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Synopsis of the thesis entitled
Metabolic significance of fumarate in Plasmodium falciparum and
biochemical and structural characterization of class I fumarate hydratase
from Plasmodium falciparum and Methanocaldococcus jannaschii
Submitted by
Vijay. ]
Molecular Biology and Genetics Unit, Jawaharlal Nehru Centre for Advanced

Scientific Research, Bangalore, India

Energy metabolism in Plasmodium falciparum asexual stages is unique with respect to the
set of pathways used to achieve the objective function of biomass production. ATP
demand of the parasite is almost completely met by substrate level phosphorylation
reactions of an unregulated glycolysis in the parasite with very low contribution from the
tricarboxylic acid (TCA) cycle (Lang-Unnasch & Murphy, 1998; White et al, 1983).
However, the TCA cycle in the intraerythrocytic stages of Plasmodium is completely
operational with low flux and is largely anaplerotic in nature (Cobbold et al., 2013;
MacRae et al, 2013). Anaplerotic contribution to the TCA cycle is mainly from three
metabolites viz., phosphoenolpyruvate (PEP) derived from glycolysis, glutamine (derived
from hemoglobin degradation and from host), and fumarate derived from purine
nucleotide cycle (PNC). Purine nucleotide cycle is a set of reactions in the parasite cytoso],
catalysed by three enzymes adenylosuccinate synthetase (ADSS), adenylosuccinate lyase
(ASL) and adenosine monophosphate deaminase (AMPD), that involve the cyclic inter-
conversion of IMP to AMP and the simultaneous conversion of one molecule of aspartate
to one molecule of fumarate and ammonia. The fumarate generated enters the
mitochondria and gets converted to malate and then to oxaloacetate through sequential
action of the enzymes fumarate hydratase (FH) and malate-quinone oxidoreductase
(MQO), the classical reactions of TCA cycle (Bulusu, Jayaraman, & Balaram, 2011).
Oxaloacetate generated can have multiple fates in the cytosol.

Through a reverse genetic approach, the anaplerosis through PEP has been shown to be
important for the asexual growth of the parasite (Storm et al,, 2014). In a separate study it
was shown that all the genes of the TCA cycle can be knocked out except for two, FH and
MQO, implying two facts; (i) the essentiality of the enzymes FH and MQO and (ii) the
dispensability of glutamine mediated anaplerosis(Ke et al, 2015). The metabolic

significance of fumarate anaplerosis is still not clear.



In this work, we intended to study the metabolic significance of fumarate generated from
PNC and biochemical characterisation of the first enzyme in fumarate metabolism,
fumarate hydratase. The thesis is broadly divided into two sections: the first section of the
thesis attempts to address the metabolic significance of fumarate generated from PNC.
This section also deals with the development of a methodology to trace the fate of
ammonia which subsequently can be used to trace the a-amino group of aspartate that
feeds into the PNC. The second section deals with the biochemical and structural
characterisation of fumarate hydratase from P. falciparum and Methanocaldococcus
jannaschii.

Chapter 1 provides an introduction to energy metabolism in P. falciparum in particular
covering glycolysis, TCA cycle and their cross talk with purine nucleotide cycle. Literature
survey of studies done regarding these pathways/enzymes is presented and their
implication in parasite metabolism is discussed. A comprehensive analysis of the
distribution of purine salvage enzymes in Alveolates, comprising of Apicomplexans,
Ciliates and Dinoflagellates is presented.

Chapter 2 addresses the importance of fumarate generated by PNC through an indirect
approach. Depletion of fumarate generated from PNC by direct inhibition of either ADSS
or ASL is not possible as it would interfere with the essential and the only step of AMP
generation. To achieve selective depletion of fumarate, we have episomally expressed in
P. falciparum an alternative AMP generating enzyme, Saccharomyces cerevisiae adenine
phosphoribosyltransferase  (ScCAPRT) that makes AMP from adenine and
phosphoribosylpyrophosphate. With two different sources of AMP, the endogenous AMP
biosynthesis pathway in P. falciparum can be inhibited at the level of ADSS by the small
molecule inhibitor, hadacidin. While the ScAPRT is functional, addition of hadacidin
would selectively deplete fumarate but not the AMP pool from the parasite cytosol. The
metabolic significance of fumarate can then be examined. This chapter deals with data
regarding generation of transfectants expressing ScAPRT, validation of the transgenic
parasites, functionality of the enzyme in the parasite compartment and hadacidin
inhibition experiments to address the consequence of fumarate depletion.

Chapter 3 deals with a genetic strategy involving depletion of fumarate hydratase (FH)
enzyme from the cell either by knocking out the gene in P. berghei or by conditionally
knocking down the protein level in P. falciparum. Genetic manipulation in P. berghei was
performed using a construct generated through recombineering strategy. A strategy
involving tagging of P. falciparum FH with E. coli DHFR degradation domain was
employed to knock down the level of the enzyme in the parasite. Validation of the

genotypes of the transfectants will be discussed.




Chapter 4 describes the methodology developed to follow the fate of !5N nitrogen.
Following the fate of ammonia/amino group in any organism is conventionally done by
mass spectrometry-based metabolomics. NMR analysis lags behind because of the low
sensitivity of 15N nitrogen but is advantageous in terms of spectral interpretation and
metabolite identification. We have attempted to develop a methodology to follow the fate
of 15N ammonia using NMR-based techniques and standardized the same using E. coli as a
metabolic system. The method was developed owing to availability of NMR machine time
and non-availability of mass spectrometer locally for such analysis. The chapter will
comprise the details about the metabolite derivatization methodology, NMR acquisition
methods and the metabolites identified using the same in E. coli.

Fumarate hydratase (FH) enzymes are classified into class-I and class-II based on the
presence or absence of iron-sulfur cluster in the protein (Woods, Schwartzbach, & Guest,
1988). Higher eukaryotes possess only the class Il enzyme devoid of iron-sulfur clusters.
Class I enzyme is present in many prokaryotes and lower unicellular eukaryotes. Class I
enzymes contain iron-sulfur cluster and a thorough biochemical characterisation of the
enzyme is absent. Class I enzyme comes in two variants- single subunit type and two
subunit type. Section II deals with the biochemical and structural characterisation of class
[ fumarate hydratase of both single-subunit type exemplified by the P. falciparum enzyme
and the two-subunit type exemplified by the M. jannaschii enzyme.

Chapter 5 provides an introduction to iron-sulfur cluster enzymes and principles of
methods used to characterize them. The role of the iron-sulfur cluster in fumarate
hydratase is suggested to be similar to that reported for aconitase- another iron-sulfur
cluster containing enzyme for which a detailed biochemical characterization exists. A
short description of the mechanism of action of aconitase is given as a primer for
understanding the fumarate hydratase enzyme. A very brief introduction to solving the
structure of a protein using X-ray is covered in this chapter.

Chapter 6 describes the efforts towards biochemical characterisation of fumarate
hydratase from P. falciparum. We confirmed the annotation of the enzyme as fumarate
hydratase by functional complementation in E. coli devoid of any fumarase activity.
Details of the generation of such an E. coli strain are also presented. We generated various
truncation constructs of the Plasmodium enzyme based on sequence alignment with other
class-1 enzymes. All the truncation constructs were tested for complementation in E. coli.
All the constructs were also used for heterologous expression of the enzyme in E. coli.
Although the protein was successfully expressed, it was found to be present largely as

inclusion bodies. A small amount of protein was found in the soluble fraction and this was
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found to be active. The protein was found to degrade with time and hence, activity was
rapidly lost. Our efforts to improve the solubility, stability and activity of the enzyme will
be discussed in this chapter.

Chapter 7 deals with two-subunit type class-I fumarate hydratase from M. jannaschii (Mj).
Plasmid constructs for expression of the a and 2 subunits, together as well as individually,
of the MjFH in E. coli were generated. Both subunits were over expressed and purified to
homogeneity. Unlike the Plasmodium enzyme this enzyme was found to be stable. The
subunits were biochemically characterized by mass spectrometry, fluorescence, circular
dichroism, and analytical gel filtration. The a-subunit was found to be a constitutive dimer
and the B-subunit a monomer; while the complex of a- and -subunits was found to be a
dimer of a heterodimer. Isothermal calorimetry based titration of the - subunit with a-
subunit indicated an endothermic heat change with a Kq value of 600 nM. For studying
various aspects of the iron-sulfur cluster, the protein was reconstituted in an anaerobic
chamber and subjected to different analyses. UV-visible spectrophotometry, visible CD,
native protein mass spectrometry and electron paramagnetic resonance spectra of the
reconstituted protein together suggested that the a-subunit alone harbours a 4Fe-4S
cluster and that the B-subunit has no role in cluster formation. Fumarate to malate
conversion by the reconstituted enzyme was monitored at 240 nm. Basic steady-state
kinetic experiments suggested that both a-reconstituted and of3-complex-reconstituted
with Fe-S cluster were active enzymes. However, the activity of the reconstituted alpha
subunit was low and increased 56-fold upon addition of stoichiometric amounts of the (3-
subunit.

Structural analysis of the individual subunits of MjFH and the complex were attempted
using x-ray crystallography. The crystallisation of both reconstituted and apoprotein
preparations of the enzyme were set up under different conditions, with a-subunit alone,
B-subunit alone and af3-complex. We successfully got crystals of -subunit and of the
apoform of af-complex apoprotein). The structure of B-subunit was solved using
molecular replacement and is deposited in PDB. The structure solution of aff-complex was
attempted using the structure of -subunit for phasing.

Chapter 8 summarizes the entire work done as a part of the thesis and major conclusions
are also presented. Future directions with respect different aspects of the work is also
presented.

Taken together, the work attempts to probe the metabolic significance of the fumarate
generated from purine nucleotide cycle in the intraerythrocytic stages of the parasite

using two different strategies. Class-I fumarate hydratase has been biochemically
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characterised from two organisms. Studies from the thermophilic two subunit enzyme

showed that the a-subunit alone is sufficient for iron-sulfur cluster ligation and is active.

The B-subunit interacts strongly with the a-subunit and enchances the activity of the a-

subunit by 56-fold. The structure of B-subunit has been solved to a resolution of 2.34 A.
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Chapter 1

An introduction to the crosstalk between purine and energy
metabolism in the malaria parasite Plasmodium falciparum

ABSTRACT

The two major objective of the thesis are to 1) investigate the metabolic significance of
fumarate generated as a by-product of AMP generation in Plasmodium falciparum, and to 2)
biochemically and structurally characterize iron-sulfur cluster containing class I fumarate
hydratases from P. falciparum and Methanocaldococcus jannaschii. An introduction to both
the objectives, experiments performed and the results are presented as two broad sections in
the thesis. This chapter provides a general introduction and a summary of literature survey
relevant to the topics discussed in section-. A general introduction to parasitism and a
description of the apicomplexan lineage is provided that includes the taxonomic positioning
and the lifestyle of the organism of interest, P. falciparum. This is followed by a brief
description of the various life-cycle stages of the parasite both in human and mosquito host.
A brief introduction to enerqgy metabolism is provided with a special focus on glycolysis, TCA
cycle and electron transport chain of the parasite. Purine metabolism in the parasite is
discussed with a special focus on purine salvage pathway, the enzymes and transporters
involved. Finally, the objectives that were formulated, that formed the basis of the work in

this section are presented.

1.1. General features of parasitism and apicomplexan lineage

Parasitism refers to an ecological relationship between heterologous organisms (either a
prokaryote or a eukaryote), wherein the parasite survives and grows at the expense of the
host. Parasitism can either cause morbidity, a diseased state, mortality i.e. death or even a
behavioural change that lead to the above-mentioned states (Esch and Fernandez, 1993;
Poulin and Morand, 2000). In cases where a parasite has many hosts, it may not share a
parasitic relationship with all of them. Therefore, an organism can have a parasitic
relationship with one host and a commensalistic/mutualistic relationship with another
host. A parasite may need multiple hosts to complete its lifecycle; with sexual
reproduction in the definitive host and asexual reproduction in the intermediate host.
Around 40% of known species are parasitic in nature (Dobson et al., 2008). Adopting a
parasitic lifestyle is known to be the major form of ‘strategy’ shifts that has occurred
multiple times across many taxa. Figure 1.1 schematically represents the relative

abundance of the parasitic organisms in different taxa. As is evident from the figure some
1
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taxa have organisms that are completely parasitic, others completely free living and few

with an intermediate number of parasitic organisms (Rohde, 1993).

1.0

4 Olwoa Pem@mda

P'ams
@ |
o

06
1

Arthropoda
N 1

PROPORTION PARASITIC SPECIES
04

(D
T T T T T
5 10 15 20 25

TAXA

0.2

0.0

0

Figure 1.1. Relative abundance of different taxa, and the proportion of parasitic
species in those taxa (figure reproduced from Rohde, 1982).

Taxa are numbered along the x axis as follows: 1, Mastigophora; 2, Opalinata; 3, Sarcodina;
4, Apicomplexa /Microspora; 5, Ciliophora; 6, Mesozoa; 7, Porifera; 8, Cnidaria; 9,
Ctenophora; 10, Platyhelminthes; 11, Priapulida; 12, Entoprocta; 13, Nemertina; 14,
Nemathelminthes; 15, Annelida; 16, Pentastomida; 17, Arthropoda; 18, Tentaculata; 19,
Mollusca; 20, Echiurida; 21, Sipunculida; 22, Hemichordata; 23, Echinodermata; 24,
Pogonophora; 25, Chaetognatha; 26, Chordata. The area of a circle corresponds to the
natural log of the total number of species in a taxon, and the centre of the circle corresponds
to the proportion of parasitic species in that taxon.

All apicomplexan organisms are eukaryotic, single-celled, obligate parasites that
have evolved from a free-living flagellar photosynthetic ancestor (Arisue and Hashimoto,
2015). They are parasitic for a wide range of vertebrate and invertebrate organisms.
Along with dinoflagellates and ciliates, the whole group is classified under the
superphylum, alveolata. There are more than 300 genera in the apicomplexan phylum
under which approximately 6000 species have been named. This accounts for only 0.1%
of the estimated total number of organisms (1.2-10 X 10¢) in this phylum (Morrison,
2009). The name apicomplexan is derived from the apical complex that these organisms
possess, which is used for interaction with and invasion of the host cell surface. The apical
complex consists of rhoptries and micronemes which are secretory organelles that
contain the proteins necessary for motility and invasion processes. In apicomplexans,
such as gregarines and coccidians, the apical complex additionally consists of a conical

structure, the conoid which has unique protofilaments that help in mechanical aspects of
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invasion into the host cell. Many apicomplexan organisms have been studied extensively
from the perspective of biomedical and veterinary interests.

In all apicomplexan organisms, asexual cell division happens through closed
mitosis (Francia and Striepen, 2014). The closed-type of mitosis can be divided into four
representative types as exemplified by the kind of mitotic division seen in four major
genera in the phyla; endodyogeny in Toxoplasma spp., schizogony in Plasmodium spp.,
host cell transformation in Theileria sp. and finally endopolygeny in Sarcocystis species.
In schizogony, the nucleus divides multiple times in an asynchronous manner resulting in
non-geometric expansion of daughter nuclei that assembles to form a structure called
synctium in the cytoplasm. The daughter cells are subsequently released by the rupture of
the host cell. The complete cycle takes 48 h in P. falciparum but is different for different
species of Plasmodium. A single apicomplexan species can use more than one mitotic
strategy depending on the niche and the host cell type (Francia et al., 2012; Francia and
Striepen, 2014). Features of sexual differentiation and meiosis in this phyla are reviewed
in Smith et al. 2002. Metabolism is tightly interlinked with cell division (Lee and Finkel,
2013; Slavov et al,, 2014). The metabolic features that support such complex cell division

processes in apicomplexan parasites are still a fertile area of research.

1.2. Plasmodium: hosts and life cycle

Plasmodium, a genus under apicomplexa, consists of more than 200 diverse species that
can cause infection in a wide range of vertebrate hosts (Yotoko and Elisei, 2006). Around
51 species are known to infect mammalian host, 89 species infect reptiles and 32 species
infect avians. More species are being added to this genera with time. Except for the lizard
malaria-causing parasite, P. mexicanum which uses sand flies as a definitive host, all other
species use mosquito as their definitive host (Yotoko and Elisei, 2006). Another
distinguishing feature that is shared by Plasmodium species infecting mammals is their
habitation in anucleated erythrocyte, while in other species that parasitize lizard and
birds, nucleated erythrocytes are infected. A major shift in the apicomplexan phylogeny is
the event when Plasmodium evolved to use the mosquito as host. This adaptation to live in
the insect enabled the parasite to explore a diverse vertebrates as hosts (Portman and
Slapeta, 2014; Wellems et al., 2009). Moreover, the severity of infection as seen in humans
is not seen in other vertebrate hosts of the parasite. All the species are reported to have
14 chromosomes, a single mitochondrion in close association with a non-photosynthetic
plastid-like organelle, the apicoplast, and the defining feature of apicomplexa, the apical
body. P. falciparum is the deadliest of all human malaria parasites and is responsible for

most of the mortality associated with the disease. Multiple drug resistant strains have
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evolved in recent past and are a major concern in the endemic areas. Plasmodium species
have 4 major stages in their life cycle shown schematically in Figure 1.2.

a) Infective stage, when the parasite (sporozoites) enters through a mosquito bite into
their vertebrate host

b) Exoerythrocytic stage, when the sporozoites multiply through an asexual division
called schizogony in the liver and get released into the blood as merozoites;

c) Erythrocytic stage, when the released merozoites go through multiple rounds of
schizogony in the erythrocytes of the host;

d) Reproductive stage, in the mosquito where the parasite attains sexual maturity and

multiplies through sexual reproduction.

Human host f Mosquito vector

Intra-erythrocytic
development cycle \
48 hou NORION

Figurel.2. Complete life cycle of human malaria parasite P. falciparum

Sporozoites are transmitted to the human host via the bite of an infected Anopheles spp.
mosquito and then travel to the liver. Following development in the liver, tens of thousands
of merozoites are released into the blood and invade red blood cells. The parasites then
undergo repeated rounds of asexual multiplication (the intra-erythrocytic developmental
cycle), progressing through ring, trophozoite and schizont stages. In each cycle, a small
proportion (<10%) of parasites begin to develop into the sexual form of the parasite, which
is known as a gametocyte. This form is required for productive transmission to the mosquito
host. Commitment to sexual development is thought to occur in schizont stage. After 10-12
days of development, mature male and female gametocytes are ready to undergo the sexual
phase of the life cycle in the mosquito. Gametocytes differentiate into gametes and, after
fertilization, the resulting zygote (which develops into a motile form known as the ookinete)
develops into an oocyst. When the oocyst ruptures, haploid sporozoites are released, migrate
to the salivary glands and can then be transmitted to humans. Figure reproduced from
Ménard, 2005.




Chapter 1. Crosstalk between purine and energy metabolism in P. falciparum

1.2.1. Asexual and sexual stage development

After the mosquito bite, the plasmodium sporozoites can either stay at the site of bite for a
long time (Gueirard et al.,, 2010) or can invade through intracellular gaps and find their
way to the liver. Once in the liver, the parasites under a process of merogony which is
very similar to schizogony except for the fact that the daughter cells, though assembled,
are not released from the cell immediately. The division continues until thousands of
merozoites form and assemble in the mother cell. This marks the end of the
exoerythrocytic stage (Arnot and Gull, 1998; Huff, 1947). The merozoites once released
into the blood stream invade erythrocytes through their apical membrane complex and
initiate the asexual intra-erythrocytic division (schizogony) which causes most of the
symptoms associated with malaria. The intra-erythrocytic cycle of plasmodium species
varies from 24 hours as in Plasmodium knowlesi to 72 hours as reported for Plasmodium

malariae.
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Figure 1.3. Life cycle stages of P. falciparum

An illustration showing different life cycle stages of P. falciparum. The morphology shown
here closely resembles the one seen under the light microscope (100 X magnification) after
staining the culture with Giemsa staining solution.

Various stages involved in schizogony are explained based on both the morphology of
the parasite as it appears in the Giemsa-stained smear (Figure 1.3) of the infected blood
as well as various molecular processes that happen within the cell (Hanssen et al., 2010;
Bannister et al., 2000). Peculiar features associated with each of these stages are

described below.
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a)

b)

Ring: The name is derived from the fact that a merozoite after invasion into the
erythrocyte assumes a ring-like structure. As the parasite invades, it surrounds itself
with the erythrocyte membrane that subsequently buds off from the surface. The
membrane remains around the parasite throughout schizogony and is called the
parasitophorous vacuolar membrane (PVM). The mitochondrion stays in close
association with the apicoplast and the association continues for the rest of the
intraerythrocytic stages. Parasites have a sluggish metabolism in this stage and hence
this form of the parasite is resistant to many drugs that target metabolic activity of the
parasites. The stage typically lasts for 24 hours for P. falciparum and varies for
different species of Plasmodium.

Trophozoite: The most metabolically active of all the erythrocytic stages where the
raw materials needed for cell division is synthesized. Protein synthesis increases
manifold as evident from an increase in the number of the free ribosomes and
enlargement of the endoplasmic reticulum (ER). Mitochondria, apicoplast, and Golgi
complex also increase in their sizes. Some of the striking morphological features that
are apparent on imaging are the presence of membranous structure called Maurer’s
cleft extending from the parasite plasma membrane all the way up to the erythrocyte
membrane and the brown coloured digestive vacuole. The role of Maurer’s cleft is still
not clear though there are speculations that it may be involved in the transport of
molecules from the parasite to the erythrocytic surface. The brown colour of the
digestive vacuole arises from the detoxified polymer of heme, hemozoin.

Schizont: The defining feature of the stage is the division of nucleus and assembly of
the daughter cells. There is no tight control on the nuclear division process and a
number of daughter cells ranging anywhere between 15-20. Protein synthesis and
trafficking to the host cell surface continues during the stage. Mitochondria and
apicoplast divide and enter into each merozoite which subsequently gets covered
with a membrane through an unknown process. This leaves behind only the digestive
vacuole in the cytosol of the schizont. At the end of schizogony, the merozoites
rupture the host cell membrane and are released into the circulating blood ready for
another round of erythrocyte lytic cycle. Unlike other Haemosporidia, plasmodium
does not have a fixed number of lytic cycles before which sexual differentiation begins
(Schuster, 2002). This forms the basis of the in vitro culture of the intraerythrocytic
forms of the parasite which will proceed indefinitely provided suitable conditions are
maintained.

Sexually dimorphic male and female gametocytes develop from merozoites of the

asexual stages. The process is still intraerythrocytic and gametocytes in circulating
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peripheral blood can be taken in by the mosquito where they undergo sexual
reproduction. Therefore, gametocytes are called transmission stages. The process of
gametocytogenesis takes around 8 days for P. falciparum and has five distinct stages. The
commitment to gametocytogenesis takes place at the level of merozoites which can
emerge directly from the liver stages or from one of the intraerythrocytic lytic stages. The
committed merozoite differentiates and goes on to become either a male or a female
gametocyte. Thus, malaria parasites are basically hermaphrodites (Talman et al., 2004).
Along with the bloodmeal, the male gametocyte, and the female gametocyte enter
into the posterior midgut lumen of the mosquito. Here, the gametocytes differentiate and
become increasingly dimorphic. The sequence of the events starting from the haploid
gametocytes to haploid sporozoites that are ready to infect vertebrate tissue are
described in Smith et al. 2002 and Talman et al. 2004, and will not be discussed as it is not

relevant to this study.

1.3. Energy metabolism

All organisms need to spend energy to survive and propagate. Energy is generated and
stored in the form of potential energy of a chemical bond in organic molecules. The
enthalpy/energy needed to maintain this highly ordered state comes in two forms of
disequilibria; the ATP/ADP chemical disequilibrium and the electrochemical
disequilibrium between strong reductants in a cell (eg. NAD(P)H) and the usually more
oxidizing environment (Schoepp-Cothenet et al., 2013). The ATP/ADP disequilibrium is a
phenomenon in which, a cell maintains ATP, 5-10 times higher than the ADP
concentration. There are only two ways in which ATP can be made in the cell from ADP;
from substrate level phosphorylation and chemiosmotic coupling. Both these processes,
though have different efficiency of ATP generation, rely on a common concept of
harvesting energy from carbon-rich organic molecules, known as redox
disproportionation (Weber, 1997). In substrate level phosphorylation, as it happens in
glycolysis, there is a direct coupling of the energy derived, to synthesize ATP. Whereas, in
chemiosmotic coupling, the ATP is made indirectly. In this process, the energy derived
from redox disproportionation reactions (mainly reaction of the citric acid cycle)is stored
as reducing equivalents, NADH, and FADH. Through a series of reactions constituting the
electron transport chain the flow of electrons, facilitated by various electron carriers, is
used to generate a proton gradient across a membrane (mitochondrial membrane/
plasma membrane). Finally, the energy is harvested in the form of ATP by coupling this
proton gradient to the phosphorylation of ADP, in the enzyme complex called ATP

synthase. The electrons are accepted by different terminal electron acceptors; oxygen
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being the major electron acceptor in aerobic organisms. There are enormous variations
seen in organisms, with respect to the enzymes, substrates, electron carriers, and
terminal electron acceptors used to achieve the common goal of ATP synthesis (Voet and
Voet, 2011). In the following section, the energy metabolism of P. falciparum is discussed

with special emphasis on glycolysis, TCA cycle and electron transport chain.

1.3.1. Glycolysis in P. falciparum

Glycolysis comprises a set of biochemical reactions that converts carbohydrates (6

carbon) to pyruvate/lactate (3 carbons). The pathway constitutes the first component in

the complete oxidation of carbohydrate to carbon dioxide and water, the other

components being TCA cycle and electron transport chain. It was observed that P.

falciparum-infected erythrocytes take up 100 times more glucose than the uninfected

erythrocytes (Roth et al., 1988). Glucose once taken into the erythrocyte cytosol would be
immediately converted to glucose 6-phosphate (G6-P) by the action of human hexokinase

(HK). The subsequent action of a non-specific phosphatase on G6-P ensures that glucose

is available to the parasite compartment. The increased consumption of glucose by the

infected erythrocytes is attributed to both the transporters and the enzymes of the
parasite compartment. The glucose uptake is through a high-affinity facilitative hexose

transporter (PfHT) located in the parasite plasma membrane (Slavic et al, 2010;

Woodrow et al., 2000). The transporter is expressed throughout the life cycle of the

parasite and through the use of inhibitors, it has been shown to be essential for the

intraerythrocytic parasite development. A thorough investigation into the mechanism of
enhanced glycolytic flux is still missing, though we know a few contributing features of

Plasmodium glycolysis.

1) Unlike the human glucose transporter, glutl, which is highly specific for glucose, PfHT
can take in fructose as well. This differential substrate specificity has enabled the
design of drugs which specifically target the parasite transporter (van Schalkwyk et
al,, 2008).

2) The key regulatory enzymes of glycolysis, hexokinase, and phosphofructokinase are
reported to have low Ky, values for their substrate (Mony et al., 2009; Chan and Sim,
2005; Kumar and Banyal, 1997). P. falciparum phosphofructokinase (PfPFK) has a
higher specific activity compared to the mammalian enzyme. Additionally, allosteric
regulation usually seen in PFK, mediated by fructose 2,6 bisphosphate,
phosphoenolpyruvate and citrate, are completely absent in the parasite enzyme

(Mony et al., 2009).
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3) The higher specific activity of pyruvate kinase and lack of inhibition by fructosel,6
bisphosphate (F1,6-BP) (Chan and Sim, 2005).

4) Unlike lactate dehydrogenase (LDH) from other organisms, the plasmodial enzyme is
not inhibited by high concentrations of pyruvate, an adaptation reflective of the
microaerophilic nature of the organism (Shoemark et al, 2007; Vander Jagt et al,
1981). The enzyme lactate dehydrogenase is essential for the parasite and is highly
expressed (Vivas et al,, 2005). The crystal structure of this enzyme is different from
that of its host suggesting functional differences (Brown et al., 2004; Chaikuad et al,,
2005).

For continuous operation of the conventional glycolytic pathway ATP, NAD+ and
inorganic phosphate are needed. As ATP is available in excess in the cell, other factors
would be key determinants in deciding the glycolytic flux. Metabolic labelling studies
show that bulk of the glucose is metabolized to lactate ((Jensen et al., 1983)). The NAD+
generated by LDH reaction can fuel glycolysis. This would set in a self-sustaining
glycolytic reaction without the need to rely on any mitochondrial reactions for NADH.
Studies on intracellular inorganic phosphate levels are not performed in the parasite and
hence it playing a regulatory role could not be commented upon. Interestingly, glycerol
was found to be one of the metabolites formed from glucose in the intraerythrocytic
parasite (Lian et al., 2009). This implies the possible presence of a functional glycerol-3-
phosphate shuttle in P. falciparum and that the parasite has alternate mechanisms to
reoxidise cytosolic NADH. However, the enzymes involved in the formation of glycerol are
not known. Lian et al. have suggested the role of glycerol 3-phosphatase (unannotated) or
glycerol kinase, operating in the reverse direction (thermodynamically unfavourable) as
in trypanosomes, as probable enzymes involved in the formation of glycerol. Knockout of
glycerol kinase in P. falciparum resulted in sub-optimal growth during asexual stages
suggesting that it could have a significant role in the metabolism of the parasite (Naidoo
and Coetzer, 2013). An alternative explanation suggests that a non-specific acid
phosphatase can act upon glycerol 3-phosphate and form glycerol (Olszewski and Llinas,
2011). Further experiments would probably highlight the metabolic significance of
glycerol production in the parasite. The high flux of glycolysis seen in P. falciparum is also
seen in pathological states as in cancer (Roth et al., 1988). The cancer cells largely rely on

aerobic glycolysis to meet their ATP and anabolic requirements (Warburg 1956).
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A) Conventional glycolysis B) Cancer glycolysis C) Plasmodium glycolysis
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Figure 1.4. Unique features of glycolysis in cancer cells and in Plasmodium.

Panel A, B and C shows reactions of glycolysis. Key regulatory enzymes PFK and PK are
enclosed in boxes. Shaded boxes in the inset show the regulatory properties of the enzymes. A
black circle enclosing the alphabet A represents allosteric regulation by the metabolites that
follow. An inverted T represents inhibitory potential by the metabolite that follows. An
upward arrow indicates an increase in the value of the kinetic parameter that follows and
the reverse holds true for the downward arrow. A circle with a cross indicates a lack of
allosteric regulation by the metabolites that follow.

To achieve a higher flux of glycolysis most cancer cells express isoforms of key
regulatory enzymes, PFK, and PK that have a lesser degree of allosteric regulation by the
intermediates of the pathway (Schulze and Harris, 2012). In dysregulated glycolysis, the
only limiting factor is the availability of substrates and co-factors, as many of the
allosteric regulation of the enzyme is either lost or minimal as seen in cancer cells and
Plasmodium parasites. Apart from glucose, another substrate that could decide the flux
would be NAD+*, inorganic phosphate, ADP, and ATP. The intracellular concentrations of
these metabolites would place the upper limit on the flux of a dysregulated glycolysis.
Rate-limiting enzymes/metabolites of plasmodium glycolysis are still not known. Figure
1.4 shows unique features of Plasmodium glycolysis when compared to conventional

glycolysis and to the one seen in cancer cells.

1.3.1.1. Variations and significance of glycolysis in apicomplexans

All the enzymes of the glycolytic machinery are present in apicomplexans and all
organisms heavily depend on glycolysis for their ATP requirement. The excessive reliance
on glycolysis in spite of retaining the entire Kreb’s cycle machinery is thought to be an
adaptation to avoid reactive oxygen species, though the exact reason is still not clear. A
notable feature of the apicomplexan glycolysis is the presence of pyrophosphate-

dependent PFK in Eimeria, Cryptosporidium, and Toxoplasma (Mony et al., 2009; Boitz et
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al, 2013; Denton et al, 1994). Unlike the ATP-dependant PFK, the pyrophosphate-
dependent PFK reaction is reversible under physiological conditions and hence, can be
used for both glycolysis and gluconeogenesis (Mertens, 1991; Huang et al.,, 2008). The
enzyme contributes to the energy economy of the cell by using the energy derived from
pyrophosphate which otherwise would wusually be hydrolyzed to inorganic
pyrophosphate. The enzyme is thought to be evolved from ATP-dependent PFK and is
seen in many anaerobic organisms. Moreover, the gluconeogenic enzyme fructose 1, 6
bisphosphatase is absent in Cryptosporidium, Eimeria, and Plasmodia. Further,
gluconeogenic enzymes are reported to be essential for toxoplasma virulence and
infectivity (Blume et al., 2015) especially owing to differential nutrient availability in the
host system. Apart from their conventional role in glycolysis, certain glycolytic enzymes
like enolase and pyruvate kinase are also known to be involved in cellular invasion
machinery of the parasites (Pomel et al,, 2008). In theileria and to a lesser extent in
Eimeria and Toxoplasma infections, there is a parasite-induced increase in HIF-1 alpha
levels that results in an increase of glycolytic flux in the host cell (Metheni et al., 2015;

Menendez et al,, 2015; Spear et al.,, 2006).

1.3.2. Pyruvate dehydrogenase (PDH) complex

Under aerobic circumstances, the pyruvate formed from glycolysis is converted to acetyl-
coA by a multienzyme complex, pyruvate dehydrogenase. The enzyme PDH is closely
related to alpha-keto glutarate dehydrogenase and is hypothesized to have evolved from a
common ancestor, a branched chain keto acid dehydrogenase (Schreiner et al., 2005;
Schnarrenberger and Martin, 2002) . The constituent parts of the complex perform the
following function: E1 decarboxylates pyruvate and generates a covalent intermediate of
thiamine pyrophosphate and the acetyl group of pyruvate; E2 transfers the acetyl group
from thiamine pyrophosphate to lipoamide and subsequently on to a coenzyme A
molecule covalently attached to one of its lysine; E3 is involved in the regeneration of
lipoamide needed for E2 (Voet and Voet, 2011).

In all apicomplexans reported, pyruvate dehydrogenase (PDH) enzyme is either
absent or is localized to the apicoplast of the organism, implying the uncoupling of
glycolysis generated pyruvate and the OXPHOS pathway(van Dooren et al, 2006).
However, the recent reports suggest that an alternative enzyme BCKDH, might take over
the function of PDH and convert pyruvate to acetyl-CoA for use in TCA cycle (Oppenheim
et al,, 2014). The BCKDH gene is well conserved in apicomplexans and is localized to
mitochondria in most of the apicomplexans studied. The enzyme is required for full

virulence in both Toxoplasma gondii and P. berghei (Oppenheim et al., 2014). Glycolysis
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seems to be a potential source of ATP, however, pyruvate derived acetyl-coA seems to be

essential for these parasites.

1.3.3. Tricarboxylic acid cycle

Complete oxidation of any carbohydrate should result in the formation of carbon-di-oxide,
equivalent to the number of carbon atom in the starting sugar. Glycolysis partially
oxidizes glucose to pyruvate in which there are still reduced carbons available. PDH
complex completes the oxidation of one carbon and couples it to the reduction of one
NAD+ molecule. The process is put to completion by another set of enzymes that
constitute the tricarboxylic acid cycle (TCA). The cyclical nature of the pathway was put
forth by the classical paper of Hans Krebs (Krebs et al.,, 1938; Krebs, 1937) earning the
cycle the name, Krebs cycle. The pathway results in the complete oxidation of all the
carbons in acetyl-CoA. The net reaction of the cycle is the conversion of one molecule of
acetyl-CoA to 2 molecules of CO2. The process results in the formation of 3 molecules of
NADH, one molecule of FADH and one molecule of GTP/ATP. A large number of
moonlighting functions have been assigned to many enzymes of the pathway (Huberts
and van der Klei, 2010)

Apart from the oxidative role of the cycle, the intermediates of the cycle are
involved in many anabolic reactions and are siphoned off from the pathway, necessitating
reactions that can replenish the intermediates that in turn can keep the primary function
of the cycle, oxidation of carbons, still operative. Such reactions are called anaplerotic
reactions (Gibala et al., 2000; Owen et al., 2002). The term anaplerosis was first used by
Kornberg (Kornberg, 1966) to imply this phenomenon of C4 and C5 molecules feeding
into the pathway. A fine balance of anaplerotic and cataplerotic reactions (lipogenesis
and gluconeogenesis) is exploited by many human tissues to deal with varied metabolic
challenges posed to them like; starvation, fasting, and exercise. The major anaplerotic
enzyme in the eukaryotic system is pyruvate carboxylase that converts pyruvate to
oxaloacetate. This happens when intermediates of TCA cycle leading to oxaloacetate
formation are depleted or removed from the cycle for other functions. Other anaplerotic
reactions of TCA cycle include, formation of o«-ketoglutarate from
deamination/deamidation of amino acids, the formation of oxaloacetate from
phosphoenolpyruvate through the action of phosphoenolpyruvate carboxylase and
generation of fumarate from purine nucleotide cycle that operates especially during

exercise in skeletal muscles.
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1.3.3.1. Plasmodium TCA cycle
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Figure 1.5. Unique features of Plasmodium TCA cycle.

The boxes with dashed and solid black line represent the outer and inner membrane of the
mitochondrion. Red barrels represent transporters. Panel A shows typical citric acid cycle
and its associated malate-aspartate shuttle (MAS). Oxidized NAD* that is generated in the
cytosol as a result of MAS fuels the glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
reaction which could be rate limiting (see text). B) Plasmodium citric acid cycle driven
mainly by anaplerosis from glutamine-derived a-ketoglutarate, PNC derived fumarate and
glycolysis-derived PEP. The flux of glucose-derived pyruvate feeding the TCA cycle (through
the reaction of BCKDH as acetyl-CoA ) is minimal and is shown by a dashed box around
acetyl-coA. Other notable differences are the exclusive cytosolic localization of aspartate
aminotransferase (AAT), the type of fumarate hydratase enzyme used, and the fact that
malate to oxaloacetate reaction is catalyzed by two different enzymes in cytosol (malate
dehydrogenase) and mitochondria (malate-quinone oxidoreductase).

All the genes coding for a complete set of TCA cycle enzymes are present in the genome of
Plasmodium falciparum. Figure 1.5 compares and contrasts the features of Plasmodium

TCA cycle with that of the conventional one. As discussed in section 1.2.1.3 most of the
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ATP requirements of the asexual stages of the apicomplexan parasites are almost
completely met by glycolysis in spite of retaining a complete set of genes for TCA cycle
enzymes in the genome. The only exception to the above-mentioned metabolic feature is
in cryptosporidium, where there is a complete absence of TCA cycle components. Unique
features of apicomplexan TCA cycle are the presence of malate quinone oxidoreductase
(MQO), an NADP+-dependent isocitrate dehydrogenase (IDH), and class-I iron-sulfur
cluster dependent fumarate hydratase (FH). These genes are present in dinoflagellates,
the free-living ancestor of apicomplexans and hence, these are not associated with
parasitism (Jacot et al., 2016). A schematic representation of the gain and loss of certain
metabolic pathway genes of mitochondria during apicomplexan evolution is given in

Figure 1.6.
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Figure 1.6. Gain and losses of genes in apicomplexan energy metabolism

Schematic representation of gains and losses of genes involved in mitochondrial metabolism
of alveolates. Malate-quinone oxidoreductase (MQO), fumarate hydratase (FH), branched
chain keto acid dehydrogenase (BCKDH), pyruvate dehydrogenase (PDH), electron transport
chain (ETC) complex I, class I and class Il fumarate hydratase (FH (1/11)), branched-chain
amino acid degradation (BCAA), NAD*- dependent isocitrate dehydrogenase (IDH). The
figure is reproduced from Jacot et al., 2016.

Various metabolic labelling experiments suggested that during intra-erythrocytic
(IE) stages, the glucose derived acetyl-CoA formed by the action of BCKDH is insufficient
to sustain the complete flux of TCA cycle but operates in a stage-independent manner .The
anaplerotic flux through phosphoenolpyruvate carboxylase (PEPC) either through

oxaloacetate or malate seems to be significant and operates in a stage-dependent manner,

with peak contribution in the ring stages and then dropping off in trophozoites and
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schizonts (Cobbold et al.,, 2013). Glutamine mediated anaplerosis is suggested to be the
major flux driving the TCA cycle during the mature stages and minimal in the early stages.
The contribution of fumarate anaplerosis and stage dependence is not yet characterized
in the parasite asexual stages.

A study involving genetic knockout of each of the genes of the TCA cycle in P.
falciparum revealed that except for two enzymes, FH and MQO, all other genes were
amenable to genetic ablation in the intraerythrocytic stages of the parasite life cycle (Ke et
al, 2015) and hence not essential. However, these parasites were not successful in
establishing infection in mosquito implicating the essentiality of TCA cycle in sexual
stages of the parasite. The role of FH and MQO in the parasite asexual stage growth is still
not clear. The authors suggest the involvement of FH in aspartate generation and MQO in
mitochondrial biogenesis. Conditional knockdown studies could throw light on the

importance of these genes.

1.3.3.2. Source of acetyl-CoA

Feeble incorporation of label from glucose into TCA cycle intermediates implies that
glycolysis is largely disconnected from the TCA cycle in the parasite. This is further
supported by the finding that the pyruvate dehydrogenase (PDH) complex in P.
falciparum localizes to the apicoplast and not to the mitochondrion. A study by Pei et al.
showed that deletion of Ela or E3 subunit genes of PDH complex in the rodent malaria
parasite, P. yoelli caused no defect in blood, mosquito or early liver stage development.
However, the knockout parasites could not initiate the blood stage infection as they were
unable to develop into exoerythrocytic merozoites. This phenotype is similar to that
observed for deletions of genes (e.g. Fabl) involved in Type Il fatty acid synthesis (FAS II)
(Pei et al., 2010). Thus, these results indicate that the sole role of PDH is probably to
provide acetyl-CoA for FAS II rather than the TCA cycle. A similar study conducted in P.
falciparum indicated a dispensable role for the gene in the asexual stages of the parasite
(Cobbold et al., 2013). The same study reported two independent sources of acetyl-CoA
that is operating in these stages; 1) glucose-mediated acetyl-CoA production through an
oxythiamine sensitive pathway, which the authors speculate to be BCKDH and 2) an
acetate fixation pathway, wherein through the use of the enzyme acetyl-CoA synthetase
(either AMP-forming/ ADP-forming) the parasite is able to convert exogenously supplied
acetate to acetyl-CoA. They additionally also reported that percentage of label
incorporation from glucose to acetate pool is less and hence alternate sources of acetate
does exist in the parasite that accounts for the majority of acetyl-CoA pool of the parasite.
Annotation for carnitine acetyltransferase is missing, however, carnitine has been shown
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to provide growth support for erythrocyte free parasites in culture (Williams et al., 1998).

Molecular mechanism behind the growth advantage is still not clear.

1.3.3.3. Anaplerosis in Plasmodium TCA cycle
As evident from labeling studies on the in vitro culture of P. falciparum, TCA cycle is
largely anaplerotic in nature. A summary of literature available on three major

anaplerotic routes is presented here.

Glutamine mediated anaplerosis

13C-labeled glutamine incorporation into saponin released parasites, followed by mass
spectrometry of metabolites extracted from the parasite suggested the operation of a
complete oxidative TCA cycle (MacRae et al, 2013). The added glutamine must be
converted to a-ketoglutarate through glutamate for being incorporated into the TCA cycle.
The conversion of glutamine to glutamate can be brought about by various
amidotransferases (eg. carbamoyl phosphate synthetase, GMP synthetase,
glutamine:oxoglutarate aminotransferase etc.) that are present and expressed during the
IE stages of the parasite. Glutamate dehydrogenase or aminotransferases were speculated
to facilitate the subsequent conversion of glutamate to a-ketoglutarate. However, in a
recent report by Storm et al, using GDHa knockout strain of P. berghei, the non-
involvement of this gene in the generation of a-ketoglutarate was shown (Storm et al,,
2011). Also, through the use of the inhibitor L-cycloserine, it was shown that alanine and
aspartate aminotransferases are also not involved in facilitating this conversion. In this
context, an investigation into the role of GDHb and GDHc in generating a-ketoglutarate is
warranted. The fact that none of these enzymes are mitochondrially localized raises
serious doubts about the role of any GDH or aspartate aminotransferase in contributing to
TCA cycle reactions. The transport of cytoplasmic pool of alpha-ketoglutarate generated
by GDH (a/b/c) or by AAT, to the mitochondria still needs to be tested. The transporters
that can facilitate the process could be either malate oxoglutarate transporter or the

dicarboxylate-tricarboxylate transporter.

Phosphoenol pyruvate mediated anaplerosis
The enzyme PEPC, that converts phosphoenolpyruvate (PEP) to oxaloacetate, can divert
the glycolysis generated PEP to fuel the TCA cycle. The reaction is schematically shown

here.

PEP + CO; » Oxaloacetate + P;
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Plasmodium also has the enzyme that can catalyze the reverse reaction, phosphoenol
pyruvate carboxykinase (PEPCK). Transcriptional analysis revealed that the peak
expression of these two enzymes varies during the intraerythrocytic cycle. PEPC peaks
during ring and trophozoite stages whereas, PEPCK peaks during schizont stage. The
biochemical implication of this is still not clear. Metabolic labelling studies using 13C
labelled HCO3 showed that PEP indeed feeds anaplerotically into the TCA cycle. Recently,
Storm et al reported the generation of PEPC null Plasmodium strain (Storm et al., 2014).
An interesting observation from their study is that the knockout strain was generated
only upon supplementing the media with 5mM malate. The PEPC null parasite has a
stunted growth phenotype in normal RPMI containing growth medium and is rescued
partially by supplementing the medium with either malate or fumarate but not by
glycerol, citrate, aspartate, glycerol or succinate. This suggests the importance of cytosolic
malate/oxaloacetate pools in spite of the fact that plasmodium secretes a lot of malate
into the medium as a metabolic waste. The authors further showed the following
metabolic remodeling in the PEPC null parasites.
1) Glucose consumption by the PEPC null parasite is reduced by half as compared to
wild-type D10 parasite, and there is a decrease in the amount of lactate produced.
2) Increase in levels of pentose phosphate metabolites ribulose 5-phosphate and
sedoheptulose 7-phosphate.
3) Increased levels of glyceraldehyde 3-phosphate/dihydroxyacetone phosphate
suggestive of upregulated flux through glycerol-3 phosphate shuttle.
4) Reduced level of citrate production which in turn could reduce the NADPH
production in the mitochondrion by isocitrate dehydrogenase.

Overall, the study suggests that cytosolic NAD+ pools and cytosolic/mitochondrial
NADPH pools are critical for the parasite and significant level of NAD and NADPH are
generated by PEPC mediated anaplerosis. However, the completely normal growth
phenotype of IDH null parasite rules out any significant role of NADPH generated by the
IDH reaction (Ke et al,, 2015). Unlike in P. falciparum, the gene PEPC could be knocked out
without any phenotypic defect in P. berghei (Srivastava et al., 2015). This could be due to
species-specific adaption to different hosts.

The reaction of PEPC also generates a molecule of inorganic phosphate in the
cytosol. There are precedences where the concentration of cytosolic inorganic phosphate
determines or is rate limiting for the glycolytic flux (Kubista and Foustka, 1962; Lee et al,,
1967; Wu, 1965). The stunted growth phenotype exhibited by the PEPC null parasites
could be because of inorganic phosphate depletion. This speculation needs to be tested

using appropriate experiments.

17



Chapter 1. Crosstalk between purine and energy metabolism in P. falciparum

Fumarate anaplerosis
Fumarate is generated from the adenylosuccinate lyase (ASL) catalyzed reaction, that
converts one molecule of succinyl-AMP to a molecule of fumarate and AMP. Upon
incubation of the saponin released parasite with 13C-labeled fumarate, metabolites that
were labeled include malate, aspartate, pyruvate, and lactate (Bulusu et al. 2011). It was
further shown that conversion of fumarate to aspartate is mediated by the mitochondrial
membrane potential-dependent enzyme, malate-quinone oxidoreductase and not malate
dehydrogenase (a cytosolic enzyme). Fumarate anaplerosis can contribute to the
following:
1) Cytosolic NAD* levels that would be important for sustaining a higher flux of
glycolysis.
2) The reaction of malate-quinone oxidoreductase could contribute to the
mitochondrial membrane potential.
3) Aspartate generation which has multiple roles in the parasite viz. pyrimidine
biosynthesis, purine salvage, and protein biosynthesis.
The inability to knock out the fumarate hydratase gene could be due to these

contributions.

1.3.3.4. Significance of TCA cycle enzymes

Data from various studies, put together suggests that the parasite has a completely
operative oxidative TCA cycle in the IE stages. The cycle is completely operational fuelled
by glucose during the early stage and then by glutamine in the mature stages. However,
most of the enzymes of the cycle except FH and MQO are dispensable for the parasite for
its asexual growth, as evident from genetic knockout studies. Unlike in the asexual stages,
both for gametocytogenesis and for sexual reproduction in the mosquito, all the genes of
the TCA cycle seem to be essential. Moreover, metabolic labeling studies suggest that TCA
flux in gametocyte is completely fuelled by glucose and there is no contribution from any
anaplerotic reaction (MacRae et al, 2013). Moreover, the study also showed that

inhibition of TCA cycle using sodium fluoroacetate prevented gametocyte formation.

1.3.4. Mitochondria and electron transport chain
Mitochondria are known to have been acquired by the eukaryotes by an endosymbiotic
event. The organelle serves a multitude of function in eukaryotes (Voet and Voet, 2011).
Of notable interests are

1) The source of ATP production as it harbors TCA cycle and the components of

electron transport chain.
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2) Serves as a calcium storehouse and hence involved in various signaling events
3) One of the iron-sulfur cluster assembly machinery is localized to the mitochondria
and is essential for the function of many mitochondrial Fe-S enzymes.

Many of the genes from the mitochondrial genome have been transferred on to
the nuclear genome of the host organism since the endosymbiosis event (Adams and
Palmer, 2003; Kleine et al., 2009). Parasitic organisms have followed the generality of
reductive evolution even in the case of the mitochondrion (Wolf and Koonin, 2013;
Mendonga et al,, 2011). Many anaerobic organisms including parasites have lost multiple
functions associated with mitochondria and in extreme cases, the organelle itself
(Karnkowska et al., 2016). Apicomplexan organisms have great diversity in the kind of
mitochondria that its constituent organisms possess. An extreme example being
Cryptosporidium, in which almost all the functions of the mitochondria are lost except for

the Fe-S cluster biosynthesis machinery (Putignani et al., 2004; LaGier et al., 2003).

1.3.4.1. The role of mitochondrion in P. falciparum

Plasmodium species during the intraerythrocytic phase of their life cycle are known to
possess a single mitochondrion. The mitochondrion among plasmodial spp. is
heterogeneous with respect to size, shape, behaviour upon subcellular fractionation, the
extent of internal structures etc. (Fry and Beesley, 1991). Obvious differences are the
extent of oxidative phosphorylation and the alternative oxidase activity in different
species. Rodent parasites, P. yoelii and P. berghei seem to have a higher rate of oxidative
phosphorylation compared to P. falciparum (Fry and Beesley, 1991). P. falciparum unlike
other species in the genus is reported to have an alternative oxidase activity (Murphy and
Lang-Unnasch, 1999; Murphy et al., 1997) . Although mitochondria underwent a reductive
evolution in apicomplexan spp. its role seems to be essential for the survival of the
parasites. The essentiality of this organelle may be due to many functions it performs viz.
1) it is the source of succinyl-CoA essential for heme biosynthesis, 2) source of orotate, an
intermediate in de novo pyrimidine synthesis (Painter et al, 2007) and 3) iron-sulfur
cluster biosynthesis (van Dooren et al., 2006) Although validated as a drug target for
malaria, a clear understanding of the various functional aspects of the mitochondrion in P.
falciparum is still lacking. Earlier studies have demonstrated that glycolysis and ETC are
uncoupled and there is little if any, ATP contribution by oxidative phosphorylation
(Ginsburg et al., 1986) Nevertheless, mitochondrial membrane potential has been proven
to be an essential component for the survival of the parasite in the intraerythrocytic

stages. The role of the membrane potential apart from being vital for respiration is also
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implicated in the transport of small molecules and proteins across the inner

mitochondrial membrane (van Dooren et al., 2006).

1.3.4.2. Electron transport chain
A conventional electron transport operates in the mitochondrial inner membranes and
comprises of 1) 4 protein complexes (C-I to C-1V), that are oxidoreductases, 2) an ATP
synthase complex which is a hydrolase, and 3) electron carriers ubiquinone (lipid-
soluble) and cytochrome-c (water-soluble). Whereas complex-II is non-proton pumping,
all other complexes (I, IIl and IV) are proton pumping, which means that the
oxidation/reduction process is coupled to proton translocation from the matrix to the
intermembrane space (Voet and Voet, 2011). Cytochrome-c is highly conserved in all
kingdoms of life, unlike ubiquinone. Instead of ubiquinone, alternate electron carriers like
menaquinone, and rhodoquinone are used in prokaryotes and lower eukaryotes
respectively (Tielens and Van Hellemond, 1998). The nature of electron carrier decides
the substrates used and the directionality of the reaction catalysed by complex-II.

Protein complexes I and Il transfers electrons from the reducing equivalents
NADH and FADH generated from TCA cycle reactions to ubiquinone thereby generating
ubiquinol. Complex III transfers electrons from ubiquinol to cytochrome-c. Complex-1V,
generally termed as cytochrome oxidase, transfers an electron from cytochrome to a final
electron acceptor. In aerobic organisms, usually, oxygen is used as the final electron
acceptor. Whereas in anaerobic eukaryotic organisms, fumarate is generally used as the
terminal electron acceptor, anaerobic prokaryotes use a variety of electron acceptors like
fumarate, sulphate, and nitrate. Complex V, an ATP synthase utilises the proton gradient
generated to catalyse the phosphorylation of ADP thereby generating the much-needed
molecule in the cell, ATP. The entire process of oxidation of substrates through TCA cycle
and generation of ATP-fuelled by the proton gradient generated by the electron transport
chain is called as oxidative phosphorylation. Apart from ATP synthesis, the mitochondrial
membrane potential generated is needed for many vital processes as discussed in the
section above (Voet and Voet, 2011).

Total mitochondrial membrane potential Ap is the sum of potential contributed by
ApH (difference in concentration of H* ions) and ApW (electron transfer potential).
Complexes Il and IV, that are proton pumping contribute to ApH whereas all the
Complexes | to IV contribute to ApW. The contribution from alternative oxidase in P.
falciparum is still not validated though 25% of the O consumption is attributed to
alternative oxidase activity (Murphy et al.,, 1997). Other components like the ATP/ADP
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translocator is also hypothesised to contribute through ApH to the membrane potential

(Vaidya and Mather, 2009).

1.3.4.3. Electron transport chain of Plasmodium spp.
P. falciparum has all the 5 respiratory complexes, though they are different from those of

the mammalian mitochondria. The complexes are schematically shown in Figure 1.7.

Intermembrance space

Pyrimidine H*

biosynthesis Cytochrome ¢ oxidase
Type || NADH . (Complex IV)
dehydrogenase Dihydroorotate

dehydrogenase

Glycerol-3- Malate quinone

phosphate oxidoreductase
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(Complex If) Cytochrome be,
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ATP H* ADP +P,

Figure 1.7. Mitochondrial complexes in the electron transport chain of Plasmodium
species.

Complexes I-V and the dehydrogenases in Plasmodium are schematically represented. The
proton pumping complex Il and complex 1V and the non-proton pumping complex V are also
shown. The figure is reproduced from Nixon et al., 2013.

Complex 1 is rotenone-insensitive and non-proton pumping flavoenzyme and
belongs to class Il NADH dehydrogenase (NDH-2) (Biagini et al.,, 2006). The enzyme lacks
a transmembrane domain and its orientation (internal/external) in the inner
mitochondrial membrane is still not clear though biochemical studies in P. yoelii suggests
an external type NDH-2 (Kawahara et al., 2009). P. falciparum enzyme has been shown to
utilise menaquinone as electron acceptors apart from using ubiquinone, a classical
electron acceptor (Tonhosolo et al., 2010). Tolerance to high levels of copper/hydrogen
peroxide, oxidation of excess cytosolic NADH, and rapid quinone reduction/NADH
oxidation are some of the physiological roles ascribed to NDH-2 in other organisms
(Kerscher et al., 2008). This class of enzyme is sensitive to inhibition by flavin analogues
as seen for yeast NDH-2. Extensive efforts had been put towards development of
inhibitors directed towards PfNDH2 activity. However, a recent study excluded the

essentiality of NDH2 in P. berghei (Boysen and Matuschewski, 2011). Knockout of NDHZ
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in P. berghei showed that the asexual stage parasites were viable with an intact
mitochondrial membrane potential and normal virulence. However, these parasites were
not able to undergo sporogony in the mosquito stages and showed arrest at the ookinete
stage, though mitochondrial membrane potential in this stage was not lost. The authors
suggest that processes involving high ATP requirement in the parasite during oocyst
development, such as organelle disposal, could be severely affected. The essentiality and
the physiological role of NDH-2 in P. falciparum still need to be examined by gene
knockout studies.

Complex II or succinate dehydrogenase (SDH) converts succinate to fumarate.
Experiments with isolated mitochondria have shown that the enzyme can act in a
reversible manner when provided with appropriate electron acceptor (Fry and Beesley,
1991; Takeo et al., 2000; Saruta et al., 1996). The enzyme isolated from P. yoelii behaves
similar to the human enzyme and gets inhibited by atpenin, a mammalian complex II
inhibitor (Kawahara et al,, 2009). Knockout studies in P. berghei showed that the enzyme
is not essential for the asexual stages and is needed only for ookinete maturation in the
mosquito stages (Hino et al., 2012). Conditional knockout of the SDHA subunit of the
complex in P. falciparum has been shown to cause 50% inhibition in growth during
asexual stages, that was rescued by addition of succinate but not fumarate (Tanaka et al.,
2012). The study concluded that complex-II, although has the potential to act in a
reversible manner, its quinol-fumarate reductase (QFR) activity (fumarate to succinate) is
essential for optimal parasite growth and not the SDH activity. However, a subsequent
study reported the successful knockout of the enzyme without causing any phenotypic
effects to the growth of asexual stage parasite (Ke et al.,, 2015). In the same report, it has
been shown that upon treatment of wild-type parasites with atovaquone, a complex III
inhibitor, +3 isotopomer of succinate, derived from the anaplerotic influx from 13C-
labeled glucose, accumulates. This was attributed to the reverse reaction of SDH. This,
along with the fact that menaquinone, needed for the QFR activity, can be synthesised by
the parasite supports that SDH can act in both the directions in the parasite. Finally,
although it has been conclusively shown that SDH complex can potentially act in a
reversible manner, activity in either direction seems not to be important for the
intraerythrocytic growth of the P. falciparum.

Complex III, the cytochrome bci complex (proton pumping), is the only complex
which generates oxidised ubiquinone that is essential for the activity of many
mitochondrial dehydrogenases, especially DHODH that generates dihydroorotate needed
for pyrimidines biosynthesis. Various classes of inhibitors like naphthoquinones,

pyridines, acridones, aridinediones and quinolones target the Qo site of complex III
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resulting in the collapse of membrane potential (Fry and Pudney, 1992; Biagini et al,,

2008; Rodrigues et al,, 2010). Atovaquone is an inhibitor of the complex that binds the Qo

site. Unfortunately, spontaneous mutations leading to rapid development of drug-

resistant parasites is commonly seen for complex III inhibitors (Chiodini et al., 1995;

Vaidya and Mather, 2000; Looareesuwan et al, 1996). However, proguanil along with

atovaquone can Kkill the parasites effectively without leading to drug resistance (Canfield

etal, 1995).

