lead compound inhibiting PfATC activity is reported [32]. Based on (semi)high-throughput screening, 2,3-napthalenediol was shown to significantly stabilize PfATC, bind and inhibit PfATC at
low micromolar concentrations. As observed in the crystal structure of
PfATC-inhibitor complex, 2,3-napthalenediol does not bind in the active
site cavity and does not seem to affect the binding of the first substrate,
carbamoyl-phosphate, suggesting an allosteric mode of inhibition. These
data provide structural basis for further rational drug or tool design.
In Chapter 7, expression, purification and initial X-ray structure solution of pyridoxal kinase from Plasmodium falciparum (PfPdxK) is reported [33]. This enzyme, catalysing the phosphorylation of the PLP (vitamin
B6) precursors, is suggested to be a promising drug target, as PLP is essential for the oxidative stress protection in malaria [23, 34] as well as
other metabolic processes. For example, the previously mentioned plasmodial aspartate aminotransferase (PfAspAT), bridging carbon metabolism, nucleotide biosynthesis and mitochondrial TCA cycle requires PLP
as a cofactor [22, 35, 36]. The data provided in this chapter is another step
in understanding the plasmodial metabolism.
Future perspectives
Our proposed PIA approach should be by no means limited to the malaria parasite. Other pathogenic systems where currently available genetic manipulations allow transfection and overexpression of modified
genes can be analysed using PIA. Cases where no such tools available yet,
should therefore receive additional attention in order to bypass the “Harlow-Knapp” effect and expand the drug discovery toolset.
We believe that the synergistic combination of multiple orthogonal approaches will drive the research towards elimination of malaria and other
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devastating diseases. Recent advances in such fields as systems biology,
high-throughput screening, metabolomics and genomic profiling in antimalarial research support this statement.
Indeed, several genome-scale models have already been generated for P.
falciparum in order to integrate the available knowledge and guide the future malaria research [37-40]. Although, systems biology has not yet been
widely acknowledged nor used as a research tool in anti-malarial drug
target validation, the field of in silico metabolic characterization is rapidly
evolving, as supported by reports of in silico elucidation of the chloroquine action in malaria [40] or prediction of the essential genes within P.
falciparum with little or no homology to human proteins [37-39]. The inevitable disagreements between in silico predictions and the experimental
data can and will lead to the improvement of current models.
Target re-evaluation strategy based on the published data can help prioritize the research in well-explored areas. For example, Chaparro and colleagues structured the current antimalarial portfolio in terms of complexity, safety implications as well as genetic, pharmacological and chemical
validation [41]. Moreover, investigation of parasitic resistome in addition
to the novel compound development can provide valuable insights. A recent systematic study of the genomic evolutionary response of P. falciparum towards small molecule treatments in order to map the genes responsible for drug resistance as well as to identify promising antimalarial
targets is such an example [42].
High-throughput screening of existing drug libraries [43, 44], pathway-targeted screening [45-48], screening of natural products and metabolites for antimalarial activity [49] as well as in-silico profiling [50]
have proved to be a valuable source of novel lead scaffolds, often providing highly promising antimalarial hits with low-nanomolar efficacy [45,
46].
(High-throughput) Protein X-Ray Crystallography, the most widely used
technique for high-resolution protein structure determination, remains a
working horse of drug discovery. The challenges it faced a few years ago
[51-53], such as technical and computational limitations in data collection,
interpretation and subsequent analysis, have been extensively addressed.
Significant advances in crystallographic methods, such as high-through-
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put crystal soaking using acoustic liquid dispensers [54], automated X-ray
data collection techniques and hardware [55-60] as well as rapidly evolving X-ray data processing methods [61, 62] now allow routine large-scale
experiments designed to screen thousands of compounds in a matter of
days. Additionally, insights into processes underlying the protein crystallization would allow reliable prediction and tailored design of optimal
crystallization conditions. Recently, Adawy & Groves reported a SLS/
SEC-monitoring approach that could predict the phase diagram parameters for the target protein at chosen conditions [63]. Furthermore, improved protein refolding techniques allow systematic analysis and design
of optimal refolding conditions for a wide range of insolubly expressed
proteins [64, 65].
Despite numerous reports of recent developments in CryoEM [66-70],
NMR spectroscopy [71-74] and XFEL [75-77], challenging the dominance
of classic X-ray protein crystallography [53, 78], it is unlikely to become
obsolete. Advantages of other methods, such as low sample requirements
and ability to monitor a near-natural state of the target can and should
be used to compliment crystallography, especially in cases where macromolecular systems cannot be crystallized. The fundamental differences between protein crystallography and other emerging methods provide
significant advantages such as tunable wavelength for anomalous data
collection. For the near future, crystallography will continue to play a major role [78], as a straightforward, well known, quick and easily accessible
high-throughput technique.
