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Titilola Ifeoma Denloye
ABSTRACT

Active lipid metabolism is a key process required for the intra-erythrocytic development
of the malaria parasite, Plasmodium falciparum. Enzymes that hydrolyze host-derived lipids play
key roles in parasite growth, virulence, differentiation, cell-signaling and hemozoin formation.
Therefore, investigating enzymes involved in lipid degradation could uncover novel drug targets.
We have identified in P. falciparum, a glycerophosphodiester phosphodiesterase (PfGDPD),
involved in the downstream pathway of phosphatidylcholine degradation. PftGDPD hydrolyzes
deacylated phospholipids, glycerophosphodiesters to glycerol-3-phosphate and choline. In this
study, we have characterized PfGDPD using bioinformatics, biochemical and genetic
approaches. Knockout experiments showed a requirement for PfGDPD for parasite survival.
Sequence analysis revealed PftGDPD possesses the unique GDPD insertion domain sharing a
cluster of conserved residues present in other GDPD homologues. We generated yellow
fluorescent fusion proteins that revealed a complex distribution of PfGDPD within the parasite
cytosol, parasitophorous vacuole and food vacuole. To gain insight into the role of PfGDPD,
sub-cellular localization was modulated and resulted in a shift in protein distribution, which
elicited no growth phenotype. Kinetic analyses suggest PRGDPD activity is Mg”" dependent and
catalytically efficient at the neutral pH environment of the parasitophorous vacuole. Next, our
aim was to determine the upstream pathway that provides deacylated glycerophosphodiesters as
substrate for PfGDPD. We identified via bioinformatics, a P. falciparum lysophospholipase
(PfLPLT1) that directly generates the substrate. Knockout clones were generated and genotyped
by Southern and PCR analysis. The effects of PfLPL1 knockouts on parasite fitness were
studied, and the results showed that PfLPL1was not required for parasite survival and

proliferation.
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CHAPTER 1

Introduction



1.1 Plasmodium falciparum Malaria: An Ongoing Global Problem

Malaria is a disease that has plagued the world for centuries reported as far back as China
in 2700 BC [1]. The human disease is caused by five species from the genus Plasmodium (P.
falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi), of which P. falciparum is the most
virulent. The devastating effects of the disease during World War II pre-empted the
establishment of the Malaria Control in War Areas (MCWA) in the United States, as an initiative
to control the disease. In 1951, its successor, the Communicable Disease Center (now known as
the Centers for Disease Control) succeeded at eradicating malaria from the United States using
the available insecticide, dichlorodiphenyltrichloroethane (DDT) against the mosquito vector.

Unfortunately, the disease still remains a global problem, predominantly in tropical areas
of sub-Saharan Africa, southern Asia and Central and South America, where an estimated 3.3
billion people are reportedly at risk of infection [2]. In 2010, the global deaths reported by the
World Health Organization (WHO) was estimated at 655,000 [2], while an independent new
study in the British Medical journal, the Lancet, reported a total number of 1.24 million deaths
by the mosquito-borne disease [3]. The Lancet study observed a higher proportion of deaths,
totalling 433,000 among older children and adults than reported by the WHO [3]. Despite the
differences in reports, there has been a decline in mortality rates since 2004, which is attributed
to the increase in accessible insecticide-treated mosquito nets (ITNs), indoor residual spraying
(IRS), early detection rapid diagnostic tests and the use of artemisinin-based combination
therapies (ACTs), as the currently preferred method of treatment. However, in light of these
achievements, artemisinin resistance has emerged in countries in South-East Asia while
resistance to pyrethroid, the insecticide used in ITNs and IRS have been reported in 24 African
countries and 41 countries worldwide [2]. This undoubtedly requires new therapeutic drugs to
combat the disease in a rapid and cost effective manner for long-term use.

Currently, there are no licensed anti-malarial vaccines available however, a single
candidate vaccine RTS,S/AS01, is being assessed in Phase 3 clinical trials developed in
partnership with GlaxoSmithKline and PATH Malaria Vaccine Initiative (Funded by the Bill &
Melinda Gates Foundation). The vaccine has shown promising results with a 55 % reduction in
incidence rate on clinical malaria over 12 months after the third dose and an efficacy of 35 %
after variable follow-up from zero to 22 months after the third dose [4]. These trials are extensive

and expensive and the vaccine efficacy rate lies below the WHO standard goal of at least 80 %.



Therefore, the need to develop therapeutic anti-malarial drugs remains the principal means of

fighting the disease in a rapid, safe and cost effective manner.

1.2 Life Cycle of P. falciparum

The pathogenesis of malaria begins with the inoculation of sporozoite-stage parasites by
an infected Anopheles mosquito into the blood stream. The parasites migrate to the liver and
begin the exoerythrocytic phase where they invade hepatocytes and undergo asexual
multiplication. After about a week, infected liver cells rupture and release thousands of
merozoite-stage parasites, which traverse the blood stream and proceed to invade red blood cells
(RBC). Within the RBC, the parasite is enclosed within a parasitophorous vacuole membrane
(PVM) derived from the invagination of the RBC surface membrane, forming a barrier between
the parasite and the host erythrocyte. The 48-hr replication cycle begins with the invasion of
merozoites that mature from young ring-like structures to the trophozoite feeding stage and
finally divide into multi-nucleated schizonts that eventually rupture and release between 8-32
daughter merozoites into the blood stream. The continuous process of erythrocyte reinvasion
induces the manifestation of malaria clinical signs and symptoms. Since the parasite life cycle
occurs between the human host and the mosquito vector, several stimuli trigger the induction of
male and female gametocytes, which are taken up by the mosquito during a blood meal. A
number of metabolic processes occur during the erythrocytic phase of development, some of

which are vital and distinct to P. falciparum and serve as potential drug targets [5, 6]

1.3 Plasmodium Phospholipid Metabolism

Intra-erythrocytic replication requires actively controlled metabolic processes to ensure
successful cell cycle development and multiplication. Of these, the lipid metabolic system play
key roles in parasite growth, virulence, differentiation, cell signalling and hemozoin formation,
to name a few [7, 8]. Red blood cells (RBCs) lack the necessary components to synthesize lipids
or proteins, therefore the parasite relies on its own machinery in the synthesis of membranes of
the permeable PVM, membranes of sub-cellular organelles, cytoplasmic membrane network,
lipid signalling molecules and neutral lipid bodies. These membrane components are primarily
comprised of glycerophospholipids and sphingolipids. Upon P. falciparum infection, there is a 6-

fold increase in phospholipid (PL) content compared to non-infected erythrocytes.



Phosphatidylcholine (PC) is the most abundant PL, representing up to 40-50 %, followed by
phosphatidylethanolamine (PE) (35-45 %) and phosphatidylinositol (PI) (4-11 %), whereas
sphingomyelin (SM) and phosphatidylserine (PS) account for <5 % [9, 10]. There is however,
little or no cholesterol present in the parasite [11]. Neutral lipids (including fatty acids (FA),
diacylglycerol (DAG) and triacylglycerol (TAG), usually found in trace amounts in uninfected
erythrocytes, are also increased upon Plasmodium infection [9, 10, 12, 13]. In addition to
increased PL content, the parasite engages in remodelling host cell membrane, aiding in host
immune evasion and consequent survival within infected erythrocytes. Prior to infection, PS
molecules in erythrocytes exclusively localized to the inner leaflets of the lipid bilayer, are
flipped to the outer leaflets of parasitized cells and contribute to cytoadherence of infected red
cells to the vascular endothelium [7] to consequently evade the spleen. The increase in PL
content coupled with PS asymmetry of host cell membrane aids in the pathogenesis of malaria.

