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Summary

Summary
The most deadly malaria parasite, Plasmodium falciparum, has a complex life
cycle consisting of asexual and sexual stages within its host cell, the human erythrocyte.
Host cell invasion is powered by an actin/myosin motor complex (glideosome) that is
linked to an inner membrane complex (IMC) via a membrane anchor, glideosomeassociated protein-50 (GAP50). P. falciparum transfectants expressing green fluorescent
protein (GFP) chimeras of PfGAP50 have been generated to study the dynamics and
formation of the IMC. Using long term live cell imaging, this study demonstrates that
PfGAP50-GFP is initially located in the endoplasmic reticulum and redistributed to a
ring-like structure at the apical end of the nascent merozoite once the parasite
commences cell division. Structured illumination microscopy reveals the early stage of
the IMC as a double-holed flat ellipsoid that divides to form claw-shaped apposed
structures.
This study has shown that a mutant of PfGAP50 lacking the C-terminal
transmembrane domain is mistrafficked to the parasitophorous vacuole while a
PfGAP50 mutant lacking the phosphatase domain is still correctly trafficked to the IMC.
Immunoprecipitation studies have found that PfGAP50-GFP interacts with glideosome
proteins in the previously uncharacterised gametocyte IMC (gIMC) during the sexual
part of the life cycle. P. falciparum gametocytes develop a characteristic elongated
banana-like shape as they mature. High resolution fluorescence microscopy images of
PfGAP50-GFP expressing gametocytes suggest that the gIMC along with coordinated
assembly of a sub-pellicular microtubule network may have a role in this cellular
modification.
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Chapter 1

Chapter 1

1.1

Introduction

Background to malaria

Malaria is a disease caused by apicomplexan protozoan parasites of the
Plasmodium genus and is transmitted through the bites of infected Anopheles
mosquitoes. Five species of the Plasmodium parasite can cause human malaria (P.
falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi) but P. falciparum is the
cause of the most virulent form, accounting for over 90% of the associated deaths.
Malaria is endemic in 108 countries worldwide, of which 81 harbour the P. falciparum
strain (Figure 1.1). There are an estimated 225 million clinical cases of malaria
worldwide annually, resulting in approximately 781,000 deaths per year with over 80%
of those occurring in sub-Saharan Africa (WHO World Malaria Report, 2010). The
number of reported malaria deaths has been dropping in modern times with 781,000
reported in 2009 down from 947,000 in 2004; however, these figures are thought to be
gross underestimations of the actual number of deaths worldwide (WHO World Malaria
Report, 2010). Children under the age of 5 years are the largest group affected by
malaria accounting for almost all deaths, while pregnant women are the most at risk
group among adult populations.

1

Figure 1.1 Global distribution of malaria. Global distribution of all strains of malaria. Shaded areas show the 108 countries in which malaria is
considered endemic (including those in the „prevention of reintroduction phase‟). Figure obtained directly from (WHO World Malaria Report, 2009).
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Outside of Africa, P. vivax is the most widespread of all malaria parasites,
accounting for over 50% of all infections (WHO World Malaria Report, 2010).
However, this species usually causes an uncomplicated form of malaria that rarely
results in death (Na-Bangchang & Congpuong, 2007). The emergence of strains of P.
vivax and P. falciparum that have become resistant to chloroquine, the standard malaria
treatment from 1945 - 2000, has lead to the demand for new antimalarial agents
(Wellems & Plowe, 2001). Strategies are in place to closely monitor the emergence of
strains resistant to more recent drug treatments (Shah et al., 2011). Reported cases of P.
vivax malaria are becoming more common, particularly in areas of south East Asia,
where it co-exists with P. falciparum (Congpuong et al., 2002). This could be due to the
concentrated (and somewhat successful) efforts to control P. falciparum.

Endemic malaria was eradicated from Australia by 1981, however, imported
cases still occur at a reported rate of 600 to 900 each year (Brian et al., 1996; Chih et al.,
2006). The annual rate of imported malaria cases is increasing in developed countries
such as Australia due to more people traveling to tropical malaria-endemic areas
(Robinson et al., 2001). It is estimated that only 20 to 25% of imported malaria cases are
reported, so the actual impact of malaria on Australia could be significantly higher
(Kondrachine & Trigg, 1997). Northern parts of Australia (above latitude 19º S) are
most at risk of re-introduction of malaria due to the presence of Anopheles mosquitoes in
these areas, and climate change could potentially extend the habitat of the mosquitoes
further south (Brian et al., 1996).

The most effective treatments for malarial infections today are artemisinin-based
combination therapies (ACT) (Oyakhirome et al., 2007). Artemisinins are a very
effective family of antimalarial compounds derived from the plant Artemisia annua
3
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(Woodrow et al., 2005). Since 2000, many countries have officially replaced
chloroquine with ACTs, such as artesunate-amodiaquine or artesunate-sulphadoxinepyrimethamine, as the government recommended malaria treatment, though in many
malaria-endemic areas this is proving difficult to implement due to the much higher cost
of artemisinin (Bonnet et al., 2007; Oyakhirome et al., 2007). With the further
worldwide emergence of multi-drug resistant strains of P. falciparum and P. vivax, there
remains a demand for novel and cost-effective treatments and there is much emphasis
put on the development of an effective vaccine against malaria (Sinden, 2010).

1.2

The life cycle of Plasmodium falciparum

The life cycle of P. falciparum takes place within two hosts (Figure 1.2). The
asexual cycle in the human host is divided into two stages. Sporozoites infect liver cells,
where asexual division takes place and, after approximately 5 to 8 days, the infected
liver cells burst to release thousands of merozoites (daughter cells) into the bloodstream.
These in turn infect RBCs, where they continue to grow and divide, releasing up to 32
merozoites into the bloodstream, which can continue to infect new RBCs (Hviid, 1998).
The intraerythrocytic part of the P. falciparum life cycle takes approximately 48 hours
and the parasite progresses through morphologically distinct stages termed „ring‟,
„trophozoite‟, „schizont‟ and „merozoite‟. The clinical symptoms of malaria, such as
fever, headaches, muscle aches and general „flu-like‟ symptoms, present during the
asexual intraerythrocytic stage of the cycle (Hviid, 1998; Na-Bangchang & Congpuong,
2007). It is during this stage that P. falciparum infections can cause particular
complications leading to death. It is for this reason that the majority of the documented
research efforts, including the focus of parts of this thesis and of the subsequent

4
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proposed studies, relate to events within the intraerythrocytic stages of the malaria
parasite life cycle.

Figure 1.2 Life cycle of the malaria parasite. This schematic diagram of the life cycle
of the malaria parasite has particular emphasis on the growth and asexual division within
the RBC characterised by the morphologically distinct forms: rings, trophozoites and
schizonts. The period from invasion of the RBC through to release of merozoites takes
approximately 48 hours. The research presented in this project focuses on events during
the intraerythrocytic stages of the P. falciparum life cycle. Figure obtained directly from
(Winzeler, 2008).

During the 48 hour asexual cycle, a proportion of parasites commit to the
formation of male and female gametocytes. Commitment to gametocytogenesis is
known to occur one life cycle prior to the emergence of gametocytes with each
merozoite from a given schizont committing to either the sexual or asexual pathway
although the exact mechanisms and timing of commitment are unknown (Bruce et al.,
1990; Talman et al., 2004). Gametocytes mature through five morphologically
5
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distinguishable stages over a period of 8 - 10 days and the mature stages are ingested
when the host mosquito takes a blood meal (Dixon et al., 2008b). The gametocytic
stages of the life cycle have not been studied as extensively as the asexual stages but are
solely responsible for human to mosquito transmission. Greater understanding of these
stages is needed to strengthen efforts to eradicate malaria through blocking transmission.
For further information relating to P. falciparum gametocytes see section 1.5.

The sexual stage takes place in the gut of the Anopheles mosquito where
fertilization of the gametes takes place to form a zygote. The zygote matures and
develops into an ookinete that migrates through the tissue of the mid-gut to form an
oocyst. The oocyst undergoes a series of changes and forms multiple sporozoites that
migrate to the salivary glands. The sporozoites produced are then able to be transferred
to a new human host when the mosquito takes another blood meal.

The studies presented in this thesis concentrate on events occurring within the
intraerythrocytic P. falciparum life cycle stages, in particular, merozoite invasion of red
blood cell and the development of P. falciparum gametocytes.

1.3

Merozoite invasion of host red blood cells
1.3.1 Overview of invasion
During the life cycle of P. falciparum, the parasite undertakes four invasive

steps; invasion of sporozoites into the salivary gland of the mosquito host, invasion of
ookinetes into the mosquito gut wall, invasion of sporozoites into liver cells of the
human host and invasion of merozoites into human red blood cells (see Figure 1.2).
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During the period P. falciparum spends inside the RBC, the parasite resides
inside a parasitophorous vacuole (PV) surrounded by the PV membrane (PVM) (see
Figure 1.2). This unique compartment serves as a barrier between the host and the
parasite, restricting free access of secreted host cell proteins into the parasite cytoplasm
(Lingelbach & Joiner, 1998). The PVM is formed during invasion and is made up of
parasite derived lipids and of lipids from the RBC membrane (Dluzewski et al., 1992;
Lingelbach & Joiner, 1998; Ward et al., 1993). Invasive stages of P. falciparum, such as
the free merozoite, are not protected by either a PVM or a host cell so are vulnerable to
the host cell‟s immune system, providing a potential target for vaccines.

Merozoite invasion of human red blood cells can be divided into five distinct
steps (Figure 1.3). First, a merozoite first attaches to the red cell surface through
interactions by merozoite surface proteins with a number of host cell receptors (Friedrich
et al., 2010). Second, re-orientation of the merozoite occurs so that the apical tip is
facing the host cell resulting in formation of the tight junction, or point of contact
between the merozoite and the host cell (Bannister et al., 2003). At this point the protein
and lipid contents of the unique apical organelles, the rhoptries, micronemes and dense
granules, are secreted and contribute to the formation of the PV (Baldi et al., 2000;
Cowman & Crabb, 2002; Kats et al., 2006). Third, merozoite invasion into the red blood
cell is driven by an actomyosin motor that is anchored to an inner membrane complex
(IMC) lying inside the parasite plasma membrane (Keeley & Soldati, 2004). The IMC
and its components are further discussed in section 1.3.2. During invasion, the moving
junction migrates toward the posterior end of the merozoite and the proteins on the
merozoite surface are shed (Harris et al., 2005). Fourth, once the tight junction reaches
the posterior of the merozoite, the PVM and the parasite plasma membrane are pinched
off leaving the parasite completely inside the PV (Aikawa et al., 1978). Fifth, the IMC
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and the invasion-specific secretory organelles are degraded and the parasite is now in the
„ring stage‟ and continues throughout the 48 hour asexual life cycle (Figure 1.2).

The events of invasion are rapid and begin immediately following egress from
the previous host cell. High speed video microscopy has shown that a merozoite can
attach to a host red blood cell and form a tight junction within 5 seconds of egress and
the subsequent invasion process takes 15 – 30 seconds (Gilson & Crabb, 2009). Recent
advances in merozoite isolation and fluorescence microscopy techniques have allowed
the events of invasion to be visualized in greater detail than ever before; however, the
process continues to be the focus of much research (Abkarian et al., 2011; Boyle et al.,
2010; Riglar et al., 2011).

1.3.2 The inner membrane complex of P. falciparum merozoites
Invasive forms of P. falciparum and other apicomplexan parasites have a
characteristic pellicle. The pellicle of Apicomplexa consists of the parasite plasma
membrane, the two membranes of the inner membrane complex (IMC), which lie
immediately inside the plasma membrane, and an underlying network of microtubules
and alveolin proteins (Hepler et al., 1966; Ogino & Yoneda, 1966). The IMC is a
characteristic of Alveolata, the group to which apicomplexan parasites belong (CavalierSmith, 1993). The origins of the IMC are poorly understood and it has been described as
being derived from either the endoplasmic reticulum (ER) or the Golgi apparatus (de
Melo & de Souza, 1997; Ferguson et al., 2008; Gubbels et al., 2006; Hu et al., 2006).
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2. Re-orientation

1. Attachment
3. Invasion

6. Ring stage

5. Re-modeling

4. Internalization

Figure 1.3 Stages of merozoite invasion. Schematic diagram depicting the steps of
merozoite invasion of a human red blood cell. 1. Attachment to the host cell surface. 2.
Re-orientation and formation of the tight junction. 3. Invasion driven by an actomyosin
motor. 4. Internalization and the formation of the PV. 5. Re-modeling of the merozoite
including the loss of the inner membrane complex and the rhoptries. 6. A ring stage
parasite ready to begin the 48 hour asexual life cycle.

The IMC of P. falciparum merozoites has been described as a continuous
flattened cisternal structure and is distinguishable from the plasma membrane by
electron microscopy (Bannister et al., 2000; de Melo & de Souza, 1997). It is involved
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in the invasion of human red blood cells by P. falciparum merozoites. It is the anchor
point for a complex of proteins termed the „glideosome‟ that are responsible for
providing the cell with the ability to undergo gliding motility (Opitz & Soldati, 2002).
Various models presented over recent times have depicted the IMC as extending either
part way or entirely around the merozoite periphery and it has been depicted as either
continuous or as multi-vesicular (Agop-Nersesian et al., 2010; Bannister & Mitchell,
2009; Baum et al., 2006a). A current model of the P. falciparum merozoite, showing the
relative location of invasion related organelles and structural components, is presented in
Figure 1.4.

Figure 1.4 The P. falciparum merozoite. A. A current model of the P. falciparum
merozoite. The inner membrane complex is shown extending from the apical tip around
the entire periphery of the merozoite. The underlying microtubules are shown extending
half way around the parasite from the apical tip. B. A transmission electron micrograph of
a P. falciparum merozoite during invasion of a human red blood cell (RBC). Merozoitespecific features are indicated with arrows. Figure taken directly from Bannister and
Mitchell (2009).
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1.3.3 The glideosome
The mechanism by which parasites propel themselves forward into the host cell
has been described for both P. falciparum and the analogous apicomplexan parasite, T.
gondii, and an actomyosin motor has been implicated through the use of actin inhibitor
studies (Dobrowolski & Sibley, 1996; Miller et al., 1979; Russell & Sinden, 1981;
Sibley et al., 1998). The mechanism is thought to involve myosin pushing against
filamentous actin, which interacts with a transmembrane receptor protein (merozoite
thrombospondin-related anonymous protein, mTRAP) to propel the cell forward
(Buscaglia et al., 2003; Pinder et al., 1998). It is likely that the tail of mTRAP binds
indirectly to actin through an aldolase bridge (Buscaglia et al., 2003). Pinder et al.
(2000) showed that myosin A (PfMyoA) and actin are located in the space between the
IMC and the plasma membrane and Bergman et al. (2003) showed that the myosin A tail
domain interacting protein (PfMTIP) is located at the IMC in P. falciparum merozoites;
therefore, the IMC is the likely anchor point for the actomyosin motor. The structure of
PfMyoA and PfMTIP in complex has been determined using X-ray crystallography
(Bosch et al., 2006; Bosch et al., 2007).

More recently, the proteins anchoring PfMyoA and PfMTIP to the IMC,
glideosome associated proteins 45 and 50 (PfGAP45 and PfGAP50 respectively), have
been described (Baum et al., 2006b; Jones et al., 2006). PfGAP45 and PfGAP50 are
homologues of the previously described T. gondii GAP45 and GAP50 proteins (Gaskins
et al., 2004). TgGAP50 was the first described transmembrane protein of the IMC and
immunoprecipitation studies showed that it is in complex with TgGAP45, TgMyoA and
the T. gondii myosin-A light chain, TgMLC (Gaskins et al., 2004). It has since been
shown that both PfGAP45 and TgGAP45 are also anchored to the IMC through acylated
residues providing more stability to the glideosome (Rees-Channer et al., 2006). The
11

Chapter 1

regulation of some glideosome components, including the phosphorylation of PfGAP45
by CDPK1 and the recycling of actin filaments by cofilin, profilin and formin, have been
studied but no such regulatory events have been suggested for PfGAP50 (Baum et al.,
2006a; Green et al., 2008).

Although localization of glideosome proteins to the P. falciparum IMC has been
shown using immunofluorescence microscopy on fixed cells, the trafficking pathways
by which these glideosome proteins come to be located at the IMC are not understood
(Baum et al., 2006b; Jones et al., 2006). Since the discovery of PfGAP50, other IMC
transmembrane proteins have been described and it is likely that many more components
of the pellicle are still to be identified (Bullen et al., 2009; Rayavara et al., 2009). A
schematic diagram of the current model of the organisation of glideosome proteins and
other components within the IMC of P. falciparum merozoites is presented in Figure 1.5.

Figure 1.5 Organisation of the inner membrane complex. A diagram showing the
organisation of the P. falciparum merozoite IMC with associated glideosome proteins
indicated. The IMC sits inside the parasite plasma membrane and has an underlying
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microtubule network associated with alveolin proteins (ALV). The transmembrane GAPM
protein sits in the inner membrane of the IMC. The MyoA-MTIP complex is anchored to
the outer membrane of the IMC via interactions with glideosome-associated proteins
GAP45 and GAP50 and „walks‟ along a network of actin filaments. The movement of
actin provides force to move the membrane-spanning protein TRAP via an interaction
with aldolase. TRAP pushes against a host cell receptor propelling the parasite forwards.
Proposed interactions between GAPM and the IMC and/or GAP50 are indicated with
dotted lines. Figure taken directly from Bullen et al. (2009).

1.4

Protein trafficking in P. falciparum

The presence of unique destinations, such as the PV and host cell cytoplasm, and
unique organelles such as the apical compartments, the IMC and the digestive vacuole
(DV), distinguish the protein trafficking pathways of the parasite from the protein
trafficking pathways of other eukaryotes such as yeast and mammals (Foley & Tilley,
1998; Jackson et al., 2004; Slomianny & Prensier, 1990). The protein trafficking
pathways of P. falciparum (both internal and external) have been, and continue to be, the
focus of much research. However, the trafficking of glideosome proteins to the IMC of
P. falciparum merozoites has not been widely studied. To appreciate the diversity and
complexity of P. falciparum protein trafficking pathways, a summary of some of the
most well studied pathways follows.

1.4.1 Protein trafficking in the malaria parasite cytoplasm
All eukaryotic cells contain a nucleus and several membrane-bound sub-cellular
compartments that each require a specialized set of proteins to carry out different tasks.
The destination of a particular protein is usually determined by one or more molecular
signals, which can include specific amino acid signal sequences within the protein or
post-translational modifications such as glycosylation or ubiquitination. Proteins
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destined for transport through the secretory pathway are first folded and processed in the
endoplasmic reticulum (ER) and then transported to the required destination (Wieland et
al., 1987). Transport of proteins is usually mediated by coated vesicles that bud off from
the ER and deliver the protein cargo to the required destination, often with some further
en route modification such as glycosylation (Nickel & Wieland, 1998). Although
complex, this system is very well characterised in yeast and mammalian cells. A
schematic diagram of classical secretory pathways of higher eukaryotes is presented in
Figure 1.6.

Endocytic
vesicle
Plasma membrane

Early
endosome
Golgi

Late endosome
(multivesicular body)

Lysosome

ER

Nucleus

Figure 1.6 Classical secretory pathways of higher eukaryotes. Black arrows indicate
the routes of proteins targeted to the plasma membrane, endosomes, or lysosome. Red
arrows indicate retrograde transport routes taken by resident Golgi or ER proteins and for
receptor recycling. Green arrows indicate endocytosis of molecules en route to the
lysosome for degradation. Some cargo destined for trafficking from the ER to the
lysosome is transported via the plasma membrane and subsequently endocytosed, while
some cargo takes a more direct route via the late endosome.
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P. falciparum contains some of the elements of a classical eukaryotic secretory
system, including an ER, a „Golgi-like‟ complex and the presence of coat proteins (e.g.
COPI, COPII) indicating coated vesicle-mediated transport of secreted proteins (Albano
et al., 1999). Some P. falciparum proteins contain a cleavable N-terminal signal
sequence (Foley & Tilley, 1998). In many cases, this is similar to the very well
characterised 10 to 14 amino acid N-terminal signal sequences which, in the classical
eukaryotic system, directs proteins into the ER as the first step in the secretory pathway
(Heijne, 1985). However, in some exported proteins the hydrophobic core of the signal
sequence can be recessed 20 to 80 amino acids from the N-terminus (Lingelbach, 1993).
Moreover, the presence of specialized organelles such as the DV, rhoptries, micronemes,
dense granules, the apicoplast and the IMC complicates the protein sorting procedure in
P. falciparum. The identification of signal sequences directing proteins to these
organelles is being pursued in order to understand more about the differences between
the trafficking pathways of malaria parasites and those of classical eukaryotic systems
(McIntosh et al., 2007; Subramanian et al., 2007).

1.4.1.1 Protein trafficking to the digestive vacuole
The DV of P. falciparum is one of the most well studied unique parasite
organelles. It is a major feature of trophozoite stage malaria parasites and is where at
least 75% of the hemoglobin from the host RBC cytoplasm is broken down to amino
acids by proteolysis to be used for the parasite‟s growth and development (Goldberg et
al., 1990). Hemoglobin is taken up from the RBC cytoplasm by invaginations of the PV
and plasma membranes at the site of a cytostome or „mouth‟. The byproduct of
hemoglobin degradation, heme, is toxic to malaria parasites and is stored in the DV in an
inert crystalline form called hemozoin. The formation of hemozoin is not completely
understood but it is known that the quinoline based antimalarial drugs, such as
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chloroquine, act by binding to heme and preventing crystallization (Hempelmann, 2007).
Recent studies suggest that the formation of hemozoin is catalyzed by lipids and may be
initiated en route to the DV (Abu Bakar et al., 2010; Jackson et al., 2004; Pisciotta et al.,
2007). The proteins and other components of the DV and the transport vesicles,
therefore, remain major targets for the development of other unique antimalarials.

The DV is an acidic compartment that contains many proteins, including
proteases, phosphatases and hydrolases, which are important for degradation of
hemoglobin, and has been described as a lysosome-like organelle (Banerjee et al., 2002;
Saliba et al., 2003; Subramanian et al., 2007). The pH of the DV has been determined to
be 5.4 - 5.5 (Klonis et al., 2007), which is somewhat higher than the pH of primary
lysosomes of other eukaryotes. Immunoelectron microscopy and fluorescence
microscopy utilizing GFP as a reporter molecule have been among the tools used to
visualize the locations of DV proteins and to monitor trafficking to their destination
(Banerjee et al., 2002; McIntosh et al., 2007; Subramanian et al., 2007).

A GFP-tagged aspartic protease plasmepsin II (PMII) has been shown to be
transported to the parasite plasma membrane via the secretory pathway and then
trafficked to the DV via the cytostomal pathway along with hemoglobin (Klemba et al.,
2004). Other resident DV proteins, the cysteine proteases falcipain-2 (FP2) and
falcipain-3 (FP3), have also been shown to be transported to the DV via the plasma
membrane, with trafficking mediated by bipartite sorting signals flanking a
transmembrane domain (Dasaradhi et al., 2007; Subramanian et al., 2007).
Mutagenesis studies have shown that a phosphatidylinositol-3-phosphate
binding protein, termed FCP, is directed to the P. falciparum DV from the parasite
cytoplasm and bypasses the secretory pathway altogether (McIntosh et al., 2007). This
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protein contains a conserved „FYVE‟ domain similar to the motif that directs proteins to
early endosomes and other cytoplasmic endocytic organelles in mammals and yeast
(Birkland & Stenmark, 2004; McIntosh et al., 2007).

Trafficking of the chloroquine resistance transporter (PfCRT) to the DV
membrane has been shown to be a multi step process mediated by a signal anchor
sequence near the N-terminus as well as phosphorylation of a threonine residue near the
C-terminus (Kuhn et al., 2010). This emphasizes that there are differences in trafficking
signals between Plasmodium and other eukaryotes and highlights the need for further
characterisation of such signals.

1.4.1.2 Protein trafficking to the apicoplast
The apicoplast is a chloroplast-like organelle that is essential for P. falciparum
survival, therefore, apicoplast proteins may be targets for potential antimalarial agents
(Waller et al., 2000). Waller et al., (2000) identified N-terminal signal sequences in
apicoplast proteins. Using green fluorescent protein (GFP) as a reporter molecule they
showed that the sequences are sufficient to target the proteins to the apicoplast through
the secretory pathway. Fluorescence microscopy has proved to be a powerful tool in
protein trafficking studies and many other trafficking pathways in P. falciparum are now
also being studied using fluorescence microscopy to identify the location of GFP fusion
proteins (Wickham et al., 2001).

1.4.1.3 Protein trafficking to the rhoptries, micronemes and dense granules
The rhoptries, micronemes and dense granules are secretory organelles that
assemble at the apical end of merozoites and play roles in invasion of RBCs (SamYellowe et al., 1998). Proteins are directed through the secretory pathway to these
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destinations during early schizogony and are secreted from these organelles during the
invasion process (Kats et al., 2006). Some of these proteins, including mTRAP,
erythrocyte binding antigen-175 (EBA175), apical membrane antigen 1 (AMA1) and
rhoptry-associated protein 2 (RAP2), have been considered as attractive vaccine
candidates and efforts are underway to identify other merozoite surface targets (Ballou et
al., 2004; Kats et al., 2006). Trafficking of rhoptry-associated protein 1 (RAP1) was
shown to be dependent on an interaction with another rhoptry protein, rhoptry-associated
membrane antigen (RAMA) (Richard et al., 2009). Little is known about the specific
signals that direct these proteins to their destinations and characterisation of these
trafficking pathways could lead to the identification of other proteins involved in
invasion or a better understanding of the invasion process.