The future of drug discovery likely lies in synergistic use of orthogonal
approaches, confirming and complementing each other.
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Samenvatting en Toekomst Perspectieven
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Samenvattingen
Ondanks berichten over eliminatie van malaria in vele regio’s, blijft de
ziekte een verwoestende belasting geven op de wereldbevolking [1, 2]. Het
uitroeien van malaria vereist een onafgebroken aanvoer van vernieuwende
anti-malaria medicijnen [3-9]. Aanzienlijke inspanning in het versnellen
van ontdekking en validatie van nieuwe anti-malaria geneesmiddel targets
zijn nodig, parallel aan de ontwikkeling van vernieuwende geneesmiddelen, afgifte-strategieën en het voorkomen van resistentie. Dit proefschrift
was voornamelijk gericht op het identificeren van nieuwe drug targets en
het leveren van structuren en structuur informatie voor target validatie
van malaria bij mensen. Het introducerende Hoofdstuk 1 presenteert
een overzicht van academische publicaties die deze onderwerpen tot in
detail behandelen.
In Hoofdstuk 2 & 3, wordt de dringende behoefte benadrukt aan het
ontwikkelen van nieuwe probe technieken om de snellere medicijn resistentie ontwikkeling van de parasiet onderuit te halen.
Hoofdstuk 2 behandeld de mitogondrische en koolstof metaboliserende
malaria targets die recentelijk veel aandacht hebben gekregen om zo uit te
lichten welke onontdekte gebieden meer aandacht behoeven [10]. We discussiëren het “Harlow-Knapp” effect in antimalaria onderzoek, aangezien
wetenschappers vaak neigen naar onderzoek van bekende targets en
routes en het verbeteren van bestaande medicijnen, in plaats van het
verkennen van minder bestudeerde richtingen. De hoofdreden van deze
trend is het gebrek aan specifieke probe-tools in de anti-malaria “toolbox”
die gerichte tussenkomst van interessante enzymen en routes toestaan.
In Hoofdstuk 3, wordt het overzicht vervolgd van de huidige medicijn
target validatietools vanuit de verschillende malaria routes [21]. Analyse
van de essentiële genen blijft een zeer grote uitdaging, ondanks de enorme
verbeteringen in de moleculaire genetische toolset van de afgelopen jaren.
Deze methoden zijn vaak niet effectief in het aanpakken van organismes
met meerdere stadia in hun levenscyclus, zoals Plasmodium parasieten.
Er is een dringende vraag naar nieuwe methoden die een betrouwbare
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analyse kunnen geven van de essentiële genen. In dit hoofdstuk, ligt de
focus voornamelijk of de oligomere oppervlakken en interacties en wordt
de initiële voortgang van het benutten van de structuur informatie op
dergelijke oppervlakken gerapporteerd.
In Hoofdstukken 2 & 3 wordt een nieuwe methode aangedragen voor
specifieke modulatie van target eiwit activiteit door gebruik te maken van
een gezamenlijke biologische eigenschap – oligomerisatie. Gebaseerd
op beschikbare structurele informatie worden target eiwitten ge-probed
met hun eigen mutagene kopie om zodoende de gebruikelijke uitdagingen te omzeilen, zoals kostbare remmer design, (vaak) onbetrouwbare
genetische manipulatie technieken, of dubbelzinnige in vivo resultaten
van de geneesmiddel proeven door slechte transport, medicijn degradatie
of lokalisatie. Verder laat over-expressie van dergelijke mutanten binnen
Plasmodium parasieten, gebruik makend van een transfectie techniek,
in(ex) vivo interferentie toe en de daarop volgende fenotype analyse en
geneesmiddel target validatie. We geloven dat PIA helpt in de validatie
van eerder nog niet bestudeerde targets en ook re-evaluatie van eerder
bestudeerde targets, waar huidige validatie aanpakken tot dusver hebben
gefaald.
In Hoofdstuk 4, wordt nog een voorbeeld van PIA modulatie van het
target enzym in vitro beschreven [28]. We rapporteren het kristal structuur van malaat dehydrogenase van Plasmodium falciparum (PfMDH)
en identificatie van de oligomere interfaces, gebaseerd op onze eerder verzamelde röntgendiffractie gegevens [29]. We laten zien hoe het gebruik
van PIA-gegenereerde PfMDH mutanten toegepast kunnen worden voor
snelle en goedkope in vivo target enzym inhibitie. Vervolg experimenten
in vivo PIA-inhibitie van PfAspAT en PfMDH activiteit die en de mate
van overleven van transgene parasieten bevestigen is onderweg (Batista,
Bosch, Lunev et al., manuscript in preparation).