To meet the demand of lipid species, the parasite synthesizes PL through de novo
pathways using precursors procured from the host cytoplasm such as serine, choline, inositol,
glycerol, and fatty acids [10, 11]. The synthesis of PC occurs via two metabolic pathways,
namely the cytidine triphosphate (CDP)-choline pathway (Kennedy pathway) and the serine-
decarboxylation-phosphoethanolamine methyltransferase pathway (SDPM) (Figure 1-1). In the
CDP-choline pathway, choline is transported from the host through choline permease,
phosphorylated into CDP-choline and acylated in a DAG-dependent reaction to yield PC. The
SDPM pathway was elucidated from studies that indicated serine as an alternate precursor for PC
and PE synthesis [14, 15]. In this pathway, serine is decarboxylated to ethanolamine,
phosphorylated to phosphoethanolamine and either converted to phosphocholine by a
methyltransferase and shuttled into the CDP-choline pathway to generate PC, or acylated via a
DAG dependent reaction to yield PE through the CDP-ethanolamine pathway.

The considerable increase in lipid content upon P. falciparum infection is a direct
correlation to increased amount of FA bound to the glycerol backbone [11]. A source of these
fatty acids has been attributed to scavenging from the host milieu [16]. Studies have recently
elucidated the importance of serum FA, but not phospholipid or neutral lipids for parasite
survival [16, 17]. These FA are utilized to synthesize various phospholipids, neutral lipids and
glycosylphosphatidylinositol [11]. The specific growth promoting serum FA have been identified

as palmitic acid (Ci¢:0) and oleic acid (Cjs:1 n-9), which are provided in complex with serum



albumin [16, 18, 19]. In addition to host scavenging, the parasite encodes components of the type
II fatty acid synthesis pathway (FAS II) within the apicoplast [20]. Though the presence of this
pathway ensures de novo FA synthesis, the FAS II pathway is reportedly not essential in blood
stages but required in the liver stages [21, 22]. This in turn suggests that the bulk of FA is
acquired through the uptake of host serum FA [9, 16, 17, 23].
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Figure 1-1. Phospholipid biosynthetic pathways in P. falciparum. The CDP-Choline pathway is depicted with
gold arrows. The CDP-ethanolamine pathway is shown in black arrows and the SDPM pathway indicated with the
broken arrows. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PfCK, P. falciparum choline kinase;
PfCCT, P. falciparum CTP phosphocholine cytidylyltransferase; PfEK, P. falciparum ethanolamine kinase; PfECT,
P. falciparum CTP phosphoethanolamine cytidylyltransferase; PfCEPT, P. falciparum choline/ethanolamine-
phosphate transferase; PfPMT, P. falciparum phosphoethanolamine methyltransferase; PfSD, serine decarboxylase;
PPM, parasite plasma membrane; PVM, parasitophorous vacuolar membrane; RBC, red blood cell.

1.4 Lipases in P. falciparum

The synthesis and subsequent increase in Plasmodium phospholipids are undoubtedly
important for parasite intra-erythrocytic growth and development. However, phospholipid
degradation is also important for parasite growth and survival playing key roles in lipid
homeostasis, hemoglobin degradation and hemozoin formation. Evidence for the catabolic
activity of lipases have been detected and found to be associated with the degradation of
hemoglobin, a process that is essential to parasite survival. Hemoglobin is the oxygen-carrying
protein molecule in the red blood cell and its degradation provides the parasite with amino acids
(of which only 16 % are incorporated into protein synthesis), space for parasite growth within the
RBC and a potential mechanism of osmotic regulation to preserve host cell integrity [24-26].

Inhibition of this catabolic process causes enlarged food vacuole phenotypes and prevents



parasite maturation and replication [27]. A proposed model of the hemoglobin degradation
suggests that hemoglobin is internalized through a mouth-like structure called the cytostome into
a double membrane endocytic vesicle consisting of an outer plasma membrane (PM) and an
inner parasitophorous vacuole membrane (PVM), which is then trafficked to the food vacuole
and hydrolysed by resident proteases. Structural studies have elucidated the importance of
phospholipases in degrading the inner PVM prior to hemoglobin release. The study of
chloroquine treated parasites revealed that the outer PM fuses with the FV membrane to generate
a single membrane bound organelle, which still remains intact within the food vacuole,
implicating the presence of essential lipases within the parasite [28].

Another study correlated phospholipase activity with hemoglobin degradation in which
parasites treated with gentamicin and amikacin were unable to degrade host hemoglobin due the
inhibition of a Ca*" independent phospholipase [29]. In addition to lipase activity, lipid
degradation products have been associated with the crystallization of hemozoin, a by-product of
hemoglobin catabolism. Heme crystallization is the target of available quinoline drugs,
indicating the essential nature of this process. Studies have shown that efficient heme
crystallization is suitable in a non-polar neutral lipid nanosphere and identified the lipid
composition as DAG and TAG produced from PVM degradation by phospholipases [30].

A sphingomyelinase phospholipase C enzyme recently characterized in P. falciparum,
was shown to be inhibited by scyphostatin, which severely impaired parasite stage progression
from trophozoite to schizont [31]. These studies suggest the importance of lipases during intra-
erythrocytic parasite growth, which can serve as potential drug targets against malaria parasites.
The purpose of this study was to characterize lipases that contribute to the growth and
development of P. falciparum. We have identified a glycerophosphodiester phosphodiesterase
(PfGDPD) which we hypothesize plays a role in phospholipid metabolism during intra-

erythrocytic replication.

1.5 The Study of P. falciparum Glycerophosphodiester Phosphodiesterase
Glycerophosphodiester phosphodiesterase (GDPD) hydrolyze glycerophosphodiesters
into glycerol-3-phosphate and corresponding alcohol head group. GDPD domain family are

ubiquitous enzymes found in both prokaryotes and eukaryotes [32-34]. The enzyme was first



characterized in E.coli and shows specificity to a variety of glycerophosphodiesters, which
include glycerophosphocholine, glycerophosphoethanolamine, glycerophosphoglycerol [35, 36].
In this study, we discuss the bioinformatics approach in identifying GDPD in P.
falciparum (PfGDPD) and detail its characterization in Chapter 2 and 3. In Chapter 2 we will
present data based on the localization, genetic and kinetic characterization of PfGDPD. Attempts
to modulate protein levels within the parasite and the subsequent effects on parasite proliferation

will be presented in Chapter 3. Chapter 4 will feature the characterization of a

lysophospholipase, that we hypothesize is responsible for generating the PfGDPD substrate,
glycerophosphocholine.
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CHAPTER 2

Characterization of a glycerophosphodiester
phosphodiesterase expressed in P. falciparum
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2.1 ABSTRACT