1.4.1.4 Protein trafficking to the IMC
Since the description of the glideosome in T. gondii and the discovery of the first
integral membrane protein of the IMC, TgGAP50, other proteins have been localized to
the IMC of both T. gondii and P. falciparum using immunochemical techniques but
trafficking pathways for these proteins have not been described (Bullen et al., 2009;
Gaskins et al., 2004; Rayavara et al., 2009). The T. gondii IMC associated glideosome
proteins TgMyoA, TgMLC and TgGAP45 have been shown to be assembled in the
cytoplasm before being translocated to the IMC where interactions with TgGAP50 occur
(Gaskins et al., 2004). A similar two step assembly of the glideosome in P. falciparum
has been suggested, with PfMyoA, PfMTIP and PfGAP45 forming a complex in the
cytoplasm while PfGAP50 may already be located at the IMC, but the trafficking
pathways to, and the signals controlling translocation of, glideosome proteins are poorly
understood (Jones et al., 2009). Phosphorylation and dephosphorylation of both
PfGAP45 and TgGAP45 have been shown to be important for correct assembly of the
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glideosome complex at the respective IMCs and it has been suggested that the P.
falciparum glideosome complex may be assembled and disassembled multiple times en
route to the IMC (Gilk et al., 2009; Jones et al., 2009).

1.4.2

Protein trafficking outside the parasite plasma membrane
Because the host RBC is a simple plasma membrane-bound cell that does not

contain any internal organelles, the parasite is presented with the unique task of
exporting the cellular machinery necessary for the trafficking of proteins across the RBC
cytoplasm and to the RBC membrane. Proteins targeted to the RBC membrane include
P. falciparum erythrocyte membrane protein 1 (PfEMP1) and knob-associated histidinerich protein (KAHRP), both of which have been shown to be essential for the virulence
of the parasite (Knuepfer et al., 2005; Marti et al., 2004). In order for proteins to reach
the RBC cytoplasm, they must first be transported through the parasite plasma
membrane (PPM), the parasitophorous vacuole (PV) and the PV membrane (PVM). This
makes for a complex export pathway and requires a number of specialized signals
(Charpian & Przyborski, 2009).

1.4.2.1 Protein trafficking to the parasitophorous vacuole and parasitophorous
vacuole membrane
The PV is the niche in which P. falciparum resides inside the host RBC. Proteins
targeted to the PVM, the RBC cytoplasm or the RBC membrane must be transported
across this space in order to reach their destination. For some proteins, such as the heatstable antigen (S-antigen) and the serine-rich antigen (SERA) family, the PV is the final
destination (Cooke et al., 2004). A cleavable ER-type N-terminal signal sequence is
sufficient for the trafficking of proteins to the PV. It has also been shown that a
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hydrophobic N-terminal signal sequence of exported protein 1 (Exp1) can direct GFP to
the PV (Adisa et al., 2003).

For many parasite proteins, trafficking to the PV is only part of the journey and
the final destination is beyond the PVM. A conserved signal sequence known as the
vacuolar targeting signal (VTS) or protein export element (PEXEL) has been identified
in a number of proteins that are transported across the PVM (Hiller et al., 2004; Marti et
al., 2004). The PEXEL/VTS motif consists of the amino acid residues RxLxE/Q/D,
where „x‟ represents any amino acid residue. Up to 8% of P. falciparum gene products
contain a predicted PEXEL/VTS motif and are predicted to be exported (Sargeant et al.,
2006). The mechanism by which the PEXEL/VTS motif operates is complex and it has
been shown to be bi-functional with processing taking place within the ER of the
parasite (Chang et al., 2008). The N-terminal regions of PEXEL/VTS containing
proteins are cleaved after the conserved leucine residue by the aspartyl protease
Plasmepsin V and subsequently N-acetylated (Boddey et al., 2010; Boddey et al., 2009;
Chang et al., 2008).

Recent studies showing that PEXEL/VTS containing proteins are unfolded in the
PV prior to export to the RBC cytoplasm suggest the presence of a membrane
transporter (Gehde et al., 2009). Furthermore, components of a translocon of exported
proteins (PTEX) have been identified in the PVM (de Koning-Ward et al., 2009). The
PTEX complex has been shown to contain the chaperone protein HSP101 and function
in an ATP-dependent manner supporting the suggestion of an active transporter of
unfolded proteins across the PVM (de Koning-Ward et al., 2009).
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While the RBC membrane-targeted proteins PfEMP1 and KAHRP both contain a
PEXEL/VTS sequence, there are some known exported proteins such as MAHRP1, the
ring exported proteins 1 and 2 (REX1, REX2) and the skeleton binding protein-1 (SBP1)
that contain no such signal (Dixon et al., 2008a; Haase et al., 2009; Saridaki et al., 2009;
Spycher et al., 2008). Analysis of deletion mutants has shown that all of these proteins
contain signal sequences sufficient to direct them through the secretory pathway but
there are no conserved motifs between them, making it difficult to predict non-PEXEL
exported proteins based on sequence analysis of the P. falciparum genome (see
Spielmann & Gilberger, 2009, for review).

1.4.2.2 Protein trafficking to the Maurer’s clefts
The mature RBC contains no intracellular organelles so the parasite must secrete
its own trafficking machinery to assist the transport of proteins to the RBC cytoplasm
and surface. The parasite also generates novel structures in the RBC cytoplasm including
extensions of the PVM known as the tubovesicular network (TVN) and structures known
as Maurer‟s clefts (MCs). They have been implicated in a sorting role for proteins
destined for the RBC membrane reminiscent of the role of the Golgi apparatus and, so,
have been described as secretory organelles (Bhattacharjee et al., 2008; Przyborski et al.,
2003).

MCs are membrane bound organelles that form in the RBC cytoplasm during the
ring stage of P. falciparum-infected RBCs and are thought to be formed from
membranous structures that protrude from the PVM (Gruring et al., 2011; Spycher et al.,
2006). Electron tomography of whole P. falciparum-infected RBCs has revealed that
MCs are tethered to the RBC membrane by a membranous tube approximately 30 nm in
diameter (Tilley & Hanssen, 2008). Photobleaching studies have shown that GFP
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chimeras of the MC proteins MAHRP1, REX2 and REX3 cannot diffuse from a MC to
the plasma membrane nor traffic rapidly from one MC to another (Spielmann et al.,
2006; Spycher et al., 2006). This indicates that the structures are distinctly separate from
each other. Furthermore, transmission electron micrographs show that no membrane
bilayer continuum can be observed between MCs and the tethers indicating that the two
should be considered as separate organelles (Hanssen et al., 2008).

Trafficking signals of only a few MC resident proteins have been studied. An Nterminal ER signal sequence and PEXEL/VTS motif was shown to be sufficient to target
GFP to the MC lumen (Bhattacharjee et al., 2008). However, some of the more well
studied resident MC proteins, such as SBP1, REX1, REX2, and MAHRP1, are among
the exported proteins that do not contain a PEXEL/VTS motif (Haase & de KoningWard, 2010). In the case of MAHRP1, it has been suggested that the second half of the
N-terminus and a transmembrane domain are important for correct trafficking to the MC
(Spycher et al., 2006). Similarly, SBP1 has been shown to require both an internal
transmembrane domain and a number of N-terminal residues for correct trafficking
(Saridaki et al., 2009). While the N-terminus of SBP1 and MAHRP1 differ in primary
sequence, the first 35 amino acid residues of SBP1 are sufficient to target a MAHRP1
mutant to the MC suggesting a common trafficking mechanism (Saridaki et al., 2008).

Like MAHRP1 and SBP1, REX2 also contains a single transmembrane domain
that, along with the N-terminal 10 amino acid residues, has been shown to be required
for correct trafficking to the MC (Haase et al., 2009). Furthermore, the transmembrane
domain and N-terminal regions of REX2 and SBP1 can functionally substitute for each
other (Haase et al., 2009). It has been suggested that the charge distribution of the Nterminal regions of these three proteins may be an important feature required for correct
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trafficking (Saridaki et al., 2009). Unlike the aforementioned proteins, REX1 does not
contain a transmembrane domain and has been shown to be exported to the RBC
cytoplasm as a soluble protein before associating with MCs through a coiled-coil domain
(Dixon et al., 2008a).

The recently characterised membrane-associated histidine rich protein 2
(MAHRP2) contains some similarities to MAHRP1, REX2 and SBP1, including the
requirement of an N-terminal sequence and an internal transmembrane domain for
correct trafficking, but the final destination of MAHRP2 is in the tethers linking MCs to
the RBC plasma membrane (Pachlatko et al., 2010). MAHRP2 is the first protein shown
to be exclusively located on these structures; however, a sub-population of SBP1 has
also been shown to be associated with tethers, while the majority is located at the MCs
(Hanssen et al., 2010a; Pachlatko et al., 2010). Immuno-electron microscopy shows that
the major virulence protein, PfEMP1, is located at the RBC surface and is also
associated with MCs but not with tethers (Tilley et al., 2008). This indicates that while
the MCs are involved in protein trafficking, the tethers may be an important structural
component. This is supported by the fact that MAHRP2 could not be knocked out,
indicating it is essential for parasite survival (Pachlatko et al., 2010). The identification
and characterisation of other resident MC proteins will lead to a better understanding of
the complex trafficking pathways to and from these unique organelles.

1.4.2.4 Protein trafficking to the red blood cell membrane
Parasitized red blood cells can adhere to the vascular endothelium through
interactions of PfEMP1 with a series of host receptors (Cooke et al., 2006; Kyes et al.,
2001). Adhesion within blood vessels of the brain is the most severe complication and
the most common cause of death from malaria among humans (Trampuz et al., 2003). A
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major morphological modification made to the membrane of P. falciparum-infected
RBCs is the formation of „knobs‟ at the RBC surface, first viewed by transmission
electron microscopy (TEM) and described as “knob-like protrusions” (Trager et al.,
1966). Knobs develop during parasite growth and have been shown to be the site of
adhesion between infected RBCs and the host endovasculature during the trophozoite
and schizont stages of the P. falciparum life cycle (Luse & Miller, 1971).

Knobs are made up of a cluster of the knob-associated histidine-rich protein
molecules (KAHRP) that self-associates on the cytoplasmic side of the RBC membrane
(Taylor et al., 1987). KAHRP binds to the cytoplasmic tail (known as the acidic terminal
sequence or ATS) of PfEMP1, which is inserted into the membrane at these sites
(Knuepfer et al., 2005; Marti et al., 2004; Wickham et al., 2001). The purpose of knobs
may be to provide a raised platform for improved presentation of PfEMP1 at the cell
surface, enhancing cytoadherence and, therefore, virulence (Crabb et al., 1997).
Fluorescence microscopy studies of GFP tagged KAHRP have shown that it is
transported to the RBC membrane via the MC (Knuepfer et al., 2005; Wickham et al.,
2001).

The trafficking pathways of PfEMP1 are extensively studied due to its important
role in P. falciparum virulence. It has been shown that PfEMP1 is inserted into the RBC
membrane at cholesterol-rich micro domains (Frankland et al., 2006). Knockout studies
have shown that the presence of the MC protein PfSBP1 is essential for transport of
PfEMP1 to the RBC surface (Cooke et al., 2006). PfSBP1 has been shown to function at
the PVM to load PfEMP1 onto MCs while they are forming (Maier et al., 2007).
Similarly, knocking out MAHRP1 prevents PfEMP1 being trafficked to the RBC surface
(Spycher et al., 2008). A large scale gene knockout study targeting proteins predicted to
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be exported has identified six more P. falciparum gene products (PFB0106c,
MAL7P1.172, MAL7P1.171, PF14_0758, PF13_0076 and PF10_0025) that, when
knocked out, either completely inhibit or interfere with PfEMP1 trafficking to the RBC
surface (Maier et al., 2008). While PfEMP1 does not interact physically with these
proteins, such studies highlight the importance of MC proteins for the correct trafficking
and presentation of PfEMP1 on the RBC surface. Other parasite proteins of unknown
function have been reported to be present at the surface of P. falciparum-infected RBCs
(see Maier et al., 2009 for review) but none have been characterised to the extent of
PfEMP1.

Electron tomography has shown vesicle-like structures closely associated to MCs
and the cytoplasmic side of the RBC plasma membrane (Hanssen et al., 2010b). This
suggests that vesicular trafficking from the MCs to the RBC membrane could be a likely
mechanism of transport for RBC membrane bound proteins such as PfEMP1. A
conserved signal involved in directing proteins from MCs to the RBC membrane has not
been identified and characterisation of the trafficking pathways of individual proteins
will continue to be the focus for much of the research in this area.

1.5

Gametocytogenesis

The gametocyte stages of P. falciparum are responsible for transmission to the
mosquito. Only ring stage asexual parasites and mature gametocytes are found
circulating in the blood stream of an infected individual. In fact, the first malaria parasite
observed by human eye was an exflagellating male gametocyte (Laveran, 1881). When
taken up by an Anopheles mosquito during a blood meal, environmental changes in the
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mosquito mid gut, such as drop in temperature and change in pH, trigger gamete
formation (Kuehn & Pradel, 2010; Talman et al., 2004).

Most of the efforts to control malaria parasites have been focused on the
symptomatic asexual stages of development or on control of mosquitoes, but recently a
greater commitment to battle the transmission of parasites has resulted in an increase in
the amount of research being undertaken relating to gametocytes and other sexual stages
(Delves & Sinden, 2010; Drakeley et al., 2006; Pradel, 2007). Traditional malaria
chemotherapies, such as quinines and artemisinin derived compounds, fail to kill mature
Plasmodium gametocytes; indeed they may increase commitment to gametocytogenesis
in treated subjects (Buckling et al., 1999; Peatey et al., 2009). If available, treatments
effective in blocking gametocytogenesis could be used in conjunction with existing
treatments against symptomatic malaria to help eradicate the disease. Recent studies
suggest that the protease inhibitor, tipranavir, currently used in the treatment of HIV,
may have gametocytocidal activity (Peatey et al., 2010) but additional anti-gametocyte
treatments must be discovered to enhance the prospects of eradication.

1.5.1 Commitment to gametocytogenesis
The differentiation of asexual blood stage malaria parasites to gametocytes is
thought to be triggered by environmental changes such as stress from drug treatment or
overcrowding (Carter & Miller, 1979; Dixon et al., 2008b). Such properties can be
exploited to induce gametocyte production when culturing Plasmodium parasites in vitro
(Fivelman et al., 2007; Williams, 1998). The proportion of parasites that differentiate is
dependent on the species and the environmental conditions and can vary greatly in vivo
(Silvestrini et al., 2000). While the exact mechanisms triggering commitment to the
sexual stages are not clear, it has been shown that targeted disruption of a gene, termed
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P. falciparum gene implicated in gametocytogenesis (Pfgig), can reduce commitment to
gametocytogenesis (Gardiner et al., 2005) and the identification of other such genes is
likely. Most proteins expressed in asexual stages are also expressed in gametocytes but
there are a number of gametocyte-specific proteins (Kooij & Matuschewski, 2007;
Lasonder et al., 2002). It has been shown that every merozoite from a given schizont that
has committed to gametocytogenesis will develop into gametocytes of the same sex
(Silvestrini et al., 2000; Smith et al., 2000).

1.5.2 Maturation of P. falciparum gametocytes
P. falciparum is easily distinguishable from other Plasmodium species due to the
falciform (sickle-shaped) appearance of its mature gametocytes and it is this property for
which the species was named by William H. Welch in 1897 (Gabaldon et al., 1963). The
development of mature P. falciparum gametocytes occurs over a period of 9 – 10 days,
much longer than the 48 hour asexual life cycle, and can be separated into five
morphologically distinguishable stages, termed stages I – V, first described by Hawking
et al. (1971). Diagrammatic representation of the morphology of the five stages is
presented in Figure 1.7. In the earliest stages of development, P. falciparum gametocytes
are morphologically indistinguishable from the ring and trophozoite stages of asexual
development. During stage II, from 1 – 4 days after commitment to gametocytogenesis,
the parasite enlarges and begins to elongate, making it distinguishable from developing
schizonts using Giemsa staining and light microscopy. Stage III represents the stage of
the most marked change in morphology as the gametocyte elongates inside the host red
blood cell to form a „hat-like‟ shape. Stage IV gametocytes are elongated further and
characterised by pointed ends. During this stage the host red blood cell is stretched and
deformed. Female and male gametocytes can be identified by light microscopy based on
the dispersal of hemozoin crystals throughout the cytoplasm of the male gametocyte but
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not the female. After 9 – 10 days of development, mature (stage V) gametocytes appear.
Stage V gametocytes do not have the pointed ends that are characteristic of stage IV
gametocytes and can remain in this state for up to 2 weeks when cultured in the
laboratory.

Stage V is the only stage to be taken up by the mosquito, as the gametocyte is
sequestered in sites within the microvasculature (including the bone marrow) at other
stages (Rogers et al., 2000). The development and sequestration are unique to P.
falciparum; gametocytes from other Plasmodium species are more amoeboid in shape,
are found in circulation and develop at a rate more comparable to the asexual life cycle
(Thomson & Robertson, 1935). It has been suggested that the development of the
falciform shape of P. falciparum may help facilitate exit from the bone marrow and may
also be favorable for uptake by the mosquito (Nacher, 2004). Ultrastructural studies
using electron microscopy have shown that stage II – IV gametocytes possess a network
of microtubules that is responsible for maintaining the elongated shape (Sinden, 1982).

Figure 1.7 Stages of gametocytogenesis. Schematic representation of the five
morphologically distinguishable stages of P. falciparum gametocytogenesis. Stage I
gametocytes are morphologically indistinguishable from trophozoite stage parasites. Stage
II gametocytes are enlarged and elongation takes place during stage III. Stage IV
gametocytes are much longer and have distinctly pointed ends that round up during stage
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V. Mature stage V male and female gametocytes are taken up by the pregnant female
Anopheles mosquito during a blood meal and sexual reproduction of P. falciparum begins.
Figure adapted from Dixon et al. (2008b).

1.5.3 Differences between male and female P. falciparum gametocytes
The ratio of female to male P. falciparum gametocytes is roughly 5:1, depending
on the parasite strain being analysed (Mitri et al., 2009). This ratio becomes more
balanced in the mosquito mid gut where, upon maturity, each male gametocyte divides
into approximately eight exflagellated micro-gametes (Paul et al., 2002). The difference
in the fate of female and male gametocytes is accompanied by a large difference in
protein expression and metabolic processes with female gametocytes having more
mitochondria and expressing more mitochondrial proteins than males (Krungkrai et al.,
2000). Analysis of the P. berghei gametocyte proteome has shown that, of around 600
proteins present, most are expressed exclusively in either male or female gametocytes
and very few in both sexes (Khan et al., 2005). A large portion of the male gametocytespecific proteins can be attributed to proteins involved in flagella-based motility and
rapid genome replication (Khan et al., 2005). In both P. falciparum and P. berghei
female gametocytes, a number of genes are transcribed but the protein expression is
repressed until the mosquito stages (Braks et al., 2008; Mair et al., 2006). It has been
suggested that the parasite stockpiles mRNA in the cytoplasm in order to undergo rapid
translation of important stage-specific proteins once the environmental cues trigger
gamete maturation (Baker, 2010). The microtubule component, -tubulin II, has
previously been used as a marker to differentiate between male and female P. falciparum
gametocytes as it is specifically up-regulated in males due to its role in DNA replication
and axoneme formation (Silvestrini et al., 2000). However, recently it has been shown
that -tubulin II is also expressed in early stage female P. falciparum gametocytes but is
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not as abundant in the later stages (Schwank et al., 2010). This highlights the difficulty
and complexity of sex-specific studies.

1.5.4

The P. falciparum gametocyte pellicle
The IMC and the associated proteins have been described as having important

roles in gliding motility and invasion during the merozoite, sporozoite and ookinete
stages of the P. falciparum life cycle (Keeley & Soldati, 2004; Kudryashev et al., 2010;
Tremp et al., 2008). While a similar inner membrane of the gametocyte pellicle has been
observed by electron microscopy, its function has not been determined (Sinden et al.,
1978). The P. falciparum gametocyte is not an invasive stage nor does it exhibit gliding
motility. Like the IMC of P. falciparum merozoites, the gametocyte pellicle comprises a
double membrane that lies just inside the parasite plasma membrane and has an
underlying microtubule network. Electron microscopy has revealed that the gametocyte
pellicle also has an association with unique, electron dense structures lying
perpendicular to the sub-pellicular membrane that are not observed in merozoites
(Kaidoh et al., 1993). The gametocyte pellicle has not been directly implicated as a
possible drug target, however, the microtubule inhibitor trifluralin has been shown to
accumulate near the pellicle membrane in late stage P. falciparum gametocytes (Kaidoh
et al., 1995).

1.6

Recent advances in fluorescence microscopy

The use of fluorescently labeled proteins has been used to great effect to study
trafficking pathways in P. falciparum. The resolution limit (i.e. the smallest distance at
which two objects could be distinguished from one and other using light microscopy)
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was defined by Ernst Abbe in 1873 as being roughly half the wavelength of the emitted
light, because diffraction of the focused light will blur the two images into one (Abbe,
1873). Since the shortest wavelength of visible light is approximately 400 nm, the
resolution limit for standard methods of light microscopy is approximately 200 nm
(Russ, 1916).

Recently, a number of techniques have been invented that circumvent the
diffraction limit of visible light and fluorescence imaging methods are evolving as new
technology becomes available. Several techniques have successfully overcome the
diffraction barrier, some of which have recently become commercially available and are
currently used for biological imaging. The first such technique is stimulated emission
depletion (STED) microscopy (Hell & Wichmann, 1994). STED microscopy utilizes two
simultaneous beams of light, one of which excites the fluorophore upon which it is
focused, while the second beam „narrows down‟ the fluorescence excitation by confining
some of the molecules to the ground state to create a point spread function with a smaller
apparent diameter (Hell & Wichmann, 1994).

Another well characterised technique uses random photo-activation and deactivation of photo-activatable fluorophores to determine precisely the locations of
individual fluorescently labeled molecules. An image is built up by a repetitive
activation process until sufficient molecules have been imaged. This technique is known
as fluorescence photo-activation localization microscopy (FPALM) or stochastic optical
reconstruction microscopy (STORM) (Hess et al., 2006; Rust et al., 2006). This
technique has achieved imaging of fluorescently labeled samples with an xy resolution of
~20 nm but it requires the sample of interest to be pre-labeled with a photo-switchable
fluorescent probe (Betzig et al., 2006). Variations on the STED and FPALM / STORM
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techniques have also been described but most require highly technical and expensive
equipment or elaborate sample preparation so their use in biological imaging has been
limited (see Hell, 2009 and Schermelleh, 2010 for reviews).

1.6.1 Introduction to 3D-structured illumination microscopy
The recent invention of 3D-structured illumination microscopy (3D-SIM) allows
multicolour imaging of fluorescently labeled samples at about twice the resolution of
conventional confocal scanning fluorescence microscopy without extensive sample
preparation (Gustafsson et al., 2008; Schermelleh et al., 2008). 3D-SIM is a wide-field
fluorescence microscopy technique that uses striped patterns to illuminate a fluorescent
sample. When the regular striped pattern of light interacts with fluorescence from a
sample, the pattern is disturbed and the origin of the fluorescence can be determined
mathematically (Gustafsson, 2000). 3D-SIM has been used to reconstruct images of
fluorescently labeled biological samples, such as chromatin labeled with DAPI, with a
two-fold resolution improvement over conventional confocal microscopy in both the
lateral (x,y) and axial (z) directions (Carlton, 2008). Although the resolution achieved
using 3D-SIM is not as great as STED or FPALM / STORM, a practical advantage is
that it can be used with almost any of the most commonly used fluorophores in
biological research (Schermelleh et al., 2010).

1.7

Direction of study

In this study, a stable P. falciparum transfectant expressing a green fluorescent
protein (GFP) chimera of the integral membrane protein PfGAP50 was produced. High
resolution live cell microscopy techniques were used to follow the trafficking of
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PfGAP50 to the IMC and the development and structure of the IMC in both asexual and
sexual stage P. falciparum-infected red blood cells. The data presented in this thesis
includes some of the first published 3D-SIM images of P. falciparum-infected human
red blood cells (Yeoman et al., 2011).
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Chapter 2
2.1

Materials and Methods

Cell Culture Methods

2.1.1 Culturing P. falciparum-infected human red blood cells
P. falciparum parasites (3D7 strain) were continuously cultured in type O+
human red blood cells from the Melbourne Red Cross Blood Bank using a modification
of the method described previously Trager and Jensen (1976). P. falciparum cultures
were maintained at 3% hematocrit in complete culture medium (CCM) consisting of
RPMI 1640 (Gibco), 25 mM HEPES (hydroxypipazine-N`-2-ethane sulfonic acid, pH
7.4, 2 g/L sodium bicarbonate, 4 mM glutamine and 0.16% glucose.