With respect to the rapid development of drug resistance against complex III
inhibitors, it is relevant to discuss three novel resistance phenomenon exhibited by some
laboratory generated drug resistant parasite to a complex III inhibitor and a DHODH
inhibitor.

1) In a lead optimisation study of acridone derivative, 6-NH2-Ac was found to be anti-
malarial drug acting on cytochrome bcl complex (Winter et al, 2006). In a
subsequent study, wild-type D6 parasites were grown in the presence of gradually
increasing the concentration of the drug. Finally, a strain SB1-A6 was derived that was
highly resistant to 6-NH2-AC (Smilkstein et al., 2008). The resultant parasites were
resistant to the drug as expected. Interestingly, the parasite line was resistant to other
complex III inhibitors like atovaquone, antimycin, WR which acts at sites distal to the
binding site of 6-NH2Ac. Sequencing of the cytochrome bcl gene showed no
mutations that could confer such a resistant phenotype. In order to evaluate the
electron transport properties, cell-free preparations of cyt-bcl was prepared and
tested for sensitivity to all the above-mentioned drugs. Remarkably, the activity of cyt-
bc1 was completely inhibited by these drugs at concentrations that were used for the
wild-type cyt-bcl. The authors offer multiple explanations for the phenotype with the
most relevant being the fact that DHODH could use alternate electron acceptors. A
subsequent report showing the capability of the parasite to biosynthesize
menaquinone perfectly fits the explanation to support the phenotype of the SB1-A6
parasite. The fact that H. pylori enzyme can use menaquinone as an electron acceptor
and recombinant Pf DHODH can use menadione, structurally similar to menaquinone,
further supports the fact that PfDHODH could use menaquinone as an electron
acceptor

2) In another study (Guler et al,, 2015), P. falciparum strain Dd2 were made resistant to
DSM1, a well characterised Pf DHODH inhibitor, by growing them with sub-lethal
concentrations of the drug. Surprisingly, DSM1 resistant Dd2 parasite clones were
tolerant to even 10 pM atovaquone, a potent cyt-bc1 inhibitor. The authors found no

sequence variation in cyt-bcl that can account for the tolerance behaviour. Two
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possible explanations are discussed by the authors to explain the phenotype. One of
them is the existence of a cyt-bc1l independent alternate mechanism for generation of
oxidised ubiquinone, possibly by the reverse reaction of SDH, and the other being
upregulation of copy number of a mitochondrial chaperone that enhances the protein
import into the mitochondrion. It's known that fumarate reductase reaction doesn’t
have the redox potential to accept electrons from reduced ubiquinone and can only do
so if reduced menaquinone is available.

3) The specific role of mitochondrial electron transport has been attributed entirely to
generate ubiquinone necessary for the functioning of DHODH (Painter et al., 2007).
The functioning of DHODH is essential for the de novo pyrimidine biosynthesis.
Supplementing the parasite with yeast DHODH (yDHODH), a type 1 fumarate-
dependent DHODH, makes the parasite resistant to atovaquone, a ubiquinone
analogue that inhibits complex III by binding to cytochrome b subunit. However,
different strains of transgenic P. falciparum expressing yYDHODH from a single copy of
the gene integrated into their genome show variation in susceptibility to atovaquone
(Ke et al., 2011).This unexpected finding suggests that there is a strain-dependent
variation in the essentiality of dehydrogenases other than DHODH. Upregulated
menaquinone biosynthesis could be a potential mechanism that could explain the all
the above resistance phenotype.

Complex IV which consists of cytochrome c oxidase (proton pumping) is sensitive
to cyanide inhibition(Krungkrai et al., 1993; Scheibel and Pflaum, 1970; Krungkrai et al.,
1997). Cyanide independent respiration in P. falciparum suggests the existence of
alternate oxidase(Murphy et al., 1997). That atovaquone does not completely collapse the
mitochondrial membrane potential indicated that a portion of the membrane potential is
insensitive to atovaquone treatment (Painter et al, 2007). Proguanil, a dihydrofolate
reductase (DHFR) inhibitor was, however, able to collapse this potential by an unknown
mechanism(Canfield et al., 1995). It has been reported that alternate oxidase inhibitors,
salicylhydroxamic acid (SHAM) and propyl gallate, potentiate the activity of atovaquone
(Murphy and Lang-Unnasch, 1999). A recent study has examined the proteomic changes
in P. falciparum caused by treatment with SHAM (Torrentino-Madamet et al., 2011). Upon
the drug treatment, among other changes observed, a key change was the upregulation of
the levels of some glycolytic enzymes. Alternate oxidase from plants is well characterised
and the enzyme is active as a homodimer. It is known that organic acids (like pyruvate)
allosterically activate alternative oxidase by promoting its dimerization (Millar et al,
1993). Increased pyruvate formation upon activation of glycolysis, is suggested to

counteract inhibitory effect of SHAM in P. falciparum. It was also observed that under
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hyperoxic conditions there was a dramatic drop in the inhibitory concentration (ICso) of
SHAM suggesting that the metabolic adaptation to oxygen rich environment is sensitive to
SHAM. However, sequences with homology to alternative oxidases from other organisms
have not been identified in P. falciparum.

Complex V, or ATP synthase complex in the parasite is still not well
characterised, though recent bioinformatic analysis provides annotation for many
additional subunits of the F1 and Fo complexes (Mogi and Kita, 2009). The essentiality of
ATP synthase complex has been investigated in both P. berghei as well as in P. falciparum
through genetic knockout studies. The beta subunit of the ATP synthase could be
successfully knocked out in P. berghei, with only a marginal growth defect in the asexual
stages but exhibited an arrested growth phenotype in the mosquito stages(Sturm et al.,
2015). A similar attempt to knock out either the beta or the gamma subunit of ATP
synthase in P. falciparum was unsuccessful. The authors suggest that the protein could be
important for the local generation of ATP in the mitochondria(Balabaskaran Nina et al,,

2011).

1.3.4.4. Mitochondrial dehydrogenases and their essentiality

There are at least 4 dehydrogenases viz., NADH dehydrogenase (complex I), succinate
dehydrogenase (complex II), dihydroorotate dehydrogenase (DHODH), and glycerol 3-
phosphate dehydrogenase whose activities contribute to the membrane potential of the
Plasmodium mitochondrion (Uyemura, 2000; Biagini et al., 2006; Mogi and Kita, 2009;
Saruta et al,, 1996; Fry and Beesley, 1991; Kawahara et al,, 2009). In addition, the activity
of malate quinone oxidoreductase (MQO) also contributes to the membrane potential of
the mitochondrion in the parasite(Storm et al., 2014; Bulusu et al., 2011a). DHODH which
catalyses the conversion of dihydroorotate to orotate is an essential enzyme involved in
pyrimidine biosynthesis. This belongs to type 2 class of DHODH and is dependent on the
availability of oxidised ubiquinone for its function and hence, is dependent on complex III
for its activity (Gutteridge et al., 1979). Table A1 (Appendix I) summarises all genetic
knockout experiments performed to probe the essentiality of various genes involved in

the energy metabolism in different Plasmodium species.

1.3.5. Apicoplast and mitochondrial connection

The apicoplast and the mitochondrion in P. falciparum are always seen to lie in close
contact with each other. Hence, transport of metabolites across these organelles was
hypothesised(Kobayashi et al.). The key pathways in apicoplast are type Il fatty acid

biosynthesis, iron-sulfur cluster biosynthesis, isoprenoid biosynthesis, and a portion of
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heme biosynthesis. Using a chemical genetics approach Yeh et al have shown that
isoprenoid biosynthesis is probably the only key function of the apicoplast(Yeh and
DeRisi, 2011). Inhibition with the anti-bacterial agent, fosmidomycin that targets
isoprenoid biosynthesis was shown to be overcome by supplementing the parasite cells
with isopentenyl pyrophosphate (IPP). The IPP rescued parasites seemed to be devoid of
the apicoplast while, the mitochondrion was intact as evident by the measurement of
mitochondrial/nuclear DNA ratio and mitotracker staining. In this context it will be
interesting to examine the metabolic activities in the mitochondrion in the absence of
apicoplast as the two organelles are closely associated in the parasite. The susceptibility
of transgenic P. falciparum strain expressing yDHODH (fumarate-dependent and
ubiquinone independent) to fosmidomycin suggests that IPP apart from serving as a
precursor for menaquinone/ubiquinone biosynthesis might serve other essential roles.
However, it is not possible to rule out the necessity of ubiquinone requirement for other
dehydrogenases. This study also shows that apicoplast generated acetyl-coA is not
essential for the parasite survival though it might be compensated for by the

mitochondrial acetyl-CoA. This needs further investigation.

1.3.6. Mitochondrial transporters

The inner membrane of the mitochondrion is selectively permeable to metabolites and
this necessitates the presence of transporters for the translocation of any polar
metabolite across the organelle. Mitochondria of Plasmodium have many transporters to
meet the metabolite traffic posed by its physiology. Transporters relevant to energy
metabolism include pyruvate carrier protein, dicarboxylate transporter, malate-
oxoglutarate transporter, ATP/ADP translocase etc. To date, only the dicarboxylate
transporter has been characterised in-vitro and is shown to transport a-ketoglutarate in
exchange of both malate as well as oxaloacetate (Nozawa et al.,, 2011). In Arabidopsis, the
malate-oxoglutarate transporter is shown to have a dual role both in malate-a-KG
exchange as well as in malate-oxaloacetate exchange(Kinoshita et al, 2011). Whether

such dual function is present for the plasmodium protein needs to be tested.

1.4. Purines and their biochemical roles

Purines are heterocyclic organic compounds ubiquitously found in all living organisms.
This class of compounds has a pyrimidine ring fused to an imidazole ring. Purines can
exist in a cell in many forms viz. nucleobase, nucleoside, and nucleotide (mono, di and
triphosphates). Various purine derivatives are present in nature. Adenine and guanine are

of special importance as their nucleotide form, AMP and GMP constitute the building
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block of DNA/RNA. ATP and GTP are the major source of energy for diverse cellular
processes. Apart from these roles, purines are required for the biosynthesis of essential
biomolecules: co-factors like NADH, NADPH, Coenzyme A, SAM, and FAD; secondary
messengers like cAMP, cGMP, ppGpp etc., that are involved in cellular signalling (Voet and
Voet, 2011). Purines are also involved in purinergic signalling wherein molecules like
adenosine and ATP can bind to specific receptors and cause varied responses. This kind of
signalling is present in both plants and animals.

1.4.1. Purine synthesis de novo versus salvage

Purine demands of an organism can be met either through the de novo pathway, wherein
the purine ring is synthesised inside the cell from simpler molecules or through salvage
pathway, where the purine ring is directly taken into the cell from the surroundings using
dedicated transporters. The de novo pathway is constituted by a set of 10 enzymatic
transformations and is highly energy demanding. The enzymes of the pathway form a
complex called as purinosomes in some organisms (Zhao et al., 2013, 2014). The de novo
pathway is reported to have the higher regulatory capacity and directly correlated to
growth rate when compared to that of salvage pathway. In organisms having both the
pathways, the presence or absence of hypoxanthine seems to be the key deciding factor in
the choice of the pathway (King et al., 1983; Yamaoka et al., 1997). Cells resort to salvage
pathway either when they don’t have the de novo enzymes or when there is a dearth of
energy. Salvage pathway is additionally involved in the recycling of purines generated
from catabolic reactions (Berg et al., 2002). In most organisms, IMP, the key intermediate
of both the de novo and the salvage pathway is converted to AMP and GMP by a separate
set of enzymes.

Studies over many decades have shown that presence of salvage pathway in
humans is not superfluous as any mutations in the genes of the salvage pathway leads to
various disorders, namely, 1) gout and Lesch-Nyhan syndrome caused by HPRT
deficiency/mutation (Sculley et al., 1992; Torres and Puig, 2007), 2) severe combined
immunodeficiency (SCID) caused by adenosine deaminase deficiency (Ozsahin et al,
1997), 3) exertional myalgia caused by AMP deaminase deficiency (Fishbein et al., 1978)
and 4) autistic and epileptic features in adenylosuccinate lyase deficiency (Jinnah et al.
2013; Fu et al. 2015; Nyhan 2014; Nyhan 2005 ). Salvage enzymes regulate the steady
state concentrations of IMP and GMP which in turn have a direct effect on the flux of de
novo pathway (Lane and Fan, 2015). Purine salvage enzymes thus, are not just an
alternative to de novo pathway but are necessary to maintain cellular homoeostasis. In

almost all the parasitic protozoa like Plasmodium, Toxoplasma, Cryptosporidium, Eimeria,
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Theileria etc., the purine demands are completely met by the salvage pathway (Hassan

and Coombs, 1988).

1.4.2. Modes of purine salvage

Unlike the de novo purine biosynthetic pathway that is well conserved, purine salvage

pathway is highly variable. Variation can exist at three levels as shown in Figure 1.8:

1)

2)

The choice of purine: the choice of purine can be a nucleobase, nucleoside or a
nucleotide. The choice of the purine depends largely on the kind of purine available in

the local niche of the organism.
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Figure 1.8. Different modes of salvage of AMP

The scheme represents different ways in which AMP can be made in a cell: adenine can
be phosphoribosylated by APRT, adenosine can be phosphorylated by AK or IMP can be
converted to AMP by the sequential action of ADSS and ASL. Fumarate is generated as a
by-product when ADSS/ASL mode of AMP synthesis is used and is shown in red.

Nature of purine transporters: With the exception of adenine, all other forms of
purines including the nucleobase, nucleoside, and nucleotide forms are cell
impermeable. This necessitates the presence of transporters for these metabolites.
Purine transporters come with various substrate specificities and affinities. Purine
nucleoside transporters are broadly divided into concentrative nucleoside
transporters (CNT) driven by the cation gradient across the membrane and

equilibrative nucleoside transporter (ENT) that are driven by the concentration
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gradient and hence bidirectional (Parkinson et al, 2011). The two families of
transporters are completely unrelated with respect to structure/homology. Both
these families can transport nucleobase and nucleosides. Nucleotide transporters
(NTT’s) are also reported to be present in many intracellular pathogenic fungi like
microsporidia and intracellular pathogenic bacteria like Rickettsia and Chlamydia.
They can transport both the dinucleotide and the mononucleotide form of purine
(Landfear, 2011; Dean et al., 2014).

3) Enzymes used for purine salvage: If we consider a purine nucleotide (eg. AMP) as the
ultimate requirement of the cell from purine salvage pathway enzymes, it can be met
by three ways: a nucleobase can be phosphoribosylated by a
phosphoribosyltransferase or a nucleoside can be phosphorylated by a nucleoside
kinase or the nucleotide can be directly taken inside the cell. An organism can as well

have a mixture of these strategies.

1.4.3. Purine salvage in Plasmodium

Purine salvage enzymes of plasmodium have drawn considerable attention as they are
potential therapeutic targets (Downie et al., 2008). Literature is replete with information
on various aspects the pathway. In summary, the available knowledge can be classified

into 1) transporters of purines and 2) the enzymes of purine metabolism.

1.4.3.1. Transport of purines

During the intra-erythrocytic stage of the parasite, the metabolic needs are met by
translocation of nutrients from the plasma into the parasite cytosolic compartment. There
are three membranes any metabolite has to cross to reach the parasite cytosol:
erythrocyte membrane, parasitophorous vacuolar membrane, and the parasite plasma
membrane. It has been established that the PVM is a highly permeable membrane to most
metabolites(Desai et al., 1993). This necessitates the presence of transporters at the level
of erythrocyte and the parasite membrane for the translocation of any hydrophilic
metabolite which is generally membrane impermeable. It has also been shown that the
erythrocyte membrane becomes more permeable to metabolites post infection of the
parasite through a set of transporters collectively called as new permeability pathways

(NPP) (Ginsburg et al., 1983).

1.4.3.2. Transport of purines across erythrocyte membrane

Mature RBCs, unlike their precursor reticulocyte, have poorer metabolic activity

(Prankerd, 1955; Wiback and Palsson, 2002). With the loss of nucleus and the ability to
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replicate, the nucleotide requirements of the mature RBCs are less. In spite of poor overall
metabolic activity, the intraerythrocytic concentration of ATP is high, 2ZmM (Sarpel et al.,
1982). The ATP is primarily synthesised by salvaging purines from plasma. Purine
transport across the uninfected erythrocyte membrane is primarily driven through
human facilitative nucleobase transporter (hFNT1) and human equilibrative nucleoside
transporter (hENT1) (Kraupp et al, 1994; Domin et al, 1988). Infected erythrocyte
membrane can additionally transport purines through NPP, though to a very limited
extent. Whereas hFNT transports adenine and hypoxanthine, hENT can transport
adenosine and uridine. The rate of purine import is doubled across the erythrocyte

membrane post-infection implicating the higher metabolic demand of the parasite.

1.4.3.3. Transport of purines across parasite plasma membrane

Most of the protozoan parasites that are purine auxotrophs rely on ENT type of
nucleoside transporter (de Koning et al, 2005). Plasmodium completely relies on
nucleobase/ nucleoside salvage through the equilibrative type transporters(Quashie et al.,
2010). Although there are reports that erythrocytic AMP pools can directly be transported
to the parasite cytosol, the extent to which it contributes to the AMP requirement of the
parasite is still not clear (Cassera et al., 2008). P. falciparum has four genes that code for
the transporters, ENT1, ENT2, ENT3, and ENT4 (Gardner et al., 2002). The sequences of
the proteins are highly divergent with only 2% sequence identity. ENT3 is present only in
the Plasmodium species that infect humans and primates (Frame et al, 2015a;
Riegelhaupt et al., 2010).

PfENT1 is the primary and essential transporter for purines in the parasite.
Knockout of the gene in parasites grown in vitro at physiological hypoxanthine
concentration (<10uM), turned out to be lethal (El Bissati et al, 2008). The Apfntl
parasites could only be partially rescued by supplementing the growth media with
supraphysiological concentrations of hypoxanthine (>50 uM). The importance of the gene
was further complemented by the knockout of the gene in P. berghei (Aly et al., 2010). The
Apbentl parasite was not able to kill mice. The maximum parasitemia load reached was
2%. The PfNT1 transporter has broad substrate specificity and can transport
hypoxanthine, adenosine, guanine, guanosine and inosine. Through yeast based high
throughput screens, inhibitors with nanomolar affinity have been reported for both Pf
and PVENT1 (Frame et al., 2015b).

PfENT2 and 3, though not well characterised, initial reports suggest that they have
minimal or no role in purine transport. PENT2 has been shown to localise to the parasite
endoplasmic reticulum (Frame et al., 2015a). PfENT4 is a purine transporter with low
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affinity for adenine and 2’deoxyadenosine (in millimolar range). The importance of these

transporters for the parasite growth is still not clear.

1.4.4. Enzymes involved in purine salvage pathway

P. falciparum uses hypoxanthine, the most abundant purine in human plasma, as its
primary purine source. The concentrations of other purines are catalogued in Table 1.1.
Hypoxanthine is  phosphoribosylated to IMP by  hypoxanthine-guanine
phosphoribosyltransferase (HGPRT). IMP is converted to AMP through the action of
enzymes adenylosuccinate synthase (ADSS) and adenylosuccinate lyase (ASL). IMP is
converted to GMP by the action of enzymes, inosine monophosphate dehydrogenase

(IMPDH), and guanosine monophosphate synthetase (GMPS).

Table 1.1. Concentrations of different purines in human plasma

S.No Purine Concentration in human
plasma (uM) (Chaleckis et
al. 2016 and refs. therein)

1 Hypoxanthine 1-5

2 Adenine 0.3

3 Guanine N.A

4 Adenosine 0.5

5 Guanosine 0.9

6 Inosine 1

9 AMP 6.2

10 ADP 48

11 ATP 433

12 GMP 0

13 GDP 15

14 GTP 25

15 Xanthine 1.27

Adenosine can also be used by the parasite. The first step in the utilisation of
adenosine is its conversion to inosine by the action of the enzyme, adenosine deaminase
(ADA). The inosine converted to hypoxanthine by the enzyme purine nucleoside
phosphorylase (PNP). Thus, the hypoxanthine-IMP reaction catalysed by HGPRT forms a
nodal reaction at which different purine sources converge. The reactions of the purine
salvage pathway in the parasite are schematically presented in Figure 1.9. In addition to
these reactions, AMP can be converted back to IMP by the enzyme Adenosine
monophosphate deaminase (AMPD). The significance of this reaction to the parasite is
stil not «clear. Other enzymes related to purine salvage like adenine
phosphoribosyltransferase (APRT), adenosine kinase (AK), guanosine monophosphate
reductase (GMPR), adenine aminohydrolase (AAH), and adenine deaminase (ADA)

enzymes are absent in Plasmodium genome.
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Figure 1.9. Purine salvage pathway of P. falciparum.

A schematic representation of the reactions of the purine salvage pathway. Adenosine is the
major purine source available in the human plasma. A subset of reactions constituting the
purine nucleotide cycle is also shown. Fumarate and ammonia are formed as by-products of
the cycle.

A brief description of the enzymes involved in Plasmodium purine salvage pathway is
given below:

Hypoxanthine-guanine phosphoribosyltransferase (HGPRT) (2.4.2.8)

This enzyme catalyses the phosphoribosylation of different substrates viz. hypoxanthine,
guanine, and xanthine with variable efficiencies. Although the recombinantly expressed
enzyme was found to be sluggish and exhibits a lag in the reaction progress curve, it was
later found that the enzyme can be activated through its product IMP (Raman et al., 2005).
PRPP one of its substrate can also activate the enzyme. Upon activation, the lag phase in
the progress curve completely disappears. It was recently shown that the mechanism of
activation involves both ligand-induced oligomerization and conformational changes. In
particular, a change of trans to the cis conformation of Leu-Lys dipeptide is implicated in
the activation mechanism (Roy et al., 2015).The feature of substrate/product activation is
in contrast to the human counterpart. Unlike the human enzyme the parasite enzyme can
also act on xanthine. Differences in the kinetic properties and substrate specificity

between the human and the parasite enzyme have made PfHGPRT an attractive target for
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malaria intervention.Many transition state inhibitors based on immucillin-H 5P have
been designed for this enzyme(Ducati et al., 2013) . The need for the presence of
phosphate groups for tight binding to the enzyme makes the transition state analogues
impermeable to the membrane. Recently acyclic nucleoside phosphonate analogues that
are cell permeable, hydrolysis-resistant, and highly selective to the parasite enzyme over
the human enzyme have been described (Clinch et al., 2013; Hazleton et al,, 2012). The
ICso value of these drugs was reported to be around 1-50 pM and the drug inhibits
hypoxanthine incorporation in in vitro culture of the parasite. Further modification of the
scaffold to design inhibitors with nanomolar ICso could lead to a highly selective

antimalarial drug.

Adenylosuccinate synthetase (ADSS) (6.3.4.4)

The enzyme is involved in catalysing the conversion of IMP to succinyl-AMP (SAMP). One
molecule of aspartate is added on to a molecule of IMP resulting in the formation of SAMP.
One molecule of GTP is also used up in the process. The plasmodium enzyme has been
recombinantly expressed, kinetically characterised and the structure obtained
(Jayalakshmi et al., 2002; Raman et al., 2004; Eaazhisai et al., 2004). Unlike ADSS reported
from other organisms which follow a random mechanism of substrate binding, the
plasmodium enzyme follows an ordered mechanism in which the substrates bind in the
following order: IMP-GTP-aspartate. Another unique feature is the activation by fructose
1, 6-bisphosphate, an inhibitor of the mammalian enzyme. In-silico analysis to find most
suitable drug targets in the parasite has revealed ADSS as the most druggable target
(Ludin et al., 2012; Huthmacher et al,, 2010). Hadacidin and hydantocidin are established
inhibitors of the enzyme. ICso value for hadacidin is around 100uM (Webster et al., 1984;
Siehl et al,, 1996) and the value for hydantocidin is not known. Although other inhibitors
with better ICso values have been described they are not suitable scaffold for drug
development.

Owing to the essentiality of the enzyme the knockout of the gene in Plasmodium is
not possible. Leishmania has many redundant purine salvage pathways and hence
generation of Aadss parasites was feasible. The parasite load was significantly less in
peripheral macrophages but not in other cell types (liver, spleen etc,) indicating cell type

dependent usage of the salvage enzymes (Boitz et al,, 2013).

Adenylosuccinate lyase (ASL) (4.3.2.2)
The enzyme belongs to the lyase family that also includes enzyme like class Il fumarase,

aspartase, and arginosuccinate lyase. The enzyme catalyses the reversible cleavage of
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adenylosuccinate molecule into AMP and fumarate. In many cell types, it is involved in the
maintenance of AMP and fumarate levels as it catalyses a constituent reaction of purine
nucleotide cycle (van Waarde, 1988). The enzyme can also catalyse a chemically similar
reaction of conversion of SAICAR to AICAR and fumarate. This reaction is part of de novo
purine biosynthesis. Although the de novo pathway is absent from the parasite, the
enzyme is reported to retain the activity. There is significant sequence divergence of the
plasmodium enzyme when compared to that of the human enzyme making it a good drug
target (Bulusu et al.,, 2011b). An ordered product release, AMP followed by fumarate, has
been implicated for the lack of inhibition of the enzyme by dicarboxylic acids other than
fumarate, for the Saccharomyces ASL. Such mechanism could still be in play for the
plasmodium enzyme. The fact that the plasmodium enzyme still retained the catalytic
activity on SAICAR was exploited to test the effect of the inhibitor, AICAR on the parasite
and it was indeed proved that the compound could Kkill the parasite albeit with low
efficacy (ICs0-160 uM). The AICAR scaffold can be used to design more potent inhibitors of
the plasmodium enzyme.

Despite redundant purine salvage pathways present in Leishmania, the knockout
of the gene proved to be detrimental for the parasite growth in many host cell types
(Boitz et al., 2013). The asl null parasites were rescued only upon the addition of a 6-
oxypurine source and pharmacological inhibition of adenine aminohydrolyase by 2’-
deoxycoformycin. The growth defect was ascribed to the accumulated succinyl-AMP
(SAMP) pool acting as a dead sink thereby affecting the guanylate pool. Knockout of the
gene in plasmodium would result in more severe phenotypes as there is complete

dependence on this enzyme for AMP synthesis unlike in Leishmania.

Purine nucleoside phosphorylase (PNP)

The enzyme catalyses the conversion of inosine to hypoxanthine and ribose-1-phosphate.
Just like the P. falciparum adenosine deaminase (PfADA), P. falciparum purine nucleoside
phosphorylase (PfPNP) can act on methylthioinosine and convert it to hypoxanthine and
methylthio ribose-1-phosphate (MTR1-P). The hypoxanthine generated is used for purine
salvage by HGPRT and MTR1-P is use for methionine production. Inhibitors analogous to
methylthioinosine like methylthio immucillin-H are effective against PfPNP and kill the
parasite growth with an ICso of 50 nM (Kicska et al., 2002; Taylor Ringia and Schramm,
2005). The structures of PfPNP with various inhibitors are available and corroborates to
the promiscuous activity of PfPNP against the methylthio analogues of inosine (Donaldson
et al, 2014). The importance of the ADA-PNP axis in the purine salvage pathway of the

parasite is clear from the knockout studies done in P. falciparum. The Apnp parasites were
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generated with high hypoxanthine concentration in the in vitro culture compared to the
plasma hypoxanthine concentration. At physiological concentrations of hypoxanthine, the
Apnp parasites failed to grow but were rescued upon supplementation with excess
hypoxanthine, suggesting the importance of adenosine salvage / purine recycling in the
parasite purine metabolism. Inhibitors of PNP were also able to clear the infection in P.
falciparum infected Aotus monkey model adding validation to the importance of ADA-PNP
axis(Madrid et al., 2008). Mice exposed to P. yoelii PNP knockout (4pypnp) parasites were
conferred with protective immunity and were able to survive a subsequent infection with
wild-type parasites. Thus, 4pnp knockout parasites are considered an attenuated parasite

based vaccine model (Ting et al., 2008).

Adenosine monophosphate deaminase (AMPD)

The enzyme catalyses the irreversible conversion of AMP to IMP and ammonia. The
enzyme plays a key role in the maintenance of adenylate energy charge, particularly it has
been shown in skeletal muscles that the activity of the enzyme meets the high energy
demand during exercise (Hancock et al., 2006). The yeast enzyme is known to be
regulated by various factors like binding to cytoskeletal elements, post-translational
modifications and allosteric regulation by ATP, ADP, and inorganic phosphate. The
enzyme is also activated by different alkali metal ions (Murakami, 1979). Human
erythrocytes also possess this enzyme and is known to be activated by 2,3
bisphosphoglycerate (Sasaki et al, 1976). Because of the negative free energy of the
reaction, at pH 7, the enzyme could be much more efficient in deamination of purines than
that catalysed by GDH, which involves deamination of glutamate, to generate ammonia.
Recent studies have reported small molecule inhibitors targeting the enzyme (Admyre et
al,, 2014; Plaideau et al,, 2014). Anti-diabetic drug metformin is also known to inhibit the
enzyme (Ouyang et al,, 2011).

The enzyme is not well characterized in apicomplexans. With the presence of this enzyme
along with ADSS and ASL, the purine nucleotide cycle can be operational in the parasite.
The essentiality of the enzyme is still not clear. There are no reports on basic biochemical
and structural characterization of the enzyme. Just like in other organisms the activity of
the enzyme could help maintain AMP levels and hence indirectly regulate the adenylate

kinase enzyme.

1.4.5. Adenylate energy charge
Adenylate energy charge (AEC) is the quantitative estimate that reflects the relative

intracellular concentration of adenine nucleotides. The ratio served as a useful tool to

35



Chapter 1. Crosstalk between purine and energy metabolism in P. falciparum

understand and deduce a pattern to explain the allosteric control of enzymes of different
pathways, by different adenylate nucleotides (A Pradet and P Raymond, 1983). The

relationship along with the graphical representation is shown in Figure 1.10.
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Figure 1.10. Adenylate energy charge
The schematic represents the relationship between different adenylate nucleotides.

A value of 1 indicates that all adenine nucleotides are present in the form of ATP,
the value of 0 indicates that they are all present as AMP and when all nucleotides are
present as ADP, the value is 0.5 (Atkinson and Walton, 1967). The ratio is a true
representative of adenylate pool only if the enzyme adenylate kinase operates at near
equilibrium. The alternate equation to establish a correlation between adenylate
nucleotides which doesn’t include this assumption is available (Bomsel and Pradet, 1968).
However, the original equation developed by Atkinson is still widely used to
quantitatively represent the adenylate pool in a cell. Rather than using the dynamic values
of absolute concentration of these nucleotides, the ratio is more relevant for many cell
types (De la Fuente et al., 2014).

A typical growing cell (prokaryotic/eukaryotic) has an adenylate energy charge
value of 0.85. In many organisms the AEC value is maintained in the narrow range of 0.7-
0.95. Some organisms tolerate big changes in AEC whereas some don’t (Thomas and
Dawson, 1977; Hill and London, 1978). Any change in the value will prompt changes such
that the value is brought back to its initial value. Many enzymes are sensitive to this value
and their enzymatic activity, in turn, maintains the cellular nucleotide balance. Whereas
changes in adenylate energy charge are related directly to survival, guanylate energy

charge is related to growth. Thus, if adenylate energy charge decreases (depletion of
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ATP), the guanylate energy charge would decrease with immediate effect (GTP levels
drops). The regulation is brought about by the enzyme nucleoside diphosphate kinase
(Derr and Zieve, 1972; Karl, 1980).

Enzymes like adenylate kinase, adenylate/(AMP)deaminase and AMP-activated
protein kinase (AMPK) are key in maintaining the AEC (A Pradet and P Raymond, 1983).
Adenylate energy charge has been calculated for P. lophurae infected erythrocytes
(Yamada and Sherman, 1980). In the first 20 hours of infection the value is maintained at
0.93, whereas during the last 14 hours, the value drops down with the lowest value being
0.6. The exact metabolic implication for the drop in AEC during the late stages of the
parasite is still not known. All four enzymes involved in the maintenance of AEC viz.,
adenylate kinase, AMPK, nucleoside diphosphate kinase and adenylate/AMP deaminase

are present in Plasmodium.

1.4.6. Purine nucleotide cycle
Purine nucleotide cycle is a set of three reactions catalysed by the enzymes, ADSS, ASL,
and AMPD. The cycle was first discovered by Lowenstein (Tornheim and Lowenstein,
1972), in extracts of rat skeletal muscle. Working skeletal muscle is known to produce
excess ammonia. High turnover of 6-aminogroup of AMP together with the absence of
glutamate dehydrogenase hinted for an alternate pathway of ammonia production. It was
finally reported that aspartate was the source of ammonia. The conversion required the
presence of IMP or SAMP or AMP suggesting that these metabolites could be
intermediates used in the conversion. It was also found that the conversion is GTP-
dependent and GDP inhibits the process. Through classical biochemical techniques, it was
found that enzymes ADSS, ASL, and AMPD were involved in the conversion and the whole
pathway was collectively termed purine nucleotide cycle. The net reaction of the cycle is
shown schematically in Figure 1.11. The stoichiometry of the cycle is such that for every
molecule of aspartate and GTP consumed, the net products formed are 1) a molecule of
fumarate 2) one molecule of GDP and inorganic phosphate and 3) a molecule of ammonia.
In some organisms like rainbow trout (Mommsen and Hochachka, 1988), a temporally
separated PNC has been reported wherein AMP producing reactions and ammonia
producing reactions are temporally separated to achieve the objective function of meeting
cellular energy needs (AMP) and maintaining pH balance (through protonation of
ammonia).

Purine nucleotide cycle has AMP generating and consuming reactions and hence
may be a key factor involved in regulation of adenylate energy charge. When ATP levels

are high in the cell, then AMPD gets allosterically inhibited and steady state AMP levels go
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up thereby, keeping the AEC under check. On the other hand, when ATP levels are low or
in high demand, then adenylate kinase reaction would make more ATP. Under such
circumstances, AMPD, by depleting AMP levels would fuel the adenylate kinase reaction

thus, meeting cellular ATP demands.
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Figure 1.11. Purine nucleotide cycle (PNC).

The three reactions and the respective enzymes involved in purine nucleotide cycle are
shown in the figure. The accession numbers correspond to the enzyme from P. falciparum.
One molecule of fumarate, ammonia and inorganic phosphate are the net products formed
from the complete operation of the cycle. The substrate consumed in the process is shown in
red and net products formed are shown in green.

1.4.6.1. PNC in Plasmodium

The presence of all three enzymes in plasmodium suggests that the pathway might be
operational in the parasite. Apart from the functionality of ADSS and ASL, AMPD was also
shown to be functional by incorporation of 33P into IMP when parasites are fed with [33P]
-AMP (Cassera et al., 2008). The operation of these reactions as a cycle or any temporal
separation of the reactions as seen in rainbow trout is yet to be tested in various stages of
the parasitic life cycle. The presence of PNC in P. falciparum suggests the need for
regulation of AMP levels and a possible role for fumarate and ammonia in parasite

metabolism.

1.4.6.2. Fate of fumarate generated from PNC in Plasmodium falciparum
Protozoan parasites are known to secrete organic acids such as lactate, malate, succinate,

fumarate etc, (Marr et al., 1995). Through the use of 14C labelled aspartate, recent studies

38



Chapter 1. Crosstalk between purine and energy metabolism in P. falciparum

have shown that fumarate generated through PNC is not secreted as a metabolic waste in
the intraerythrocytic (IE) stages of P. falciparum (Bulusu et al. 2011). Using
intraerythrocytic vitro cultures of P. falciparum,13C-labelled fumarate (2, 3-13C; fumarate)
supplemented in the medium was shown to be metabolised to pyruvate and aspartic acid.

The pathway for fumarate metabolism is shown in Figure 1.12.
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Figure 1.12. Fate of fumarate in P. falciparum.

Fumarate produced in the cytosol by PNC is shuttled into the mitochondrion where it is
converted into oxaloacetate through the involvement of the enzymes fumarate hydratase
(FH) and malate-quinone oxidoreductase (MQO). The oxaloacetate transported into the
cytosol serves as the precursor for aspartate and pyruvate. Metabolites that incorporate 13C
label when saponin released parasites are fed with 2,3-13C-fumarate are coloured in red.

As shown in the figure, oxaloacetate generated from fumarate is the key
intermediate that leads to the formation of aspartate and pyruvate. The fumarate
hydratase activity which brings about the conversion of fumarate to malate has been
shown to be localised to the mitochondrion in the parasite (Bulusu et al.,, 2011a). The
subsequent conversion of malate to OAA by MQO was validated through the use of
atovaquone. Atovaquone treated parasites failed to accumulate 13C-labelled aspartate
suggesting the role of mitochondrial MQO and not cytosolic MDH in the generation of 0AA
from malate. The conversion of OAA to aspartate is brought about by aspartate
aminotransferase (AAT). Recombinant P. falciparum AAT has been shown to catalyse the
reaction efficiently in both directions and localise to the cytosol (Wrenger et al., 2011).

Specific inhibition of PfAAT by a peptide is also shown to inhibit parasite growth showing
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the essentiality of the enzyme. The conversion of OAA to pyruvate must be through
phosphoenolpyruvate carboxykinase (PEPCK) followed by pyruvate kinase. This
conversion of fumarate to aspartic acid and pyruvate is compartmentalised between the
mitochondrion and the cytosol. The whole process, therefore, requires the operation of
shuttles that transport fumarate into the mitochondria and OAA out from this organelle.
The possible metabolic significance of fumarate generated from PNC is reviewed and is

schematically shown in Figure 1.13.
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Figure 1.13. Cross talk of PNC with other metabolic pathways in P. falciparum.

The figure schematically shows the possible significance of fumarate generated from PNC in
the intraerythrocytic stages of the parasite. Numbers 1, 2, and 3 in PNC refer to the
metabolites IMP, SAMP and AMP, respectively. Brown arrows, enzymatic reactions in
cytosol; grey arrows, enzymatic reactions in mitochondrion; orange arrows, transport
processes; broken green arrows, possible role of metabolites (enzyme substrates or
regulators); violet boxes, enzymes catalyzing the reaction; lightning bolt, electron donation
to ubiquinone by MQO reaction; red filled circles, ubiquinone molecules; chevron arrows,
preferred direction of the reversible reaction.

1.4.6.4. Fate of ammonia generated from PNC

Ammonia assimilation is suggested to be present in the parasite and hence, the ammonia
generated through PNC can be used for such reactions. However, it should be noted that a
considerable amount of ammonia is secreted as a metabolic waste by the parasite. In
yeast, ammonia is reported to have a regulatory role in glycolysis by acting as an allosteric
activator of PFK and the extent of its regulatory activities in P. falciparum is yet to be
examined. The temporal separation of fumarate and ammonia generating reactions of

PNC has been suggested to be involved in pH regulation in the skeletal muscles of rainbow
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trout (Mommsen and Hochachka, 1988). The exact nature of PNC in terms of temporal
separation of its reactions and its role in pH maintenance is yet to be validated in the

parasite.

1.5. OBJECTIVES

Earlier work done in our laboratory addressing the fate of fumarate formed from ASL
reaction, had provided first biochemical evidence for the operation of fumarate hydratase,
and malate-quinone oxidoreductase in the IE stages of the parasite. These reactions are
component parts of an oxidative citric acid cycle. Atovaquone based inhibition followed
by metabolic tracing of labelled fumarate provided evidence for mitochondrial membrane
potential-dependent activity of malate-quinone oxidoreductase. Subsequently, other
studies (MacRae et al., 2013; Ke et al, 2015) showed convincing evidence for the
operation of a complete oxidative citric acid cycle. From these studies, it is clear that
glucose doesn’t fuel citric acid cycle rather the flux of intermediates through the cycle is
driven primarily in an anaplerotic fashion. Three enzymes could potentially be involved in
the anaplerosis viz. FH, PEPC, and a-KDH. Reverse genetic approaches clearly showed the
importance of FH and PEPC. The role of PEPC though seems to be essential, its molecular
basis is still not clear. Malate/fumarate rescue of the PEPC null parasites suggests that the
cytoplasmic oxaloacetate pool is important for the parasite. FH could potentially
contribute to this pool although a quantitative analysis on the relative contribution is still
not available. Essentiality of FH and MQO is puzzling, as other reactions of the citric acid
cycle seem to be dispensable for the parasite. The thesis is an account of the experiments
done to address the issues raised in the above discussion. The thesis is broadly divided
into two sections. Section 1 deals with experiments done to address the biochemical
importance the metabolites, fumarate and ammonia generated from purine nucleotide
cycle and, the essentiality of the enzyme fumarate hydratase in P. falciparum and P.
berghei. Section 2 deals with the experiments done towards biochemical and structural
characterisation of class-I fumarate hydratases.

In order to find the significance of the fumarate metabolism, we followed two
different strategies. In the first strategy discussed in chapter 2, we generated a transgenic
parasite expressing yeast adenine phosphoribosyltransferase (yAPRT), which converts
adenine to AMP. This is completely different from the endogenous AMP generating
reaction, wherein one molecule of SAMP is converted to one molecule of fumarate and
AMP by the enzyme adenylosuccinate lyase. Provided yAPRT generates enough AMP
levels, the endogenous AMP generating pathway can be inhibited leading to depletion of
fumarate generated from ASL reaction. In another strategy, discussed in chapter 3 we
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attempted to know the functional significance of fumarate by either knockout of the
enzyme fumarate hydratase in P. berghei or conditional knockout of the enzyme in P.
falciparum.

Apart from fumarate, ammonia is another by-product that is generated upon
complete operation of PNC. Although, there is considerable evidence of the fate of this
ammonia in other systems (Arinze, 2005), its relevance in the parasite is still not clear.
Evidence supporting the formation of ammonia from aspartate would also support the
operation of PNC in the parasite. Ammonia is secreted into the spent media in the in vitro
culture of P. falciparum. Whether ammonia generated from PNC forms a major fraction of
this or is used in anabolic reactions, is still not clear. In order to find out the fate of
ammonia in the parasite, we first standardised a metabolite derivatization methodology

to follow the fate of ammonia in E. coli using NMR. The details and results are discussed in

chapter 4.
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Figure 1.14. Schematic representation of the major objectives of the work addressed
in the thesis.

Fumarate hydratase enzyme is present in two biochemically distinct forms. Class [
fumarate hydratases are iron-sulfur cluster dependent, oxygen-sensitive enzyme,
whereas class Il enzyme is an iron-independent, and hence, insensitive to the presence of
oxygen. Chapter 5 gives a general introduction to iron-sulfur cluster enzymes and

principles of techniques used to study them. Plasmodium species has class | enzyme and
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the human host has the class Il enzyme. Class I enzymes are poorly characterised with
regard to the biochemical and structural basis of catalysis. For this, enzyme from two
different organisms was characterised; M. jannaschii fumarate hydratase discussed in
chapter 7 and P. falciparum fumarate hydratase discussed in chapter 6. Figure 1.14
schematically shows the main objectives of the thesis. Chapter 8 provides an overall

conclusions derived from the experiments performed and future directions.
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Chapter 2
Probing the metabolic significance of fumarate generated from
PNC by phenotyping transgenic P. falciparum expressing yeast
adenine phosphoribosyl transferase (yAPRT)

ABSTRACT

Fumarate is generated from both tricarboxylic acid cycle and from AMP synthesis during the
intraerythrocytic growth of P. falciparum. With the presence of the gene encoding AMP
deaminase (PF3D7_1329400), a functional purine nucleotide cycle (PNC) could amplify the
levels of fumarate. This chapter deals with the study of the metabolic significance of
fumarate generated specifically from PNC. Depletion of fumarate by using a small molecule
inhibitor of either ADSS/ASL would be lethal to the parasite as this would also lead to
depletion of AMP. Engineering an alternate pathway of AMP generation into the parasite
followed by inhibition of ADSS/ASL pathway would enable one to selectively deplete
fumarate. This would also inform on whether the parasite could survive with alternate
modes of AMP generation that are present in other parasitic protozoa. Towards this end, we
catalogued purine salvage pathway enzymes across apicomplexan parasites.
Thermodynamic parameters of the reactions catalysed by these enzymes were compared
and APRT was chosen as the alternate AMP generation pathway. For this, yeast adenine
phosphoribosyltransferase (VAPRT) was expressed constitutively in the parasite. Expression
of the protein and activity of the enzyme in the parasite was characterised by classic
biochemical techniques. Results related to phenotyping of the yAPRT expressing parasite
with regards to growth phenotype on different purine sources and upon depletion of

fumarate by selective inhibition of ADSS will be presented.

2.1. INTRODUCTION

2.1.1. Metabolic and non-metabolic role of fumarate

Fumarate, an intermediate in TCA cycle, is a unique electrophilic metabolite in central
carbon metabolism as it has a carbon-carbon double bond. PEP is the only other
metabolite to share this chemical feature. Apart from being generated in TCA cycle, it is
also generated in urea cycle and purine nucleotide cycle. There are only a handful of

enzymes, catalogued in Table 2.1, present that is involved in fumarate metabolism.
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Table 2.1. Enzymes that utilise fumarate as a substrate or generate it as a product.
Enzyme list obtained from EC-Blast (Rahman et al, 2014), using keyword fumarate in the
substructure search option. Only enzymes highlighted in green are present in P. falciparum.

Enzyme E.C. No. Reaction

Aspartate ammonia 43.1.1 Aspartate + Water=Fumarate+Ammonia

lyase

Fumarate reductase 1.3.1.6 Succinate + NAD*=Fumarate+NADH+H+*

(NADH)

Fumarate reductase 1.3.4.1 Fumarate + CoM + CoB = Succinate + CoM-S-S-CoB
(CoM/CoB)

Dihydroorotate 1.3.98.1 (S)-dihydroorotate + Fumarate= Orotate +
oxidase Succinate

2-hydroxy-6-oxonona- | 3.7.1.14 (2Z,4E)-2-hydroxy-6-oxonona-2,4-diene-1,9-dioate
2,4-dienedioate + Water=(2Z)-2-hydroxypenta-2,4-dienoate +
hydrolase succinate

Succinate 1.3.5.1 Succinate + Co-factor = Fumarate + reduced co-
dehydrogenase factor

Fumarate hydratase 4.2.1.2 Fumarate + Water = Malate

Carboxymethyloxy 4.2.99.12 | Carboxymethyloxysuccinate + Water = fumarate +
succinate lyase glycolate

3-fumarylpyruvate 3.7.1.20 Fumarylpyruvate + Water = fumarate + pyruvate
hydrolase

Arginosuccinate lyase | 4.3.2.1 Arginosuccinate + Water = Arginine + Fumarate
Adenylosuccinate lyase | 4.3.2.2 Adenylosuccinate + Water = AMP + Fumarate
Benzylsuccinate 4.1.99.11 | Benzylsuccinate = Toluene + Fumarate

synthase

Fumaryl acetoacetase | 3.7.1.2 Fumarylacetoacetate + Water= Fumarate +

Acetoacetate

In the past decade, this metabolite has gained prominence as it is associated with

multiple metabolic and non-metabolic roles in systems ranging from prokaryotes to

eukaryotes (including animal and plant systems). Many of the roles of the metabolite are

schematically represented in Figure 2.1. Due to rapid interconversion of fumarate and

malate, by the enzyme fumarate hydratase, distinguishing the metabolic role of fumarate

from malate is not trivial. A brief summary of the literature available on physiological

role/significance of fumarate is provided below.
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Figure 2.1. The role of fumarate in animal and plant cells.

(a) Schematic representation of molecular consequences of fumarate accumulation (HIF
activation and Nrf2 activation) in a cell shown in brown boxes; the functions in green boxes
corresponds to the role of fumarate in certain cell types under normal physiological
concentrations. (b) Collective representation of different physiological roles of fumarate in a
plant cell. Panel a reproduced from Yang et al, 2012, Panel b modified and reproduced from
Aratijo et al, 2011.

In many prokaryotic systems, fumarate is used as a terminal electron acceptor in a
process called as fumarate respiration (Krager et al., 1992). Fumarate is also known to
regulate expression of many genes during the transition of E. coli from aerobic to
anaerobic conditions (Zientz et al., 1998). Further, this metabolite is also known to be
involved in regulation of flagellar motor switching in many bacteria (Barak et al., 1996;
Prasad et al., 1998). In plant cells, the metabolite is used as a carbon sink and used during
carbon starvation, functionally analogous to how starch is used. Fumarate is found in
abundance in photosynthetic parts of plants (Aratjo et al., 2011). Fumarate is also known
to accumulate in plants grown on nitrate-rich conditions, where the metabolite is known

to be involved in pH regulation, nitrogen and nitrate assimilation. Fumarate like malate

plays a role in proper functioning of stomatal guard cells and thereby in the optimal
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growth rate of plants (Nunes-Nesi et al., 2007). This is further supported by the fact that
fast-growing plants accumulate more organic acids—one of the most significant
differences seen—compared to slow growing plants(Poorter & Bergkotte 1992).

In animal cells, the physiological effects of fumarate can be divided based on its
intracellular concentration. At normal physiological concentration, fumarate can act as an
electron sink and support anaerobic respiration just as in prokaryotes (Krager et al,
1992). In exercising skeletal muscles, fumarate produced as a by-product of an
upregulated purine nucleotide cycle, can act as an anaplerotic intermediate and sustain
the flux of citric acid cycle thereby, catering to high ATP demands of the muscles
(Lowenstein and Goodman, 1978). Recent studies have shown that fumarate can act as a
cardio- and neuro- protectant by activating nuclear factor (erythroid-derived 2)-like 2
(Nrf2) antioxidant pathway (Linker et al.,, 2011; Ashrafian et al., 2012). This is achieved by
fumarate covalently modifying critical cysteine residues in the protein Keap1 that is
involved in ubiquitination and degradation of Nrf2 (Kinch et al, 2011). Further, local
production of fumarate in the nucleus is known to promote DNA repair. This is achieved
by direct inhibition of KDM2 histone demethylase by fumarate. The methylated histones
are known to be a better template for recruitment of the factors involved in non-
homologous end joining (NHE]) - mediated double-stranded DNA break repair pathway
(Jiang et al.,, 2015).

At high concentrations, fumarate can undergo Michael addition with reactive
thiols in the cell. Michael addition is a non-enzymatic reaction that involves the addition
of a nucleophile (thiol) onto a, B-unsaturated carbonyl compounds such as fumarate. Free
reactive thiols can be present in metabolites like glutathione or in active site cysteines
residues of certain enzymes; a schematic representation of the reaction involving both is
shown in Figure 2.2. This covalent addition of fumarate onto a metabolite or a protein
thiol is called succination. Succination can result in depletion of critical metabolites like
GSH in a cell. Moreover, it can cause inhibition of many enzymes containing reactive
cysteines in their active site thereby disturbing cellular homoeostasis. Succination of
many proteins has been observed in diabetes and obesity and is proposed to be a
biomarker for nutrient excess and mitochondrial stress associated with these conditions

(Thomas et al., 2012; Frizzell et al., 2009; Bardella et al., 2011).

48



Chapter 2: Probing the metabolic significance of fumarate in P. falciparum

o 00
(a) ; \“/\/L 0 o0
s H . | H H H
HOOC NHy :
H S Hooc” > N\'(\/LNHJ'
SH 0
— o S
o) + H
OR
> OR' R RS |
RO
)‘\/\n/ I

[0)

(b)

Normal fumarate High fumarate
CIHZ-COOH
Cys CH-COOH

| S-(2-succinyl)-cysteine
S
@ .

Cys

Gene expression,
antioxidant

response

Figure 2.2. Michael addition involving fumarate in physiological conditions.

(a) Reaction showing the Michael addition between glutathione and dialkyl ester of
fumarate. The reaction leads to depletion of intracellular concentration of glutathione in a
cell. (b) Inactivation of Keap1 by succination reaction, thereby leading to activation of the
NRF2 dependent antioxidant pathway. Panel (a) reproduced from Schmidt et al, 2007 and
panel (b) reproduced from Mullen and DeBerardinis, 2016.

Apart from succination, at high concentrations, fumarate can act as a competitive
inhibitor of 2-oxoglutarate dependent oxygenases like the prolyl hydroxylase domain
(PHD) (King et al., 2006). PHDs catalyse oxygen-dependent hydroxylation of many critical
transcription factors including hypoxia inducible factor-1a (HIF). Hydroxylation acts as a
signal for HIF degradation. Inhibition of PHD by fumarate leads to stabilisation of HIF-1«
that can activate multiple oncogenic pathways. Depletion of fumarate hydratase activity—
through hereditary/acquired mutations—leading to accumulation of fumarate, is
considered a prognosis for hereditary leiomyomatosis and renal cell cancer (HLRCC)

(Tomlinson et al., 2002).

2.1.2. Role of fumarate in P. falciparum

Fumarate is generated by two independent pathways during the intraerythrocytic stage
of P. falciparum; succinate dehydrogenase reaction of TCA cycle in the mitochondria and
adenylosuccinate lyase reaction of the purine salvage pathway in the cytosol. Dependence
of the parasite growth on TCA cycle is minimal and metabolic tracing experiments using
13C-labelled glucose shows very low flux of succinate to fumarate conversion (MacRae et

al,, 2013). The flux of fumarate generation through ASL reaction is expected to be high as
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for every molecule of AMP— an essential molecule generated majorly through this
reaction—one molecule of fumarate is also made. An indirect evidence suggesting
significant steady-state cytosolic levels of fumarate comes from an experiment where a
fumarate dependent-yeast dihydroorotate dehydrogenase was able to completely cater to
the pyrimidine requirement of the parasite (Painter et al., 2007). As discussed in section
1.3.3.3 cytosolic malate/fumarate levels is suggested to be significant for maintaining the
NAD+/NADH balance in the cytosol.

An earlier study performed in our laboratory has shown that fumarate generated
in the parasite is not a metabolic waste but is converted through malate and oxaloacetate
to aspartate which subsequently gets incorporated into proteins and in DNA as
pyrimidines (Bulusu et al,, 2011). NMR-based analyses also showed that the metabolite
also gets converted to pyruvate through malate, oxaloacetate and phosphoenolpyruvate.
Further, pyruvate formed is also converted by PfLDH to lactate. A significant finding of the
study was the dependence of fumarate metabolism on mitochondrial membrane potential
at the step of MQO. This necessitates the transport of fumarate into and oxaloacetate out
of  the mitochondrial membrane for  further  metabolism. Malate-
oxoglutarate/dicarboxylate transporter could be potential transporters involved in this

processes.

2.2. OBJECTIVE AND STRATEGY

With a multitude of roles assigned to fumarate in different organisms, coupled with the
finding that fumarate produced in P. falciparum is not a waste but is metabolised to
different other intermediates raises the question on how important is fumarate
metabolism to the parasite; specifically, the significance of fumarate generated by the
adenylosuccinate reaction. Interfering with the function of the ASL enzyme to deplete the
fumarate generated, would also deplete AMP levels thereby killing the parasite. By
expressing an alternate AMP generating enzyme, we could potentially uncouple AMP and
fumarate production following which fumarate could be selectively depleted by inhibition
of either ADSS/ASL. This would also inform us on whether the parasite could survive with

enzymes having alternate modes of AMP generation.

2.3. MATERIALS AND METHODS

2.3.1. Molecular biology reagents and chemicals

Regular cloning procedures related to plasmid DNA isolation, PCR product purification,
and gel extraction were performed with kits procured from Qiagen, Germany. Plasmid
DNA for P. falciparum transfection was prepared using Endofree-Plasmid Maxi kit from

Qiagen, Germany. Oligonucleotides were custom synthesised from Sigma-Aldrich,

50




Chapter 2: Probing the metabolic significance of fumarate in P. falciparum

Bangalore. APRT null E. coli strain, JW0458-2 (dapt-754::kan), was procured from Coli
Genetic Stock Centre (CGSC), Yale, USA. 3D7 strain of P. falciparum was procured from
Malaria Research and Reference Reagent Resource Center (MR4), USA. Centromere based
plasmid pFCEN1 was a kind gift from Prof. Masao Yuda, Mie University, Japan. Plasmid
pQE30 was procured from Qiagen, USA. Unless otherwise specified all chemicals used

were of high quality and procured from Sigma-Aldrich, USA

Table 2.2. Sequences of primers used for cloning yAPRT in pET21b, pQE30 and
pFCEN1.

S.NO | Primer name Sequence (5’ to 3')
1 Aptl1FP_BamH1 CGCGGATCCTCTATAGCAAGTTATGCCCAAGAGTTG
2 Apt1RP_Sall ACGCGTCGACTCATTTTTTCAACGCTTCCTTTTGAG
3 AptF_Bmtl CTAGCTAGCTCTATAGCAAGTTATGCCCAAGAGTTG
4 AptR_Bglll AGCAGATCTTCATTTTTTCAACGCTTCCTTTTGAG

2.3.2. Bioinformatic analysis

To catalogue the purine salvage pathway enzyme in different parasites, BlastP tool
(McGinnis and Madden, 2004) was used. Query sequences used for each enzyme are
mentioned in the results section. The thermodynamic parameters for each of the
reactions of the purine salvage pathway were obtained using eQuilibrator tool (Flamholz

etal, 2012).

2.3.3. Cloning, expression and purification of yeast adenine phosphoribosyl
transferase (yAPRT)

DNA corresponding to the coding sequence of yAPRT was amplified using Saccharomyces
cerevisiae genomic DNA as template and primers 1 and 2 (Table 2.2). The gene was
cloned in the vector pQE30 and pET21b using BamHI and Sall restriction sites. The
protein will carry an N-terminal (HIS)s-tag when expressed from pQE30 and pET21b. For
recombinant protein expression, codon plus RIL strain was transformed with the pET21b-
yAPRT plasmid. The cells were selected using ampicillin and chloramphenicol containing
LB plate. Multiple colonies were used for inoculating into a 10 ml LB broth and grown
overnight at 37 °C. 4 ml of the overnight culture was used as a pre-inoculum for scaling up
the culture. For large scale culturing, 800 ml terrific broth in a 2L conical flask was used.
Subsequent to inoculation, the flask was shaken at 180 rpm at 37 °C until the cells reached
an ODego of 0.4-0.5. For pre-chilling, the cells were grown for 20 minutes at 18 °C. yAPRT
expression was induced by addition of isopropyl thiogalactoside (IPTG) to a final

concentration of 300 uM. The cells were grown for 18 hours after which they were
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pelleted by centrifugation at 6000 x g. The cells were flash frozen and stored at -80 °C
until further use.

For purification, the cell pellets were thawed at 4 °C in the lysis buffer containing
50 mM Tris-HCl, pH 7.4, 10% glycerol, 150 mM NaCl, 1 mM PMSF and 1 mM DTT. The cells
were resuspended thoroughly to break all clumps and lysed by passing the slurry through
5 rounds of mechanical pressure in a French press. The lysate was clarified of the cell
debris by centrifugation at 30000 x g. The supernatant was incubated with pre-
equilibrated Ni-NTA sepharose beads for 2 h at 4 °C. The beads containing the bound
protein were transferred to a glass column and washed with 50 column volumes each of
lysis buffer and 5 mM imidazole containing lysis buffer to remove contaminating proteins
that are non-specifically stuck to the beads. yAPRT was eluted with 1 ml each of
increasing concentration of buffered imidazole (100 mM, 200 mM, 500 mM and 1 M). The
eluted protein was analysed using by SDS-PAGE. The protein was further purified by size-
exclusion chromatography using Superdex 250. The column was equilibrated with a
buffer containing 50 mM Tris-HCl, 1 mM DTT and 10% glycerol. 1.5 ml of protein solution
eluted from Ni-NTA column was injected and allowed to separate at a flow rate of 1ml
minl. The eluate from the column was monitored at a wavelength of 280 nm. The
fractions corresponding to protein were collected peak wise and analysed using SDS-
PAGE. The fractions corresponding to pure protein were pooled and used for further

studies.