Glycerophosphodiester phosphodiesterases (GDPD) are ubiquitous enzymes present in
both prokaryotes and eukaryotes, which catalyze the hydrolysis of phospholipid-derived
glycerophosphodiesters into glycerol-3-phosphate and the corresponding alcohol head group i.e.
choline. GDPDs are involved in a variety of metabolic processes including phospholipid and
glycerol metabolism. Through bioinformatics approach, we have identified a single GDPD
homologue in P. falciparum, which encodes a 56 kDa protein possessing an N-terminal signal
sequence. Sequence alignment with E.coli and Thermoanaerobacter tengcongensis GDPD
homologues, revealed a characteristic GDPD insertion domain with conserved residues
important in catalysis and metal binding. Genetic studies revealed an important role for PfGDPD
during intra-erythrocytic replication. Reporter tag fusion experiments localize PfGDPD to the
parasite cytosol, food vacuole and parasitophorous vacuole. Kinetic analyses on both
recombinant and native enzymes showed characteristic bivalent metal ion dependency preference
as Mg” > Mn*"> Co”". Steady state parameters indicated efficient catalysis of
glycerophosphocholine with a Ky, of 3.4 £ 1.6 mM, ke 0f 27 £ 6 s 'and keo/Kp of (8.7 £ 4.1) x
10° M es™
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2.2 INTRODUCTION

Phospholipid catabolism is an important element of cellular lipid homeostasis that
contributes to the growth and multiplication of the malaria parasite, Plasmodium falciparum. In
the asexual blood stage of the parasite, enzymes that hydrolyze phospholipids may contribute to
the breakdown of membranes in the lumen of the food vacuole, generating neutral lipids that can
catalyze hemozoin crystallization, an essential process that prevents oxidative damage to the
parasite by detoxifying free heme. Therefore, investigating essential lipolytic enzymes could
uncover novel drug targets to combat this infectious disease. Accordingly, we have identified a P.
falciparum homolog of the enzyme glycerophosphodiester phosphodiesterase (PfGDPD)
expressed during blood stages, involved in the downstream degradation of phospholipids.

Glycerophosphodiester phosphodiesterases (GDPD) (EC 3.1.4.46) are ubiquitous
enzymes found in prokaryotes and eukaryotes with diverse biological functions, such as
phospholipid metabolism, cytoskeletal modification, motor neuron differentiation, and as a
virulence factor [1-4]. They catalyze the hydrolysis of deacylated glycerophosphodiesters to sn-
glycerol-3-phosphate (G-3-P) and the corresponding alcohol moiety (Figure 2-1). The alcohol
product can be any of several alcohols, which include choline, ethanolamine, or serine, either of
which can be shuttled into phospholipid synthesis [5]. Glycerol-3-phosphate has several
metabolic fates, to which it can be converted to lysophosphatidic acid and shuttled into
phospholipid synthesis, converted to dihydroxyacetone phosphate (DHAP) and acylated for
phospholipid synthesis, or shuttled into glycolysis through conversion to DHAP and
glyceraldehyde-3-phosphate, or dephosphorylated to glycerol and inorganic phosphate.

GDPDs were initially characterized in bacteria to generate G-3-P as a source of carbon
and phosphate and are present as two isoforms, GlpQ and UgpQ, [5, 6]. GDPD in Haemophilus
influenzae, GlpQ, is considered an important virulence factor contributing to pathogenesis [7].
Studies in a rat otitis model show that H. influenzae GlpQ mutants required approximately 100-
fold higher inoculum than the parental strain to induce otitis media after injection [7]. Seven
mammalian GDPDs, termed GDEs, have been identified to date and are involved in variety of
metabolic processes such as osteoblast and neuronal differentiation, phospholipid metabolism,
signal transduction, cytoskeletal regulation and osmotic regulation [8].

Available crystal structures of GDPD from various organisms including E.coli GlpQ,

Thermotoga maritma and Thermoanaerobacter tengcongensis, (ttGDPD) share the conventional
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triosephosphate isomerase (TIM) barrel protein fold [9]. There is a small insertion domain within
the TIM barrel fold, unique to the GDPD family and referred to as GDPD-insertion domain
(GDPD-I) [10].

0
I GDPD |
R-0-P-O-CH, ——— O-P-O-CH, +  ROH
O CHOH O CHOH
CH,OH CH,OH

Glycerophosphodiester Glycerol-3-phosphate  Alcohol

Figure 2-1. Enzymatic reaction of glycerophosphodiester phosphodiesterase. GDPDs hydrolyze the
phosphodiester bond of glycerophosphodiesters such as glycerophosphocholine or glycerophosphoethanolamine, to
glycerol-3-phosphate and the corresponding alcohol.

Catalysis is mediated by metal ion binding residues and two catalytic histidine residues
that are involved in the stabilization and hydrolysis of phosphodiester bond in
glycerophosphodiesters via an acid-base mechanism (Figure 2-2) [11, 12]. These conserved
residues are located within a cleft at the C terminus of the barrel and considered as the active
region in the TIM-barrel super family [11, 13]. GDPDs have been shown to require bivalent
metal ions for enzyme activation. In E.coli, GlpQ requires Ca>* [5], while UgpQ is activated by
Mg**, Co*" or Mn®" [14], similarly, ttGDPD ahs been reported as a Mg”" dependent enzyme [12].
In P. falciparum, we identified only one homologue GDPD (UnitProt ID Q8IM31) in the
Plasmodium genome (gene ID PF14 0060). We present here the results of our localization
studies and gene knockout strategies. Biochemical characterizations of enzyme kinetics and

metal ion preference are also discussed.
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Figure 2-2. Proposed catalytic mechanism of Thermoanaerobacter tengcongensis glycerophosphodiester
phosphodiesterase [12]. The catalytic histidine residues are located at position 17 and 59. The mechanism is a two-
step reaction, where His17 accepts a proton form the OH2 group of glycerol acting as a general base, attacking
phosphorous. Simultaneously, His59 acts a general base by donating a proton to the oxygen of the alcohol leaving
group. Magnesium ion acts as an electrophile in stabilizing the intermediate. The second reaction follows with the
deprotonation of the water molecule by His59, which initiates a nucleophilic attack on cyclic phosphate intermediate.
His17 donates a proton to release glycerol-3-phosphate.