This was

supplemented with 5% human serum, 5% albumax, 0.5 mM hypoxanthine, and 22 g/ml
gentamycin. Cultures were incubated in an atmosphere of 1% O2, 4% CO2 and 95% N2
at 37°C. Parasitaemia was assessed using methanol fixed, air dried smears of culture
stained with 10% Giemsa (Merck) for 5 minutes. Slides were viewed at 100 ×
magnification under oil immersion. Parasitaemia was maintained at ≤ 5% and CCM was
replenished every second day.
2.1.2 Enrichment of mature stage P. falciparum parasites
To achieve a culture of enriched schizont stage parasites, P. falciparum-infected
red blood cells were grown to ~10% parasitaemia and harvested using a modification of
the method described previously by Kramer et al. (1982). Cultures were centrifuged for
5 minutes at 150 g and the supernatant was discarded. The pelleted cells were layered
onto a 70% (w/v/) Percoll, 4% (w/v) sorbitol cushion and centrifuged at 280 g for 10
minutes with the brake set to zero. Mature, infected red blood cells were collected from
above the Percoll / sorbitol cushion and washed once with CCM by centrifugation (5
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minutes at 110 g). The cell pellet was either put directly back into CCM for continued
culturing or resuspended in 100 l of phosphate buffered saline (PBS) (137 mM NaCl,
10 mM Phosphate, 2.7 mM KCl, pH 7.4) and used for further experimentation.
2.1.3 Synchronisation of P. falciparum parasites
2.1.3.1

Sorbitol synchronisation

To achieve an enriched culture of ring stage parasites, mixed stage P.
falciparum-infected red blood cells were synchronised using a modification of the
method described previously by Lambros and Vandenberg (1979). Parasite cultures were
grown to ~10% parasitaemia and centrifuged at 110 g for 5 minutes. The supernatant
was discarded and the pellet was resuspended in 10 volumes of 5% (w/v) sorbitol and
incubated at room temperature for 10 minutes. Sorbitol incubation leads to lysis of
mature asexual and gametocyte stage parasites while leaving ring stage parasites intact.
The sample was centrifuged at 110 g for 5 minutes and the cell pellet was washed once
in CCM. The enriched ring stage parasites were returned to culture. To achieve a tighter
synchronisation, the process was repeated 8 – 10 hours later.
2.1.3.2

Concanavalin A synchronisation

Sorbitol synchronisation by the method described above selects for ring stage
parasite within a 3 – 10 hour window (Hoppe et al., 1991). To achieve synchronisation
of parasites to within 30 minutes for stage specific analysis of the life cycle, a
modification of the method described by Ranford-Cartwright et al. (2010) was used.
Schizont stage parasites were purified over a 70% Percol, 4% sorbitol as described
above (2.1.2) while a plastic culture dish was incubated with 5 g/ml Concanavalin A
(Con A) at 37°C for 30 minutes. Con A is a lectin which binds to red blood cells but not
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to free Plasmodium merozoites (Nicolson, 1974; Seed & Kreier, 1976). The excess Con
A was removed by washing three times with CCM lacking human serum and albumax
(CCM wash). The purified parasites were resuspended in CCM wash and incubated in
the Con A coated dish for 3 hours at 37°C. Excess cells were washed off with CCM
wash leaving a monolayer of purified schizont stage parasite-infected red blood cells
bound to the Con A. A suspension of uninfected red blood cells was added over the
purified schizont layer and incubated for 30 minutes at 37°C, during which time released
merozoites will reinvade. The red blood cell monolayer was removed and placed in a
fresh culture flask. The resulting culture contained parasites synchronised to within 30
minutes. Timing of the life cycle was recorded from the beginning of the 30 minute
incubation. Aliquots were taken for imaging every hour.
2.1.4 Lysis of P. falciparum-infected red blood cells
2.1.4.1 Lysis with streptolysin-O
It has been shown that when P. falciparum-infected red blood cells are incubated
with the pore forming toxin, streptolysin-O (SLO), the red blood cell membrane is lysed
but the PVM and parasite plasma membrane stay intact (Baumeister et al., 2001). SLO
lysis of parasites was used to remove haemoglobin from infected red blood cells to avoid
interference during solubility studies. A 1 ml aliquot of SLO (5 U / l in PBS) was
activated by incubation with 10 mM final concentration of dithioreitol at 37°C for 1
hour. Parasites were purified as described (2.1.2) and resuspended in 5 volumes of PBS
containing activated SLO at a final concentration of 1.5 U / l and incubated at 37°C for
15 minutes. Supernatant and pellet fractions were separated by centrifugation at 12000 g
for 5 minutes at room temperature.

36

Chapter 2

2.1.4.2 Lysis with saponin
It has been shown that when P. falciparum-infected red blood cells are incubated
with low concentrations of the detergent saponin, the red blood cell membrane and the
PVM are lysed but the parasite plasma membrane remains intact (Burghaus &
Lingelbach, 2001). Parasites were purified over Percoll / sorbitol as described previously
(2.1.2) and washed in PBS. Purified cells were resuspended in 10 volumes of 0.03%
(w/v) saponin (Sigma) in PBS and incubated on ice for 10 minutes with gentle mixing
every few minutes. Soluble and insoluble fractions were separated by centrifugation at
12000 g for 10 minutes at room temperature.
2.1.4.3 Lysis by rapid freeze-thaw
For complete lysis of the RBC membrane, the PVM and the parasite plasma
membrane, rapid freeze-thaw was used. Parasites were purified over Percoll / sorbitol as
described (2.1.2) and resuspended in 5 volumes of PBS. Rapid freezing was achieved by
immersion in liquid nitrogen for 5 second followed by immersion in a 37°C waterbath
until thawed. Freeze-thaw was repeated five times. Supernatant and pellet fractions were
separated by centrifugation at 12000 g for 5 minutes at room temperature.
2.1.4.4 Lysis with RIPA buffer
Parasite pellets were prepared using saponin lysis as described in section 2.1.5.2.
Pellets were resuspended in 10 volumes of RIPA buffer, which consisted of 1% (v/v)
IGEPAL CA-630 (Sigma), 150 mM NaCl, 0.5% (w/v) sodium deoxycholate (DOC),
0.1% sodium dodecyl sulphate (SDS), 50 mM TRIS, pH 7.4 and incubated on ice for 15
minutes with gentle mixing by pipette every few minutes. Insoluble and soluble fractions
were separated by centrifugation at 12000 g for 10 minutes at 4oC.
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2.1.5 Culturing P. falciparum gametocytes
Gametocyte cultures were produced using a modification of the technique
described previously (Fivelman et al., 2007). A culture of asexual stage parasites was
grown to 10 – 15% parasitaemia. When the culture contained mainly ring stage
parasites, sorbitol synchronisation was carried out as described (2.1.3.1) to remove any
late asexual stages and mature gametocytes. The resulting purified ring stage parasites
were put back into culture at 3% hematocrit and fed on CCM. Once the culture
contained 10% trophozoites, the culture was expanded to five cultures of 2%
parasitaemia and fed daily with CCM supplemented with 62.5 mM N-acetyl
glucosamine (GlcNAc) to stop reinvasion of asexual stage parasites (Hadley et al.,
1986). Desired gametocyte stages, as assessed by Giemsa stain, were purified over a
Percoll / sorbitol cushion as described (2.1.2).

2.2

Bioinformatic analysis

2.2.1 Database searches
Annotated sequences of P. falciparum 3D7 strain genes were obtained from the
PlasmoDB database (http://www.plasmodb.org/) using text searches or gene ID
searches, when known. Sequences of T. gondii genes were obtained from the ToxoDB
(http://toxodb.org/toxo/) database using gene ID searches. Other protein and DNA
sequences of interest were obtained from the NCBI Entrez cross-database search page
(http://www.ncbi.nlm.nih.gov/Entrez/).
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2.2.2 Proteomics tools
Alignment of multiple amino acid sequences was performed using the MultAlin
Alignment Tool at Pôle BioInformatique Lyonnaise (PBIL, http://npsa-pbil.ibcp.fr/cgibin/npsa_automat.pl?page=npsa_multalin.html) (Corpet, 1988) or the Clustalw2
alignment

tool

at

the

European

Bioinformatics

Institute

(EBI,

http://www.ebi.ac.uk/Tools/msa/clustalw2/) (Thompson et al., 1994). Prediction of
transmembrane domains was performed using TMHMM server version 2.0 available
from the Centre for Biological Sequence Analysis, Technical University of Denmark
(http://www.cbs.dtu.dk/services/TMHMM/) (Sonnhammer et al., 1998). Prediction of
signal peptides and cleavage sites was performed using the SignalP 3.0 server
(http://www.cbs.dtu.dk/services/SignalP/) (Emanuelsson et al., 2007).
2.2.3 Expression profiles
Absolute and percentile expression profiles for Plasmodium proteins in asexual
intraerythrocytic stages were obtained from the PlasmoDB database using data generated
by Le Roch et al. (2003). Expression profiles for P. falciparum proteins in gametocyte
stages were obtained from the PlasmoDB database using data generated by Young et al.
(2005).

2.3

Molecular Biology techniques

2.3.1

Isolation of genomic DNA from P. falciparum
Parasite pellets were prepared by saponin lysis as described (2.1.5.2) and

resuspended in 500 l of gDNA lysis buffer (50 mM Tris-HCl pH 8.0, 20 mM EDTA,
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2% SDS). Proteinase K was added to a final concentration of 100 g/ml and the mixture
was incubated at 56°C for 2 hours. The suspension was cooled on ice for 10 minutes
before 0.3 volumes of saturated NaCl was added. After incubation on ice for a further 5
minutes, the suspension was centrifuged at 2500 g for 5 minutes at 4°C. The resulting
supernatant was transferred to a fresh tube and centrifuged at 12000 g for 15 minutes at
4°C. The supernatant was transferred into a fresh tube and RNaseA was added to a final
concentration of 20 g/ml before being incubated at 37°C for 1 hour then stored
overnight at 4°C. Upon removal from overnight storage, 1 volume of Phenol /
Chloroform / Isoamyl Alcohol (25:24:1, Sigma) was added, mixed by vortexing and
centrifuged at 12000 g for 10 minutes at room temperature. The aqueous (top) layer
containing the soluble DNA was transferred into a fresh tube and ethanol precipitation
was carried out as described in section 2.3.2.
2.3.2 Ethanol precipitation of DNA
To aqueous solutions of isolated plasmid or genomic DNA, 3 volumes of ice cold
100% ethanol and 0.1 volumes of 3 M sodium acetate pH 5.2 were added. The
suspension was incubated at -20°C overnight. Precipitated DNA was isolated by
centrifugation at 12000 g for 15 minutes at 4°C. The supernatant was carefully discarded
and the DNA pellet was washed with 200 l of ice cold 70% ethanol. After
centrifugation at 12000 g for 5 minutes at 4°C the supernatant was again carefully
discarded and the DNA pellet was allowed to air dry. The DNA was resuspended in 30 –
100 l of sterile distilled water or TE buffer (10 mM Tris pH 7.4, 1 mM EDTA) and
stored at -20°C. DNA concentration was determined by measuring absorbance at 260 nm
using a NanoDrop 3300 Fluorospectrometer (Thermo Scientific).
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2.3.3 Amplification of DNA by polymerase chain reaction (PCR)
Unless otherwise stated, all PCR reactions in this study were performed in a 50
l reaction volume containing 45 l AccuPrime™ Pfx SuperMix (Invitrogen), 2 l of
each primer at a stock concentration of 10 pmol / l and 1 l of 3D7 genomic DNA
(approximately 200 ng). PCR was carried out in a Veriti® 96-Well Thermal Cycler
(Applied Biosystems). Thermal cycling consisted of initial denaturation at 94°C for 3
minutes followed by 30 cycles of denaturation at 94°C for 30 seconds, primer annealing
at various temperatures (see Table 2.1) for 30 seconds and extension at 68°C for 60
seconds per kb. PCR products were purified using a QIAQuick PCR Purification Kit
(Qiagen) as per the manufacturer’s instructions, resuspended in sterile milliQ water and
stored at -20°C.
2.3.4 Cloning of PfGAP50 constructs into the pGLUX1 vector
2.3.4.1 Generation of PfGAP50-GFP
The full length PfGAP50 gene was PCR amplified using the primers
PfGAP50_full_fwd and PfGAP50_full_rev (see Table 2.1) and 3D7 genomic DNA as a
template. Purified PCR product was digested with the restriction endonucleases XhoI
and KpnI (Roche) for 4 hours at 37°C. The pGLUX1 transfection vector (Figure 2.1)
was kindly donated by Dr Alex Maier from the Department of Biochemistry at La Trobe
University (Maier et al., unpublished). This vector contains a C-terminal GFP tag and
drives transgene expression from the PfCRT 5’ promoter (Bozdech et al., 2003). It also
incorporates the human dihydrofolate reductase (hDHFR) cassette for positive selection
with the pro-drug, WR99210 (Fidock & Wellems, 1997). Empty pGLUX1 vector was
digested by the same enzymes under the same conditions. The digested products were
electrophoresed at 100 V for 35 minutes on a 1% agarose gel and the bands were excised
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and purified using QIAquick Gel Extraction Kit (Qiagen) as per the manufacturer’s
instructions. DNA concentrations were determined using a Nanadrop 3300
fluorespectrometer (Thermo Scientific). Ligation reaction was performed using a 3:1
molar ratio of insert to vector with 4 units of T4 DNA ligase (Roche) made up in a total
volume of 20 l with ligation buffer (66 mM Tris-HCl pH 7.5, 5 mM DTT, 5 mM
MgCl2, 1 mM ATP) and incubated overnight at 16°C. Ligation product (5 l) was used
to transform 50 l of XL10-Gold Ultracompetent Cells (Stratagene) as described in
section 2.3.8.

Figure 2.1

Map of pGLUX1 transfection vector. The pGLUX1 vector is designed for

episomal expression of a C-terminal GFP tagged fusion protein under the control of the P.
falciparum chloroquine resistance transporter (crt 5’) promoter. Genes of interest were ligated
into the vector using the restriction site pairs XhoI/KpnI or XhoI/PacI. The vector contains the
human dihydrofolate reductase (hDHFR) gene to confer resistance to the drug WR99210 as well
as an ampicillin resistance gene within the pGEM-3Z backbone region. Red and orange indicate
A/T rich regions, green and blue indicate G/C rich regions. This vector was kindly donated by
Dr Alex Maier from La Trobe University (Maier et al., unpublished). Vector map was generated
using

pDRAW32

freeware

(http://www.acasoft.dk/acaclone/download/).
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P fGA P 50 full fwd
P fGA P 50 TM rev
P fGA P 50 pGREP fwd

GGATTAC TC GAGTTTC ATATTTTTTGATAA
AAAAGAGGA

TAAC ATTTATTC ATTATAATATTTATC ATAT
TATATATATATATA

P fGA P 50 3' Rev

P fGA P 50 pGREP rev

G A T G A A C T A T A C A A A TTTGTTAGAGTT
GTA

P fGA P 50 3' Fwd

GATATGTC AATATTTGTATAAC AC ATGAAG

P fGA P 50 5' Fwd
T T C T T C T C C T T T A C T C C AATC AC C C AA
AGA

TTTGTATAGTTC ATC C ATGC C ATGTGTAAT
CCC

GFP rev

P fGA P 50 5' Rev

AGTAAAGGAGAAGAAC TTTTC AC TGGAGT
TGTC

GFP fwd

AC C AATGGTAC C TAC AAC TC TAAC AAAGGTATC

TC AGAAC TC GAG A T G AATTATTGTAAAAC C AC GTTC C

P fGA P 50 full fwd
P fGA P 50 369 rev

TATGGTAC C TTTC ATATTTTTTGATAAAAA
AGAGGAAGC

P fGA P 50 full rev
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50

50

50

55

55

55

TC AGAAC TC GAG A T G AATTATTGTAAAA
C C AC GTTC C

P fGA P 50 full fwd

A nnealing
Temp. (°C)

P rimer Sequence

P rimer Name

P fGA P 50-GFP -int

P fGA P 50DAP-GFP mut

P fGA P 50DAP-GFP

NA

NA

NA

P fGA P 501-369-GFP

P fGA P 50-GFP

P ro tein P ro duct
A bbreviatio n

635

298

302

-

-

-

609

635

Length
(a.a.)

71.5

33.7

34.1

-

-

-

68.7

71.5

P redicted M W
(kDa)

Table 2.1
Generation of PfGAP50 gene fragments.
The forward and reverse primer pairs used to amplify each DNA fragment are outlined
with the annealing temperature for each PCR reaction indicated. Restriction enzyme recognition sites are underlined and colour coded as follows: XhoI
(Red), KpnI (Blue), PacI (Yellow), SacII (Green). The bold underlined regions of PfGAP50 5’ rev and PfGAP50 3’ fwd indicate the overlap with the 5’
and 3’ ends of the GFP gene. Start codons are indicated in bold italics and stop codons are indicated in bold.

DNA P ro duct
Size (bp)

Co nstruct
A bbreviatio n
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43

Chapter 2

2.3.4.2 Generation of PfGAP501-369-GFP
The

PfGAP501-369

fragment

was

PCR

amplified

using

the

primers

PfGAP50_full_fwd and PfGAP50_369_rev (see Table 2.1) and 3D7 genomic DNA as a
template. Purified PCR product was digested with XhoI and KpnI and cloned into the
pGLUX1 transfection vector exactly as described for the full length fragment (2.3.4.1).
2.3.4.3 Generation of PfGAP50DAP-GFP and PfGAP50DAP-GFP-mut
The PfGAP50 N-terminal and C-terminal domains were PCR amplified from
3D7 genomic DNA using the primer pairs PfGAP50_5’_fwd / PfGAP50_5’_rev and
PfGAP50_3’_fwd / PfGAP50_3’_rev respectively (see Table 2.1) and incorporated a 15
bp overlap with the DNA sequence of GFP. The GFP gene sequence was PCR amplified
from the empty pGLUX1 transfection vector using the primers GFP_fwd and GFP_rev
(see Table 2.1).

Overlapping extension PCR was carried out using AccuPrime™ Pfx SuperMix
(Invitrogen) and 200 ng of each of the three purified PCR products in a final volume of
50 l with no primers added. The thermo-cycling program consisted of initial
denaturation at 94°C for 3 minutes followed by 15 cycles of denaturation at 94°C for 30
seconds, primer annealing at 52°C for 30 seconds and extension at 68°C for 60 seconds.

The combined overlapping PCR product (2 l) was used as template for the PCR
amplification of the final PfGAP50DAP_GFP product using the primers PfGAP50_fwd
and PfGAP50_TMK_rev. The alternative reverse primer PfGAP50_TM_rev was used to
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amplify the final PfGAP50DAP_mut product. The final PCR products and the empty
pGLUX1 vector were digested with the restriction endonucleases KpnI and PacI (New
England Biolabs) and ligation was carried out as described in section 2.3.4.1.
2.3.5 Cloning of PfGAP50 into the pGREP1 vector
The pGREP1 transfection vector (Figure 2.2) was kindly donated by Dr Alex
Maier from the Department of Biochemistry at La Trobe University. The 3’ 700 base
pairs of the PfGAP50 gene were amplified by PCR (2.3.3) from 3D7 genomic DNA
using the primers PfGAP50_pGREP_fwd and PfGAP50_pGREP_rev (Table 2.1). The
PCR products and the empty pGREP1 vector were digested with XhoI and SacII (New
England Biolabs) and ligation was carried out as described in section 2.3.4.1.

Figure 2.2 Map of pGREP1 transfection vector. The pGREP1 vector is designed for
integration into the P. falciparum genome and contains a C-terminal GFP tag and the
human dihydrofolate reductase gene to confer resistance to the drug WR99210. The
restriction sites SacII and XhoI were used to ligate in the 3’ 700 bp of the gene of interest.
Red and orange indicate A/T rich regions, green and blue indicate G/C rich regions. The
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vector was kindly donated by Dr Alex Maier, Department of Biochemistry, La Trobe
University (Maier et al., unpublished). Vector map was generated using pDRAW32
freeware (http://www.acasoft.dk/acaclone/download/).

2.3.6 Purification of plasmid DNA
Small amounts of plasmid DNA for restriction digests and sequencing analysis
were purified from 5 ml cultures using a PureYield™ Plasmid Miniprep System
(Promega) as per the manufacturer’s instructions. Mini plasmid preparations were eluted
in 30 l of sterile milliQ water and stored at -20°C. Larger amounts of plasmid DNA for
transfection of P. falciparum-infected red blood cells were purified from 250 ml cultures
using a HiSpeed Plasmid Maxi Kit (Qiagen) and eluted in 1 ml of TE buffer. DNA
concentration was determined using a Nanodrop 330 fluorospectrometer (Thermo
Scientific) and 100 g fractions were immediately concentrated by ethanol precipitation
(2.3.2), resuspended in 30 l of sterile TE buffer and stored at 4°C until required.
2.3.7 DNA sequencing.
All DNA sequencing was carried out by the Micromon DNA Sequencing Facility
at Monash University and sequences and chromatograms were checked against expected
sequences using the software Chromas Lite version 2.01 obtained free from
http//:www.technelysium.com.au/.
2.3.8 Transformation of E. coli with plasmid DNA
XL10-Gold Ultracompetent E. coli Cells (Stratagene) (50 l) were transformed
with 5 l of double stranded DNA (approximately 1 g of plasmid mini-prep or ligation
reaction) using the heat shock method. Cells and DNA were mixed and incubated on ice
for 20 minutes then subjected to heat shock at 42°C for 30 seconds. Cells were then
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incubated on ice for a further 5 minutes. SOC media (Invitrogen) (200 l) was added
and the mixture was shaken at 37°C for 1 hour. Under aseptic conditions, 100 l of the
cell mixture was spread onto a 2YT-agar (1.6% (w/v) tryptone, 1% (w/v) yeast extract,
0.5% (w/v) NaCl, 1.5% (w/v) bacto-agar) plate containing 100 g/ml of ampicillin.
Cells were grown at 37°C overnight and colonies were screened by performing colony
PCR. Each colony PCR reaction consisted of 5 l of 2 x GoTaq® Green Master Mix
(Promega), 10 pmol each of the appropriate primer pair for the construct of interest and
the colony of interest as the template DNA in a final volume of 10 l. The thermocycling program consisted of initial denaturation at 94°C for 3 minutes followed by 30
cycles of denaturation at 94°C for 30 seconds, primer annealing for 30 seconds at the
appropriate temperature for the primer pair (see Table 2.1) and extension at 72°C for 60
seconds per kb.
2.3.9 Transfection of plasmid DNA into P. falciparum
Transfection of P. falciparum cultures for transgene expression was carried out
using modifications of the method described by Deitsch et al. (2001). Briefly, 500 l of
red blood cells were washed with 5 ml of Cytomix (Wu et al., 1995) and pre-loaded with
100 g of the desired circular plasmid DNA containing a human dihydrofolate reductase
(hDHFR) expression cassette by electroporation at 0.310 kV, 950 µF using a Gene
Pulser Xcell Electroporation System (Bio-Rad). A synchronised culture of schizont stage
parasites was added to the pre-loaded red blood cells at 1% final parasitaemia and fed on
CCM. Cultures were grown for 6 hours to allow invasion before being supplemented
with 10 nM of the plasmodium DHFR inhibitor WR99210 to select against parasites
which had not taken up plasmid DNA (Fidock & Wellems, 1997). The culture medium
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was changed daily for the first 5 days and every 48 hours thereafter. Cultures were
maintained as described (2.1.1) with the addition of 10 nM WR99210 at every feed.
2.3.10 Southern Blot analysis of DNA.
2.3.10.1

Generation of DIG labeled oligonucleotide probe

The probe used was the hDHFR fragment labelled with DIG, which was
synthesised by PCR using buffer, enzyme and DIG-dNTP mix from the DIG Probe
Synthesis Kit (Roche), the primer pair 5’-ATGCATGGTTCGCTAAACTG-3’ / 5’CATTCTTCTCATATACTTCAAATTTG-3’ and the 100 ng of empty pGLUX1 vector
as the DNA template. A control reaction was performed using unlabeled dNTPs in the
place of the DIG-dNTP mix. The probe was stored at -20°C until required.
2.3.10.2

Preparation of target DNA

Genomic DNA was isolated from PfGAP50-pGREP transfectants after every 3
weeks of drug cycling as described (2.3.1). DNA (1 g) was digested with 4 U of EcoRI
(New England Biolabs) in a 25 l reaction volume for 4 hours at 37°C. The restriction
enzyme was chosen on the basis that it would yield fragments that could differentiate
between the endogenous locus and integrated locus. The products were separated on a
1% agarose gel at 15 V for 16 hours. The DNA was depurinated by incubating the gel in
0.125 M HCL for 20 minutes gently rocking. This solution was replaced by 0.5 M
NaOH, 1.5 M NaCl and incubated for 30 minutes rocking to denature the DNA. The
DNA was neutralised by gentle rocking in 0.5 M Tris, 1.5 M NaCl, pH 7.5 for 30
minutes. The DNA was transferred to a pre-cut Hybond nylon membrane (Amersham)
by capillary transfer overnight at room temperature. Following transfer, the DNA was
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cross-linked to the membrane using a UV cross-linker (Pathtech). The membrane was
rinsed with 2 × SSC buffer (300 mM NaCl, 30 mM trisodium citrate pH 7.5).
2.3.10.3

Hybridisation and detection of probe

The blot was pre-hybridised in 20 ml of DIG Easy Hyb (Roche) for 2 hours at
35°C. DIG probe (10 l, ~2 g) (see section 2.3.10.1) was denatured at 95°C for 5
minutes then cooled on ice and added to the DIG Easy Hyb. The probe was hybridised to
the membrane by mixing at 35°C overnight. The blot was washed twice in 2 x SSC for 5
minutes at room temperature then once with washing buffer (0.1 M Maleic acid, 0.15 M
NaCl, 0.3% (v/v) Tween20, pH 7.5). The membrane was incubated in 100 ml of
blocking solution (0.1 M maleic acid, 0.15 M NaCl, 1% (v/v) blocking solution (Roche),
pH 7.5) for 30 minutes at room temperature then 10 l (7.5 U) of anti-DIG-AP (Roche)
was added and incubated for a further 30 minutes. The blot was washed twice in
washing buffer then incubated for 5 minutes in detection solution (100 mM Tris-HCl,
100 mM NaCl, pH 9.5). Detection solution was removed and the blot was incubated
with ready-to-use CSPD solution (Roche) for 5 minutes at RT followed by incubation at
37ºC for 10 minutes. Bands were visualised by exposure to light sensitive Hyperfilm™
(Amersham). Films were processed using a Kodak X-OMAT automatic film processor.