In Hoofdstuk 5, wordt d kristalstructuur en de voorlopige karakterisatie van nog een veelbelovend antimalaria target, spartate transcarbamoylase (PfATC) beschreven [30]. Deze data levert een basis voor verdere PIA
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validatie van PfATC als medicijn target. Dergelijke experimenten zijn in
voorbereiding (Bosch, Lunev, et al., in preparation). Bovenop de inspanningen gericht of de validatie van PfATC als medicijn target, gebruik makend van PIA, wordt ook de conventionele medicijn ontwikkeling aanpak
toegepast.
In Hoofdstuk 6, wordt de identificatie van de lead verbinding die
PfATC activiteit inhibeert beschreven [32]. Gebaseerd op een (semi)
high-throughput screening, laat 2,3-napthftaleendiol een significante stabilisatie, binding en inhibitie van PfATC zien bij laag micromolaire concentraties. Zoals geobserveerd in de kristalstructuur van het PfATC-inhibitor complex, bindt 2,3-naftaleendiol niet in de holte van de actieve
site en heeft geen invloed op de binding van het eerste substraat, carbamoyl-fosfaat, wat een allostere inhibitie suggereert. Deze data levert een
structurele basis voor verdere rationele geneesmiddelen en tool design.
In Hoofdstuk 7 wordt de expressie, opzuivering en eerste röntgendiffractie structuur opheldering van Plasmodium falciparum (PfPdxK) beschreven [33]. Dit enzym, welke de fosforylatie van de PLP (vitamine B6)
precursoren katalyseert, wordt gesuggereerd als een veelbelovend medicijn target, aangezien PLP essentieel is voor de oxidatieve stress bescherming bij zowel malaria [23, 34] als andere metabolische processen. De in
dit hoofdstuk geleverde data is wederom een stap voorwaarts in het begrijpen van het plasmodiale metabolisme.
Toekomst perspectieven
Onze beoogde PIA aanpak zou in geen geval beperkt moeten zijn tot de
malariaparasiet. Andere pathogene systemen waarbij momenteel beschikbare genetische manipulaties, transfectie en over expressie van gemodificeerde genen mogelijk maken en kunnen met behulp van PIA worden
geanalyseerd. De gevallen waar dergelijke tools nog niet beschikbaar zijn,
moeten daarom extra aandacht krijgen om het “Harlow-Knapp” effect te
omzeilen en zo de toolset voor het ontdekken van geneesmiddelen uit te
breiden.
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Wij geloven dat de synergetische combinatie van meerdere orthogonale
benaderingen, het onderzoek richting eliminatie van malaria en andere
verwoestende ziektes bevorderd. Recente ontwikkelingen op het gebied
van systems biology, high-throughput screening, metabolomics en genoom profilering bij antimalaria onderzoek ondersteunen deze stelling.
(High-throughput) Eiwit röntgendiffractie kristallografie, de meest gebruikte techniek voor het bepalen van eiwitstructuren met hoge resolutie,
blijft een werkpaard voor het ontdekken van geneesmiddelen. De uitdagingen van een paar jaar geleden [20-22] zoals technische en computationele beperkingen bij het verzamelen van gegevens, interpretatie en de
daarop volgende analyse, zijn uitgebreid behandeld.
Aanzienlijke vooruitgang in kristallografische methoden, waaronder
high-throughput kristal soaking met behulp van akoestische vloeistof dispensers [54], geautomatiseerde röntgen datacollectie technieken en hardware [55-60] alsmede snel evoluerende röntgen diffractie dataverwerking methodes [61, 62] maken het nu mogelijk om routinematig op grote
schaal duizenden verbindingen te screenen in slechts dagen. Ondanks
talrijke rapporten over recente ontwikkelingen in CryoEM [66-70], NMR
spectroscopie [71-74] en XFEL [75-77], welke de dominantie van klassieke
röntgendiffractie uitdagen [53, 78], is het onwaarschijnlijk dat deze techniek verouderd raakt. Voordelen van andere technieken, zoals lage benodigde monsterhoeveelheid en de mogelijkheid om een zo goed als natuurgetrouwe staat van de target te monitoren, zouden zeker gebruikt moeten
worden als aanvulling op kristallografische technieken, vooral in gevallen
waarin macromoleculaire systemen niet gekristalliseerd kunnen worden.