2.3 EXPERIMENTAL PROCEDURES
2.3.1 Generation of Constructs

To determine the distribution of PfGDPD in P. falciparum, we tagged the chromosomal
gene at the C-terminus with yellow fluorescent protein (YFP) to generate PEGDPD-YFP plasmid
construct. 3’-1- kb fragments from the PfGDPD sequence excluding the stop codon were PCR
amplified from the genomic DNA (gDNA) of P. falciparum 3D7 strain, which were cloned
upstream of YFP encoding sequence into Xhol/AvrlI restriction sites of the vector pPM2CIT2.
To disrupt the endogenous PfGDPD copy, we employed a homologous recombination technique
using a single crossover truncation plasmid and a double crossover knockout (KO)/negative
selection plasmid. Truncation constructs were generated by amplifying the internal bases 299-
1108 of the PfGDPD open reading frame from 3D7 gDNA and cloned into Xhol/AvrlI sites of
pPM2CIT2, upstream of YFP coding sequence. The KO plasmid was constructed by amplifying
bases 1-604 to generate a 5° fragment and bases 845-1427, as the 3’ fragment. The 5° and 3’
inserts were digested and cloned respectively into Sacll/Spel and Ncol/Avrll sites, positioned to
flank the positive selection cassette, human dihydrofolate reductase (hDHFR) in pCC1 vector
(Table 2-1).
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To obtain recombinant enzyme for kinetic analyses, three types of PfGDPD variants were
cloned and expressed. An amino-terminal hexa-histidine fusion protein was generated by
amplifying residues 23-475 from 3D7 gDNA, excluding the predicted signal peptide. Inserts
were digested and cloned into BamHI/NotlI sites of the T7 expression vector pET45b (Novagen).
To generate un-tagged and a carboxyl-terminal hexa-histidine fusion protein, sequences were
amplified from residues 19-475, digested with BspHI/Notl and cloned into Ncol/NotI sites of
pET45b. Site-directed mutagenesis was used to generate mutant PfGDPD in which glutamic acid
at position 63 was substituted with alanine (E63A) using the QuikChange XL site directed
mutagenesis kit (Agilent Technologies). Mutant protein was cloned as two variants, one with an
amino-histidine tag and the other as a carboxyl-histidine fusion protein described similarly to
wild-type. Human glycerol-3-phosphate dehydrogenase (G3PDH) was used as the coupling
enzyme to assay PfGDPD activity. The sequence was cloned with an N-terminal hexa-histidine
tag from complementary DNA clone MGC-34464 (Mammalian Gene Collection ATCC) and
digested into BamHI/Notl sites of pET45b. A list of primer sequences used for PCR
amplification is shown in Table 2-1. All coding sequences were in-frame and verified by DNA

sequencing.

2.3.2 Parasite Culture and Transfection

All tissue culture experiments were performed under aseptic conditions in a biosafety cabinet
using sterile tissue culture plates. Parasite cultures were maintained in a 5 % CO, incubator,
cultured in human O" erythrocytes (Interstate Blood Bank) at 2% hematocrit in complete RPMI
1640 (CM) supplemented with 27 mM sodium bicarbonate, 11 mM glucose, 0.37 mM
hypoxanthine, 10 ug/mL gentamycin and 5 g/L. Albumax I (Invitrogen) [15]. For plasmid
transfection, synchronous 3D7 ring cultures were obtained by centrifuging12 mL cultures for 3
min at 863 X g and incubating the recovered pellet with 4 mL 5 % sorbitol [16] for 5 min,
vortexing 2- 3 times. Cultures were spun for 3 min at 863 X g and the pellet was re-suspend in
12 mL complete media. Sorbitol treatment was repeated 2-3 times to obtain tight synchronicity.
3D7 ring stage parasites were transfected with 75-100 ug plasmid DNA in 2mm BTX cuvettes
(Harvard Apparatus) at 310 volts, 950 uF [17]. Parasites were positively selected with 10 nM
WR99210 drug (Jacobus Pharmaceuticals) 48 hours post transfection. After 18-24 days,

emerging parasites underwent drug cycling, whereby WR99210 was removed from media for 21
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days and reapplied to enrich for plasmid integration [18]. Emerged resistant parasites expressing
PfGDPD-YFP were observed microscopically after two drug cycles, while parasites targeted for
gene disruption were cycled three times on/off drug. In addition, parasites transfected with the
knockout (KO)/negative selection plasmid underwent negative selection, where 100 nM 5-
fluorocytosine was added to WR resistant parasites after each cycle.

Table 2-1. Primers used for PCR amplification of PfGDPD and G3DPH gene fragments for creating/confirming
fusion tags, gene disruption and site directed mutation.

Description Direction Sequence Restriction Site

PfGDPD Target

1.Fusion tag

YFP-Fusion Forward GCACGCTCGAGATAATCAGAAAAAATATTCTTCCTTAAC Xhol
Reverse GCACGCCTAGGTATTGTGTCGTTTTCTTTTATACCTT Avrll
N-terminal Histidine =~ Forward ~ GCACGGGATCCCGAAAACCTGTATTTTCAGAGCAGTGC BamH1
ATCAATCGTTGGTCATAGAG
Reverse GTACGGCGGCCGCTTATATTGTGTCGTTTTCTTTTATACCT Notl
C-terminal Histidine ~ Forward ~GCACGTCATGAGTTCTCCTAGTGCATCAATCG BspHI
Reverse CGTACGCGGCCGCTCAGTGATGATGGTGATGATGGCTCT Notl
GAAAATACAGGTTTTCTATTGTGTCGTTTTCTTTTATACCT
Untagged Forward GCACGTCATGAGTTCTCCTAGTGCATCAATCG BspHI
Reverse GTACGGCGGCCGCTTATATTGTGTCGTTTTCTTTTATACCT Notl
2. Gene Disruption
Truncation Forward GTACGCTCGAGTTGAAGAATTAAATTTAGATGAGATACAA Xhol
Reverse GCACGCCTAGGATCATCTGAGAAAAGAAGTGCTACAG Avrll
5' fragment KO Forward GGCTTCCGCGGATGATATATTTTTTGCTTTTTATTTGTATC Sacll
Reverse GGCTTACTAGTCAATATATTCGGTATCATTAATAGGTTC Spel
3' fragment KO Forward GTACGCCATGGTTGAACTTAAAGGTAACAAAGAAGATCT Ncol
Reverse TATAACCTAGGTATATTGTGTCGTTTTCTTTTATACCTTG Avrll
3. E63A mutant Forward ATGTTGACGGAGTAGCATTGGACGTATGGCTAACG

Reverse CGTTAGCCATACGTCCAATGCTACTCCGTCAACAT

4. Southern Probe Forward GTACGCCATGGTTGAACTTAAAGGTAACAAAGAAGATCT
Reverse TATAACCTAGGTATATTGTGTCGTTTTCTTTTATACCTTG

5. Truncation

Confirmation

499 Forward TATTATACACGTGTACACATTATAAC

529 Reverse CGTAATTATTTTCATTAAATGTTTTTCC

HSPRI Reverse TATATATGTATATTGGGGTGATG

6. KO Confirmation

499 Forward TATTATACACGTGTACACATTATAAC

233 Reverse TATAACCTAGGTATATTGTGTCGTTTTCTTTTATACCTTG

G3PDH Target

N-terminal Histidine ~ Forward GCACGGGATCCCAGCATGGCTAGCAAGAAAGTCTGCATTG BamH1
Reverse GTACGGCGGCCGCTCACATATGTTCTGGATGATTCTGCA Notl
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To generate parasite clones expressing PfGDPD-YFP, parasitemia was determined by
Giemsa stained smears and the culture was diluted 2-4 %. The culture was further diluted 10*-
fold and inoculated into mixture of 24 mL media and 1mL 50 % red blood cell according to the
formula below:

volume (uL) of 10*-fold diluted culture = [25000/(80 x % parasitemia)] x 2.5
200 uL of diluted culture was aliquoted into round bottom 96 well plates, whereby media was
changed every two days and resuspended in ~ 170 uL of fresh media. Every 6 days, parasites
were split 1:1 with media containing fresh red blood cells at 2 % hematocrit. Individual clones
appeared after 10 days and were identified by Giemsa stained smears. Clones D9 and E8 were
used in this study.