2.3.4. Antibody generation and purification

Pure protein obtained after size-exclusion chromatography was used for generation of
antibody. New Zealand white rabbit was used for the generation of antibody. The
immunisation regimen followed is given in Table 2.3.

Table 2.3. Immunisation regimen in rabbit using purified yAPRT as antigen

S.No | Day Schedule Amount of antigen (yAPRT)
Pre- immune sera
1 0 : -
collection
2 | o | subcutaneous 500 yl protein
injection (1 pg/pl)+ 500 pl Freunds complete adjuvant
. 500 pl protein
3 14 Primary booster (1 pg/pl)+ 500 pl Freunds incomplete adjuvant
500 pl protein
4 28 Secondary booster (1 pg/pl)+ 500 pl Freunds incomplete adjuvant
5 35 Test bleed -
6 37 Major bleed -

After the major bleed, the blood collected was allowed to clot overnight at 4 °C. The

serum was carefully removed to avoid any carryover of cells. The serum was centrifuged
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at high speed to remove any cellular components and debris. The supernatant was
aliquoted into microcentrifuge tubes and stored frozen at -20 °C. For purification of
antigen-specific antibody, the strip affinity protocol was followed. Briefly, the purified
protein was subjected to SDS-PAGE and thereafter the protein on the gel was transferred
onto a PVDF blot by electrophoresis. The blot was stained with Ponceau-S and the
membrane containing the protein bands were selectively cut. The pieces of membrane
were blocked overnight at 4 °C with 5 % skimmed milk solution made in PBS. The
membrane pieces were incubated with the serum overnight at 4 °C and washed with 0.1%
Tween20 solution in PBS. The bound antibody was eluted using 100 mM Tris-glycine
buffer, pH 2.5 and immediately neutralised using 1 M Tris-HCl, pH 8. This elution was
repeated three times and all the eluates were pooled and concentrated using centrifugal

concentrators with a molecular weight cut-off of 10 kDa.

2.3.5. Western blot analysis of parasite proteins

Western blotting of proteins from parasite lysate can be difficult as the parasites contain a
large amount of proteases that can degrade the protein of our interest if the samples are
not handled and processed properly. In order to rule out the erythrocyte protein
contamination, it is always recommended to extract proteins from erythrocyte lysate and
use it as a control. Apart from this, other positive controls such as the relevant purified
recombinant proteins were also used.

The parasite pellet stored in -80°C freezer or prepared freshly was used for
Western blotting. 5 pl of protease cocktail inhibitor (Sigma-Aldrich, catalog# P8340) was
added to 50-200 pl of parasite pellet immediately after removing it from the freezer or to
a fresh pellet. An appropriate volume of SDS-loading dye solution was added and mixed
well to solubilize the extracted proteins. The tube was placed in boiling water bath for 10
min. The lysate was centrifuged at 16000 x g for 15 min at room temperature. The
supernatant was removed and transferred to a new tube and used for SDS-PAGE. For
processing erythrocytes, 100 pl of 50% erythrocyte suspension was mixed with 300 ul of
SDS-PAGE loading dye, the mixture was boiled for 10 min and then centrifuged at 16000 x
g for 15 min at 25 °C.

The parasite and erythrocyte proteins were separated on a 10% SDS-PAGE gel.
The PVDF membrane used for the transfer was activated by incubating the membrane in
100% methanol for 10 min. The gel was sandwiched along with the activated PVDF
membrane between blotting pads that were wetted with the semi-dry transfer buffer that
contains 24 mM Tris-HCl, 192 mM glycine, and 20% methanol. The transfer was done for
30 min at a constant current of 2 Amp and 25 Volts. After the transfer, the membrane was

blocked with 5% (w/v) skim-milk solution made in PBS for 1 h at room temperature with

53




Chapter 2: Probing the metabolic significance of fumarate in P. falciparum

rocking. Appropriate dilution of primary antibody solution was added and incubated for
3h on a rocker. The blot was washed 3-4 times with PBS containing 0.1% Tween 20 (USB
chemicals, 20605), with each wash for 10 min. Subsequently, the blot was incubated with
a secondary antibody that is HRP conjugated and incubated for 3 h at room temperature
on a rocker. The blot was thereafter washed with the wash buffer and developed using the
developing buffer containing the colouring agent 3-amino-9-etylcarbazole that forms a
coloured product when acted upon by the enzyme horseradish peroxidase (HRP). The
developing solution was made in 25 ml of PBS by adding 1ml of DMF containing 20 mg of
the colouring agent, 833 pl of 3 M sodium acetate, pH 5.2, and finally 50 pl of hydrogen

peroxide.

2.3.6. In vitro culture of Plasmodium falciparum

2.3.6.1. Composition and preparation of complete culture media

The complete medium for in vitro culturing of P. falciparum contains Roswell Park
Memorial Institute medium-1640 (RPMI-1640) buffered with 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), sodium bicarbonate and Albumax I, a lipid-rich
bovine serum albumin (a serum supplement). Additionally, the culture medium also
contains glucose (carbon source), hypoxanthine (purine requirement), and Gentamycin
(to avoid bacterial contamination). The exact composition of the complete medium is as
given in Table 2.4.

A mixture containing RPMI-1640 and HEPES was prepared by dissolving
appropriate amounts in autoclaved MilliQ water. The mixture was sterilised by filtration
through NALGENE disposable Rapid flow filter (0.2 pM) using a vacuum pump.
Gentamicin was added to this mixture and the solution was stored at 4°C for a maximum
period of 40 days. Albumax I, a lyophilized powder was added to autoclaved MilliQ water
and incubated at 37 °C for at least 2 h to aid in complete solubilization. The viscous
solution was filtered using a NALGENE Rapid flow filter, Thermo Scientific and aliquots of
50 ml made in sterile Falcon tubes were stored at 4 °C. 50 mM hypoxanthine stock
solution was made by dissolving the powder in 125 mM NaOH and sterilised by filtration.
Stock solutions of all other components were prepared in autoclaved MilliQ water,
sterilised by filtration using 0.2 pm syringe filter and stored at 4°C for a maximum period

of 60 days.
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Table 2.4. Composition of complete medium for P. falciparum in-vitro culture

S.No | Component Company/catalog no. For 500 ml complete
name media

1 RPMI-1640 Sigma, R6504 52g

2 HEPES, free acid Sigma, H3375 297¢g

3 Sodium Sigma, S5761 20 ml (5% stock)
bicarbonate

4 Albumax-I Thermo Fisher scientific, [ 25 ml(10% stock)

11020-021

5 Hypoxanthine Sigma, H9377 1ml (50 mM stock)

6 Glucose Sigma, G5400 22.5 ml (10%stock)

7 Gentamycin Abbott chemicals 500 pL or 40 mg/L

For the preparation of complete medium, all the individual components were
transferred from 4 °C to 37 °C incubator and allowed to warm for at least 20 min. Once
the components had warmed, the required amount of RPMI-HEPES mixture was
transferred to a sterile glass reagent bottle followed by the addition of a mixture
containing Albumax I, glucose, sodium bicarbonate, and hypoxanthine. The mixture was
subjected to another round of filter sterilisation using 0.2 pM syringe filters. This
complete medium was divided into small aliquots (50-200 ml) and stored at 4 °C for a
maximum period of 7 days and pre-warmed at 37 °C before addition to Plasmodium
culture. If this medium turned pink (due to CO: solubilization), it is not suitable for use in
the culture and hence, discarded. To avoid/minimise this, the complete medium was

stored in appropriate glass reagent bottles with a minimal headspace.

2.3.6.2. Processing of human erythrocytes (O* and A+) for in vitro culturing of
P. falciparum

Human erythrocytes from voluntary donors were collected following the institutional
ethical norms. Both O+ and A+ erythrocytes were used for in vitro culturing of the parasite.
10/20 ml of the whole blood from healthy donors was collected in a 100 ml reagent bottle
containing either 25/50 ml of acid-citrate-dextrose (ACD) buffer. 25 ml of ACD buffer
contains 512.5 mg of glucose (Sigma-Aldrich, cat: G5400), 0.2 g of sodium citrate
dihydrate (Sigma-Aldrich, cat: W302600), citric acid (Sigma-Aldrich chemicals, USA, cat:
251275), and sodium chloride (Sigma-Aldrich, cat: S9888). Immediately after collection of
blood into the buffer, the bottle was swirled gently and stored at 8 °C for a maximum of 4-
6 h. The blood was warmed to room temperature and the supernatant containing serum

and the buffer was removed without disturbing the settled erythrocytes. The erythrocytes
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were then suspended in PBS and aliquoted in multiple 15 ml conical Falcon tubes. The
Falcons were then centrifuged at 800 x g using a REMI R8C centrifuge with a swing-out
rotor for 5 min. After centrifugation, the leukocytes and other cell types that are lighter
than erythrocytes form a thin, white layer (Buffy coat) on the top of the erythrocyte pellet.
The supernatant was removed carefully along with the Buffy coat with minimal
disturbance to the erythrocyte pellet. The erythrocyte pellet was washed with 2 volumes
of PBS and supernatant removed. The resultant pellet was resuspended in equal volume
of incomplete medium (complete medium without Albumax) and stored at 4 °C for a

maximum period of 2 weeks.

2.3.6.3. Regular maintenance of Plasmodium culture

P. falciparum is a microaerophilic organism and is grown in vitro by the method
established by Trager and Jenson (Trager and Jensen, 1976). Briefly, 5% hematocrit was
maintained in the final culture and parasitemia was maintained between 0.5-4 %.
Parasites were either thawed freshly from glycerol stock or were taken from the ongoing
culture and expanded with fresh erythrocytes, such that the parasitemia does not exceed
4% and hematocrit 5%. On a regular basis, a 5 ml culture was maintained in a glass vial
with a flat base and a loose lid and kept inside a candle jar with a candle kept lighted to
remove oxygen, thus creating a microaerophilic condition. The lid of the jar was then slid
over the body to close it tightly. Vacuum grease (Metroark 211 compound, Wacker
chemicals) was applied to keep the jar airtight. Alternatively, the culture was also
maintained in T75 flasks flushed with the gas mix (90% nitrogen, 5% carbon dioxide, and
5% oxygen). In both the methods, the spent medium was removed every day and replaced
with fresh medium. Parasitemia was monitored by making a Giemsa-stained smear every

alternate day.

Techniques for P. falciparum culture manipulation

2.3.6.4. Synchronisation of P. falciparum culture
P. falciparum asexual stages can be synchronised at either the ring stage (0-24 h post-
invasion) using the sorbitol method or at the trophozoite/schizont stage (38-46 h post-
invasion) using percoll gradient centrifugation. Mature asexual stages like trophozoites
and schizonts have increased permeability to D-sorbitol because of up-regulation of new
permeability pathways. This permeability results in lysis of the mature infected RBC’s but
not those with ring stage parasites.

In the sorbitol method, the parasite pellet, from 5/10 ml of 5% hematocrit culture

predominantly with ring stage parasites, was mixed gently with 5 volumes of sterile 5%
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sorbitol solution (0.5 g of D-sorbitol, catalogue No. S-1876, Sigma-Aldrich, dissolved in
autoclaved MilliQ water and sterilized by filtration through a 0.2 pum syringe filter) and
incubated for 5 min. The mature stages lyse during this time and the ring stages and
uninfected erythrocytes were then recovered by centrifugation at 800 x g. The pellet was
then washed with PBS and then again with the incomplete medium. The final pellet was
resuspended in complete medium to attain 5% hematocrit. The procedure was repeated
48 h later in the next round of ring stage culture to attain a tighter synchronisation

window.

2.3.6.5. Percoll enrichment of late stages of P. falciparum

Percoll (catalog# 17-0891-01) procured from Pharmacia Biotech AB, Uppsala, Sweden, is
a density gradient media made of 23% w/w of colloidal silica coated with
polyvinylpyrrolidone, in water. It can create a solution with a maximum density of 1.2
g/ml. The density gradient of percoll can be used to separate cells based on their mass.
The density of the mature stages of the infected erythrocyte is greatly reduced, especially
during the late trophozoite/schizont stage. This difference in density can be exploited to
separate the mature stage form other asexual stages and uninfected erythrocytes
(Rivadeneira et al., 1983). The percentage enrichment of schizont stages that can be
achieved using percoll can be up to 80%.

A 90% percoll suspension was prepared by mixing 1ml of 10 X PBS and 9 ml of
percoll. To this, 2.5 ml of PBS was added to get a 70% percoll suspension. The suspension
was filtered using a 0.45 pm syringe filter. 40 ml culture containing predominantly late
trophozoite/schizont stages is washed once with PBS and then a 10% suspension of cells
was made using PBS. The cell suspension was carefully and slowly layered over the
percoll in a 50 ml Falcon. The tube was then centrifuged at 800 x g for 30 min at room
temperature after which, a distinct layer of hemozoin and another layer of late stage
parasites are formed. The hemozoin band was removed and the parasite layer is collected
in a fresh tube and washed with PBS. The cells were washed with incomplete medium and

then used for further experiments.

2.3.6.6. Isolation of free parasites from infected erythrocytes using saponin
treatment

For many applications related to only the parasite compartment, it is often necessary to
isolate free parasites devoid of their host RBC components. Saponin lysis is the preferred
method of choice. Saponins are amphipathic glycosides that interact with cholesterol in

membranes and form pores thereby lysing most of the mammalian cell membranes.
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Cholesterol poor plasmodium membranes are resistant to the saponin treatment and
hence can be selectively enriched using this reagent (Christophers & Fulton 1939).
Parasite culture with predominantly trophozoite stages was subjected to saponin
treatment. 0.15% of saponin solution was prepared by dissolving 15 mg of saponin
(Sigma-Aldrich, Catalogue No. S-1252) in 10 ml of PBS. 2 volumes of this solution was
added to 1 volume of culture pellet and incubated at room temperature for 4-5 min. The
reaction was terminated by adding an excess of PBS. This results in almost complete lysis
of the erythrocyte compartment. The solution was centrifuged at 1600 x g for 15 min in a
REMI (RC8) centrifuge with a swing out rotor. After centrifugation, a black pellet of
parasites along with some uninfected erythrocytes was obtained. The pellet was
resuspended with 0.015% of saponin solution in PBS and centrifuged at 1600 x g for 15
min. We have observed that this additional wash step improves the parasite enrichment
and ensures complete lysis of erythrocytes. The quality of the preparation can be checked
using a Giemsa smear. The pellet was flash frozen in liquid nitrogen and stored at -80 °C

or used directly.

2.3.6.7. Cryopreservation and revival of P. falciparum asexual stage cultures
For parasite cryopreservation, Stockholm sorbitol method (Lambros and Vanderberg,
1979) was used. 4-5 ml of parasite culture with 5% hematocrit, 3-10% parasitemia in
predominantly ring stage is preferred. The culture was pelleted (pellet volume,
approximately 0.2 ml) by centrifugation at 800 x g for 2-3 min at room temperature. The
supernatant was removed and 0.3 ml of fetal bovine serum was added dropwise with
gentle resuspension, by rocking the tube gently with hand, after every few drops. The cell
suspension (now 40% hematocrit) was now mixed slowly, drop by drop, with 0.5 ml
parasite freezing medium (28% glycerol, 3% sorbitol, and 0.65% NaCl). To make 250 ml
of freezing medium, 180 ml of 4.2% sorbitol in 0.9% NaCl was mixed with 70 ml glycerol.
The solution was filter sterilised and stored at 4 °C for up to 6 months. The addition of
freezing medium should take around 1 min. The cell suspension was transferred to a
sterile cryovial, the cap screwed tightly and the vial stored in liquid nitrogen until further
use.

The frozen stock was revived by thawing with NaCl solution. For this, two
different concentrations, 1.6% and 12% of sodium chloride solutions were used. The
frozen vial was removed from the liquid nitrogen tank and thawed at 37 °C for 1 to 2 min.
The cell suspension was transferred to sterile 50 ml centrifugal tubes. 0.1 volumes of 12%
NaCl solution was added dropwise while swirling the tube. The tube was left to stand at
room temperature for 5 min. 10 volumes of 1.6% sodium chloride solution was added

slowly while swirling the tube simultaneously. The suspension was centrifuged at 500 x g
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for 5 min at room temperature. The supernatant was removed and 10 volumes of
complete medium were added dropwise while swirling the tube. The suspension was
again centrifuged at 500 x g for 5 min. The supernatant containing lysed erythrocytes
(both infected and uninfected) was removed and the cell pellet was resuspended in

appropriate volume of complete medium for continuous in vitro culturing.

2.3.6.8. Genomic DNA isolation

Isolation of genomic DNA from parasites involves saponin lysis of infected erythrocytes to
release free parasites and then a routine procedure based on phenol-chloroform
extraction is followed. 40 ml culture (5% hematocrit) with 8-10% parasitemia is good for
a high-yield of genomic DNA. Free parasite pellet was obtained from the culture using
saponin lysis as described in section 2.4.3. The parasite pellet was either flash frozen in
liquid nitrogen and stored at -80 °C for later use or directly used for genomic DNA
isolation. In either case, the parasite pellet is resuspended in 1/100t the original culture
volume in Tris-ethylenediaminetetraacetic acid (TE) buffer (10 mM Tris-HCI and 1 mM
EDTA, pH 8.0). Proteinase K to a final concentration of 20 pg/ml and sodium dodecyl
sulphate (SDS) to a final concentration of 0.5%, were added. The solution was mixed by
gently inverting the tube, so as not to shear the genomic DNA. All the mixing steps were
done gently and cut tips were used wherever possible. The mixture was incubated at 56-
65 °C for 6-10 h. 1 volume of Tris-saturated phenol (should be yellow in colour) and 1
volume of chloroform were added to this solution. The tubes were inverted repeatedly for
approximately 10 min until a clear separation of organic and aqueous phase is obtained.
The tubes were centrifuged at 15000 x g for 5 min at room temperature.

The aqueous phase was transferred to a new tube without disturbing the
interface and phenol-chloroform extraction was repeated. The final aqueous phase was
mixed gently with 1 volume of chloroform for 5 min and centrifuged at 15000 x g for 5
min. The aqueous phase was transferred to a new tube and 1/10t volume of 3 M sodium
acetate, pH 4.5 and 2.5 volumes of 100% ethanol were added and mixed well. The
solution can be incubated at -20 °C freezer for at least 1 h to enhance the precipitation of
DNA. The tubes were centrifuged at 15000 x g for 5 min. The supernatant was discarded
and pellet washed with 500-1000 pl of 70% ice-cold ethanol, vortexed and centrifuged at
15000 x g for 5 min. The supernatant was discarded and the pellet air-dried by placing the
tube in a dry bath set at 65 °C for 3-5 min. The dried DNA pellet was dissolved in 50-100
ul of TE, pH 8.0. The quality of the isolated genomic DNA was checked by electrophoresis

on a 0.6% agarose gel.

59



Chapter 2: Probing the metabolic significance of fumarate in P. falciparum

Imaging techniques

2.3.6.9. Enumeration of parasitemia using microscopy

For routine parasite culture maintenance, the parasitemia was estimated every alternate
day. This is done by Giemsa staining a thin smear of parasite culture and observing them
under a light microscope. Giemsa staining solution (a mixture of methylene blue, eosin,
and Azure B), stains the parasite differentially as it has a nucleus, unlike the host
erythrocyte. For this, a 50 pl aliquot of the culture was centrifuged at 800 x g for 1 min.
The pellet was resuspended in the small volume of spent media and a drop of this
suspension was placed on a glass slide. A smear was made, air dried and fixed using
methanol. The smear was layered with Giemsa staining solution and incubated for 5 min.
The staining solution was prepared by mixing 300 pl of Giemsa staining solution with 900
ul Giemsa buffer. Giemsa buffer was prepared by dissolving 0.11 g of disodium hydrogen
phosphate and 0.07 g of potassium dihydrogen phosphate in 100 ml water. The smear
was washed to remove the staining solution and then observed under light microscope.
For parasitemia estimation, infected erythrocytes in around 1000 erythrocytes were

counted.

2.3.6.10. Indirect immunofluorescence of asexual stages of P. falciparum

0.5 ml of parasitized erythrocytes (5% hematocrit) was washed with PBS and the cells
were fixed by resuspending in a solution containing 4% paraformaldehyde (cat) and
0.0075% glutaraldehyde (cat) for 30 minutes. The paraformaldehyde solution was made
freshly before use. For this, 4 mg of paraformaldehyde powder was dissolved in 600 pl of
PBS and then the tube was heated in hot water (60-70 °C) until the powder dissolved. The
volume was made up to 1 ml with PBS. After incubation for 30 minutes, the cells were
pelleted and washed with PBS. The cells were permeabilized by resuspension and
incubation in a solution containing 0.1% TritonX-100 (USB chemicals, 22686) for 8-9 min.
The cells were then washed with 500 ul of PBS twice and incubated with a 3% bovine
serum albumin (BSA) solution prepared in PBS. The primary antibody of a required titre
was added to the solution and incubated for 1 h at 25 °C. The cells were then washed with
500 pl of PBS three times, 10 min each. The secondary antibody of the required titre was
added and cells were incubated in this solution for 1 hour in the dark. The cells were
thereafter washed three times with PBS, with each wash lasting 10 minutes. Appropriate
concentration of 4',6-diamidino-2-phenylindole (DAPI) (cat) or 2,5'-Bi-1H-benzimidazole,
2'-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl) (Hoescht) (cat) was added and incubated

for 10 minutes in the dark. The cells were washed again with PBS. A thick cell suspension

60



Chapter 2: Probing the metabolic significance of fumarate in P. falciparum

in PBS was made and 4 pl of this suspension was used to prepare the slides as mentioned

in the live cell microscopy section. The slides were imaged using a confocal microscope.

2.3.6.11. Live cell imaging of P. falciparum culture

Recombinant parasites in which a fluorescent tag is attached to the protein of interest, for
analysis such as protein localisation, expression levels etc., are monitored using live cell
microscopy. For this 100 pl parasite culture (5% hematocrit) was centrifuged and the
pellet resuspended in a small amount of the supernatant (typically 5-10 pl). 4 pl of the cell
suspension is placed on a cover slip and the cover slip with cells was inverted over onto a
glass slide slowly such that the suspension spreads to cover the entire area of the
coverslip leaving no air bubbles. The cover slip was glued to the slide and immediately

used for acquiring images.

2.3.7. Transfection of P. falciparum

Transfection of the parasites in asexual stages was done either by preloading the
uninfected erythrocytes by electroporation with the plasmid of interest and then infecting
them with the mature stage parasite culture or by direct electroporation of the plasmid of
interest in the ring stage of the culture. In both cases, electroporation was done by using
BioRad Gene Pulser Xcell (catalogue # 165-2660) using either the square wave or the
exponential pulse protocol. The schematic representation of different methods is shown

in Figure 2.3.

2.3.7.1. Preloading of plasmid DNA into uninfected erythrocytes by
electroporation

0.5 ml of 50% erythrocyte suspension was used for each electroporation. The cells were
washed with 5 ml of cytomix that is pre-warmed to room temperature, to remove the
incomplete media completely. Cytomix is a solution containing a mixture of salts that is
optimised for P. falciparum electroporation. Cytomix consists of 120 mM KCI, 0.15 mM
CaClz, 2 mM EGTA, 5 mM MgCl;, 10 mM K;HPO,/KH.PO4, pH 7.6, 25 mM HEPES, pH 7.6.
For 100 ml of cytomix, 6 ml of 2 M KCl, 7.5ul of 2 M CaCl, 1 ml of 1 M K;HPO4/KH>PO,, pH
7.6 (for 10 ml of 1 M phosphate buffer, pH 7.6, mix 8.66 ml of 1 M K;HPO4 and 1.34 ml of 1
M KH2PO4), 10 ml of 250 mM HEPES/20 mM EGTA, pH 7.6 (pH to 7.6 using KOH), and 0.5
ml of 1 M MgCl; were mixed and made up to near 100 ml using MilliQ water. The pH was
finally adjusted to 7.6 using 5/10 M KOH and volume made up to 100 ml. The solution
was filter sterilised and stored at 4°C. This solution can be kept for 2-3 months. The
washed erythrocytes were resuspended in cytomix, mixed with DNA and volume made up

to 350-400 pl with cytomix. A 2 mm electroporation cuvette was chilled for 30 min on ice
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and the mixture containing the DNA and erythrocytes was transferred to the cuvette and
kept on ice for at least 5 min. For electroporation using BioRad gene pulser, an
exponential decay program set to 0.31 kV and 950 pF was used. After electroporation, the
time constant was noted and for a successful electroporation, it should be between 12-20
ms. The square wave pulse protocol when used was performed with 8 square-wave
pulses of 365 V for 1 ms, separated by 100 ms. The contents of the cuvette were now
transferred to a culture vial and excess complete medium of around 20 ml was added.
After about 4 h the spent medium was removed along with lysed erythrocytes and
replaced with fresh media. 1 ml healthy parasite culture, preferably in schizont stage (4-
6% parasitemia) was added to this erythrocyte suspension and drug pressure applied

after 48 h.
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Figure 2.3. Transfection of P. falciparum asexual stages by electroporation.
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L. The scheme describes the preloading method of transfection wherein, the uninfected red
blood cells (uRBCs) are electroporated with plasmid DNA and mature stage parasite culture
is added thereafter. II. The ring stages are directly used for transfection. In both the cases
either square-wave or exponential decay pulse program can be used.

2.3.7.2. Direct electroporation of plasmid DNA into ring stage parasites

Direct electroporation of the asexual stages was done using a healthy ring stage culture

(preferably mid-ring) with parasitemia around 8-10%. 5 ml culture was used for every

electroporation. The cells were washed with 5 ml of cytomix and 75-100 pg of DNA was
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added to these cells and volume made up to 300-400 ul with cytomix. The sample was
processed in a manner similar to that mentioned for the preloading method. Either square
wave or exponential decay pulse was used. After electroporation, the cells were washed
with pre- warmed complete medium and then transferred to the candle jar. The medium
was changed twice within a span of 8 h to ensure removal of lysed cells. Fresh
erythrocytes were added to the culture after 12 h to allow for reinvasion to happen. Drug

selection was started after 48 h of electroporation.

2.3.8. 2-Fluoroadenine inhibition of WT and Aprt E. coli strains

JW0458-2 strain of E. coli with the copy of Aprt gene deleted (AptKO) was transformed
with either pQE30 plasmid or the plasmid expressing yAPRT and the strains were
denoted AptKO+pQE30 and AptKO + yAPRT respectively. The strains were selected on LB
plate with both kanamycin and ampicillin. A single colony was picked and grown in 10 ml
LB broth overnight. An equal number of cells, as ascertained by ODeoo, were added to LB
media containing different purine source with/without 2-fluoroadenine. The growth was
monitored continuously and data from the time point representing the maximal change in
growth phenotype is presented. For rescue experiments, involving relieving of inhibition

by 2-fluroadenine, adenine/hypoxanthine was added into the culture.

2.3.9. In vitro activity of yAPRT

In vitro activity of the recombinantly purified yAPRT was checked spectrophotometrically
at 256nm (Ae =2.13 mM-lcm1) in a 1 cm quartz cuvette. The reaction was performed in
100 mM Tris-HCl, pH 7.4 containing100 puM of adenine, 500 uM of PRPP, and 10 mM of
MgCl; in a final volume of 400 pl. The reaction was initiated by the addition of 0.6 ng of
enzyme.

For checking the activity of the yAPRT in the parasite lysate, saponin pellets of
both wild-type and yAPRT expressing P. falciparum strains were prepared and lysed by
freeze-thawing. The lysate was dialysed extensively to remove small molecules. The
protein content was normalised by using Bradford method (Bradford, 1976) and an equal
amount of protein, from both the lysates, was used for the activity measurements. The
assay was performed using the lysate, with adenine and PRPP as substrates and incubated
for 2 h at 37°C. The protein was removed by TCA precipitation and the neutralised
supernatant was injected into the C18 column. 4 mM tetrabutylammonium hydrogen
sulphate was used as ion pairing agent. 50 mM sodium phosphate buffer, pH 6.2 was used
as the equilibration buffer and the same buffer with 50% acetonitrile was used for

gradient elution.
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2.3.10. In vivo activity of yAPRT in P. falciparum

Susceptibility to 2-FA was used as a probe to qualitatively evaluate the in vivo activity of
yAPRT in the parasite. To check the susceptibility of the parasites to 2-FA established
protocols were used (Desjardins et al., 1979). Briefly, a synchronised culture of 3D7 and
3D7+yAPRT culture was used for the assay that was performed in a 96-well plate format.
Parasite culture with an initial parasitemia of 1% and a hematocrit of 2% was used. The
final culture volume was maintained at 200 pl in each well. 2-FA was titrated using serial
dilution method starting from 120 uM to 230 nM (10 dilutions). After 98 h of incubation
at 37 °C, smears were made, stained with Giemsa staining solution and parasitemia was
estimated by counting at least 1000 RBCs in each condition under a microscope. As a
control, parasitemia from a culture in which no 2-FA was added was estimated. The
experiment was repeated twice with 2 technical replicates each time. The points were fit
to an equation using log concentration of inhibitor versus response with a variable slope

option, under non-linear regression analysis in GraphPad Prism 5.

2.4. RESULTS AND DISCUSSION

2.4.1. Distribution of purine salvage pathway enzymes in alveolates
Representative organisms belonging to alveolates, stremanophiles, rhizaria and
kinetoplastids were surveyed for the presence/absence of enzymes involved in purine
salvage and interconversion pathways. Similar analyses have been performed earlier but
were limited only to a subsection of the organisms chosen here (Chaudhary et al., 2004).
Moreover, whole-genome sequence information for many organisms is now available that
would aid in a better comparative analysis. The analysis here includes both parasitic and
non-parasitic organisms. For this analysis, Blast P tool was used and wherever possible
protein sequences from P. falciparum was used as the query. For genes not present in P.
falciparum, the corresponding protein sequence from a different parasitic organism
belonging to any of the above-mentioned clades was used. For APRT, however, the
sequence of S. cerevisiae was chosen as it gave a true representation of the distribution of
the protein.

For multiple enzymes, more than one query was used for the following reasons;
either the Plasmodium protein lacked homology to the protein present in some organisms
as seen in the case of ADSS or a protein of a different superfamily performs the same
catalytic function (exemplified by Trypanosoma brucei nucleoside hydrolase that converts
inosine and guanosine to hypoxanthine and guanine, respectively, just like purine
nucleoside phosphorylase of Plasmodium). The result of the analysis is catalogued in

Table 2.5.
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Table 2.5. Distribution of purine salvage/interconversion enzymes in representative organisms from

alveolates, stremanophiles, kinetoplastids and rhizaria.

PNP
Pf/ HGPR
. AAH ADA ADSS ASL AMPD | IMPDH | GMPS GMPR | APRT AK
# Organism Ec/Ich T
Ld Pf . Pf/Th Pf/Bh Pf Pf/Ec Pf Ld/Hs Sc Tg/Tv
/Tt Pf/Gl
IUNH
1 Parameciu
m 1e-69 1e-13 | 5e-134 | 5e-133 | 1e-158 | 4e-96 2e-40 | 5e-29
. 97,39 47,35 95,49 95,45 89,40 96,37 83,46 | 94,29
tetraurelia
2 Tetrahyme
na le-15 | 2e-150 | 3e-16 | 3e-129 | 2e-141 | 8e-164 | 6e-106 7e-40
thermophil 56,30 | 98,72* | 70,31 96,46 95,48 73,48 95,37 83,43
a
3 Oxytricha 1e-06 | 4e-18 | 9e-31 5e-32 | 1e-118 | le-144 9e-148 | 3e-38 | 4e-47
trifallax 33,32 | 90,26 | 8631* | 97,30 95,44 97,46 98,60 | 90,41 | 9530
Ichthyopthi
Fious 3e-06 | 3e-14 0.0 5e-17 | 3e-130 | 2e-130 | 2e-161 | 4e-109
s 41,28 | 49,28 ' 74,28 95,46 87,51 74,48 95,36
multifillis ’
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2e-27 2e-66 6e-77 | 2e-164 | 1e-144 0.0 0.0 0.0 0
93,34 97,45 95,51 97,52 98,43 89,56 99,50 99,47
0.0 2e-102 | 4e-62 3e-33
82,48 75,57 98,29 96,29
8e-61 3e-72 5e-78 6e-36 0.0 0.0 3e-168 2e-07
97,40 90,48 66,41 55,36 69,59 98,53 98,44 19,41
2e-30 3e-57 1e-77 | 8e-162 | 2e-141 0.0 9e-174 0.0 1e-177
95,34 97,42 96,50 97,50 96,41 98,51 99,59 99,46 99,65
2e-27 4e-45 8e-77 | 1e-161 | 1e-144 0.0 0.0 0.0 0
95,34 77,46 95,51 94,52 98,43 89,56 99,52 99,47 100,81
8e-35 7e-118 | 2e-91 3e-176 | 3e-114 | 9e-40
+
98,31 92,45 97,38 99,50 98,35 95,32
6e-72 | 7e-40 1e-126 | 8e-137 0.0 2e-112 | 1e-36 2e-20
94,34 | 9834 96,45 94,47 99,51 98,35 90,32 93,26
1e-76 3e-35 | 1e-107 | 4e-94 0.0 2e-103 | 2e-139 | 3e-44 | 6e-35 | 1e-25
95,53 91,34 95,38 96,38 74,60 73,53 98,39 92,36 | 81,44 | 92,28
9e-18 7e-16 0.0 2e-115 | 3e-121 | 5e-134 | 3e-60 0.0 2e-18 | 1e-47
91,29 78,32 ) 95,39 7342 | 9941* | 98,30 ) 81,35 | 9534
0.0 3e-60 2e-11 0.0 4e-115 | 3e-16 | 2e-137 | 5e-63 0.0 5e-18 | 2e-45
i 95,35 67,29 ) 95,40 73,42 99,42 98,28 ) 88,33 92,33
5e-137 1e-21 5e-07 00 9e-87 | 5e-120 | 1e-140 | 4e-46 2e-24 | 4e-47
95,48 95,27 64,28 ) 64,44 7342 | 9944* | 96,26 86,35 | 93,34
Plasmodiop
hora 2e-13 | 2e-20 | 6e-43 2e-25 | 5e-144 0 3e-158 | 5e-173 | 1e-57 | 8e-179 1e-53
. 94,25 | 8824 | 8935* | 77,33 95,49 72,46 97,50 99,30 99,68 95,32
brassicae
Reticulomy | 9e-13 | 5e-18 | 2e-15 | 2e-18 | 4e-60 2e-63 | le-161 | le-141 | 3e-49 | 1e-170 | 8e-48 | 8e-51
xa filosa 90,24 | 6827 | 7426* | 7431 52,42 31,59 88,41 99,40 83,28 99,68 | 90,45 | 96,32
8e-08 | 9e-43 1e-37 | 4e-131 0 7e-149 | 6e-163
43,23 | 5743 88,34 95,46 99,45 99,43
+ + + 0 + + + + +
Chron_lera + + + + + + + +
velia
7 -
brassicaf + + + + + + + +
ormens
+ + + + + + +
Perkinsus
. + + + + + + + +
marinus
Chlamydom
onas + + + + + + +
reinhardtii
Giardia 2e-40 2e-30
. 0
lamblia 93,32 97,37
Trichomon 1e-97
A 6e-27 3e-16
as vaginalis 97,59* 0.0
89,27 77,28
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Alveolates Euglenozoa
[ Stremanophiles [l Dinoflagellates Rhizaria WM Kinetoplastida
Ciliates
I Apicomplexans
Chromerids

Perkinsozoa

Organisms from which the query sequences were used for BlastP search are indicated in the
header row. When more than one sequence was used as the query, the query and the search
results are given in the same colour. Every box contains numbers corresponding to e-value,
sequence coverage and sequence identity in percentage, in that order, with respect to the
query sequence. The first column of the table is coloured red for parasitic organisms and
green for non-parasitic organisms. A plus sign in any box indicates the presence of the gene
from earlier published data (Woo et al, 2015). A blue asterisk as superscript indicates the
presence of two different genes encoding proteins with the same function but with distant
homology. Pf, P. falciparum; Ld, L. donovani; Ec, Escherichia coli; Th, Trypanosoma brucei;
Tt-IUNH, Tetrahymena thermophile inosine-uridine nucleoside hydrolase; Gl, Giardia
lamblia; Bh, Blastocystis hominis; Hs, Homo sapiens; Tv, Trichomonas vaginalis. AAH,
adenine aminohydrolase/adenine deaminase; ADA, adenosine deaminase; PNP, purine
nucleoside phosphorylase; HGPRT, hypoxanthine-guanine phosphoribosyltransferase; ADSS,
adenylosuccinate synthetase; ASL, adenylosuccinate lyase; AMPD, adenosine monophosphate
deaminase; IMPDH, inosine monophosphate dehydrogenase; GMPS, guanosine
monophosphate synthetase; GMPR, guanosine monophosphate reductase, APRT, adenine
phosphoribosyl transferase; AK, adenosine kinase; Ich, Ichthyopthirius multifillis.

There are three categories into which organisms can be classified. Class1, those
which depend on only phosphoribosylation based reactions to salvage purines as
exemplified by Giardia; class2, those that use phosphorylation of nucleosides exclusively
for salvage as seen in Trichomonas; and class3, that uses both ways as seen in ciliates and
kinetoplastids. The following are the notable features brought out by this analysis:

1) With few exceptions, the general trend in purine acquisition amongst parasites
as is evident from the table is that purine nucleosides and nucleobases are the preferred
purine source. The nucleosides once transported into the cytosol are also converted to
nucleobases by the action of enzymes, PNP or NH. The nucleobases are converted to their
corresponding mononucleotide by the action of HGXPRT/APRT.

2) The enzymes HGPRT, PNP, ADSS, ASL, GMPS, IMPDH and AMPD are present in
most of the organisms surveyed.

3) The enzymes ADA, AAH, APRT and GPRT are sparsely distributed. The most
striking feature is almost complete absence of APRT in apicomplexan organisms, the
exception being Gregarina niphandrodes.

4) In Apicomplexa, GMPR is restricted to organisms of the order Piroplasmida
(Theleria and Babesia) and gregarines (Gregarina niphandrodes). It is perplexing that the
enzyme AMPD that converts AMP back to IMP is more widely distributed that GMPR, that
converts GMP to IMP.
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5) The presence of the gene, inosine-uridine nucleoside hydrolase (IU-NH) can be
considered as an indicator for the presence of pyrimidine salvage machinery in the
corresponding organisms.

6) Strikingly, the gene corresponding to GMPS is absent in ciliates. With the
absence of GMPS, the role of IMPDH, which is present in these organisms, is enigmatic. It
is also possible that the annotation of IMPDH is wrong and the gene could actually be
GMPR as these proteins exhibit high sequence conservation.

7) As established before, Giardia lamblia has the most simplistic purine salvage
pathway with just NH, APRT and GPRT to meet the purine requirements. Interconversion
of purines seems to be completely absent in this parasite.

8) Biochemical studies in Trichomonas vaginalis showed that adenosine is the
primary source of all purine nucleotides in the parasite. Corroborating this, the
corresponding enzymes are present in the organism. Although there is a protein
homologous to HGPRT, biochemical studies show that phosphorylation of adenosine and
guanosine by kinases is the major pathway of purine salvage. It has been suggested that
contribution of adenosine to guanylate pool is facilitated by the enzymes, adenosine
deaminase, purine nucleoside kinase, IMPDH and GMPS acting in tandem. Our
bioinformatic analysis did not reveal the presence of IMPDH and GMPS in this organism.
Although biochemical evidence exists for the presence of IMPDH and GMPS, further
investigation is needed to confirm this at the sequence level. Another notable feature of
this organism is the preferential action of PNP towards the formation of nucleosides, in a
direction that is reverse to that seen in most other organisms (Munagala and Wang,
2003).Apart from the purine source available in the environment, which could be the
primary determinant of the choice of salvage enzymes, other factors like, mode of
pyrimidine metabolism (salvage vs de novo) and nature of energy metabolism

(fermentative vs oxidative) could have also played a key role.

2.4.2. Comparison of thermodynamic/Kkinetic parameters of enzymes
involved in purine salvage pathway

The introduction of a new enzyme to produce AMP in the parasite would mean sufficient
substrate should be present in the parasite compartment and that the Keq of the reaction
is large enough to drive the reaction in the direction of AMP production and not the
reverse. We obtained the Keq values of all the enzymes of the purine salvage pathway
using the tool eQuilibrator (Flamholz et al.,, 2012). From the values presented in Table
2.6, it can be seen that Keq of APRT is 100 times greater than that of AK suggesting it to be

a better candidate for AMP generation.
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Table 2.6. Thermodynamic parameters of key enzymes in purine salvage metabolism.
Highlighted in light green are the K.q values that are positive. Highlighted in dark green are
the most suitable enzymes for use as alternative modes of AMP generation in P. falciparum.

Values were obtained from the tool eQuilibrator (Flamholz et al.,, 2012).

AG'm AG'®
S.No Enzyme EC No. (kJ/mol) | (kj/mol) Keq
1 Adenosine deaminase (ADA) 3544 | 40.1+1.4 | 229414 | 1.1x10*
2 Purine nucleoside phosphorylase (PNP) 24.2.1 9.242.1 9.242.1 0.0248
3 Hypoxanthine phosphoribosyltransferase 2428 | 267431 | 267+3.1 | 4.8x10*
(HPRT)
. 9.7x10-
4 | Adenylosuccinate synthetase (ADSS) 6.3.44 | 11.5+4.2 | 11.5+4.2 3
5 | Adenylosuccinate lyase (ASL) 43.2.2 -74£2.7 | 10.1£2.7 | 0.0169
6 Adenosine monophosphate deaminase 3546 | 48.7+3.8 | 31.6+3.8 | 3.4x105
(AMPD)
1.8x10-
7 IMP dehydrogenase (IMPDH) 1.1.1.205 | 21.4+7.4 | 21.44£7.4 4
Guanosine monophosphate synthetase
8 (GMPS) 6.3.5.2 N.D N.D N.D
Guanosine monophosphate reductase
9 (GMPR) 1.6.6.8 N.D N.D N.D
10 | Adenine aminohydrolase (AAH) 3542 39.143.2 | -2243.2 | 7.2%x103
11 | Adenine phosphoribosyltransferase (APRT) 2.4.2.8 17.1+2.6 | 17.1+2.6 -
12 | Guanine phosphoribosyltransferase (GPRT) 24.28 | 284144 | 284444 | 1x10°
13 | Xanthine phosphoribosyltransferase (XPRT) 24.28 | 221473 | 22.147.3 | 7.4%x103
14 | Adenosine kinase (AK) 2.7.1.20 | 12.2+2.8 | 12.2+2.8 -
15 | Guanosine kinase (GK) 2.7.1.73 | 20.5+6.7 | 20.5+6.7 | 4Xx103
16 | Adenylate kinase (ADK) 2.7.4.3 -2.610.3 | -2.6+0.3 2.82

EC No., Enzyme commission number; 4,G'™, Gibbs free enerqy at a pH of 7.0 and ionic strength of 0.1
M, and 1 mM concentration of all reactants; 4,G°, Gibbs free energy at a pH of 7.0 and ionic strength
of 0.1 M, and 1 M concentration of all reactants; K., rate enhancement of forward reaction over that
of the reverse reaction. A value of 1 indicates an equal flux of forward and reverse reaction; a value of
less than 1 indicates an increased flux of reverse reaction; and a value more than 1 indicates an

increased flux of the forward reaction compared to that of the reverse reaction.

2.4.3. The choice of alternate AMP generating enzyme

Apart from the ADSS/ASSL pathway, two potential enzymes that could serve to produce
AMP in P. falciparum, are APRT and AK. APRT uses a molecule of adenine and PRPP to

produce AMP. AK uses one molecule of adenosine and ATP to generate AMP. For this work

APRT was chosen as an alternate AMP generating enzyme for the following reasons;

1) The Keq of APRT (103) is much higher compared to that of AK (138) showing that

APRT could be a better enzyme to drive the reaction away from equilibrium

towards AMP generation.
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2) Unlike adenosine which could be acted upon by adenosine deaminase in the
parasite cytosol and hence diverting the flux into two different pathways (AK and
ADA), there are no enzymes present in the parasite compartment that could act on
adenine.

3) APRT is completely absent in all the organisms of Apicomplexa except for
Gregarina niphandrodes. It would be interesting to examine the phenotype upon

expression of APRT in P. falciparum.

One should note that these reasons do not warrant that AK cannot be used as an alternate
AMP generating pathway, but just provide a rationale for choosing one over the other.
For expressing APRT in P. falciparum, a centromere plasmid was chosen as it will be
stably segregated across multiple generations. Moreover, since the copy number of the
plasmid will be one, there would be minimal heterogeneity in phenotype across

individuals in a population of parasites.

2.4.4. Cloning, expression, purification and activity of recombinant yAPRT

yAPRT was cloned in pET21b and expressed as an N-terminal (His)¢-tagged protein in E.
coli (Figure 2.4). The cloned gene sequence was verified to be correct by DNA
sequencing. The protein was purified to homogeneity by Ni-NTA followed by size-
exclusion chromatography (Figure 2.5 b & c). The purified protein was found to be active
as analysed by a spectrophotometric assay (Figure 2.5 f). The specific activity of the
protein measured in Tris-HCI, pH 7.4 containing 100 pM of adenine, 500 uM of PRPP, and
10 mM of MgCl; was 13 pmol min-tmg-1, which is comparable to the value reported in the

literature (Alfonzo et al., 1997).
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Figure 2.4. Cloning of Saccharomyces cerevisiae adenine phosphoribosyltransferase
(VAPRT) into pET21b.

(a) Vector map showing key features of the plasmid used for recombinant expression of
YAPRT. Lacl- lac repressor protein, AmpR- B-lactamase enzyme, BamHI and Sall- enzymes
used for cloning. (b) Validation of clone by restriction digestion and release of the DNA
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fragment corresponding to yAPRT using BamHI and Sall. Lane 1, restriction digestion
mixture; and lane 2, 100bp DNA ladder. The clone was finally validated by DNA sequencing.
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Figure 2.5. Expression, purification, and activity of recombinant yAPRT.

(a) SDS-PAGE analysis of whole cell lysate of BL21 (DE3) codon plus strain with pET21b-
YAPRT plasmid, with and without IPTG induction. Lane 1, protein molecular weight marker;
lane 2, uninduced cell lysate; and lane 3, induced cell lysate. Expressed yAPRT in lane 3 is
indicated by an arrow. (b) SDS-PAGE analysis of eluates from Ni-NTA affinity
chromatography. Lanel, 100 mM imidazole eluate; lane 2, 200 mM imidazole eluate; lane 3,
protein molecular weight marker; and lane 4, 500 mM imidazole eluate. (c) SDS-PAGE
analysis of different fractions obtained after size-exclusion chromatography (SEC). Lane 1,
protein molecular weight marker; lanes 2-4 correspond to different fractions of yAPRT after
SEC. The molecular weight of marker proteins in panels a, b and c is shown in kDa. (d)
Reaction progress curve showing the conversion of adenine to AMP.

For functional complementation in E. coli AptKO strain and for expression in P.
falciparum, yAPRT was cloned into pQE30 and pFCENv1 vector. The clones were
validated by sequencing and digestion using appropriate restriction enzymes (BamHI and
Sall for pQE30 vector and Bglll and Bmtl in the case of pFCENv1 vector). For expression in
P. falciparum, pFCENv1 vector was chosen as it will be stably segregated (due to the

presence of centromere sequence) and only a single copy is maintained in each cell
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avoiding any overexpression artefacts. yAPRT will be expressed from a P. berghei EFla

promoter. The features of these plasmids are shown schematically in Figure 2.6.

BamHI

Bg/ll

PQE30-APRT

PFCENV1-yAPRT
4000 bp 8018 bp

Bmtl

Figure 2.6. Cloning of yAPRT gene in pQE30 and pFCEN1.

(a) Schematic representation of the plasmid pQE30-yAPRT showing key features in the
vector backbone. The position of constitutive T5 promoter and, BamHI and Sall sites used for
cloning are also shown. (b) Schematic representation of key features of the plasmid pFCEN1-
YAPRT. PbHSP3'UTR, 3’untranslated region of P. berghei heat shock protein; PbEFIa,
bidirectional promoter of P. berghei elongation factor 1a; hDHFR, human dihydrofolate
reductase; PFCEN, P. falciparum centromere sequence 5.5 corresponding to chromosome 5,
and positions of Bglll and Bmtl sites used for cloning yAPRT are shown. (c) Validation of
cloning of yAPRT in pQE30 by using restriction enzymes BamHI and Sall. Lanel, 1 kb DNA
ladder from New England Biolabs (NEB), USA; and laneZ2, digested plasmid DNA. (d)
Validation of yAPRT cloning in pFCEN1 vector using enzymes Bglll and Bmtl. Lanel,
digested plasmid DNA; and lane2, 1 kb DNA ladder from NEB. Enzymes mentioned in (a)
and (b) were used for this restriction digestion. All the clones were confirmed by DNA
sequencing.

2.4.5. Generation and purification of antibody

Antibody against recombinant yAPRT was generated in rabbit. The antibody was purified
by using the strip-affinity method. The purified antibody was tested for its affinity to the
recombinant protein by dot-blot. The antibody, even at a dilution of 1: 20,000 (Figure
2.7), reported back on the presence of the antigen. The antibody was used for both

Western and indirect immunofluorescence to check the expression of yAPRT in 3D7-

yAPRT parasites.
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1 2 3 4 5
Figure 2.7. Purification of antibody using strip-affinity method and analysis using dot
blot.

Antibodies were raised in rabbit. 1 ml of serum obtained from the rabbit was used for the
purification process using the strip-affinity method. Different dilutions of the eluates
obtained after purification were tested for their reactivity towards recombinant protein. 1,
blot in which no protein was loaded; 2, blot containing 2 ug of yAPRT probed with
unpurified serum containing anti-yAPRT antibodies; 3 to 5 correspond to the blot with 2 ug
protein probed with different dilutions- 1:1000, 1:10000, and 1:20000, respectively of
purified antibody.

2.4.6. 2-FA toxicity as a reporter for in vivo activity of yAPRT

Having established that yAPRT is active in vitro, the in vivo activity of yAPRT had to be
established. 2-FA is a substrate analogue of adenine and gets catalysed to 2-
fluoroadenosine monophosphate (2-FAMP) by APRT. 2-FAMP can inhibit many
intracellular reactions where AMP/ADP/ATP is used and therefore, is toxic to the
organism expressing APRT. The toxicity of 2-FA to an organism could serve as a surrogate
for the in vivo activity of APRT. In order to check if yAPRT can catalyse the
phosphoribosylation of 2-FA and produce toxic 2-FAMP, we performed 2-FA
susceptibility studies in an aprt null E. coli strain, JW0458-2.As expected the strain grew
well even at 0.5mM 2-FA. However, 2-FA turned out to be toxic for the strain expressing
yAPRT as seen by the growth inhibition (Figure 2.8b), suggesting that 2-FA can act as a
substrate for yAPRT (Figure 2.8b).The finding that the 2-FA mediated toxicity is
specifically rescued by adenine but not hypoxanthine (Figure 2.8b) further substantiates

the fact that 2-FA mediated toxicity can be used as a reporter for checking the in vivo

activity of yAPRT.
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Figure 2.8. 2-FA adenine mediated toxicity and rescue in the E. coli strains
AptKO+pQE30 and AptKO+ yAPRT.

(a) Bar graph showing normalised growth phenotype of E. coli strains AptKO+pQE30 in LB
broth with different combinations of purine sources and 2-FA. Hyp, 1 mM of hypoxanthine;
Ade, 1 mM of adenine, , 2-FA, 0.5 mM 2-fluoroadenine. The last two bars correspond to
growth in condition where either ImM hypoxanthine or ImM adenine was added to compete
with 2-FA to relieve the toxicity exhibited, if any. It can be seen there was no growth defect
observed in any of the conditions tested. (b) Bar graph showing normalised growth
phenotype of E. coli strains AptKO+pQE30 in LB broth with different combinations of purine
sources and 2-FA. Unlike in (a), 2-FA is toxic to cells expressing yAPRT and the rescue is
specifically relieved only by the addition of adenine (last bar) and not by hypoxanthine (last
but one bar). AptKO is JM0458-2 strain in which the aprt gene is deleted. The experiment
was done in duplicates and repeated twice. The error bars represent the standard error of
the mean.

2.4.7. Generation and validation of P. falciparum strain expressing

yAPRT /GFP

For all experiments related to yAPRT expression and phenotyping in the parasite, the
pFCEN1 vector expressing GFP (pFCENv1-GFP) was used as a control and the strain
would be referred to as 3D7-Vector control (VC). Transfection of P. falciparum with
pFCEN1-APRT and pFCEN1-GFP was done by both preloading of erythrocytes and direct
transfection of ring-stage Plasmodium culture. The time constant ranged from 14-18 ms in
all these experiments. WR99210 was used as a selection marker and the drug resistant
parasites were obtained anywhere between 15-40 days after transfection. PCR with gene
specific primers and DNA from the transfected parasites as template showed the presence

of the plasmid in this parasites (Figure 2.10 a).
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Figure 2.9. Schematic representation of growth pattern observed following DNA
transfection and drug selection of asexual stage of P. falciparum.

Day 0 corresponds to transfection with ring stage culture using BioRad-XL electroporator. A
snapshot of Giemsa-stained parasite/s is shown at different time points that best describes
the health and stage of the culture. On day 2, after one generation time of the parasite
following transfection, the transfected parasites were selected by applying an appropriate
concentration of drug. On day 6, parasites could not be observed on the slide upon
examining the usual number of fields. Depending on the transfection efficiency one can see
the transfected parasites appearing on drug selection from anywhere between 10-40 days.
In this particular transfection, we observed healthy parasites appearing from day 14
onwards. Parasitemia estimates on day 20 and 22 included the dilution factor that the
cultures were subjected during continuous cultivation of the parasite.

Western blotting analysis performed on these parasite lysate using yAPRT specific
antibody showed expression of yAPRT and GFP in the respective transfected parasites

(Figure 2.10 b). Immunofluorescence microscopy of yAPRT parasites with antibody

against yAPRT showed the presence of the protein in the parasite cytosol (Figure 2.10 d).
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Figure 2.10. Validation of transfection and expression of yAPRT in P. falciparum 3D7
strain.

(a) PCR confirmation of the presence of plasmid pFCEN1-YAPRT in 3D7-yAPRT parasites.
Lanel, PCR with plasmid pFCEN1-yAPRT as template; lane2, 1Kb DNA ladder; lane3, an
aliquot of PCR product using genomic DNA isolated from 3D7-VC parasites as template; and
lane4, an aliquot of PCR product using genomic DNA isolated from 3D7-yAPRT parasites.
(b) Western blot analysis using a-APRT antibodies. Lanel, cell lysate of 3D7-yAPRT
parasites after saponin treatment; lane2, cell lysate of 3D7-VC parasites after saponin
treatment and lane3, prestained protein molecular weight marker (molecular weight shown
in kDa). (c) Western blot analysis using a-GFP antibody. Protein equivalent to 10 ml culture
of 5% hematocrit and 8% parasitemia was used for the analysis. Lanel and 2, protein
isolated from 3D7-VC parasites corresponding to 10 ml and 2 ml culture of 5% hematocrit
and 8% parasitemia;lane3, protein isolated from 3D7-yAPRT parasite corresponding to 10
ml of culture of 5% hematocrit and 8% parasitemia; and lane4, prestained protein
molecular weight marker (molecular weight shown in kDa). (d) Indirect
immunofluorescence microscopy on 3D7-yAPRT parasites probed with a-APRT antibodies.
(e) Indirect immunofluorescence microscopy on 3D7-VC parasites probed with a-APRT
antibodies. (f) Live cell microscopy on 3D7-VC parasites showing the presence of GFP. In all
immunofluorescence experiments, 10 images were collected in each experiment and
representative images are shown.
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2.4.8. In vivo and in-vitro activity of yAPRT in P. falciparum

To assess if yAPRT is functional in the parasite compartment, protein lysate from 3D7-
yAPRT and 3D7-VC parasites were incubated with adenine. The incubation was followed
by TCA precipitation of proteins, and analysis of reaction supernatant by ion-pair RP-

HPLC to monitor the formation of AMP.
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Figure 2.11. In-vitro activity of APRT in P. falciparum lysate.

Chromatogram from ion-pair RP-HPLC showing APRT activity in the cell lysate obtained
from saponin-treated preparations of 3D7-VC (red line) and 3D7-yAPRT (blue line)
parasites. There is a complete conversion of added adenine to AMP when protein lysate from
3D7-yAPRT parasite was used. The experiment was done twice.

As can be seen from the chromatogram, the lysate from 3D7-yAPRT brought about
complete conversion of adenine to AMP compared to that from 3D7-VC strain (Figure
2.11). This shows the in vitro functionality of yAPRT expressed in P. falciparum. As
described in the previous section, 2-FA toxicity can be used to check the in vivo
functionality of yAPRT. As expected, the 3D7-yAPRT parasites were more sensitive to 2-
FA as seen in the drop of ICso from 8.66 + 0.02 uM for 3D7-VC parasites to 1.30 + 0.02 uM
for 3D7-yAPRT parasites (Figure 2.12 left panel). This corroborates with the results seen
in E. coli experiments (section 2.11.6) and supports the in vivo functionality of yAPRT in
the parasite 3D7-yAPRT. It should be noted that 2-FA is toxic to the 3D7-VC parasite
because of the presence of human APRT in the erythrocyte compartment. The drop in ICso
of 2-FA for 3D7-yAPRT parasite is due to the presence of yAPRT in the parasite
compartment in addition to hAPRT in the erythrocyte compartment, thereby producing
excess 2-FAMP when compared to that of 3D7-VC parasites (Figure 2.12 right panel).
From this result, it can be concluded that yAPRT is functional in the parasite compartment

thereby causing increased sensitivity of 3D7-yARPT parasites towards 2-FA.
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Figure 2.12. The in vivo activity of yAPRT in 3D7-APRT parasite cytosol.

The left panel shows the susceptibility of 3D7-VC (blue line) and 3D7-yAPRT (red line)
parasites to 2-fluoroadenine. An ICs9 value of 1.30 + 0.02 uM was obtained for 3D7-APRT
parasites and 8.66 + 0.02 uM for 3D7-VC parasites. The drop in ICsy value in 3D7-APRT
parasite can be attributed to the activity of yAPRT in parasite compartment in addition to
the activity of human APRT (hAPRT) in erythrocytes cytoplasm. The experiment was done in
duplicates and repeated twice. The error bars represent the standard error of the mean. The
right panel shows the metabolic scenario causing higher sensitivity of 3D7-yAPRT parasites
to 2-FA. The brown line corresponds to erythrocyte membrane, the dotted black line
corresponds to parasitophorous vacuolar membrane and the black line corresponds to the
parasite plasma membrane. hAPRT, human adenine phosphoribosyltransferase; 2-FA, 2-
fluoroadenine; 2-FAMP, 2- fluoroadenosine mono phosphate; yAPRT, yeast adenine
phosphoribosyltransferase.