De fundamentele verschillen tussen eiwit kristallografie en andere opkomende technieken, leveren een aanzienlijk voordeel zoals aanpasbare
golflengte voor afwijkende data verzameling. Voor de nabije toekomst zal
kristallografie een grote rol blijven spelen [78], als een eenvoudige, bekende, snelle en gemakkelijk toegankelijke high-throughput techniek.
De toekomst van het ontdekken van geneesmiddelen ligt waarschijnlijk
in synergetisch gebruik van orthogonale benaderingen, die elkaar bevestigen en aanvullen.
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Resumo e Perspectivas futuras
Embora existam atualmente relatos da eliminação da malária em muitas
regiões, a doença continua trazendo consequências devastadoras para a
população humana [1, 2]. Erradicar a malária requer um fornecimento
contínuo de novos medicamentos antimaláricos [3-9]. São necessários esforços significativos para acelerar a descoberta e a validação de novos alvos de drogas antimaláricas, paralelamente ao desenvolvimento de novos
medicamentos, estratégias de entrega e prevenção de resistência.
O foco principal desta tese foi a identificação de novos alvos de drogas e
a disponibilização de meios e informações estruturais para a validação de
alvos terapêuticos para o tratamento da Malária Humana. O Capítulo 1
apresenta uma visão geral das publicações acadêmicas que abordam esses
temas detalhadamente.
Nos Capítulos 2 e 3, enfatizamos a necessidade urgente de desenvolvimento de novas técnicas de sondagem, a fim de enfrentar uma taxa ainda
mais rápida do desenvolvimento de resistência a fármacos do parasita.
O Capítulo 2 analisa o grupo dos alvos pertencentes ao metabolismo mitocondrial e do carbono do parasita Plasmodium que receberam atenção
nos últimos anos, a fim de chamar mais atenção para áreas inexploradas
[10]. Discutimos o efeito “Harlow-Knapp” na pesquisa de antimaláricos,
já que os cientistas tendem a pesquisar ainda mais alvos e caminhos bem
conhecidos, melhorando as drogas existentes ao invés de explorar as direções menos estudadas. O principal motivo dessa tendência é a falta de ferramentas de sondagem específicas na “caixa de ferramentas” antimalárica
que permitam uma interferência direcionada a enzimas e vias de interesse
previamente inexploradas.
No Capítulo 3, continuamos a revisão das ferramentas atuais de validação de alvos de drogas e os possíveis alvos pertencentes as diversas vias da
malária [21]. A análise dos genes essenciais permanece altamente desafiadora apesar das grandes melhorias no conjunto de ferramentas de genética molecular nos últimos anos. Esses métodos são muitas vezes ineficazes
em organismos com múltiplos estágios em seu ciclo de vida, como o para-
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sita Plasmodium. Torna-se urgentemente necessário o desenvolvimento
de novas técnicas que possam fornecer uma análise confiável de tais genes essenciais. Neste capítulo, focamos especificamente nas superfícies e
interações oligoméricas e relatamos o progresso inicial na utilização de
informações estruturais sobre essas superfícies na validação de alvos de
drogas.
Nos Capítulos 2 e 3, propomos um novo método para a modulação específica da atividade de proteínas alvo usando uma característica biológica comum – a oligomerização. Com base nas informações estruturais
disponíveis, as proteínas alvo são analisadas usando suas próprias cópias
mutagênicas, burlando dificuldades comumente encontradas neste tipo
de análise, como o design custoso de inibidores, técnicas de manipulação genética (frequentemente) não confiáveis ou resultados ambíguos dos
exames de drogas in vivo devido a transporte deficiente, degradação ou
localização da droga. Além disso, a superexpressão de tais mutantes nos
parasitas Plasmodium através da técnica de transfecção, possibilitaria a
interferência in(ex) vivo, posterior análise fenotípica e validação de alvo
terapêuticos.
Acreditamos que o ensaio de interferência proteica (protein interference
assay, PIA) possa auxiliar na validação de alvos anteriormente inexplorados, bem como na reavaliação de sistemas já estudados, onde as abordagens de validação atuais falharam.
No Capítulo 4, relatamos outro exemplo de modulação PIA in vitro
[28]. Relatamos a estrutura cristalina da enzima malato desidrogenase
de Plasmodium falciparum (PfMDH) e a identificação das interfaces oligoméricas, com base em nossos dados de raios-X previamente coletados
[29]. Mostramos, como o uso de mutantes PfMDH gerados por PIA possibilitam a inibição rápida e econômica de enzimas alvo in vitro. Outros
experimentos confirmando a inibição da atividade das enzimas aspartato
aminotransferase de Plasmodium falciparum (PfAspAT) e PfMDH por
PIA in vivo e avaliando a sobrevivência de parasitas transgênicos estão
em andamento (Bosch, Batista, Lunev et al., manuscrito em preparação).