Gametocytes expressing PfGDPD-YFP were induced from asynchronous clone D9
parasites using the following procedure. Parasites were inoculated at a low parasitemia of ~0.5 %
at 6 % hematocrit in a 5 ml culture volume, placed in a cake jar and gassed with 5 % O3, 5 %
COz, 90 % N mixture, for 3 min. Media was changed daily and after 3-4 days, media volume
was increased to 7.5 mL, with continuous daily media changes. Late stage gametocytes were

observed after 15-18 days, at which point images were collected.

2.3.3 Parasite Fractionation

Trophozoite stage parasites from clone E8 and 3D7 were obtained using a MACS
magnetic column (Miltenyi Biotech). The column was washed with SmL complete RPMI media
and allowed to flow through. 12 mL of culture were centrifuged for 3 min at 863 X g. The
collected pellet was re-suspended in 5 mL complete RPMI media and loaded onto the column.
Due to the presence of significant amounts of hemozoin in trophozoite/schizont-infected red
blood cells, these parasites are bound to the column, while ring stage parasites and un-infected
erythrocytes flow through. The column was removed from the magnet and bound parasites were
eluted in 3 mL complete RPMI media and centrifuged for 3 min at 863 X g. The pellet was re-
suspended in 2 mL Dulbecco's phosphate-buffered saline (PBS) and split into 1 mL aliquots.
Following centrifugation, one pellet was set aside on ice as whole cell pellet extract, while the
other pellet was treated with 2x pellet volume of 1.5 mg/ml saponin diluted in PBS for 15 min on
ice. Parasite lysate was spun at 1940 X g for 10 min at 4 °C and separated into soluble and pellet

fractions. Pellet fractions were washed twice in ice cold PBS. Both soluble and pellet extracts
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were taken up to a volume of 80 uLL PBS containing the following inhibitor cocktail: 10 pM
pepstatin, 10 uM N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide (E-64), 0.5 mM 4-
(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) and 1 mM sodium ethylenediaminetetraacetic
acid (EDTA). Samples were solubilized in 20 pL 5x loading buffer (250 mM Tris-HCI pH 6.8,
10% SDS, 50% glycerol, 25% ®-mercaptoethanol and 0.5% bromophenol blue), pulse-vortexed
and immediately boiled in a water bath for 1.5 min (performed 2 x). Samples were spun at
16,000 X g for 2 min to remove any insoluble material and analyzed by immunoblotting.

To confirm the presence of PEGDPD in the parasitophorous vacuole, mature clones D9
were cultured to parasitemia between 5-7 %. A 1 mL culture aliquot was spun at 863 X g for 3
min and the pellet was re-suspended in 40 pL (0.1 % w/v) saponin prepared in RPMI 1640
complete media. The culture was incubated for 10 min at room temperature (RT) then diluted
with 1 mL media and spun at 1940 X g for 10 min, RT. Pellet was washed twice in 1 ml media

and taken up in 200 pL of media into 96 well plate flat bottom plate and imaged immediately.

2.3.4 Southern Blot and PCR Analysis

To confirm integration of YFP plasmid into PfGDPD gene locus, genomic DNA (gDNA)
was collected from saponin-treated PfGDPD-YFP clones and 3D7 wild-type parasites. 24 mL
parasite culture were washed in 40 mL PBS and centrifuged for 3 min at 863 X g. Collected
pellet was treated with 40 mL cold 0.1 % saponin in PBS and mixed by inverting the tube several
times. The culture was incubated for 10 min on ice and centrifuged at 1940 x g, 10 min at 4 °C.
Parasite pellet was washed in cold PBS at 1940 x g, 10 min at 4 °C and stored at -80 °C. gDNA
was extracted from using the QiaAmp DNA blood mini kit (Qiagen) according to the
manufacturer’s instruction. 50 uL of gDNA (2 pug) and YFP plasmid (1 pg) were digested in a
100 uL reaction containing 10 uL10x NEB Buffer 4, 10 uL 10x bovine serum albumin (BSA), 1
uL EcoRI restriction enzyme and 29 uL MilliQ-H,0. Reaction was incubated for 3 hrs at 37 °C
and purified using the QiaAmp nucleotide removal kit (Qiagen) in 30 uL elution buffer. DNA
fragments were resolved on a 0.6 % agarose gel (200 mL) without ethidium bromide, run
overnight at 30 volts for ~17 hours. 1kb markers were loaded in an edge lane and after
electrophoresis, the marker lane was cut off, stained for 20 minutes in 0.5 ug/mL ethidium
bromide and photographed with a fluorescent ruler. Following separation, DNA fragments were

depurinated in 0.25 M HCI for 15 min, denaturing in 0.5 M NaOH, 1.5 M NaCl for 30 min and
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neutralizing in 1 M Tris-HCI pH 8, 1.5 M NacCl for 30 min, rinsed in water after each step. DNA
was transferred to an Immobilon Nytran® membrane (Millipore) using a Turboblotter for a
minimum of 3 hrs in 20x SSC buffer containing 3.0 M NaCl and 0.3 M sodium citrate.
Membrane was blocked using 20 uLL AlkPhos Direct pre-hybridization reagent in a hybridization
oven tube rotating for 1 hr at 55 °C. After blocking, PEFGDPD locus was detected by incubating
the membrane overnight at 55 °C using 100 ng probe complementary to the 3’ end of the gene,
listed in Table 2-1. Probe labeling and detection were performed using AlkPhos direct labeling
kit (GE Biosciences) and signal was detected by autoradiography.

Genotyping of PfGDPD gene disruption parasites were performed by PCR analysis using
5 ng/uL gDNA. Primers used are indicated in Table 2-1. To confirm single crossover truncation
integration, we designed forward primers 499, specific to the 5° UTR and reverse primers
HSPRI1, specific to the YFP sequence. As a positive control, we designed reverse primers 529,
specific to the internal coding region, which was paired with forward primer 499. Knockout
parasites were analyzed with forward primers 499 and reverse primers 233, specific to PfGDPD

3’ coding region.

2.3.5 Fluorescence Microscopy

Images were collected on a Zeiss Axiolmager M1 equipped with an MRm Axiocam digital
camera using a 100x/1.4NA objective lens. 40 pL of live parasites were incubated with 1 puLL 5
uM Hoescht 33342 nuclear stain for 5 min at 37 °C. 1000 millisecond exposure time was used in
the YFP channel and 2 millisecond in the DAPI channel, set to a camera gain of 4 and a
fluorescence index of 2. Images were converted to TIFF files and contrast was adjusted using

Adobe Photoshop CS4.