2.4

Protein techniques

2.4.1 Antibodies used in this study
Antibodies used in this study, which were previously produced by members of
this laboratory were: rabbit -PfGAPDH (Satchell et al., 2005), rabbit -PfERC
(unpublished) and rabbit -PfBet3 (Adisa et al., 2007). Polyclonal mouse and rabbit
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antibodies recognizing PfGAP45 and PfGAP50 were generously donated by Dr Jacob
Baum from the Walter and Eliza Hall Institute of Medical research (Baum et al., 2006).
Polyclonal mouse and rabbit antibodies recognizing PfMTIP were generously donated
by Professor Anthony Holder from the MRC National Institute for Medical Research,
London (Green et al., 2006). Monoclonal mouse and rabbit antibodies detecting GFP
were commercially available (Roche).
2.4.2 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
analysis of protein samples.
Samples were prepared for SDS-PAGE by mixing with 6x SDS sample loading
buffer (300 mM Tris-Cl, pH 6.8, 12% (w/v) SDS, 0.6% (w/v) bromophenol blue, 60%
(v/v) glycerol, 600 mM dithiothreitol) in a 5:1 ratio and boiling for 2 min. All
polyacrylamide gels used in this study were Invitrogen NuPAGE® Bis-Tris 4-12%
precast gels and electrophoresis was carried out at 200 V for 50 minute in MOPS buffer
as recommended by the manufacturer. Gels were either rinsed in PBS and subjected to
Western transfer (2.4.3) or rinsed for 10 minutes in MilliQ water and stained using
SimplyBlue Safe Stain (Invitrogen) for 1 hour at room temperature. Gels were destained
in MilliQ water.
2.4.3 Western transfer and immunoblotting.
Transfer of proteins from SDS-PAGE onto nitrocellulose membranes was
performed using an Invitrogen iBlot™ and Invitrogen iBlot Nitrocellulose Membrane
Stacks as recommended by the manufacturer. Membranes were rinsed with PBS and
blocked with 3% (w/v) skim milk powder in PBS for 1 hour at room temperature.
Membranes were incubated with the appropriate dilution of primary antibodies (see
Table 2.2) made up in blocking solution for 1 hour at room temperature then washed
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three times for 5 minutes with PBST (1 × PBS, 0.1% (v/v) Tween20). Membranes were
incubated with the appropriate dilution of secondary antibodies made up in blocking
solution for 1 hour at room temperature then washed three times with PBST. Membranes
were rinsed with PBS and incubated with Amersham ECL™ Western Blotting Detection
Reagents for 5 minutes at room temperature. Bands were visualised by exposure to light
sensitive Hyperfilm™ (Amersham). Films were processed using a Kodak X-OMAT
automatic film processor. Membranes were stripped by boiling for 7 minutes in 100 mM
glycine, pH 2.0 three times. Membranes were subsequently washed three times in PBST
then blocked for 1 hour and re-probed as described above.
2.4.4

Solubility of PfGAP50-GFP fusion proteins.
Late stage transfectant parasites were purified over a Percoll / sorbitol gradient as

described (2.1.2). The cell pellet was resuspended in PBS and the red blood cells were
lysed using activated streptolysin-O (2.1.4.1). The parasites were then lysed by rapid
freeze-thawing as described (2.1.4.3) and the soluble and insoluble fractions were
subjected to SDS-PAGE. Western transfer was performed and the membranes were
probed with mouse -GFP (Roche) then stripped and re-probed with rabbit -GAPDH
as a soluble control (see Table 2.2 for antibody dilutions).
2.4.5

Immunoprecipitation of glideosome proteins.
Cultures of late stage parasites (30 ml) were purified over a Percoll / sorbitol

gradient as described (2.1.1) and 50 l cell pellets were washed once with 1 ml of PBS.
Proteins were extracted using RIPA buffer (2.1.4.4) containing EDTA free protease
inhibitor (Roche). Soluble lysate (500 l) was incubated for 1 hour at 4°C with 1 l of
rabbit antibodies raised against the antigens PfGAP50, PfGAP45, PfMTIP, GFP, or with
rabbit pre-immune serum (see Table 2.2 for dilutions). Immunoprecipitation (IP) was
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performed by incubating the antibody-lysate mixture with 50 l of a 1:1 mixture of
protein-A/G Sepharose for 1 hour at 4°C. The bound and unbound fractions were
separated by centrifugation at 12000 g for 30 seconds at room temperature. The
immunoprecipitated Protein-A/G complexes were washed twice with 400 l of ice cold
RIPA buffer. Pellets were resuspended in 1 × SDS-PAGE sample buffer and boiled for 2
minutes to remove the bound proteins from the Protein-A/G Sepharose followed by
centrifugation at 12000 g for 30 seconds at room temperature. IP lysates were separated
by SDS-PAGE as described (2.4.3) and analysed by Western blot (2.3.2) using mouse
antibodies against PfGAP50, PfGAP45, PfMTIP or GFP.

2.5

Microscopy

2.5.1 Immunofluorescence assays
Air dried thin smears were fixed for 10 minutes at room temperature in 100%
acetone and antibody labeling was performed as explained below. Alternatively, aliquots
of culture were washed in PBS and fixed for 20 minutes at room temperature in 2%
paraformaldehyde, 0.008% glutaraldehyde. Cells were permeabilised with 0.1% TritonX100 for 5 minutes at room temperature prior to antibody incubation. Prepared cells
were incubated for 1 hour with the appropriate primary antibody diluted in 3% bovine
serum albumin (BSA) in PBS. Cells were washed three times with PBS and incubated
for 1 hour with Alexa Fluor 488 or 568 anti-IgG (Molecular Probes). Cells were washed
three times in PBS with the final wash containing 1 g / ml DAPI nuclear stain then
resuspended in DAKO mounting medium and viewed using an Olympus IX81
fluorescence microscope or a Leica TCS-SP2 confocal fluorescence microscope.
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Antisera / Antibody

Description
IgG purified polyclonal rabbit
rabbit PfGAP50
antibodies raised against PfGAP50
IgG purified polyclonal mouse
mouse PfGAP50
antibodies raised against PfGAP50
Polyclonal rabbit antisera rasied
rabbit PfGAP45
against PfGAPDH
Polyclonal mouse antisera rasied
mouse PfGAP45
against PfGAPDH
Polyclonal rabbit antisera rasied
rabbit PfMTIP
against PfMTIP
Polyclonal mouse antisera rasied
mouse PfMTIP
against PfMTIP
Monoclonal mouse antibodies raised
mouse GFP
against GFP
Polyclonal rabbit antisera rasied
rabbit PfGAPDH
against PfGAPDH
Polyclonal rabbit antisera rasied
rabbit PfERC
against PfERC
IgG purified polyclonal rabbit
rabbit PfBet3
antibodies rasied against PfBet3
Mouse Ig Alexa Fluor 488 Goat anti-Mouse Ig Alexa Fluor 488

Dilution

Reference / Source

1 in 100

Baum et al., 2006

1 in 100

Baum et al., 2006

1 in 250

Baum et al., 2006

1 in 250

Baum et al., 2006

1 in 100

Green et al. , 2006

1 in 100

Green et al. , 2006

1 in 500

Roche

1 in 2000

Satchell et al ., 2005

1 in 250

(unpublished)

1 in 250

Adisa et al. , 2007

1 in 500

Invitrogen

Mouse Ig Alexa Fluor 568 Goat anti-Mouse Ig Alexa Fluor 568

1 in 500

Invitrogen

Rabbit Ig Alexa Fluor 488 Goat anti-Rabbit Ig Alexa Fluor 488

1 in 500

Invitrogen

Rabbit Ig Alexa Fluor 568 Goat anti-Rabbit Ig Alexa Fluor 568
Sheep Mouse Ig Horseradish
Mouse Ig HRP conjugate
Peroxidase (HRP) Conjugate
Sheep Rabbit Ig Horseradish
Rabbit Ig HRP conjugate
Peroxidase (HRP) Conjugate

1 in 500

Invitrogen

1 in 3000

Amersham

1 in 3000

Amersham

Table 2.2

Antibodies used in this study. A summary table of all antisera / antibodies

used in this study. Working dilutions used for immunofluorescence assays and Western
blots are indicated.

2.5.2 Fluorescent markers used on live cells
For labeling of nuclei, DAPI was added to an aliquot of culture at a final
concentration of 1 g / ml for 15 – 30 minutes at 37°C. The cells were washed and
resuspended in fresh CCM and the fluorescence was examined using an Olympus IX81
fluorescence microscope with a DAPI filter set (excitation 360 – 370 nm, emission 420 –
460 nm).
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For labeling of the endoplasmic reticulum (ER), ER-Tracker™ Blue-White DPX
(0.25μM, Molecular probes) was added to an aliquot of a culture for 30 min at 37°C.
The cells were resuspended in fresh CCM and the ER fluorescence pattern was
examined using an Olympus IX81 fluorescence microscope with a DAPI filter set.

For labeling of lipid membranes, BODIPY-TR Ceramide (Molecular Probes) was
added to an aliquot of cells at a final concentration of 700 M and incubated overnight
at 37°C. Cells were washed and resuspended in CCM and viewed on a Leica TCS-SP2
or a Zeiss LSM 510/FCS confocal microscope. Samples were excited with a 543 nm
HeNe laser and the fluorescence was detected between 565 nm – 600 nm.

For labeling of microtubules, Tubulin Tracker™ Green (Molecular probes) was
prepared according to the manufacturer’s instructions and added to an aliquot of PBS
washed cells at a final concentration of 250 nM in PBS. Cells were incubated for 30
minutes at 37°C, washed in PBS then immediately viewed on a Zeiss LSM 510/FCS
confocal microscope. Samples were excited with a 488 nm Argon laser and green
fluorescence was detected between 505 nm – 535 nm.
2.5.3 Confocal fluorescence microscopy of PfGAP50-GFP transfectants
For live cell confocal imaging of PfGAP50-GFP transfectants, 3 μl of culture
(3% hematocrit, 5-10% parasitaemia) was placed on a glass slide and sealed under a
coverslip with paraffin wax. Images were acquired using a Leica TCS-SP2 or a Zeiss
LSM 510/FCS confocal microscope within 20 minutes of mounting. Samples were
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excited with a 488 nm Argon laser and GFP fluorescence was detected between 505 nm
– 535 nm.
2.5.4 Time course imaging of PfGAP50-GFP transfectants
For long term live imaging of a single cell, parasites expressing PfGAP50-GFP
were sorbitol synchronised as described in section 2.1.3.1. Cultures were grown to 10%
parasitaemia and diluted in culture medium lacking serum and Albumax to a final
hematocrit of 0.15%. An aliquot of 700 l was added to a Con A treated glass cover slip
in a Sykes-Moore chamber (Sykes, 1978). The chamber was incubated at room
temperature for 10 minutes. Half of the incomplete media was carefully removed leaving
a monolayer of infected red blood cells on the Con A treated cover slip and 700 l of
complete culture medium was added. Images were collected every hour using the
Multiple Time Series software on a Zeiss LSM 510/FCS confocal fluorescence
microscope in a 37°C chamber under an atmosphere of 5% CO2, 95% air. Samples were
excited with a 488 nm laser and fluorescence was detected between 505 nm – 535 nm
using an avalanche photo diode (APD) detector to minimise the laser power required.

For multi-cell time course imaging, tight synchronisation was achieved to within
30 minutes using the Con A method as described in section 2.1.3.2. Aliquots of culture
were taken every hour for analysis using a Zeiss LSM 510/FCS confocal fluorescent
microscope. Live culture (3 l) was placed on a glass slide and sealed with paraffin wax
under a cover slip. Samples were excited with a 488 nm laser and fluorescence was
detected between 505 nm – 535 nm using an APD detector. Images were acquired for 20
minutes from the point of removal from culture to ensure fresh, live samples were
always being analysed.
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2.5.5 Photobleaching analysis of PfGAP50-GFP transfectants
Fluorescence recovery after photobleaching (FRAP) was performed on a Zeiss
LSM 510/FCS confocal fluorescence microscope in FCS mode as previously described
(Klonis et al., 2002). Selected regions were photobleached using a 488 nm laser at 80%
intensity for 0.1 second. Fluorescence images were acquired before, immediately after
and at 3 min after bleaching.
2.5.6 3D structured illumination microscopy
3D structured illumination microscopy (3D-SIM) was performed using a
DeltaVision OMX 3D-SIM™ (Optical Microscope eXperimental) at the Microbial
Imaging Facility, University of Technology, Sydney. Aliquots of parasite culture were
pre treated with fluorescent markers as described in section 2.5.2, washed in PBS and
fixed in a final concentration of 2% paraformaldehyde and 0.008% glutaraldehyde at
room temperature for 20 minutes. Cells were washed in PBS and resuspended in 50%
Vectashield® anti-fade mounting medium (Vectorlabs) containing 1 g / ml DAPI in
PBS. The samples were excited using 405 nm and 488 nm lasers and imaged using
emission filters of 419 – 465 nm and 500 – 550 nm with a 100 × 1.4NA oil lens and
multi-channel simultaneous imaging capability (EMCCD cameras; >90% QE; 512 ×
512). Images were analysed and processed using NIH ImageJ version 1.42 with the
Deltavision Opener Plugin (http//:www.rsweb.nih.gov/ij/).
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Characterisation of PfGAP50-GFP as a
marker for the Inner Membrane Complex

3.1

Introduction
The human malaria parasite, P. falciparum, has a complex life cycle invading a

range of host cells at different times during its development (Silvie et al., 2008). The data
presented in this thesis is focused on events occurring during the intraerythrocytic stage of
the life cycle. The invasive stages of the P. falciparum life cycle represent periods of
vulnerability as the parasite is extracellular (albeit for short periods of time) and not
protected by its host cell during these periods.

Human red blood cell invasion by merozoites is driven by an actin-myosin motor
comprising a complex of proteins termed the „glideosome‟, which anchor myosin to the
inner membrane complex (IMC) (Keeley & Soldati, 2004). For an overview of the
organisation of the IMC see Chapter 1, Figure 1.5. The IMC anchor protein glideosome
associated protein 50 (GAP50) was first identified in Toxoplasma gondii (Tg) and was the
first known integral membrane protein of the IMC (Gaskins et al., 2004). The P. falciparum
protein, PfGAP50, was identified and ascribed the same role as the orthologous TgGAP50
of anchoring myosin to the IMC via interactions with the other glideosome proteins:
glideosome associated protein 45 (PfGAP45) and myosin tail interacting protein (PfMTIP)
(Baum et al., 2006b; Jones et al., 2006).
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While the interactions between PfGAP50 and other glideosome proteins have been
studied in merozoites, the trafficking of PfGAP50 to the IMC during IMC development has
not been addressed. The formation of the IMC in T. gondii and P. falciparum has been
studied by following various protein markers during cell division. The IMC membrane has
been reported to be derived from either the Golgi or the ER (de Melo & de Souza, 1997a;
Ferguson et al., 2008; Gubbels et al., 2006; Hu et al., 2006). Trafficking of integral
membrane proteins to the IMC has been presumed to be vesicle mediated, occurring shortly
after, or during, IMC formation. By contrast, the T. gondii glideosome proteins TgGAP45
and TgMLC (analogous to PfMTIP) have been shown to form a complex in the cytoplasm,
from where they are recruited to the IMC (Agop-Nersesian et al., 2010; Gaskins et al.,
2004).

In this study, PfGAP50 has been tagged with the green fluorescent protein (GFP) in
order to study the pathways and dynamics of trafficking of this integral membrane protein
to the IMC.

3.2

Bioinformatic characterisation of PfGAP50

3.2.1 Summary of known IMC proteins in P. falciparum
GAP50 was the first identified integral membrane protein of the IMC. It was first
identified in T. gondii and has orthologues in other apicomplexan parasites including all the
characterised Plasmodium species (Gaskins et al., 2004). The amino acid sequences of
GAP50 proteins from P. falciparum, P. vivax, P. knowlesi, P. yoelii, P. berghei and P.
chabaudi were obtained from the PlasmoDB database (http://www.plasmodb.org/) and
multiple sequence alignment was carried out using the Multalin Alignment Tool at Pôle
BioInformatique Lyonnaise (PBIL, http://npsa-pbil.ibcp.fr/) (Figure 3.1). Average sequence
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Figure 3.1
Alignment of PfGAP50 sequences. Amino acid sequences of GAP50 homologues from the
Plasmodium species P. falciparum (Pf, PlasmoDB accession number PFI0880c); P. vivax (Pv, PVX_099320); P.
knowlesi (Pk, PKH_071530); P. yoelii (Py, PY05000); P. berghei (Pb, PBANKA_081900); P. chabaudi (Pc,
PCHAS_081930). Sequences were obtained from PlasmoDB and aligned using the Multalin Alignment Tool at Pôle
BioInformatique Lyonnaise (PBIL, http://npsa-pbil.ibcp.fr/). Identical residues in all six species are in red, similar
residues in all six sequences are blue, similar residues in at least three sequences are green.
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identity between all six species was calculated to be 77.7% and average identity between

each pair of sequences was 85.1%. Multiple sequence alignment analysis also shows that

Plasmodium GAP50 proteins share an average of 43% sequence identity with TgGAP50

when aligned using the same method (Gaskins et al., 2004).
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3.2.2 Expression profile of PfGAP50
P. falciparum proteins which have a function during merozoite invasion of red
blood cells usually share common expression profiles with peaks of expression during
schizogony, 40 – 48 hours after host cell infection (Bozdech et al., 2003). A genome wide
microarray analysis generated by Le Roch et al. (2003) shows that the expression profiles
of the glideosome proteins PfGAP45, PfMyoA and PfMTIP share this characteristic profile
whereas PfGAP50 expression is up-regulated earlier, during late trophozoite and early
schizont stages (Figure 3.2). Subsequent independent transcription and expression analyses
by Baum et al. (2006b) and Jones et al. (2006) have agreed with these data while Muller et
al. (2010) have determined the expression of PfGAP50 to occur significantly earlier and
propose an additional role during trophozoite stages.

3.2.3 Sequence analysis and characteristics of PfGAP50
The gene encoding PfGAP50 is located on chromosome 9 of the P. falciparum 3D7
genome. The open reading frame (ORF) is 1191 bp long and the PfGAP50 protein
comprises 396 amino acid residues. Analysis of the amino acid sequence reveals four
distinct domains. An N-terminal signal anchor sequence from amino acid residues 1 – 25,
which includes a transmembrane domain (7 – 23) with a cleavage site after amino acid
residues 25, was predicted by the SignalP 3.0 Server (Bendtsen et al., 2004). The TMHMM
Server version 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/) predicted a hydrophobic
C-terminal transmembrane domain (370 – 391) followed by a five amino acid C-terminal
cytoplasmic domain (392 – 396). The predicted signal sequence and cleavage site suggests
trafficking via the endoplasmic reticulum (ER) while the C-terminal transmembrane
domain is consistent with the role of membrane anchor for the glideosome complex as
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described previously (Keeley & Soldati, 2004). These domains are conserved throughout
putative GAP50 proteins from other Apicomplexa.

Hours post intraerythrocytic invasion

Figure 3.2 Expression profiles of P. falciparum glideosome proteins. Expression profiles
of P. falciparum glideosome proteins during the asexual life cycle of sorbitol (blue) and
temperature (purple) synchronized 3D7 strain parasite cultures. Plots were obtained from the
PlasmoDB database (http://www.plasmodb.org/) from data produced by Le Roch et al.
(2003).

The majority of the PfGAP50 protein consists of a central domain from amino acid
residues 26 - 369. Performing BLAST searches against the PfGAP50 amino acid sequence,
reveals that the central domain of the protein has similarity to proteins of the purple acid
phosphatase family and is hence forth referred to as the „phosphatase domain‟. Alignment
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of the PfGAP50 amino acid sequence with human and rat purple acid phosphatases using
the Clustalw2 alignment tool shows sequence identity of 21% between PfGAP50 and each
acid phosphatase sequence. Recent studies by Müller et al. (2010) have shown that a
recombinant version of the PfGAP50 phosphatase domain exhibits acid phosphatase
activity on a variety of substrates in vitro. However, the mammalian purple acid
phosphatases do not feature the conserved signal anchor sequence and C-terminal
transmembrane domains of PfGAP50 (Figure 3.3). Furthermore, PfGAP50 lacks five out of
seven of the conserved metal binding residues shown to be critical for phosphatase activity
(Uppenberg et al., 1999). While the acid phosphatase function of GAP50 has not been
confirmed in vivo, it seems likely that GAP50 and acid phosphatases share a common
evolutionary ancestor.

Human
Rat
PfGAP50

MDMWTALLILQALLLPSLADGATPA--LRFVAVGDWGGVPNAPFHTAREMANAKEIARTV 58
MDTWMVLLGLQILLLPLLAHCTAPASTLRFVAVGDWGGVPNAPFHTAREMANAKEIARTV 60
MNYCKTTFHIFFFVLFFITIYEIKCQ-LRFASLGDWG------KDTKGQILNAKYFKQFI 53

Human
Rat
PfGAP50

QILGADFILSLGDNFYFTGVQDINDKRFQETFEDVFSD-RSLRKVPWYVLAGNHDHLGNV 117
QIMGADFIMSLGDNFYFTGVHDANDKRFQETFEDVFSD-RALRNIPWYVLAGNHDHLGNV 119
KNERVTFIVSPGSNF-IDGVKGLNDPAWKNLYEDVYSEEKGDMYMPFFTVLGTRDWTGNY 112

Human
Rat
PfGAP50

SAQIAYS-------------------KISKRWNFPSPFYR--LHFKIPQTNVSVAIFMLD 156
SAQIAYS-------------------KISKRWNFPSPYYR--LRFKVPRSNITVAIFMLD 158
NAQLLKGQGIYIEKNGETSIEKDADATNYPKWIMPNYWYHYFTHFTVSSGPSIVKTGHKD 172

Human
Rat
PfGAP50

TVTLCGNSDDFLSQQPERPRDVKLARTQLSWLKKQLAAAREDYVLVAGHYPVWSIAEHGP 216
TVMLCGNSDDFVSQQPEMPRDLGVARTQLSWLKKQLAAAKEDYVLVAGHYPIWSIAEHGP 218
LAAAFIFIDTWVLSSNFPYKKIHEKAWNDLKSQLSVAKKIADFIIVVGDQPIYSSGYSRG 232

Human
Rat
PfGAP50

THCLVKQLRPLLATYGVTAYLCGHDHNLQYLQDENGVGYVLSGAGNFMDPSKRHQR---- 272
TRCLVKNLRPLLAAYGVTAYLCGHDHNLQYLQDENGVGYVLSGAGNFMDPSVRHQR---- 274
SSYLAYYLLPLLKDAEVDLYISGHDNNMEVIED-NDMAHITCGSGSMSQGKSGMKNSKSL 291

Human
Rat
PfGAP50

--KVPNGYLRFHYGTEDSLGGFAYVEIS---------------------------SKEMT 303
--KVPNGYLRFHYGSEDSLGGFTYVEIG---------------------------SKEMS 305
FFSSDIGFCVHELSNNGIVTKFVSSKKGEVIYTHKLNIKKKKTLDKVNALQHFAALPNVE 351

Human
Rat
PfGAP50

VTYIEASGKSLFKTRLPRRARP----------------------- 325
ITYVEASGKSLFKTSLPRRPRP----------------------- 327
LTDVPSSGPMGNKDTFVRVVGTIGILIGSVIVFIGASSFLSKNMK 396

Figure 3.3 Multiple sequence alignment of acid phosphatases. Amino acid sequence
alignment of human purple acid phosphatase (Gene ID: 56757583), rat purple acid
phosphatase (9506369) and PfGAP50 (PFI0880c). Conserved metal binding residues required
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by rat and human acid phosphatases for activity are highlighted yellow. The conserved
lysosomal sorting sequence of mammalian acid phosphatases is highlighted red. The
predicted signal anchor sequence of PfGAP50 is boxed. The C-terminal transmembrane
domain and cytoplasmic tail of PfGAP50 is highlighted blue. Sequences were aligned using
the Clustalw2 multiple alignment tool at the European Bioinformatics Institute (EBI,
http://www.ebi.ac.uk/Tools/msa/clustalw2/).

3.3 Generation of PfGAP50-GFP transfectants

Green fluorescent protein (GFP) was originally isolated from the jellyfish Aequorea
victoria and has been used as a reporter molecule to study the protein trafficking pathways
of P. falciparum (Tilley et al., 2007; Waller et al., 2000; Wickham et al., 2001). To study
the trafficking pathways and organisation of PfGAP50 in P. falciparum, a GFP chimera of
the full length protein was generated. The single exon open reading frame for PfGAP50
was PCR amplified from P. falciparum 3D7 genomic DNA and directly cloned into the P.
falciparum transfection vector pGLUX1 using the restriction enzymes XhoI and KpnI
(Roche). The pGLUX1 transfection vector was generously donated by Dr Alex Maier,
Department of Biochemistry, La Trobe University. The vector contains a sequence
encoding a C-terminal GFP tag and a selection marker, the human dihydrofolate reductase
(hDHFR) gene conferring resistance to the antifolate drug WR99210 (Fidock & Wellems,
1997). Expression of the GFP-tagged fusion protein is driven by the chloroquine resistance
transporter (PfCRT) promoter (see figure 2.1 for pGLUX1 vector map). The successful
ligation was confirmed by digestion with XhoI and KpnI (Figure 3.4A) and subsequent
DNA

sequencing.

Transfection

of

P.

falciparum

3D7

strain

parasites

with

pGLUX1_PfGAP50 plasmid DNA was carried out as described in section 2.3.9. Cultures
were grown in the presence of 10 nM WR99210 and stable PfGAP50-GFP expressing
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transfectant parasites were observed after 33 days. A schematic diagram of the protein
product produced showing the relative location of signal sequence, phosphatase domain,
transmembrane domain, cytoplasmic tail and GFP tag is presented in Figure 3.4B.