No Capítulo 5, são relatadas a estrutura cristalina e a caracterização pre-
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liminar de outro alvo antimalárico promissor, a enzima aspartato transcarbamoilase (PfATC) [30]. Esses dados fornecem uma base para a validação da PfATC como alvo de drogas por PIA. Tais experimentos já se
encontram em andamento (Bosch, Lunev, et al., em preparação).
Além dos esforços voltados para a validação da PfATC como alvo de drogas usando PIA, a abordagem convencional de descoberta de drogas também foi utilizada. No Capítulo 6 relatamos a identificação do composto
principal que inibe a atividade da PfATC [32]. Com base em um (semi)
high-throughput screening, o composto 2,3-Napthalenediol demonstrou
significativa estabilização, ligação e inibição da PfATC em baixas concentrações micromolares. Conforme observado na estrutura cristalina do
complexo inibidor da PfATC, o 2,3-naftalenodiol não se liga à cavidade
do sítio ativo e não parece afetar a ligação do primeiro substrato, o carbamoil-fosfato, sugerindo um modo de inibição alostérico. Esses dados
fornecem uma base estrutural para o planejamento racional de drogas.
No Capítulo 7 relatamos a expressão, purificação e solução inicial da estrutura de raio-X da enzima piridoxal quinase de Plasmodium falciparum
(PfPdxK) [33]. Esta enzima, que catalisa a fosforilação dos precursores de
piridoxal fosfato (PLP, vitamina B6), é sugerida como um alvo de drogas
promissor, pois o PLP é essencial para a proteção contra o estresse oxidativo no parasita [23, 34] entre outros processos metabólicos. Os dados
fornecidos neste capítulo são um passo em direção à melhor compreensão
do metabolismo plasmodial.
Perspectivas futuras
A abordagem de PIA proposta neste trabalho não deve ser limitada de forma alguma ao parasita da malária. Outros sistemas patogênicos onde as
manipulações genéticas atualmente disponíveis permitem a transfecção
e a superexpressão de genes modificados podem ser analisados usando
o PIA. Casos em que ainda não existam ferramentas disponíveis, devem,
portanto, receber atenção adicional para burlar o efeito “Harlow-Knapp”
e expandir o conjunto de ferramentas para descoberta de medicamentos.
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Acreditamos que a combinação sinergética de múltiplas abordagens ortogonais impulsionará a pesquisa para a eliminação da malária e outras
doenças devastadoras. Os avanços recentes em campos como biologia de
sistemas, triagem de alto rendimento, metabolómica e perfil genômico na
pesquisa de antimaláricos apoiam esta afirmação.
A Cristalografia de Raio-X de Proteína (de alto rendimento), a técnica
mais utilizada para a determinação da estrutura proteica de alta resolução, continua sendo a ferramenta básica para o desenvolvimento de fármacos. Os desafios já enfrentados há alguns anos [51-53], como limitações técnicas e computacionais na coleta de dados, interpretação e análise
subsequente, tem sido amplamente abordados. Avanços significativos em
métodos cristalográficos, como soaking de cristais de alto rendimento
usando distribuidores de líquidos acústicos [54], técnicas automatizadas
de coleta de dados de raios-X e hardware [55-60] bem como métodos de
processamento de dados de raios-X que evoluem rapidamente [61, 62]
agora permitem experiências de rotina em larga escala projetadas para
exibir milhares de compostos em questão de dias. Apesar de numerosos
relatos de desenvolvimentos recentes em CryoEM [66-70], espectroscopia de RMN [71-74] e XFEL [75-77], desafiando o domínio da cristalografia de proteína de raio X clássica [53, 78], é improvável que este se
torne obsoleto. As vantagens de outros métodos, como possibilidade de
se trabalhar com pequenas quantidades de amostra e capacidade de monitorar um estado quase natural do alvo, podem e devem ser utilizadas
para complementar a cristalografia, especialmente nos casos em que os
sistemas macromoleculares não podem ser cristalizados. As diferenças
fundamentais entre cristalografia de proteínas e outros métodos emergentes proporcionam vantagens significativas, como o comprimento de
onda ajustável para a coleta de dados anômalos. Para o futuro próximo, a
cristalografia continuará a desempenhar um papel importante [78], como
uma técnica de alto rendimento de uso direto, bem conhecida, rápida e
facilmente acessível.
O futuro da descoberta de fármacos provavelmente reside no uso sinérgico de abordagens ortogonais, confirmando e complementando-se.
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