2.3.6 Antibodies and Immunodetection

Recombinant PfGDPD was used as the immunogen raised as anti-sera in rats (Cocalico
Biologicals). Serum was purified on an affinity column using AminoLink Coupling Resin
(Pierce) according to the manufacturer’s instructions. Purified Anti-PfGDPD antibodies were
dialyzed overnight in PBS pH 7.4, flash frozen in liquid nitrogen and stored at -80 °C in 1
mg/mL BSA and 0.02% sodium azide.
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SDS extracts of ~1 x 107 parasites were loaded on a 10 % SDS-polyacrylamide gel. The
resolved bands were transferred to nitrocellulose membrane for 40 min at constant current
(0.4Amp) and blocked with 2% (w/v) bovine serum albumin (BSA) in Tris-Buffered Saline
Tween-20 (TBST) buffer for 1 hour. Immunoblotting was carried out with primary antibody anti-
PfGDPD (1:5,000 dilution in 2 % (w/v) BSA/TBST) followed by a 1 hour incubation in anti-rat
horseradish peroxidase-conjugated secondary antibody (1:10,000 dilution in 2 % (w/v)
BSA/TBST). After three 5-minute washes in TBST, chemiluminescent signal was developed
with Amersham ECL kit (GE Bio-sciences), and detected on a photographic film. To assess
saponin permeabilization treatment, blots were stripped and re-probed with rabbit anti-binding
immunoglobin protein (BiP) (1:10,000 dilution in 2 % (w/v) BSA/TBST) [19] and mouse anti-
serine-rich antigen (SERA) (1:38,000 dilution in 2 % (w/v) BSA/TBST) [20].

2.3.7 Recombinant Protein Expression and Purification

E. coli BL21(DE3) Rosetta 2 cells (Novagen) were transformed with either PfGDPD and
G3PDH expression plasmids were grown in Luria-Bertani (LB) media. Expression and
purification of PfGDPD was performed in the presence of 10 mM MgCl, as a metal ion
supplement. 3 L of E. coli cells were grown to Aggo value of 0.8 (PfGDPD) and 1.5 (G3PDH)
and induced with 1 mM isopropyl B-D-thiogalactopyranoside (IPTG) for 4 hrs at 25 °C. Bacterial
cell pellets were harvested by centrifugation at 7,000 X g for 30 min and lysed in immobilized
metal affinity chromatography (IMAC) buffer (500 mM NacCl, 30 mM imidazole, 20 mM
NaH,PO, pH 7.4) containing 1 mM 4-(2-aminoethyl)benzene-sulfonyl fluoride and 1 mg/mL hen
egg white lysozyme. After 30 min incubation on ice, cells were sonicated and lysates were
recovered by centrifugation at 20,000 x g for 15 min at 4 °C. To precipitate out nucleic acids,
protamine sulfate was added to the supernatant at 16 mg/g of cell pellet wet weight, stirred on ice
for 15 min and clarified lysates were obtained by centrifugation at 20,000 x g for 15 min at 4 °C.
The collected supernatant was filtered with a 0.45uM syringe filter (Millipore) and loaded onto a
Ni*"-charged His-Trap column (GE Healthcare) equilibrated in IMAC buffer and eluted at a 15
min linear gradient of 30 mM to 500 mM imidazole at a flow rate of ImL/min. Fractions were
collected in 1 mL 96 deep well plates (USA Scientific) at a rate of 0.33 min/fraction. Peak
fractions determined by Coomassie staining, were diluted in gel filtration (GF) buffer (50 mm

Tris-HCI, pH 7.5, 200 mm NaCl) to lower the concentration of imidazole and further
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concentrated to ~300 uL by centrifugation at 1940 X g at 4 °C in an Ultra-4 centrifugal device
(Amicon). Retentate was injected onto a Superdex 200 10/30 GF column (GE Healthcare)
equilibrated in GF buffer, which ran for 60 min at a flow rate of 0.5 mL/min. Eluted protein
fractions were collected at a rate of 0.66 min/fraction. PfGDPD peak fractions were determined
at 280 nm on a NanoDrop 1000 spectrophotometer (Thermo Scientific), pooled and snap frozen
in liquid nitrogen and stored at -80 °C. G3PDH peak fractions were determined on a 10% SDS-
polyacrylamide gel and fractions were pooled and an aliquot was stored at 4 °C in 50 % glycerol
and the remaining was snap frozen in liquid nitrogen and stored at -80 °C.

PfGDPD E63A mutant and wild-type enzyme were expressed simultaneously in 1.5 L
E.coli BL21 (DE3) Rosetta 2 cells in LB/10 mM MgCl, and grown to Aggo value of 0.8. Cells
were induced with 1 mM IPTG and induced with for 5 hrs at 25 °C. Pellets were harvested and
lysed as described above. Lysates were clarified at 20,000 x g for 15 min at 4 °C and
supernatants were filtered and proteins were sequentially purified on a Ni**-charged IMAC
column and eluted at a linear gradient of imidazole from 30 mM to 500 mM. PfGDPD wild-type
peak fraction was determined at 280 nm absorbance. Peak fraction F18 from both protein

variants were exchanged into 100 mM HEPES pH 7.5 and concentrated to ~150 ul.

2.3.8 Partial Purification of Native PIGDPD

P. falciparum 3D7 parasites were grown to 20-24 % parasitemia. 864 mL of schizont and
trophozoite stage parasites were lysed with 1.5 mg/mL saponin diluted in PBS supplemented
with inhibitors (10 uM E-64, 10uM pepstatin and 1 mM AEBSF) for 15 min on ice. Parasite
lysate was spun at 1940 X g for 10 min at 4 °C. Membrane fractions were removed at 100,000 x
g for 1 hr to and filtered through a 0.45 uM syringe filter (Millipore) and immediately injected
onto an Mono Q 5/50 GL (GE Healthcare) column equilibrated in 20 mM bis-trissHCI pH 6.0.
Bound protein was eluted with linear gradient from 0 tol M NaCl. Protein was eluted a flow rate
of 0.75 mL/min an eluted around 400 mM NaCl. Fractions were collected at a rate of 0.75
min/fraction. Immuno dot-blot analysis with anti-PfGDPD was used to determine peak fractions,
which were pooled and loaded on to a Superdex 200 10/30 GF column equilibrated in 50 mM
Tris-HCI pH 7.5, 200 mM NaCl. Protein concentration of a peak fraction from anion exchange
purification was calculated by quantitative immunoblotting using a standard curve generated

with known concentrations of recombinant PfGDPD.
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2.3.9 Enzyme Assays and Kinetic Analysis

PfGDPD activity was analyzed using two end-point assay techniques; 1) glycerol-3-
phosphate (G3PDH) coupled spectrophotometric assay and 2) Choline oxidase assay. G3PDH
coupled assay measures the production of glycerol-3-phosphate (G-3-P) produced by the
reversible oxidation of G-3-P to dihydroxyacetone phosphate (DHAP) and reduction of
nicotinamide adenine dinucleotide (NAD") to NADH at an absorbance of 340 nm, catalyzed by
G3PDH (Figure 2-3) [5, 21]. To move the reaction in a forward favorable direction, buffer
containing 0.2 M hydrazine pH 9.5, was used to DHAP through a Schiff base mechanism [21].