A

B


Figure 3.4 Cloning of PfGAP50 into pGLUX1. A. The PfGAP50 PCR product (1191 bp)
and the restriction digest of PfGAP50 from the pGLUX1 transfection vector after cloning
using the enzymes XhoI and KpnI (Roche). Purified DNA products were separated by
electrophoresis on a 1% agarose gel alongside a 1 kb DNA ladder (Promega). B. The domains
of the PfGAP50-GFP protein product are: a predicted signal sequence (SS) with predicted
cleavage site indicated (black arrow), an acid phosphatase homology domain, a predicted
transmembrane domain (TM), a short cytoplasmic tail and a C-terminal GFP tag.
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3.4

PfGAP50-GFP is trafficked to the IMC

3.4.1 Solubility of PfGAP50-GFP
To examine the solubility characteristics of PfGAP50-GFP, late stage parasites from
the parent (3D7) and transfectant P. falciparum lines were enriched using a Percoll /
sorbitol cushion and selectively lysed with streptolysin-O to remove host cell haemoglobin.
The isolated parasites were lysed by rapid freeze / thaw and the supernatant and pellet
fractions were separated and analysed by Western blot (Figure 3.5). Rabbit antibodies
recognizing PfGAP50 (-GAP50) detected a band of 42 kDa in the pellet fraction of 3D7infected red blood cells consistent with a previous report (Baum, et al., 2006b). In the
PfGAP50-GFP transfectant parasite line an additional band at 64 kDa was detected
suggesting that -GAP50 recognizes both the endogenous PfGAP50 protein and the
episomally expressed PfGAP50-GFP. The relative intensity of the upper band indicates that
PfGAP50-GFP is expressed at lower levels than endogenous PfGAP50. GAP50 antisera
were generously donated by Dr Jacob Baum from the Walter and Eliza Hall Institute of
Medical Research (Baum, et al., 2006b).

When the lysates of the PfGAP50-GFP transfectants were probed with -GFP
(Roche) (Figure 3.5, right panel), only the band of 64 kDa was detected confirming that this
represents PfGAP50-GFP. No products were detected when lysates of 3D7 parasites or
uninfected red blood cells were probed with -GFP (data not shown) suggesting specificity
for the PfGAP50-GFP fusion protein under these experimental conditions.

The apparent mass of PfGAP50 and PfGAP50-GFP are in rough agreement with the
predicted mass of the respective protein products after cleavage of the signal sequence
(41.5 kDa and 68 kDa respectively). The presence of PfGAP50 and PfGAP50-GFP in the
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pellet fractions suggests that the proteins are membrane bound, consistent with their
proposed location in the IMC. To compare loading levels and validate the lysis procedure,
the blots were stripped and re-probed with antibodies recognizing the cytoplasmic protein
PfGAPDH (Figure 3.5, lower panel).

3D7
-GAP50

PfGAP50-GFP
-GAP50

-GFP

Figure 3.5 Solubility of PfGAP50-GFP. Late stage 3D7 parent and full length PfGAP50GFP transfectants were enriched, treated with streptolysin-O, then lysed by freeze/thaw
cycling. Supernatant (S) and pellet (P) fractions were subjected to Western blotting and
probed with antibodies recognizing PfGAP50 or GFP. The blots were re-probed with
antibodies recognizing the soluble parasite protein, PfGAPDH.

3.4.2 PfGAP50-GFP is incorporated into the glideosome complex
It has been suggested that PfGAP50 acts as an anchor in the IMC for the myosin
motor complex (Baum, et al., 2006b; Jones, et al., 2006). To determine whether the
PfGAP50-GFP fusion protein participates in this complex, immunoprecipitation with
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antibodies raised against another IMC protein, PfGAP45, was performed (Figure 3.6). Late
stage transfectant parasites were purified over a Percoll / sorbitol cushion and lysed with
saponin as described (2.1.4.2). Proteins were solubilizied from the pelleted fractions using
the detergent containing buffer RIPA buffer (2.1.4.4). Soluble lysates were pre-cleared with
a mixture of protein A- and protein G-Sepharose then incubated with either: rabbit PfGAP45, rabbit -PfMTIP, rabbit -GFP or a non reactive rabbit immune serum followed
by incubation with protein A/G-Sepharose beads. The precipitated samples were subjected
to Western blotting and probed with mouse antibodies against GFP, PfGAP45 and PfMTIP.
A band corresponding to the size of PfGAP50-GFP (64 kDa) was detected in samples
precipitated with -PfGAP45, -PfMTIP and -GFP but not with the non reactive preimmune serum (Figure 3.6). The lysate sample precipitated using -GFP contained bands
corresponding to the expected size of both PfGAP45 (37/39 kDa doublet) and PfMTIP (27
kDa) when probed with antibodies against the respective proteins. The data suggest that the
PfGAP50-GFP fusion protein participates in the glideosome complex in the transfected
parasites.
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Figure 3.6 PfGAP50-GFP interacts with PfGAP45 and PfMTIP. Proteins were
detergent solubilised from enriched, mature stage PfGAP50-GFP transfectants. The extract
was immunoprecipitated (IP) using rabbit pre-immune non reactive serum (NRS), or PfGAP45, or -PfMTIP, or -GFP. Western blots (WB) of the pellet fractions were probed
with mouse -GFP, -PfGAP45 or -PfMTIP. Antibodies used for IP are at the top and for
WB at the bottom of the figure.
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3.4.3 Confocal fluorescence analysis of PfGAP50-GFP transfectants
Live cell confocal fluorescence microscopy (Figure 3.7) shows that PfGAP50-GFP
is expressed in late ring stage parasites consistent with the expression profile for the P.
falciparum chloroquine resistance 5‟ promoter (PfCRT 5‟), which drives the expression of
the transgene from the pGLUX1 transfection vector (Bozdech et al., 2003). In trophozoite
stage parasites, a reticular structure is observed from within the parasite cytoplasm,
suggesting a possible location in the endoplasmic reticulum (ER). In early schizonts, small
puncta of fluorescence are observed that are close to bright regions in the differential
interference contrast (DIC) image. These bright regions may represent the rhoptry
organelles in nascent daughter cells. This suggests PfGAP50-GFP is being re-located as the
cell begins to divide. In the confocal slice through a segmented schizont, the fluorescence
appears to have spread out to surround approximately three quarters of the periphery of
each merozoite. This fluorescence pattern is consistent with proposed models for the P.
falciparum IMC (Agop-Nersesian et al., 2010; Ferguson et al., 2008; Striepen et al., 2007).
At no time was PfGAP50-GFP fluorescence observed from within the digestive vacuole or
host red blood cell indicating that the fusion protein is not mis-trafficked or exported due to
over expression.
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Figure 3.7 Cellular location of PfGAP50-GFP. Live cell confocal fluorescence
microscopy showing PfGAP50-GFP fluorescence (green) from ring stage through to late
schizont stage. A significant change in the fluorescence pattern is observed from trophozoite
(troph) to schizont stage. Images are single Z-sections of confocal scans collected using a
Leica TCS-SP2 confocal scanning microscope. Bar = 1 m.
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In order to assess the location of PfGAP50-GFP in relation to other glideosome
proteins, immuno-labeling of the transfectant parasites with -PfGAP45 and -PfGAP50
was performed. When parasites were labeled with antibodies against endogenous PfGAP50
and GFP, the fluorescence pattern showed almost complete overlap in both trophozoite and
late schizont stage (Figure 3.8A). The fluorescence patterns observed resemble the patterns
of GFP fluorescence in the live transfectants (Figure 3.7). The onset of expression of
PfGAP50 has been reported to be earlier than that of its binding partner PfGAP45 (Baum,
et al., 2006b; Le Roch, et al., 2003). The data confirm the presence of endogenous
PfGAP50 in trophozoite stage parasites. Moreover, the PfGAP50-GFP fusion protein seems
to adopt the same location as endogenous PfGAP50 during trophozoite stages.

When late stage PfGAP50-GFP transfectants were co-labeled with -PfGAP45 and
-GFP, schizont stage parasites showed co-location of the fluorescence patterns at the
apical end (i.e. opposite to the nucleus) of the developing merozoites (Figure 3.8B, upper
panel). This data is consistent with co-participation in the IMC. Interestingly, the released
merozoites show only partial co-location of the PfGAP45 and GFP signals suggesting some
re-organisation of the IMC components may occur after merozoite release (Figure 3.8B,
inset, lower panel).
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Figure 3.8 Co-labeling immunofluorescence using anti-PfGAP50 and anti-PfGAP45.
A. Fixed cell immunofluorescence microscopy of PfGAP50-GFP transfectants labeled with
antibodies raised against PfGAP50 (red) and GFP (green). Nuclei are labeled with DAPI
(blue). Co-location of the red and green signals throughout the trophozoite and schizont
stages suggests that PfGAP50-GFP is present in the same compartment as endogenous
PfGAP50. B. Immunofluorescence microscopy of PfGAP50-GFP transfectants at the mature
and ruptured schizont stages labeled with anti-PfGAP45 (red), anti-GFP (green) and DAPI
(blue). Bars = 1 m.
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3.5

PfGAP50-GFP is trafficked via the endoplasmic reticulum

To assess the nature of the sub-cellular compartments within which PfGAP50-GFP
resides, immuno-labeling with markers for different compartments was performed. When
PfGAP50-GFP transfectant parasites were labeled with the endoplasmic reticulum (ER)
marker ER-Tracker™ Blue-White DPX (Molecular Probes), the fluorescence pattern
largely overlaps the GFP fluorescence pattern (Figure 3.9A, top panel) indicating that
PfGAP50-GFP is located in the ER at this stage of development. Further evidence for the
location of PfGAP50-GFP in the ER during trophozoite stage was provided when cells
from the parent line (3D7) were co-labeled with antibodies recognizing the ER resident
protein ER Calcium Binding Protein (PfERC) and endogenous PfGAP50 (Figure 3.9B, top
panel). Both antibodies labeled reticular structures in the parasite cytoplasm, similar to the
fluorescence patterns observed for PfGAP50-GFP and ER-Tracker. This confirms that the
ER location of PfGAP50-GFP during trophozoite stages is not due to heterologous
promotion of the transgene causing mis-trafficking or accumulation in the ER.

To examine the possibility that the structure being observed during trophozoite
stages is the Golgi apparatus, PfGAP50-GFP transfectants were co-labeled with antibodies
raised against the resident Golgi protein PfBet3 was performed (Figure 3.9C, top panel).
Anti-Bet3 labeled punctate structures within the parasite cytoplasm were different from the
GFP containing structures. This is the first study showing the location of PfGAP50 during
trophozoite stage parasites although the protein was reported to be expressed before
merozoite development is initiated (Baum, et al., 2006b; Le Roch, et al., 2003).
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As previously mentioned (see Figure 3.7), in the schizont stage, the PfGAP50-GFP
fusion protein redistributes to punctate structures around the periphery of the dividing
parasite. At this stage, ER-Tracker labels reticular structures within the parasite cytoplasm,
presumably the ER, with a diffuse staining pattern quite unlike the pattern observed for
PfGAP50-GFP (Figure 3.9A, middle panel). Similarly in immunofluorescence images of
3D7 parasite at the same stage, PfGAP50 and PfERC do not co-locate (Figure 3.9B, lower
panel). The PfGAP50-GFP labeled compartments observed in the schizont stage are not
Golgi as the GFP fluorescence pattern is very different from that observed with PfBet3
labeling (Figure 3.9C, lower panel).

In rupturing schizonts, PfGAP50-GFP fluorescence is located at the periphery of the
daughter merozoites and appears to extend from one pole (figure 3.8A, bottom panel).
Immunofluorescence assays (Figure 3.9B) indicate that the fluorescence extends from the
apical end of the merozoite; that is the fluorescence is at the opposite end of the cell from
the nucleus (Bannister et al., 2003). ER-Tracker labeling at this stage does not exhibit the
same pattern (Figure 3.9A). These data suggest that PfGAP50-GFP is redistributed from the
ER to separate structures within the dividing cell.

74

Chapter 3

Figure 3.9 PfGAP50-GFP is trafficked via the endoplasmic reticulum. A. Parasites
expressing PfGAP50-GFP (green) were incubated with ER-Tracker (depicted in red). The
GFP and ER-Tracker fluorescence is co-located in trophozoite stage parasites. Upon
relocation of GFP fluorescence to the apical ends of nascent merozoites during early schizont
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stage, the reticular ER-Tracker labelling persists. PfGAP50-GFP is concentrated at one pole
of released merozoites while ER Tracker labels internal structures. B. Fixed cell
immunofluorescence microscopy of the 3D7 parent strain labelled with antibodies raised
against PfGAP50 (green) and the ER marker PfERC (red). C. Fixed cell immunofluorescence
microscopy of a 3D7 trophozoite labelled with antibodies raised against PfGAP50 (green)
and the Golgi marker PfBet3 (red).

3.6

Photobleaching analysis of PfGAP50-GFP

To assess the physical organisation of PfGAP50 within the IMC, fluorescence
recovery after photobleaching (FRAP) analysis was performed on the PfGAP50-GFP
labeled structures at various stages of parasite development. Spot bleaching of GFP
fluorescence with an intense laser pulse during trophozoite stage caused selective bleaching
in a region of the ER (Figure 3.10A). A partial loss of fluorescence was also observed in
regions adjacent to the point of bleaching and no recovery of fluorescence was observed
after 3 minutes. This indicates that at least part of the PfGAP50-GFP population is in a state
that shows restricted diffusion. This is in contrast to previous data showing that
fluorescence of a GFP-tagged version of the ER protein Sar1p recovered rapidly when
subjected to photobleaching (Adisa et al., 2007).

When the PfGAP50-GFP had redistributed to the apical caps (early schizont, Figure
3.10B/C) no recovery of fluorescence after photobleaching was observed, indicating that
populations of PfGAP50-GFP cannot diffuse from one compartment to another. When
PfGAP50-GFP fluorescence that had distributed around the periphery of daughter
merozoites was bleached, only the fluorescence at the point of bleaching was lost and no
recovery of signal was observed (Figure 3.10D). This indicates that PfGAP50-GFP is
present in a compartment that restricts lateral diffusion. This result is consistent with the
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predicted function of PfGAP50 being an anchor protein for the glideosome complex.
Johnson et al. (2007) showed that the homologous GAP50 protein from Toxoplasma gondii
exhibits the same properties and is immobilized in the IMC membrane. These results
combined with the immunoprecipitation assays (Figure 3.6) suggest PfGAP50-GFP is
incorporated into the glideosome complex.

Figure 3.10 FRAP analysis of PfGAP50-GFP transfectants. The panels are pre-bleach
images with and without DIC overlay and post-bleach images after application of a laser
pulse at the positions indicated (arrows). A. A region of the ER in an early trophozoite stage
parasite shows complete loss of fluorescence at the point of bleaching, partial loss from a
connected compartment and little loss from an adjacent compartment. There was no recovery
after 3 minutes. B. Application of a laser pulse to PfGAP50-GFP in an apical cap in an early
schizont ablates fluorescence with no recovery from adjacent structures. C, D. Spot bleaching
of a region of PfGAP50-GFP in a region of a mature merozoite results in complete loss of
fluorescence at the point of bleaching, with little loss from other regions of the same
merozoite or from adjacent merozoites. Bars = 1 m.
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3.7

PfGAP50-GFP recruitment during formation of the IMC
To investigate the timing of the trafficking events observed for PfGAP50-GFP, time

course confocal imaging of transfectant parasites was performed. To ensure parasites were
tightly synchronized, a modification of the concanavalin A synchronization technique
described previously by Ranford-Cartwright et al. (2010) was used (for details see Chapter
2, section 2.1.3.2). Aliquots of parasite culture were taken from a synchronized culture and
were imaged every hour while the mother culture remained under normal growth
conditions. During early to mid trophozoite stages, 38 – 40 hours after merozoite invasion,
the fluorescence pattern shows the reticular looped structure characteristic of the ER
(Figure 3.11, top panels). Late trophozoite and early schizont stage parasites (40 – 42 hours
post invasion) show more extensive looping and begin to accumulate into foci. By 44
hours, the fluorescence pattern has developed into distinct puncta reminiscent of the
structures observed in early schizonts (as described in Figures 3.7 and 3.9). By 46 hours
post-invasion, the fluorescence extends around the periphery of individual merozoites as
the cell nears rupture. These data show that the trafficking events causing the redistribution
of PfGAP50 from the ER to the IMC occur in within a 4 hour window (±30 minutes). This
study indicates that PfGAP50 redistribution occurs at the early stages of schizogony,
coinciding with beginning of IMC formation (Agop-Nersesian et al., 2010; Hu, 2008).
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Figure 3.11 Time course imaging of PfGAP50-GFP transfectants. Single section scans
(collected at 25 s/pixel) from different cells at 2 h intervals in the schizont stage are shown.
(Two cells are represented per time point). At 40-42 h after invasion, reticular structures with
looped extensions and focal concentrations of PfGAP50-GFP are apparent, coalescing into
punctate structures by 44 h. The PfGAP50-GFP containing structures then appear to expand
around each of the daughter merozoites. Bars = 1 m.
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3.8

3D-structured illumination microscopy of PfGAP50-GFP
The small size of the apical punctate structures in which PfGAP50-GFP resides

during early stages of schizogony limits the information that can be obtained via
conventional fluorescence microscopy. 3D-structured illumination microscopy (3D-SIM) is
a recently developed technique that allows the imaging of fluorescently labeled samples at
about two times the resolution of conventional confocal scanning fluorescence microscopy
(Schermelleh et al., 2008). To gain more detailed information about the PfGAP50-GFP
labeled compartments in dividing cells, 3D-SIM was used to image schizont stage
transfected parasites. The nuclear stain DAPI was used to co-label the cells in order to
assess the stage of division and to place the location of PfGAP50-GFP fluorescence in
context. The PfGAP50-GFP labeled structures are readily observed in an early schizont,
which contains eight dividing nuclei (Figure 3.12A,C). At this higher resolution, it is
evident that the PfGAP50-GFP containing compartments are flat ellipsoid structures each
with two unlabeled pores. 3D rotation of the reconstructed image clearly shows two
ellipsoid structures per nucleus and the structures appear apically located relative to the
nuclei, consistent with observations made using immunofluorescence assays (3.4.3). It is
known that dividing P. falciparum schizonts produce from 16 to 32 daughter merozoites
(Hviid, 1998). The data suggest that the fluorescently labeled structure divides as the
parasite nuclei are dividing. The fluorescence profile across the pores was generated using
ImageJ version 1.42 (Figure 3.13A). The average diameter of the pores was estimated by
measuring the distance between the fluorescence peaks at the half height of maximum
intensity (Figure 3.13, right panels). The average diameter of the pores during this stage is
150 nm (±40 nm, n = 18).
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Figure 3.12 3D-structured illumination microscopy of PfGAP50-GFP transfectants.
Structured illumination microscopy (3D-SIM) was performed on parasites expressing
PfGAP50-GFP (green) labeled with DAPI nuclear stain (depicted in red). A, C. A schizont
with eight nuclei, each with two associated PfGAP50-GFP-containing ellipsoids. Each
ellipsoid has two unlabelled “pores”. B, D. A schizont with eight nuclei that are undergoing
division showing the PfGAP50-GFP-containing structures separating into claw-like
structures. E, F. Mature schizonts in which the PfGAP50-GFP fluorescence is more evenly
distributed around the periphery of the parasite. Bar = 1 m.
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In a slightly more mature schizont (Figure 3.12B,D), the PfGAP50-GFP labeled
structures appear to be pulled apart with the pores opening as the nuclei divide to give the
appearance of two opposed „claws‟ (Figure 3.12D, white arrow). The average diameter of
the cavities of the claw structures is 240 nm (±40 nm, n = 18) (Figure 3.13B). These
structures may represent the apical caps of separating daughter cells in which the nascent
IMC structures are pulled apart. The shape and location of the observed fluorescent
structures is consistent with observations made for other IMC markers during IMC
formation such as the anterior IMC-associated protein MORN1 from P. falciparum and T.
gondii (Ferguson et al., 2008; Hu, 2008). This suggests that PfGAP50 is located in the IMC
from the beginning of IMC biogenesis supporting the suggestion that part of the ER is
redistributed to form the IMC.

As nuclear division proceeds and the schizont matures further PfGAP50-GFP
extends around the periphery of the daughter cells. The apical pores remain visible in late
schizonts (Figure 3.12E) but, as the IMC extends around the periphery of individual
merozoites, the PfGAP50-GFP fluorescence is diluted and the pores become less
prominent. This is most apparent during rotation of the reconstructed 3D-SIM image.
Rotations of the reconstructed 3D-SIM images from Figures 3.12 A, B, E and F are
provided in the supplementary data (Movies S1, S2, S3 and S4 respectively).
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A

B

Figure 3.13 Measurements of the pore size in the developing IMC. Measurements of the
pore in the developing IMC taken from 2-dimensional sections of the PfGAP50-GFP
fluorescence from (A) Figure 3.11 C and (B) Figure 3.11 D. Fluorescence intensity profiles
across the sections indicated with a white line were measured using ImageJ version 1.42.
Plots were generated using Microsoft Excel. The pore sizes for the examples presented were
calculated by measuring the distance between the peaks of fluorescence at half maximum
intensity and were determined to be 150 nm for the young schizont in (A) and 240 nm for the
developing schizont (B).

3.9

Attempted genomic integration of a PfGAP50-GFP construct
While the results presented so far suggest that PfGAP50-GFP is a suitable marker

for the IMC and mimics the location and molecular organisation of endogenous PfGAP50,
attempts were made to integrate the GFP chimera into the genome of P. falciparum 3D7
parasites to assess the ability of PfGAP50-GFP to replace endogenous PfGAP50 as the
glideosome anchor. The P. falciparum single homologous crossover integration vector
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pGREP1 was generously donated by Dr Alex Maier, Department of Biochemistry, La
Trobe University. The vector contains a sequence encoding a C-terminal GFP tag and the
human dihydrofolate reductase (hDHFR) gene to confer resistance to the drug WR99210
(see Figure 2.2 for pGREP1 vector map). The 3‟ 700 base pair fragment of the PfGAP50
open reading frame was generated by PCR and cloned into the pGREP1 vector using the
restriction enzyme sites XhoI and SacII. The PCR product was successfully ligated into the
vector as determined by restriction endonuclease digestion (Figure 3.14A) and subsequent
DNA sequencing of the purified plasmid. Upon successful transfection into P. falciparum
3D7 parasites as described in Chapter 2 (2.3.9), the cultures were grown in the presence or
absence of the WR99210 supplemented media in 2 week cycles. Genomic DNA was
isolated and examined for integration of the target construct at the end of each drug cycle.
The isolated gDNA and the pGREP1_PfGAP50 transfection vector were digested with
EcoRI and analysed by Southern blot. If successful, gDNA that contains the PfGAP50-GFP
integrated construct would yield a 5.9 kb fragment when digested with EcoRI whereas
digestion of the transfection vector alone yields a 7.0 kb fragment. Although the
transfection protocols resulted in a WR99210 resistant parasite line, indicating maintenance
of the episomal construct, after six drug cycles (12 weeks), no 5.9 kb fragment was
observed (Figure 3.15). Similarly, fluorescence microscopy revealed no GFP signal in the
drug resistant transfectant suggesting that integration was unsuccessful and that the hDHFR
gene may have been transcribed from the vector but GFP was not. Subsequent retransfection of 3D7 cells with the pGREP1_PfGAP50 construct yielded the same negative
result.
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Figure 3.14 Cloning of PfGAP50 3’ into pGREP1. The PfGAP50 3’ 700 bp PCR product
and the restriction digest of PCR product from the pGREP1 transfection vector after direct
cloning using the enzymes XhoI and SacII.

*

Figure 3.15 Southern Blot analysis of PfGAP50_pGREP1 transfectants. Southern Blot
analysis of genomic DNA (gDNA) purified from PfGAP50_pGREP1 transfectants after six
drug cycles and digested with EcoRI alongside EcoRI digested PfGAP50_pGREP1 vector. A
band of 7.0 kb was detected (asterisk) in both the gDNA and the vector. A shift to 5.9 kb was
expected if the integration had been successful.
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3.10

Discussion

The inner membrane complex (IMC) of the P. falciparum merozoite is a flattened
cisternal membrane structure that lies inside the plasma membrane of the developing
daughter cells and is analogous to the IMC of T. gondii (de Melo & de Souza, 1997b). The
IMC plays a critical role in anchoring the actin-myosin motor (glideosome) that drives
invasion of host cells (Soldati et al., 2004). While the proteins of the glideosome complex
have been well studied in T. gondii, the P. falciparum proteins are less well studied and
many aspects of the biogenesis of, and pathways of, protein traffic to the P. falciparum
IMC remain poorly understood. The first described integral membrane protein of the IMC
was the glideosome anchor, PfGAP50 (Baum, et al., 2006b; Jones, et al., 2006).

In this study, transfectants of P. falciparum 3D7 parasites were produced that
express the GFP fusion protein PfGAP50-GFP. Analysis by fluorescence microscopy
provided insights into the organisation and dynamics of PfGAP50 in the developing P.
falciparum IMC. While efforts were made to integrate a GFP tagged GAP50 into the P.
falciparum 3D7 genome (section 3.8), this was not possible. The PfGAP50-GFP protein
used in this study was expressed episomally. The level of expression of the transgene was
quite low and the transfectants retained the endogenous PfGAP50 protein.

In schizont stage parasites, the PfGAP50-GFP chimera was shown to be associated
with the particulate fraction. This is consistent with the solubility properties of endogenous
PfGAP50 and provides the first piece of evidence that the fusion protein is membrane
bound. Importantly, PfGAP50-GFP was shown to co-precipitate with the other glideosome
proteins PfGAP45 and PfMTIP (Figure 3.6), arguing strongly that it is correctly trafficked
to the IMC and is able to participate in the glideosome complex in vivo. The PfGAP50-GFP
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fusion protein is tagged at the C-terminus. Based on models of the T. gondii glideosome
proteins, the C-terminal cytoplasmic domain of PfGAP50 is expected to be the point of
interaction between PfGAP50 and PfGAP45. It might be anticipated that the GFP reporter
protein could block binding to the five amino acid C-terminal cytoplasmic domain.
However, TgGAP50 tagged at the C-terminus was shown to be located in the TgIMC and
to interact with other T. gondii glideosome proteins (Gaskins et al., 2004). This result is at
first surprising; however, it has been shown that PfGAP45 is both myristoylated and
palmitoylated, which facilitates penetration into the IMC membrane. This may provide a
greater interaction area with PfGAP50 and further stabilize the glideosome complex (ReesChanner et al., 2006). It is also possible that there may be other proteins that stabilize
interactions between PfGAP50 and other glideosome proteins, either in the parasite
cytoplasm or the IMC lumen. One such candidate is the recently identified glideosome
protein PfGAP40, whose function and topology is yet to be determined (Frenal et al.,
2010).