2.4.9. Rescue of 2-FA mediated toxicity in 3D7-yAPRT parasites

The addition of adenine should compete for 2-FA as a substrate for yAPRT/hAPRT and
hence should relieve toxicity of 2-FA. We attempted to rescue both the parasites from 2-
FA by the addition of 100 uM adenine. All regular in vitro P. falciparum growth culture
media contained 100 pM hypoxanthine. We had also observed that addition of up to 1mM
adenine along with 100 uM hypoxanthine to a culture of 3D7 parasites enhances growth
(data not shown). Based on this observation, 100 uM hypoxanthine and 100 puM adenine

were added to the medium for the rescue experiment.

We observed that, while adenine supplementation was able to rescue the 3D7-VC
parasites from 2-FA mediated growth inhibition, no rescue was seen with 3D7-yAPRT
parasites (Figure 2.13). Around 60% drop in parasitemia was observed at a 2-FA
concentration of 2uM for 3D7-yAPRT parasites grown in 100 pM hypoxanthine only
containing medium (Figure 2.13 b). This is in agreement with the ICso value for 2-FA (1.2
uM) for 3D7-yAPRT parasites (Figure 2.12). Surprisingly, the presence of 100 pM

adenine rather than rescuing the parasite caused complete death of 3D7-yARPT parasites
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(Figure 2.13 b). This prompted us to compare the growth of 3D7-yAPRT and 3D7-VC

parasites in medium containing either adenine or hypoxanthine or a combination of both.
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Figure 2.13. Rescue of 2-FA inhibition by adenine supplementation.

(a) Rescue of 2-FA inhibition by addition of 100 uM adenine in 3D7-VC parasites and (b)
Rescue of 2-FA inhibition by addition of 100 uM adenine in 3D7-yAPRT. Four different
concentrations of 2-FA- 2,5,20, and 50 uM-were used for the assay. The culture medium
already contained 100 uM hypoxanthine. In addition to the hypoxanthine present, 100 uM
adenine was used for the rescue experiment. The parasitemia of both 3D7-VC and 3D7-
YAPRT shown in the figure is normalised with respect to the parasitemia in culture grown in
regular culture medium containing 100 uM hypoxanthine alone. The experiment was done
in duplicates and repeated twice. The error bars represent the standard error of the mean.

2.4.10. Purine tolerance in 3D7-VC and 3D7-yAPRT
The growth of both the parasites was examined in the presence of either 100 uM
adenine/hypoxanthine alone or both purine bases together. Notably, the growth of 3D7-

yAPRT parasites was severely inhibited in the presence of both the purine sources while
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when the purines were singly provided, the parasites grew normally (Figure 2.14). 3D7-
VC parasites showed no difference in growth under all three conditions of purine source.
Adenine mediated toxicity has been reported for some wild-type and mutant E.
coli strains (Levine and Taylor, 1982; Xi et al,, 2000). The mechanism of adenine toxicity
in these cases is attributed either to inhibition of pyrimidine biosynthesis (caused by
excess ATP and low PRPP levels) or to drop in guanylate pool due to depletion of PRPP.
Trypanosomal parasites are sensitive to high concentrations of adenine and the
mechanism is independent of the presence of APRT (Liischer et al., 2014). This is unlike
the phenotype seen in 3D7-yAPRT strain where the combined presence of hypoxanthine
and adenine along with a functional APRT is needed to exhibit toxicity. In the context of
Plasmodium purine and pyrimidine metabolism, the toxicity seen in 3D7-yAPRT parasites
could be due to either excess AMP formation or depletion of PRPP or both. These changes
might cause toxicity through the following ways that is discussed below and also

schematically shown in Figure 2.15.
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Figure 2.14. Growth phenotype of 3D7-VC and 3D7-yAPRT parasites in media
containing different purine sources.

There is a selective inhibition of growth seen with3D7-yAPRTparasite in media containing
both hypoxanthine and adenine. The growth of 3D7-VC parasites was normal in all the
conditions tested. Both adenine and hypoxanthine were used at a concentration of 100 uM.
The experiment was done in duplicates and repeated twice. The error bars represent the
standard error of the mean.
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Figure 2.15. Metabolic consequences of PRPP depletion and AMP accumulation.

1, Drop in PRPP can result in insufficient IMP production that might result in lower GMP
levels; 2, PRPP depletion can also cause a drop in pyrimidine levels; 3, excess AMP might be
converted to IMP by AMP deaminase. This results in the formation of a molecule of ammonia
which is toxic to the parasite; 4, Excess AMP might inhibit adenylate kinase thereby
perturbing adenylate energy charge of the parasite.
1) The presence of yAPRT might divert a large pool of PRPP into AMP production. This
may result in insufficient PRPP that would be needed for the production of guanylate pool
(through the sequential action of HGPRT, IMPDH, and GMPS). If this is the case addition of
guanosine could rescue the adenine toxicity observed in 3D7-yAPRT parasites. Guanosine
can get converted to guanine by the action of the enzyme PfPNP (Kicska et al., 2002). The
guanine thus formed can be phosphoribosylated to GMP by PfHGPRT thereby restoring
GMP levels.
2) The drop in PRPP could also affect de novo pyrimidine biosynthesis at the level of
orotate phosphoribosyltransferase.
3) P. falciparum has a functional AMP deaminase (Cassera et al, 2008). Excess AMP
generated by the simultaneous functioning of yAPRT and PfASL might be converted to
IMP by the action of AMP deaminase. This would also result in the production of one
molecule of ammonia for every molecule of AMP converted to IMP, in the parasite
compartment. It has been shown earlier that ammonia is toxic to the parasite (Zeuthen et
al,, 2006). This hypothesis could be tested by quantifying ammonia in the spent media.
4) Excess AMP production might also inhibit adenylate kinase thereby, perturbing the
adenylate energy charge in the parasite.

Redundant pathways for purine salvage do exist in organisms and such a
phenotype wherein the toxicity is exhibited only in the combination of purine sources has
not been reported previously. The observation on the phenotype of 3D7-yAPRT in the

presence of hypoxanthine and adenine prompts us to speculate on a possible reason for
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the absence of APRT in apicomplexans. This result also suggests medium composition to

be used for hadacidin rescue experiments for 3D7-yAPRT parasites.

2.4.11. Rescue of hadacidin mediated inhibition as a probe for fumarate
significance.

With the results in this chapter suggesting that adenine is taken up into the parasite
compartment and yAPRT can function to produce AMP, it should be possible to inhibit the
essential enzyme ADSS, without compromising the AMP needs of the parasite. This would
enable selective depletion of fumarate upon hadacidin addition. Complete rescue of
hadacidin inhibition would mean that yAPRT generates sufficient AMP to support parasite

growth and that fumarate generated by ASL is not essential for the parasite.
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Figure 2.16. yAPRT as an alternative purine source.

Parasite grown on different purine sources was used as a control. The growth inhibition
exhibited by hadacidin (1 mM) could only be partially rescued by addition of adenine. The
addition of excess fumarate or malate (5 mM each) did not help the parasite to grow better.
The experiment was done in duplicates and repeated twice. The error bars represent the
standard error of the mean.
It was observed that with adenine as the sole purine source, hadacidin inhibition on 3D7-
yAPRT was only partly rescued. However, the rescue is significant when compared to that
of 3D7-VC in which there were no parasites seen. The lack of complete rescue could have
multiple explanations; 1) AMP generated by yAPRT was not enough to support parasite
growth, 2) fumarate generated by the pathway is essential for the parasite or 3) hadacidin
at the concentration used might have non-specific effects.

To differentiate between these possible explanations, excess (5 mM)
fumarate/malate was added to the medium along with adenine and hadacidin (Figure

2.16). However, we did not observe any additional growth advantage in excess of that

seen with adenine alone containing medium. Studies on pepc null parasites showed that
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excess malate/fumarate could rescue the growth defect. This study also showed that
externally supplemented fumarate/malate was taken up by the infected erythrocyte and
met cellular demands. However, it is still not clear whether the mitochondrial levels of
these metabolites were restored by external supplementation in the medium. Other
seeming possibilities for failure to rescue hadacidin toxicity include loss of cross-
regulation between adenylate and guanylate arms of the purine salvage pathway,
fumarate in the medium could have different fate compared to the locally generated one,
and involvement of SAMP in essential roles other than AMP generation. Further,

experiments are needed to test these hypotheses.

2.5. SUMMARY AND FUTURE PERSPECTIVES

In order to probe into the essentiality of fumarate generated as a by-product of ADSS/ASL
pathway, we attempted to bypass the endogenous AMP synthesis route, by incorporating
an alternate AMP generating enzyme in the parasite. Comparitive analysis of enzymes
involved in purine salvage pathway from different organisms and comparison of
thermodynamic parameters of multiple reactions of purine salvage pathway enzymes
hinted at APRT as the best candidate for the bypass. yAPRT was chosen for this and the
protein was recombinantly expressed in E. coli, purified and antibodies generated in
rabbit. The purified recombinant protein was found to be active in vitro using a
spectrophotometric assay. Toxicity towards 2-FA was used as a phenotype to infer upon
the in vivo activity of yAPRT in E. coli. Following this preliminary study, yAPRT was
expressed episomally under a constitutive promoter in P. falciparum. The localisation of
the protein was found to be cytosolic by using immunofluorescence. The activity of the
protein in the parasite lysate was validated by RP-HPLC. A drop in ICso value of 2-FA
suggested that the protein is functional in vivo and that adenine is utilised in the parasite
compartment. Unlike in E.coli, the addition of adenine failed to rescue the 2-FA induced
toxicity in the presence of yAPRT. Instead, the addition of adenine in the presence of
hypoxanthine was found to be toxic for the 3D7-APRT parasite but not for the 3D7-VC
parasite. The exact molecular mechanism of the toxicity in the combined presence of
adenine and hypoxanthine is not clear. While 3D7-VC could not be rescued of hadacidin
toxicity using adenine, there was partial rescue seen with 3D7-yAPRT parasites. The
extraneous addition of either fumarate or malate did not confer any additional growth
advantage. Identification of proper additives in the culture medium to meet the metabolic
requirements of the parasite in the presence of hadacidin (like supplementation of
guanosine or orotate) might aid the growth rescue. Further experiments could be focused
in this direction. This would throw light on the importance of fumarate generated from

PNC in the parasite.
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Chapter 3

Functional genomics of fumarate hydratase in Plasmodium

falciparum and Plasmodium berghei

ABSTRACT

A direct approach to know the metabolic significance of the metabolite fumarate would be to
knockout/knockdown the enzyme, fumarate hydratase that metabolizes it to malate. While
the knockout of the gene has not been attempted in P. berghei, the same has been attempted
in P, falciparum (Ke et al.,, 2015). The study shows that though the gene locus is susceptible to
recombination, knockout of the gene was not possible; a direct evidence showing the
essentiality of the protein. This chapter briefly summarizes the study of fumarate hydratase
in different organisms in the perspective to its localization and essentiality. Following this,
the objectives are presented. A detailed description of the study on conditional knockdown of
fumarate hydratase protein using a degron-based strategy in P. falciparum, and knockout of

the fumarate hydratase gene in P. berghei are provided.

3.1. INTRODUCTION

Fumarate hydratase (FH) (E.C. no. 4.2.1.2) catalyses the interconversion of fumarate to
malate. There are two biochemically distinct FH present in organisms. Class I fumarate
hydratases are iron-sulfur cluster containing enzymes, whereas, class Il enzymes are iron
independent. Only a few eukaryotic organisms are known to have Class I type FH. All
apicomplexa have the C-I type enzyme and they lack C-II type FH (Danne et al., 2013).
However, the list of eukaryotes having C-I FH is still not catalogued. It would also be an
interesting exercise to check if all other eukaryotes having C-I FH also have C-II FH.
Moreover, it would be informative to catalogue eukaryotes having C-I FH on the basis of
their organisation (unicellular/multicellular), lifestyle (parasitic/free-living) and
redundancy in fumarase activity (whether or not they have both types of FH). This
cataloguing might be useful to draw any possible correlation between these parameters
and the type of FH an organism possess.

As discussed in the previous chapter, fumarate is known to perform a multitude of
functions and the role of the enzyme fumarate hydratase (FH) is critical in dictating the
intracellular level of the metabolite. Substantiating this fact is the accumulating evidence
wherein mutation/s leading to FH inactivation has been implicated in renal cancer,

epithelial to mesenchymal transition, diabetes and obesity (Adam et al., 2013; Boettcher
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et al.,, 2014; Sciacovelli et al., 2016; Frizzell et al., 2012; Thomas et al., 2012). As all TCA
cycle reactions occur mainly in the mitochondria, the enzyme is expected to be
mitochondrially localized in eukaryotes. However, dual localisation of fumarate hydratase
(class II type) to both mitochondria and cytosolic compartments and the molecular
mechanism of localization has been studied in the yeast, Saccharomyces cerevisea (Knox
et al,, 1998). Upon DNA damage the cytosolic enzyme also relocalizes to the nucleus and
has been shown to be important in initial recruitment of DNA repair machinery to the site
of damage (Yogev et al, 2010). In yeast, though fumarate is generated mostly in
mitochondria the role of the cytosolic enzyme is still not clear. The enzyme has been
localized and biochemically characterised in Trypanosoma cruzi (Coustou et al., 2006).
The organism has two isoforms of the enzyme, with both belonging to the iron-sulfur
cluster containing class-I type FH. Through RNAi mediated knockdown of the transcripts,
it was shown that the enzyme is essential for the viability of the parasite. Notably, the
defective growth phenotype of the FH knockdown parasite was rescued by addition of
fumarate. The authors postulate that the essentiality of the fumarate is because of the
dependence of the cytosolic enzyme dihydroorotate dehydrogenase (DHODH) on
fumarate for the conversion of dihydroorotate to orotate, an essential metabolite in the de
novo pyrimidine biosynthesis. This implies that malate to fumarate conversion is
important for parasite growth which is also substantiated by the fact that addition of
fumarate rescued the defective growth phenotype.

Leishmania donovani, the parasite that causes leishmaniasis has two genes
LmjF24.0320 and LmjF29.1960 that encode for fumarate hydratase LmFH-1 and LmFH-2
enzymes, respectively. Both the enzymes belong to class I type, Fe-S cluster containing
fumarase. LmFH-1 localizes to the mitochondria and LmFH-2 localizes predominantly to
the cytosol with some localisation seen in glycosomes as well. Both enzymes were
thermolabile and exhibit difference in secondary structural features as examined by
circular dichroism (Feliciano et al., 2012). The exact molecular reason behind using a
thermolabile, iron-sulfur cluster containing enzyme for catalysis instead of a thermostable
iron-independent enzyme is still not clear. Aconitase, an iron-sulfur cluster containing
enzyme is present in all organisms that has an intact TCA cycle. Apart from being an
enzyme the protein is also involved in gene regulation. In times of iron deficiency, the
protein undergoes a drastic change in structure and transforms to a RNA binding protein.
Specifically, it binds to the mRNA of proteins involved in iron metabolism to re-establish
intracellular iron levels in the cell (Beinert et al, 1996). Whether such moonlighting

function exists for fumarate hydratase is not known.
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3.2. Materials and methods

3.2.1. Chemicals, strains and molecular biology reagents

Plasmid pGDB and the Plasmepsin-I knockout (PM1KO) Plasmodium strain, obtained from
Prof. Daniel E. Goldberg’s lab (Washington university, USA) were used for the conditional
knockdown study of fumarate hydratase. Plasmodium berghei ANKA strain was procured
from MR4. For regular cloning procedures, plasmid DNA isolation kit, PCR product
purification kit, and gel extraction kit were procured from Qiagen, Germany.
Oligonucleotides were custom synthesized from Sigma-Aldrich, Bangalore. Unless
otherwise specified all chemicals used were of high quality and procured from Sigma-

Aldrich, USA.

3.2.2. Expression and purification of P. falciparum FH C-terminal domain

DNA fragment corresponding to the C-terminal domain of PfFH was PCR amplified using
primers mentioned in Table 3.1 and genomic DNA of P falciparum as template. Using
regular cloning procedures, the PfCTD was cloned in pET21b vector using Ndel and Xhol
restriction sites.

Table 3.1. Primers used for cloning PfCTD in pET21b vector

FHCTDF_Ndel | CCGAATTCCATATGGCTGTTAAAATTGATTTAAATCAAAATATGGAAC
FHCTDR _Xhol | CCGCTCGAGTGATGGTAACCATTTATTATAAAAATCATTGCC

For purification, BL21(DE3)-RIL strain was transformed with pET21b plasmid with
PfFHCTD and selected on LB plate containing ampicillin and chloramphenicol. Multiple
colonies were picked and inoculated into a 10 ml LB broth. The culture was grown for 6 h
at 37 °C. Thereafter, the cells were pelleted, washed with antibiotic free LB broth and then
used for inoculating a 800 ml culture. The cells were grown at 30 °C until the ODseoo
reached 0.5, thereafter induced with 100 uM IPTG and grown further for 16 h at 16 °C.
The cells were harvested by centrifugation and resuspended in lysis buffer containing 50
mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM PMSE and 10% glycerol. The cells were lysed
using 4 cycles of French press at 1000 psi and the lysate cleared by centrifuging at 30,000
x g for 30 minutes. The supernatant was carefully removed without disturbing the pellet
and 1 ml slurry of Ni-NTA beads (Novagen) that was pre-equilibrated with lysis buffer was
added for binding of the His-tagged protein. The binding was done at 4°C for 3 h and
thereafter, the beads were washed with 50 ml lysis buffer and the protein was eluted with
different concentrations of imidazole. The eluates were further purified by size-exclusion
chromatography using Superdex-200 PG (16/600) from GE healthcare Life Sciences. The
column was equilibrated with buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM Na(],
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and 1 mM PMSF and the protein was eluted with the same buffer at a flow rate of 1
ml/min.

3.2.3. Generation of gene targeting construct for the conditional knockdown
of P. falciparum (Pf) fumarate hydratase (FH)

Standard protocols were followed for cloning (Sambrook and Russell, 2001). P. falciparum
3D7 genomic DNA was used as template and the oligonucleotides mentioned in Table 3.2
were used for the amplification of the coding sequence of PfFH. The PCR product was
digested with Xhol and Avrll and subsequently cloned in between these sites into the

plasmid pGDB to generate the construct pGDB-FH.

Table 3.2. The primers used for amplifying the coding sequence of the gene for
fumarate hydratase for cloning into pGDB using Xhol and Avrll restriction sites
(underlined).

Primer name Primer sequence (5’to 3)
FHpGDB-Xho1l_FWD GACTTACTCGAGATGATAAAGTTTAAAGAAGCTTCCATTTTGTTAC
FHpGDB-AvrIl_REV GACTTACCTAGGTGATGGTAACCATTTATTATAAAAATCATTGCC

8208 bp

Figure 3.1. A schematic representation of key features in the plasmid pGDB-FH.

FH CDS- fumarate hydratase coding sequence, GFP-green fluorescent protein, DHFRdd-
dihydrofolate reductase degradation domain, HA tag- haemaglutinin tag, BSD casette-
encodes the gene blasticidin deaminase, bla- encodes beta lactamase, P3-FP and P2-RP are
primer positions for diagnostic PCR to differentiate between episomal copy and integration
event.

This plasmid contains the complete ORF of PfFH followed by green fluorescent protein
(GFP), E. coli DHFR degradation domain (DD) and 3XHA tag, that together constitute a

regulatable fluorescent affinity tag (RFA) as shown in Figure 3.1. The strategy has been

successfully used to conditionally knockdown multiple essential genes (Muralidharan et
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al, 2011; Florentin et al, 2016) at the level of protein. A protein tagged with the
degradation domain will be stable only upon binding of the small molecule trimethoprim.
Upon withdrawal of the drug from the medium, the protein along with the degradation

domain will be targeted to proteasomal degradation.

3.2.4. Transfection and selection of parasites

PM1KO strain was used for this experiment. For the generation of parasites in which the
fumarate hydratase can be conditionally knocked down, the plasmid pGDB-FH was used.
Figure 3.2 a schematically shows the effect of presence/absence of TMP on the protein

level within the cell.
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Figure 3.2. Schematic showing the conditional knockdown strategy of the protein of
interest using the RFA tag.

(a) The effect of TMP on the stability of the protein of interest and the use of fusion protein
to pull down interacting partners is shown. DDD, DHFR degradation domain; TMP,
trimethoprim; POI, protein of interest; HA, hemagglutinin tag. The figure is reproduced from
Muralidharan et al. 2011. (b) The drug cycling regimen.The blue arrows indicate the
presence of 2.5 ug/ml of blasticidin and the red arrow indicates the presence of 10
UM trimethoprim. The duration corresponding to the removal of blasticidin for 3
weeks and reintroducing for 25 days constitute one drug cycle. Multiple drug cycles
ensure the removal of the episomal copy of the plasmid pGDB-FH.

The plasmid DNA was isolated using EndoFree plasmid maxi prep. kit from Qiagen,

USA. An aliquot of the eluted plasmid was run on the gel to check for purity and relative
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amounts of supercoiled population. 100 pg of plasmid was mixed with 50 pl of cytomix
and incubated overnight at 4°C. Electroporation using the plasmid was performed using
both methods mentioned in section 2.6. When the parasitemia reached 4-6%, 2.5 pg/mL
blasticidin and 10 uM trimethoprim (TMP) were added to the medium. From this point
onwards trimethoprim was always retained in the culture medium. Figure 3.2 b
schematically shows the drug cycling strategy used. When the parasitemia reached
around 5%, blasticidin was removed from the medium while trimethoprim was retained.
The parasites were grown for 3 weeks without blasticidin after which it was again
reintroduced. These steps constitute one drug cycle. 3 drug cyclings were done so as to
enrich the culture with stable integrant population of parasites. This cycling should be
repeated until the parasites carrying the episomal copy are not detected by PCR. The

strain of the parasites generated will henceforth be referred to as PfFH-RFA.

3.2.5. Genotyping of the parasites

Confirmation of integration of the RFA tag into the right locus in the chromosome of the
parasite, PfFH-RFA, was done by PCR with the appropriate set of primers. The presence of
an episomal copy of plasmid was also tested by PCR with primers of right combination.

The primers used are given in Table 3.3.

Table 3.3. List of oligonucleotides used for validation of integration of RFA tag into the
right FH gene locus.

S.No Primer Primer sequence (5’ to 3’) Purpose
1 P1 and | P1:GCCATTAAAAAATAGGATAACATATATAAAATGCACAAT 5’integration
P2 cC
P2:CATATGATCTGGGTATCTCGCAAAGCATTG
2 P2 and | P2:CATATGATCTGGGTATCTCGCAAAGCATTG Episomal
P3 P3: GGAGACGGTCACAGCTTGTCTGTAAG copy check
3 P3 and | P3: GGAGACGGTCACAGCTTGTCTGTAAG 3
P4 P4:GTTGTGATATTGCACATGAATGGATCCAATC integration

Plasmodium berghei culturing and manipulation

3.2.6. Strain of parasite and mice used for the study

Plasmodium berghei strain ANKA (MRA-671,MR4, ATCC Manassas Virginia) was used for
the study. The strain was procured from Malaria Research and Reference Reagent
Resource Center, USA (MR4). For routine maintenance of wild-type and mutant P. berghei
strains, BALB/c mice (either male or female) were used.

3.2.7. Maintenance and assessment of parasites

For routine maintenance, 50-100 pl of parasite cell suspension from frozen glycerol stock
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was injected intraperitoneally into a BALB/c mouse. For parasitemia estimation, the mice
were bled through the tail vein, a thin smear of the blood was made on a glass slide and
stained with Giemsa solution similar to that followed for P falciparum culture. The
parasitemia estimation is best when done in the second half of the day (14.00-16.00 h) as

the parasites are mostly in mature stages and hence, easier for visual examination.

3.2.8. Isolation of free parasites from infected mice erythrocytes

Isolation of free parasites is achieved by lysing the erythrocytes selectively leaving the
parasites intact. This is done using erythrocyte lysis buffer (ELB) that contains 150 mM
ammonium chloride, 10 mM potassium bicarbonate, and 1 mM EDTA. For preparing 1 litre
of 10X stock of ELB, 80.20 g of ammonium chloride, 10.0 g of potassium bicarbonate and
3.70 g of EDTA were mixed and the volume was made up to 1 liter using autoclaved MilliQ
water. The solution was filter sterilized and stored at 4°C for up to 6 months. The infected
mouse was bled through the retro-orbital vein for collecting parasites. Approximately, 700
- 1000 pl of whole blood was obtained from each mouse. The blood sample was
centrifuged and the cells resuspended in ELB. For up to 1 ml of blood, 10 ml of ice-cold
ELB was used. The suspension was left on ice for 3-5 min when erythrocyte lysis occurs
and free parasites are released. The solution turned red due to hemolysis and was
centrifuged at 800 x g for 8 min at room temperature, to pellet the parasites. The parasite
pellet was directly processed for other applications or was flash frozen in liquid nitrogen

and stored at -80°C until further use.

3.2.9. Cryopreservation and revival of P. berghei

Blood containing infected erythrocytes (0.7-1.0 ml) at parasitemia between 1 and
10%, was collected from mice in an equal volume of incomplete medium containing 200
U/ml heparin (Cat. no. Sigma-H3149). The blood was mixed with 1 ml of glycerol-PBS
solution (30% glycerol: v/v), containing 0.05 ml of heparin stock solution (200 U/ml was
made by dissolving the heparin powder at a concentration of 1mg/ml) . The solution was
transferred to a sterile cryovial, flash-frozen and stored in liquid nitrogen. The parasites
were revived by simply thawing the frozen stocks at 37°C for 1-2 min and 50-100 pl of the

cell suspension was injected into mice intraperitoneally.

3.2.10. P. berghei genomic DNA isolation

The parasite pellet was resuspended in 700 pl Tris-sodium chloride-EDTA (TNE) buffer
containing 10 mM Tris-HCI, pH 8, 100 mM sodium chloride, 5 mM EDTA, pH 8. The volume
was made up to 1 ml and incubated for 10 min at 37°C. Thereafter, 200 pg of proteinase K
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(20 pl of 10 mg/ml solution) was added and the incubation was continued for 1 h at 37°C.
Buffered phenol was added up to 1.5 ml, tubes were inverted several times and the
solution was centrifuged at 16000 x g for 5 min. The aqueous phase was transferred to a
new tube and chloroform: isoamyl alcohol mixture (24:1) was added up to 1.5 ml. The
tubes were inverted several times and centrifuged at 16000 x g for 5 min. The aqueous
phase was transferred to a new tube and 0.1 volume of 3 M sodium acetate, pH 5.2 and 2
volumes of absolute ethanol were added. The tubes were inverted several times and the
solution was incubated in -20 °C freezer overnight to enhance the precipitation of DNA.
The solution was centrifuged for 10 min at 16000 x g for 15 min at 4 °C. The DNA pellet
was washed with 70% ethanol and dried in a dry bath at 60 °C. The DNA was resuspended
in 50-300 pl of autoclaved MilliQ water.

3.2.11. P. falciparum total RNA isolation

Saponin released parasites from 40 ml of culture with 5% hematocrit and 6-8 %
parasitemia was used for RNA isolation using standard protocol (Ménard, 2013). Briefly,
the saponin released parasites were washed with PBS twice and 1 ml of TRIzol® reagent
was added to the washed saponin pellet. The pellet was resuspended thoroughly with
pipette such that there are no clumps and the solution was incubated at RT for 15-20 min.
The solution was centrifuged at 16000 x g for 10 minutes and the supernatant obtained
was mixed well with 200 pl of chloroform by inverting the tube. The sample was
centrifuged at 16000 x g for 30 minutes at 4°C to separate the organic and the aqueous
phase. The supernatant containing the RNA fraction was carefully removed and
transferred to another microcentrifuge tube without disturbing the interface layer. The
supernatant was mixed with 400 pl of isopropanol by gently inverting the tubes 2-3 times
and left at RT for 10 minutes. The sample was centrifuged at 16000 x g at 4°C for 5
minutes. The pellet containing RNA was washed with 1 ml of 75% ethanol and the washed
pellet was air dried. The pellet was dissolved in 20- 50 ul of DEPC treated distilled water

and used for subsequent experiments.

3.2.12. Maintenance of mice

BALB/c mice were used for regular maintenance of parasite. The infected mice were kept
in a filter-top cage so that the infection does not spread to other mice through a mosquito
bite. The mice were fed with regular mice feed and autoclaved water for drinking.
Institutional animal ethics committee clearance for all animal-related experiments and

procedures was obtained.
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3.2.13. Parasite administration and collection

The parasites were administered to mice through different routes based on the
application. For establishing a fresh infection from glycerol stock, the intraperitoneal
route was used. For limiting dilution cloning, the intravenous route, either through tail
vein or retro orbital plexus was used. For parasite collection, the mice were bled by the
puncture of retro-orbital plexus. The use of retro-orbital plexus for parasite

administration is adopted based on Yardeni et al., 2011.

Generation of plasmid constructs for targeted gene replacement using
recombineering.

3.2.14. E. coli strains, plasmids and P. berghei genomic clones used.

Generation of gene modification (tagging or deletion) constructs using recombineering
strategy involves use of a set of reagents comprising of both plasmid DNA and E. coli
strains modified to handle the AT-rich Plasmodium genes as well as aid in manipulating
such sequences. TSA E. coli cells, Lucigen, Wisconsin, USA, was used for the study. Other
plasmids used in the generation of knockout constructs are listed in Table 3.4 and were
obtained from GeneBridges, Heidelberg, Germany. E. coli strains E5555 and E5454 were
used for the maintenance of the plasmid with a pR6K origin of replication. The strains

were a kind gift from Prof. Herbert Schweizer, Colorado State University, Colorado.

Table 3.4. List of plasmids used in the generation of P. berghei fumarate hydratase
knockout construct.

S.No. | Name of the construct | Purpose

1 PbG01-2466a09 P. berghei genomic clone used for generation of tagging or
knockout constructs of fumarate hydratase.

2 pSC101gbdA-tet Encodes the lambda phage red operon that is used in phage
recombination and proofreading machinery and E.coli recA.

2 R6K_R1R2_Zeo PheS Used as a template for generating the Zeo-PheS cassette

3 R6K GW 3XHA ko (2X | Used in in vitro LR-Clonase reaction to introduce DHFR

PbDHFR 3'UTR) marker into pJAZZ vector for 3XHA tagging or knockout

construct generation.

4 GW R6K mCherry Alternative to plasmid mentioned in 3. The tag here is
mCherry instead of 3X HA.

3.2.15. Generation of P. berghei fumarate hydratase gene tagged and gene
deletion constructs

The recombination efficiency of exogenous constructs in Plasmodium berghei is very low,

necessitating the usage of long homology arms of a minimum length of 1kb. Cloning AT-
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rich genes and intergenic segments of the P berghei genome using conventional
restriction-ligation based cloning is a daunting task. Recombineering is an alternative for
regular cloning procedures that does not involve PCR, restriction digestion, and ligation.
The method is based on published protocols (Pfander et al.,, 2011). Figure 3.3 describes
the steps involved in the recombineering. The two major-steps involved in generation of
gene targeting constructs involve, first the conversion of the genomic clone, containing the
gene of interest (GOI) along with its flanking regions, to an intermediate vector using Red
recombinase producing E. coli cells. The second step involves the conversion of the
intermediate vector to the final gene targeting vector by use of in-vitro LR-Clonase based
reaction. PlasmoGEM is a repository containing a library of P. berghei genomic DNA clones
and their targeting constructs. A brief protocol describing the steps involved in generation
of FH targeting constructs (both tagging and knockout) from the fumarate hydratase
genomic clone, PbG01-2466a09 is given below,

1) The genomic clone PbG01-2466a09 procured from PlasmoGEM was validated by PCR
using the quality control primers, QC1 and QC2 as well as by restriction mapping.

2) A PCR was performed with primers RECupR2 and RECdownR1 using R6K- R1R2-Zeo-
PheS plasmid as the template. The PCR product was subjected to Dpnl digestion and
then purified by gel extraction.

3) The TSA cells containing the genomic clone PbG01-2466a09 (TSA_FH) were made
recombination proficient by transforming it with temperature sensitive plasmid
pSC101-gbdA-tet that expresses Red recombinase enzymes upon arabinose induction.

4) The PCR product generated in step 2 was introduced into the recombination
proficient TSA _FH cells by electroporation. The cells were selected on Zeocin plate at
37 °C. This ensures selection of transformants as well as curing of temperature
sensitive pSC101 plasmid. The E. coli strain at this stage, called TSA_FHIV, has the FH
ORF replaced with Zeo/Phe cassette, a positive/negative selection marker of E. coli.
The vector at this stage is the intermediate vector (FHIV) and is validated using the
PCR with primers QC1 and PheSRZ2, the details of which are given in Table 3.5.

5) To ensure complete elimination of the parent construct, PbG01-2466a09, the FHIV
plasmid was isolated from TSA_FHIV and used for transformation of fresh TSA cells
and subjected to selction on zeocin plate. The process was repeated until there was no
PCR product obtained using QC1 and QC2 using the plasmid isolated from zeocin
selected TSA cells as a template.

6) The FHIV plasmid was mixed with pR6K-L1L2-hdhfr-yfcu and subjected to in vitro LR-
clonase reaction. The Clonase enzyme mix promotes the recombination between attL

and attR sites. The reaction was performed at 16°C for 16 h. After the reaction, the
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contents were desalted by disc dialysis or five times water diluted reaction mixture
was used directly for electroporation in fresh TSA cells. The cells were plated on a
YEG-CI plate which is toxic for cells containing undesired products of LR-Clonase
reaction and the plasmid FHIV. This process will generate strains carrying the plasmid
in which the FH gene is either tagged (FHHA) or is knocked out (FHKO). The plasmids
were isolated from the colonies and validated using QC1 and hdhfr reverse primer.
Positive bands indicate the presence of the gene targeting construct for use in P.
berghei transfection, after Notl digestion and gel purification. FH tagging construct
was generated following a similar procedure as a part of the Wellcome trust advanced

course on malaria genetics, 2013, Sanger Institute, UK.

a pSC101gbdA-tet
Transformation of o GOl kanR @ —— — -
) —o— — _
recombinase plasmid —
into pJAZZ host. PbGO1 library clone O& red off
37°C, kan 30°C, kan, tet
b PCR product
Integration of attR1 attR1-zeo-pheS-attR2
-zeo-pheS-attR2
cassette via 50 bp —— — - | H—pr 4—_[ —
primer extensions —) recombined
identical to the ON red on PbGO1 clone

target sequence 30°C, kan, tet 37°C, zeo

arabinose

DNA preparation and hdhfry-FCU
insertion of attL1- + —)
attL2 Gateway . O
cassette in Vitro pRGK attL1-hdhfr-yFCU-attL2

d
Transformation of TSA 4__[ .
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identification of

—
itive cl
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Notl restriction digest to release
targeting fragment

C, YEG-CI, kan

Notl hdhfr-yFCU Notl
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<——vector backbone——> <—— modified P.berghei gDNA insert ——> <- vector —>
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Figure 3.3. Overview of steps involved in the generation of gene targeting constructs
for P. berghei.

(a) Making TSA cells containing the genomic clone of interest, recombination proficient by
transforming it with pSC101-gbdA-tet. (b) Arabinose induction of red operon followed by
electroporation with the PCR construct that contains 50bp homology arms targets and
replaces the gene of interest in the pJAZZ vector with Zeo-PheS cassette. (c) The intermediate
vector is used in the in vitro Clonase reaction with attL1/L2 containing plasmids to replace
the bacterial selection cassette with the Plasmodium selection cassette. (d) Transformation
of TSA cells with LR-clonase reaction mix and growing it on negative selection plate. (e)
Confirmation of the final construct by PCR and the Notl released fragment can be used for
transfection into P. berghei. The figure is reproduced from Ménard 2013.
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Table 3.5. Oligonucleotides used for the generation of fumarate hydratase knockout

construct
S.No Primers Sequence (5’ to 3°)
1 QC1 CATTATTCTTTTTTCTTTTTTGCACATATTTAAAACG
2 QC2 CCTTTTTCTTCAAACTCAAAAATATCTAAGAAATTG
3 PheSR2 TCATTCTTCGAAAACGATCTGCG
4 Hdhfr-yfcu ACTTCTTAAACCTAATCTGTAGTAAGGAAGGGATTG
5 RECupR2 GATTTTGTGTGAAATTTATTTAATAAATTTGTAAATTTTTGAACTCA
ACACCGCCTACTGCGACTATAGA
6 RECdownR1 TTAAAACTTATGAGTTTTTTTTTCCAACAATGTACATATTTTTGGAA
AAAAAGGCGCATAACGATACCAC
7 5'intcheckPbFHHA_F | CGAACTATGGGCATGGTAATAATAATGGAAATAGCG
P
8 3'intcheckPbFHHA_R | CCTCAGTATATGAACAAATGAATGACCATATTAAAGTG
P
9 FPbFHHA GGGAAGTATTGGAGGCCCAGGTGCAATATTAGC
10 RPbFHHA GTGGATGAAAATATTACTGGTGCTTTGAGGGGTGAGC

3.2.16. Transfection of P. berghei using linear DNA.

50-100 pl of glycerol stock of infected blood containing P berghei ANKA strain was
injected intra-peritoneally into two mice. The parasitemia was monitored by making
Giemsa smears from tail blood. At 1-3 % parasitemia, the mice were bled by retro-orbital
plexus puncture. Around 0.8-1.0 ml of blood was obtained from each mouse. The blood
was collected in incomplete medium with heparin to a final concentration of 200 U/ml.
The parasites were now mixed with the medium containing RPMI-1640 with glutamine,
25 mM HEPES, 10 mM NaHCO3 and 20% fetal bovine serum. Around 50 ml of the cell
suspension was taken in 250 ml reagent bottle, gassed for 2 min with malaria gas (5%
oxygen, 5% carbon dioxide and 90% nitrogen) and then tightly sealed. The bottle was
shaken at an optimal speed (120-150 rpm) so that the cells don’t settle. The culture was
grown overnight at 36.5 °C, during which early stages like rings and trophozoites mature
to form mature schizonts and this was monitored by making a Giemsa smear. All the
parasites that mature to schizont stage are arrested at this stage. If the parasite
maturation had not occurred the growth was continued under the same condition for few

more hours and then examined again using Giemsa smear.

3.2.17. Nycodenz density gradient centrifugation
Once the parasite cells had achieved good synchrony, they were subjected to Nycodenz

based gradient centrifugation. The process enriches the mature stage parasites. Nycodenz
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enrichment of schizont stage parasites was achieved by using 55% / 60% Nycodenz
gradient. The 50 ml culture suspension was divided equally among two 50 ml conical
tubes and 10 mL of Nycodenz is layered below carefully. The centrifugation was done at
800 x g for 30 min during which the separation of the mature stages happens and forms a
darkly coloured ring-like layer is formed in the gradient. The band was carefully collected
and washed with PBS. The cells were pelletted and an aliquot was used to make smear to
check the level of enrichment. The collected schizonts should be sufficient enough for 10
different transfections. Around 5-10 ug of DNA was used for every transfection. The DNA
was mixed with 100 pl of nucleofector solution (Lonza) from the parasite nucleofector kit
P1. The schizonts were mixed with this solution and transferred to the nucleofector
cuvette using a sterile Pasteur pipette supplied with the nucleofector kit. Transfection was
done using Amaxa 2D-nucleofector using the program U-33. Immediately after the
transfection the contents of the cuvette were injected through intravenous administration.
We preferred the retro-orbital plexus route as the tail vein injections resulted in necrosis
and complete removal of the tail, making subsequent parasitemia estimation difficult. The
mice were maintained normally and the drug pressure was started 24 h after the
transfection by feeding the mice with pyrimethamine-containing water for around 10 days
or up to the appearance of the transfectants. For genotyping the transfected parasites,

primers #7-10 given in Table 3.4 were used.

3.2.18. Southern blotting with P. berghei genomic DNA

Standard protocols were followed for Southern blotting (Ménard, 2013). Briefly, the P
berghei genomic DNA was isolated by phenol-chloroform method and equal amount of
this DNA from PbWT and drug-selected recombinant parasites were subjected to
restriction digestion overnight using specific restriction enzymes. For BstBI digestion, the
incubation temperature was 65°C. The digested DNA was subjected to agarose gel
electrophoresis to separate the DNA fragments based on molecular weight. The separated
DNA was depurinated by incubating the gel in 0.25 M HCI for 5 minutes. The gel was
neutralized by incubating in solution containing 1 M NaOH, 1.5 M NaC(l (alkaline transfer
buffer). The DNA on the gel was transferred onto a Zeta probe hybridisation membrane by
capillary transfer for 18 h. The DNA was crosslinked to the membrane by exposure to UV
following which it was incubated with pre-hybridisation buffer (for 200 ml; SDS-10 g,
NaCl- 5.8 g, 0.5 M EDTA- 2.4 ml, 1 M Sodium phosphate, pH7 -20 ml and 30 pl of salmon
sperm DNA of concentration 0.75 mg/ml: dissolve in 150 ml and bring up to 200 ml)
containing carrier DNA for 1 hour at 65°C. The radiolabeled probe (synthesized using
random primer Kit) was added to 20 ml of pre-hybridization solution (sans carrier DNA)
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and boiled for 15 minutes in water-bath. The hot solution was directly added to the
membrane and incubated at 65°C for 18 h. After incubation the membrane was washed
using sodium citrate buffer (dissolve 175.3 g of NaCl, 88.2 g of sodium citrate in 800 ml of
water. Adjust the pH to 7 with a few drops of concentrated HCI. The volume was adjusted to 1
L with water, dispensed into aliquots and sterilized by autoclaving. The final concentrations of
the ingredients are 3M NaCl and 0.3 M sodium citrate). The membrane was exposed to a

phosphoscreen overnight in lightproof cassette and developed using a phosphor imager.

3.2.19. Limiting dilution cloning

For limiting dilution cloning, standard procedures were followed (Janse et al., 2006).
Briefly, blood from the mouse infected with P berghei recombinant parasites were
collected in RPMI medium containing heparin. Appropriate dilution of the whole blood
was made and the total number of erythrocytes in a known volume of blood was
estimated using hemocytometer-based counting. The parasitemia was estimated by
counting at least 1000 RBCs in a Giemsa stained smear prepared from the same blood.
Based on the total cell count and the parasitemia estimated, the blood was serially diluted
using incomplete RPMI medium such that 10 parasites are present in 1 ml of solution. 100
ul of this solution was injected intravenously into 10 different mice. Similar calculation
was used for injecting more number of mice. The presence of parasites was monitored by

making Giemsa stained smears of the blood collected from these mice at regular intervals.

3.2.20. Sequence analysis

E. coli Fum A sequence was used as a query in BLASTP to fetch a list of eukaryotic
organisms having class I FH. The search was restricted to eukaryotes and the maximum
target hits was changed from a default value of 200 to 20,000. Each of these eukaryotic
organisms was individually searched for the presence of class Il FH using E. coli FumC as
the query sequence for BLASTP. Hits with an e-value of 10-10 was considered significant

and used for the analysis.
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3.3. RESULTS AND DISCUSSION
3.3.1. Taxonomic distribution of class-I FH in eukaryotes

Table 3.6. List of eukaryotic organisms that have class-I type fumarate hydratase.

. Annotation/Accession . C-11

Organism . Life style FH
Perkinsus marinus FH: XP_002769256 [P][U] A
Babesia bovis FH: XP_001608904 [P] [U] A
Theileria annulata FH: XP_954791 [P][U] A

% Plasmodium falciparum FH: XP_001352143 [P] U] A
E Toxoplasma gondii FH: XP_002368801 [P][U] A
:: Cryptosporidium muris FH: XP_002140038 [P][U] A
Neospora caninum FH: XP_003880843 [P][U] A
Hammondia hammondi FH: XP_008887656 [P][U] A
Eimeria tenella FH: XP_013233133 [P][U] A
Leishmania donovani FH: XP_003862626 [P][U] A

3 Trypanosoma cruzi FH: XP_814517 [P][U] A
.‘5 Leptomonas pyrrhocoris FH: XP_015659024 [P][U] A
Tg'- Phytomonas sp. isolate Hart1 UP: CCW67322 [P] U] A
‘a;a Strigomonas culicis FH: EPY34169 [P][U] A
Z | Bodo saltans FH: CUE71425 [P][U] A
Angomonas deanei FH: EPY26539 [P][U] A

" Hymenolepis microstoma FH:CDS31600 [P]1[M] A
E Echinococcus granulosus FH: CDS20347 [P] [M] A
§ Schistosoma mansoni PR: CCD75592 [P] [M] p
E Clonorchis sinensis FH: GAA32985 [P] [M] P
. Opisthorchis viverrini HP: XP_009168721 [P] [M] P
Volvox carteri f. nagariensis FH: XP_002956431 [FL] [M] P

3]: Chlamydomonas reinhardtii FH: XP_001696634 [FL] [U] P
= Bathycoccus prasinos FH: XP_007514405 [FL] [U] P
§ Gonium pectorale HP: KXZ553026 [FL] [U] A
5 Ostreococcusluci marinus CCE9901 FH: XP_003078640 [FL] [U] P
Micromonas commoda FH: XP_002501905 [FL] [U] P

i Phaeodactylum tricornutum CCAP 1055/1 PF:XP_002179239 [FL] [U] P
g Thalassiosira pseudonana CCMP1335 FH: XP_002289528 [FL] [U] P
Aplysia californica UP: XP_12940821 [FL] [M] P

§ Lottia gigantea HP: XP_009058873 [FL] [M] P
© Biomphalaria glabrata FH: XP_013081380 [FL] [M] P
Trichuris trichiura [nematods] FH: CDW56990 [FL/P][M] P
Caenorhabditis remanei [nematods] HP: XP_003087664 [FL] [M] P
.Ricinus communis [eudicots] FH: EEF26711 [FL] [M] P
Lingula anatina [brachiopods] FH: XP_013411739 [FL] [M] P
Helobdella robusta [segmented worms] HP: XP_009028259 [FL] [M] P
Capitella teleta [segmented worms] HP: ELT88058 [FL] [M] P
Plutella xylostella [moths] UP: XP_011567445 [FL] [M] P
Trichoplax adhaerens [placozoa] HP: XP_002113462 [FL] [M] P
Crassostrea gigas (Pacific oyster) [bivalves] FH: EKC28844 [FL] [M] P
Octopus bimaculoides [cephalopods] HP: KOF97915 [FL] [M] P
Emiliania huxleyi CCMP1516 [haptophytes] FH: XP_005760439 [FL] [U] A
Chrysochromulina sp. [haptophytes] FH: KOO53837 [FL] [U] A
Monosiga brevicollis [choanoflagellates] HP: XP_001745789 [FL] [M] P
Salpingoeca rosetta [choanoflagellates] FH: XP_004991224 [FL] [M] P
Strongylocentrotus purpuratus [sea urchins] UP: XP_782370 [FL] [M] P
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Guillardia theta CCMP2712[cryptomonad] HP: XP_005839918 [FL] [U] Am
Ectocarpus siliculosus [brown algae] FH: CBJ30095 [FL] [M] P
Priapulus caudatus [priapulids] FH: XP_014672575 [FL] [M] P
Naegleria gruberi [percolozoa] FH: XP_002683156 [FL] [U] P
Acanthamoeba castellanii str. Neff FH: XP_004336044 [FL/P] [M] P
Blastocystis hominis [stremanophiles] UP: XP_012899223 [P] U] Am
Capsaspora owczarzakifopisthokont] FH: XP_004345167 [Syl[U] P
Thecamonas trahens ATCC 50062 FH: XP_009058873 [FL] [U] P
Beauveria bassiana D1-5 [ascomycetes] FH: KGQ11123 [P] U] P
Branchiostoma floridae [lancelets] HP: XP_002613780 [FL] [M P
Saccoglossus kowalevskii [hemichordata] UP: XP_006819722 [FL] [M P
Pantholops hodgsonii [even toed ungulates] UP: XP_005976865 [FL] [M P
Entamoeba histolytica [Amoebazoa] FH: XP_001913833 [P][U] A
Aureococcus anophagefferens [pelogophytes] HP: XP_009035148 [FL] [U] P
Batrachochytrium dendrobatidis [chytrids] HP: XP_006683538 [P][U] P
Nannochloropsis gaditana [algae] FH: EWM30255 [FL] [U] P
Vitrella brassicaformis [chromerida] UP: CEM21256 [FL] [U] P
Sphaeroformaarctica [opisthokont] FH: XP_014156242 [FL] [U] P

FH, fumarate hydratase; [H], hypothetical protein; [UP], unknown protein; [PR], pol related; [P],
parasitic; [FL], free living; [Sy], symbiont; [U],unicellular; [M], multicellular. The common names of the
organism are given in square brackets following the Latin names. The list of organisms were obtained
from the output of BLAST P using E. coli class-I fumarate hydratase protein sequence as the query. An
e-value cut-off of 1019 was used for selecting the protein sequences from organisms. The name of the
taxon to which the organisms belong is indicated in some cases in the second column. E. coli FumC
protein sequence was used as a query to know the presence or absence of class-11 fumarate hydratase
in these organisms. P, present; A, absent; Am, ambiguous; Dia., diatoms; Gast., gastropods.

Class-I-FHs are present in only few eukaryotic organisms. Table 3.6 lists the
representative organisms from different genera, the annotation status of FH protein in
them, lifestyle of the organism (parasitic or free living) and whether the organism is
unicellular or multicellular. E. coli FH protein sequence was used as the query and its
homologous sequences in the non-redundant protein database were obtained using the
BLAST P tool (McGinnis and Madden, 2004). The Blast P search was confined to
eukaryotic sequences. The number of expected target sequence was changed from a
default value of 100 to 20,000. Sequence hits with only significant e-value were used for
the analysis (least e-value being 10-38). The results are presented in Table 3.5. Examination
of the table leads to the following key observations;

1)Organisms belonging to Alveolata, Kinetoplastida and other organisms such as
Entamoeba histolytica, Emiliania huxleyi, Hymenolepis microstoma, Echinococcus
granulosus, Gonium pectorale, Chrysochromulina sp., have only class-1 type fumarate
hydratase. Most of the other eukaryotes having class-I FH also have the gene
corresponding to class-II FH.

2) Hymenolepis microstoma and Echinococcus granulosus (flatworms) are the only

multicellular organisms relying entirely on class-1 fumarate hydratase.
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3) Emiliania huxleyi, Chrysochromulina sp., and Gonium pectorale are the only free-living
organisms relying exclusively on C-I FH. This negates any correlation between the type of
FH and the life-style (parasitic vs free-living) of the organism.

4) Vitrella brassicoformis, a photosynthetic ancestor to apicomplexans has both Class I and
Class II genes, suggesting a gene loss event with respect to C-II FH during the evolution of
apicomplexan lineage.

Overall, the bioinformatic analysis suggests that there could have been a gene loss
event (corresponding to C-II FH) associated with the evolution of apicomplexan lineage.
There is no correlation between parasitic life-style and the type of FH and hence the
reason behind the presence of class I FH instead of a class Il enzyme in apicomplexa is not

clear.

3.3.2. Expression analysis of fumarate hydratase in P. falciparum.

To check if fumarate hydratase is expressed during intra-erythrocytic stages, expression
analysis was performed both at RNA and protein level. Figure 3.4 shows the presence of
transcripts corresponding to the full-length fumarate hydratase gene. Along with PfFH, it
was found that MQO (Pf malate-quinone oxidoreductase), AAT (aspartate
aminotransferase), MOG (malate-oxoglutarate transporter) that are involved in fumarate

metabolism are also expressed in the intra-erythrocytic stage of the parasite.

g DNA 5

Figure 3.4. Validation of the presence of transcripts of genes involved in
fumarate metabolism

Expression of Pf fumarate hydratase along with other genes that are involved in
fumarate metabolism was checked by performing PCR. Gene specific primers were
used with cDNA prepared from asexual stage culture of P. falciparum as template.
FH, fumarate hydratase; MQO, malate-quinone oxidoreductase; AAT, aspartate
aminotransferase; MOG, malate-oxoglutarate transporter; gDNA, genomic DNA; RT
(+/-), presence and absence of reverse transcriptase enzyme.
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Figure 3.5. Purification of recombinant PfCTD followed by generation and
characterization of PfCTD- specific antibody

(@) pET21b based expression construct for purification of recombinant PfCTD. AmpR,(3-
lactamase gene; 6XHIS, 6X histidine tag; T7, T7 phage promoter; CTD, C-terminal domain.
(b) Cloning of PfCTD in pET21b vector validated using the enzyme Ndel and Xhol. L1, insert
released corresponding to PfCTD (561 bp); L2, 1kb DNA ladder. Clone was confirmed by
sequencing. (c) The left panel shows overexpression of PfCTD in the whole cell lysate of BL21
(DE3) strain. The middle panel shows the purification profile of PfCTD after Ni-NTA affinity
chromatography. L1, protein molecular weight marker; L2, 10 mM wash fraction; L3 and L4,
250 mM imidazole eluates. Right panel, L1-L6 shows different fractions of protein collected
after size-exclusion chromatography; L7, protein molecular weight marker. The size of the
molecular weight proteins is in kDa. (d) Dot blot to validate the antibody after purification
using antigen-affinity protocol. 1, pre-immune serum; 2, immune serum (unpurified); 3,
purified antibody (eluate 1). (e) Validation of purified a-PfCTD antibody. The left panel
shows the CBB stained SDS-PAGE gel containing purified PfCTD. L1, protein molecular
weight marker; L2, purified PfCTD. The right panel shows the blot containing PfCTD probed
with a-PfCTD antibody. L1, prestained protein molecular weight marker (molecular weight
of protein in kDa) and L2, purified PfCTD.
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In order to check the expression of PfFH, protein-specific antibody was raised
against the C-terminal domain of the protein. For this, C-terminal domain of PfFH was
expressed and purified. The DNA fragment corresponding to the protein was cloned in
pET21b and expressed in E. coli as a C-terminal (His)e¢- tagged protein (Figure 3.5 a and b
) and purified to homogeneity using Ni-NTA affinity chromatography followed by size-
exclusion chromatography (Figure 3.5 c). The purified protein was used to raise
antibodies in rabbit. The protein specific antibody was purified from the immune serum
using antigen-affinity based purification (Figure 3.5 d). Western blotting using the
purified antibody showed that it can specifically detect recombinant PfCTD (Figure 3.5 e).
Following this, the antibody was used to check the expression of PfFH in the whole cell
lysate of P falciparum. The result shows that the protein is expressed during the

intraerythrocytic stages (Figure 3.6).
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Figure 3.6. Examination of the expression of PfFH using PfCTD-specific antibody

Expression of fumarate hydratase in the asexual intra-erythrocytic stage of P. falciparum. L1,
purified PfCTD protein; L2, lysate of human erythrocytes; L3, lysate of P. falciparum asexual
stage culture; L4, prestained protein molecular weight marker (size of proteins is indicated
in kDa).

3.3.3. Generation and validation of FH-RFA strain

Full length coding sequence of the fumarate hydratase gene was cloned into the plasmid,
pGDB and PM1KO parasites (Muralidharan et al., 2011) at ring stage was transfected using
both the square wave (Goldfless et al, 2014) and exponential decay protocol using

BioRad-XL electroporator. When the parasitemia reached 4-6%, trimethoprim and

blasticidin were added to the culture for stabilization of protein and selection of the
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parasites, respectively.
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Figure 3.7. Genotyping of PfFH-RFA parasites.

(a) Scheme showing the integration locus with the RFA tag in tandem with FH gene locus in
the strain PfFH-RFA. Primers P1-FP and P2-RP were used for checking the 5’ integration.
Primers P3-FP and P4-RP were used to check the 3’ integration. (b) Position of the primers
P3-FP and P2-RP used for checking the presence of episomal copy of the plasmid. (c)
Genotyping by PCR for validating the removal of episomal copy using primers P3-FP and P2-
RP. The templates used in different lanes are as follows; L1- P. falciparum PM1KO genomic
DNA, L2- marker, L3- pGDB-FH plasmid, L4- PM1KO-FHpGDB after 3 rounds of drug cycling.
Band of size 2534 bp seen in L3 and L4 shows that the episomal copy is still retained. (d)
Genotyping by PCR for validating 5’ integration using primers P1-FP and P2-RP. The
templates used for the different PCRs were; L1-PM1KO genomic DNA, L2-marker, L3-PM1KO-
FHpGDB after 3 rounds of drug cycling. A band of size 2483 bp validates 5' integration. (e)
Genotyping by PCR for validating 3’ integration using primers P3-FP and P4-RP. The
templates used for the different PCRs were; L1-PM1KO genomic DNA, L2-PM1KO-FHpGDB
genomic DNA after 3 rounds of drug cycling, L3-marker. A band of size 2467 bp validates 3’
integration. BSD, blasticidin deaminase; ori, the origin of replication; FH, fumarate
hydratase; FH-dup, duplicated copy of the FH gene. FP, forward primer; RE, reverse primer.
3°UTR, 3’ untranslated region; bla, beta-lactamase gene, P1-4, primers listed in Table 3.2.
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Parasites appeared 40 days after drug selection in culture where square wave
based transfection protocol was used but not when exponential decay pulse was used. The
drug cycling schedule followed to remove the episomal copy of the plasmid is given in
Figure 3.2 b. To validate the integration at 5" and 3’ regions of the FH gene locus, genomic
DNA from the P, falciparum strain containing RFA tagged FH locus (PfFH-RFA) parasites
was isolated and used as template in PCR reaction along with different primer
combinations. These results confirmed single crossover event at FH gene locus (Figure
3.7 d and e). PCR with appropriate primers showed the presence of the episomal copy of
the plasmid even after three rounds of drug cycling (Figure 3.7 c). Cloning of these
parasites was attempted using limiting dilution cloning but were not successful. However,
as the gene in the plasmid lack the promoter needed for expression the presence of
episomal copy of the plasmid would not be a hindrance in the TMP based protein
knockdown or in localisation studies.

There was no growth defect observed upon removal of TMP from the culture
medium. This is possible if the protein is compartmentalized and therefore is inaccessible
to the proteasomal machinery that is predominantly present in the cytosol. To test the

localisation of the protein live-cell imaging was performed on FH-RFA strain.

3.3.4. Cellular localisation of FH

Live cell microscopy of the DAPI stained parasites showed punctate appearance of
GFP signal in the parasite compartment (Figure 3.8). The ratio of GFP * to GFP- parasites
would serve to report on the enrichment of PM1KO-FH-RFA parasites over parasites
having only the episomal copy of the plasmid (and hence no fluorescence) achieved by
drug cycling. Towards this, a culture containing mature parasites was subjected to percoll
treatment and the parasites were used for imaging using confocal microscopy after
staining with DAPIL. Analysis of various fields showed that though most of the parasites
were GFP+, there were few parasites from which no GFP signal could be observed (Figure
3.8). Mitochondrion was stained with MitoTracker and the parasites were imaged to see
the localisation of the protein. Figure 3.9 clearly shows that the colocalization of GFP
signal with the MitoTracker staining. This proves mitochondrial localisation of fumarate
hydratase in P. falciparum. Hence, it is possible that the even upon TMP removal, the
protein is not accessible to the proteasomal machinery for degradation. This can be

attributed to the lack of any observable phenotype in the viability of the FH-RFA parasites.
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FH-RFA Bright field DAPI Merge

Figure 3.8. Localisation of fumarate hydratase in PfFH-RFA.