The 1° assay master mix containing 10 uL. 200 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.5 or 200 mM sodium acetate pH 5.5, 2 uL. 100 mM
MgCl, and 1. 5 pL. 0.69 uM of recombinant PfGDPD or 1.3 uM of native PfGDPD, was pre-
incubated in a Bio-Rad S1000 thermocycler for 15 min at 37 °C, after which 6.5 uLL
glycerophosphocholine (GroPC) (Sigma) substrate mix containing 150 mM NaCl and MilliQ-
H,0, was added at a concentration range of 0 mM to 10 mM. The 20 pL reaction was allowed to
proceed for 30 min at 37 °C, after which was heat quenched at 95 °C for 5 min and cooled to 25
°C. 13.7 pL from 1° assay was transferred to a 2° assay mix with a total volume of 30 pL
containing 15 pL 0.4 M hydrazine/ 1 M glycine/ 5 mM EDTA buffer pH 9.5, 1.16 pL. 60 mM
NAD" and 0.15 uL 10 pug/ uL G3PDH. After 30 min incubation at 25 °C in a 96 well plate
microplate, NADH produced was determined at 340 nm on a Spectramax microplate reader or a
Nanodrop spectrophotometer. To ensure enzyme activity was within the linear range, purified
PfGDPD was serially diluted and assayed at 0, 3,10 and 30 ng with 2 mM GroPC substrate, as
described above. The estimated glycerol-3-phosphate concentration in the 2° assay is ~91.3 uM.
30 ng Pf{GDPD resulted in ~ 5 % substrate cleavage, which was determined by the absorbance of
50 uM glycerol-3-phosphate standard. NADH concentration was determined using an extinction
coefficient of 6300 M'ecm™. Kinetic parameters (K, Keat, Kea/Km) Were determined using

Kaleidagraph 4.1, by a non-linear regression fit to Michaelis-Menten equation:

V = |E|0 Slkcat
K +[S]
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Figure 2-3. Schematic of G3PDH coupled spectrophotometric assay. The phosphodiester bond of
glycerophosphocholine (GroPC) is hydrolyzed to release glycerol-3-phosphate (G-3-P) and choline. In a redox
reaction, G-3-P is oxidized to dihydroxyacetone phosphate (DHAP) by glycerol-3-phosphate dehydrogenase
(G3PDH) and nicotinamide adenine dinucleotide (NAD") is reduced to NADH and absorbance is recorded at 340
nm.

Choline oxidase assay detects the production of choline. This assay was employed to
assess PfGDPD activity against GroPC and lysophosphatidylcholine (LPC); 1-Lauroyl-2-
Hydroxy-sn-Glycero-3-phosphocholine (LPC6:0) and 1-Hexanoyl-2-Hydroxy-sn-Glycero-3-
phosphocholine (LPC12:0) (Avanti Polar Lipids). 50 uL of 10 mg/mL LPC in chloroform were
transferred to glass vials and dried under a stream of nitrogen. The lipid residue was further
desolvated for 1 hr 20 min in a CentriVap concentrator (LabConco) and reconstituted in 352 uLL
(LPC6:0) and 284 uL (LPC12:0) of solvent containing 125 mM Tris pH 8.5, 5 mM MgCI*" to a
final concentration of 4 mM. The 1° assay buffer mix consisted of 45 uL. 250 mM Tris buffer pH
8.5,6.75 uL. 2 M NaCl, 9 uL 100 mM MgCl, and 0.75 uL MilliQ-H,0. PfGDPD was added at a
volume of 6 uL to the buffer mix at different amounts (6, 12, and 24 ng), incubated at 37 °C for
15 min in a Bio-Rad S1000 thermocycler. To start the reaction, 22.5 uL of 1 mM LPC substrate
was added to the enzyme mix and incubated for 30 min at 37 °C. The reaction was heat
inactivated at 95 °C for 5 min and cooled to 25 °C, after which 10 uL of the 2° assay master mix
was added to 1° reaction at a total volume of 100 uL. The 2° mix consisted of a 10 x stock
containing 1 uL of 100 U/ml choline oxidase, 1 uL of 100 mM 3-(p-hydroxyphenyl)propionic
acid (HPPA) and 1 uL 18 U/ml horseradish peroxidase (HRP). Reaction proceeded for 10 min
on bench-top in a 96 well half-area plate (Corning), after which oxidized HPPA was recorded at

340 nm using a Victor’ microplate fluorometer (PerkinElmer).
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Figure 2-4. Schematic of choline oxidase assay. Lysophosphocholine (LPC) is hydrolyzed to lysophophatidic acid
(LPA) and choline. Choline is oxidized by choline oxidase (Cho ox) to generate hydrogen peroxide (H,0,), which
serves as the oxidizing agent for horse radish peroxidase (HRP) oxidation of 3-(p-hydroxyphenyl)propionic acid
(HPPA), which forms a fluorescent dimer that can be detected at an emission wavelength of 340 nm.
2.3.10 PfGDPD Metal Ion Dependency

The metal ion preference for native enzyme was examined with 10 mM Mg”*, 0.1 mM
Co*", 1 mM Mn*" and Zn** and Cu*" at concentrations of 0.1 mM and 1 mM, The volume of
enzyme to yield 10 % substrate cleavage was estimated by comparing absorbance of 3-fold serial
dilutions of enzyme assayed against 2 mM GroPC to an internal control of 50 uM glycerol-3-
phosphate. 3 uL of enzyme was incubated with 12 uLL 10x metal stock, 60 uL. 200 mM HEPES
pH 7.5 and 33 uL MilliQ-H,0 for 15 min at 37°C. After with 12 uL of 20 mM GroPC substrate
was added and incubated for 30 min at 37 °C. Reaction was heat quenched at 95 °C for 5 min and
91.3 uL from the 1° assay was added to the 2° assay containing 7.7 uL 60 mM NAD", 100 uL
0.4 M hydrazine/ 1 M glycine/ 5 mM EDTA buffer pH 9.5 and 1 pL 10ug/ uL. G3PDH.

The metal ion preference of recombinant PFGDPD was assessed by incubating 1.5 uL of
0.72 uM PfGDPD with 12 uL of Mg”" or Ca*" (10 mM and 100 mM) and 10 mM EDTA, 60 uL
200 mM HEPES pH 7.5, 9 uL 2 M NacCl and 25.5 uL MilliQ-H,0. The enzyme mix was
incubated for 1 hour at 30 °C, after which 12 uL of 20 mM GroPC substrate was added to start
the 30 min reaction at 37 °C. Reaction was heat quenched and a 91.3 uL aliquot from 1° assay

was added to the 2° assay containing 7.7 uL 60 mM NAD", 100 uL 0.4 M hydrazine/1 M
glycine/5 mM EDTA buffer pH 9.5 and 1 pL. 10ug/ ul. G3PDH.
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2.4 RESULTS
2.4.1 Sequence Analysis