Photobleaching of PfGAP50-GFP fluorescence in live cells showed that the fusion
protein is not mobile within the IMC. This is consistent with the reported properties of
TgGAP50. These data, along with the co-location of PfGAP50-GFP and endogenous
PfGAP50 by immunofluorescence microscopy, indicate that PfGAP50-GFP is a suitable
marker for the IMC and accurately represents the behaviour and properties of endogenous
PfGAP50.

The relatively early transcription of PfGAP50 compared with other P. falciparum
invasion related proteins suggests that PfGAP50 may play a role in initiating IMC
formation (Le Roch et al., 2003). The T. gondii IMC proteins, TgGAP45 and TgMLC, have
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been shown to form a complex in the parasite cytoplasm and are recruited to the IMC once
it is already formed (Gaskins et al., 2004). It has been assumed that TgGAP50 is already
present in the membrane.

How and when the GAP50 molecule is inserted into the IMC membrane has not yet
been described. Using live cell confocal fluorescence microscopy of tightly synchronized
PfGAP50-GFP transfectants, this study showed that the GFP fusion protein is associated
with the ER from late ring stage through to mid trophozoite stage. This was confirmed by
showing co-location of endogenous PfGAP50 and the ER resident protein PfERC during
trophozoite stages using immunofluorescence microscopy (Figure 3.9). As the parasite
matured, the PfGAP50-GFP labeled structures were observed to loop out then coalesce as
punctate structures near the parasite periphery. At no stage during cell development was
vesicular trafficking of PfGAP50-GFP observed although the presence of very small
vesicles cannot be excluded. Nonetheless, these data strongly suggest that the IMC is
derived from the ER and that PfGAP50 is present in the parasite endomembrane system
before IMC biogenesis.

Signals involved in the initiation of IMC formation remain unclear, however, live
cell time course imaging of PfGAP50-GFP transfectants shows that the structural
rearrangement of the sections of ER that contain PfGAP50-GFP happens at the early stages
of schizogony, 42 – 44 hours after infection of a host red blood cell. It is possible that
expression of the other interacting glideosome proteins initiates the recruitment of
specialized PfGAP50-containing compartments of the ER to become the IMC as nuclear
division is taking place. While one study suggests that the TgIMC is derived from the Golgi
apparatus (de Melo & de Souza, 1997a), PfGAP50-GFP does not co-locate with the Golgi
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protein, PfBet3. The results suggest recruitment of PfGAP50 to the IMC is directly from
the ER, although participation of the Golgi apparatus as a transient trafficking
compartment, or in transport of GAP50 and other IMC proteins in both P. falciparum and
T. gondii is likely to occur.

The punctate PfGAP50-GFP structures observed at the periphery of the parasite
during live cell confocal fluorescence microscopy were intriguing. Similar structures have
been observed previously when P. falciparum was labeled with reagents recognizing
PfGAP45 or the novel IMC proteins PfGAPM1 and MAL13P1.130 (Bullen et al., 2009; Hu
et al., 2010). Recently a new high resolution imaging technique has been developed that
can improve resolution of fluorescent features by about two times compared with confocal
microscopy (Schermelleh et al., 2008). Three-dimensional structured illumination
microscopy (3D-SIM) was used to observe the development of PfGAP50-GFP transfectants
in more detail. During early stages of schizogony the PfGAP50-GFP labeled nascent IMC
was presented as a doubly punctured flattened ellipsoid structure at the apical end of the
cell. This structure separates into two opposing claw-shaped structures as the nuclei begin
to divide (Figure 3.12). The “pores” that are present in the nascent IMC have a diameter of
about 150 nm (Figure 3.13).

Electron microscopy studies of the apical region of early P. falciparum schizonts
reveal three cytoskeletal rings surrounded by a membrane cap (Bannister & Dluzewski,
1990; Bannister et al., 2000). It is possible that an interaction of PfGAP50 (or associated
proteins) with the newly formed polar rings may initiate the relocation of PfGAP50 from
the ER to the apical prominence. The 3D-SIM images of PfGAP50-GFP transfectants are
consistent with ultra-structural studies showing that the IMC cisternae extend radially from
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the apical rings leaving a central region that is free of cisternal membrane (Bannister et al.,
2000). Thus, the holes observed in the PfGAP50-GFP labeled nascent IMC presumably
represent the region occupied by the polar rings. Immunofluorescence microscopy of a
recently characterised T. gondii and P. falciparum protein, MORN1, which is reported to be
a link between the cytoskeleton and the IMC membrane during schizogony, also displays
the same characteristic „doughnut‟ shaped polar cap of fluorescence with a central pore
(Ferguson et al., 2008; Gubbels et al., 2006).

In the late stages of schizogeny, as the daughter merozoites are forming, the
PfGAP50-GFP fluorescence profile extends further around the periphery of cell, consistent
with other proposed models for the P. falciparum IMC (Agop-Nersesian et al., 2010;
Ferguson et al., 2008; Striepen et al., 2007). Co-labeling of PfGAP50-GFP transfectant
parasites with -PfGAP45 antisera showed that the two glideosome proteins only partially
co-locate in late schizonts. A schematic diagram of the proposed reorganisation of
PfGAP50 and the relative location of PfGAP45 during IMC development is illustrated in
Figure 3.16. The data suggest that PfGAP50 is located at the apical cap of the nascent
merozoite and extends around the cell as the merozoite develops. PfGAP45 is co-located
with PfGAP50 in the initial stages of merozoite formation but seems to redistribute further
around the periphery of the parasite once the merozoites are released. The fluorescence
patterns observed could indicate that not the entire population of PfGAP45 has formed a
complex with PfGAP50-GFP. This is consistent with a previous study showing that a
population of PfGAP45 remains in an uncomplexed state (Jones et al., 2006). More recent
evidence suggests that a population of PfGAP45 may be associated with the plasma
membrane and could therefore extend all the way around the merozoite (Frenal et al.,
2010).
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Figure 3.16 Overview of PfGAP50-GFP location during IMC development. A. PfGAP50
is expressed during the trophozoite stage and is associated with the ER. As endomitotic
nuclear division is initiated a PfGAP50-containing sub-compartment of the ER loops out to
initiate the formation of the IMC. B. Replication of the daughter parasites is continued with
the synthesis of apical organelles, such as the rhoptries and by the establishment of
cytoskeletal polar rings at the merozoite apex. Later expressed components of the glideosome
(such as PfGAP45) are delivered to the IMC and form a complex with PfGAP50. The IMC is
initially present as an apical cap that extends from the apical rings. C. As the daughter cells
develop the IMC extends further around the parasite periphery under the invaginating plasma
membranes. D. Following separation of the daughter cell from the residual body and rupture
of the host cell PfGAP50 and PfGAP45 may redistribute to different compartments of the
IMC. The nucleus (N), digestive vacuole (DV), rhoptries (R), polar rings and IMC are
indicated. Regions where PfGAP50 alone is present are indicated in green, where PfGAP45
alone is present in red and where both are present in yellow.
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Chapter 4

Characterisation of PfGAP50 Deletion
Mutants

4.1

Introduction
PfGAP50 has four distinct domains: an N-terminal signal anchor sequence; an

acid phosphatase homology domain; a C-terminal transmembrane domain; and a Cterminal cytoplasmic domain (see Chapter 3 for discussion). The C-terminal
transmembrane domain and the five amino acid C-terminal domain of TgGAP50 were
shown to be essential for inclusion of this protein into the glideosome complex of T.
gondii tachyzoites (Gaskins et al., 2004). In models published by some authors, the Cterminal domain is placed in the parasite cytoplasm where it can interact with GAP45
(Gaskins et al., 2004; Green et al., 2008). In others, it is placed in the IMC lumen and it
is assumed that the N-terminal region interacts with GAP45 (Baum et al., 2006a; Bullen
et al., 2009). As described in Chapter 3, the inclusion of a C-terminal GFP tag on
PfGAP50 did not prevent incorporation into the glideosome complex. This suggests that
if the C-terminal domain is involved in binding to the glideosome complex it may not be
the only point of interaction between PfGAP50 and PfGAP45, and interactions within
the IMC membrane or within the IMC lumen may play a part in stabilization of the
glideosome complex.

Gaskins et al. (2004) reported that TgGAP50 mutants lacking either the short Cterminal cytoplasmic domain or the acid phosphatase homology domain were still
trafficked to the IMC. While this work was in progress, a report appeared showing that a
GFP chimera of the N-terminal region of PfGAP50 is trafficked via the secretory
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pathway to the parasite periphery (Müller et al., 2010). Data presented in Chapter 3
shows that PfGAP50 is resident in the ER up until schizogeny, when biogenesis of the
IMC begins. In this study, transfectants expressing GFP chimeras of PfGAP50 mutants
lacking putatively important domains were examined by fluorescence microscopy to
determine the role of each domain in the trafficking process.

4.2

Generation of PfGAP501-369-GFP transfectants

To determine whether the C-terminal transmembrane and cytoplasmic domains
of PfGAP50 are involved in trafficking of PfGAP50 to the IMC and directing inclusion
into the glideosome complex, a transfectant expressing a mutant PfGAP50-GFP fusion
protein lacking these domains was generated. A PCR product amplifying the first 1110
base pairs of the PfGAP50 open reading frame was ligated into the pGLUX1
transfection vector using XhoI and KpnI (Figure 4.1A). The vector was transfected into
P. falciparum 3D7 parasites and transcription of the episome resulted in expression of
the first 369 amino acid residues (1 – 369 inclusive) of PfGAP50 with GFP fused to the
C-terminus (PfGAP501-369-GFP, Figure 4.1B).
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Figure 4.1 Cloning of PfGAP501-369-GFP into pGLUX1. A. The PfGAP501-369 PCR
product (1110 bp) and the restriction digest of PfGAP501-369 from the pGLUX1
transfection vector (7771 bp) after cloning using the enzymes XhoI and KpnI (Roche). B.
Diagram of the C-terminal GFP tagged truncation mutant lacking the C-terminal domains
of PfGAP50. The protein product retains the N-terminal signal sequence (SS), the
predicted cleavage site (black arrow) and the entire phosphatase homology domain of the
native PfGAP50 protein.

4.3

PfGAP501-369-GFP is trafficked to the parasitophorous vacuole

4.3.1 Confocal fluorescence analysis of PfGAP501-369-GFP transfectants
Live cell confocal fluorescence microscopy of the PfGAP501-369-GFP
transfectants shows fluorescence around the periphery of the parasite during the
trophozoite stage indicating that the mutant fusion protein is in the parasitophorous
vacuole (PV; Figure 4.2, upper panel). During early schizont stage (Figure 4.2, middle
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panel), most of the fluorescent signal is observed in the PV while a population of
PfGAP501-369-GFP appears to be transferred to the DV. This suggests that deletion of the
C-terminal region of PfGAP50 leads to mistrafficking and excludes the protein from the
IMC in late stages. Co-staining with ER-Tracker™ Blue-White DPX (Figure 4.2, lower
panel) shows that no PfGAP501-369-GFP is located in the ER during trophozoite stage,
suggesting secretion occurs rapidly after protein expression.

Figure 4.2 Cellular location of PfGAP501-369-GFP. Live confocal fluorescence images
of trophozoite and schizont stage parasites (top 2 panels) show mistrafficking of
PfGAP501-369-GFP (green) to the PV. A portion of the GFP fluorescence is associated with
the DV in a more mature parasite suggesting uptake by endocytosis (centre panel). The
mistrafficked protein does not co-locate with the ER-Tracker (red, bottom panel). Bar = 1
μm.
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4.3.2 Solubility analysis and immunoprecipitation of PfGAP501-369-GFP
Enriched trophozoite and schizont stage PfGAP501-369-GFP transfectants were
released from the host red blood cells with streptolysin-O (SLO) and then ruptured by
rapid freeze-thaw. The supernatant and pellet fractions were separated by centrifugation
and subjected to Western analysis. Probing with mouse -GFP monoclonal antibodies
(Roche) revealed a band at 61 kDa (Figure 4.3, left panel), similar to the anticipated size
of PfGAP501-369-GFP after cleavage of the N-terminal signal sequence. The majority of
the GFP fusion protein was detected in the supernatant fraction with a small amount
detected in the pellet. These data are consistent with the observations made by confocal
fluorescence microscopy of PfGAP501-369-GFP transfectants (Figure 4.2) and suggest
that the majority of PfGAP501-369-GFP is present in a soluble form in the PV lumen
while the band detected in the pellet fraction may represent the portion of the GFP
fusion protein that is trafficked to the DV. An additional band of lower mass (26 kDa) is
detected in the supernatant fraction. This is likely to represent a soluble, proteaseresistant core of GFP, a known breakdown product of some GFP fusion proteins (Waller
et al., 2000). The blot was stripped and re-probed with antibodies raised against the
cytoplasmic protein PfGAPDH to validate the lysis procedure and the expected band
was detected in the supernatant fraction (Figure 4.3, lower panel).

The results suggest that the N-terminal signal anchor sequence is sufficient to
direct PfGAP50 to be processed in the ER where the signal anchor is cleaved and default
trafficking through the secretory pathway takes place. A schematic diagram representing
the proposed pathway of PfGAP501-369-GFP is presented in Figure 4.4 and hypothesizes
vesicle mediated trafficking to the PV. The data agree with previous studies showing
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that secretion of proteins to the PV lumen is mediated by an N-terminal signal sequence
(Waller et al., 2000; Wickham et al., 2001).

Figure 4.3 Solubility analysis and immunoprecipitation of PfGAP501-369-GFP. Left
panel: Enriched PfGAP501-369-GFP transfectants were treated with streptolysin-O (SLO)
followed by freeze/thaw (F-T) cycling. Supernatant (S) and pellet (P) fractions were
subjected to Western blotting and probed with antibodies recognizing GFP, then re-probed
with -PfGAPDH. Right panel: RIPA solubilised proteins were immunoprecipitated with
rabbit -PfGAP45 and the bound fraction (B) and flow through (F) were analysed by
Western blot probed with mouse anti-GFP.

To determine whether a portion of the PfGAP501-369-GFP chimera population
participate in the glideosome complex, immunoprecipitation with antibodies raised
against PfGAP45 was performed. Mature schizont stage PfGAP501-369-GFP transfectants
were lysed with RIPA buffer which was shown to release the glideosome complex from
the IMC (Figure 3.6). When incubated with anti-PfGAP45 antibodies and a 1:1 mixture
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of protein A- and protein G-sepharose, PfGAP501-369-GFP was detected only in the flow
through fraction (Figure 4.3, right panel). This result is to be expected given that the Cterminal cytoplasmic domain of PfGAP50, which is absent in the PfGAP501-369-GFP
fusion protein, has been reported to be responsible for the interaction between PfGAP50
and PfGAP45, following the accepted model of the interaction between TgGAP50 and
TgGAP45 (Gaskins et al., 2004).

Figure 4.4 Proposed trafficking of PfGAP501-369-GFP to the parasitophorous
vacuole. Without a C-terminal transmembrane anchor, PfGAP501-369-GFP fusion protein
is transported through the secretory pathway. It is hypothesized that the N-terminal signal
anchor is cleaved and the protein is trafficked as a soluble protein to the PV via vesicle
mediated transport, similar to the classical sectretory pathway in higher eukaryotes.
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4.4

Generation of PfGAP50AP-GFP and PfGAP50AP-GFP-mut
transfectants

PfGAP50 has a large, central acid phosphatase homology domain that exhibits
~21% sequence identity to mammalian purple acid phosphatases (Figure 3.3). It has
been shown that a recombinant version of this domain exhibits acid phosphatase activity
against a variety of substrates in vitro (Müller et al., 2010). To determine whether this
domain is essential for correct trafficking of PfGAP50 to the IMC, P. falciparum
transfectants were generated that episomally express a protein construct in which the
acid phosphatase homology domain is replaced with GFP (PfGAP50AP-GFP). The Nterminal and C-terminal nucleotide sequences of PfGAP50 were PCR amplified from
3D7 P. falciparum genomic DNA and the open reading frame of GFP was amplified
from the pGLUX1 transfection vector. Overlapping PCR of all three double stranded
DNA products was performed to generate the open reading frame for PfGAP50AP-GFP
which was cloned into the pGLUX1 vector using the restriction sites XhoI and PacI
(Figure 4.5A).

Using the pGLUX1-PfGAP50AP-GFP DNA construct as a template, another
deletion mutant construct was generated which lacked the nucleotides encoding the last
four C-terminal residues of PfGAP50AP-GFP (PfGAP50AP-GFP-mut). The protein
products both contain the first 30 amino acid residues, which include the N-terminal
signal anchor sequence and the cleavage site of PfGAP50 fused to the entire GFP
sequence. Figures 4.5B and 4.5C show diagrams of the transgene structures.
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Figure 4.5 Cloning of PfGAP50AP-GFP and PfGAP50AP-GFP-mut into pGLUX1.
A. The PfGAP50AP-GFP PCR product (932 bp) and the restriction digest of PfGAP50APGFP from the pGLUX1 transfection vector after cloning using the enzymes XhoI and
PacI. B. The PfGAP50AP-GFP protein product contains GFP in place of the phosphatase
homology domain of PfGAP50 but retains the N-terminal signal sequence and predicted
cleavage site as well as the C-terminal transmembrane domain and short cytoplasmic tail.
C. The PfGAP50AP-GFP-mut construct is also missing the cytoplasmic tail.
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4.5

PfGAP50AP-GFP is trafficked to the IMC

4.5.1 Solubility of PfGAP50AP-GFP
Enriched trophozoite and schizont stage PfGAP50AP-GFP transfectants were
released from host red blood cells with SLO and lysed by rapid freeze-thaw. The
supernatant and pellet fractions were separated by centrifugation and subjected to
Western analysis. Probing with mouse -GFP monoclonal antibodies detected a protein
with an apparent mass of 34 kDa in the pellet fraction (Figure 4.6). This is in agreement
with the expected mass of PfGAP50AP-GFP and is consistent with the solubility profile
of full length PfGAP50-GFP chimera (Figure 3.5) and suggests that the protein is
membrane bound. Detection of a weak band of a higher mass than PfGAP50AP-GFP
suggests a population of PfGAP50AP-GFP may not undergo correct signal sequence
cleavage. The membrane was stripped and re-probed with antibodies raised against the
soluble cytoplasmic protein PfGAPDH to verify the cell lysis (Figure 4.6, lower panel).

Figure 4.6 Solubility of PfGAP50AP-GFP. Enriched late stage PfGAP50AP-GFP
transfectants were treated with streptolysin-O followed by freeze/thaw cycling.
Supernatant (S) and pellet (P) fractions were subjected to Western blotting and probed
with antibodies recognizing GFP, then re-probed with -PfGAPDH.
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4.5.2 Confocal fluorescence analysis of PfGAP50AP-GFP transfectants
Analysis of live transfectants by confocal fluorescence microscopy revealed that
PfGAP50AP-GFP has a similar fluorescence profile to that of full length PfGAP50-GFP
(Figure 3.7). In early trophozoite stage parasites, a loop of GFP fluorescence was
observed within the parasite (Figure 4.7, top panel). This is reminiscent of the
fluorescence pattern displayed by PfGAP50-GFP trophozoites and suggests that
PfGAP50AP-GFP is located in the ER shortly after translation.

Mature schizont stage PfGAP50AP-GFP transfectants also display a fluorescence
pattern similar to that of PfGAP50-GFP, with a rim of fluorescence observed around the
periphery of developing merozoites (Figure 4.7, lower panel). This result, along with the
solubility profile, suggests PfGAP50AP-GFP is correctly trafficked to the IMC.
Moreover, the results suggest that the acid phosphatase homology domain is not required
for correct trafficking of PfGAP50.

While transfection of P. falciparum parasites with the pGLUX1-PfGAP50APGFP DNA construct imparted resistance to the drug WR99210, only approximately 10%
of transfectants exhibited GFP fluorescence when examined. This suggests there may
have been some rearrangement of the episomal construct or the protein product within
the parasite. Furthermore, parasites of the PfGAP50AP-GFP transfectant line only
survived in culture for approximately two weeks. This suggests that expression of
PfGAP50 lacking the acid phosphatase homology domain may confer a growth
disadvantage to the parasite.
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Figure 4.7 Cellular location of PfGAP50AP-GFP. Live cell confocal fluorescence
images show a similar fluorescence pattern to the full length PfGAP50-GFP, beginning in
the ER during trophozoite stage (top panel) and around the periphery of the developing
merozoites during schizont stage (bottom panel). Bar = 1 μm.

4.6

Confocal

fluorescence

analysis

of

PfGAP50AP-GFP-mut

transfectants

Confocal fluorescence analysis of PfGAP50AP-GFP-mut transfectants revealed a
different fluorescence pattern to that observed for PfGAP50AP-GFP. In trophozoite
stage parasites, a portion of GFP fluorescence appeared to be ER-located while some
fluorescence was also observed around the periphery of the parasite (Figure 4.8, white
arrowheads). In late schizonts (Figure 4.8, lower panel), a strong fluorescence signal was
detected from within the DV and a weaker signal was detected from within each
developing merozoite. There was no peripheral labeling consistent with the location of
the IMC.
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These results suggest that the C-terminal cytoplasmic domain of PfGAP50 is
important for correct trafficking to the IMC. Unfortunately, the deletion mutant also
lacked the acid phosphatase homology domain and, as for the PfGAP50AP-GFP
transfectant, its life span in culture was short. The fluorescence patterns suggest there
may be two populations of GFP within the parasite; a correctly trafficked population and
a secreted population. Insufficient material was available to enable further analysis.

Figure 4.8 Cellular

location

of

PfGAP50AP-GFP-mut.

Live

cell

confocal

fluorescence microscopy shows that the PfGAP50AP-GFP-mut protein is partly trapped
within the parasite and partly mistrafficked to the plasma membrane during trophozoite
stage (white arrowheads, top two panels). GFP fluorescence is present in the digestive
vacuole as well as in individual developing merozoites during schizont stage (bottom
panel).
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4.7

Discussion

Studies of the T. gondii glideosome have shown that TgGAP45 interacts with the
C-terminal region of TgGAP50, i.e. the five amino acid C-terminal tail (Gaskins et al.,
2004). A similar interaction between PfGAP50 and PfGAP45 is likely although some
authors have suggested that PfGAP45 might interact with the larger N-terminal domain
and published models of the P. falciparum glideosome have represented PfGAP50 in
different orientations within the IMC membrane (Baum et al., 2008; Bullen et al., 2009;
Green et al., 2008) (Figure 4.9). The confocal fluorescence microscopy and
immunoprecipitation analysis of PfGAP501-369-GFP presented in this chapter show that
the C-terminal transmembrane and cytoplasmic domains of PfGAP50 are essential for
correct trafficking to the IMC and participation in the glideosome complex. This argues
in support of the C-terminal domain as the region that interacts with PfGAP45.

The location of a truncated mutant of PfGAP50 that is missing the C-terminal
transmembrane domain and the C-terminal tail were examined. The solubility profile of
PfGAP501-369-GFP, combined with the microscopy data, indicates that the truncated
protein is released into the PV lumen. It has been shown that both P. falciparum and T.
gondii possess a secretory pathway similar to that of better characterised eukaryotes (see
Binder and Kim (2004) for review). N-terminal signal sequences are known to be
responsible for secretion of P. falciparum proteins (Adisa et al., 2003; Gehde et al.,
2009). The fact that PfGAP501-369-GFP is secreted into the PV indicates that it must be
oriented so that cleavage of the ER signal anchor releases the protein into the ER lumen.
This confirms that PfGAP50 is anchored in the IMC via its C-terminal transmembrane
domain and the acid phosphatase homology domain is facing the lumen of the IMC
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(Figure 4.10). This is consistent with the model presented for TgGAP50 in the T. gondii
IMC (Johnson et al., 2007).

A

B

C

Figure 4.9 Diagrammatic representations of the P. falciparum glideosome from the
literature. Three published representations of the P. falciparum glideosome with
PfGAP50 indicated with red arrows. A. Glideosome representation from Baum et al.
(2008) with the larger N-terminal domain of PfGAP50 facing the parasite cytoplasm. B.
Glideosome representation from Bullen et al. (2009) with PfGAP50 shown mostly on the
cytoplasmic side of the IMC. C. Glideosome representation from Green et al. (2008)
showing PfGAP50 mostly on the luminal side of the IMC.
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Figure 4.10 Current model of the P. falciparum glideosome. A diagram showing the
organisation of the P. falciparum IMC with associated proteins indicated. The IMC sits
inside the parasite plasma membrane and has an underlying microtubule network
associated with alveoli proteins. The transmembrane GAPM protein sits in the inner
membrane of the IMC. The MyoA-MTIP complex is anchored to the outer membrane of
the IMC via interactions with glideosome-associated proteins GAP45 and GAP50 and
‘walks’ along a network of F-actin filaments that are recycled with the help of the
chaperone proteins cofilin, profilin and formin. The movement of actin provides force to
move the membrane-spanning protein mTRAP via an interaction with aldolase. mTRAP
pushes against a host cell receptor propelling the parasite forwards. The diagram is
adapted from Baum et al. (2008) and combines information from published data as well as
current results (Bullen et al., 2009; Yeoman et al., 2011). The majority of PfGAP50 is
shown to be present in the IMC lumen, which is consistent with results from this thesis.
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It has been shown that assembly of the glideosome complex of both P.
falciparum and T. gondii is regulated by phosphorylation of GAP45 (Gilk et al., 2009;
Green et al., 2008). The confirmed orientation of PfGAP50 makes it unlikely that it
plays a role in dephosphorylation of PfGAP45, as PfGAP45 is located in the cytoplasm
and anchored to the outside of the outer membrane of the IMC.