A punctate localization of GFP signal was seen (FH-RFA panel) with varying intensities.

Bright field DAPI MitoTracker FH-RFA Merge

2

Figure: 3.9. Co-localisation of fumarate hydratase with MitoTracker.

Upper panel shows a mature trophozoite and the lower panel, a schizont. As it is evident
from the merge (right most subpanel), the protein has mitochondrial localisation.

3.3.5. Generation of fumarate hydratase null (PbFHKO) and HA tagged
(PbFHHA) strains of P. berghei.

Increased efficiency of transfection makes P berghei an attractive system to test the
essentiality of genes of Plasmodium spp. in general. However, there have been instances
wherein genes shown to be essential to P. falciparum could be knocked out in P berghei
with only minor or no phenotypic differences in asexual stage growth (Srivastava et al,,
2015; Sturm et al,, 2015). Parasite or host specific factors could be responsible for this
difference. As the P falciparum gene could not be knocked out, before proceeding to
knockout the PbFH (P berghei fumarate hydratase), we tested if the gene locus is
susceptible to recombination. For this, we attempted to insert a HA tag at the 3’ end of the

gene, in frame with PfFH ORF using double crossover homologous recombination.
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Figure 3.10. Genotyping of the PbFHHA parasites by PCR

(a) Schematic representation of the fumarate hydratase, HA tagging construct generated
using recombineering strategy. 5’HR- 5" homologous region, FH-full length coding sequence
of fumarate hydratase, HA- haemaglutinin tag, 3'HR- 3’ homologous region, pJAZZ Vbb-
vector backbone of the pJAZZ linear plasmid, hdhfr-yfcu (human dihydrofolate reductase and
a Dbifuctional protein  containing  yeast cytosine deaminase and  uridyl
phosphoribosyltransferase)- positive/negative selection cassette for use in P. berghei. (b)
Fumarate hydratase genomic locus after integration of the tagging construct by double
crossover homologous recombination. The position of the primers used for genotyping the
drug selected parasites are indicated. (c) Genotyping of the transfectants. With the genomic
DNA isolated from transfected and drug selected parasites different PCRs were done to verify
the integration of the hDHFR casette.L1- primers P5 and P6 were used to check 3’
integration (expected band size: 3122 bp), L2- maker, L3- primer P7 and P4 were used to
check the presence of the hDHFR casette in the right orientation with respect to the FH gene
(expected band size: 929 bp), L4- marker, L5- primers P1 and P4 were used to check the 5’
integration (expected band size: 4532 bp), L6-marker.

The cloning of AT-rich intergenic fragments of Plasmodium genome for generating
gene manipulation constructs is often fraught with difficulties. Use of PCR-free
recombineering based strategy offers better and faster way to generate constructs for
knockout or tagging. PbFH HA tagging construct was generated as a part of a training
program at Wellcome Trust Sanger Institute. The construct (Figure 3.10 a) was used
directly for transfection. Pyrimethamine selection was started 24 hours after transfection.
Drug resistant parasites were obtained 10 days after the selection. The parasites grew
normally and were able to successfully establish lethal infection in mice. The integration
of the selection cassette (both at 5' and 3' ends) was checked by PCR using appropriate

primers with genomic DNA isolated from uncloned population of the parasites as template
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(Figure 3.10 b). The results suggest that the selection cassette is integrated at the right
genomic locus (Figure 3.10 c).

In order to further validated the right integration of the drug selection cassette
and to rule out any gene duplication events, Southern blotting was performed using a
radioactively labelled gene probe. The result (Figure 3.11) suggests that the integration
has happened at the right locus and there is no gene duplication event. This suggests that
the PbFH gene locus is susceptible to homologous recombination and hence a direct gene

knockout experiment can be attempted.
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Figure 3.11. Southern blotting using FH gene probe to validate the 3’
integration of HA-tag

(a) Schematic representation of FH gene locus in the wild-type P. berghei along with
the 5' and 3'flanking regions. The position of the radiolabeled probe used for
southern blotting and the BstBI restriction sites are indicated. (b) Schematic
representation of the expected FH gene locus after double crossover recombination
of the 3" HA tagging construct. The location of 3X HA tag, yFCU/DHFR, radiolabeled
probe - used for southern blotting and the BstBI restriction sites are indicated. (c)
The left panel shows EtBr stained agarose gel loaded with BstBI digested genomic
DNA of both the wild-type (lane 1) and the transfected parasites (lane 2). Lane 3 has
1 kb DNA ladder from NEB; the molecular weight corresponding to different bands
are shown in kilobase pairs. The right panel shows the Southern blot of genomic DNA
from the PbWT and the PbFHHA uncloned population digested with BstBI and
probed with the FH gene probe showing a single 6 kb band for PbFHHA (lane 2) and
the expected 3.7 kb band for PbWT parasites (lane 1).

106



Chapter 3. Functional genomics of fumarate hydratase in P. falciparum and P. berghei

3.3.6. Generation of PbFH knockout construct
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Figure 3.11. Generation of FH-knockout construct using recombineering.

(a) Schematic representation of the FH genomic clone obtained from PlasmoGEM. The
position of primers used for validation, QCup and QCdown are also indicated. (b) Validation
of the genomic clone by PCR using primers QCup and QC down. L1, DNA ladder and L2, PCR
product obtained upon using primers QCup and QCdown with FH genomic clone as template.
(C) Validation of the genomic clone by Notl digestion. An expected pattern of bands were
seen. (d) Schematic representation of the intermediate vector, FHIV (see text). Position of
validation primers QCup and PheSRZ2 are indicated. (e) Schematic representation of the final
gene targeting construct and the position of validation primer QCup and hdhfr primers are
indicated. (f) Validation of FHIV. L1, DNA ladder (sizes indicated in base pairs); L2 and L3,
PCR product obtained (1505 bp) using primers QCup and PheSRZ2 using FHIV isolated from
two different colonies as template. (g) Validation of the FH gene targeting construct. L1,
DNA ladder L2-L4, PCR product using primers QCup and hdhfr primers and FH gene
targeting construct isolated from three different colonies as template.

The genomic clone of fumarate hydratase (Figure 3.11 a) was obtained from PlasmoGEM
and was validated using PCR and NotlI restriction digestion (Figure 3.11 b and c). Using
published protocol (Pfander et al., 2011) the genomic clone was used as a template for the
generation of the knockout construct (schematically shown in Figure 3.11 e). The
generated construct was validated using PCR (Figure 3.11 f and g). Transfection of wild-

type P. berghei ANKA strain with these constructs resulted in parasites appearing in mice
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at around 10 days after drug selection. The P. berghei FH knockout strain (PbFHKO) was
viable; could be propagated from one mouse to the other and could cause lethality to

mice.

3.3.7. Genotyping of PbFHKO strain.

The genotype of PbFHKO was validated by PCR using appropriate primers. The position of
the primers is schematically shown in Figure 3.12 a and b. PCR results suggest successful
integration of the selection cassette both at the 3' and 5' end. The genotype was further

validated using Southern blotting.
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Figure 3.12. Genotyping of the fumarate hydratase knockout parasites.

(a) Schematic representation of fumarate hydratase gene and the homologous regions used
for double crossover recombination. (b) Genomic locus after double crossover recombination
of the wild-type fumarate hydratase gene with hDHFR cassette. The position of the primers
used for verifying the integration is also shown. Primers P1 and P3 were used to verify the 5’
integration. Primers P5 and P2 were used for verification of 3’ integration. The expected
band size of amplicon in each of these cases is shown with double headed arrows. (c) PCR for
the validation of 3" integration (P5 and P2). The templates used corresponding to different
lanes are, L1, wild-type P. berghei ANKA genomic DNA; L2, marker; L3, P berghei fumarate
hydratase knockout genomic DNA. (d) PCR to verify the presence of 5’ integration (P1 and
P3). The templates used corresponding to different lanes are, L1- wild-type P. berghei ANKA
genomic DNA, L2- P. berghei fumarate hydratase knockout genomic DNA, L3-marker.

The Southern blotting of the BstBI digested genomic DNA from the PbWT and
PbFHKO parasites using PbDHFR 3’UTR probe shows that the drug selection cassette has
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integrated at the right loci. The fact that even upon multiple passaging between mice, the
uncloned FHKO parasite was viable, shows that the gene is not essential for the
intraerythrocytic growth of the parasite. Limiting dilution cloning was attempted by
intravenous injection of 1 parasite per mouse and 15 mice was used in each attempt.
Unfortunately, no parasites appeared even 15 days after initial parasite administration.
However, in mouse injected with 100 parasites, the parasitemia reached around 5%, 10
days after the administration. Phenotyping of a clonal population of PbFHKO parasite on
both asexual and sexual stages would add further evidence to the importance of the gene.
The fact that the gene could not be knocked out in P. falciparum but could be knocked out

in P berghei could be attributed to host and/or parasite specific differences.
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Figure 3.13. Southern blotting using FH gene probe to validate the 3’
integration with HA-tag

(a) Schematic representation of PbDHFR 3'UTR gene locus in the wild-type P.
berghei. The position of the radiolabeled probe used for Southern blotting and the
BstBI restriction sites are indicated. (b) Schematic representation of the expected FH
gene locus after double crossover recombination with the knockout construct. The
location of Pb 3'UTR region, yFCU/DHFR ORF’s, radiolabeled probe used for
Southern blotting and the BstBI restriction sites are indicated. (c) The left panel
shows EtBr stained agarose gel loaded with BstBI digested genomic DNA of both the
wild-type (lane 1) and the transfected parasites (lane 2). Lane 3 has 1 kb DNA ladder
from NEB; the molecular weight corresponding to different bands are shown in kilo
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base pairs. The right panel shows the Southern blot of genomic DNA from the PbWT
and the PbFHKO uncloned population digested with BstBI and probed with the
PbDHFR 3'UTR probe showing an expected single band around 6 kb band for PbWt
(lane 1) and the three bands of different molecular weights (6383, 3307, and 2574
bp) for PbKO parasites (lane 1). A faint band was also seen below the 2574 bp band.
The reason for the occurrence of this band is not clear.

3.4. SUMMARY AND FUTURE DIRECTIONS

Class I fumarate hydratases are present in mostly unicellular eukaryotes; notably in
organisms belonging to apicomplexa and kinetoplastida. Most of the unicellular
eukaryotes harbouring the gene have parasitic life-style though there is no causal
relationship between the presence of the gene and the life-style. Only single subunit class I
fumarate hydratases are present in eukaryotes. The advantage of having class- I FH over
class Il in some organisms is still not clear. RT-PCR experiment using gene specific
primers showed that FH, MQO and AAT all involved in fumarate metabolism are expressed
during the intraerythrocytic stages of the parasite. Western blot analysis on the parasite
lysate using PfFH-CTD specific antibody showed that the protein which is close to the
expected molecular weight is expressed during intra-erythrocytic stages. By tagging the 3'
end of the endogenous FH gene locus with GFP, the protein was found to be localised to
the parasite mitochondria.

Gene tagging studies on P. berghei showed that the PbFH gene locus is susceptible
to homologous recombination. Knockout of the gene was successful as shown by PCR and
Southern blotting. The gene is not essential for P. berghei asexual stage growth. Cloning of
parasites by limiting dilution was not successful for both FHKO and FHHA parasites. Upon
obtaining a clonal population of parasites phenotyping of PbFHKO parasites on both
sexual and asexual growth can be performed. With many genes of TCA cycle shown to be
essential for sexual growth of the parasites in mosquitoes, one would expect the PbFHKO

parasites to exhibit similar phenotype.
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Chapter 4
Tracing the cellular fate of ammonia: development of an NMR-

based methodology

ABSTRACT

Mass spectrometry-based metabolomics approaches remains one of the widely used
technique to study nitrogen metabolism. NMR-based approaches involving the use of 15N-
labelled metabolites as tracers are few and suffer from the low sensitivity of the 15N-nucleus.
We proposed to develop an NMR based strategy to trace the fate of nitrogen in cellular
system. The strategy was first tested in E. coli, as the cells can be easily grown. Once
standardized in E. coli, depending on the sensitivity, this strategy could be extended to other

cell types including P. falciparum.

4.1. INTRODUCTION

Nitrogen is a widely present element in key biomolecules that includes amino acids,
nucleotides, and cofactors. It is incorporated into these molecules by three major means;
incorporating precursors that already have nitrogen (eg. the nitrogen at the second
position of the pyrimidine ring of adenine is obtained by incorporation of aspartate
backbone), fixation of atmospheric nitrogen, and incorporation of ammonia/ammonium.
Amongst these, very few organisms like plants have the capacity to fix atmospheric
nitrogen, and majority of the nitrogen atom is incorporated into biomolecules by either
transfer of primary amino group from one molecule to another catalyzed by
transaminases  or  through incorporation of ammonia catalyzed by
amino/amidotransferase class of enzymes (Buchanan, 1973; Lin & Stewart, 1998; Wang,
Shen, Xu, & Guo, 2014; Webster, 1955; Zalkin, 1985). This chapter deals with developing a
novel methodology to identify and hence trace the fate of ammonia in metabolic reactions
of the cell. This section provides brief information on multiple roles of ammonia in
cellular metabolism, schemes of ammonia metabolism in different organisms, and
discusses various methodologies available to trace the amino groups in metabolic

reactions.
4.1.1. Nitrogen metabolism in organisms

Nitrogen assimilation is a process of converting inorganic nitrogenous compounds like

nitrate, atmospheric nitrogen etc. to organic molecules like amino acids. Plants generally
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use either nitrate or ammonium to meet their nitrogen requirements (Wang et al., 2014).
The nitrate acquired is also converted by the action of nitrite and nitrate-reductase to
ammonia. Glutamine synthetase-glutamate synthase (GS-GOGAT) reaction constitutes the
major pathway for the incorporation of ammonia thus generated, into amino acids. Thus,
ammonia/ammonium is generally the final form of inorganic compound that ultimately
gets converted to organic compounds. Unlike plants, some free-living and symbiotic
microorganisms can fix atmospheric nitrogen in the form of NH4* (Cheng, 2008; Lee,
Ribbe, & Hu, 2014). Animals are completely dependent on exogenous sources (plant,
microorganism) for their nitrogen requirements. Organisms can also be classified into
ammonotelic and non-ammonotelic depending on whether they excrete
ammonia/ammonium to their environment. On similar lines, organisms can be classified
to ureotelic and non-ureotelic pertaining to their excretion of urea. Protozoan parasites
are generally ammonotelic as one or more of the urea cycle enzymes are absent. Among
the protozoa, kinetoplastids like Leishmania and Trypanosoma are well studied for their
ammonotelic properties (Yoshida & Camargo, 1978). P. falciparum is also an ammonotelic

organism.
4.1.2. Metabolic role of ammonia/ammonium

In general, in prokaryotes, plants and in animals, ammonia/ammonium gets incorporated
into amino acids through the action of either glutamate dehydrogenase GDH or GS-GOGAT
pathway (van Heeswijk, Westerhoff, & Boogerd, 2013). The pathway comprising the GDH
and GS/GOGAT reactions are shown in Figure 4.1. Besides this anabolic role, ammonia

has multiple other functions reported;

1) Ammonia is known to regulate nitrogen metabolism in yeast by controlling the

expression of genes involved in the process (Schure et al., 1998).

2) Ammonia can allosterically regulate phosphofructokinase thereby, controlling

glycolytic flux (Yoshino & Murakami, 1982)

3) In excess amount ammonia is known to cause neurological pathology (Wilkinson,

Smeeton, & Watt, 2010)
4.1.3. Generation and consumption of ammonia

Figure 4.1 shows a generalised scheme of ammonia metabolism that is prevalent in many
organisms across all three domains of life (including plants, prokaryotes and animals). As
one can see from the figure, ammonium can be directly translocated from the
extracellular niche or can be generated from inorganic precursors like nitrite or nitrogen.
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However, in general the capacity to generate ammonia from nitrogen is present only in
some bacteria and from nitrite only in plants. Once generated, ammonia is used in many
assimilatory and anabolic reactions primarily through glutamate. This is catalysed by the
enzyme glutamate dehydrogenase (GDH). Ammonia can be incorporated into glutamine
by the action of the enzyme glutamine synthetase. Unlike GDH reaction, this requires ATP
hydrolysis and hence is an energy-consuming reaction. The glutamine generated can also
be converted back to glutamate by the action of glutamine: oxoglutarate amidotransferase
(GOGAT). The GOGAT reaction generates two molecules of glutamate from a molecule of

a-ketoglutarate and glutamine.
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Figure 4.1. An overview of ammonia metabolism

The GOGAT and GDH based ammonia assimilation is shown schematically in the figure.
Sources of ammonia can be inorganic, starting from nitrate or nitrogen or organic when
obtained from amino acid catabolism, purine nucleotide cycle, GDH reaction and polyamine
metabolism. GOGAT, glutamine: oxoglutarate glutamine amidotransferase; GDH, glutamate
dehydrogenase; NADH, nicotinamide adenine dinucleotide; a-KG, a-keto glutarate; Gln,
glutamine; Glu, glutamate; GS, glutamine synthetase; PNC, purine nucleotide cycle; AA
catabolism, amino acid catabolism.

The glutamate and glutamine thus generated are used in a multitude of reactions
inside the cell. The majority of these reactions involve transamination reactions and
reactions that involve the transfer of amido group from glutamine, in the form of

ammonia that gets incorporated into biomolecules (like purines, pyrimidines etc.).
4.1.5. Methodology to study ammonia metabolism

Mass spectrometry and to a lesser extent NMR has been used to study nitrogen
metabolism in many organisms. Isotope labelling of metabolites using !5N-labelled
precursor followed by mass spectrometric analysis of extracted metabolites is a very
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sensitive technique to map nitrogen metabolism. This strategy has been used successfully
in many cell types and organisms (Gaudin et al., 2014; Liu et al., 2015). Mass spectrometry
requires a low amount of the metabolite for analysis, unlike NMR. Both the techniques
have their own advantages and limitations and are reviewed in Emwas, 2015 and Dieterle
et al,, 2011. One should note that these techniques provide complementary information

and wherever possible, both must be employed.

14N is a quadrupolar nucleus with spin greater than %. Though NMR sensitive, we
cannot observe signal from 14N for most metabolites owing to quadrupolar relaxation, a
phenomenon affected by the symmetry and size of the metabolite (Gilinther, 2013). Hence,
metabolite precursors containing >N nucleus which have a spin % are used to trace
nitrogen metabolism. However, the fact that 15N nuclei have a negative gyromagnetic
ratio, studying its metabolism using 15N-NMR i.e., in direct dimension, suffers from
sensitivity issues. Reports, where nitrogen metabolism has been traced through the
indirect dimension of protons attached to a 15N, has been performed and this doesn’t have
the problem of sensitivity as much as in 15SN-NMR (Paul Juretschke, 1984). We proposed to
develop a methodology to study nitrogen metabolism using E. coli as a model system

using multidimensional NMR experiments.
4.1.6. Rationale behind the methodology used

The line shape of the signal from an NMR sensitive nucleus is dictated by two
modes of relaxation. Spin-lattice relaxation, which affects peak intensity, is indicated by
the parameter T1 and spin-spin relaxation, that affects peak width, is indicated by T2. T2
is highly dependent on a phenomenon called chemical exchange (Cavanagh, Fairbrother,
Palmer III, Rance, & Skelton, 2007). Figure 4.2 schematically shows the effect of the rate
of this exchange on the line shape in NMR. Fast exchanging protons give broad lines as
compared to slow exchanging protons. As we intended to study nitrogen metabolism
using protons attached to 1°N nuclei, chemical exchange of these protons with solvent
would dictate the quality of the spectra. The exchange rate of protons attached to nitrogen
nuclei is dependent on the chemical environment in the molecule. Protons attached to
aliphatic primary amines exchange rapidly with water and hence are not observed due to
line broadening. The exchange is slower for protons in aliphatic secondary amines,
aromatic amines (both primary and secondary), and amide nitrogen and hence can be
studied by NMR. Nevertheless, aliphatic primary amines constitute a major functional
group in majority of the metabolites (like amino acids, polyamines etc.) involved in
nitrogen metabolism. In order to obtain a signal from the proton attached to aliphatic

primary amines, we intended to derivatize these metabolites such that the exchange rate
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of the protons can be reduced. Acetylation of aliphatic primary amine groups using acetic
anhydride is an established derivatization method in organic chemistry for various

applications (Naik, 2004; Phukan, Ganguly, & Devi, 2009).

fast

exchange {3
—_—— 7 T

slow
exchange

A

5

ppm ¥a

Figure 4.2. Effect of chemical exchange on the line shape in NMR

The schematic shows a series of hypothetical 1H-NMR spectra. The spectra are coloured from
violet, corresponding to slow exchange to red corresponding to fast exchange, as a function
of temperature. v4 and v correspond to the chemical shift values of two different protons A
and B. Even at constant temperature the proton exchange rates would determine the
spectral pattern obtained. Figure reproduced from
http://wwwZ.fci.unibo.it/~mazzand/dnmr.html after modifications.

As shown in Figure 4.3 the derivatization procedure results in the conversion of a
primary amine group (containing fast exchanging protons) to an amide group (with slow
exchanging protons) thereby enabling detection of these protons using NMR. It should be

noted that the procedure followed would not result in acetylation of aromatic primary

amines.
0O ¢
/f i
CHs-C + H—=N—H —» CHs3C + CH3COOH
\ \
0 | N—X
X |
CH3-C H
0
Acetic anhydride Primary ?llphatw Amide Aceticacid
amine
Fast exchanging Slow exchanging
protons proton

Figure 4.3. Acetylation of primary amines to reduce exchange rates.
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4.1.7. NMR techniques to establish metabolite identity

NMR techniques involving 1D, 2D and 3D has been successfully used in both qualitative
and quantitative metabolomics. The details of these techniques are comprehensively
presented in many reviews (Cerdan & Seelig, 1990; Kruk et al., 2016; Markley et al.,
2017). Metabolites involved in primary metabolism are composed of carbon, oxygen,
nitrogen, sulfur and hydrogen nuclei. Amongst all, proton is a highly NMR sensitive
nucleus as it has a higher gyromagnetic ratio. Owing to higher sensitivity and short
acquisition time, 1D proton NMR is routinely used to check signal to noise ratio (S/N), and
resolution that can be obtained with the sample of interest. However, 1D-H-NMR suffers
from poor chemical shift dispersion (1- 10 ppm), and often results in resonance overlap
especially when studying metabolites belonging to one chemical class which differ from
each other by only few atoms (like amino acids, polyamines, nucleotides etc.). This
necessitates the use multidimensional experiments (2D, 3D) to establish the identity of
metabolites. Though multidimensional NMR experiments have lower sensitivity,

resolution of signals is enhanced, which is most often desired in NMR based experiments.

Studying ammonia metabolism employing 15N-labelled precursors and by 1D15N-
NMR has been reported previously in many model systems(Haran, Kahana, & Lapidot,
1983; Kanamori, Weiss, & Roberts, 1989; Legerton, Kanamori, Weiss, & Roberts, 1981;
Yamada & Sherman, 1980). 15N nuclei has a very broad chemical shift dispersion ranging
from 0-900 ppm. However, 15N has a low and negative value of gyromagnetic ratio and the
sensitivity of a 1D N-NMR is much lower when compared to that of the proton. A two-
dimensional heteronuclear NMR experiment that involves monitoring proton in direct
dimension (F1) and nitrogen in indirect dimension (F2) offers a combination of higher
sensitivity associated with protons and wide chemical shift dispersion associated with
nitrogen. A 2D !'H-15N-HSQC (heteronuclear single quantum coherence) is one such
experiment that is used in this work to trace the metabolites in E. coli that have
incorporated 5N from 1°N-labelled ammonium chloride. There are no reference databases
that we could use to establish the identity of the metabolite using the data just from 'H-
15N-HSQC, as the existing NMR based metabolome databases do not have information of
the proton and the nitrogen chemical shift values for different acetylated metabolites. To
establish the identity of metabolites, a three-dimensional NMR experiment, 3D TOCSY-
HSQC (total correlation spectroscopy - heteronuclear single quantum coherence) was
performed. This involves a homonuclear 2D-TOCSY pulse sequence followed by a
heteronuclear 2D-1H-15N HSQC. The amide proton is monitored in F1 dimension, other

correlated protons in F2 dimension and the amide nitrogen in F3 dimension (Marion et
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al,, 1989). This is generally used to identify amino acids in proteins. On similar lines, the
experiment described in this chapter was used to find the chemical shift of the protons
correlated to the amide proton in the acetylated metabolite which in turn can be used to

identify different metabolites.
4.2. MATERIALS AND METHODS

4.2.1. Chemicals, Strains and Molecular biology Reagents Used

Media components were procured from HiMedia, India. Metabolites were extracted from
the E. coli strain BL21 (DE3) and used for NMR experiments. P. falciparum strain 3D7 was
used for all metabolite extraction experiments. 15N- labelled ammonium chloride was
procured from Sigma-Aldrich, USA. Acetic anhydride, triethylamine, methanol, o-
pthalaldehyde used in various steps of metabolite extraction, derivatization and analysis

were procured from Sigma-Aldrich, USA.
4.2.2. E. coli growth and metabolite extraction

A single colony of BL21 (DE3) was used inoculate a 10 ml LB-medium and allowed to
overnight. The cells were pelletted and washed thoroughly three times with M9 minimal
medium such that any trace of LB medium is removed completely. Cells corresponding to
200 pl of this saturated culture were used for secondary inoculation into 10 ml M9-
minimal medium containing 1°N-labelled ammonium chloride at a concentration of 2 g/I.

The culture was grown for 10 h at 37 °C with shaking at 180 rpm. The cells were

separated by centrifugation and the cell pellet was stored at -80 °C until further use.

For metabolite extraction, published protocols were followed (Prasad Maharjan &
Ferenci, 2003; Shryock, Rubio, & Berne, 1986). Briefly, the pellet corresponding to 5 ml of
overnight culture was resuspended in 5 ml of water. To this, 120 ml of methanol: water
mixture (2:1 v/v) was added and cells resuspended immediately. The suspension was
incubated in a 70 °C water bath for 30 min. The suspension was centrifuged at 4000 x g
for 30 min at 4 °C to remove the cellular debris and precipitated proteins. The
supernatant was subjected to evaporation in a rotavac to remove methanol completely.
The solution was then lyophilized to obtain a solid mass containing the metabolites. The
lyophilized material was dissolved in 20 mM potassium phosphate, pH 7.4. The
solubilized material was subjected to acetylation reaction. Triethylamine was first added
to make the pH of the solution alkaline and acetylation of metabolites was performed as

mentioned below.
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4.2.3. Acetylation of metabolites

For standardisation of the acetylation protocol, 15N-labelled ammonium chloride was
used. Apart from this, the methodology was also performed on y-amino butyric acid
(GABA), glutamic acid and asparagine. A 1 mM solution of each of these compounds was
made by dissolving them in distilled water. For acetylation of metabolites, the
concentration of the reactive primary amine was first estimated using OPA assay
(described in section 4.2.4). Acetic anhydride was used in 4-fold molar excess to ensure
complete acetylation of all metabolites. Triethylamine was used as a base in the reaction.
To begin acetylation a small aliquot (0.5-1 pl) of triethylamine was added to a well-stirred
metabolite solution such that a basic pH is established. Thereafter, an equal volume of
acetic anhydride was added to this solution under constant stirring for a minute. The pH
of the solution was constantly monitored to ensure that a basic pH is always maintained.
This procedure involving alternate addition of acetic anhydride and triethylamine was
continued until four equivalents of acetic anhydride were added to the metabolite
solution. An aliquot of the solution was used for o-pthalaldehyde (OPA) assay to check the
level of acetylation. For NMR experiments, the solution was lyophilized to remove water
and triethylammonium acetate following which the powder was dissolved in 600 pl of 20

mM potassium phosphate, pH 6.4 containing 10 % D0.
4.2.4. Estimation of level of acetylation

The degree of acetylation of metabolites/standard compounds was indirectly estimated
using o-pthalaldehyde (Roth, 1971). The reagent provides a quantitative estimate of
aliphatic amino groups present in a solution. This can be used to estimate the
concentration of primary amino group of unacetylated metabolites and hence would
provide an estimate of the degree of acetylation. For the assay, a buffered reagent
containing 1.5 ml of o-pthalaldehyde solution (10 mg/ml in ethanol), 90 ml of borate
buffer of pH 9.5 (for amino acids) and 7.4 (for ammonia) and 1.5 ml of a solution of 2-
mercaptoethanol (5pl/ml in ethanol) was prepared. To a 100 pl of the test solution
containing aliphatic compounds with amino group in the concentration ranging from 0.1-
1 mM, 3 ml of the buffered reagent was added and incubated for 25 min. The fluorescence
of this solution was measured at 455 nm with an excitation wavelength of 340 nm. A
known concentration of aspartate was used to plot a standard curve and this was used to
calculate the concentration of primary aliphatic amino groups in the metabolite extract by

interpolation.
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4.2.5. NMR acquisition and identification of metabolites

All NMR data were acquired on Varian (Agilent) 600 MHz NMR Spectrometer equipped
with a cryogenically cooled triple resonance probe that was fitted with a Z-axis PFG
gradient accessory. Spectra were acquired at 25 °C. Solvent suppression was achieved
using either solvent presaturation or by pulsed field gradients using the Excitation-
Sculpting pulse program (Hwang & Shaka, 1995). Spectra were sampled over a band-
width of 10000 Hz. A total of 16384 data points were acquired. The time-domain data
were zero-filled once prior to Fourier transformation. Two - dimensional *H-15N HSQC
spectra were acquired in gradient selected and sensitivity enhanced mode (Kay, Keifer, &
Saarinen, 1992). A proton spectral width of 8000 Hz was sampled in all 2D heteronuclear
NMR experiments. Nitrogen spectral widths of 6000 Hz and 1992 Hz were recorded on
samples of cell lysates and standard amino acid, respectively. Three-dimensional !5N-
edited TOCSY - HSQC spectra (Cavanagh et al., 2007) were recorded on the lysate of an E.
coli culture that was grown on 15NH4CI as the sole source of nitrogen. Proton spectral
widths of 8000 Hz and 3873 Hz were recorded during the acquisition period (t3) and
during the indirectly detected t1 time dimension, respectively. A nitrogen spectral width
of 1945 Hz was recorded in the indirectly detected t2 time dimension. Data were zero-
filled once in each dimension prior to Fourier transformation. CCPN analysis tool
(Vranken et al., 2005) was used for visualization of slices and generating figures. All data
were processed using VNMR], ACD Spectrum viewer or NMRPipe / NMRDraw software
(Delaglio et al., 1995).

4.3. Results and discussion

4.3.1. Acetylation of standard metabolites

Amino acids aspartate, asparagine, glutamate and metabolites like GABA and ammonia
were individually acetylated with acetic anhydride in the presence of triethylamine in
potassium phosphate buffer, pH 6.4. The reaction mixture was lyophilized to remove the
volatile salt triethylammonium acetate and the powder was resuspended in water
containing 10% D20 and used for acquiring NMR spectra. The effect of acetylation on
enhancing the signal from the proton attached to the nitrogen is shown in Figure 4.4.
Upon acetylation with acetic anhydride a sharp peak at 7.8 ppm corresponding to the

amide proton is clearly seen in the spectra.
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Figure 4.4. Effect of acetylation on the signal intensity of proton attached to
nitrogen in GABA

(a) GABA was mixed with acetic acid and triethylamine and the 1D proton spectrum was
acquired. A broad peak corresponding to protons in primary amine group is highlighted
with a dashed blue outline. The structure of GABA with the protons of interest shown in blue
is given in the inset. (b) GABA was acetylated using acetic anhydride in the presence of
triethylamine. The reaction mixture was directly used for acquiring 1D proton spectra. A
sharp peak corresponding to the amide proton is highlighted. The chemical structure of N-
acetyl GABA is shown in the inset. Note that GABA used is not enriched in 15N.
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Figure 4.5. 1D proton NMR spectra of the reaction mixture after acetylation of
the indicated metabolites

(a) The amide proton of N-acetyl-glutamate at 7.81ppm is highlighted using a dashed red
outline. (b) The side chain amide protons in N-acetyl asparagines are seen at 7.37 and 6.68
ppm. The main chain amide proton is seen at 7.87 ppm. (d) 1°N labelled ammonium chloride
was acetylated and the two amide protons have non-equivalent spins and hence seen as a
doublet of a doublet one centred at 7.4 and the other at 6.6 ppm. Note that the above
compounds are not 15N enriched.
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The 1D proton spectra of other acetylated standards are shown in Figure 4.5. In
these spectra, the amide proton is visible in the 6.0-8.0 ppm range. These samples were
also analysed by heteronuclear single quantum coherence (HSQC) in proton and nitrogen
dimensions. The resultant spectra are shown in Figure 4.6. As these are 1H-15N-HSQC
spectrum, only proton attached to 15N-nitrogen will be observed. This shows that under
the reaction conditions used these metabolites are acetylated. Low normalized intensity
value of the peaks corresponding to amide protons in all the spectra shown in Figure 4.4
and 4.5 might either be due to low levels of acetylation or due to low natural abundance of
15N (0.01%). In order to discriminate between the two, a fluorimetric assay was used to

quantify the extent of acetylation in each of the reactions.

(a) 5N-acetamide (b) N-acetylasparagine
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Figure 4.6. 1H-15N-HSQC of standard acetylated metabolites

Chemical shift value of proton and nitrogen of the amide are indicated for each cross-peaks.
The vertical and horizontal axis shows the chemical shift value of nitrogen and proton,
respectively (shown as F1 and F2). (a) Two cross peaks corresponding to corresponding to
non-equivalent protons in 15N labelled-acetamide. (b) Two cross peaks at the nitrogen
chemical shift value of 114.2 correspond to the side chain amide of asparagine. The amide
proton obtained after acetylation has a nitrogen chemical shift value of 131.4 ppm. (c) and
(d) shows the cross peak corresponding to N-acetylglutamate and N-acetylGABA.

4.3.2. Quantification of extent of acetylation

Quantification of unacetylated metabolites would require an assay that can quantitate the
unreacted amines in the reaction mixture. For this we resorted to a fluorimetric assay
involving o-phtalaldehyde (OPA). OPA has a reactive aldehyde group that reacts with
aliphatic primary amines in the presence of a reducing agent and at pH 7.4 to give a

fluorescent adduct. The reaction is shown in Figure 4.7.
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Figure 4.7. OPA assay for quantitation of unreacted amines after the
acetylation reaction

The assay involves the formation of a fluorescent adduct between the amino acid, OPA and
B-mercaptoethanol. The intensity of the fluorescence can be used as a direct estimate of the
concentration of the primary amine.
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Figure 4.8. Quantitation of the extent of acetylation using OPA assay.

(a) Standard plot showing a linear correlation between the concentration of aspartate and
the fluorescence intensity of the OPA-aspartate adduct. (b) From the OPA assay, the amount
of unacetylated metabolite was quantified and used to estimate the extent of acetylation.
Acetylation was close to 90% for both aspartate and GABA. The least level of acetylation was

seen for glutamate (65 %).
A standard plot corresponding to known concentrations of any amino acid can be
used to estimate the absolute concentration of the primary amines in the reaction

mixture. One such standard plot using aspartate is shown in Figure 4.8 a. By using the
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fluorescence intensity values of the reaction mixture before and after acetylation, the
percent unreacted amines and hence, the unacetylated amines were quantitatively
estimated. From this, the percentage of metabolites that are N-acetylated was inferred. As
shown in Figure 4.8 b the acetylation procedure yielded good amounts of N-acetylated
metabolites with the least being 65 % for glutamate and the maximum being 90% for

aspartate.
4.3.4. Acetylation and NMR analysis of E. coli metabolites
4.3.4.1. 2D-HSQC analysis of acetylated metabolites

Hot-methanol extraction was used for the extraction of metabolites from E. coli cultures
grown on minimal media containing >N labelled-ammonium chloride as the sole nitrogen
source. The metabolites were resuspended in 20 mM sodium phosphate buffer, pH 6.4
containing 10 % D0 and used for recording NMR spectrum. The 1D proton spectrum of

the metabolites with the amide region expanded is shown in Figure 4.10.
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Figure 4.9. 1D proton NMR spectra of acetylated E. coli metabolites

The panel shows the peaks in the amide region (7.0-8.5 ppm). The full spectrum is shown in
the inset.

The acetylated metabolite mixture was then analysed using 2D-HSQC in the proton (F1)
and nitrogen (F2) dimension. The plane showing 1HN/N cross peaks is shown in Figure
4.10. Multiple cross peaks corresponding to different metabolites were observed and they
were well separated in nitrogen dimension if not in the proton. A total number of 47 cross
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peaks were seen. The nitrogen and the proton chemical shift values for each cross-peak is
presented in Table A 4.1 (Appendix-I), and each of these peaks could correspond to 47
different metabolites. All of the correlation cross-peaks were found in between 7.5 and
8.5 ppm (amide region). To our knowledge, there is no information available from any of
the standard NMR metabolome databases about the chemical shift values of N-acetylated
metabolites which could be used as a reference for metabolite identification. Hence, to
identify the metabolites from this data, a 15N-HSQC-TOCSY experiment on the acetylated

metabolite extract was performed.
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Figure 4.10. 2D-HSQC of acetylated E. coli metabolites

The plane shows the cross-peaks corresponding to different metabolites. Amide proton
chemical shift is shown in the horizontal axis and the nitrogen chemical shift is shown in the
vertical axis.

4.3.4.2. 15N-edited TOCSY - HSQC analysis of acetylated metabolites

Figure 4.11 shows the two-dimensional HN-H projection of the 3D-15N-edited TOCSY -
HSQC. The experiment involves the transfer of magnetisation from the amide proton to

amide nitrogen (HSQC) and then on to protons attached to all the carbons in the molecule
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in a manner similar to a regular TOCSY experiment. This would give cross-peaks
corresponding to the amide proton and the correlation cross peaks corresponding to the

protons attached to all the carbon atoms in the molecule.
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Figure 4.11. Two-dimensional HN (F1)-H (F3) projection of 15N edited 3D-
TOCSY- HSQC spectra of the acetylated 1°N-labelled E. coli metabolites.

Coloured in red are the NH cross-peaks. Coloured in green are the correlated cross-peaks.
Connected by dashed lines are a set of cross-peaks corresponding to 4 different metabolites.
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Figure 4.12. Strip plot showing the amide and correlated cross peaks for
different metabolites identified.

The line running 45° to the horizontal axis corresponds to the 1H-1SN HSQC and hence the
cross-peak on the line corresponds to the amide proton. The amide proton (F1 dimension)
chemical shift value (ppm) is shown in the horizontal axis and the chemical shift value
(ppm) for protons in F2 dimension is shown in the vertical axis. 15N (F3 dimension) chemical
shift (ppm) is noted at the top of each strip. Assignment of the metabolite was based on
comparison of the chemical shift values (ppm) to standard values available in literature.

There are a total of 30 cross peak seen for the amide proton at different nitrogen
chemical shifts values (Appendix I-Table A4.2). There are 27 correlation cross peaks
seen that correspond the proton/s attached to the carbon atom that is directly bonded to
the nitrogen (Appendix I-Figure A4.1). Using this data, N-acetylated species of 10
different metabolites were identified; glycine, proline, alanine, glutamate, threonine,
leucine, arginine, cysteine, histidine and serine could be tentatively identified (Figure

4.12).
4.4. CONCLUSION AND FUTURE PERSPECTIVE

Acetylation of the extracted metabolite using the procedure was complete as we could
hardly detect any unreacted primary amines in the OPA assay after the acetylation
procedure. Metabolites were extracted from only 5 ml of E. coli culture which might not

have yielded high concentration of individual metabolites. This might have led to certain
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metabolites present at concentrations insufficient for a 3D-NMR experiment in spite of
the total scanning time of 3 days. Moreover, the efficiency of magnetisation transfer
diminishes as the number of bonds involved increases. High-intensity signal will require
much larger metabolite concentration. For detecting metabolites having secondary amine
groups (eg. polyamines), which cannot be acetylated by the protocol used, dissolving the
extracted metabolites in aprotic solvent like DMSO (where proton exchange will be
absent), will aid in their detection using similar NMR experiments adopted for primary

amines.
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Chapter 5
An introduction to Fe-S cluster containing class I fumarate

hydratase

ABSTRACT

The structure of a macromolecule dictates its function. But there can be more than one
structure that could perform the same function. Fumarate hydratase (FH) presents one such
example wherein two different classes of the enzyme with bare minimal sequence similarity
perform the same function. Two biochemically distinct forms of fumarate hydratase have
been characterised from different organisms, one with the iron-sulfur cluster (class I) and
the other without (class 1I). Iron-sulfur cluster is known to act as a Lewis acid and is an
essential part of the catalytic cycle of this class of enzyme. This section presents our efforts to
study a single subunit class-1 FH from a mesophile, P. falciparum and two-subunit class-1 FH
from a thermophile, Methanocaldococcus jannaschii (Mj). This chapter provides an
introduction to the reactions catalysed by the enzyme, compare and contrast the enzymatic
mechanism of two classes of FH, and an introduction to the types of the iron-sulfur cluster,
their properties and methods used to study them. Finally, a section is dedicated describing
the basics of X-ray crystallography which has been exploited to understand the function of
MjFH.

5.1. Fumarate hydratase

Fumarate hydratase (FH) (4.2.1.4) belongs to the carbon-oxygen hydrolyase category of
enzymes that catalyses the reversible conversion of fumarate to malate. Fumarate to
malate conversion involves the anti addition of water molecule across the carbon-carbon
double bond of fumarate and the reverse reaction involves cleavage of carbon-oxygen
bond and removal of a proton from 2nd and 3rd carbon of malate, respectively. The
reaction is a part of the TCA cycle, which is present ubiquitously across all kingdoms of
life. This reaction can be catalysed by two distinct classes of fumarate hydratases as
discovered first in E. coli. Class 1 fumarate hydratases (C I-FH) are iron-sulfur cluster
containing thermolabile enzymes. Class II type fumarate hydratase (C II-FH) are iron-
independent and relatively more thermostable enzymes. Other than the fumarate
recognition motif, there is no sequence conservation between two classes of enzymes

(Woods et al., 1988). The iron-sulfur cluster in C I-FH is susceptible to oxidative damage
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even in the presence of trace amounts of oxygen. This posits the use of anaerobic
environment/strategies in various steps involved in the biochemical and structural

characterization of the enzyme.
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Figure 5.1. Reactions catalysed by fumarate hydratase (fumarate to malate, mesaconate to
citramalate, and D-tartrate to oxaloacetate), itaconate dehydratase (itaconate to
citramalate), mesaconase (mesaconate to citramalate and fumarate to malate) and L-
tartrate dehydratase(L-tartrate to oxaloacetate).

Apart from malate dehydration, the enzyme displays promiscuous activity on
substrates like D-tartrate and mesaconate (van Vugt-Lussenburg et al., 2013; Kronen et
al, 2015) converting them to oxaloacetate and citramalate, respectively. Fumarase A
(FumA), one of the C I-FH from E. coli has been reported to act on fluoro fumarate,
acetylene dicarboxylate and enol-oxaloacetate as well (Flint, 1994). Figure 5.1 is a

compilation of reactions catalysed by fumarases and the related enzymes, mesaconase
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and L-tartrate dehydratase. On comparison of the Ke¢q values of the reactions catalysed by
fumarase (Table 5.1), it is interesting to note that unlike the reaction involving fumarate
and mesaconate, that proceeds close to equilibrium (and hence reversible reactions), the
tartrate to oxaloacetate reaction is far from equilibrium (and hence almost an irreversible

reaction).

Table 5.1. Thermodynamic parameters of different reactions catalysed by fumarate
hydratase. Values obtained from eQulibrator tool (Flamholz et al,, 2012).

S.No Reaction AG'™m/ A:G° (KJ/mol) Keq
1 Malate to fumarate 3.5+0.6 0.248
2 Tartrate to oxaloacetate -35.343.9 1.6 X 106
3 Mesaconate to citramalate 2.9144.7 0.316

ArG'm, Gibbs free energy at a pH of 7.0 and ionic strength of 0.1 M, and 1 mM concentration of all
reactants; ArG'®, Gibbs free energy at a pH of 7.0 and ionic strength of 0.1 M, and 1 M concentration of
all reactants; Keq, rate enhancement of forward reaction over that of the reverse reaction. A value of
1 indicates an equal flux of forward and reverse reaction; a value of less than 1 indicates an increased
flux of reverse reaction, and a value more than 1 indicates an increased flux of the forwards reaction
compared to that of the reverse reaction.

A search of the Pfam database using the keyword ‘fumarate hydratase’ was
carried out to examine the distribution of the two distinct classes of fumarases. PF10415
is the Pfam ID for class Il fumarases and PF05683 and PF05681 for class I enzymes.
Figure 5.2 shows the distribution of both classes of enzymes. Both classes of enzymes are
present in all three kingdoms of life, with some organisms especially bacteria encoding
both types of fumarate hydratases as exemplified by Escherichia coli. Based on subunit
organisation, class-I fumarate hydratases can be further subdivided into single subunit-
and two subunit- type enzymes. Distribution of C I-and C II-FH is given in Figure 5.2.
Similar to E. coli, many organisms do possess both classes of enzymes. Exact reason as to
the need of an oxygen sensitive C I-FH when a more robust C II gene is present is still not
known. Similarly, the distribution of two-subunit and single subunit C I FH is still not
completely catalogued. The nature of the ancestral protein with respect to domain
architecture (single/ two subunit) is still not known. A thorough phylogenetic analysis
and taxonomic distribution would throw light on many such unanswered questions. It has
been hypothesised that the kind of fumarate hydratase present (C I vs C II) might
determine the prokaryotic lifestyle- with respect to sensitivity to oxygen of an organism

(Shimoyama et al., 2007a).
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Figure 5.2. Distribution of C I-FH (left panel) and C II-FH (right panel).
It can be seen that C II-FH is present in very few archaea and present in more eukaryotic

organisms than C I-FH. The figures have been adapted from Pfam database (Punta et al.,
2012). The legend for the colour coding is provided.
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The class [ enzyme has been studied from a few organisms and the findings are

summarised in table 5.2.

Table 5.2. Summary of literature available on C I- FH from various organisms.

Organism Type Findings Reference
Cluster type, kinetic (Woods et al., 1988; Flint,
Escherichia coli SS characterisation, substrates 1993; van Vugt-
catalysed Lussenburg et al.,, 2013)
Cluster type, kinetic
Leishmania major SS characterisation and (Feliciano et al. 2012)

localisation
Substrate promiscuity and
kinetic characterisation

Burkholderia xerovorans SS (Kronen et al., 2015)

Pelotoma(,julu'm TS Cluster type a.nd klnetlc (Shimoyama et al., 2007a)
thermopropionicum characterisation
, Cluster type and kinetic (van Vugt-Lussenburg et
Pyrococcus furiosus TS characterisation al,, 2009a)
Archaeoglobus fulgidus TS Structure of B-subunit PDB id: 2ISB

SS-single subunit, TS-two subunit.

5.2. Physiological significance and localisation of FH (CI and CII)
Enzymatic function of both classes of fumarate hydratase remains the same; conversion of
fumarate to malate. Hence, it is important to understand the physiological significance of

both classes of enzymes in different systems.

5.2.1. Class II fumarate hydratase

Class II fumarate hydratases are extensively studied from both structural and functional
perspective. In many eukaryotes, the enzyme is localised to both mitochondria and
cytosol. Multiple strategies are found in different organisms by which the enzyme is dual
localised to both the compartments. Summary of the strategies used from some of the
well-studied systems are given below:

1) Yeast has a single gene, Fum1, that encodes a mitochondrial FH which after the removal
of the signal peptide in the mitochondria undergoes retrograde transport to cytosol (Knox
etal., 1998),

2) Many plant species like Arabidopsis and tomato have two genes encoding two different
proteins with and without the mitochondrial targeting sequence (MTS)
(Pracharoenwattana et al.,, 2010),

3) In rat liver cells the FH gene is transcribed to a single mRNA with two translational
initiation sites such that two different proteins are made from the same mRNA one with

the MTS and that other without the MTS (Tuboi et al., 1986),

135



Chapter 5: Introduction to Fe-S cluster containing class I fumarate hydratase

4) In humans, alternative transcription initiation from a single gene result in two different
mRNA one coding for the cytosolic isoforms and the other for the mitochondrial enzyme
(Dik et al,, 2016).

In mitochondria, the primary role of the enzyme is to act in congruence with other
citric acid cycle enzymes. Diverse roles are associated with cytosolic fumarate hydratase;
involvement in urea cycle in mammalian cells (Adam et al., 2013), nitrogen assimilation of
plants (Pracharoenwattana et al, 2010; Nunes-Nesi et al, 2010), seed germination
(maize) (Eprintsev et al., 2014), carbon storage in plants (Zell et al.,, 2010) and DNA repair
pathway of yeast and mammalian cells (Jiang et al., 2015). In mammalian cells, the major
role of cytosolic FH seems to be to keep the fumarate levels under control. Elevation of
fumarate levels due to mutation and inactivation of FH leads to pathologic consequences.
Biallelic inactivation of fumarate hydratase has been associated with a genetic disorder
called Hereditary leiomyomatosis and renal cell carcinoma (HLRCC) and
encephalopathies (Tomlinson et al., 2002).

Molecular basis associated with pathogenicity of fumarate accumulation are
perturbation of urea cycle metabolism (Adam et al, 2013), succination of thiols in
proteins/metabolites (Blatnik et al., 2008; Thomas et al., 2012) , and HIF1-a stabilization
and a glycolytic shift in cellular metabolism (Pollard et al., 2005; Tong et al., 2011a; b).
However, it has been reported that the consequence of FH inactivation is cell type-specific
and cannot be generalised (Raimundo et al., 2008). Succination and HIF1- a stabilisation
are some of the recently discovered molecular consequences of fumarate accumulation.
Fumarate accumulation in cells causes reversal of arginosuccinate lyase reaction:
arginosuccinate to arginine and fumarate, thereby causing depletion of arginine. FH-
deficient cells become auxotrophic for arginine. The role of the enzyme in DNA repair is
an exciting finding (Jiang et al., 2015). It has been shown in both yeast and in mammalian
cell lines, that upon DNA damage the cytosolic enzyme relocates to the nucleus where it is
involved in the recruitment of key enzymes involved in DNA repair. Exposure of cell to
ionising radiation causes an increased association of fumarate hydratase to histones in
particular histone variant H2A.Z. Subsequently, DNA-dependent protein kinase acts on
fumarate hydratase and phosphorylates threonine 236. The phosphorylated FH recruits
more of DNA-PK at the double stranded break (DSB) region. Finally, fumarate generated
locally at the site causes inhibition of H3 demethylases thereby, enhancing dimethylation
of histone H3. Dimethylated histone H3 is known to bind Ku70, a protein involved in non-
homologous end joining based repair pathway. Overall, the study suggests the importance
of both the physical presence of the phosphorylated enzyme and the enzymatic activity of

FH for DNA repair of cells exposed to ionising radiations.
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Arabidopsis has two genes that encode mitochondrial and cytosolic form of FH.
The mitochondrial enzyme is essential whereas the cytosolic enzyme is not. However, the
cytosolic enzyme is needed for nitrogen assimilation and growth in the presence of high
nitrogen content (Pracharoenwattana et al, 2010). Fumarate is proposed to act as a
counter ion for nitrate during nitrogen assimilation. In a study done in maize seeds, the
cytosolic isoform of the enzyme has been shown to be involved in the metabolism of
succinate generated in glyoxylate pathway (Eprintsev et al.,, 2014). The cytosolic isoforms
have been shown to have an optimal pH of activity 1 unit lesser than that of the
mitochondrial isoforms. The physiological implication of this is proposed to be the
involvement of the enzyme in low-pH-induced germination of maize seeds. The cytosolic
isoform is also shown to be more efficient in catalysis when compared to the

mitochondrial isoforms.

5.2.2. Class I fumarate hydratase

As discussed in section 6.1 this class of enzymes are predominantly present in bacteria
and archaea. Only a few eukaryotes have been reported to have this class of enzyme. The
two subunit type enzyme has been characterised only from two organisms:
Pelotomaculum thermopropionicum (Shimoyama et al, 2007b)- an anaerobic,
thermophilic bacterium belonging to clostridial firmicute, and Pyrococcus furiosus, a
hyperthermophilic euryarchaeota. Though known for its role in TCA cycle, the role of FH
in these organisms might not be directly related the cycle itself. In P. thermopropionicum,
a propionate oxidising bacteria, fumarate hydratase is involved in methylmalonyl-
coenzyme A pathway (Kosaka et al., 2006) where removal of formed fumarate is essential
to avoid energetically unfavourable succinate oxidation (Van Kuijk et al., 1998). The
metabolic role of the enzyme in P. furiosus is still not clear as many of the TCA cycle
enzymes are missing in the annotated genome (van Vugt-Lussenburg et al., 2009a).

However, transcriptome analysis has shown that there is a two-fold increase in
the fumarase levels in cells grown on sulphur suggesting a possible bioenergetic role of
the enzyme in this organism (Schut et al, 2001). It has been suggested that fumarate
generated by the enzyme may also play a role in flagellar switching as seen in many
bacterial species but in a fumarate reductase independent fashion (Marwan et al., 1990;
Cohen-Ben-Lulu et al.,, 2008).

Discovered first in E. coli (Woods et al.,, 1988) , single subunit CI-FH has been
studied in organisms like Leishmania (Feliciano et al. 2012), Syntrophobacter
fumaroxidans (Kuijk et al, 1996), P. falciparum (Ke et al, 2015), and Burkholderia
xenovorans (Kronen et al,, 2015). The physiological significance of the enzyme in these
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organisms seems to be associated with its role in TCA cycle. However, the promiscuous
activity of the fumarases on mesaconate support certain organisms like B. xerovorans to
grown on substrates like itaconate and mesaconate. The E. coli enzyme is also known to
act on the substrate D-tartrate (Kim et al., 2007). In E. coli there are two genes fumA and
fumB, both belonging to C I-FH that catalyses the reversible conversion of fumarate to
malate. However, fumA is the major protein expressed during aerobic condition with
about 80% of the fumarase activity attributed to it. FumB is expressed only during
anaerobic conditions. However, both FumA and FumB are shown to be upregulated in E.
coli when grown on glycerol as the sole carbon source (Martinez-Gémez et al., 2012). The
notion that FumA is more efficient in fumarate to malate conversion and fumB for the
reverse reaction has been recently disproved (van Vugt-Lussenburg et al., 2013). The
authors show that both the enzymes display comparable efficiency in catalysing the
reaction in either direction. The only significant difference found between these enzymes
was in the dehydration of D-tartrate. FumB acts on D-tartrate 4 times more efficiently
than FumA. Owing to the stereospecificity of the reaction, none of class I enzymes

characterised so far is shown to act on L- or meso tartrate.

5.3. Mechanism and Kinetic properties of CI and C Il enzymes

C II-FH belongs to aspartase/fumarase superfamily of enzymes that share a common
tertiary and quaternary fold. Aspartase (4.3.1.1), fumarase (4.2.1.2), adenylosuccinate
lyase (4.3.2.2), and arginosuccinate lyase (4.3.2.1) are among the well-studied enzymes in
this family. These enzymes are usually tetramers with four different active sites. They
catalyse anti addition/elimination of water molecule. A scheme representing the different
substrates used by this family of enzymes is given in Figure 5.1. As can be seen in the
figure, the enzymes recognise a succinyl group in the substrates which is converted to
fumarate after catalysis. The proposed mechanism of catalysis is given in Figure 5.3
(Puthan Veetil et al., 2012). Briefly, the first step involves abstraction of a proton from the
C3-carbon of the substrate resulting in the formation of a carbanion. Multiple pieces of
evidence suggest a conserved serine present in the signature sequence
GSSXXPXKXNPXXXE acts as a catalytic base that is involved in this proton abstraction.
Stabilisation of the charge on the carbon leads to the formation of an enediolate
intermediate. Kinetic isotope experiments, crystal structure of the enzyme with
substrates bound and inhibition of the enzyme activity by the nitro analogues of the
substrate supports the existence of an enediolate intermediate in the reaction landscape

(Blanchard and Cleland, 1980; Fibriansah et al., 2011).
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Figure 5.3. Common catalytic strategy of aspartase/fumarase superfamily enzymes

(a) Common chemical features in reactions catalysed by aspartase/fumarase superfamily of
enzymes. (b) Proposed reaction mechanism of fumarase superfamily enzymes. Formation of
enediolate intermediate is shown in the figure (Puthan Veetil et al., 2012)

The leaving group in fumarase reaction is actually the hydroxyl group which is
protonated to water by a catalytic acid in the protein. Though there are reports
suggesting that a conserved histidine might act as the catalytic acid, further studies need
to be performed to unambiguously assign the residue (Puthan Veetil et al., 2012). Finally,
fumarate and a second product (water in case of fumarase reaction and ammonia in case
of aspartase reaction) are released from the enzyme. C Il fumarases are one of nature's
perfected enzymes achieving rate enhancement of over 10?5 fold over the uncatalyzed
reaction. One remarkable feature of C Il enzyme is the extent to which the transition state
stabilisation is achieved, 30 kcal/mol. This value is not achieved by enzymes like
triosephosphate isomerase or other isomerases that catalyse C-H bond cleavage (Bearne
and Wolfenden, 1995). The structure of this class of enzyme has been solved from
multiple organisms (Weaver and Banaszak, 1996; Weaver et al., 1998; Mechaly et al,,

2012; Weaver, 2005).
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C I-FH uses an iron-sulfur cluster as a cofactor for substrate binding and catalysis.
The mechanism involved is similar to aconitase which is another iron-sulfur cluster
protein that catalyses the conversion of citrate to isocitrate (Flint and Allen, 1996a). In
iron-sulfur cluster dependent hydrolyases the cluster is known to perform two functions,
one, to bind the substrate and the other, to activate the leaving group which in the case of
the fumarase reaction is a hydroxyl moiety acting as a Lewis acid. The proposed reaction
mechanism is shown in Figure 5.4. It has been proposed that all other steps involved in
the catalysis are similar to that observed in class-II fumarases (Flint and Allen, 1996a).
Fumarase A from E. coli has been studied extensively for the elucidation of the reaction
mechanism of class I-FH (Flint et al., 1992; Flint, 1993, 1994). The mechanism is discussed
in detail in section 5.6.1. A brief introduction to Fe-S cluster with respect to its types and

the techniques used to study them is given in next section.
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Figure 5.4. Proposed reaction mechanism for C I- FH.

(a) Involvement of the cluster in substrate binding and catalysis. (b) Formation of
enediolate intermediate in a fashion similar to that seen for C-1I FH. Figure reproduced from
Flint & Allen 1996.

5.4. Fe-S cluster
Iron-sulfur clusters constitute inorganic cofactors containing different stoichiometry of
iron and sulphur and are found in multiple proteins belonging to different superfamilies.