To identify lipolytic enzymes targeted to the food vacuole, we employed a bioinformatics
approach and performed a homology and a text search for phospholipases and lipases annontated
in the Plasmodium genome (PlasmoDB.org). Prior studies of food vacuole enzymes suggest
these enzymes have a transmembrane domain and/or a signal peptide, which directs proteins to
localiztion. Accordingly, we performed a limited follow up search using these criteria and
identified 6 candidate genes: PF14 0060, PF14 0015, PF14 0250, PFC0065C, PF11 0276 and
MAL13P1.285. Reporter tag constructs were generated and protein distribution was analyzed
microscopically, revealing only one highly expressed protein, previously annotated as putative
lipase and re-annotated as a glycerophosphodiester phosphodiesterase, termed PfGDPD. The
protein consists of 475 amino acid residues encoded by a 1.4 kilo base single-exon gene (gene
ID: PF14_0060) on chromosome 14 with a predicted molecular mass of 56 kDa. Orthologues are
found in genome sequences of Plasmodium species, P. vivax, P. chabaudi, P. knowlesi and P.
berghei. Sequence analysis of PftGDPD revealed a GDPD-insert (GDPD-I) domain of 88 amino
acids at the amino-terminus found within the conventional triosephosphate isomerase (TIM)
barrel protein fold, unique to GDPDs [9]. Conserved residues were identified as His29, Arg30,
Gly31, Glu45, Glu63, Asp65, Lys70, Asp71, His78, Glul07 (Figure 2-5). The proposed catalytic
histidine residues were identified as His29 and His78 and residues Glu44, Asp46 and Glul 19,
were identified as the metal binding residues. Analysis of the first 70 residues with the signal
peptide prediction algorithm SignalP 4.0 revealed a putative signal peptide from residues 1 to 16,
which have been identified in other GDPD homologues [6, 22, 23].
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Figure 2-5. Alignment of the N-terminal region of GDPD homologues. PfGDPD (P. falciparum); ttGDPD (T.
tengcongensis); GlpQ (E.coli); UgpQ (E.coli); spider venom sphingomyelinase D (SmaseD) from Loxosceles laeta.
Conserved residues are indicated with the arrows. Underlined sequence indicates the predicated PfGDPD signal
sequence The alignment was generated with T-coffee multiple alignment server [24] and colored using Jalview 2.4
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2.4.2 PfGDPD Localization

To assess the cellular distribution of PfGDPD, we generated stable parasite lines
expressing PfGDPD fused to YFP (PfGDPD-YFP), via a single crossover homologous
recombination approach (Figure 2-4A). Since multiple parasites can infect a single red blood cell
(RBC), we generated parasite lines derived from a single infected RBC, designated as clones F12,
BS5, E8 and D9. The parasite clones were subsequently genotyped using Southern blotting to
confirm integration of PfGDPD-YFP plasmid into the chromosome. To differentiate plasmid
integration events, our analysis employed EcoRI restriction enzyme digest with probes specific
to 3’end of the gene and 3D7 wild-type parasites as a negative control (Figure 2-6A). In the
event of plasmid integration into PfGDPD locus, the 3’ end of the gene would be duplicated; and
therefore would be detected as two bands at the expected sizes of 3.0 kb and 10 kb. In contrast, a
non-integration event would be detected at a size of 5.9 kb. As expected, our analysis revealed
the chromosomal insertion of PFGPDP-YFP plasmid into the PEGDPD gene locus, indicated by
presence of 3 kb and 10 kb bands, of which is clearly absent from 3D7 wild-type parasites
(Figure 2-6B). With the genotype confirmed, we assessed PfGDPD protein distribution in clone
DO parasites.

Microscopic analysis, revealed the expression of the fusion protein throughout the intra-
erythrocytic asexual stages within the cytosol, encircling the parasite in the parasitophorous

vacuole (PV) space and less intensely within the acidic food vacuole (FV) (Figure 2-7A). Since
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our aim was to identify lipolytic enzymes potentially trafficked to the FV, we were interested in
confirming PfGDPD food vacuole distribution. To achieve this, we took advantage of the
reversible acid-base equilibrium of YFP between the non-fluorescent dark state and fluorescent
states [26, 27], by photobleaching the cytosolic fluorescent species through repetitive exposures
in an attempt to visualize the YFP species in the FV. As illustrated in Figure 2-7B, the presence
of Pf{GDPD in the food vacuole is clearly visible, and our analysis of PfGDPD enzymatic activity
within the lumen will be discussed further.

In addition to confirming protein localization to FV, we also assessed PfGDPD
distribution in the PV cellular compartment, a space that surrounds the parasite, isolating it from
the host cell within a semi-permeable membrane. Accordingly, we addressed PV localization by
incubating parasites with saponin, a pore-forming detergent that permeabilizes both erythrocyte
and PV membranes that results in the leakage of PV contents, identifiable as a loss of rim
fluorescence. Following centrifugation, parasites were immediately imaged and PfGDPD
fluorescence was observed strictly confined in the cytosol, thus confirming PV distribution
(Figure 2-7C). In addition to PfGDPD expression in the intra-erythrocytic stages, the fusion
protein was also expressed in gametocytes, but only observed as a cytosolic distribution (Figure
2-7D).

To support our PfGDPD fluorescence studies, we assessed protein cellular distribution by
immnoblotting. 3D7 and clone ES8 parasites were fractionated into whole cell (WC) extracts,
supernatant (S) and pellet (P) parasite extracts, of which the latter two were obtained by saponin
treatment. An average of 1 x10’ parasites were loaded in each extract and subjected to
immunoblotting with affinity purified anti-PfGDPD antibody generated in rats. PfGDPD was
detected in 3D7 extracts at the native size of 50 kDa, however in the clonal extracts, we observed
the presence of both the intact 75 kDa fusion protein in the all fractions and the 50 kDa protein
the pellet extract (Figure 2-7E).
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Figure 2-6. Homologous recombination strategy and Southern analysis of PEGDPD-YFP clones. A) Schematic
diagram of a single crossover homologous recombination approach to generate parasites expressing fluorescently
tagged PfGDPD fusion protein. Diagram depicts the sites of EcorRI (E) restriction digest and hybridization site with
3’ gene-specific Southern probes, as indicated by the red bar. Expected fragment sizes are indicated in kilobases for
the endogenous PfGDPD locus (wild-type), YFP plasmid and the event of a single-crossover integration (intl and
int2). The white box represents the PfGDPD coding region, the black box indicates the YFP fusion tag, the green
line corresponds to the plasmid backbone. The diagrams are not drawn to scale. B) Southern analysis of 2 ug total
DNA isolated from 3D7 parasites and PfGDPD-YFP parasite clones, F12, BS and D9 and 1 ug of plasmid control.
The plasmid band in PfGDPD-YFP clonal lines indicates the integration of episomal concatemers, which when
digested, produces the same size band as the plasmid.

The faint 50 kDa band results from the clipping of the 25 kDa YFP tag. Several studies
have observed this phenomenon, which has been attributed to the presence of active proteases
within acidic compartments as the food vacuole [28-30]. Therefore, the untagged protein reflects
the presence of PfGDPD in the food vacuole as previously observed in our fluorescence studies.
In addition, PV localization is confirmed, as observed in supernatant fractions that consist of

soluble PV and RBC content generated from saponin treatment.
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Figure 2-7. Localization of PfGDPD in intra-erythrocytic P. falciparum. A) Fluorescence microscopy of live
clone D9 parasites expressing a complex distribution of PfGDPD-YFP; 1. Rings. 2. Young trophozoite. 3. Mature
trophozoite. 4. Schizont. 5. Segmenters. B) Photobleaching of clone D9 parasites obtained after 3 consecutive
imaging (Exposure 1) to reveal YFP fluorescence in the food vacuole (Exposure 2), indicated by the arrow. C)
Saponin treated trophozoite stage D9 parasites showin