During the course of the work described in this thesis, another study
investigating the intracellular location and trafficking of a PfGAP50-GFP chimera was
reported (Müller et al., 2010). These authors generated a C-terminally tagged PfGAP50GFP fusion protein and reported that it was located in the ER during trophozoite stage,
consistent with data presented in Chapter 3 of this thesis. No data was presented for
schizont stage parasites. Müller et al. also showed that a protein construct comprising
the first 363 amino acids of PfGAP50 fused to a C-terminal GFP, was trafficked through
the secretory pathway to the plasma membrane and endocytosed, in part, to the digestive
vacuole (DV). This observation is similar to observations made for the PfGAP501-369GFP construct (Figure 4.). These authors assumed that the ER location of the full length
construct was a mistrafficking event and that the PV / DV location was the correct
location. This supported their hypothesis that PfAGP50 is located in an acidified
environment and functions as an acid phosphatase (see below). Müller et al. failed to
provide an explanation as to why their full length GFP fusion protein was not trafficked
to the DV in trophozoites. They proposed that full length PfGAP50 may be cleaved by a
protease and that trafficking of the truncated GFP fusion protein represents the correct
trafficking scenario for PfGAP50 in vivo (Müller et al., 2010).
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The data presented in this thesis do not support the Müller et al. model for the
trafficking and final location of PfGAP50. Instead, the data indicate that without the Cterminal transmembrane domain, PfGAP50 is mistrafficked. These results support
previous studies suggesting that PfGAP50 is the anchor protein for the glideosome
complex in the IMC of merozoites.

In light of the Müller et al. data showing acid phosphatase activity of
recombinant PfGAP50, it is of interest to consider whether PfGAP50 might have an
important phosphatase function. In well characterised eukaryotic systems such as
mammals and yeast, acid phosphatases are known to be present in the lysosome and to
be trafficked via the plasma membrane as described by Braun et al. (1989). A classical
lysosomal system has not been described for P. falciparum and there is debate over
whether the DV is the only lysosome-like organelle (Slomianny & Prensier, 1990;
Warhurst et al., 2002). The P. falciparum genome possesses various putative
phosphatase genes and phosphatase activity has been detected near the DV, in the ER,
and in the Maurer’s cleft lumen of Plasmodium species (Aikawa & Thompson, 1971;
Blisnick et al., 2006; Wilkes & Doerig, 2008). Müller et al. (2010) showed that a
purified recombinant version of the acid phosphatase homology domain of PfGAP50
had activity as a small molecule phosphomonoester hydrolase with a broad substrate
profile and optimal activity between pH 5.0 and 7.0. They therefore renamed the protein
P. falciparum secreted acid phosphatase (PfSAP) (Müller et al., 2010). The amino acid
sequence of PfGAP50 exhibits 21% identity to the human and rat purple acid
phosphatases and TgGAP50 also has a similar relationship. However, some of the amino
acids considered critical for acid phosphatase activity are mutated in the TgGAP50
sequence and it has been assumed that apicomplexan GAP50 is an inactive homologue
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of the purple acid phosphatase family (Gaskins et al., 2004). When the annotated
PfGAP50 amino acid sequence is aligned against the human and rat purple acid
phophatases, it is apparent that PfGAP50 only contains two out of the five critical metal
binding sites (Figure 3.3). While it is possible that PfGAP50 does function as a
phosphatase, one possible explanation for the Müller et al. data is that a bacterial
phosphatase was co-purified with PfGAP50. On balance, it seems likely that PfGAP50
probably does not function as an acid phosphatase in the P. falciparum DV or the
parasitophorous vacuole. Nonetheless, if phosphatase activity of PfGAP50 can be
confirmed it is possible that it releases phosphates from substrates in the IMC lumen or
during its residence in the ER in the trophozoite stage. Phosphorylation and
dephosphorylation events are known to take place in the ER lumen of mammalian cells
(Landt & McDonald, 1984; Thorne-Tjomsland et al., 1991). Acid phosphatase activity
has also previously been demonstrated in the ER of other Plasmodium species P.
gallicineum and P. berghei (Aikawa & Thompson, 1971).

In summary, phosphorylation of both PfGAP45 and TgGAP45 has been shown
to regulate assembly of the glideosome and it is likely that a phosphatase is needed to
control IMC protein assembly during merozoite development (Gilk et al., 2009; Green et
al., 2008). However, results presented in this chapter rule out the possibility of PfGAP50
participating in dephosphorylation of PfGAP45 as the PfGAP50 acid phosphatase
domain is on the lumenal side of the IMC while PfGAP45 is on the cytoplasmic side.

When the acid phosphatase homology domain of PfGAP50 was replaced with
GFP, the protein appeared to be correctly trafficked to the IMC of developing
merozoites (Figure 4.7). However, fluorescence was quickly lost from this parasite line
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suggesting expression of PfGAP50 with a defective phosphatase domain (even in the
presence of endogenous PfGAP50) may be deleterious to parasite growth.
Unfortunately, the short survival time meant it was not possible to collect enough
cellular material for further analysis such as immunoprecipitation or electron
microscopy. The data support the suggestion that the phosphatase domain may have an
additional role critical for parasite survival either in the IMC lumen, or in the ER. Other
IMC-associated proteins, such as aldolase, have been shown to have a structural role
during invasion as well as an enzymatic role at other stages of parasite development
(Bosch et al., 2007; Meissner et al., 2002). The data presented in Figure 4.6 suggest that
a population of the PfGAP50AP-GFP protein may not undergo correct processing and
various cleavage products are detected. Alternatively, the mutant PfGAP50 construct
may have been susceptible to rearrangement and the parasite may have altered the
pGLUX1_ PfGAP50AP-GFP plasmid DNA from which the protein was expressed.

Transfectant parasites expressing a deletion mutant of PfGAP50AP-GFP
(PfGAP50AP-GFP-mut) that was missing the last four amino acid residues of the Cterminal also rapidly lost fluorescence and did not survive in culture. Analysis by
confocal fluorescence microscopy (Figure 4.8) indicated that a portion of PfGAP50APGFP-mut may be mistrafficked to the parasite plasma membrane during the trophozoite
stage and subsequently internalized to the DV. This suggests that, while the phosphatase
domain of PfGAP50 is not critical for IMC trafficking, the short C-terminal cytoplasmic
domain may be needed for retention in the ER until the protein is redirected to the IMC
in mature stage parasites. It is possible that the interaction between the PfGAP50 Cterminal and PfGAP45 prevents secretion under normal conditions. The short survival
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time of the transfected parasites made it impossible to collect enough material to
determine if a portion of this protein construct participated in the glideosome complex.

To summarise the results of chapters 3 and 4, a GFP reporter protein that can be
used as a marker for the IMC in P. falciparum has been successfully generated. The data
presented in these chapters confirms the association between PfGAP50, PfGAP45 and
PfMTIP. It also shows that the ultimate destination of PfGAP50 is in the merozoite IMC
and the protein is oriented with the acid phosphatase homology domain in the IMC
lumen. The data also indicates that PfGAP50 plays an important role in the initial stages
of the development of the IMC of P. falciparum. It is proposed that recruitment of a
PfGAP50 containing compartment from the ER directly forms the IMC during early
schizogeny. Deletion of the C-terminal transmembrane domain of PfGAP50 leads to
mistrafficking to the PV and, in part, to the DV. The acid phosphatase homology domain
is not required for correct trafficking of PfGAP50 to the IMC; however, the cytoplasmic
C-terminal residues may be required for retention in the ER in trophozoites. A summary
of the cellular locations of the GFP chimeras presented in chapters 3 and 4 of this thesis
is provided in Figure 4.11.
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Construct

Apparent
location(s)
IMC

PfGAP50-GFP

PV lumen
PfGAP501-369-GFP

IMC
PfGAP50AP-GFP

PM, DV
PfGAP50AP-GFP-mut

Figure 4.11 Locations of PfGAP50-GFP constructs. Diagrammatic representation of
the PfGAP50-GFP fusion proteins generated in this study indicating the relative positions
of the signal sequence (SS, purple), acid phosphatase domain (AP, blue), transmembrane
domain (TM, red), C-terminal sequence (C, yellow), and green fluorescent protein tag
(GFP, green). The apparent location(s) of each protein based on fluorescence microscopy
and immunofluorescence observations of transfected parasites as presented in chapter 3
and chapter 4 of this thesis.
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Chapter 5

Investigating the Role of the Inner Membrane
Complex in P. falciparum Gametocytes

5.1

Introduction

Recently, research into sexual stages of malaria has become more prominent as
the goal of reducing transmission is being acknowledged as an important part of the
malaria control effort (Bousema et al., 2011; Delves & Sinden, 2010; Greenwood,
2008). The gametocyte stages of Plasmodium are directly responsible for the
transmission of malaria. The P. falciparum gametocyte develops over a period of 8 – 10
days before being released into the blood stream to be ingested by an Anopheles
mosquito taking a blood meal (Dixon et al., 2008).

Electron microscopy studies have revealed previously a sub-pellicular membrane
complex (SPMC) in P. falciparum gametocytes that shows some ultrastructural
similarities to the IMC in invasive stages (Bannister et al., 2000; Kaidoh et al., 1995)
(Figure 5.1). However, no functional studies have been reported. While the IMC of
invasive stages is known to be associated with the molecular machinery that powers
gliding motility and invasion in merozoites, sporozoites and ookinetes, the gametocyte
stage of the plasmodium life cycle is not an invasive stage. The gametocyte SPMC has
an underlying microtubule network, similar to the model shown for P. falciparum
merozoites, sporozoites and ookinetes (Figure 5.1). The role of the SPMC of
gametocytes is not clear. It may play a role in providing structural integrity during
gametocyte development. It is interesting to note that a SPMC is present in P. berghei
gametocytes that do not show the same change shape as P. falciparum (Billker et al.,
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2002; Moore & Sinden, 1974). In this chapter, the SPMC of P. falciparum gametocytes
is examined and its relationship with the merozoite IMC investigated.

*
*
*
Figure 5.1 The pellicle of P. falciparum merozoites and gametocytes. A. Electron
micrograph of a P. falciparum merozoite (M) developing inside a schizont. The
parasitophorous vacuole membrane (PVM), the parasite plasma membrane (PM) and the
two membranes of the IMC can been seen clearly. A developing rhoptry is indicated (R).
Figure adapted from Bannister et al. (2000). Bar = 200 nm. B. Electron micrographs of a
P. falciparum gametocyte inside a red blood cell (RBC). The PVM, PM and the two
membranes of the sub-pellicular membrane complex (SPMC) bear great resemblance to
the pellicle of the merozoite. Cross sections of microtubules can be seen directly beneath
the SPMC (asterisks). Figure adapted from Kaidoh et al. (1995). Bar = 200 nm.
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5.2

Expression of IMC proteins in P. falciparum gametocytes.

A bioinformatic analysis of some proteins that are known to be associated with
the IMC in merozoite stages was undertaken to determine if they are also expressed at
some level during gametocyte development. Transcriptional analysis reveals that
PfGAP50, PfGAP45, PfMTIP and PfMyoA are expressed during gametocyte stages (Le
Roch et al., 2003). Mass spectrometry based analysis of the P. falciparum proteome
confirms the presence of all four proteins in gametocytes (Lasonder et al., 2002;
Silvestrini et al., 2010) (Table 5.1). Further stage specific analysis of protein expression
in gametocytes shows that the four glideosome components have different expression
profiles (Figure 5.2) (Young et al., 2005). Expression of the IMC anchor proteins
PfGAP50

and

PfGAP45

increases

from

day 3

following

commitment

to

gametocytogenesis, consistent with the timing of the beginning of elongation. PfMTIP
and PfMyoA show profiles suggesting expression increases later in the gametocyte
development.

Table 5.1

Presence of glideosome proteins in intraerythrocytic stages. Presence of

proteins based on mass spectrometry data collected by Lasonder et al. (2002) and
Silvestrini et al., (2010) available on PlasmoDB (http://plasmodb.org/). Green tick
indicates protein was detected; red cross indicates protein was not detected; n/a indicates
data is not available. Life cycle stages: R = ring; T = trophozoite; S = schizont; M =
merozoite; EG = early gametocyte; LG = late gametocyte.
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Figure 5.2 Expression of glideosome proteins in P. falciparum gametocyte stages.
Expression profiles of the glideosome proteins PfGAP50, PfGAP45, PfMTIP and
PfMyoA in synchronized 3D7 gametocytes (red line). The expression profile of the P.
falciparum sexual stage specific protein-16 (Pfs16) is overlaid for comparison (broken
blue line). Expression figures are given as a percentage of total mRNA transcription, with
the peak in transcription being assigned 100%. Plots were produced from microarray data
collected by Young et al. (2005).

Recent studies have identified and characterised other IMC associated proteins in
the invasive merozoite and sporozoite stages of Plasmodium parasites such as IMC1a
(PlasmoDB gene ID PFC0180c), IMC1b (PF11_0431), MORN1 (PF10_0306) and the
integral membrane GAPM proteins PfM6T (PF14_0065, PfM6T (PFD1110w) and
PfM6TMAL13P1.130 (Bullen et al., 2009; Ferguson et al., 2008; Khater et al.,
2004). Microarray data shows that PfMORN1, PfIMC1b and other uncharacterised
IMC1-related proteins such as PF08_0033, PF10_0039, PFC0185w and PFL1030w are,
in fact, up-regulated during gametocyte stages of P. falciparum (Le Roch et al., 2003).
Tremp et al. (2008) have shown that the IMC associated protein IMC1b functions to
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provide rigidity to the pellicular membrane complex of

P. falciparum ookinetes.

Expression analysis of this protein reveals that it is very highly expressed during
gametocyte stages when compared to other intraerythrocytic stages (Figure 5.3). The
expression levels of IMC1b increase as the P. falciparum gametocytes develop
suggesting that the gIMC and its associated proteins play a structural role while the
gametocyte is undergoing elongation (Le Roch et al., 2003).

Figure 5.3 Expression of IMC proteins in P. falciparum gametocytes. Percentiled
expression of putative IMC1-like proteins, PF08_0033, PFL1030w, PFC0185w,
PF10_0039, and the characterised proteins, PF11_0431 (PfIMC1b) and PF10_0306
(PfMORN1), during the life stages of sorbitol (green) and temperature (purple)
synchronized 3D7 parasites. Percentiled expression is a ranking of each gene's intensity
relative to all other genes for a given experiment. Stages represented are: S; sporozoite,
ER; early ring, LR; late ring, ET; early trophozoite, LT; late trophozoite, ES; early
schizont, LS; late schizont, M; merozoite, G; gametocyte. Plots were obtained from
http://www.plasmodb.org from data produced by Le Roch et al. (2003).
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5.3

PfGAP50-GFP is trafficked to the sub-pellicular membrane
complex of gametocytes.

5.3.1 Confocal fluorescence analysis of PfGAP50-GFP transfectants.
A high gametocyte-producing line of P. falciparum was transfected with the
pGLUX1-PfGAP50-GFP plasmid as described in section 2.3.4. (Yeoman et al., 2011).
Synchronised gametocyte cultures were generated and live parasites were analysed by
confocal fluorescence microscopy to assess the location of PfGAP50-GFP during
various stages of gametocyte development. Cells were co-stained with the lipid marker
BODIPY-TR ceramide to show the shape of the gametocyte’s plasma membrane and
membrane bound internal structures (Figure 5.4).

Stage I gametocytes are morphologically indistinguishable from asexual
trophozoites and it is during stage II, 1 – 4 days after commitment to gametocytogenesis,
that the gametocytes start to undergo elongation inside the host red blood cell, while the
host cell remains disc shaped (Dixon et al., 2008). PfGAP50-GFP fluorescence at this
stage of the life cycle is observed at the periphery of the parasite, in the region of the
parasite plasma membrane, consistent with the location of the SPMC as described
previously using electron microscopy (Sinden et al., 1978). The fluorescently tagged
protein appears more concentrated along an elongating ‘foot’ of the developing
gametocyte and is also present in distinct regions inside the parasite cytoplasm. This is a
distinctly different pattern of fluorescence than that observed during trophozoite and
schizont stages of the asexual life cycle (Figure 3.5).

Stage III gametocytes are morphologically distinct from stage II gametocytes.
Further elongation of the parasite stretches the host red blood cell and the corners of the
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parasite become more pointed. The PfGAP50-GFP fluorescence during stage III remains
concentrated along one edge of the parasite (white arrowheads, Figure 5.4) but less
fluorescence is observed from regions inside the parasite cytoplasm than was observed at
stage II. BODIPY-TR ceramide labeling indicates the location of the parasite plasma
membrane, PVM and the host red blood cell membrane.

DIC

BODIPY

GFP

Merge

Diagrammatic

Figure 5.4 Co-labeling of PfGAP50-GFP transfectant gametocytes with BODIPYTR ceramide. Confocal fluorescence microscopy images of sections through live stage II
– V P.falciparum gametocytes expressing PfGAP50-GFP (GFP, green) and labeled by
incubation in the presence of 700 M BODIPY-TR ceramide (BODIPY, red). GFP
fluorescence is concentrated at the ‘foot’ of the parasite during stages II and III (white
arrowheads). Diagrammatic representation of gametocyte stages is modified from Dixon
et al., (2008). Bar = 1 m.
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Stage IV gametocytes are further elongated within the host red blood cell and
still show the distinctive pointed ends first seen in stage III. The GFP fluorescence
appears around the entire periphery of the gametocyte at this stage. There is still residual
fluorescence observed from within the parasite cytoplasm in many of the cells examined.
Stage V gametocytes have more rounded ends with the PfGAP50-GFP fluorescence
remaining around the periphery of the parasite. The presence of PfGAP50 in the SPMC
of gametocytes indicates that this structure is related to the IMC of the invasive stages
and it is suggested that it be renamed the gametocyte IMC (gIMC).

PfGAP50-GFP is expressed from an episomal construct and it is possible that its
location in the transfectants does not reflect the location of the endogenous glideosome
proteins. In order to assess whether the gIMC is indeed closely related to the IMC of
other stages, fixed cell immunofluorescence microscopy was performed using antibodies
raised against the antigens PfGAP50 and PfGAP45 (Baum et al., 2006b). In
paraformaldehyde-fixed 3D7 gametocytes, PfGAP50 was observed to partially co-locate
with PfGAP45 (Figure 5.5A). This result confirms the presence of glideosome proteins
at the periphery of the gametocyte. Antibodies against PfGAP50 were also used to
perform immunofluorescence assays on PfGAP50-GFP expressing gametocytes (Figure
5.5B). Co-location of the anti-GAP50 (red) and anti-GFP (green) signals, along with the
anti-GAP50 fluorescence data from Figure 5.5A, confirms that PfGAP50-GFP is
trafficked correctly to the gIMC in P. falciparum gametocytes.
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A

B

Figure 5.5 PfGAP50-GFP co-locates with endogenous glideosome proteins in
gametocytes. A. Immunofluorescence microscopy of acetone fixed smears of stage II
(upper panel) and stage IV (lower panel) P. falciparum 3D7 gametocytes labeled with
mouse anti-GAP45 (-GAP45, red), rabbit anti-GAP50 (-GAP50, green) and DAPI
(blue). B. Immunofluorescence microscopy of paraformaldehyde fixed stage II (upper
panel) and stage IV (lower panel) PfGAP50-GFP expressing gametocytes labeled with
rabbit anti-GAP50 (-GAP50, red), mouse anti-GFP (-GFP, green) and DAPI (blue).
Bars = 1 m.

5.3.2 Immunoprecipitation

of

glideosome

proteins

from

P.

falciparum

gametocytes.
In order to assess whether PfGAP50 and PfGAP50-GFP are in complex with
other glideosome proteins, immunoprecipitation with antibodies recognizing PfGAP45
was carried out. Gametocyte cultures of 3D7 wild type parasites, as well as transfectants
expressing PfGAP50-GFP, were prepared and harvested 8 days after commitment to
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gametocytogenesis or when they appeared to have developed to stage III – IV as
assessed by Giemsa stain. Immunoprecipitation of RIPA solubilised proteins with
PfGAP45 antibodies and protein-A/G sepharose was carried out as described for the
asexual parasites (3.4.3). The immunoprecipitated fractions were subjected to Western
blotting and probed with antibodies recognizing GFP, and the glideosome proteins
PfGAP50 and PfMTIP.

The results indicate that PfGAP45 interacts with PfGAP50 and PfMTIP in both
the transfected cell line (T) and the 3D7 parent line (3D7) (Figure 5.6, right panels).
When probed with anti-PfGAP50, the transgenic cell line shows distinct bands at 41.5
kDa and 64 kDa, corresponding to the apparent molecular masses of PfGAP50 and
PfGAP50-GFP respectively, after cleavage of the signal sequence. The relative level of
reactivity of the two bands suggests that PfGAP50-GFP is present at a lower level than
endogenous PfGAP50. When probed with anti-GFP, a band corresponding to PfGAP50GFP is present only in the transgenic cell line. These data are in agreement with the
solubility and immunoprecipitation data for the glideosome proteins from asexual
parasites as described in Chapter 3 (Figure 3.6).
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Figure 5.6 Immunoprecipitation

of

glideosome

proteins

in

P.

falciparum

gametocytes. Proteins were detergent solubilised from enriched, gametocyte stage III - IV
PfGAP50-GFP transfectants (T) and 3D7 parent strain (3D7). The extract was
immunoprecipitated (IP) using rabbit anti-PfGAP45. Western blots (WB) of the pellet
fractions were probed with mouse anti-GFP, anti-PfGAP50 oranti-PfMTIP.

5.3.4 Photobleaching of PfGAP50-GFP in gametocytes
To assess the physical organisation of PfGAP50 in gametocyte stages,
fluorescence recovery after photobleaching (FRAP) analysis was performed on the
PfGAP50-GFP expressing gametocytes. An intense laser pulse was used to bleach GFP
fluorescence in a region at the periphery of stage III, stage IV and early stage V
gametocytes (Figure 5.7). Complete loss of fluorescence was observed at the point of
bleaching (yellow arrowheads, Figure 5.7). No recovery of fluorescence was observed
after 3 minutes indicating that PfGAP50-GFP is in a state that restricts diffusion. This is
consistent with observations made in trophozoite and schizont stage parasites (Figure
3.10) and suggests that the PfGAP50-GFP is immobile within the membrane. This
result, along with immunofluorescence and immunoprecipitation data (Figures 5.5 and
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5.6 respectively) strongly suggests that PfGAP50 is located in complex with endogenous
glideosome proteins in the gIMC of P. falciparum gametocytes and that this
compartment is analogous to the IMC observed in merozoites.

Figure 5.7 FRAP analysis of PfGAP50-GFP in gametocytes. Pre-bleach images with
and without DIC overlay (left two panels) and post-bleach images (right two panels) after
application of a laser pulse at the positions indicated by yellow arrowheads. Complete loss
of PfGAP50-GFP fluorescence is observed at the point of photobleaching in stage III (A),
and late stage IV (B) gametocytes. There was no recovery after 3 minutes. Images are
single section confocal scans through the centre of a cell. Bar = 1 m.

5.4

Novel features of the gIMC are revealed by 3D-structured
illumination microscopy

5.4.1 PfGAP50-GFP is located in parallel stripes within the gIMC
In order to make more detailed observations of the fluorescence pattern of
PfGAP50-GFP in gametocytes, 3D-structured illumination microscopy (3D-SIM) was
performed as described in section 2.5.6. Paraformaldehyde / glutaraldehyde fixed
PfGAP50-GFP expressing gametocytes were labeled with DAPI nuclear stain and 3D125
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SIM images were acquired with an x,y resolution of about 100 nm. While confocal
scanning microscopy was sufficient to show that PfGAP50-GFP is concentrated at the
periphery of the gametocyte (Figure 5.4), projections of the reconstructed 3D-SIM
images (Figure 5.8) revealed more detailed information regarding PfGAP50-GFP
location both in compartments within the parasite and in the gIMC.

During the early stages of elongation (stage III) PfGAP50-GFP was concentrated
at the foot of the gametocyte (Figure 5.8, white arrowhead), consistent with observations
made at the same stages with confocal microscopy. However, 3D-SIM also reveals a
region of fluorescence around the nucleus. This is seen most clearly in a rotation of the
3D-SIM image (see supplementary data, Movie S5). The peri-nuclear location is
consistent with PfGAP50-GFP being partly associated with the endoplasmic reticulum.
As the gametocyte matures to stage IV, the fluorescence is observed in a more evenly
distributed pattern around the body of the cell. The pointed ends are a prominent feature
during these stages. When maturing further towards stage V (Figure 5.8, panel IV/V),
the pointed ends have started to round up but fluorescence is still observed around the
whole parasite as well as around the nucleus. Rotations of the reconstructed 3D-SIM
images presented in Figure 5.8 are provided as supplementary data (Movies S5 – S8).

A striking feature of the 3D-SIM projections of PfGAP50-GFP expressing
gametocytes are the regular, parallel stripes of fluorescence observed during stages III,
IV and V, which were not apparent using confocal microscopy. The stripes were
measured to be between 650 nm and 850 nm when using ImageJ version 1.42 to plot the
fluorescence intensity profiles through individual stripes (Figure 5.9). Between the
stripes, the fluorescence intensity approaches zero suggesting that the distance is at least
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on the order of magnitude of the x,y resolution of the microscope (100 nm). When
zoomed in, there was a visible gap between each stripe of 1 – 2 pixels on the
micrograph. A pixel on the image is equal to 40 nm so an estimate of the spacing
between the periods of fluorescence would be 120 nm (±40 nm).

Figure 5.8 3D-structured illumination microscopy of PfGAP50-GFP expressing
gametocytes. 3D-structured illumination microscopy (3D-SIM) was performed on
gametocytes expressing PfGAP50-GFP (green) labeled with DAPI nuclear stain (blue).
Stage III gametocytes show GFP fluorescence concentrated at the ‘foot’ of the parasite
(white arrowhead). Gametocytes at stage IV and transitioning to stage IV (III/IV) show
GFP fluorescence more evenly distributed around the body of the cell in a series of
parallel stripes. Stripes of GFP fluorescence are visible in gametocytes transitioning to
stage V (IV/V). Bars = 1 m.