These constitute one of the ancient cofactors that either in the form of minerals (pyrite)

or along with proteins as clusters are proposed to have catalyzed multiple primordial
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enzymatic transformation and hence thought to have played a key role in the origin of life-
the proposition surmising the iron-sulfur world hypothesis (Wachtershauser, 1990, 1992;
Wachtershauser, 2008). The two components of the cluster, iron and sulphur, offer
unique chemical properties and are exploited in biological systems. Sulphur can take
variable oxidation states and hence offers versatility in the number of bonds that it can
form and break. Iron, on the other hand, seems to be the best metal of choice to work with
sulfur as this metal has the least inner sphere reorganization energy, the energy required
for a species to stabilize itself upon loss/gain of electrons, thereby making iron-sulfur pair
based clusters an optimal co-factor used in multiple electron transfers and Lewis acid-

based reactions in biology (Beinert, 2000; Jensen, 2006).

5.4.1. Types and chemical properties

Iron-sulfur clusters come in different shapes and sizes differing majorly in the number of
iron and sulphur and in the presence of additional metal ions as a part of the cluster
(Figure 5.5). Iron binds usually to the yS of the cysteine residues in proteins, but other
residues like histidine can also bind iron (eg. Rieske cluster with two histidines involved
in [2Fe-2S] cluster). In clusters with more than one iron, inorganic sulphur atoms form
linkages to hold the iron known as pS linkages (Collins et al., 2011). 90% of the iron-sulfur
cluster proteins in E. coli belong to [4Fe-4S] type and the remaining 10% to [2Fe-2S] and
[3Fe-4S] types (Fontecave, 2006).

Figure 5.5. Types of iron-sulfur cluster.

Solid black lines indicate sidechain residues from protein backbone (usually cysteines);
orange spheres indicate iron atom and yellow spheres, inorganic sulphur atoms. Figure
reproduced from (Rouault and Tong, 2005)
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Metal-thiolate bonds are known to have a covalent bond character with iron-
thiolate bonds exhibiting more of o-character (Solomon et al, 2006). Iron-sulfur
(inorganic) bonds are 2 to 3 times more covalent than the iron-thiolate bond. The bond
covalency and redox potential of the cluster can be significantly affected by hydrogen
bonding with protein backbone amide or residue side chains (Kolling et al., 2007; Birrell
et al,, 2016; Collins et al., 2011). Bond length of Fe-S, is usually between 2.2-2.4 A and
bond angles of uS/Sy-Fe- uS/Sy range from 75-115°. The geometrical parameters of a
typical [3Fe-4S]* in ferrodoxin Il from Dosidicus gigas is shown in Figure 5.6 a (Cammack,
1999). Despite high covalency, the Fe-S bonds are shown to have surprisingly low
mechanical stability (Zheng and Li, 2011). A recently published high resolution (0.48 A)
structure of HIPIP containing 4Fe-4S cluster subjected to charge-density analysis has
provided a detailed snapshot of the electron distribution around different constituent
atoms of the cluster (Hirano et al,, 2016) as shown in Figure 5.6 b. The authors have
attributed the asymmetry of the iron-sulfur cluster and the protein environment as the
structural basis of the charge storage property of the cluster. Similar data if available for a
3Fe-4S cluster in an enzyme, it would provide insight into the mechanism by which these
cofactors are used as electron storage devices as seen in HIPIP proteins and as a Lewis

acid as present in fumarase.
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Figure 5.6. Geometry of Fe-S cluster

(a) Geometrical properties of a [3Fe-4S]* cluster of Ferrodoxin Il from Dosidicus gigas. uS
corresponds to inorganic sulphur in the cluster. (b) Electron density around different atoms
of the 4Fe-4S cluster in HIPIP protein from Thermochromatium tepidum. Green, yellow and
red represents the distribution of charge around cysteinate sulphur, inorganic sulphur and
iron respectively, as calculated from charge density analysis. Panel (a) is reproduced from
Cammack, 1999 and panel (b) reproduced from Hirano et al.,, 2016.
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The iron in the cluster has been shown to have a distorted tetrahedral geometry
(Collins et al., 2011). The clusters have both electronic and magnetic properties, with
electronic properties localised more on sulphur and the magnetic/spin properties on the
iron. The cluster can exist in different oxidation states; shown as a superscript in the usual
representation of the cluster; ([2Fe-2S]2* shows the 2+ oxidation state of the cluster), with
each oxidation state having different properties. The oxidation state of the cluster is
known to have an inverse relationship with the Fe-S bond distance and hence on the
cluster geometry (Collins et al., 2011; Mouesca and Lamotte, 1998). Only certain oxidation

states of the cluster can have physiologically relevant functions.

5.4.2. Techniques to study Fe-S clusters

The techniques used to study the cluster are based on its electronic and magnetic
properties. Important characteristics of the cluster that need to be studied are the
stoichiometry of iron and sulphur, oxidation state, and the redox potential. These features
can be studied by well-established techniques used widely in bioinorganic chemistry.
Table 5.3 lists different techniques used to study Fe-S clusters and the information we

gain from each of them.

Table 5.3. Techniques to study Fe-S cluster proteins. Various techniques used to study Fe-
S clusters and the information obtained from them. A suitable reference that most widely
covers the basic aspects of the technique as used for Fe-S cluster is provided

S.No | Technique Property Information about [Reference
studied cluster
1 EPR Paramagnetic Type and spin state  |(Androes &
property of iron | (indirectinference of [Calvin 1962;
oxidation state) Noodleman et al.
1995)
2 Ultraviolet-Visible [Thiolate-Metal Type and purity (Dailey et al.,
Spectrophotometer |charge transfer 1994)
3 Atomic emission Quantitative Stoichiometry (Pierik et al.
spectroscopy estimate of Fe 1992)
and S
4 Native mass Quantitative Stoichiometry (Gao etal., 2007;
spectrometry estimate of the Hernandez et al.,
mass of the 2001)
protein with
cluster
5 Colorimetry Reactivity of iron | Stoichiometry (Suhara etal,,
and sulphide 1975; Beinert et
al., 1983)
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6 Magnetic circular [Magnetic Spin state and hence |(Stephens et al,,
dichroism property of iron | the type 1978)

in the cluster

7 Visible circular Charge transfer | Presence and (Bonomi et al.,
dichroism band of Fe-S monitoring formation [2008)

during in-vitro
reconstitution

8 Electron nuclear Paramagnetic Enzyme mechanism, |(Cutsail et al,,
double property of iron | structure of cluster, [2015)
resonance(ENDOR) ligand identification
and (advanced and protein dynamics
EPR)

9 Electron spin echo |Paramagnetic Enzyme mechanism, |(Cutsail etal.,
envelope property of iron | structure of cluster, [2015; Kolling et
modulation proton environment |al., 2009)
(ESEEM) and protein dynamics

10 Double electron- Paramagnetic Enzyme mechanism, |(Noodleman et
electron resonance [property of iron | structure of cluster, [al., 1995;
(DEER) proton environment |Bertrand et al,,

and protein dynamics |1994; Roessler et
al., 2010)
11 Crystallography lAnomalous Type, geometry, (Lauble et al.,
scattering of iron | molecular 1992; Lloyd et al,,
and sulphur environment and 1999)
stoichiometry

12 Mossbauer Magnetic Electronic property  |(Pandelia et al,,

spectroscopy property of iron | of individual Fe atom, [2015)
Fe-Fe coupling and
oxidation state
13 Resonance Raman |[Fe-S stretching Type (especially (Sanders-Loehr,
vibrations useful when more 1988)
than one cluster type
is present)

14 X-ray absorption  [Absorption of Local electronic (Penner-Hahn,
spectroscopy iron environment and 1988)

geometry

Two of the techniques that pertain to this thesis will be discussed in detail; EPR
and UV-visible spectroscopy. The ligand to metal charge transfer results in a weak
electronic transition causing brownish colouration of the iron-sulfur cluster containing
proteins with absorption in the visible region. Depending on the type of the cluster the
absorption peaks differ. For [2Fe-2S] clusters display an absorption band at 330 nm with
broad shoulders at 460 nm and 550 nm. The [4Fe-4S] cluster exhibits a single absorption

band ranging anywhere between 390-420 nm (Dailey et al., 1994; Agar et al., 2000). The
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ratio of Asz0:Azg0 ranging between 0.30-0.32 is taken as a measure for complete

reconstitution of apoprotein.
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Figure 5.7. EPR spectra of different types of iron-sulfur clusters.

On the left, the basic structure of the cluster types is shown. In the middle column, redox
states and their respective spin states are indicated. The panels on the right show the EPR
spectra of the iron-sulfur clusters in ferredoxins from Mastigocladus laminosus (A),
Desulfovibrio gigas (B), Bacillus stearothermophilus (C), Chromatium vinosum high-
potential iron-sulfur protein (HiPIP) (D), and Clostridium pasteurianum 8Fe ferredoxin (E).
Figure and legend reproduced from https://www.auburn.edu/~duinedu/epr/1 theory.pdf.

The principle of EPR is based on the interaction of a free electron with the
electromagnetic radiation (microwave radiation) in the presence of externally applied
magnetic field. Therefore the basic minimum criteria for a molecule to be EPR active is
that it should have an unpaired electron. Only a few oxidation states of Fe-S cluster have
an unpaired electron and hence are EPR active. Moreover, from the line shape of the
spectra, one can infer the type of the cluster as well. Figure 5.7 shows characteristic EPR
spectra of different Fe-S clusters. Temperature dependent relaxation rates of the electron
are slow for [2Fe-2S] and rapid for [4Fe-4S] clusters. So at 60K, a [2Fe-2S] cluster would
still give an EPR spectra unlike a [4Fe-4S] cluster(Hanson & Berliner 2010).

5.5. Physiological roles of iron-sulfur cluster containing proteins
Peculiar electronic properties conferred by Fe-S cluster have been exploited by proteins
for multiple functions in the cell. The physiological role of Fe-S clusters can be divided

under following broad categories; 1) structural stability to proteins; 2) electron transport
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and storage eg., electron transport chain complexes like ferrodoxin, and rubredoxin; 3)
free radical mediated catalysis/ source of sulfur eg., adenosyl SAM enzymes; 4) as a Lewis
acid, involved in substrate binding and catalytic transformation of electron rich
compounds like aconitic acid, fumarate, mesaconate etc.; 5) sensing and gene regulation
eg., IRP1, SoxR, and FNR; 6) DNA replication and repair eg., DNA polymerase, primase,
Xeroderma pigmentosum protein and glycosylases; 7) tRNA maturation and hence in
translational fidelity. For the purview of the thesis, only the role of the iron-sulfur cluster
as a Lewis acid will be discussed in detail. Other functions of the cluster are reviewed

elsewhere (Fontecave, 2006 and references therein).

5.5.1 Fe-S cluster as a Lewis acid

Table 5.4 lists the enzymes (hydro-lyases) reported to have an iron-sulfur cluster. To
date, Aconitase is the only enzyme of this class that has been completely characterised
both structurally and biochemically. Very recently, malate bound structure of C I-FH from
Leishmania has been reported (Feliciano et al, 2016). Another enzyme for which
structural and preliminary biochemical data is available is serine dehydratase and
quinolinate synthase. These enzymes adopt a common catalytic strategy and the cluster is

primarily involved in the activation of hydroxyl group thereby, making it a better leaving

group.

Table 5.4. Enzymes belonging to the hydrolyase family dependent on iron-sulfur
cluster for substrate binding and catalysis.

# Enzyme E.C.No Substrate and Pathway Referenc

product involved -es

1 | Fumarate 4.2.1.2 Fumarate to S-malate TCA cycle (Woods et
hydratase al.,, 1988)

2 | Homoaconitas | 4.2.1.36 | Homocitrate to homo Lysine and (Drevland
e isocitrate Coenzyme B etal,

biosynthesis 2008)

3 | Aconitase 4.2.1.3 Citrate to isocitrate TCA cycle (Beinert
etal,
1996)

4 | Isopropylmala | 4.2.1.33 | 2-isopropylmalate to 3- | Leucine (Skala et
te isopropylmalate biosynthesis al,, 1991)
dehydratase

5 | Maleate 1.2.1.31 | Maleate to R-Malate Gentisic acid (Ueda et
hydratase degradation al,, 1993)

6 | Dimethyl 4.2.1.85 | Dimethyl maleate to Nicotinic acid (Kollmann
maleate dimethyl maleate degradation -koch &
hydratase Eggerer

1984)
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7 | Mesaconate 1.2.1.34 | Methylfumarate to S- Glutamate (Kronen
methylmalate fermentation etal,
2015)
8 | Citraconate 1.2.1.35 | Methylfumarate to R- Glutamate (Subrama
methylmalate fermentation nian and
Rao,
1968)
9 | L-Tartrate 4.2.1.32 | Oxaloacetate to L- Glyoxylate and (Kelly and
dehydratase tartrate dicarboxylate Scopes,
metabolism 1986)
10 | Dihydroxyacid | 4.2.1.9 Dihydroxymethylbutano | Branched chain (Flint et
dehydratase ate to a-ketoisovaleric amino acid al,, 1993)
acid metabolism
11 | Phosphogluco | 4.2.1.12 | 6-phospho-D-gluconate | Pentose (Kovachev
nate to 2-dehydro-3-deoxy- phosphate ich and
dehydratase 6-phospho-D-gluconate | pathway Wood,
1955)
12 | Serine 4.2.1.16 | Serine to pyruvate Gluconeogenesis | (Grabows
dehydratase ki et al,,
1993)
13 | Quinolinate 2.5.1.72 | Glyceronephosphate+ NAD (Ollagnier
synthase imino succinate to biosynthesis -de
pyridine 2,3 Choudens
dicarboxylate etal,
2005)

Various steps involved in catalysis where Fe-S cluster acts as Lewis acid is detailed below;

1. Substrate binding: All these enzymes have a [4Fe-4S]%* cluster coordinated by 3

conserved cysteines with the fourth iron held loosely by a hydroxyl ion called the Fe, site

(Figure 5.8). Binding of the substrate to the labile Fe, with the help of both hydroxyl and

carboxyl groups, thereby forming a hexadentate coordination with the metal is shown in

Figure 5.9. In enzymes like quinolinate synthase or radical SAM enzymes only

pentadentate coordination is observed where only one group of the substrate (mostly

hydroxyl) interacts with Fe,.

Figure 5.8. A 3Fe-4S cluster

Protein
N

Protein S——Fe

Protein M
OH

Schematic representation of a [4Fe-4S] cluster with three irons ligated by cysteine residues
from the protein backbone and one iron held loosely by a hydroxyl ion. Figure reproduced
from Flint & Allen 1996a.
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Figure 5.9. Substrate-bound 3Fe-4S cluster

Substrate binds to the Feq site thereby, forming a hexadentate ligand-metal complex. Figure
reproduced from Flint & Allen 1996a.

2. Base catalysed proton removal: This involves abstraction of a proton from the
carbon adjacent to the hydroxyl carrying carbon by a catalytic base which is validated as
serine in aconitase. Though the serine residue in other iron-sulphur cluster dependent
hydrolyases (Table 5.4) has not been unambiguously identified, a mechanism similar to
that seen in Aconitase has been suggested. This results in the formation of enediolate
intermediate as shown in Figure 5.10. Inhibition of fumA by the nitronate analogue of
fumarate just like in mammalian fumarase supports the formation of this intermediate.
Further, the absence of any kinetic isotope effect on the use of deuterated malate suggests

that the formation of carbanion is not the rate limiting step (Flint, 1994).

b Protein
(a) 0. 09 (b) R
A:H ' H'B Protein S Fe
X (’l \Fe/l—S/
o6 0® | Fe-|=s
S—=—Fe
“ Protein N
OH
0._0° 5 *
AH
‘\/(Q B H:B O _ L
0% o° H 0]
O

Figure 5.10. Mechanism of malate dehydration

(a) Formation of enediolate intermediate. (b) The release of fumarate and reformation of
the cluster with tetradentate Fe, site ready for next round of catalysis. Figure reproduced
from Flint & Allen 1996a.
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3. Lewis acid (the cluster) mediated activation of hydroxyl removal: Activation of the
hydroxyl group by Fe, makes it a better leaving group by accepting electrons of the C-O
bond. Removal of the proton from the C3- carbon and the Fe, mediated removal of the
hydroxyl group from C2-carbon results in the formation of the olefenic bond between C2-
and C3-carbon. The presence of a [4Fe-4S] cluster has been validated in these enzymes by
EPR, Mossbauer, UV-spectrophotometer and in few cases by crystal structures as well.
Most of these enzymes have been expressed in E.coli as recombinant proteins and were
found to be inactive immediately after purification. Activation of the cluster was
performed by the addition of iron and sulphide in the presence of thiol under anaerobic
conditions. The reconstituted enzyme is sensitive to oxygen but can be reactivated by
addition of iron and thiol. However, the enzyme dihydroxy acid dehydratase once
degraded oxidatively could not be reconstituted again suggesting differences in the local

environment of the cluster.

5.5.2. Leishmania major C I fumarate hydratase

While our study on Class | FH from M. jannaschii and P. falciparum was in progress, a
report on the structure of Leishmania major fumarate hydratase-2 (LmFH-2) was
published (Feliciano et al., 2016). The study reported the first structure of single subunit
class I fumarate hydratase with L-malate bound to a 4Fe-4S cluster. Leishmania is a
eukaryotic unicellular parasite belonging to group Trypanosomatidae and is the causative
agent for leishmaniasis. Currently, there is no direct evidence that unambiguously shows
the essentiality of the enzyme in Leishmania parasites. The organism has two Class I
fumarate hydratase, one localised to mitochondria denoted LmFH-1 and the other to the
cytosol, denoted as LmFH-2. Both the proteins were recombinantly expressed and
kinetically characterised (Feliciano et al., 2012). The pH optimum of the activity for both
the substrates is 8.5 for LmFH-1 and 9.0 for LmFH-2. It corroborates well with the pH
optima of C I-FH from other organisms like Euglena gracilis and MPOB bacteria (Shibata
et al,, 1985; Kuijk et al., 1996). The K, values for the Leishmania enzyme were found to be
relatively high compared to other class-I FHs reported. Table 5.5 shows the kinetic
parameters of FH characterised till date. High Kn value for both the substrates is

correlated with high intracellular concentrations of these metabolites in the organism
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Table 5.5. Kinetic parameters of FH from different organisms

Fumarate Malate Reference
Ol'ganisms Km Vmax kcat Km Vmax kcat
(mM) | (umol min! (s1) | (mM) | (umol min-t (s1)
mg 1) mg 1)
E. coli (van Vugt-
Fum A Lussenbur
0.46 1900 1932 0.7 720 700
Fum B getal,
0.32 1430 1440 0.3 490 480
2013)
L. major
LMFH-1 (Feliciano
2.5 26.4 28.3 2.3 11.8 12.9
LMFH-2 etal,
5.7 182.6 204.2 | 12.6 138.1 151.4
2012)
P. furiosus (van Vugt-
FH Lussenbur
0.34 1376 1088 | 0.41 1892 25.37
getal,
2009b)
P. thermop. (Shimoya
MmcBC 0.43 201 219 0.59 23.7 25.2 ma et al,,
2007b)
E. gracilis (Shibata et
0.031 N.A N.A 0.14 N.A N.A
al,, 1985)
MPOB (Van Kuijk
0.25 N.A 690 2.38 N.A 540 etal,
1996)
B. xerov. (Kronen et
0.1 296 280 0.28 118 111
al,, 2015)

The structure of LmFH-2 is the only model currently available in PDB for full

length C [-FH. The protein has two domains, an N-terminal domain (NTD) and a C-

terminal domain (CTD) connected by a linker region. Because of the lack of electron

density corresponding to the residues in the linker region, it is not mapped on to the final

structure. The N-terminal domain and C-terminal domain of single subunit C I-FH are

homologous to a and 3-subunits of two-subunit type C I-FH present in many archaea and

some bacteria. Crystal structure corresponding to the B-subunit of two subunit type C I-
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FH is already available in PDB (2ISB and 5DNI). The condition under LmFH-2 was
crystallized had Tacsimate, which is a mixture containing multiple dicarboxylic acids that
includes 1.8305 M malonic acid, 0.25 M ammonium citrate tribasic, 0.12 M succinic acid,
0.3 M DL-malic acid, 0.4 M sodium acetate trihydrate, 0.5 M sodium formate, and 0.16 M
ammonium tartrate dibasic. Apart from the electron density of the protein, there were
additional densities corresponding to ligands. Two molecules of L-malate, two molecules
of malonate and one [4Fe-4S] cluster were fit to these observed additional densities (per
monomer). The dimeric structure (PDB ID: 5L2R) of LmFH-2 is presented in Figure 5.11,
and the Fe-S cluster highlighted in each monomer. The structure has a unique
arrangement of a-helices and strands that is not found in any other structure in PDB and
hence possess a unique protein fold. The residues involved in Fe-S cluster binding are
solely from the N-terminal domain (NTD) with no contribution from the C-terminal

domain (CTD).

Missing
linker region

Figure 5.11. Structure of LmFH-2 (PDB ID: 5L2R)

The dimeric structure of LmFH-2 is shown with the NTD from the two different chains
coloured red and blue. The CTD in both chains is coloured green. The Fe-S cluster is present
in the interface of NTD and CTD and is outlined by a yellow box. Electron density
corresponding to residues connecting NTD and CTD was absent and hence this polypeptide
segment is missing in the final structure. The missing linker region is shown as dashed line in
both chains.
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One L-malate molecule was bound to one of the Fe atoms in the cluster. Apart
from the cluster, the residues involved in malate binding are shown in Figure 5.12. All
the residues directly binding the ligand in a subunit belong to the same chain suggesting

that the monomer has all the components required for substrate binding.

Lys491(A)

Thr468(A) CG2

Ala336(B) L-malate (A)

ALCA
7 O

< Gly216(A)

Y e %?3)34( B)

SAUeD

CB

GIn134(A)

CG

Argl73(A)

O

512r

Figure 5.12. The active site of LmFH-2 with bound L-malate (PDB ID: 5L2R).

The active site of the protein includes the iron-sulfur cluster and the substrate binding
residues. The residues involved in malate binding and their corresponding distance from the
different atoms of malate are shown. Residues involved in non-bonded interactions are
shown as red spikes.

As discussed earlier, catalysis in class I FH is thought to proceed through a
carbanion intermediate. In the first step that involves the formation of the intermediate,
the role of a catalytic base that deprotonates the C3 carbon of malate is implicated. The

authors propose that the residues Arg-421, Arg-471, or a water molecule in the vicinity
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might play this role. The subsequent step in catalysis involves protonation of the hydroxyl
group of malate resulting in its elimination as a water molecule. Asp-135 and, His-334
from the neighbouring chain is thought to be involved in this step. The proposed catalytic

mechanism as presented in the report is reproduced in Figure 5.13.

Cys 346/A Cys 346/A
Cys 133/A g Cys 133/A s i
O AL Cys 252/A AL Cys2521A
F'c\ Fc\<F|c Ic\ Fe Fe
s s g S \s/\é
B 135/Axf) \F:C/ Asp I35/Ajr‘ . \\Fle/
—=0 ;
ARLVA o
His 334/B N OW_) T N e = 8
\/g/) "(’)"‘ ) ) \/g/) (&MH
H ¢ Malate d 0
B: Fumarate
BH'

Figure 5.13. Proposed catalytic mechanism of LmFH-2

The catalytic base involved in the generation of carbanion intermediate and the catalytic
acid that is involved in the protonation of the hydroxyl group of malate are shown. Figure
reproduced from (Feliciano et al., 2016).

5.6. Structural studies of proteins

Knowing the structure of macromolecules to atomic detail provides valuable information
for understanding multiple aspects related to its function. The structure of the MjFHf3
subunit was solved as a part of this work and this section provides a brief introduction to
various steps involved in solving a protein structure using X-ray crystallography. The
technique depends on the scattering of X-rays by atoms, more specifically by the electron
cloud of atoms in the crystal, thereby generating a characteristic diffraction pattern,
exclusive to the crystal, which can be recorded as spots on a detector. The position of the
spots and the intensity has complete information of all atoms in the protein. Because of
the limitations in data collection technology, the information about temporal separation
of waves scattered by the atoms or more appropriately the phase of the scattered waves is
lost. Using mathematical tools, multiple ingenious ways have been developed to overcome
the phase problem. Molecular replacement and anomalous diffraction are widely used
methodologies to solve the phase problem in protein crystallography. Three major steps

involved in protein crystallography are discussed below(Rupp, 2010; Rhodes, 2006).

5.6.1.1. Crystallisation of protein and data collection
Crystallisation is a precipitation phenomenon that is ordered thereby resulting in the

formation of a crystal. Unfortunately, the factors governing this seemingly simple process
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are still not completely understood, making the process trial and error in nature and more
so in protein crystallization. Vapour diffusion, hanging drop and sitting drop techniques
are the three widely used strategies to obtain protein crystals. The commonality in all
these methods is that the protein solution is mixed with a solution containing small
molecules and polymers of different nature and let to undergo a slow but controlled
evaporation thereby pushing the protein towards precipitation. Kits containing different
solutions of defined compositions are available from different manufacturers that are
screened against the protein of interest to obtain a crystal. Key factors that govern
crystallisation are protein concentration, purity, pH, temperature and the precipitant
used. Once a crystal has been obtained its diffraction quality can be further improved by
using soaking the crystal in cryoprotectants like glycerol and PEG of different
concentrations. The crystal is placed in a goniometer and diffracted with an X-ray source
usually Cu-Ka. The diffracted rays are recorded on a detector which can either be CCD or
image plate based. Few images are acquired and used for indexing, a process that informs
one about the most probable space group of the crystal, and also examined for the data
collection strategy to be used. The strategy mainly pertains to the number of angles the
data should be collected to get complete information of the atoms in the crystal (Rupp,

2010; Rhodes, 2006).

5.6.1.2. Data processing

Major steps in data processing are the integration of multiple 2D frames containing
diffraction spots based on the space group of the crystal, scaling of spot intensities, and
phasing to derive electron density from intensity values and information from one of the
phasing methods like MR, SAD/MAD, IMR etc. Molecular replacement is the best option
when a structure model of another protein with sequence similarity of greater than 40%
is available. If the protein has a good number of cysteines then anomalous data collected
at an appropriate wavelength for sulfur-SAD can be used to obtain phases. If no known
structures exist or if molecular replacement fails the method of choice is either Se-SAD
(single wavelength anomalous dispersion)/MAD (multi-wavelength anomalous
dispersion) where selenomethionine incorporated recombinant protein is used for
crystallisation. Anomalous scattering from selenium can be a very useful in obtaining

phase information(Rupp, 2010; Rhodes, 2006).

5.6.1.3. Model refinement and analysis
The model generated after phasing would have errors with respect to geometric

parameters (bond angles, bond length etc.) as the experimental data has fewer
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parameters than is actually needed to describe these to high levels of accuracy. This
demands statistical averaging of geometric parameters driven by optimal fit to the
observed electron density. The geometric constraints library derived from accurate small
molecule structures are used in the refinement. Thus macromolecular model refinement
can be conceived of as an optimisation problem entailing mathematical parameters to
instruct the tools when it has found an optimal solution (Tronrud et al., 2004). Most
modern refinement tools use maximum likelihood based methods with parameters like
Rwork and Rree as indicators that reflect the optimal fit of the model to the experimental
data (Murshudov et al, 2011). However, it has to be borne in mind that averaging of
parameters causes a lot of information loss in terms of microscopic heterogeneity that a

model could offer (Kuzmanic et al., 2014) .

5.7. OBJECTIVES AND STRATEGY
The primary objective was to understand class I FH from structural and biochemical
perspective. P. falciparum FH, a single subunit class I FH and M. jannaschii FH, a two

subunit class I FH were recombinantly expressed in E. coli for the same.
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ABSTRACT

Plasmodium falciparum (Pf) genome has one gene that codes for the single subunit, class |
type iron-sulfur cluster containing, fumarate hydratase (FH). The protein catalyzes the
reversible conversion of fumarate to malate. Recent genetic studies have shown that the
gene is essential for the parasite and cannot be knocked out (Ke et al, 2015). This chapter
summarizes the results pertaining to biochemical characterization of the recombinant
Plasmodium enzyme. Bioinformatic analyses, based on protein primary sequence were
performed in order to predict the mitochondrial targeting sequence at the N-terminus,
conserved cysteines, and the domain boundary. Based on these analyses, expression
constructs containing DNA sequence coding for different N-terminal truncations viz,
PfFHA40, PfFHA120, and the full-length coding sequence of PfFH were generated and used
for recombinant protein expression in E. coli. The recombinant proteins PfFHA40 was used
for raising antibodies in mice. Our efforts to improve the solubility of the protein, PfFHA40
that include optimization of growth conditions, use of different expression strains, co-
expression of chaperones, and purification conditions are summarized. Ni-NTA agarose
beads were used to purify the PfFHA40. PfFHA40 was partially purified and was found to be
highly unstable and degrade with time. However, the freshly purified protein was found to be
active by both UV-spectrophotometric and NMR-based assays. A fumarate hydratase null E.
coli strain, AfumACB, was generated using Lambda Red recombinase-based strategy. The
genotyping of the strain by PCR and phenotyping by growth on fumarate-containing
minimal medium were performed. Growth phenotype for the strain expressing different PfFH
constructs was also scored on substrates on which Class | FH shows promiscuous activity.
The observation regarding growth phenotype on these substrates are presented and the
results discussed. The strain was also used to test the inhibitory potential of malate analogue
mercaptosuccinic acid on both PfFH expressing E. coli strain of AfumACB and on the asexual

stages of P. falciparum in in vitro culture.

6.1. INTRODUCTION
Class I FHs are divided into single and two subunit type enzymes and catalyze reversible
conversion of fumarate to malate. Class-I type FH is present in around 60 eukaryotic

organisms (both free-living and parasitic). All these organisms have single subunit type
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FH. The P. falciparum enzyme is also a single subunit type, class I fumarate hydratase. The
genome has one copy of the gene on chromosome 9, which is intron less, and encodes for
a protein of 681 amino acids in length. The protein is putatively annotated as fumarate
hydratase (PlasmodDB id: PF3D7_0927300). High-throughput transcriptome analysis
shows that the protein is expressed throughout the asexual and sexual stages of the
parasite (Young et al., 2005; Llinas et al., 2006; Ngwa et al., 2013). Biochemical evidence
suggests that the protein is mitochondrially localized(Bulusu et al., 2011), though a
canonical targeting sequence is missing in the primary sequence of the protein.
Leishmania donovani fumarate hydratase is the only C-I single subunit type eukaryotic FH
for which information on structural, biochemical and kinetic characterization is
available(Feliciano et al., 2012, 2016).

In this study, we have done a preliminary biochemical characterization of the
Plasmodium enzyme. We have recombinantly expressed the N-terminal truncated version
of the PfFH and shown that it is active. A fumarate null E.coli strain was generated, that
can be used for the functional complementation of fumarate hydratase (class I/II) from
any organism as well as for screening inhibitors against the enzyme. The PfFH enzyme
was shown to functionally complement the fumarate hydratase deficiency in this strain.
Further, the strain expressing the PfFH enzyme was used for screening few substrate

analogues that could be potential inhibitors.

6.2. Materials and methods

6.2.1. Chemicals, strains and molecular biology reagents

All chemical reagents used were obtained from Sigma Chemicals Co. USA. Ni-NTA
conjugated agarose beads and Phusion high-fidelity DNA polymerase was procured from
Thermo Fisher Scientific Inc. Restriction enzymes, T4 DNA ligase and Lemo21 (DE3) were
from New England Biolabs, MA, USA. Primers were custom synthesized from Sigma-
Aldrich, Bangalore. Media components were from Himedia laboratories, Mumbai, India.
Plasmid pDB1818 was a kind gift from Prof. Dennis R. Dean, Virginia Tech, USA. E. coli

strain AiscR was a kind gift from Prof. James R. Swartz, Stanford University, USA.

6.2.2. Sequence analysis

Sequences of fumarate hydratase were obtained from NCBI BLAST-P tool using P.
falciparum fumarate hydratase as the query sequence. ClustalW (Thompson et al., 1994)
was used for multiple sequence alignment and the output was processed using ESPRIPT

(Robert and Gouet, 2014) for visualization.
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6.2.3. Cloning, protein expression, and purification

DNA fragments corresponding to the entire open reading frame (ORF) and the N-terminal
deletion constructs were amplified by PCR using the parasite genomic DNA as template
and cloned into a modified pET21b vector using the enzymes BamHI and Sall, such that
the (His)e-tag is at the N-terminus. The sequences of oligonucleotides used are given in
Table 6.1. E. coli strain BL21(DE3)-RIL was used for expressing PfFHA40 and PfFHA120.
For purification, the pET21b plasmid with PfFHA40 was transformed into BL21(DE3)-RIL
strain and selected on LB plate containing ampicillin and chloramphenicol. Multiple
colonies were picked and inoculated into a 10 ml LB broth. The culture was grown for 6 h
at 37 °C. Thereafter, the cells were pelleted, washed with antibiotic free LB broth and then
used for inoculating an 800 ml culture. The cells were grown at 30 °C until the ODeoo
reached 0.5, thereafter induced with 0.05 mM IPTG and grown further for 16 h at 16 °C.
The cells were harvested by centrifugation and resuspended in lysis buffer containing 50
mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM PMSF, and 10% glycerol. The cells were lysed
using 4 cycles of French press at 1000 psi and the lysate cleared by centrifuging at 30,000
x g for 30 minutes. The supernatant was carefully removed without disturbing the pellet
and 1ml slurry of Ni-NTA beads (Novagen) pre-equilibrated with lysis buffer was added
for binding of the His-tagged protein. The binding was done at 4°C for 3h and thereafter,
the beads were washed with 50ml lysis buffer and protein eluted with different
concentrations of imidazole.

Table 6.1. Oligonucleotides used for this study
S.No | Primer Name Primer sequence (5’ to 3)
1 FHF_BamH1_FL CGCGGATCCATAAAGTTTAAAGAAGCTTCCATTTTG
2 FHR_Sal1_FL ACGCGTCGACTTATGATGGTAACCATTTATTATAAAAATC
3 FHF_BamH1_A40 | CGCGGATCCAGTTTAAATAGTTTTATAGACATTTTAAGCTTTAG
4

FHF_BamH1_A120 | CGCGGATCCAATTATGAAAAAGAATATATACATATCCCACC
CGGAACACCCGCCCAGAGCATAACCAAACCAGGCAGTAAGTGA

> P1 GAGAACAGTGTAGGCTGGAGCTGCTTC

. o GCGCAGCCGCTTCGTTTGATCATTCCACGGCTGCACCTGTATGTTGC
AGACTGTCAAACATGAGAATTAATTCCG

7 P3 CTGAGTTAATGAGTTTTTGCATGATCAATCCCTG

8 P4 CACAGCGGGTGCATTGTGTGAGTTG

9 P5 GGCAGATAAGCTGTGGGGCGCAC

10 P6 GCGTCTGGTACAAAGGAGATCAAAAACAAGTCC

6.2.4. Enzyme activity

The conversion of fumarate to malate was monitored spectrophotometrically by a drop in
absorbance at 240nm caused by fumarate depletion (€240=22,400 M-1cm-1). For NMR, the
purified recombinant PfFHA40 was incubated with 2, 3-[13C]-fumarate for 30 min. The
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protein was precipitated with TCA and the supernatant, neutralized with 5 N KOH was
used for recording 13C-NMR spectrum. D0 was added to a final concentration of 10 % to

the sample for signal lock.

6.2.5. Generation of fumarate hydratase null E. coli strain, AfumACB

In order to generate a fumarate hydratase null strain, JW4083-1 (fumB748 (del)::kan), an
E. coli strain in which fumB is replaced with a kanamycin selection cassette flanked by
flippase recognition target (FRT) sites (part of Keio collection), was obtained from Coli
Genetic Stock Centre ( CGSC) (Baba et al, 2006). To remove the kanamycin cassette
flanked by FRT sites and to subsequently knockout the genes fumA and fumC, standard
protocols were followed (Datsenko and Wanner, 2000).

Briefly, to remove the kanamycin cassette at the fumB locus, JW 4083-1 cells were
transformed with the plasmid pCP20 that expresses the flippase enzyme (Figure 6.1 a).
Thereafter, the cells were cured of the plasmid by incubation at 42 °C for 12 h.
Subsequently, the cells were transformed with the plasmid pSC101 to introduce the high-
efficiency lambda phage recombination machinery (Figure 6.1 b). In order to knockout
the genes fumA and fumC, primers P1 and P2 were used to amplify a kanamycin cassette
using plasmid pKD13 as the template, such that the PCR product will carry the
homologous regions corresponding to the 5’ flank of fumA and 3’ flank of fumC (shown in
red in Figure 6.1 a/b/c). After Dpnl digestion, the AfumB strain was transformed with the
PCR product by electroporation and selected on LB medium containing kanamycin.
Kanamycin resistant colonies were screened by PCR using P3 and P6 primers to validate
the insertion of the antibiotic cassette in the right locus as given in Figure 6.1 c. The cells
were also checked for the absence of the wild-type genes, fumA, and fumC using primers
P3/P4 and P5/P6 respectively (Table 6.1). The kanamycin cassette at the fumA/C gene
locus was removed by expressing flippase in the strain resulting in the generation of

marker free fumarate hydratase null strain (Figure 6.1 d).
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Figure 6.1. Schematic of the steps involved in generation of fumarate hydratase null
strain (AfumACB) of E. coli

(a) Section of the genome of E. coli strain AfumB showing fumA/C loci. The fumB gene locus
has been replaced by kanamycin resistance cassette flanked by flippase recombination
target (FRT) sites. Transformation of the strain with plasmid pCP20, that expresses flippase,
enables removal of the resistance cassette by recombination of the FRT sites. (b) The
kanamycin sensitive AfumB strain was transformed with pSC101 (a plasmid that expresses
lambda phage homologous recombination machinery) followed by electroporation of the
cells with PCR product flanked by sequences for homologous recombination. The cells were
selected on a kanamycin containing LB plate. Plasmid pSC101 is cured of the resulting
strain, AfumACB, by growing the cells at 42 °C. (c) Transformation of AfumACB strain with
pCP20 to generate marker free fumarate hydratase null strain as shown in (d).

6.2.6. Complementation assays in E. coli

pQE30 plasmids containing different truncation constructs of the P. falciparum enzyme
were transformed into the E. coli AfumACB strain and selected on LB plate containing 100
pg/ml ampicillin and 50 pg/ml kanamycin. A single colony from the plate was inoculated
into 10 ml LB broth and grown overnight. An aliquot of each of the cultures was washed
three times with sterile M9 medium to remove traces of LB. The cells were resuspended
in M9 medium and an aliquot of the suspension was spread on a minimal medium plate
containing the appropriate carbon source and antibiotics. The selection plate contained,
MO salts, trace elements (EDTA, 13.4 mM; FeCl3-6H2, 3.1 mM; ZnCl,, 0.62 mM; CuCl,-
2H;0,76 uM; CoCl;-2H,0,42 pM; H3BO3, 162 pM; MnClz-4H>0, 8.1 uM), 10 pg/ml thiamine,

10 pg/ml biotin, 0.3 mM calcium chloride, 1 mM magnesium chloride, 1.5% agar, 0.4% of
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one of the following carbon sources; L-malate, fumarate, L/D-tartrate, mesaconate, and

itaconate.

6.2.7. Mercaptosuccinic acid mediated inhibition of FH

Multiple colonies of the AfumACB strain expressing PfFHA40 were picked from a LB agar
plate and inoculated into 5 ml M9 minimal medium with 20 mM fumarate as the sole
carbon source and appropriate antibiotics (kanamycin and ampicillin). The cells were
grown overnight and an aliquot of the culture was washed twice with M9 minimal
medium. The cell pellet was resuspended in M9 medium to the original culture volume
and used as a pre-inoculum. 100-200 pl of this suspension were added to tubes containing
5 ml of M9 minimal medium with fumarate as the sole carbon source and appropriate
antibiotics (kanamycin and ampicillin). MSA was added to the medium to a final
concentration ranging from 5 mM to 1 uM and the growth of the cultures was monitored
by measuring the absorbance at 600 nm. ODgoo was measured at the end of 10 h and the

data were plotted for estimating the ICso value for the inhibitor.

6.3. Results and discussion

6.3.1. Multiple sequence alignment

Fumarate hydratase (FH) gene is present in all Plasmodium species for which complete
genome sequence is available. In P. falciparum the gene is present on chromosome 9, in
highly syntenic loci (amongst Plasmodium species) (PlasmoDB). The Plasmodium FH
protein sequences are longer than class-I fumarate hydratases present in most other

eukaryotic/prokaryotic organisms.
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Figure 6.2. N-terminal region of the multiple sequence alignment of Plasmodium and
bacterial class-I fumarate hydratase sequences.

The underlined region, corresponding to 120 amino acids at the N-terminus, shows the part
of the Plasmodium sequence that is not present in bacterial sequences. The sequences were
downloaded from NCBI database and alignment was done using Clustal omega (Sievers et
al, 2011) with default parameters. The colour coding is according to the residue
conservation based on BLOSUM62 matrix and was generated using ESPRIPT 3.0 (Robert
and Gouet, 2014).
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Figure 6.3. Multiple sequence alignment of Class I fumarate hydratase from different
Plasmodium species.
The alignment shows a high degree of conservation amongst class-1 fumarate hydratase
protein sequences from different Plasmodium species. However, there are three regions,
highlighted using the black bar, where there are variations; the N-terminal region of around
40 residues (variation 1), residues from 250-310 (variation 2), and residues from 490 to 530
corresponding to the domain boundary (variation 3) (P. vivax numbering). Cysteines that
might be involved in iron-sulfur cluster ligation are shown by green arrows; those that are
conserved in Plasmodium sequences in black arrows and the ones that are not conserved are
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highlighted by grey arrows. The sequences were downloaded from NCBI database and
alignment was done using Clustal omega (Sievers et al.,, 2011) with default parameters. The
colour coding is according to the residue conservation based on BLOSUM62 matrix and was
generated using ESPRIPT 3.0 (Robert and Gouet, 2014).

Examination of the multiple sequence alignment of protein sequence of
Plasmodium FH with that of bacterial FH, shows a 120 amino acid insertion at the N-
terminus that is present in Plasmodium FHs (Figure 6.2). The cysteines involved in
ligation of the cluster though not unambiguously evident in the alignment with bacterial
sequences, are evident from the alignment of PfFH with two-subunit type class I FH

sequences (Appendix Figure A6.1) and are highlighted in Figure 6.3.
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GLSAEMNLKMVKLASCRYLDNLKTEGG] NiGRMBRBILESEKIILQKAQSLGIGAQFG
GKYFVHDVRVIRLPRHSASCPIGIGVSCSADRQIKCLINKNGVFMQMLEHEPIKYLPE
ITFKDLNQENAVKIDLNQNMEQTLKTLSKYPTSTLVLLTGKLVVARDSAHKKIVDQ
FINDNVPIPEYFKKYPIYYAGPAKTPDNYASGSFGPTTAGRMDAYAEVLMKNNASL
ISLAKGNRSAVVRNACKKYNGFYLGSIGGPGAILAKNNIKNVQVIDFKDMGMEAVH
LIDVVDFPAFIVIDNKGNDFYNKWLPS

[l Conserved and identical in Plasmodium.
[ Similar in plasmodium.

[] Unique to Plasmodium falciparum.

] Domain boundary

Figure 6.4. Sequence features of P. falciparum fumarate hydratase.

Conserved and unique features in the PfFH sequence are highlighted in different colours.

Plasmodium FH proteins share high sequence identity amongst themselves as can
be seen from the multiple sequence alignment in Figure 6.3. Multiple sequence alignment
of Plasmodium FH sequences with FH sequences from other organisms shows an insertion
of around 56 amino acids specific to genus Plasmodium shown in green in Figure 6.4 and
sequence highlighted in Figure 6.3 as ‘variation 2. The sequence of the insertion is not
conserved amongst Plasmodium genus. The role of this insertion is not known. Though
there is a 120 amino acid insertion at the N-terminus of the Plasmodium proteins
(compared to bacterial FH sequences), except for 40 residues at the N-terminus, rest of

them are conserved amongst Plasmodium sequences and hence might be important for
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function. This forms the basis of generating expression constructs for the proteins
PfFHA40, in which 40 residues from the N-terminus is removed and PfFHA120, wherein
120 residues from the N-terminus is removed. The results of the multiple sequence
alignment are projected onto the P. falciparum FH sequence—as conserved and unique

features— and shown in Figure 6.4.

6.3.2. Prediction of mitochondrial targeting sequence

Biochemical evidence suggests that the PfFH is mitochondrially localized (Bulusu et al,,
2011). Mitochondrial targeting signals are rich in amphipathic a-helices that help in
translocation of proteins across the mitochondrial membrane (Roise et al., 1986). In order
to express the recombinant protein in E. coli, it is preferable to use the DNA sequence
corresponding to only the mature protein with the signal peptide deleted. In order to
predict the mitochondrial targeting signal in different FH sequences of Plasmodium
species, various tools such as Mitoprotll, TargetP, MitoFates, and PlasMIT were used.
Table 6.3 summarizes the results of the analysis from different prediction softwares for
Plasmodium FH protein sequences. As a positive control for the analysis, P. falciparum
dihydroorotate dehydrogenase (PfDHODH), a well characterized protein with canonical
mitochondrial targeting sequence was used.

As evident from the Table 6.3, except for FH sequence of Plasmodium
knowlesi, the targeting sequence is not predicted by the tools used in the analysis.
Especially, for P. falciparum FH sequence, none of the tools were able to predict the
localization or the signal sequence. One of the tools used in the analysis, PlasMIT, is an
artificial neural network based prediction tool developed specifically for predicting
mitochondrial transit peptides specific to P. falciparum. Unfortunately, the authors report
that of all the mitochondrial proteins predicted by the tool, fumarate hydratase is the only
‘false negative’(Bender et al.,, 2003a). This raises doubts on whether FH in Plasmodium
species is targeted to the mitochondrion using N-terminal signal sequence. There is a
possibility that PfFH might get localized to the mitochondrion using an internal signal
sequence or an unconventional mitochondrial localization signal. Since none of the tools
were able to predict an unambiguous signal sequence in P. falciparum FH sequence, for
generating expression constructs corresponding to mature protein, read out from only

multiple sequence alignment was considered.
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Table 6.3. Mitochondrial targeting sequence prediction

?g;(r)g:g;lcli TargetP MitoFates PlasMIT
S.No Protein Vincens (Emanuelsso | (Fukasawa et | (Bender etal,
1996) n etal, 2000) al, 2015) 2003b)
1 CS: NP CS:NP CS:38 Non-mito
. i P:0.88 P:0.344 P:0.302 .
P. falciparum (99%)
2 CS:NP CS: NP CS:38 Non-mito
. rei i P: 0.97 P:.264 P:0.294 .
P. reichenowi (99%)
3 CS:37 CS:NP CS:28 Non-mito
. i P:0.92 P:0.399 P:0.240 .
P. gaboni (99%)
4 CS:NP CS:NP CS:57
P. gallinaceum P: 0.85 P:0.176 P:0.013 Mito (91%)
5 CS: 13 CS:11 CS:32
P. knowlesi P:0.9928 P:0.877 P:0.691 Mito (91%)
6 CS:21 CS:13 CS:12 Non-mito
. i P:0.83 P:0.828 P:0.250 .
P. fragile (99%)
7 CS:NP CS:NP CS:45
P. vinckei P:0.1488 P:0.088 P:0.005 Mito (91%)
8 CS:NP CS:9 CS:10
P. chabaudi P:0.89 P:0.661 P:0.174 Mito (91%)
9 CS:13 CS:50 CS:42
P. inui P:0.97 P:0.858 P:0.318 Mito (91%)
10 CS:13 CS:29 CS:21 Non-mito
. Vi P:0.96 P:0.816 P:0.630 .
P. vivax (99%)
11 CS:46 CS:NP CS:37
P. berghei P:0.85 P:0.262 P:0.251 Mito (91%)
12 CS:NP CS:NP CS:9
P. yoelii P:0.435 P:0.273 P:0.078 Mito (91%)
13 CS:24 CS:NP CS:23
PfDHODH P:0.50 P:0.349 P:0.996 Mito (91%)

A probability value of more than 0.5 is considered significant. Boxes shaded in green correspond to
sequences for which the cleavage sequence was predicted with a probability value of more than 0.5.
CS-cleavage sequence; P-probability; Pf-Plasmodium falciparum; mito-mitochondrially localized; non-
mito- not localized to mitochondria; NP- not predictable.
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6.3.3. Cloning, expression and purification

Saln BamH1

(a)

pET21b_PfFH 3 ¢ PQE30_PfFH

7467 bp e 5485 bp

BamH1

Figure 6.5. Vector maps of expression constructs of PfFH gene.

The clones generated were used for expression of different N-terminal truncated proteins
and the full length of P. falciparum FH. (a) pET21b constructs for recombinant protein
expression of PfFHFL, PfFHA40 and PfFHA120. (b) pQE30 constructs of PfFHFL, PfFHA40
and PfFHA120 genes for functional complementation in E. coli. AmpR, (-lactamase gene;
6XHIS, 6X histidine tag; T7, T7 phage promoter; CTD, C-terminal domain.

Constructs containing the full-length Plasmodium FH were generated using both pET21b
and pQE30 as the backbone (Figure 6.5). N-terminal truncation constructs, based on the
alignment with bacterial and two-subunit archaeal sequences, were also generated. The
clones were confirmed by both insert release (Figure 6.6) and sequencing. Constructs in
pET21b were used for recombinant protein expression in the E. coli strain BL21(DE3)-
RIL. The full-length and N-terminal truncation constructs have N-terminal (His)s tag. All
three proteins expressed well upon IPTG induction (Figure 6.7a and 6.8).

Purification of all the three constructs was attempted using Ni-NTA affinity
chromatography. Examination of different fractions from the purification process on SDS-
PAGE showed that more than 90% of the protein was found in the insoluble fraction
(Figure 6.7 a). Moreover, the eluates contained multiple impurities; both of higher and

lower molecular weight, along with the protein of interest (Figure 6.7 b).
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(b)

L1-2046 bp
12-1683 bp —14-1923 bp

L1-2046 bp |
12-1683 bp—{

Figure 6.6. Validation of plasmid constructs.

(a) Clones generated for recombinant expression of PfFHFL (L1), PfFHA120 (L2) and PfA40
(L3) in pET21b were validated using release of the cloned segment using the restriction
enzymes, Bam HI and Sall. L4, 1kb DNA ladder. (b) Cloning of PfFHFL (L1), PfFHA120 (L2)
and PfFHA40 (L4) in pQE30 was validated using BamHI and Sall. L3, 1kb DNA ladder.

(b)

Figure 6.7. Expression of PfFHA40 and PfFHA120 in BL21(DE3)-RIL and purification
of PfFHA40.

(a) BL21 (DE3)-RIL strain expressing PfFHA40and PfFHA120 was lysed and soluble and
insoluble fractions were analysed by SDS-PAGE. All fractions correspond to 250 ul culture
equivalent. L1 and L2, whole cell lysate of cells expressing PfFHA40and PfFHA120,
respectively. L3 and L5, the soluble fraction obtained after lysis of cells expressing PfFHA40
and PfFHA120, respectively. L4 and L6, pellet fraction after lysis of cells expressing
PfFHA40and PfFHA120, respectively. (b) The protein, PfFHA40 was recombinantly
expressed in BL21 (DE3)-RIL strain and purified using Ni-NTA chromatography. The bead-
bound protein was eluted with different concentrations of imidazole and the eluates
analysed using SDS-PAGE followed by staining with Coomassie Brilliant Blue (CBB). L1,
protein molecular weight marker; L2 and L3, 150 mM imidazole eluate; L4 and L5, 300 mM
imidazole eluate; L6 and L7, 750 mM imidazole eluate, L8 and L9, 1 M imidazole eluate.
Molecular weight of marker proteins is indicated in kDa.

The amount of soluble protein obtained was relatively higher (2 mg/L) for the
truncated protein, PfFHA40 compared to the full length and PfFHA120. Extensive efforts,
summarized in Table 6.4, taken to improve the yield of soluble protein (PfFHA40) were

unsuccessful. Western blot of the eluates probed with a-(His) s antibody showed single

bands corresponding to the protein PfFHA40 as shown in Figure 6.9 b.
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Table 6.4. Efforts to improve the solubility of the PfFHA40

S.No Variable Results

1 Bacterial Strains No improvement in yield
C41 (DE3), C42 (DE3), Lemo21(DE3), BL21(DE3)AiscR.

2 Temperature No improvement in yield

Pre-induction temperature (in °c) : 37, 27
Post-induction temperature (in °c): 20, 16, 4

3 Co-expression plasmids No improvement in yield
Chaperone plasmids (Takara clonetech kit)
pDB1818 (Isc operon)

4 Medium additives
Benzyl alcohol No improvement in yield
Iron and sulfur supplement

(At 23 14 L5 Le M0 2 i
" (116.0
- [45.0
- (35.0
- - (250
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Figure 6.9. Western blotting of purified PfFFHA40 with a-His antibody.

(a) Ni-NTA purified fractions of PfFHA40. L1, electro eluted protein; L2, 250 mM imidazole
eluate from Ni-NTA purification; L3, 500 mM imidazole eluate; 1M imidazole eluate; L6,
protein molecular weight marker. (b) Western blot probed with a-(His) ¢ antibody. The 1°
antibody was used at a titer of 1:4000. HRP-tagged secondary antibody was used and the
blot was developed using 3-amino-9-ethylcarbazole. L1, electroeluted protein; L2, 250 mM
imidazole eluate ; L3, 500 mM imidazole eluate; L4, 1M imidazole eluate.

6.3.4. Generation and testing of a-PfFHA40 antibody

PfFHA40 protein was used to raise antibodies in rabbit using standard protocols
mentioned in section 2.3.4. PfFHA40 could not be purified to homogeneity from the
soluble fraction. In order to obtain pure protein, purification of the same was performed
from inclusion body. After 2M urea wash, the inclusion body was solubilized in 6M
guanidinium hydrochloride (GndHCI). The solubilized protein was subjected to Ni-NTA

chromatography under denaturating condition. The eluates were loaded on SDS-PAGE

and the band corresponding to PfFHA40 was subjected to electroelution to obtain pure
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protein (Figure 6.10 a). Probing of the eluted protein with a-(His) ¢ antibody gave a
single band (Figure 6.10 b) showing the presence of (His) ¢tag in the protein. The
antibody generated was used to probe the Ni-NTA eluate containing PfFHA40 obtained
from soluble fraction. Unlike a single specific band obtained with a-(His) ¢ antibody
(Figure 6.9 b), in this blot multiple lower bands were seen along with a band
corresponding to protein of interest (Figure 6.10 c). These bands probably correspond to
degradation of recombinant protein. It should be noted that the degradation is evident
even in the presence of protease cocktail inhibitor in the lysis and elution buffer. This may

be due to thermolabile nature of mesophilic class-I FH (Woods et al., 1988).
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Figure 6.10. Generation and testing of PfFHA40 specific antibody.

(a) Purification of PfFHA40 from inclusion body by excision of the band of interest from a
CBB stained gel followed by electroelution. L1, electroeluted protein; L2, protein molecular
weight marker (in kDa). (b) Validation of the electroeluted protein with a-HIS antibody. L1,
electroeluted protein probed with the a-HIS antibody; L2, prestained protein molecular
weight marker. (c) Western blot probed with a-PfFHA40 antibody against Ni-NTA purified
soluble PfFHA40; L1, 250 mM imidazole eluates and L2, blot probed withPfFHA40 specific
antibody. The arrow shows the position of PfFHA40. Degradation of protein bands are
clearly seen when probed with protein specific antibody but not with a-(His) ¢ antibody.

6.3.5. Fumarate hydratase activity

Ni-NTA eluates were directly used for checking the catalytic activity. The fumarate to
malate conversion was monitored at 240 nm (Ae= 2440 M-! cm1). The protein was found
to be active as seen by the time-dependent change in absorbance (Figure 6.11 b). The
specific activity of the protein for fumarate was 1 umol min-! mg-! and for malate was 10
nmol min! mg The fact that the protein was active without any in vitro reconstitution
suggests that at least a part of the protein molecules are cluster bound. This is also
evident from the absorbance at 420 nm of the purified protein immediately after

purification (Figure 6.11 a). The activity of the protein was further confirmed by
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incubating the partially purified protein with [2, 3]13C-fumarate. NMR spectrum of the
reaction mixture after removing the protein by heat precipitation showed peaks
corresponding to [2, 3]13C-malate, confirming the chemical identity of the product. The

spectrum is shown in the Figure 6.11 c.
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Figure 6.11. Activity of PfFHA40 and characterization of Fe-S cluster

(a) A wavelength scan of Ni-NTA eluates shows the characteristic peak at 420 nm that
corresponds to a 4Fe-4S type Fe-S cluster. (b) The time scan at 240 nm shows the conversion
of fumarate to malate (red) and malate to fumarate (blue) using 75 ug of partially purified
PfFHA40. The reaction was initiated by the addition of the enzyme to a reaction mixture
containing either ImM fumarate/malate in 50 mM Tris-HCI, pH7.4 at 37 °C. (c) Validation of
activity by 13C-NMR. The NMR spectra of assay mixture consisting of 50 uM 2,3-[13C]-
fumarate in 100 mM potassium phosphate, pH 7.4, incubated with 100 ug of purified
PfFHA40 enzyme, shows the presence of peaks corresponding to both 13C-malate and
unreacted 13C-fumarate. This validates the fumarate hydratase activity of PfFHA40. The
inset shows the chemical structure of 13C-fumarate used in this assay. The spectra represent
the average of 3000 scans acquired using Bruker 400MHz NMR spectrophotometer.

173




Chapter 6. Preliminary biochemical characterization of PfFH

6.3.6. Functional complementation of PfFH in fumarate hydratase null E. coli

strain

E. coli has three genes that encode for fumarate hydratase; fumA and fumB of the class-I
type and fumC of the class-II type. FumA and fumC genes are in tandem and are driven by
a common promoter. Recently, another gene, fumD was identified to have fumarate
hydratase activity, though the primary substrate for this enzyme is mesaconate (Kronen
and Berg, 2015). E. coli fumD has weak activity on fumarate with an apparent K, value
close to 1ImM and hence, might not have a significant contribution in vivo to the overall
fumarate hydratase activity. A triple knockout strain of E. coli AfumACB, in which the three

major FH genes are deleted, was generated.

P3 SIHRI P4 P5 3IHR2 P6

- — T - ST —

1859 bp 1559 bp

(a)

5'HR1 3'HR2
Yl T+
1432 bp N »

Figure 6.12. Genotype of E. coli AfumACB strain.

(a) The relative orientation of fumA and fumC genes in the AfumB strain and the location of
primers (P3-P6) used for validation of the knockout. 5’HR1 and 3’HR2 represent the 30bp
homologous regions used for gene replacement with kanamycin resistant marker. (b)
fumA/C gene loci after homologous recombination and replacement with kanamycin
resistance marker flanked by FRT sites. The orientation of the primers (P1 and P2) used for
amplification by PCR of the kanamycin cassette is shown.

Deletion of the gene was validated by PCR using genomic DNA of the mutant strain
as template and appropriate primers as shown in Figure 6.12. Figure 6.13 shows the
results of genotyping. The absence of the genes fumA and fumc, is evident from the PCR
results. As expected, while the strain was able to grow normally in malate containing

minimal medium, it was not able to grow on M9 minimal medium containing fumarate as

the sole carbon source (Figure 6.13 c).
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Figure 6.13. Genotyping and phenotyping of the AfumACB strain.

(a) PCR amplified products using primers P1 and P2 and genomic DNA of 5 different
colonies selected on kanamycin plate as template, showing the presence the kanamycin
selection cassette integrated into the right loci. (b) Lane 1-3 represents the amplicons
obtained on performing a PCR to check the presence/absence of fumA gene using primers P3
and P4 and genomic DNA from different E. coli strains (mentioned in the figure) as template.
Lane 5-7 represents the amplicons obtained on performing a PCR to check the
presence/absence of fumC gene using primers P5 and P6 and genomic DNA from different
FH knockout strains (mentioned in the figure) as template. (c) Growth phenotype of various
strains with at least one copy of fumarate hydratase gene deleted. As it is evident from the
phenotype, AfumACB strain is not able to grow on fumarate containing minimal medium.

6.3.7. Functional complementation with PfFH

In order to check if PfFH protein could functionally complement fumarate hydratase
deficiency in AfumACB strain of E. coli, the bacterial cells were transformed with plasmids,
pQE-PfFHFL, pQE-PfFHA40, and pQE-PfFHA120, expressing full-length and N-terminal
truncated versions of the P. falciparum enzyme. E. coli AfumACB strain transformed with
pQE30 vector served as a negative control. At the end of 48 hours, the growth phenotype
was scored and it was observed that all the strains grew equally well on malate/glucose
containing-M9 medium plates (Figure 6.14 a and b). In the fumarate containing M9 plate,
the cells with PfFHA40 and PfFHFL grew faster, whereas, the growth rate of cells with and
PfFHA120 was slower and no growth was seen in cells carrying just the empty plasmid
(pQE30) (Figure 6.14 c). This shows that the P. falciparum FH can functionally
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complement the enzymatic role of fumarate hydratase in AfumACB strain. This validates
that Plasmodium enzyme is indeed fumarate hydratase. The observation that PfFHA120
supplemented strain grew slower than PfFHA40 shows that residue 40-120 play a role in
the structure and/or function of the enzyme despite the fact that these residues are

conserved only in Plasmodium fumarate hydratase sequences and not in others.

(a) Glucose (b) L-malate (c) Fumarate

Figure 6.14. Complementation of the AfumACB strain with PfFH gene

AfumACB strains expressing different truncation constructs of PfFH (FL-PfFHFL, A40-
PfFHA40 and A120-PfFHA120) were generated to see functional complementation in M9
medium with different carbon sources. As a control, the growth phenotype of the strain with
just the pQE30 plasmid (E) was used for comparision. Expression of PfFH restored the
growth on M9-fumarate medium (panel c) and maximal rescue was observed with PfFHA40.
The growth of all the four strains was similar when either glucose (panel a) or malate (panel
b) was used as the sole carbon source. This suggests that FH is not needed for growth on
these substrates. The experiment was repeated twice and the images correspond to one of
the replicates.

6.3.8. Substrate promiscuity of PfFH

Substrate promiscuity in class-I FHs has been reported earlier(van Vugt-Lussenburg et al.,
2013; Kronen and Berg, 2015). In order to check if PfFH can -catalyze
hydration/dehydration of other dicarboxylic acids reported to be substrates for FH from
other organisms, the AfumACB strain carrying different constructs of PfFH was grown on
M9 medium with meso-tartrate, mesaconate or D-tartrate as the sole carbon source.
Growth phenotype under the different conditions was scored after incubating the plates
at 37 °C for 48 h. The results are summarized in Figure 6.15. The growth on meso-
tartrate is clearly independent of the presence of PfFH as the cells having just the vector

backbone grow well on this (Figure 6.15 a).
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(a) Meso-tartrate (b) Mesaconate (c) D-tartrate

Figure 6.15. Growth phenotype of PfFH expressing AfumACB strain on
promiscuous substrates

Cells expressing PfFHFL, PfFHA40 and PfFHA120 grew well when D-tartrate or mesaconate
(panel b and c respectively) was used as a sole carbon source, compared to the strain
expressing just the vector (E). The picture represents growth at the end of 48 h. The
experiment was repeated twice and the images correspond to one of the replicates.

Cells expressing PfFHA40 and PfFHFL in the presence of mesaconate as the carbon
source show significantly better growth than PfFHA120 (Figure 6.15 b). The growth of
cells carrying just the vector backbone was the poorest suggesting that the AfumACB
strain has weak ability to utilize mesaconate as carbon source. This growth could be
attributed to the presence of fumD, which has been reported to have activity on
mesaconate (Kronen and Berg, 2015). The dramatic increase in growth seen upon
expression of PfFH (PfFHA40 and PfFHFL) clearly indicates that the parasite enzyme
metabolizes mesaconate.

Cells expressing all the three constructs of PfFH showed weak growth on D-
tartrate containing medium (Figure 6.15 c), while cells containing the plasmid vector
alone failed to grow. This observed growth with only few isolated colonies is significantly
weaker when compared to that on fumarate and mesaconate that yielded a lawn. This
either suggests that the activity of PfFH on D-tartrate is very poor or D-tartrate is not

sufficiently transported in to the cell.
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Figure 6.16. Mesaconate utilization pathway in E. coli

Mesaconate is converted to citramalate by the action of the enzyme mesaconase/fumarase.
The citramalate is activated by the addition of Co-A molecule by the enzyme succinyl-
CoA:(S)-citramalate CoA-transferase. The citramalyl-CoA is subsequently cleaved into
pyruvate and acetyl-CoA. 1, mesaconase; 2, succinyl-CoA:(S)-citramalate CoA-transferase; 3,
(S)-citramalyl-CoA lyase. Figure reproduced from Kronen and Berg, 2015.

Activity of fumarate hydratase on mesaconate and D-tartrate will result in the
formation of citramalate and oxaloacetate, respectively. While citramalate is metabolized
in the cell to produce pyruvate and acetyl-CoA by the action of enzymes succinyl-CoA:(S)-
citramalate CoA-transferase and citramalyl-CoA lyase as shown in the Figure 6.16 (Kronen
and Berg, 2015), oxaloacetate is converted to malate by the action of the enzyme malate
dehydrogenase. These products can enter the metabolic pathways and fuel the growth of
cells expressing active FH.

Taken together, these results show that the substrate promiscuity profile of the
PfFH is similar to that obtained from the in vitro studies on class-1 enzymes from other
organisms (Woods et al., 1988; Flint, 1994; van Vugt-Lussenburg et al., 2013; Kronen and
Berg, 2015). From the growth profiles we conclude that the order of substrate utilization
efficiency of PfFH is fumarate followed by mesaconate with D-tartrate being the least

preferred.
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6.3.8. Growth phenotype of cells expressing PfFH on L-tartrate and itaconate

Class I fumarate hydratases reported till date are highly stereospecific and do not catalyse
the dehydration of the enantiomer of their substrates viz., D-malate and L-tartrate. To test
if the Pf enzyme also behaves in a similar manner, growth phenotype of AfumACB cells
expressing PfFH was tested on minimal medium containing L-tartrate as the sole carbon
source (Figure 6.16). Only cells expressing PfFH (PfFHFL/PfFHA40/PfFHA120) were able
to grow on this medium. The growth rescue on L-tartrate was indeed surprising as there
are no earlier reports suggesting it to be a substrate for either class-I/Il fumarate
hydratases. A possible explanation for the growth phenotype could be that the the
expressed PfFH is playing a secondary but critical role required for the growth of
AfumACB. Future in vitro studies on purified parasite FH should answer on the

promiscuous activity of this enzyme on L-tartrate.

(a) L-tartrate (b) Itaconate

Figure 6.16. Growth phenotype of PfFH expressing AfumACB strain on L-
tartrate and itaconate

AfumACB cells expressing PfFHFL, PfFHA40 and PfFHA120 grew when L-tartrate or
itaconate (panel a and b respectively) were used as a sole carbon source. There was no
growth seen of AfumACB cells containing just the vector (E) in the same medium. L-tartrate
and itaconate are not reported to be substrates of class I FHs. The molecular mechanism
behind the observed growth phenotype is unclear. The picture represents growth at the end
of 48 h. The experiment was repeated twice and the images correspond to one of the
replicates.

Our studies thus far have shown that PfFH can catalyze the hydration of fumarate
and its analogue mesaconate (methylfumarate). We extended our studies to examine the
ability of the enzyme to accept itaconate as the substrate. The structure of three

dicarboxylic acids (fumarate, mesaconate and itaconate) and their products obtained

upon hydration are shown in Figure 6.17 a.
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Figure 6.17. Metabolism of itaconate and L-tartrate.

(a) Chemical structures of substrates and products acted upon by fumarate hydratase. (I)
fumarate to malate conversion (II) mesaconate to citramalate conversion (1lI) itaconate to
citramalate conversion. In vitro studies have shown that the enzyme can use fumarate and
mesaconate as substrates. Currently, there are no direct evidence available showing
itaconate as a substrate for the enzyme. However, the complementation studies using PfFH
implies a direct or an indirect role of the enzyme in itaconate utilization. (b) Pathway
showing enzymes involved in itaconate metabolism. Scs, succinyl coA synthetase; Ict,
itaconylcoA transferase; Ich, itaconylcoA hydratase; Ccl, citramalyl-CoA lyase. Panel (b)
reproduced from Sasikaran et al,, 2014.

Addition of water to the olefenic bond in itaconate would result in the production
of citramalate. If the PfFH has promiscuous activity on itaconate, the cells expressing this
enzyme would generate citramalate which can get metabolized as shown in Figure 6.17
b, thereby enabling growth. AfumACB strain expressing the PfFH constructs and cells
carrying only the plasmid vector were examined for their growth phenotype on minimal
medium plates containing itaconate as the sole carbon source (Figure 6.16 b). The cell
carrying just the empty vector failed to grow under these conditions and albeit weak, cells
carrying the full length and deletion constructs of PfFH showed growth.

Although the complementation results appear to suggest that PfFH has
promiscuous activity on itaconate, in vitro validation on the enzyme is necessary. Pathway

of itaconate degradation has been reported to be operative in mammalian mitochondria,

Salmonella spp., Pseudomonas species, and Micrococcus species (Wang et al.,, 1961; Martin
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et al, 1961; Cooper et al., 1965). The enzymes involved in this pathway have been
recently identified in Yersinia pestis and Pseudomonas (Sasikaran et al, 2014a). The
pathway showing enzymes and the intermediates involved in the conversion of itaconate
to acetyl-coA and pyruvate in Yersinia pestis (Yp) is shown in Figure 6.17 a. A BlastP
search was performed against E. coli proteins using protein sequences of Yplct, Yplch, and
YpCcl as query. Citrate lyase of E. coli was obtained as a hit with significant similarity (e-
value of 8e-33 and sequence identity of 32 %) to YpCcl. However, there were no

significant hits available for either Yplct or Yplch.

6.3.9. Mercaptosuccinic acid mediated inhibition

The growth of E. coli AfumACB strain on fumarate minimal medium is conditional to
supplementation with PfFHA40 expression construct. This was exploited to test the
inhibitory potential of malate analog, mercaptosuccinic acid (Figure 6.18 a) on PfFHA40.
Mercaptosuccinate inhibited the growth with an ICso of 482+ 0.02 pM (Figure 6.18 b).
Mercaptosuccinate used is a mixture of D and L-mercaptosuccinate. Based on the
stereochemistry of the reaction one would expect only L-mercaptosuccinate to inhibit the
enzyme and not the D-isoform. Hence, the effective ICso value for L-mercaptosuccinate
could be lower. MSA inhibited the growth of the strain, 4fumACB when grown in fumarate
containing minimal media but not in malate containing minimal media. This shows that
the inhibition is specific to fumarate to malate interconversion catalyzed by PfFHA40
(Figure 6.18 c). This data forms the proof-of-concept showing that this strain can be

used to screen molecules against PfFH.

181



Chapter 6. Preliminary biochemical characterization of PfFH

(a) (b)
100
OH OH é% 801
L-Malate Ho o ()
o - 60]
[+F]
N
SH OH E 401
Mercaptosuccinate HO o S
5 Z 20]
02
log (MSA) mM
()
. 100-
©
2
>
| =
= 501
7]
X
0 T
o
é\‘} é‘

Figure 6.18. Mercaptosuccinate mediated inhibition of E. coli AfumACB strain
expressing PfA40.

(a) Chemical structure of malate and of inhibitors used for screening. (b) Plot showing
inhibition of PfFHA40 supplemented AfumACB strain on fumarate minimal medium by
mercaptosuccinate. ICsp obtained was 482 + 0.02 uM. The experiment was done in
duplicates and repeated twice. The error bars represent the standard error of mean
obtained from two independent experiments. (c) Growth of E. coli strain AfumACB
expressing PfFHA40 in different media conditions. The growth was normalized against ODso
value obtained in 20 mM malate containing M9 minimal medium. While the growth on
fumarate and malate containing minimal medium was comparable, the growth was severely
inhibited in the presence of 3 mM MSA. However, there was no growth inhibition seen in
medium containing malate and MSA. This shows that MSA acts specifically inhibits the
enzymatic step PfFHA40 and has minimal off-target effects at the concentration used. The
experiment was done in duplicates and repeated thrice. The error bars represent the
standard error of mean obtained from three independent experiments.
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6.3.10. Mercaptosuccinic acid mediated inhibition of P. falciparum in vitro

cultures
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Figure 6.19. Mercaptosuccinate (MSA) inhibits P. falciparum growth.

The plot shows the ICsp of mercaptosuccinate mediated inhibition of in vitro culture
of P. falciparum

MSA inhibition of the growth of AfumACB strain of E. coli expressing PfFHA40, on
fumarate containing minimal media suggests that MSA is directly inhibiting the
Plasmodium enzyme. In order to check if this could have an effect on the growth of P.
falciparum in in vitro culture, a drug susceptibility test was performed. For this, the
culture was incubated with different concentration of MSA and parasitemia was
estimated at the end of 48 h. The parasitemia of the untreated culture was used for
normalization. Figure 6.19 shows the plot of normalized parasitemia versus log of MSA

concentration. An ICso value of 302 + 0.8 uM was obtained from the fit.

6.4. Summary and future perspectives.

Recombinant PfFH was partially purified and was found to be active. Extensive efforts to
optimize the growth conditions, strains and co-expression of chaperones, did not help to
increase the yield of the protein in the soluble fraction. Deletion of the Plasmodium-
specific 56 amino acid insertion (from 257-312) might help in improving solubility. The

fact that C-terminal domain is soluble shows that the insolubility of the full-length protein
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and truncation constructs is primarily because of the N-terminal domain. A fumarate
hydratase null strain was developed that can be used to functionally complement
fumarate hydratases from other organisms. Additionally, cells expressing PfFH were able
to grow on mesaconate, D-tartrate, L-tartrate or itaconate as the sole carbon source. The
strain can also be used to screen for inhibitors against fumarate hydratases. As a proof of
concept, mercaptosuccinate has been shown to inhibit the growth of PfFHA40 in fumarate
containing M9 minimal media. MSA was found to inhibit the P. falciparum growth with an
ICs0 of 302 + 0.8 uM. The mechanism of growth inhibition by MSA can be investigated by

NMR based metabolomic study using 13C-labeled fumarate as a tracer.
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Biochemical and structural characterization of two subunit class I
fumarate hydratase from thermophilic archaeon,

Methanocaldococcus jannaschii

ABSTRACT

The two subunit class I fumarate hydratases are present in both archaea and bacteria but
not in eukaryotes. Class I single subunit fumarate hydratases (C I-FHss) are present in many
eukaryotic pathogens and biochemical and structural characterization is difficult owing to
the thermolability of the protein and highly oxygen-sensitive nature of the iron-sulfur
cluster. Studying the thermostable homolog of the enzyme that has better structural
stability would enable the understanding of the characteristics of class I fumarate
hydratases in general. As the Plasmodium FH was difficult to purify in significant quantities
for thorough biochemical and structural characterization, Methanocaldococcus jannaschii
fumarate hydratase was chosen as a model to understand the Fe-S cluster containing
fumarate hydratase. Moreover, studying the class I two-subunit FH (C I-FH.) enzyme would
also throw light on unique biochemical/biophysical features of this subset of proteins as
well. Towards this, we have recombinantly expressed in E. coli and purified individual
subunits and the complex of the two subunits of the Methanocaldococcus jannaschii (Mj)
fumarate hydratase (FH). Basic characterization including oligomeric status, subunit-
interaction, and thermostability of the individual subunits and of the complex were
performed. The nature and stoichiometry of the cluster were probed using tools such as UV-
Visible spectrophotometry, electron paramagnetic resonance, and native mass spectrometry.
The iron-sulfur cluster could be reconstituted on to the a-subunit alone. The a-subunit alone
was found to be active and the activity was enhanced 50 fold upon addition of stoichiometric
amounts of f-subunit. The structure of the [-subunit has been solved by X-ray
crystallography using molecular replacement. Comparison of this structure with the recently
published structure of C I-FH from Leishmania major shows many conserved features

between the two.

7.1. INTRODUCTION
Class I fumarate hydratases are divided into single and two-subunit type enzymes
depending on the number of genes that encode the functional protein. Two subunit

proteins are found only in prokaryotes and archaea but not in eukaryotes. The domain

185



architecture of both types of proteins is shown in Figure 7.1. It is not known which of the
two (single subunit vs. two subunit) is the more ancestral protein and hence we cannot
comment on whether the two subunit type of FH was formed by a domain fission event of
the single subunit FH’s. A phylogenetic analysis of FH sequences from different organisms
should inform us on the domain organization of the ancestral protein. Multiple sequence
alignment of two subunit FH has shown that there is high degree of sequence
conservation between single subunit class [ fumarate hydratase (C I-FHs) and two
subunit class | fumarate hydratase (C I-FH) sequences.

C I-FH has been studied from Pelotomaculum thermopropionicum (Shimoyama et
al., 2007a), a thermophilic bacteria and Pyrococcus furiosus, a thermophilic archaea (van
Vugt-Lussenburg et al., 2009a). From both these studies, the following conclusions can be
arrived at; both the subunits associate to form functional protein which is a dimer of a
heterodimer, the protein complex is thermostable with optimal activity at high
temperature, and EPR studies show the presence of a [4Fe-4S] type iron-sulfur cluster.
The structure of the B-subunit of Archaeoglobus fulgidus FH (PDB ID: 2ISB) has been
solved by a structural genomics consortium and has been deposited in PDB and this is the
only structural information about two-subunit type FH. A study on the structure of CI-FHgs
from Leishmania, that was recently reported is a valuable starting point to study the

structure-function correlation in this class of enzymes (Feliciano et al,, 2016).

] [ Single-subunitclass I fumarate hydratase (CI-FH,,)
[ NTD CTD ] (eg., E. coli FumA, P, falciparum FH etc.)

Two-subunit class[ fumarate hydratase (CI-FH,,)

([ a-subunit | [ p-subunit ) (eg., M. jannaschii fumarase a and p-subunit,
Pyrococcus furiosus fumarase o and f-subunit etc.)

Figure 7.1. Domain organization in single-subunit (top) and two- subunit fumarate
hydratase.

In single subunit fumarate hydratases (FH), the N-terminal and the C-terminal domains
(NTD and CTD) are connected by a linker segment. In two subunit type FH, the two domains,
annotated as a- and B-subunits, are encoded by two different genes. These subunits assemble
to form a functional protein complex.

CI-FHs are known to exhibit promiscuity with respect to substrates catalyzed. This
aspect has not been investigated for CI-FH. Its known that in [4Fe-4S] cluster containing
enzymes, there are three cysteines from the protein that coordinate the 3 iron atoms in
the cluster and the 4th iron atom is held loosely by a hydroxyl ion. In CI-FH, though

certain cysteine residues are proposed to be involved in cluster ligation based on multiple

sequence alignment and conservation of residues, a biochemical validation for the same is

186




not available for CI-FH. The role of individual subunits with respect to iron-sulfur cluster
coordination and catalysis is still not clear. L-tartrate dehydratases (L-ttd) are similar to
CI-FHis with respect to sequence conservation and the use of [4Fe-4S] cluster in catalysis.
The high degree of sequence conservation makes it difficult to discern and annotate a
protein sequence as either L-ttd or CI-FH. Moreover, the biochemical information on this
protein is based on only limited studies done on Pseudomonas putida L-ttd (Kelly and
Scopes, 1986), E. coli L-ttd (Reaney et al, 1993) and the enzyme from L-tartrate
fermenting anaerobic bacteria (Schink, 1984). L-tartrate metabolism has been well
studied in E. coli (Reaney et al., 1993; Kim et al,, 2007; Kim and Unden, 2007). L-ttd from
E. coli displays no activity against fumarate, D-malate, and D-tartrate. The structure of L-
ttd has been recently predicted from just the primary sequence using constraints derived

from sequence co-evolution and modeling (Ovchinnikov et al,, 2015).

7.2. Materials and methods

7.2.1. Cloning, expression and purification of MjFH

The two subunit genes, MjFHa, and MjFHfS were PCR amplified from Mj genomic DNA
(procured from ATCC) using the primers # 1-4 in Table 7.1 and cloned into two tandem
multiple cloning site (MCS) of pET-Duet vector, using the enzymes BamHI and Sall for
MjFHa subunit; Ndel and Xhol for MjFH subunit such that they can be co-expressed from
the same plasmid. For expressing the individual subunits separately, the same primers
and restriction sites were used. The cloning was confirmed by insert release and
sequencing.

Table 7.1. Sequence of primers used to clone MjFHa and MjFHp in pET-DUET vector

# Primer name Primer sequence (5’ to 3’)

1 MjFHa_BamHI_up CGCGGATCCGAAAATCTCCGATGTTGTTGTTGAATTATTTAG

2 MjFH a_Sall_down ACGCGTCGACTTATAATTTAGCATCCAATTTTATTCTTTTAATTGCC

3 MjFH B_Ndel_up CTAATTCCATATGGAATATACATTTAACAAATTAACAAAAAAGATG

4 MjFH B_Xhol_down CCGCTCGAGTTATAATCCTATCAATTCATTAAGCTTTTCATAAAC

Sequences corresponding to the restriction sites are in bold.

BL21 (DE3)-RIL strain was used for expression of (His)e-tagged MjFHa and
untagged MjFH. For protein expression, cultures were grown to mid-log phase (ODgoo of
0.4-0.6) at 37 °C and then pre-chilled at 16 °C for 20 min. IPTG was added for induction to
a final concentration of 0.3 mM and grown for 16 h at 16 °C. The cells were harvested by
centrifugation and stored at -80 °C until further use. The cell pellets (corresponding to
800 ml culture) once removed from -20°C/-80 °C, were kept on ice for 10 min along with
the 30 ml of lysis buffer (20 mM Tris-HCI, pH 8; 5% glycerol; 1 mM DTT and 1 mM PMSF).
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The cells were resuspended in the lysis buffer and lysed using 4 cycles of French©
pressure cell press (Thermo IEC Inc., USA) at 1000 psi. The cell lysate was cleared of the
debris by centrifuging at 30,000 x g for 30 min at 4 °C. The supernatant was carefully

decanted without disturbing the pellet and was then incubated at 70 °C in a water bath for
30 min to allow the precipitation of E. coli proteins and then centrifuged at 30,000 x g for
30 min and the resulting supernatant recovered. The solution was subjected to
polyethylenimine precipitation (0.001% v/v) to remove DNA. The precipitated DNA was
removed by centrifugation and the supernatant was subjected to anion-exchange
chromatography using a Q-sepharose column. Briefly, the column was equilibrated with
the buffer containing 20 mM Tris-HCI, pH 8.0 and 5% glycerol, and the protein solution
was injected into the column. 1 column volume of the same buffer was passed to remove
any unbound protein. The desired protein was then eluted from the column using
gradient of increasing sodium chloride concentration. The eluted protein was checked for
purity on SDS-PAGE. Appropriate fractions were pooled and dialysed against buffer
containing 20 mM Tris-HCl, pH 7.4 and 5 % glycerol. After dialysis, the protein was
aliquoted, flash frozen in liquid nitrogen and stored at - 80 °C for future use or directly

used for reconstitution.

7.2.2. Mass spectrometry

For the accurate estimation of the molecular weight of both the subunits of MjFH, the
protein sample was analysed using LC-ESI-MS. An aliquot of protein solution of
concentration of 1 mg/ml was dialysed against 10 mM ammonium acetate (a volatile
buffer) containing 1 mM DTT and used for the analysis. The spectra were acquired in an
ESI-QTOF maXis mass spectrometer (Bruker Daltonics, Bermen, Germany), with an online
Agilent 1100 series HPLC. The spectrometer was calibrated using an external standard,
caesium iodide in the m/z range of 500-6000. The spectra were acquired in the positive
ion mode with a capillary voltage of 4500 V. Data processing was done using Data
analysis 4.1 software (Bruker Daltonics, Bremen, Germany). The raw spectra were
smoothened using 5 cycles of Savitzky-Golay algorithm subsequent to which multiple
charge states of the protein were identified through “charge deconvolution” option
available in the tool.

7.2.3. Interaction of MjFHa and MjFH8

7.2.3.1. Pull-down

The MjFHa-subunit is tagged at the N-terminus with (His)e-tag. For checking the

interaction of a- with the 3-subunit, a-subunit bound Ni-NTA beads were incubated with
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an excess of 3-subunit and incubated at room temperature for 30 min in buffer containing
20 mM Tris-HCI, pH 7.4. The beads were washed with the same buffer and elution of a-
subunit was done using a buffered solution containing 500 mM imidazole. An aliquot of
the eluate was loaded onto SDS-PAGE for separation and stained with Coomassie Brilliant

Blue (CBB) for visualization.

7.2.3.2. Analytical gel filtration

The oligomeric state of both the subunits and the co-purified protein was probed by size-
exclusion chromatography on an analytical Superdex 200 10/300 GL column (10 mm X
300 mm) (GE Health Care Life Sciences) attached to an AKTA Basic HPLC system
equipped with UV900 detector. The column was equilibrated with Buffer A (50 mM Tris-
HCl, pH 7.4 and 100mM KCI) and calibrated using molecular weight standards; blue
dextran (2000 kDa), B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), bovine
serum albumin (66 kDa), carbonic anhydrase (29 kDa) and cytochrome c (12.4 kDa).
Elution volume of the blue dextran corresponds to the void volume of the column. A
standard curve was plotted using ratio of the elution volume to void volume of these
standards against their log molecular weight. The flow rate was maintained at 0.5 ml min-
1,100 pl of purified protein (10uM) (MjFHa, MjFHf, and the co-expressed protein) was
loaded onto the column and the elution was monitored simultaneously at both 280 nm
and 220 nm. The molecular weight of the MjFH subunits and that of the complex was
calculated by interpolation of the elution volume on the standard curve. To examine the
nature of the inter and intra-subunit interaction, individual and co-expressed subunits
were loaded into the column after equilibration with Buffer A containing 1 M NaCl and 2

mM [-mercaptoethanol in two separate chromatographic experiments.

7.2.3.3. Isothermal calorimetry

To examine the thermodynamics of the interaction of a- and - subunits and to estimate
the dissociation constant (Kq) MicroCal VP-ITC machine was used. 681 pM MjFHf} was
taken in the syringe and 75 pM of MjFHa was kept in the cell. 30 injections of 10 pl each
were done and the cell contents were stirred at 300 rpm throughout the titration. The

titration was performed at a constant temperature of 25 °C Data were processed using

Origin software. The best fit model was used for the K4 estimation.
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7.2.4. Characterization of iron-sulfur cluster

7.2.4.1. Reconstitution of the cluster

Reconstitution was performed starting with frozen aliquots of protein stored at -80 °C.

The protein solution was incubated in anaerobic chamber (Coy, USA) for 1 h to remove all
traces of oxygen. All the subsequent steps were performed under anaerobic condition in
the chamber. Standard protocols were followed for reconstitution (Beinert et al., 1996;
Yano et al, 1996). Briefly, around 30-60 pM protein was used for reconstitution. The
reconstitution procedure was initiated by the addition of 50 fold excess of DTT to the
protein solution followed by stirring for 30 min. Subsequently, 10 fold excess of ferrous
ammonium sulfate was added and stirred for 1 h. Following this, 10 fold excess of lithium
sulphide/ sodium sulfide was added and stirred for another 3 h. Excess iron and sulfur
was removed by dialysing the protein solution against the buffer containing 50 mM Tris-

HC], pH 7.4 and 5% glycerol. The dialysed protein was used for activity measurements.

7.2.4.2. Spectroscopic methods

For detection of metal-thiolate charge transfer band in the visible region, a 30 uM solution
of the protein was taken in an anaerobically sealed 1 cm path length cuvette and a
wavelength scan was performed from 600 to 220 nm. For visible CD measurements, 30
UM protein was taken in a 1 cm path length cuvette that was anaerobically sealed and
ellipticity values were recorded from 800 to 280 nm using a Jasco ]-810

spectropolarimeter.

7.2.4.3. Colorimetric estimation of iron and acid-labile sulfide in the protein
To estimate the stoichiometry of iron and sulfur the protein solution soon after
reconstitution was passed through a Zeba™ Spin Desalting Columns, 7K MWCO, 10 ml, to
remove unbound iron and sulphur. Lithium sulphide was used as a sulphide source in
reconstitution of protein for use in this experiment. Standard protocol for iron and acid-
labile sulphide estimation were followed. Briefly, for iron estimation, 100 pl protein
solution was treated with equal volume of 21.7 % nitric acid and incubated at 95 °C for 30
min. The precipitated protein was removed by centrifugation. The supernatant was
reacted with ferene in the presence of ascorbic acid. The blue coloured complex that is
formed by the reaction of ferene with ferrous ion is measured at 593 nm. Known
concentrations of ferrous ammonium sulphate solution were used to plot the standard
curve (Hennessy et al., 1984; Pierik, web document).

For sulphide estimation standard protocol was followed (Beinert, 1983). Briefly,

the 200 pl of protein solution was reacted with 600 ul of 1% zinc acetate solution and 50
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ul of 7% sodium hydroxide to form zinc sulphide. The cloudy solution formed was
centrifuged to collect a thick pellet of zinc sulphide. To the pellet 150 pl of an acidic
solution of N, N-dimethyl-p-phenylenediamine (DMPD) (0.1 % w/v in 5 N HCI) was added to
dissolve the pellet. Immediately, 150 ul of 10 mM ferric chloride solution was added to
form methylene blue, the absorbance of which was measured at 670 nm. The presence of
protein causes a decreased estimate of methylene blue and hence the readings were
corrected by performing the assay on a solution that has equivalent amount of
apoprotein. Different dilutions made from a stock solution of 2 mM lithium sulphide

dissolved in water were used to plot the standard curve.

7.2.4.4. Native mass spectrometry

Non-covalent mass spectrometry measurements were performed on an ESI-QTOF mass
spectrometer (maXis impact, Bruker Daltonics, Bremen, Germany) with an online ESI-
nanospray source was used. A 10 pM of MjFHaf3 protein was dialysed against 10 mM
ammonium acetate was injected through a nano-flow probe silica tip with inner diameter
of 10 uM (New Objectives, Woburn, MA, USA). A syringe pump (operated using a stepper
motor) connected to a needle was used for injection of the protein. The protein was
passed through a 5 pl loop and subsequently into the spray chamber at the rate of 0.8 pl

min-l. The source temperature was set at 45 °C with a capillary voltage of 1200 V. The dry

gas flow rate was maintained at 5.0 ] min-1. Data were recorded in positive ion mode.

7.2.4.5. Electron paramagnetic resonance

For EPR studies the reconstituted protein was concentrated to around 100 pM. In
addition to normal buffer components (50 mM Tris-HCI, pH 7.4, 5% glycerol, ferrous
ammonium sulphate, and sodium sulfide), 50 % glycerol was also added to the protein.
The protein solution was anaerobically transferred to a quartz tube meant for EPR
studies. The tube containing the protein was slowly and gently immersed into liquid
nitrogen solution. Presence of glycerol ensured that the solution did not freeze. This was
essential as freezing could cause expansion of the solution and rupture of the tube. The
EPR spectra was recorded on an X-band Bruker ER 200 CW EPR spectrometer equipped
with liquid helium cooled cryostat. The spectra were recorded at 4 K and at 60 K. All the
spectra were acquired using 9.3 GHz of microwave power. The g-value for the electron

was calculated from each of the spectra using the following equation,

g=0.7145* v (in MHz)/ By (in Gauss),
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where, g is the dimensionless quantity that characterizes the gyromagnetic ratio and the
magnetic moment of a particle; v is the frequency of the microwave used and By is the

magnetic field strength in Gauss.

7.2.5. Thermostability of the individual subunits and the complex
Thermostability of the individual subunits and that of the complex was measured using
circular dichroism by monitoring the change in ellipticity at 222 nm upon gradual

increase in temperature. The proteins were dialysed against buffer containing 20 mM

sodium phosphate, pH 6.4. Temperature was increased at the rate of 1 °C min-l. The

ellipticity value was recorded at 222 nm at each temperature.

7.2.6. Enzyme activity

7.2.6.1. Spectrophotometric assay

The conversion of fumarate to malate was monitored by a drop in absorbance at 240nm
caused by fumarate depletion (A€240=22,400 M-1 cm-1). For activity measurements, the
reconstituted protein was dialyzed against 50 mM Tris, pH 7.4 for 3 h in the anaerobic

chamber. Dialysis was performed to remove unbound iron and sulfur.

7.2.6.2. Complementation assay

pET-DUET based plasmid constructs expressing individual subunits and the construct co-
expressing both the subunits were seperately transformed into the E. coli AfumACB strain
(details of the strain mentioned in section 6.2.5) containing the plasmid pACT7. The
plasmid encodes for T7 RNA polymerase under a constitutive promoter thereby enabling
the use of T7 based expression systems in the strain. The transformants were selected on
LB plate containing ampicillin, chloramphenicol and kanamycin. A single colony from the
plate was inoculated into 10 ml LB medium and grown overnight. An aliquot of each of the
culture was washed three times with autoclaved M9 medium to remove traces of LB
medium. The washed cells were resuspended in M9 medium and an aliquot of the
suspension was streaked on a minimal medium plate containing the appropriate carbon
source (20 mM of either fumarate or malate), 100 uM IPTG and appropriate antibiotics.
The plates were incubated at 37 °C for 110 h and growth phenotype was scored.

7.2.7. Structure solution of MjFH beta subunit using X-ray crystallography
Microbatch method (Chayen et al, 1992) was used for screening all the conditions
available in Hampton research crystal screen. A 72 well multi-well plate from Grenier-Bio

was used. All the screens viz, crystal screen, Index screen, salt screen (96 different
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conditions) and PEG-Ion screen containing 48 different conditions were used. 3 pl of
protein and 3 pl of buffer from different conditions were placed under silicone oil and left
undisturbed at room temperature for 3 days, for the crystals to form. Different
concentrations of the protein of each subunit were also used and crystal trays were set
both in aerobic and anaerobic conditions. After 3 days, the plates were examined under
light microscope for the presence of crystals. The crystals obtained were diffracted using
a Rigaku RU200 X-ray diffractometer equipped with a rotating anode type light source
with an osmic mirror that gives the monochromatic light source of wavelength 1.54179 A.
For detection an image plate of type MAR scanner, 345 mm was used.

For structure solution, various packages available in CCP4 suite (Winn et al,,
2011) and Phenix modules (Adams et al., 2010) were used. Briefly, MOSFLM was used for
data collection (Battye et al, 2011), REFMAC 5.0 (Murshudov et al, 2011) and
Phenix_refine 1.9_1692 (Afonine et al., 2012) for refinements , SCALA for data reduction
and scaling (Evans, 2006) , and PHASER for phasing (McCoy et al., 2007). The structure
solution was obtained using molecular replacement (MR). The template used for MR was
Archaeoglobus fulgidus FH 3-subunit (PDB ID: 2ISB). The structure solution was validated
using wwwPDB validation tool (Berman et al, 2003) and deposited in RCSB-PDB
(www.rcsb.org) (Berman et al., 2000).

7.3. Results and discussion

7.3.1. Taxonomic distribution and phylogenetic analysis

A survey of Pfam database (Finn et al., 2014) reveals that out of 1140 unique sequences,
there are 516 sequences deposited for a-subunit and 503 sequences for (- subunit. The
Pfam ID for a-subunit - and B-subunit are PF05681 and PF05683 respectively. Two-
subunit architecture of class I fumarate hydratase is seen mostly in archaea and to a
lesser extent in prokaryotes. None of the eukaryotic sequences deposited, have two-
subunit type class I fumarate hydratase. The multiple sequence alignment of
biochemically characterized FHs of both single two subunit type fumarases reveals good
sequence conservation (Figure 7.2). The alignment also reveals the domain boundary in
single subunit type FHs.

It has been noted earlier that the two-subunit L-tartrate dehydratase (L-Ttd) that
catalyses the dehydration of L-tartrate to oxaloacetate, has iron-sulfur cluster and share
high level of sequence similarity to single-subunit class | fumarases (CI-FHg) (Reaney et
al,, 1993). It should be noted that, two subunit class I fumarases (CI-FHs) were identified
later (Shimoyama et al., 2007a). Similarly, the enzyme mesaconate hydratase/mesaconase

that catalyzes the conversion of mesaconate to citramalate also shares high degree of
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sequence similarity with class I fumarases (Kronen et al., 2015; Kronen and Berg, 2015).
Recently, a gene fumD has been identified in E. coli that has preferential activity on
mesaconate over fumarate (Kronen and Berg, 2015). The multiple sequence alignment of
protein sequences of L-tartrate dehydratase (L-Ttd), single- and two-subunit type class |
FH sequences from different bacteria and archaea, and mesaconate hydratase, shows
good degree of sequence conservation that includes the conserved cysteines that are

involved in cluster ligation (Figure 7.3).
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Ecoli_FumB 396
P_furiosus_AB 311
M_jannaschii AB 320

P_themopropionicum AB 294
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M_jannaschii AB 457
P_themopropionicum AB 425

Figure 7.2. Multiple sequence alignment of biochemically characterized FH
sequences

The alignment shows good degree of similarity between single-subunit class I fumarate
hydratase (CI-FH,) and two-subunit class [ fumarate hydratase (CI-FHy). It should be noted
that CI-FH,s sequences are longer than CI-FH.. The difference is due to extra residues at the
N-terminus and the linker region connecting the two domains. Both these regions are not
conserved. The linker region and the N-terminus are highlighted in the figure.
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Figure.7.3. Multiple sequence alignment of single-subunit fumarate hydratase (LdFH,
Ec_FumA, Ec_ FumB, BxFH), two-subunit fumarate hydratases (MjFH_AB, PfFH_AB,
PtFH_AB), mesaconase (Ec_FumD), and two subunit L-tartrate dehydratase

(EcTTD_AB and PpTTD_AB).

The earlier observed high degree of similarity between L-Ttd sequences and class I fumarate
hydratase is also seen with two-subunit class I fumarate hydratases. Moreover, as is evident
from the alignment sequence conservation is also observed between L-tartrate dehydratase,
class I FH and mesaconase. Cysteine residues that might be involved in Fe-S cluster ligation
are highlighted with an arrow. Ec, E. coli; Ld, Leishmania donovani; Pp, Pseudomonas
putida; Bx, Burkholderia xerovorans; TTD, L-tartrate dehydratase; Mj, Methanocaldococcus
Pt, Pelotomaculum thermopropionicum; Pfu, Pyrococcus furiosus; AB,
concatenated sequences of a and [f-subunits.

jannaschii;
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LdFH

100%

EDC-F“"‘ 55.8% | 100%

f\c-F“m 62.9% | 67.3% | 100%

EBC-F“"‘ 62.5% | 66.4% | 89.5% | 100%

f\']:;TTD- 22.4% | 204% | 21.4% | 22.0% | 100%

Z‘];TTD- 232% | 23.0% | 23.2% | 238% | 64.4% | 100%

ZE‘FH- 24.4% | 251% | 26.7% | 265% | 33.7% | 344% | 100%

g"FH-A 28.1% | 27.5% | 28.7% | 281 35% 33.9% | 455% | 100%

PtFH_A

B 32.1% | 29.8% | 32.1% | 34.1% | 323% | 31.9% | 37.1% | 43.4% | 100%

AL 27.1% | 26.5% | 29.0% | 28.0% | 253% | 23.8% | 33.7% | 32.9% | 43.4% 1;)0
LdFH | EcFu | EcFu | EcFu | ECTTD_ | PpTTD_ | PfuFH_ | MjFH_ | PtFH_ | BxF

mD | mA mB AB AB AB AB AB H

Table 7.1. Protein sequence identity between primary sequences of single and two-
subunit fumarate hydratase, two subunit L-tartrate dehdyratase, and mesaconase.

It has also been speculated that all fumarases will have mesaconate activity and all

mesaconases may have fumarase activity, although with varying level of efficiencies

(Kronen et al., 2015). Table 7.1 provides the identity in percentage between CI-FHss , CI-

FHis , mesaconase and L-Ttd protein sequences. Sequence features that determine the

efficiency of catalysis towards different substrates is still not identified. It should be noted

that D-tartrate, mesaconate, and fumarate are also substrates for C II-FH that does not

contain Fe-S cluster. Table 7.2 shows the molecules that were tested for activity/binding

on class I FHs (Teipel et al., 1968).

Table. 7.2. Specificity of class II fumarate hydratase. The table is reproduced from
(Dixon and Webb, 2014)

Substrates
L-malate
fumarate

SPECIFICITY OF FUMARATE HYDRATASE

Campetitive inhibitors
p-malate
citrate
D-tartrate

L-2-hydroxy-3-sulphopropionate

maleate
mesaconate
transaconitate
succinate
malonate
adipate
glutarate
glycine

Inaciive substances
L-aspartate
D-aspartate
fumarate monomethyl ester
fumaric dimethyl ester
crotonate
acetoacetate
acetate
butyrate
acetylenedicarboxylate
L-cystcate
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BLASTP results using FumC/FumA sequence from E. coli against Cyanobacteria, the most
ancient group of bacteria, showed that they have only the class Il iron independent
enzyme and not the class I FH. This unambiguously shows that class Il FHs are more
ancestral than class [ type FH. To answer the question as to which is a more ancestral
protein amongst CI FHs, we checked for the presence of both single and two subunit type
fumarases in phylogenetically early branching group of organisms like Firmicutes and
Candidate phyla radiation (CPR) group of bacteria (Hug et al., 2016) using the BLASTP
tool. We found that with a few exceptions, almost all these organisms have two subunit
type class I fumarate hydratase. Hence, we propose that the single subunit fumarate
hydratase is a more recent version of FH that resulted after a domain fusion event
between the a and 3 subunits of CI-FHi.

A phylogenetic analysis reveals that the two subunit type FH forms a separate
clade that clusters seperately (Figure 7.4). In addition, the two subunit type enzymes are
further divided into two subtypes. The significance of this divergence is not clear. L-
tartrate dehydratases, that catalyse the conversion of tartrate to oxaloacetate share close
similarity with two subunit class-I fumarases. L-ttd are absent in eukaryotes and are
present only in archaea and prokaryotes. The (-subunit of class I fumarate hydratases in
few instances are fused to domains other than alpha subunit; to protein kinase domain in
Strongylocentrotus purpuratus (W4Y8Y1_STRPU), fumarate reductase flavoprotein in
Amphimedon queenslandica (Sponge)(I1EJK5_AMPQE), and to serine acetyltransferase
domain in Entamoeba dispar (BOEPH7_ENTDS). Similarly, in one sequence ( Yersinia
enterocolitica, WBTUY3_YEREN) the alpha subunit is fused to a haloacid dehalogenase like

hydrolase domain.
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Figure 7.4. Phylogenetic tree of class I fumarate hydratases.

Single-subunit class I FH and concatenated sequences of two-subunit class | FH, representing
all the taxa in which these proteins are present were used for the analysis. The alignment,
evolutionary model selection and the tree construction were done using MEGA 7.0. The tree
is not bootstrapped and is presented here just to show that the two subunit FH sequences
(shown in green lines) segregate into a separate branch. MjFH and PfFH representing two
and single subunit FH respectively, are highlighted using bigger font. The name of the
organism and the accession number of the protein sequence used are presented.

7.3.2. Cloning, expression and purification

Based on previous reports available, it was clear that the two subunits of FH when
expressed heterologously, associate strongly to form a complex. However, information on
the role of each subunit with respect to their structure and function was unknown. In
order to have a holistic understanding of the CI-FHs, we made clones to express the

individual subunits, which will be denoted as MjFHa and MjFH[3 subunits, as well as to co-

express the subunits.
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Figure 7.5. Cloning and expression of MjFH subunits.

(a) Vector map showing the restriction enzymes sites used for cloning the two subunits of
MjFH. MjFHa subunit was cloned into BamHI and Sall sites, whereas the B-subunit gene was
cloned into Ndel and Xhol sites. MjFHa subunit is expressed with a N-terminal (His)s-tag and
the MjFHp subunit is expressed as an untagged protein. (b) Cloning of both subunits was
validated by releasing the insert using appropriate restriction enzymes. L1, DNA ladder; L2
and L4, undigested supercoiled plasmid DNA (pETDUET) containing MjFHa and MjFHp
genes respectively; L3, plasmid DNA, pETDUET-MjFHa digested with BamHI and Sall,
releasing the insert corresponding to MjFHa gene of size 855 bp; L5, plasmid DNA digested
with Ndel and Xhol, releasing the insert corresponding to MjFHf gene of size 585 bp. (c)
SDS-PAGE showing the expression of MjFHa and MjFHafce L1, lysate from uninduced BL21
(DE3)-RIL cells; L2, protein molecular weight maker (molecular weight of the maker
proteins are given in kDa); L3 and L4, cell lysate corresponding to 150 ul and 250 ul of
induced culture expressing MjFHa, respectively; L5 and L6, cell lysate corresponding to 150
ul and 250 ul of induced culture expressing MjFHafce, respectively. (d) SDS-PAGE showing
the expression of MjFHP in BL21(DE3)-RIL strain. L1, cell lysate corresponding to 150 ul
uninduced culture expressing MjFH and L2, cell lysate corresponding to 250 ul of induced
culture expressing MjFH[. 300 uM IPTG was used for all inductions.

The clones were made in pET-DUET vector that permits co-expression of genes from
independent promoter (Figure 7.5 a). The complex containing the both the subunits

obtained by co-expression will be referred to as MjFHaf3. All the clones were made and

validated by insert release (Figure 7.5 b) and sequencing. The clones generated were
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used for protein expression in BL21 (DE3)-RIL strain. Upon induction with 300 uM IPTG,

there was a significant overexpression of desired protein/s. (Figure 7.5 c and d).

L1 L2 L3
66.0 —|
45,0 —| "
35.0 —| w

Erass

25.0 — | D S

Figure 7.6. Ni-NTA chromatography on lysate from cells co-expressing both subunits.

SDS-PAGE of eluates from Ni-NTA chromatography showing the presence of both subunits.
This suggests strong interaction between the subunits. L1, protein molecular weight
marker(molecular weight in kDa indicated to the left of the panel); L2, 250 mM imidazole
eluate 1; L3, 250 mM imidazole eluate 2.
Ni-NTA chromatography was performed on the lysate from cells co-expressing both the
subunits. The imidazole eluates were analysed using SDS-PAGE. As shown in Figure 7.6,
the eluates contained both (His)e-tagged MjFHa subunit along with the untagged MjFHf3
subunit. This indicates that the two subunits interact and form a tight complex. Thus the
FH subunits from M. jannaschii interact with each other as observed for two-subunit class
I FH from other organisms (Shimoyama et al., 2007a; van Vugt-Lussenburg et al., 2009b).
For all further studies we used the protein purified by thermal precipitation followed by
anion-exchange chromatography, as the yield of the protein was much higher compared
to that of Ni-NTA chromatography.

Purification profile of the MjFHa and MjFH[ that involved thermal precipitation of
E. coli proteins followed by anion exchange chromatography is presented in Figure 7.7 a
and b. Upon purification of the co-expressed subunits using the same protocol, it was
found that the fractions obtained after anion exchange had both MjFHa and MjFHf3
(Figure 7.7 c). This is in agreement with the behavior of the subunits in Ni-NTA
chromatography. The purity of the subunits and that of the complex were examined by

SDS-PAGE (Figure 7.7 d).
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Figure 7.7. Purification of MjFHa, MjFHB and MjFHa.

(a) Elution profile from anion-exchange chromatography showing the purification profile
of MjFHa. The protein was eluted with NaCl gradient and fraction containing pure protein
was obtained at around 15 % NaCl (indicated by an arrow). Inset shows the SDS-PAGE of the
protein fractions. (b) Elution profile from anion-exchange chromatography showing the
purification profile of MjFHB. The protein was eluted with NaCl gradient and fraction
containing pure protein was obtained at around 11 % NaCl (indicated by an arrow). Inset
shows the SDS-PAGE of the protein fractions under the corresponding peak indicated by the
dotted vertical line. (c) Elution profile from anion-exchange chromatography showing the
purification of MjFHafS. The protein was eluted with NaCl gradient and fractions containing
pure protein were obtained at around 18 % NaCl (indicated by an arrow). Inset shows the
SDS-PAGE of the protein fractions. MjFHa and MjFH when co-expressed purify together as a
complex. (d) SDS-PAGE of purified MjFH subunits. L1, protein molecular weight marker
(molecular weight of the marker proteins are shown in kDa); L2, purified MjFHaf; L3,
purified MjFHa; L4, purified MjFHp.

7.3.3. Oligomeric state and subunit interaction

To determine the oligomeric state of the subunits and that of the complex, analytical size
exclusion chromatography was used. The column was calibrated with proteins of known
molecular weight (mentioned in Figure 7.8 a) and a standard curve was obtained by

linear regression. The equation of the line obtained from the fit was,

Y=[(-1.53) * Ve/Vo + 4.61],
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where Y is log molecular weight of the protein, Ve the elution volume of protein and V,,
the void volume. The void volume is the elution volume of blue dextran which was 8.545
ml. 100 pl of protein solution containing 10 uM of each of the protein (individual
subunit/complex) was injected to estimate the elution volume. The molecular weight was
calculated from the elution volume by interpolation in the standard curve. The elution
profile of the individual subunits and that of the complex is shown in Figure 7.8 b. The
elution volume of different proteins is given in Table 7.3. From the table it is clear that

MjFHa is a constitutive dimer and MjFH is a monomer.

= MjFHp 18.10 ml
- MjFHa

2.0 — MjFHa+p

4004

14.75 ml 18.70 m!

mAU (220nm)
N
=]
I

14 1.6 1.8 2.0 2.2 24
10 15 20

VeNo Elution volume (ml)

Figure 7.8. Analytical gel filtration to infer oligomeric status of MjFH.

100 ul of 10 uM protein solution was injected into an analytical gel filtration column that
was equilibrated with 50 mM potassium phosphate buffer containing 100 mM potassium
chloride. The flow rate was maintained at 0.5 ml/min and the eluate from the column was
continuously monitored at 220 nm. The column was calibrated with proteins of standard
molecular weight (shown in the inset). (a) Standard curve fit using elution volume (black
dots) of standard proteins indicated. ADH, alcohol dehydrogenase; BA, B-amylase; BSA,
bovine serum albumin; CA, carbonic anhydrase; COX, cytochrome c- oxidase. (b) Overlay of
chromatograms corresponding to MjFHa, MjFHf, and MjFHap. The elution volume of these
proteins shows that MjFHa is a constitutive dimer; MjFHf is a monomer and MjFHaf is
dimer of a heterodimer (2a+2[).

The elution volume of the complex is close to the expected molecular weight of the
complex containing dimer of a heterodimer. Hence, the complex contains two subunits of
MjFHa and two subunits of MjFH. The a-subunit remained associated as a dimer even in
the presence of 2 mM [3-mercaptoethanol and also in 1M KCI. Similarly, the elution volume
of the complex remained unchanged under these conditions. This suggests that the MjFHa
dimer and complex assemble tightly and are not broken by salt and the possibility of
disulfide bonds in these interactions can also be ruled out. However, it should be noted

that not all disulfide bonds can be readily reduced by 3-ME.
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Table 7.3. Oligomeric state of MjFH

. s Elution M. wt M. wt of Oligomeric
Protein Condition volume (calc) monomer state
(thoret.)
MjFHa | AGF Buffer 15.70 60.39 32.56 (o) Dimer
MjFHa | AGF buffer+ 1M KCl 15.71 59.87 32.56 (o) Dimer
MjFHa | AGF buffer+ 2 mM (- | 15.70 60.39 32.56 (o) Dimer
ME
MjFHB | AGF buffer 18.10 22.69 21.86 (B) Monomer
MjFHaf | AGF buffer 14.75 92.20 54.43 20+2f
(a+p)
MjFHap | AGF buffer+ 1M KCl 14.65 94.28 54.43 20+2f
(a+p)
MjFHaf | AGF buffer+ 2 mM - | 14.68 93.12 54.43 20+2f
ME (a+B)

AGF, analytical gel filtration buffer: 50 mM Tris-HCI, pH 7.4.

To probe further into the stoichiometry of the complex and to understand the
nature of the interaction, we resorted to isothermal calorimetry. Binding of the two
subunits would result in a heat change which can be monitored using a calorimeter. For
this, 70 uM of MjFHa and 681 uM of MjFH[, in 50 mM potassium phosphate buffer
containing 2 mM TCEP, were taken in cell and syringe of the calorimeter, respectively.

Titration of a-subunit with -subunit showed an endothermic heat change with AH value
of 4.156 kCal/mol and positive entropic contribution with AS value of 42.1 cal/mol/deg.

An endothermic heat change in an interaction happens when more number of bonds are
broken than formed. This usually happens when the association is dominated by
hydrophobic interactions thereby causing release of water molecules from the subunit
surfaces that would eventually become the interface (Abraham et al., 2005; Luke et al,,
2005; Tanford, 1978). Hence, it can be concluded that the interaction of the subunits is
entropically favored and enthalpically disfavored. The thermogram obtained from the
subunit titration was subtracted from that obtained using just the titration of MjFHf with
buffer. The resultant thermogram is shown in Figure 7.9. It fits best to one-site binding

model. The equation of the model used is as given below and is reproduced from ‘ITC data

I ax
nM;

where K = Binding constant; n = # of sites; V,= active cell volume; M; and [M] are bulk and
free concentration of macromolecule (MjFHa) in Vo, X: and [X] are bulk and free

concentration of ligand (in this case MjFHf), and ©= fraction of sites occupied by ligand X;
Q=nM;4H V..

analysis in Origin’ manual, MicroCal, LLC, USA pg. 106-107;

1
+ nkKM; )

nM AHV
I e
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This is in agreement with the stoichiometry of the complex as inferred through analytical
gel filtration. The Kq value of the interaction was found to be 694 nM. Thus, it can be

concluded that the complex has two copies of MjFHa and two copies of MjFH3.
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Figure 7.9.Thermogram obtained by titration of MjFHa with MjFH in an isothermal
calorimeter.

Titration of MjFHp (in syringe) with MjFHa (in cell) shows that the Kq value of the
interaction is 694 nM. The thermogram fit well to a one-site binding equation, in Origin data
processing suite for ITC, further confirming that there is 1:1 stoichiometry in the MjFHaf3
complex.

7.3.4. Biophysical characterization and thermostability

Aromatic amino acids in proteins exhibit fluorescence properties when excited in the UV
region of electromagnetic spectrum. Unique among these residues is the tryptophan
fluorescence that is highly sensitive to the environment because of the large excited state
dipole moment (Pierce and Boxer, 1995). Hence, intrinsic tryptophan fluorescence, in
particular the Amax (emission) and the intensity of emission, in proteins provide a
qualitative understanding of the tryptophan environment. A well buried tryptophan
exhibits a blue shifted emission maximum that ranges from 309 nm as seen in azurin
protein to 335 nm in a partially buried configuration, whereas a completely solvent
exposed tryptophan has an emission maximum of around 350 nm. In general, tryptophan
being a hydrophobic residue is expected to be found in the hydrophobic core of the

protein, in the oligomeric interfaces or in the interface of two interacting proteins. Hence,
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the Amax of emission of intrinsic tryptophan fluorescence of proteins is used as an indicator
of how well the protein is folded. (Teale and Weber, 1957; Szabo et al., 1983; Royer,
2006).
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Figure 7.10. Intrinsic tryptophan fluorescence and far-UV circular dichroism spectra
of MjFH.

(a) Intrinsic tryptophan fluorescence of individual subunits of MjFH and that of the complex.
The emission maxima is indicated by a dotted vertical line and corresponds to 326 nm. This
corresponds to a buried tryptophan and hence, a well folded protein. (b) Far-UV CD
measurement of the aff complex and the individual subunits of MjFH using. The CD profile
shows that all the three protein samples have well ordered secondary structure.

MjFHa and MjFHB have one and two tryptophans, respectively in their primary
sequence. Intrinsic tryptophan fluorescence from the individual subunits and from the
complex, when excited at 295 nm showed a Amax of emission of 326 nm (dotted line in
Figure 7.10 a), suggesting that all the proteins are well folded (Figure 7.10). Since
multiple factors influence intensity of fluorescence emission and not much information
can be inferred from steady state fluorescence studies, interpretation on the intensity
value of the individual subunits and of the complex would need further experimental
validation. Examination of far-UV circular dichroism spectra of MjFHa, MjFH(, and
MjFHaf (Figure 7.10 b) confirms well ordered secondary structure in these proteins. For
both fluorescence and CD experiments the proteins were dialyzed against 20 mM
potassium phosphate buffer, pH 6.4 and the spectra shown are blank (buffer alone)
subtracted. Melting experiments using far-UV circular dichroism spectropolarimeter
showed that both the individual subunits and the complex were indeed thermostable with

Tm of around 90 °C (Figure 7.11). There was a slight increase in the thermostability of

MjFHa upon complex formation.
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Figure 7.11. Thermostability of the MjFHa, MjFHf and MjFHap.

(a) Thermostability of the individual subunits and that of the complex of MjFH. The
ellipticity at 222 nm was measured as a function of temperature as the measure of the
protein stability. It can be seen from the profile that MjFH is slightly more stable than that
of MjFHa and the complex is as stable as that of MjFHpB. This suggests that complex
formation leads to slight increase in the stability of MjFHa.

7.3.5. Mass spectrometry of MjFH subunits
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Figure 7.12. ESI-MS of purified MjFHf protein.

The mass of purified MjFHf was measured by LC-ESI-MS. The charge state of the peak was
automatically assigned using ‘Charge deconvolution’ option in the Bruker data analysis tool.
The observed mass of the protein is 21868 Da which is in agreement with the theoretical
mass of the protein, 21868 Da.

Mass spectrometry of the individual subunits showed that MjFHB-subunit exists as single
species with mass (21868 Da) close to that theoretically calculated mass of 21868 Da for
the full length protein (Figure 7.12).
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Figure 7.13. ESI-MS of purified MjFHc.

(a) ESI-MS showing the charge state distribution of MjFHa. (b) Two of the charge states 42+
and 41+ have been zoomed-in for better clarity. As can be seen, there are four different
species (4, B, C, and D) present in each of the charge states. (c) Table showing the calculated
mass of the four different species along with difference in mass from the wild-type and
desmethionine forms of the protein. Major form of the protein is the desmethioinine form.
The alpha subunit on the other hand showed four different populations (Figure
7.13 b), with the major population being the desmethioine form of the protein (Figure
7.13 c). Species B and D might correspond to acetylated form of the desmethioine and the
wild-type protein respectively. It is known that removal of the initiator methionine from
the N-terminus is often key for the stability of the protein. The initiator methionine is
removed by methionine aminopeptidases that are present in all kingdoms of life. The

extent of removal of the initiator methionine is dependent on the neighboring residues

(Liao et al., 2004).
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7.3.6. Type of the cluster and stoichiometry

For all the experiments described in this section reconstituted protein was used. For
proteins containing 3Fe-4S clusters, addition of just excess iron in the presence of
reducing agent is shown to be enough to obtain a 4Fe-4S cluster and hence an active
enzyme (Flint et al., 2002; Kennedy and Beinert, 1988; Hofmeister et al., 1994; van Vugt-
Lussenburg et al., 2013). However, upon purification of the MjFH proteins, we found that
there was not enough iron and sulphide content corresponding to 3Fe-4S cluster and
hence, in addition to excess iron, a sulphide source was also used. This protocol is
generally followed for reconstituting the cluster in aerobically purified apoproteins (Yano

etal, 1996; Liu et al,, 2016).

7.3.6.1. Spectroscopic characterisation

Metalloenzymes in which the metal ion is coordinated to a electronegative ligand exhibit
ligand to metal charge transition (LMCT). Depending on the electronegativity of the ligand
the absorption is either in the visible region or in the UV region. For soft ligands (weak
electronegativity) like sulfur, LMCT absorption is observed as intense band in the low
energy visible region (Solomon et al, 2006; Bertini et al, 2006).This property is

responsible for the brown coloration of Fe-S cluster containing proteins.
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Figure 7.14. Presence of Fe-S cluster in MjFHap.

Upon spectrophotometric examination of the reconstituted protein it was evident that there
was an absorbance peak around 420 nm which usually corresponds to the presence of 4Fe-
4S cluster. Further, upon exposure to air, there was a time-dependant drop in the intensity of
the 420 nm peak alone but not that corresponding to 280 nm. This shows that the cluster, as
expected, is oxygen sensitive and hence degrades with time, thereby, causing a drop in
absorbance at 420 nm.
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Wavelength scan of the reconstituted o/f-complex showed two absorbance
maxima in the visible region, one at 415nm and the other at 360 nm (Figure 7.14). This is
characteristic of a 4Fe-4S cluster (Evert C. Duin et al., 1997). Moreover, upon exposure to
air there was a time dependent drop in the absorbance in these regions suggesting
oxidation of the cluster (shown in the inset of the figure). Broadness of the peak seen in
absorption spectra is due to multiple unresolved transitions. In such cases use of circular
dichroism comes handy, provided the molecule is chiral or has groups in chiral
environment. The S to Fe (II)/ (III) charge transition band displays Cotton effect. Iron-
sulfur proteins have been studied extensively using visible CD (Stephens et al., 1978). The
phenomenon wherein there is a change in the ellipticity/optical rotation with change in
wavelength around the absorption region of the chromophore is called Cotton effect.
Because Fe-S cluster containing proteins absorb in the visible region and since they reside
in the chiral environment of the protein, Cotton effect is displayed. One can infer the
absorption maxima of the chromophore from the point of inflection (where the curve
reaches zero) of the bisignate CD spectrum. In many cases, visible CD is considered to be
more sensitive to changes in cluster environment compared to that of absorption spectra

(Stephens et al., 1978).
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Figure 7.15. Visible circular dichroism for Fe-S reconstituted MjFHa and MjFHaf3.

(a) Comparision of the CD spectrum of MjFHa apo and the holo protein. Unlike for the
apoprotein, the holoprotein exhibits a dichroic pattern in the visible region. (b) Comparison
of the visible CD profile of MjFHa and MjFHafS. Though the overall pattern in the visible
region remains the same, it should be noted that the inflection point for MjFHaf is 404 nm
that is 11nm different from that of the MjFHa holo protein. There is also a 10 nm shift in the
absoption band around 360 nm. This clearly shows that addition of MjFHf does have an
effect on the iron-sulfur cluster. It should also be noted that the cluster in both these proteins
displays negative Cotton effect which is pronounced for MjFHa at the 404nm region and
MjFHap at the 366 nm region.
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CD spectra of the holo MjFHa (Figure 7.16) shows characteristic pattern seen for Fe-S
cluster containing proteins. The unreconstituted protein doesn’t show any CD effect in the
visible region. Moreover, the CD spectrum of the MjFHaf3 was slightly different from that
of MjFHa (Figure 7.16 b) which might be due to changes in the cluster environment
brought about by the binding of MjFHf. This suggests that MjFHf might be in close
proximity of the cluster. As the iron-sulfur cluster is essential for its activity (see section
7.3.7), we used visible CD to probe the environment of the cluster as a function of

temperature.
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Figure 7.16. Effect of temperature on cluster environment.

(a) Visible CD spectra were acquired for MjFHaf at different temperatures under
anaerobic conditions. An obvious observation is the increase in the magnitude of
negative Cotton effect in the 400 nm region and decrease in the 360 nm region. (b)
For better clarity the visible CD spectra obtained at 10 °C and at 80 T alone are

shown. It can be seen that there are significant changes in the cluster environment
upon increase in temperature. Its relevance to structure and function of the protein
needs further investigation.

An overlay of the spectrum at different temperatures (Figure 7.16) showed that there are
significant changes in the cluster environment with respect to temperature. The exact

mechanism causing the change needs to be understood by further experimentation.

7.3.6.2. Electron paramagnetic resonance (EPR)

To further validate the nature of the cluster, EPR analysis was done on reconstituted
MjFHa and MjFHaf3. The characteristic pattern with a g-value of 2.01 observed in the
spectrum of both the proteins is typical of an oxidized form of 3Fe-4S cluster (Figure
7.17). Spin lattice relaxation rate varies with the nature of the cluster with the least value

for [2Fe-2S] cluster followed by [3Fe-4S] and [4Fe-4S]2+. Since the relaxation rate for
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[2Fe-2S] is the least, its EPR signal should be observed at temperatures in the range of 60-
100 K (Bennett, 2010a). The fact that the EPR signal completely disappeared at 60K for
both MjFHa and MjFHaf supports the [3Fe-4S] nature of the cluster. Sensitivity of the
peak intensity to changes in temperature in the range of 10-60 K for both protein
preparations further confirmed the nature of the cluster. This is in concordance with
earlier reports on class [ FH from other organisms (Shimoyama et al., 2007b; Flint et al,,

2002; van Vugt-Lussenburg et al., 2013).
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Figure 7.17. EPR spectroscopic analysis of reconstituted MjFHa and MjFHap.

(a) 100 uM reconstituted MjFHa was used for the analysis. The By value at maximum
intensity of the signal was 3309.08 gauss. This corresponds to a g-value of 2.01. The EPR
pattern clearly corresponds to an oxidized form of the [4Fe-4S] cluster, [3Fe-4S] that is EPR
active. This is further confirmed by the fact that the pattern is temperature sensitive. Upon
increasing the temperature, the pattern completely disappears. It should be noted that 2Fe-
2S cluster shows paramagnetic property even up to 100 K (Bennett, 2010). (b) The pattern
observed for MjFHaf (100 uM) is similar to that seen for MjFHa showing that the nature of
the cluster is the same. The By value at maximum intensity of the signal was 3313.8 gauss.
This corresponds to a g-value of 2.01. In conclusion, it is clear that for the assembly of the
cluster, residues in the MjFHa subunit alone are sufficient.

7.3.6.3. Stoichiometry of iron and sulfur

Colorimetric analysis for the protein bound iron and the acid-labile sulfide showed that
there is 4.1+0.8 mole of Fe and 4.840.4 mole of inorganic sulfide per mole of a-subunit.
(Figure 7.18). This is close to the expected [4Fe-4S] type of cluster present in the protein.
To further validate the stoichiometry, native mass spectrometry was done on the
reconstituted o/B-complex. The source conditions ensure that even non-covalent

interactions are preserved during ionization.
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Figure 7.18. Colorimetric estimation of iron and sulfide content in MjFHa3

(a) Standard curve for iron estimation with the red dot corresponding to the level of iron in
the protein. (b) Standard curve used for sulfide estimation. The red dot corresponds to the
amount of sulfide in the protein sample. The experiment was performed once in duplicates
and the error bars indicates the standard deviation the values obtained.

There was a mixture of many species observed in the spectra as shown in the
Figure 7.19. Three peaks in the lower m/z range of 2187.92, 2430.69 and 2734.41 were
unambiguously assigned a charge state as calculated from its isotope distribution pattern
as described in the methods section. The overall spectra along with zoomed in images of
each of the three peaks are presented in the appendix I Figure A7.1, A7.2, and A7.3. In
high m/z range, the isotopic peaks were not well resolved and hence this information
could not be used to calculate the charge state of the peaks. Therefore, the m/z value of
these peaks (shown in Figure 7.19 ) were compared to all theoretically possible m/z
values corresponding to a charge state ranging from 1 to 40 of protein complexes
containing different stoichiometry of MjFHa, MjFH[3 subunits and the Fe-S cluster. From
this analysis, each peak was assigned to the species that has the closest m/z value to that
theoretically estimated and thus, the charge state was inferred indirectly. A particular
species of protein complex was assigned to peaks for which a close match was found and
the final analysis is schematically presented in Figure 7.20. The difference between
theoretical and experimental mass is given in a tabulated form in appendix I Table A7.1.
As is evident from the figure, most of the peaks belong to the dimer of MjFHa-subunit
containing different stoichiometry of iron and sulfur. Most abundant species was MjFHa
dimer in which each monomer contains a 4Fe-4S cluster. The condition used at the source
was gentle enough to retain the dimeric complex of MjFHa subunit in the gas phase.

Under the same conditions, however, very low abundance of heteromer (MjFHa+MjFH[)
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population was observed. It can be concluded that under the conditions used, the complex
of MjFHa dimer is more tightly held compared to MjFHa-MjFHf3 complex. Put together
EPR, colorimetric based assay and native mass spectrometry suggest that the protein has

a 4Fe-4S type iron-sulfur cluster.
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Figure 7.19. Native mass spectrometry of reconstituted MjFHap.

The reconstituted MjFHaf was dialyzed against 10 mM ammonium acetate and used
for native mass spectrometry. The upper panel shows the complete spectrum that
was obtained. Three prominent peaks in the low m/z range correspond to 10+, 9+,
8+ charge states of MjFH[ subunit (enclosed in blue circle). The charge state of these
peaks was calculated from their isotope distribution. The peaks in the high m/z
region are highlighted by a rectangle. The lower panel shows a zoom-in of the
spectrum containing peaks in the high m/z region. The masses were calculated by
the peak finding tool in Data analysis 4.1 suite provided with maXis impact, Bruker
Daltonics. The isotope distribution of the peaks in the higher m/z region was not
resolved well-enough for unambiguous charge state assignment.
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Figure 7.20. Assignment of different species of protein complex to the various peaks.

Numbers in red are m/z value of a peak for which a particular species was assigned.
Numbers in blue are the charge states of peaks.

7.3.7. Functional complementation in E. coli

Fumarase null strain of E. coli has all three copies of fumarate hydratase deleted
and hence cannot grow in minimal medium with fumarate as the sole carbon
source (see section 6.3.6 for further details). Expression of fumarate hydratase
that converts fumarate to malate would rescue its growth phenotype on fumarate
minimal medium. Strain transformed with the plasmid co-expressing MjFHa and
MjFHB-subunit was able to grow, albeit at a slower rate compared to P. falciparum
fumarate hydratase supplemented strain, in fumarate minimal medium (for PfFH
results see section 6.3.7). Strain transformed with plasmid expressing either alpha
or beta subunit failed to rescue the growth (Figure 7.21 b). All these strains could
grow in malate minimal medium which was used as a positive control (Figure

7.21 a).
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Figure 7.21. Functional complementation of fumarase activity in a fumarase null E.
coli strain, AfumACB.

Fumarase null E. coli strain AfumACB was transformed with T7 RNA polymerase expressing
plasmid, pACT?7. This renders the strain compatible with pET based expression systems. The
strain was then transformed with pETDUET plasmid expressing MjFHa, MjFH, and MjFHap.
As a negative control, the strain was also transformed with just the pETDUET plasmid. The
cultures were grown overnight in LB and equal number of cells were plated in minimal
medium plates containing IPTG and either fumarate/malate as the sole carbon source. The
growth phenotype was scored after 4 days of incubation. Prolonged incubation was needed
as the protein has weak activity at 37 °C. (a) All the cultures grew well in the malate
containing minimal medium plate suggesting that none of these had any growth defect
under permissive growth condition. (b) Only the cells expressing MjFHafS were able to grow
in fumarate minimal medium plate validating the fumarate hydratase activity of the Mj
protein.

7.3.8. Enzyme activity

The reconstituted MjFHa and MjFHaf were tested for fumarase activity using
spectrophotometry based assay. Fumarate to malate conversion by the enzyme would
resultin a drop in absorbance at 240 nm. Both the reconstituted MjFHa and MjFHaf3 were
found to be active. It was seen that upon addition of MjFHf to reconstituted MjFHa, the
activity increased dramatically, further substantiating the role of MjFHf3 on the catalytic
activity of MjFHaf (Figure 7.22 a). The pH optimum for fumarate to malate conversion
for MjFHo was found to be 7.25 (Figure 7.22 b). The kinetic parameters for the activity
on fumarate were obtained from the v versus [fumarate] plot for both the proteins. The
data for MjFHa fit well to Michaelis-Menten equation. A Vyax value of 0.32 £ 0.01 umol
min! mg! and a Kn value of 109.4 * 8.32 pM was obtained from the fit (Figure 7.22 c).
The v versus [fumarate] data for MjFHaf3 displayed non-Michaelis-Menten (MM) behavior.
A comparative fit analysis between Michaelis-Menten and positive cooperativity revealed

a better fit of the data to positive cooperativity. A Vimax value of 16.97 + 1.25 pumol min-?
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mg-1, Hill's coefficient of 2.08 and Kn of 111.8 + 11.8 uM was obtained from the fit (Figure
7.22 d).
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Figure 7.22. Kinetic characterization of MjFH.

(a) The plot shows the activation of MjFHa activity upon addition of MjFHf. For this
experiment, 6 ug of reconstituted MjFHa and 3 ug of MjFHp were used. (b) The pH optima of
fumarase activity was found to be 7.25. For this 0.15 uM of reconstituted MjFHafS and 350
uM fumarate was used to check activity in solution buffered at different pH values. A mixture
containing 50 mM each of MES, glycine and HEPES was used to prepare solutions of different
pH. The assay was performed at 50 C. (c) v vs. [fumarate] plot for reconstituted MjFHa.

Kinetic parameters obtained from the fit are shown. (d) v vs. [fumarate] plot for
reconstituted MjFHaf3 using fumarate as substrate. The data was subjected to a comparative
fit analysis across MM and Hill equation for positive cooperativity and was found to best fit
the positive cooperativity model. The parameters obtained from the fit are shown. n, Hill’s
coefficient.

7.3.9. Structure of MjFH subunit

7.3.9.1. Crystallization, data collection and structure solution

The two biochemically distinct fumarases, class I and class I, share no homology in their
primary sequences. Hence, it is unlikely that the structure of these would be similar. With
all the apicomplexan organisms using class I FH and the added finding that it plays an
essential role in some of these organism (Coustou et al., 2006; Ke et al.,, 2015) provides a
rationale for a detailed structural characterization of this class of enzyme. The RCSB
Protein Data Bank (RCSB-PDB) currently has one model of single subunit class [ FH from

Leishmania (PDB ID-5L2R) and two model for the B-subunit of two-subunit type class I
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FH; one from Archaeoglobus fulgidus (PDB ID:2ISB deposited by structural genomics
consortium) and the model deposited from our study, 5DNI from M. jannaschii. In
multiple instances the initial biochemical understanding of difficult to study mesophilic
enzymes have come from their thermophilic counterpart. This extrapolation is justified
because of the highly similar nature of functioning of both thermophilic and mesophilic
enzymes at the mechanistic level albeit with different temperature optima. With an aim to
understand both common (with respect to single subunit CI FH) and unique features of
two-subunit type class | FH, we attempted crystallization of individual subunits of MjFH
and that of the complex. Crystallization of reconstituted protein of MjFHa and MjFHaf3
was also attempted in completely anaerobic conditions. Microbatch method under oil was
used for screening different conditions of crystallization. Many screening conditions
provided by Hampton research were tested against these proteins. In all the conditions
attempted only MjFH[ crystallized. The condition that yielded crystal was 0.1M Bis-Tris,
pH 5.5, and 25 % polyethylene glycol-3350 (PEG-3350) incubated with equal volume of

protein at room temperature. The morphology of the crystal is shown in Figure 7.23.

Figure 7.23. Morphology of MjFH crystals

The crystals were obtained in the condition containing 0.1M Bis-Tris, pH 5.5, and 25 %
polyethylene glycol-3350. The crystal shown in the right panel was used for data collection

The crystal diffracted well to a maximum resolution of 2.23 A. Data statistics was good up
to a resolution of 2.3 A and the data up to this resolution was used for scaling. Phase
information of the model was obtained using molecular replacement. 2ISB was used as a
template for the molecular replacement. The data and refinement statistics are shown in
Table 7.3. As is evident from the table the asymmetric unit has two subunits of MjFH[3
subunit and the structure was solved with a space group P6;. The two subunits form a
crystallographic dimer and do not have any physiological relevance as we have shown

through analytical gel filtration that MjFHf3 is a monomer in solution.
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Table 7.3. Data collection and refinement statistics

Statistic Value
PDB ID 5DNI
Space group P61
Cell parameters
Length (A) | a=85.61, b=85.61, c=121.83
Angle a=90°,3=90°,vy=120"°

Resolution (A) 2.3
Mean B-factor (A2) 49.0
Rumerge (%) 12.7
Completion (%) 100
<I>/<sl> 4.58
No. of observed reflections 22550
No. of unique reflections 22550
Rwork (%) 20.3
Riree (%) 23.9
RMSD from ideal value

Bond length (A) 0.008

Bond angle (°) 1.176

No. of subunits/ ASU 2

ASU, asymmetric unit; <I>/<sl>, intensity/standard deviation of intensity; RMSD, root mean square
deviation

Figure 7.24. Structure of MjFHf (PDB ID: 5DNI)

The asymmetric unit contains two chains. The chains are coloured based on secondary
structure, with helices coloured blue and the sheets coloured red. Figure was generated
using UCSF-Chimera (Pettersen et al, 2004).

Figure 7.24 shows the structure of MjFHf coloured based on the secondary

structure information. The density corresponding to last 12 amino acids was not obtained

and hence not modeled into the final structure. The lack of density might be due to highly
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disordered nature of these residues. Additional electron density apart from the protein
backbone was fit to ligands like polyethylene glycol, glycerol and ethylene glycol. Chain A
has one molecule of each of them, whereas chain B has one molecule of glycerol and
ethylene glycol. Extra electron density, with an 2Fo-F¢ value of 6, was found in the
interface of two subunits and was fit to a chloride ion. The residue Ile77 in chain A and
chain B is a Ramachandran outlier with ¢ =-160 ° and ¥ = 66.8 ° in chain A and with ¢ = -
152.5 ° and ¥ = 69.1° in chain B. The side chain of Arg-84 from chain A was found to have
a non-rotameric side chain. TYR-18 in chain A was the only RSRZ outlier (a quantitative
estimate of the fit of residues to electron density) with a value of 2.6. The occupancy
value for all residues of chain A and B, the ligands, water molecules in both chains and the
chloride ion was 1. There were 17 close contacts in the asymmetric unit mostly localized

to the interface of the two chains.

7.3.9.2. Structural features of MjFHf3

b ] Parellel Anti-parellel
(@) ﬁ (b) 2 Belix B-sheet W B-sheet

Figure 7.25. Topology and annotation of secondary structural features of MjFHf3

(a) Topology diagram representing the secondary structural features in MjFHf. The figure
was generated using Pro-Origami (Stivala et al, 2011) and edited using Inkscape
(https://inkscape.org/en/). (b) The structure of MjFHB with helices and sheets labeled based
on the topology diagram. The helices are labeled with a prefix H and the sheets are labeled
with a prefix S. The numbering is based on the hierarchical occurrence of the secondary
structural feature starting from the N-termini in the primary sequence of the protein.
Highlighted in the figure using coloured rectangles are secondary structural features in the
order of occurrence in the protein (from right to left): antiparallel 3-sheets (in red) followed
by parallel B-sheet (in green) and then the a-helices (in blue). This is the characteristic
feature of swiveling B/B/a fold containing proteins (SCOPe database (Fox et al, 2014)).
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The structure of MjFHB consists of 9 B-sheets and 8 a-helices connected with
loops as evident from the topology diagram in Figure 7.25 a. The SCOPe database
classifies the fold of MjFHf as “swiveling /B/a”. This fold is considered to be a highly
mobile segment in multi-domain proteins containing this domain. The fold is
characterized by the presence of a layer of anti-parallel 3-sheet, parallel 3-sheet and a
layer of a-helices as depicted in Figure 7.25 b. The Figure 7.26 shows the primary
sequence of MjFHf along with structural features derived from 5DNI (MjFHf), residue
conservation and solvent accessibility. It should be noted that with a few exceptions
highly conserved residues are located in coils or in the boundary of a helix/sheet with a

coil.
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Figure 7.26. Primary sequence of MjFHa with secondary structural features,
sequence conservation and solvent accessibility.

The legend for different features highlighted is given below in the figure. The figure
was generated using Polyview-2D (Porollo et al., 2004)

The two monomers (chain A and B) present in the asymmetric unit were aligned
using UCSF-chimera to check any structural differences between them. The structures
aligned with an RMSD value of 0.43 A2 indicating very high structural overlap between
the two. The aligned structure is shown in Figure 7.27a. A notable difference between the
two chains is the position of (3-sheets S6 and S7. This is also expected as the region has

high average B-factor as shown in Figure 7.27 b.
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Figure 7.27. Structural alignment and B-factor distribution of Chain A and B of MjFHf

(a) Structural alignment of chain A and chain B of 5DNI. The structure superposed with an
RMSD value of 0.42 Az2. A notable difference is the position of B-sheets S6, B-sheet S7 and the
loop connecting them (highlighted with a red circle). (b) The aligned chain A and chain B
are coloured based on average b-factor values. A blue to red colouring pattern was chosen in
UCSF-Chimera structure analysis tool with blue representing the lowest B-factor value and
red representing higher values. It should be noted that [-sheets S6 and S7 and the loop
connecting them has high B-factor value explaining the difference in their position in both
chains.

7.3.9.3. Comparison of MjFH structure with other available class I FH
structures

Apart from the structure of MjFHJ, currently, there are only three other structures
available that belong to enzymes from class I fumarate hydratase family. The -subunit of
two-subunit type fumarate hydratase from Archaeoglobus fulgidus (PDB ID: 2ISB);
complete structure of the single subunit type fumarate hydratase from Leishmania major
(PDB ID: 5L2R); and finally a predicted model for the two-subunit L-tartrate dehydratase
(which shares significant sequence similarity with C I-FH family of enzymes) from E. coli.
It should be noted that while the first two structures are obtained through X-ray
crystallography, the structure of L-tartrate dehydratase from E. coli was ‘predicted’ using
a co-evolutionary algorithm combined with the modeling tool Rosetta (Ovchinnikov et al.,
2015). Our attempts to crystallize the holo- structure of MjFHaf8 failed even after
repeated attempts. Hence, a comparison of the available class | FH structures with MjFHf3

structure was performed to identify functionally key residues involved in subunit
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interaction and catalysis. Figure 7.28 shows the structural superposition of chain A of

5DNI with other structures.

RMSD: 2.809 A RMSD: 2.295 A

Figure 7.28. Structural superposition of chain A of 5DNI with FH from Leishmania
(5L2R) and L-tartrate dehydratase.

(a) Structural alignment of 5L2R with chain A of 5DNI. N-terminal domain (NTD) of the
Leishmania protein is shown in red and aquamarine colour. The CTD of both the chains are
shown in green. Chain A of 5DNI is shown in sky blue colour. (b) Structural alignment of L-
tartrate dehydratase (L-ttd) with chain A of 5DNI. The a-subunit of the two chains of E. coli
protein is coloured red and sand brown. Both the B-subunits are coloured green. Chain A of
5DNI is shown in sky blue colour. (c) A close-up view on the structural alignment of CTD of
5L2R and chain A of 5DNI. The averaged RMSD value for all the pairs of amino acids aligned
was 2.809. (d) Structural alignment of (-subunit of L-ttd. The averaged RMSD value for all
the pairs of amino acids aligned was 2.295.

The RMSD value for the alignment of chain A with LmFH-2 structure (5L2R) and
the L-ttd structure is 2.809 A and 2.295 A. A notable difference in the alignment of SDNI
with 5L2R is the difference in position of residues in 5L2R that corresponds to S6 and S7

in 5DNI. Whereas the residue in the segment forms 3-sheet in 5DNI, the corresponding

residues in 5L2R form coiled region.
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Figure 7.29. Mapping of potential interface forming residues in MjFHf from
structural alignment.

(a) The structure of MjFHf with secondary structures numbered is provided for reference.
(b) Structural alignment of chain A of 5DNI with 5LZR. Only the NTD from the
corresponding chain to which 5DNI was aligned is shown in cartoon representation and the
rest of the structure was removed for clarity. The residues that might form the interface are
highlighted in red colour. (c) The residues that might be forming the interface is highlighted
to display the residue number along with side chain. Residues in the interface that are
conserved based on multiple sequence alignment is coloured green and the non-conserved
residues are coloured red.

In order to map the residues in MjFH[ that are involved in interacting with
MjFHa, we sought to use the structural superposition between MjFHB and the CTD of
5L2R. Once the alignment was obtained, the residues in MjFHB within 4 A distance cutoff

from residues of NTD were selected. The highlighted residues in the interface along with

their positioning on the overall structure are presented in Figure 7.29.
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7.3.9.4. Malate binding sites in MjFHf3 subunit

From the structure of malate bound LmFHZ2, it is clear that majority of the residues
involved in malate binding are from the C-terminal domain of the protein which is
homologous to MjFHf3 subunit. In LmFH-2 the binding of malate is mediated by contacts
between the two carboxyl- and the hydroxyl functional groups of malate with the side
chain of R173 and D135 from NTD and R421, R471, T467, T468, and K491 from CTD.
Identical residues are present in MjFHf subunit at the corresponding positions. In order
to compare the orientation of side chain of these residues from MjFH subunit with that
LmFH-2 CTD, a structural superposition of the two was performed and the result is shown

in Figure 7.30. For this both chain A and chain B of MjFH[8 were used.

-
Figure 7.30. Residues involved in malate binding in MjFHP and LmFH2 C-terminal

domain.

The backbone of LmFH2-CTD, LMFH2-NTD, MjFHB chain A, MjFHB chain B are shown in
green, white, pink and blue, respectively. The iron sulfur cluster is shown with sulfurs
coloured yellow and iron coloured brown. The cysteinyl- side chain involved in cluster
ligation is also shown. Contacts between the residues of LmFH2 with malate are coloured
green. L-malate is shown in sand brown colour.

As evident from the figure, the side chains of the residues from MjFHf viz., R32,
T80, T81, R84, and K104 are poised to bind malate and could do so with only a minor
conformational rearrangement. Only exception to this is the side chain of R84 from chain
A of MjFHB subunit. R84 is the only residue with a non-rotameric side chain

conformation in MjFH. The role of MjFHf3 in malate binding could explain the increase in

activity seen for the MjFHof3 complex.
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7.4. Summary and future perspective

Fumarases belong to the category of enzymes where the same chemistry is catalysed by
two non-homologous enzymes. Iron dependent fumarases are one of the ancient enzymes
present in early branching organisms in the tree of life but the reason as to why it has
been retained in aerobic organisms is still not known. Many organisms as exemplified by
E. coli have both classes of enzymes. Moreover, the E. coli genome codes for two different
class I fumarate hydratases viz.,, fumA and fumB; the former expressed under aerobic
conditions and the latter in anaerobic conditions. The only other example where similar
scenario prevails is the case of serine dehydratase wherein, the Fe-S cluster containing
enzyme has more affinity for the substrate compared to the non-homologous iron
independent serine dehydratases (Grabowski et al,, 1993; Hofmeister et al.,, 1994). Such
an explanation does not answer the puzzle of why Fe-S cluster containing fumarate
hydratases are still used by many organisms, because both the classes of enzymes have
comparable catalytic efficiency (Flint and Allen, 1996). However, a detailed kinetic and
structural characterization of class I enzyme might offer additional insight into the
differences between these two classes of fumarases.

In this study, we have performed biochemical and structural investigation of M.
jannaschii FH which belongs to a two subunit type class I FH. The individual subunits and
the complex were purified to homogeneity. The purified proteins were found to be
structured and thermostable by using intrinsic tryptophan fluorescence and circular
dichroism based experiments, respectively. The subunits were found to interact strongly
and the thermodynamics of interaction was studied using isothermal calorimetry. The
mass of the individual subunits were analysed by ESI-MS. Whereas the MjFH[8 subunit had
a mass similar to the theoretically predicted one, MjFHa subunit was present as four
different species. Upon examination of the masses it was found that the desmethionine
form is the major species of the protein. A conventional in vitro reconstitution procedure
was followed to incorporate the cluster in the proteins. Spectrophotometric, EPR, and
visible CD based experiments suggested that MjFHa has all the components necessary to
bind the cluster and the cluster is of 4Fe-4S type. Native mass spectrometry of the
reconstituted MjFHaf further confirmed the type of the cluster.

MjFHaf complex was able to successfully rescue the growth of fumarase null E.
coli strain in fumarate containing M9 minimal media. This shows that the presence of both
the subunits is essential for optimal functioning of the enzyme in vivo. This result was

further substantiated by Kkinetic studies performed with the recombinantly purified
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proteins. Reconstituted MjFHa and MjFHof were both found to be active. However,
MjFHaf was found to have at least 50 fold higher activity compared to reconstituted
MjFHa. The kinetic parameters for the fumarate to malate conversion for both the
proteins were derived from the substrate titration plots. The plot obtained for MjFHa fit
well to MM equation whereas, MjFHaf3 showed non-MM behavior. The data fit well to the
positive cooperativity model. The addition of MjFH[3 seems to bring about an increase in
Vmax of the functional complex MjFHaf8 while the K, remained largely the same.

The structure of MjFHf3 subunit was solved using X-ray crystallography. The phase
information for the data was obtained by molecular replacement using the B-subunit
structure of Archaeoglobus fulgidus FH [ subunit already available in the RCSB protein
data bank (PDB ID: 2ISB). Analysis of the structure showed that it has a swiveling 3/8/a
domain (Fold C.8). According to SCOPe database, the domain is considered to be highly
mobile in most of the multi-domain proteins where it is present. Structural alignment
with other available CI-FH structures was performed to map the interface residues. Many
conserved features present in CTD of single subunit CI FH are also present in MJFHf
protein.

Structure solution of the MjFHaff complex along with the cluster in
substrate/inhibitor bound form would reveal additional insights into the mechanism of
action of two subunit class I FH. Further, this enzyme is good model system to delineate
factors that play critical role in substrate promiscuity that is generally seen in this class of

enzymes.

226



Chapter 8

CONCLUSIONS AND FUTURE
DIRECTIONS



Chapter 8

CONCLUSIONS AND FUTURE DIRECTIONS

Energy requirement of the intraerythrocytic stages of P. falciparum is largely met by
glycolysis and the reactions of the TCA cycle along with oxidative phosphorylation are
known to play only a minor role in terms of ATP generation. High glycolytic flux combined
with the lack of regulatory roles of key enzymes in Plasmodium glycolytic pathway further
suggest the importance of excessive reliance on glycolysis. However, metabolic labelling
studies have shown the presence of a fully functional TCA cycle fuelled by glutamine-derived
a-ketoglutarate and PEP derived oxaloacetate. Earlier studies from our laboratory have
shown that fumarate generated from purine nucleotide cycle also, can anaplerotically drive
the TCA flux mediated by the enzymes fumarate hydratase and malate-quinone
oxidoreductase. Two major objectives of the current study were to investigate the
physiological significance of the PNC mediated fumarate anaplerosis and to biochemically
characterise class I fumarate hydratase which is biochemically and structurally very distinct
from the human fumarate hydratase. These objectives have been approached using different
strategies and are presented as two different sections in this thesis. This chapter provides an

overall summary of the work done and future directions.

8.1. Metabolic significance of fumarate generated from purine salvage pathway in P.

falciparum

Fumarate is generated as a by-product in the AMP synthesis pathway of the parasite. An
earlier study from our laboratory has shown that fumarate can be metabolised by the
parasite to pyruvate, lactate, malate and aspartate. The key enzymes involved in fumarate
metabolism are fumarate hydratase and malate-quinone oxidoreductase. The possible
significance of fumarate metabolism has been reviewed (Jayaraman et al., 2012). In the
current study, it is shown that fumarate hydratase is expressed during the intra-
erythrocytic stages of the parasite by RT-PCR on parasite RNA and Western blotting of
parasite lysate using PfFH-C-terminal domain specific antibodies. In order experimentally
test the metabolic significance of fumarate generated during AMP synthesis, two
strategies were attempted: an indirect strategy involving the use of YAPRT expressing P.
falciparum strain and a direct strategy involving knockout/knockdown of the fumarate

hydratase at the gene/protein level.
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ADSS and ASL mediated conversion of IMP to AMP, in which fumarate is
generated as a by-product, is the sole pathway for AMP generation in the P. falciparum.
Inhibition of ADSS by hadacidin is therefore, lethal for the parasites (Webster et al., 1984).
There are no means direct means available by which one can selectively deplete fumarate
generated in this pathway, thereby study the importance of the metabolite, without
interfering with AMP production. yAPRT that catalyses the phosphoribosylation of
adenine to AMP (without generating fumarate) can serve as an alternate pathway for
generating AMP in the parasite, provided adenine is supplemented in the culture medium
(apart from hypoxanthine). In yAPRT expressing parasite, addition of hadacidin would
lead to selective depletion of fumarate without perturbing the levels of AMP. The
sensitivity of yAPRT+* parasites to hadacidin treatment can be used as an indicator to
probe the essentiality of fumarate. For this, yAPRT was expressed episomally from a
centromere plasmid in 3D7 strain of P. falciparum. The enzyme was found to be
functional in the parasite compartment as evident from adenine phosphoribosylation
activity of yAPRT* parasite lysate and by the increased sensitivity of the yAPRT* parasites
(ICso = 1.2 pM) to 2-fluoroadenine as compared to wild-type parasites (ICso = 9uM).
Growth of the Wt and yAPRT* parasites were tested on medium supplemented with
adenine alone, hypoxanthine alone and a combination of adenine and hypoxanthine. For
reasons that are not clear as yet, the combined presence of adenine and hypoxanthine was
toxic to yAPRT* parasites but not for wild-type parasites. Adenine and hypoxanthine when
individually present were not toxic to either of the parasites. Hadacidin sensitivity on
YAPRT* parasites was tested in medium supplemented with adenine or hypoxanthine as
purine source. In both the conditions tested, hadacidin was lethal to yAPRT* parasite. This
suggests that either fumarate is essential or sufficient AMP is not generated in yAPRT*
parasites under the conditions used. However, supplementation of excess fumarate in the
medium was able to only partially rescue the hadacidin mediated inhibition. Optimizing
media conditions by addition of supplements like guanosine, orotate etc., to ensure
sufficient levels of AMP and GMP is present in the parasite compartment followed by
testing hadacidin sensitivity on yAPRT* parasites would provide more clarity on the

essentiality of fumarate generated as a by-product of AMP synthesis in the parasite.

In the direct strategy, we generated P. falciparum strain in which fumarate
hydratase protein levels could be controlled using a degron based strategy (Muralidharan
et al,, 2011). For this, a regulatable fluorescent affinity (RFA) tag coding for GFP, DHFR
degradation domain, and a 3XHA tag in tandem was integrated 3’ to the FH coding region
by single crossover recombination. After three rounds of drug cycling, the strain was

validated by PCR-based genotyping. The results indicated the integration of the plasmid
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at the expected locus and also the presence of an episomal copy of the plasmid. The gene
in the plasmid does not have a promoter of its own and hence, the presence of the
episomal copy of the plasmid does not hinder either in studying the essentiality of the
protein (by removal of trimethoprim) or for examining its localization. Colocalization of
GFP signal with the MitoTracker staining pattern shows the mitochondrial localization of
the protein. Removal of trimethoprim from the culture medium did not cause any lethality
to the parasites. This could be due to the fact that the RFA-tagged FH is localized to the
mitochondria and hence, inaccessible to the proteasomal machinery which is
predominantly present in the cytosol. Alternate conditional knockout strategies (Ganesan

etal., 2016) needs to be tested to study the essentiality of the gene.

During the course of our study, a report on the genetic investigation on the
tricarboxylic acid cycle of the parasite was published (Ke et al., 2015). According to the
study, fumarate hydratase and malate quinone oxidoreductase were the only enzymes of
the TCA cycle of P. falciparum that were essential and could not be genetically disrupted.
P. berghei is an alternate model system to understand Plasmodium biology and is more
amenable to genetic manipulation. As the FH gene proved to be essential in P. falciparum
the susceptibility of P. berghei FH gene locus to genetic recombination was tested using 3'
HA tagging strategy. The parasites carrying HA-tagged FH were successfully generated
and the genotype was validated by PCR and Southern blotting. Subsequent to this,
knockout of the gene using double-crossover recombination was performed and
recombinant parasites selected for growth on pyrimethamine were obtained. Southern
blotting and PCR was performed to validate gene disruption. The FHKO parasites were
viable even after multiple passages and cause lethality to mice. This shows that the gene is
not essential for the parasite during intraerythrocytic growth of P. berghei. Limiting
dilution cloning of FHKO parasites was attempted twice and was not successful. The
procedure needs to be repeated and upon obtaining a clonal population, the phenotype of

the parasite in sexual stages can be examined.
8.2. NMR-based strategy to study the cellular fate of ammonia

The net reaction in purine nucleotide cycle, that involves the operation of the enzymes
ADSS, ASL, and AMPD, is conversion of a molecule of aspartate to one molecule each of
fumarate and ammonia. The fate of this ammonia in the parasite is not known. To study
this, we intended to develop an NMR-based strategy to trace the fate of nitrogen by
following its incorporation into primary aliphatic amines (that includes amino acids as
well as ammonia). The strategy was standardized using E. coli as a model system, as the

nitrogen metabolism in the organism is well studied. A key step in the strategy was to
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acetylate the extracted metabolites to convert all aliphatic primary amino groups to
amides group. This is to minimize the chemical exchange of proton attached to nitrogen

and facilitate the use of NMR to identify metabolites.

The protocol involved the use of acetic anhydride to acetylate primary aliphatic
amines in the presence of triethylamine as a base. The protocol was first tested on
standard metabolites like glutamate, asparagine, GABA and ammonia. Acquisition of 1D
1H-NMR and 2D 1H-15N-HSQC spectrum of acetylation reaction mixture confirmed the
acetylation of these metabolites. OPA based fluorescent assay was used to estimate
unacetylated amino acids after the reaction and hence the extent of acetylation.
Metabolites were extracted from E. coli culture grown in minimal medium containing 15N-
labelled ammonium chloride as the sole nitrogen source. The metabolites were acetylated
using the protocol described earlier and analysed by 'H-13N-HSQC that showed cross
peaks corresponding to 47 different metabolites. To establish the identity of the
metabolites a 15N-edited TOCSY-HSQC experiment was performed on the derivatized E.
coli metabolites. This led to the identification of metabolites such as glycine, proline,
alanine, glutamate, threonine, leucine, arginine, cysteine, histidine and serine. The
intensity of the correlated aliphatic cross-peak is dependent on the efficient transfer of
magnetization. In multidimensional NMR experiments, the intensity of the cross-peaks
gets weaker across successive bonds which can be overcome by increasing the acquisition
time or using higher concentration of metabolites. Repeating the experiment with
metabolites extracted from a higher culture volume would aid in the identification of
many more metabolites. Acquisition of multidimensional NMR spectra on acetylated
standard metabolites can also be used to generate a reference table containing chemical

shift values that would aid in establishing the identity of metabolites.
8.3. Biochemical and structural characterisation of class I fumarate hydratase

All parasites belonging to the apicomplexan and kinetoplastids depend solely on Class I
fumarate hydratase for the conversion of fumarate to malate. P. falciparum fumarate
hydratase was predicted to be mitochondrially localised. In order to biochemically
characterise PfFH, the protein was heterologously expressed in E. coli as a C-terminal
(His)e-tagged protein. The majority of the protein was found to be in inclusion bodies. A
small amount of protein present in the soluble fraction was partially purified using Ni-
NTA chromatography. Western blot of the protein with anti-protein antibody showed that
majority of the impurities present were the degradation products of PfFH. The partially
purified protein was shown to be active using NMR and spectrophotometric based assay.

A fumarate hydratase null strain of E. coli, AfumACB was generated and the genotype
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validated by PCR. The strain failed to grow in minimal medium containing fumarate as the
sole carbon source. Expression of PfFH in AfumACB strain was shown to complement the
growth deficiency in minimal medium containing fumarate as the sole carbon source
further confirming the activity of the enzyme. The PfFH expressing, fumarate hydratase-
null strain was also able to grow on mesaconate and D-tartrate suggesting that PfFH has
promiscuous activity on these substrates. Mercaptosuccinic acid, a malate analogue was
found to inhibit the growth of AfumACB strain expressing PfFH with an ICso of 400 pM.
The growth was rescued by malate suggesting specific action of the molecule on the
enzyme. The molecule was also found to inhibit the asexual stage growth of P. falciparum

with an ICso value of 300 uM.

M. jannaschii fumarate hydratase belongs to two-subunit type fumarate hydratase.
The two subunits were co- expressed in E. coli and purified to homogeneity. The MjFH«
subunit was found to be a dimer and the (3-subunit, a monomer. As inferred from the
elution volume in analytical size-exclusion chromatography, the complex was found to be
an assembly of 2 molecules of MjFHa and two molecules of MjFHf3. The subunits were
found to interact with a Kq value of 694 nM as estimated using isothermal calorimetry.
The protein was found to have an iron-sulfur cluster of the type 4Fe-4S as evident from
EPR, native mass spectrometry and colorimetry experiments. The structure of MjFHf3
subunit was solved using X-ray crystallography to a resolution of 2.34 A. The protein was

found to have a swivelling §/8/a fold.

Further experiments to obtain a crystal structure of the holo protein complex of
MjFHaf followed by site-directed mutagenesis of key residues as inferred from the

structure would aid in mechanistic understanding of the functioning of the enzyme.
8.4. Taxonomic distribution of two classes of fumarate hydratase

Class I Fe-S cluster containing fumarate hydratase are present in archaea, prokaryotes
and lower eukaryotes. Amongst these, archaea have only the two-subunit type enzyme
and lower eukaryotes have single-subunit enzyme. Prokaryotes have both types. Class II
FH is present widely in all domains of life. Many organisms have both classes of enzymes.
The taxonomic distribution of class I FH along with the co-occurrence of class Il enzyme is
not catalogued till now. We have observed five different types of FH distribution and this
is schematically shown in Figure 8.1. Availability of an inventory of the distribution of FH
across organisms belonging to different taxa could serve to draw connection between life-

style of the organism and metabolic adaptation. Such cataloguing could also be starting
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material to address questions related to physiological significance of the type of fumarate

hydratase present in an organism.

Type of FH Archaea Bacteria Eukaryotes
Methanocaldococcus jannaschii
.. {’yrﬂ)wccusfu riasus Pelotomaculum
Archaeoglobus fulgidus thermopropionicum None
Korarchaeum cryptofilum prop.
4 ) Saccharomyces cerevisiae
Homo Sapiens
- Halogranum rubrum ? Arabidopsis thaliana
. J
( ) Plasmodium falciparum
Toxoplasma gondii
.. Shd Ignicoccus hospitalis® Zymomonas mobilis Leishl:mm'a dflmvani
N J
(e D
L
- Thermoproteus tenax Clostridium botulinum None
- _/
Escherichia coli Micromonas commoda
.. A Bordetella petrii i ¢ ) "
Halolamina sediminis” Vibrio cholerae Naegleriagruberi
[: Cellboundary o° ' a-subunit [3-subunit
P Fe-Scluster wwann  Linker < ClassII FH
-+ 4 Class I two-subunit FH
ot~ Class [ single-subunit FH

Figure 8.1. Distribution of class I and class Il FH

Based on the presence of the type of fumarate hydratase, there are five different
distribution types seen. A few representative organisms from each type are also listed.# No

other organism is present in the taxa having this type of FH distribution.

It is enigmatic as to why some organisms have both classes of enzymes. The major
difference between enzymes of the two classes is the oxygen sensitivity. However, in E.
coli grown in aerobic conditions, class I FH accounts for the majority of the fumarate
hydratase activity with only a minor contribution from the class Il enzyme (Woods et al,,
1988). Hence, oxygen sensitivity alone does not explain the presence or the use of one

class of FH over the other. Other difference between class I and class II FH is with respect
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to substrate promiscuity and capability to perform isomerization reactions. It has been
reported that class I FH is less promiscuous than class II FH (Flint, 1994). Moreover, only
class I enzyme can catalyse isomerization of enol to keto oxaloacetate. It has been
suggested that this property of class I FH might be critical to prevent suicide inactivation
of succinate dehydrogenase by enol oxaloacetate which is formed by the action of SDH on

malate (Flint, 1994).
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Appendix -1

Table Al. Phenotype of genetic knockouts of genes involved in energy metabolism in
Plasmodium spp.

S.No Gene Org. Phenotype (IE Phenotype (sexual Reference
stages) stages)
1 Pf Severely reduced
growth rate.
Partial rescue of NA (Storm et al,,
growth by the ' 2014)
addition of 5mM
malate/fumarate.
Pb Reduced growth
rate in
erythrocytes (life | Defectsin
Phosphoenolpyruvate cycle extended by | gametocyte
carboxylase (PEPC) 4hrs). However, production, male
the strain was gamete formation,
virulent. Parasites | female gamete (Srivastava et
primarily reside viability resulting al,, 2015)
in reticulocytes. in very low levels of
Overgrown by oocyst formation
wild-type and failure to enter
parasites in sporogony.
competition
experiments
2 Pf Dipensable for IE NA (Storm et al,,
Glutamate stage growth. ' 2011)
dehydrogenase a Pb Dipensable for I[E Dlpens.a ble for (Srivastava et
(GDHa) mosquito stage
stage growth. al, 2016)
development
3 Pb Inability to clone
by limiting
Glutamate dilution. This (Srivastava et
dehydrogenase 2 /b could be due to N.A al, 2016)
(GDHDb) essentiality of the ?
gene for IE stage
growth.
4 Glutamate Pb Dipensable for IE Dlpens.a ble for (Srivastava et
dehydrogenase 3/c mosquito stage
(GDHC) stage growth. development al, 2016)
5 Pf 50% reduction in
growth rate
attributed to
. reduced (Naidoo and
Glycerol kinase (GK) phospholipid N.A Coetzer, 2013)
incorporation in
the parasite
membrane.
6 Pyruvate Pf Dipensable for IE NA (Cobbold et
stage growth. al, 2013)
dehydrogenase (PDH) .
Pf (E1c) Py . No defect in .
Pb(E1a and E3 Dipensable for IE gametqcyte (Pei etal,
. stage growth. formation, 2010)
subunits)

mosquito and early
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liver stage
development. The
parasites could not
form exo-
erythrocytic
merozoites during
late liver stage
development.

7 Pb Reduced number of
gametocytes and
impaired
No growth in gametocyte
Branched chain keto erythrocytes. development. (Oppenheim
acid dehydrogenase Growth restricted | Significantly etal, 2014)
(BCKDH) to only reduced number of ”
reticulocytes oocyst formation
and failure to
establish
sporogony
8 . Pf Dipensable for I[E (Ke etal,
Citrate synthase (CS) stage growth. N.A 2015)
9 Pf Reduced
gametocytogenesis
Dipensable for [E | and lack of ability (Keetal,
stage growth. to undergo 2015)
Aconitase (Aco) exflagellation and
form oocysts
Pb Dipensable for [E | Failed to form (Srivastava et
stage growth. ookinetes al, 2016)
10 Isocitrate Pf Dipensable for IE NA (Keetal,
dehydrogenase (IDH) stage growth. ' 2015)
11 Succinyl-CoA P Dipensable for IE (Keetal,
synthetase N.A
(«-subunit) stage growth. 2015)
12 Pf 1) Dipensable for 1. (Ke etal,
IE stage growth. 1)N.A 2015)
2) Growth rate
reduced by 50%.
Succinate Succinate
dehydrogenase supplementation
(SDH)* rescued the 2)N.A Z.ZE{I‘aZn;f;)et
Fp-subunit growth phenotype ”
Pb Impaired ookinete
Dipensable for [E | formation and (Hino etal,,
stage growth. failure to form 2012)
oocyst
13 Fumarate hydratase P Essential gene. (Ke etal,
(FH) Refractory to N.A 2015)
knockout
14 Malate-quinone Pb Essential gene.

. (Keetal,
oxidoreductase Refractory to N.A 2015)
(MQO) knockout

15 Alternate NADH Pb Dipensable for [E | Arrested oocyst (Boysen and'
dehydrogenase (Ndh- . Matuschewski,
2) stage growth. maturation 2011)

16 ATP synthase Pf Essential gene. NA (Balabaskaran
beta subunit Refractory to ' Nina et al,,

236




Appendix I

knockout 2011)
Pb Arrested at
ookinete stages.
Does not progress
Dipensable for [E | into oocyst stage. (Sturm et al,,
stage growth. The ookinets were 2015)
motile but not
viable in the
mosquito mid-gut.
17 Aspartate Pb Essential gene. .
aminotransferase Refractory to N.A (Srivastava et
al,, 2015)
knockout
18 Malate Pb ~50% reduction in
dehydrogenase Parasites were the number of
virulent. Growth gametocyte and
rate comparable ookinetes formed.
to wild-type However, parasites
parasites in were able to (Srivastava et
competition complete al,, 2015)
experiments. transmission
Parasite primarily | through mosquito
resides in stages and establish
reticulocyte. successful infection
in mice.
19 a-keto glutarate Pf Normal gametocyte
dehydrogenase (E1 Dipensable for IE | maturation but (Ke etal,
subunit) stage growth. reduced oocyst 2015)
formation
20 Ornithine amino Pb Dipensable for [E | Normal mosquito (Srivastava et
transferase stage growth. stage development al, 2016)
21 TRP, putative GABA Pb Inability to clone
transporter by limiting
dilution. This (Srivastava et
could be due to N.A al, 2016)
essentiality of the ?
gene for IE stage
growth.
22 Lysine decarboxylase | Pb Dipensable for [E | Normal mosquito (Srivastava et
stage growth. stage development al, 2016)
23 Phosphoenolpyruvate | Pb Dipensable for [E | Failure to form (Srivastava et
carboxykinase stage growth. oocyst al, 2016)
24 Glutamate synthase Pb Dipensable for IE | Failure to form (Srivastava et
stage growth. oocyst al, 2016)

N.A., Not applicable as the study has not been carried out; IE, Intraerythrocytic
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Table A4.1. List of chemical shift values in the 15N and proton dimension for
different cross peaks in 2D-HSQC spectrum acquired on acetylated total E. coli

metabolites.

»
Z
e

15N (ppm) | H (ppm)

114.54 8.259
114.599 8.198
114.186 8.105
114.245 7.781
114.186 7.498
114.186 7.402
114.245 8.776
116.133 8.086
115.071 7.758
115.897 7.826
116.959 8.012
116.969 8.083
121.089 8.314
120.263 7.97
120.440 7.851
121.089 7.826
121.856 7.855
122.269 7.771

122.8 7.739
123.744 8.346
123.626 8.243
123.862 8.009
125.161 8.159
126.636 8.112
126.223 8.076
126.695 8.112
127.167 7.797
128.642 7.951
130.176 8.067
129.114 7.768
130.176 7.839
130.766 7.806
130.707 7.758
130.235 8.063
128.878 7.565
130.176 7.839
129.94 7.806
131.710 7.816
131.887 7.758
132.418 7.729
133.834 7.594

B WWWWWWIWIW W IWININININININ|IN NN IN|R|IRR(FRIR(R(R[FRFR|E
N Y R N I N N S S Y P R N Y A E N I D Y = S A S Y S N T S I N S A S R R B R e D L

42 135.545 7.781
43 135.958 7.668
44 135.899 7.839
45 135.958 7.839
46 136.725 7.787
47 136.017 8.3585
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Table A 4.2. Chemical shifts values obtained from 15N-edited 3D-TOCSY-HSQC

spectrum of acetylated total E. coli metabolites

# 15N H-N- Ha Aliphatic-H Strip
(ppm) | C=0
(ppm)
1 [132.39 | 7.87 4.07 | 1.63 N-acetylleucine (4.12 f)
2 1131.89 | 7.94 4.05 |2.05,1.84,1.48,1.29 Ad4lc
3 1131.89 | 7.89
4 1130.89 | 7.93 410 | 2.33,1.83 N-acetylglutamate (4.12
e)
4 |129.89 | 8.18 476 | 4.23,1.28 N-acetylthreonine (4.12
d)
5 1129.89 | 7.97 4.01 A4.la
6 |128.89 | 7.90 4.07 | 1.29 N-acetylalanine (4.12 c)
7 1128.89 | 7.69 4.02 |0.8 A4.1b
8 |127.39 |7.92 4.76 |3.09,1.46,1.28 N-acetylarginine (4.12 g)
9 1125.89 |8.2 4.13 A41d
10 | 124.89 | 8.32 430 |1.27 Adle
11 | 123.89 | 8.47 470 | 3.24,2.91,1.83 N-acetyl proline (4.12 b)
12 |1 123.89 | 8.38
13 | 122.89 | 7.88 4.13 A41f
14 | 121.89 | 7.98 3.82 Adlg
15 |1 121.89 | 8.44 4.079 | 3.91,3.70 N-acetylcysteine (4.12 h)
16 | 120.39 | 7.96 410 |3.7 N-acetylserine (4.12 j)
17 | 120.39 | 8.10 392 [3.38 N-acetylhistidine (4.12 i)
18 | 120.89 | 7.98 3.38 |2.39 A4.1i
19 |1 120.89 | 7.96 3.70 A41h
20 | 117.39 | 8.20 3.74 N-acetylglycine (4.12 a)
21 [ 115.89 | 8.04 3.73 A4.1]j
22 1 116.39 | 7.96 4.24 A41k
23 1114.89 | 7.90 4.26 A4.11
24 [ 115.39 | 8.32 4.50 A4.1lo0
25 1114.39 | 8.38 4.46 A41n
26 | 113.89 | 7.5 6.77 A41p
27 [ 112.39 | 7.52
28 [ 112.39 | 6.82
29 1104.39 | 791 1.289 Ad41q
30 1103.89 | 7.91 4.06 [1.29 A41m
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Figure A4.1. Strip plots from 3D 15N- edited TOCSY-HSQC spectrum

corresponding to metabolites for which the identity could not be established
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Figure A6.1. Multiple sequence alignment of single-subunit FH sequence from
different Plasmodium spp. and two-subunit class I FH sequences from archaea and
bacteria.

The black solid line shows 120 amino acid insertion at the N-terminal in Plasmodium FH
sequences. The black arrow shows invariant cysteine residues that might be involved in Fe-S
cluster ligation. The green bar indicates the boundary between the N- and C-terminal
domains.

243



Appendix I

(@

Intens.x104
1.50
1.25)
1.00
0.75]
0.50 H
0.25 : k
il ", | .
.0,
2000 - .2.500 3000 3500 4000 4500 5000 5500 m/z
b T LT
LT T T
(b) e
................
.............
Intens
....................
2187.9171 %
: P1.1:
6000 {5 H
4000 |}
H : 2191.6142 93.
£2189.7199 21935108
2000 {3 21953111
H 21972042 2199.1080
H
S
0
2188 teng 2190 2192 2194 2196 2198 2200 m/z
.....................
St e,
(C) : i,
. o e . TTTWNsaag,
o C3 L L T T
i Wt e,
Intens.
Pl 1 18772 21879
L] 187.62 187.82
2197 2188.0163
6000
218812
218742
218822
187.3
4000 S
218722 218842
2187.13 218852
2000 2188.62
2188.81
2187.03
2186.92
186.73
0 T -
218675  2187.00 218725  2187.50  2187.75  2188.00 218825 218850 218875  2189.00 m/z

Figure A.7.1. Native mass spectrometry of MjFHaf3

(a) Complete mass spectrum (m/z from 2000 to 5500) of reconstituted MjFHaf3 with the
first peak with the lowest m/z value highlighted by a rectangular boundary. (b) Zoom-in of
peak 1 shows the presence of adducts with mass increment of 19 Da. The first peak is
highlighted by a rectangular boundary. (c) Peak 1.1 is further zoomed-in to highlight the
isotope distribution. Peak 1.1 corresponds to 10+ charge state of [-subunit alone as
calculated by using the difference in mass (0.10) between adjacent isotope peaks.
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Figure A.7.2. Native mass spectrometry of MjFHaf3

(a) Complete mass spectrum (m/z from 2000 to 5500) of reconstituted MjFHaf3 with the
second peak highlighted by a rectangular boundary. (b) Zoom-in of peak 2 shows the
presence of adducts with mass increment of 23 Da. The first peak is highlighted by a
rectangular boundary. (c) Peak 2.1 is further zoomed-in to highlight the isotope
distribution. Peak 2.1 corresponds to 9+ charge state of (-subunit alone as calculated by
using the difference in mass (0.11) between adjacent isotope peaks.
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Figure A.7.3. Native mass spectrometry of MjFHaf3

(a) Complete mass spectrum (m/z from 2000 to 5500) of reconstituted MjFHaf3 with the
third peak highlighted by a rectangular boundary. (b) Zoom-in of peak 3 shows the presence

of adducts with mass increment of 21Da .

The first peak (P3.1) is highlighted by a

rectangular boundary. (c) Peak 3.1 is further zoomed-in to highlight the isotope
distribution. Peak 3.1 corresponds to 9+ charge state of [-subunit alone as calculated by
using the difference in mass (0.12) between adjacent isotope peaks.
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Table A7.1. Observed m/z values obtained from the native reconstituted MjFHap.
Peaks have been assigned to various possible stoichiometries of MjFHa, MjFHf3 and

Fe-S cluster, and compared with theoretical m/z values.

S.N | Stoichiometry of complex Charge | Theoretical | Experimental
0 state m/z m/z
1 (MjFHa)2+(MjFHB)2+[2Fe-2S]; 35+ 3124.24 3124.98
2 (MjFHap)2+[4Fe-4S], 21+ 3140.26 3139.33
3 (MjFHap)2+[3Fe-4S]; 18+ 3657.38 3655.36
4 (MjFHa),+[4Fe-4S]> 17+ 3858.06 3862.12
5 (MjFHap)2+[4Fe-4S], 16+ 4114.43 4111.81
6 (MjFHap)2+[4Fe-4S]; 15+ 4388.66 4391.63
7 (MjFHa). 14+ 4634.92 4634.32
8 (MjFHowp)2+(MjFHB)2+[2Fe-25]2 23+ 4768.88 4767.65
9 (MjFHop)2+(MjFHB)2+[2Fe-2S]2 22+ 4985.605 4983.82

ap, desmethionine form of MjFHa subunit
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