127

Chapter 5

Figure 5.9 Measurement of striations in PfGAP50-GFP fluorescence. An example of
the measurement of fluorescence intensity across the section indicated with a yellow line.
The period of the striations was calculated by measuring the distance between the troughs
of fluorescence (arrows) and was determined to be 680 nm (±100 nm, the x,y resolution of
the image) for the example presented and between 650 nm and 850 nm for all observed
gametocytes. The image was analysed using ImageJ version 1.42. Bar = 1 m.

5.4.2 The P. falciparum gIMC is derived from the endoplasmic reticulum
ER-Tracker is marketed as a dye that preferentially labels ER membranes (Diwu
et al., 1997). Stage III / IV gametocytes expressing PfGAP50-GFP were labeled with
ER-Tracker™ Blue/White DPX (Molecular Probes) and the fluorescence of live cells
was viewed on a wide field Olympus IX81 inverted fluorescence microscope using FITC
and DAPI filter sets (Figure 5.10A). GFP fluorescence (green) was most intense in a
peripheral structure that extends ~2/3 of the way around the gametocyte. Lower intensity
fluorescence was observed from structures in the cytoplasm, as noted from the confocal
imaging of live cells (see Figure 5.4). ER-Tracker (depicted in red) appeared to label the
gIMC and the same internal structures, although the overlap was not complete.

3D-SIM imaging reveals detail of the PfGAP50-GFP labeled structures inside the
gametocyte (Figure 5.10B). A translation of a single Z-section through the middle of a
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stage IV gametocyte gives a clear view of the PfGAP50-GFP fluorescence (green)
surrounding the nucleus (blue) and looping out into the cell toward the gIMC (Figure
5.10B, white arrowhead). Analysis of the entire Z-series and a rotation of the 3D
reconstruction gives a more detailed view of the internal structures and suggests that the
loop extending from the ER may be continuous with the gIMC (supplementary data,
Movie S9).

Figure 5.10 Labeling of PfGAP50-GFP transfectants with ER-Tracker™. A. Live
gametocyte cultures expressing PfGAP50-GFP (green) were co-labeled with ERTracker™ (depicted in red) and images were taken using a wide field Olympus IX81
inverted fluorescence microscope. The red and green signals are largely co-located in the
gametocyte cytoplasm and at the parasite periphery. A region of the parasite periphery that
is labeled with ER Tracker but does not contain PfGAP50-GFP fluorescence is indicated
(yellow arrowhead). B. A single Z-section and the 3D projection of structured illumination
images acquired on a DeltaVision OMX reveal a distinctive pattern of PfGAP50-GFP
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fluorescence surrounding the nucleus (blue) which loops out towards the IMC (white
arrowheads). For a rotation of the 3D projection see supplementary data (Movie S9). Bars
= 1 m.

5.5

Microtubule formation drives gametocyte elongation

Directly inside the IMC of P. falciparum lies a sub-pellicular microtubule
network (Sinden et al., 1978). Three isoforms of tubulin (alpha-tubulin I, alpha-tubulin
II, beta-tubulin) are transcribed in P. falciparum and studies have suggested expression
levels of different isoforms vary between male and female gametocytes (Kooij et al.,
2005). Microtubules have been shown to be involved in mitosis during asexual stages
and formation and in the movement of flagella in mature male gametes (Ross, 1897;
Sinden et al., 2010). They also support the peripheral membrane complex of the
developing gametocyte (Sinden et al., 1978).

5.5.1 Disruption of the gIMC with microtubule inhibitors
Specific microtubule inhibitors such as Azadirachtin, Dolastatin 10, Oryzalin,
Paclitaxel, Trifluralin and Vinblastin have been investigated as potential drugs against
apicomplexan parasites but no such compounds are used currently (Billker et al., 2002;
Fennell et al., 2003; Koka et al., 2009; Morrissette & Sibley, 2002; Naughton et al.,
2008).

Trifluralin is a commercially available dinitroaniline (type D) herbicide (Figure
5.11). In addition to its activity against plant tubulin, it has been shown to be active
against microtubule development in different parasite species, including Plasmodium,
while exhibiting very low mammalian toxicity (Bell, 1998; Callahan et al., 1996; Dow et
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al., 2002). This suggests that microtubule inhibitors could be developed as anti-malarial
drugs. Trifluralin has been shown to disrupt gametocyte ultrastructure (Kaidoh et al.,
1995) but its effect on gametocyte development has not been extensively studied.

Figure 5.11 Structure of Trifluralin. Trifluralin is a type D dinitroaniline herbicide with
a mass of 335.28 g / mol. The IUPAC name is 2,6-dinitro-N,N-dipropyl-4trifluoromethylaniline and it is commercially available under the registered trade mark
name Pestanal® (Sigma-Aldrich).

Tubulin Tracker™ Green (Molecular Probes) is a commercially available reagent
that provides green fluorescent staining of polymerized tubulin in live cells. The
compound is a fluorescently labeled derivative of the drug Paclitaxel, which is known to
bind to microtubules (Verde et al., 1991). The compound readily permeates live cells
and has excitation and emission wavelengths of 594 nm and 622 nm respectively.
Tubulin Tracker Green was used to visualize the microtubules of P. falciparum 3D7
gametocytes at various stages of development and the parasites were treated with 1 M
Trifluralin to assess the effect of the drug (Figure 5.12). Fluorescence from the stained
microtubules was observed as a series of distinct lines running longitudinally along the
length of stage III and IV gametocytes. Stage III gametocytes showed stripes of
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fluorescence concentrating at the ‘foot’ of the parasite (white arrowhead) similar to the
pattern observed for PfGAP50-GFP fluorescence (see Figures 5.4 and 5.8). When treated
for 3 hours with Trifluralin, these stages showed a complete loss of the distinct striped
pattern suggesting that microtubule formation was disrupted. The morphologies of the
stage III and IV gametocytes were also changed, with a loss of the characteristic pointed
ends and the parasites becoming more rounded inside the red blood cell host.

Untreated stage V gametocytes (Figure 5.12, bottom panel) do not display the
microtubule arrangement observed in stages III and IV suggesting that the microtubule
network may be dismantled at this stage of development. There was no change to the
morphology of the cell or the pattern of fluorescence when stage V gametocytes were
treated with Trifluralin.
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Figure 5.12 Disruption of microtubules with Trifluralin. P. falciparum 3D7
gametocytes were cultured for 3 hours in the presence of of 1 M Trifluralin in DMSO or
DMSO alone (control) then labeled with 250 nM Tubulin Tracker™ Green. Microtubule
labeling is observed in stage III and stage IV of the control but is disordered in the treated
samples. Tubulin tracker is concentrated at the foot of the stage III gametocyte (white
arrowhead). The pointed ends of stage III and stage IV gametocytes are lost upon
treatment. No labeling of microtubules was observed in treated or untreated stage V
gametocytes. Fluorescence images are average projections of Z-stacks taken on a Zeiss
LSM FCS/510 confocal fluorescence microscope. Bars = 1 m.
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Electron microscopy studies have shown that Trifluralin accumulates near the
IMC and interrupts microtubule formation in P. falciparum gametocytes (Kaidoh et al.,
1995). The data reported by Kaidoh et al. were carried out on stage IV and V
gametocytes only and do not show the effect of treatment on the morphology of live
parasites. In order to assess the effect of tubulin-disrupting agents on IMC organisation
in gametocytes, Trifluralin was added to live cultures of P. falciparum gametocytes
expressing the IMC marker PfGAP50-GFP at different life cycle stages (Figure 5.13).
As observed for cells labeled with Tubulin Tracker, treatment with 1 M Trifluralin in
DMSO (as described by Kaidoh et al., 1995) resulted in a significant loss of falciform
shape in gametocytes. Stage II, III and IV gametocytes that had been treated with
Trifluralin showed a loss of the pointed ends. After treatment for 2 hours the loss of
shape is apparent but fluorescence is still observed at the periphery of the gametocytes.
After treatment for 12 hours a more generalized breakdown of IMC structure is
observed. While some fluorescence remains at the parasite periphery, the fluorescence is
distributed throughout the parasite. Untreated stage V gametocytes do not appear to have
pointed ends. This is consistent with the observations made for 3D7 gametocytes labeled
with Tubulin Tracker Green (see Figure 5.12). After 12 hours of treatment with
Trifluralin, some change in the morphology of stage V gametocytes is apparent. There is
no apparent lysis of the red blood cell observed in the DIC images.
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Figure 5.13 Trifluralin treated PfGAP50-GFP expressing gametocytes. Live cultures of
synchronized PfGAP50-GFP expressing P. falciparum gametocyte cultures were treated with 1
M Trifluralin in DMSO or with an equivalent dilution of DMSO alone. Cells were incubated
for 2 or 12 hours and images of live cells were acquired using a Leica TCS-SP2 confocal laser
scanning microscope. Bar = 1 m.
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5.5.2 Culturing P. falciparum gametocytes in the presence of cytochalasin-D
The presence of the glideosome complex in the gIMC suggests the possibility
that an active actomyosin motor might function during P. falciparum gametocyte
development. However; the gametocyte is not an invasive stage, nor does it exhibit
gliding motility. To investigate a possible role for an actin-myosin motor during
gametocyte development, P. falciparum 3D7 gametocytes were cultured in the presence
of cytochalasin-D at concentrations of 0.1 M, 1 M and 10 M. Culturing in the
presence of 0.1 M cytochalasin-D has been shown to completely inhibit invasion of
human red blood cells by P. falciparum merozoites suggesting this concentration is
sufficient to disrupt the formation of actin filaments (Miller et al., 1979). Gametocytes
were cultured in CCM supplemented with cytochalasin-D with daily replacement of the
drug from stage I of gametocytogenesis. Giemsa stained smears were prepared to assess
the gametocyte development at 3 days and 6 days from the start of treatment (Figure
5.14A). Gametocytaemia was determined to be between 1% and 1.5% for all of the test
concentrations suggesting actin polymerization plays no part in the development of P.
falciparum gametocytes. When PfGAP50-GFP expressing gametocytes were treated
with cytochalasin-D there was no change in the morphology of the gIMC at any stage
during gametocyte development (Figure 5.14B). These data, together with the
microtubule inhibitor studies suggest microtubule formation alone drives the elongation
of P. falciparum gametocytes during development.
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Figure 5.14

Culturing gametocytes in the presence of cytochalasin-D. A. Giemsa stained

smears of 3D7 gametocytes treated daily with 0M (control), 0.1M, 1M or 10 M
cytochalasin-D. After 3 days of treatment, stage II and III gametocytes are observed, comparable
in shape and size to the untreated control. After 6 days of treatment, stage IV gametocytes are
present in all samples. Bar = 5 m. B. PfGAP50-GFP expressing gametocytes treated with 1M
cytochalasin-D. Treatment does not disrupt the formation of the gIMC. Bar = 1 m.

137

Chapter 5

5.6

Discussion

The IMC and associated proteins, including those of the glideosome complex,
have been implicated in cellular motility during the invasive (sporozoite, merozoite and
ookinete) stages of the P. falciparum lifecycle (Keeley & Soldati, 2004; Kudryashev et
al., 2010; Tremp et al., 2008). Ultrastructural analysis of the sub-pellicular membrane of
gametocytes reveals a structure that shows some physical similarities to the IMC of the
motile stages (Bannister et al., 2000; Sinden et al., 1978), however, the molecular
similarity of these structures has not been investigated. Bioinformatic analysis, presented
in section 5.2, shows that the PfGAP50, PfGAP45, PfMTIP and PfMyoA proteins are all
present to some extent in gametocyte stages, as are many other characterised and
putative P. falciparum IMC associated proteins (Le Roch et al., 2003; Young et al.,
2005). To investigate this possibility, a parasite line that retains the ability to form
gametocytes with good efficiency was transfected with an episomal construct of
PfGAP50-GFP.

The GFP chimera is located at the periphery of the gametocytes indicating that
this is indeed a structure related to the merozoite IMC. Episomal expression of
PfGAP50-GFP from the pGLUX1 vector was driven by the PfCRT promoter.
Microarray data indicates that the expression profile of PfCRT is more even throughout
the gametocyte stages than endogenous PfGAP50, but both are expressed in significant
amounts from early stages so trafficking of the GFP chimera should not be compromised
(Le Roch et al., 2003; Young et al., 2005). Indeed immunofluorescence microscopy
(Figure 5.4) confirms that endogenous PfGAP50 and PfGAP45 are both present at the
periphery of developing 3D7 P. falciparum gametocytes, thus the PfGAP50-GFP
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chimera produced in this study appears to be a suitable marker for the gametocyte IMC
(gIMC).

Immunoprecipitation of RIPA lysed gametocyte cultures with PfGAP45
antibodies (Figure 5.6) showed that endogenous PfGAP50, PfGAP45 and PfMTIP form
a protein complex during gametocyte stages indicating that the glideosome is intact
during this life cycle stage. The heterologously expressed PfGAP50-GFP was also
shown to be in complex with endogenous PfGAP45.

PfGAP50-GFP expressing gametocytes showed a distinctive fluorescence
profile, with the chimeric protein located at the periphery of the parasite, concentrating
at the ‘foot’ during early stages and extending right around the gametocyte during late
stages (Figure 5.4). This is consistent with the model for the IMC in the pellicle of
merozoites. Furthermore, photobleaching analysis (Figure 5.7) showed that PfGAP50GFP occupies a compartment in gametocytes where it experiences restricted diffusion,
suggesting involvement in protein-protein interactions that prevent it from moving
laterally in the bilayer. This mirrors the results of the photobleaching analysis of
PfGAP50-GFP in merozoites (Figure 3.10). This is also consistent with the properties of
TgGAP50, which was shown to be immobile in the IMC of T. gondii tachyzoites
(Johnson et al., 2007). These data further support the suggestion that the P. falciparum
gIMC is analogous to the IMC of P. falciparum merozoites and T. gondii tachyzoites.

3D-SIM analysis of P. falciparum gametocytes revealed details that were not
observed using confocal fluorescence microscopy. Reconstructed 3D-SIM projections of
elongating (stage III, IV and V) PfGAP50-GFP expressing gametocytes showed that the
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gIMC is physically connected to internal reticular structures surrounding the nucleus and
is continuous with this structure throughout development (Figure 5.10B, Movie S9). ERTracker™ labeling of the same structures within the parasite cytoplasm suggest that the
internal structures are the parasite ER (Figure 5.10A). A single Z-section through the
middle of a stage IV gametocyte clearly shows PfGAP50-GFP fluorescence surrounding
the parasite nucleus, consistent with the location of the ER (Figure 5.10B). The data
suggest that the gIMC is formed by a looping out of a PfGAP50 containing portion of
the ER to surround the cell. This closely resembles the model of IMC formation for
developing merozoites provided in Chapter 3 (Figure 3.13). The data suggest that the
mechanisms of IMC biogenesis and formation of the glideosome complex may be
related in merozoites and gametocytes.

A diagrammatic representation of the development of the P. falciparum
gametocytes is presented in Figure 5.15. The location of the gIMC (green) is based on
observations made by fluorescence microscopy of PfGAP50-GFP expressing
gametocytes. The location of the sub-pellicular microtubule network (black) is based on
observations made by fluorescence microscopy of gametocytes labeled with Tubulin
Tracker Green. Our model suggests that a portion of the ER loops out to form the gIMC
during stage II. In stage II and III the gIMC runs the full length of the parasite,
predominantly accumulating down one side of the cell. Microtubules are observed in
stage III and stage IV gametocytes, coinciding with the formation of the
characteristically pointed ends. The gIMC surrounds the entire parasite periphery in
stages IV and V and maintains a physical connection with the ER throughout
gametocyte development. Breakdown of the microtubule network during stage V leads
to rounded ends.
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Diagrammatic representation of stage I – V P. falciparum gametocytes indicating the
development of the gIMC based on the observed location of the IMC marker protein
PfGAP50-GFP (green). I. Stage I gametocytes are morphologically indistinguishable from
asexual trophozoites. PfGAP50-GFP is located in the ER which surrounds the nucleus (N)
and loops out into the parasite cytoplasm (P). II. Gametocytes begin to grow during stage
II. A PfGAP50-GFP containing compartment loops out from the ER and begins to extend
along at the parasite periphery. III. Stage III gametocytes elongate and pointed ends begin
to form due to the formation of sub-pellicular microtubules (black) at the ‘foot’ of the
parasite. The RBC is stretched. The PfGAP50 containing compartment surrounds most of
the parasite, but is most concentrated at the foot. IV. Stage IV gametocytes have
distinctively pointed ends and PfGAP50-GFP surrounds the entire parasite periphery. The
microtubule network is observed throughout the length of the parasite. Males can be
distinguished from females due to the breakdown of the digestive vacuole (DV) in males

141

Chapter 5

leading to the dispersion of hemozoin crystals. V. Microtubules have broken down leaving
the ends of the stage V gametocyte rounded. PfGAP50-GFP still surrounds the entire
periphery.

An interesting feature revealed by 3D-SIM analysis of PfGAP50-GFP
transfectants is an apparent banding of the fluorescence signal running perpendicular to
the direction of gametocyte elongation (Figures 5.9 and 5.10). The fluorescent bands
were measured to be approximately 680 nm wide and separated by approximately 120
nm. The banding pattern is observed from early extension (stage III) through to
maturation (stage V) of the gametocytes. These structures are not visible using
conventional confocal microscopy, highlighting the relevance and practicality of high
resolution imaging techniques on cells of this size. Recent studies on T. gondii
tachyzoites show that the IMC is compartmentalized and different sub-domains contain
different proteins (Beck et al., 2010). The fluorescent striations observed in the IMC of
P. falciparum gametocytes may indicate a similar compartmentalization, with areas of
low fluorescence signal representing regions where the compartments are sutured
together. Another possible explanation may be the interaction of the IMC with protein
cross-links that stabilize the underlying microtubule network. Such structures have
previously been observed using TEM of thin sections of P. falciparum gametocytes
(Kaidoh et al., 1993). Particles linking the IMC and the underlying microtubule network
have also been observed for P. berghei sporozoites, P. gallinaceum ookinetes and T.
gondii tachyzoites (Kudryashev et al., 2010; Morrissette et al., 1997; Raibaud et al.,
2001).
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Labeling microtubules with Tubulin Tracker Green revealed that an extensive
network of microtubules is present in stage III and IV gametocytes but no such network
exists in stage V. This suggests that breakdown of the sub-pellicular microtubule
network coincides with the release of sequestered gametocytes back into circulation.

It remains unclear as to why P. falciparum employs a microtubule network that
generates an extended morphology during gametocyte development only to disassemble
the network before entering the circulation. One possibility is that the increased surface
area may enhance adhesion of the early stage gametocytes. Another possibility is that the
increased size and volume of the gametocyte creates a parasite that is more flexible and
amoeboid upon dismantling the microtubules. This would better enable the parasite to
passage through the splenic sinuses and survive in circulation. The results presented in
this chapter, suggest that disruption of the sub-pellicular microtubule network could
compromise gametocyte viability in vivo by inhibiting sequestration or survival upon reentering the circulation.

Microtubule inhibitors have been investigated previously as possible treatments
for malaria infections (see Kappes & Rohrbach, 2007 for review). The dinitroaniline
herbicide, Trifluralin, has been shown to disrupt the sub-pellicular microtubules of late
stage P. falciparum gametocytes and accumulate at the pellicular membrane (Kaidoh et
al., 1995). When PfGAP50-GFP expressing gametocytes were treated with Trifluralin,
the sub-pellicular microtubule network of stage III and IV parasites was completely
destroyed while the gIMC remained intact around the periphery of the cell (Figures 5.12
and 5.13). Trifluralin treated gametocytes became more amoeboid indicating that the
microtubule network is responsible for maintaining the falciform shape and pointed ends
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of stage III and IV gametocytes. Thus, an intact gIMC is not sufficient to maintain the
shape. There was no effect on shape when stage V gametocytes were treated with
Trifluralin (Figure 5.12).

Trifluralin has been shown to accumulate in parasite-infected erythrocytes up to
300 times the extracellular concentration, however, its hydrophobicity leads to
accumulation in the parasite membranes, leaving little soluble compound to target
microtubules (Naughton et al., 2008). Synthesis of more polar derivatives of Trifluralin
may lead to a more potent anti-malarial compound with even lower host cell toxicity.
The inclusion of such a compound in anti-malarial combination therapies would be an
important step towards blocking transmission of the parasite.

The presence of an intact glideosome in gametocytes is somewhat surprising as
the role of this complex in motile stages is to provide a structural scaffold that supports
an actomyosin motor (Baum et al., 2006b; Jones et al., 2006). The actin disrupting
compounds cytochalasin-B and cytochalasin-D have been used previously to inhibit
invasion of the host cell by asexual stage parasites (Field et al., 1993; Ryning &
Remington, 1978). However, when cultured in the presence of up to 10 m
cytochalasin-D, gametocyte development is not inhibited (Figure 5.14). This indicates
that actin polymerization does not play a part in gametocyte shape determination and
suggests

that

there

may not

be

a

functioning

actomyosin

motor

during

gametocytogenesis. This result leads to the suggestion that the gIMC, and its associated
proteins, function during gametocyte development to provide a structure that links the
sub-pellicular microtubule network to the parasite membrane.
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Cytochalasin has, however, been shown to inhibit the formation of flagella in
microgametes indicating a role for an actomyosin motor in exflagellation (Sinden et al.,
1985). This process takes place inside the mosquito once the gametocyte is ‘activated’
by environmental stimuli and gamete formation begins (Talman et al., 2004). The
glideosome complex may have a structural role during gametocyte development and a
different function after activation. Previous studies have shown that the sub-pellicular
membranes remain intact throughout the activation process in both male and female P.
falciparum gametocytes (Kuehn & Pradel, 2010). Furthermore, filamentous structures
consisting primarily of F-actin that protrude from the gametocyte surface have been
observed shortly after activation (Rupp et al., 2010). This suggests that an actomyosin
motor may be active at this stage of development.

It has been speculated that sub-pellicular membranes, along with the parasite
plasma membrane, may have a role in the formation of such filamentous protrusions
(Rupp et al., 2010). It is also possible that an actomyosin motor is functional during
egress from the host red blood cell, a process that also takes place after gametocyte
activation. Glideosome proteins have also been shown to be important for egress in T.
gondii tachyzoites (Frenal et al., 2010; Pomel et al., 2008). Fluorescence microscopy
analysis of gametocytes expressing the gIMC marker PfGAP50-GFP during xanthurenic
acid induced activation could provide a means to examine the role and fate of the gIMC
in these processes.

Much of what is known about the P. falciparum merozoite IMC has been based
on models provided by research into the T. gondii tachyzoite IMC. Our data have shown
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that the P. falciparum gIMC is very similar to both these structures at the molecular
level.
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Chapter 6
6.1

Summary and Future Directions

Summary
The invasive stages of malaria offer a window of opportunity to exploit the

vulnerability of the extracellular parasite. Many of the surface antigens of extracellular
parasites are vulnerable to immune attack (Cowman & Crabb, 2006). In addition, the
invasive process involves a number of molecular events that might be targeted with
drugs. A better understanding of these processes is therefore of intrinsic interest and a
possible path to novel therapeutics.

Invasion of human red blood cells by P. falciparum merozoites is driven by an
actomyosin motor that is anchored to the outer membrane of the inner membrane
complex (IMC) (Pinder et al., 1998). Since the identification of the first integral
membrane protein of the P. falciparum IMC, PfGAP50, the invasion motor (or
glideosome) and the IMC itself have become a more prominent feature of current
malaria research (Baum et al., 2006; Jones et al., 2006). The experiments and
observations presented in this thesis have investigated the trafficking of PfGAP50 to the
IMC and revealed details of the organization and formation of the IMC in the
intraerythrocytic stages of the P. falciparum life cycle.

A stable P. falciparum transfectant expressing a green fluorescent protein (GFP)
chimera of PfGAP50 was generated. The PfGAP50-GFP construct was shown to be
trafficked to the periphery of developing merozoites as well as being co-located and in
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complex with other glideosome proteins. These results suggest PfGAP50-GFP closely
mimics the trafficking and location of endogenous PfGAP50 and, as such, can be used as
a marker for the IMC.

Confocal fluorescence and immunofluorescence microscopy showed that
PfGAP50-GFP is present in the ER of trophozoites before being relocated to peripheral
structures during schizogeny. Long term live cell microscopy of PfGAP50-GFP revealed
that this transition involves a looping out and redistribution of regions of the ER and
takes place during early schizogeny, approximately 40 hours after invasion. 3D-SIM
revealed the structures to be doubly punctured, flattened ellipsoid compartments at the
apical end of nascent merozoites. These results suggest that the IMC is formed from
specialized PfGAP50 containing compartments of the ER. PfGAP50 is present in the
IMC from the very beginning of IMC biogenesis suggesting an important role in its
formation.

The data presented in Chapters 3 and 4 suggest that PfGAP50 functions as an
anchor for the invasion motor of P. falciparum merozoites during the asexual
intraerythrocytic part of the parasite life cycle. This is in contrast to a recent report that
PfGAP50 has an alternative or additional role as an acid phosphatase in the parasite
digestive vacuole during the trophozoite stage (Müller et al., 2010). However, the
demonstration that the PfGAP50-GFP fusion protein is trafficked directly from the ER to
the IMC (Chapter 4), indicates that some of the trafficking results presented by Müller et
al. have been misinterpreted.
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The data presented in Chapter 4 show that the C-terminal transmembrane domain
of PfGAP50 is required for correct trafficking to the IMC. The data also confirm that
PfGAP50 is anchored to the IMC via its C-terminal transmembrane domain and is
oriented with the acid phosphatase domain in the IMC lumen. Removal of the acid
phosphatase domain does not appear to affect trafficking however parasites expressing
such a construct grew poorly in vitro so analysis was limited.

The presence and potential role of glideosome proteins in gametocyte stages had
previously been overlooked. The data presented in Chapter 5 of this thesis show that the
glideosome proteins PfGAP50, PfGAP45 and PfMTIP are present and are in complex
within the sub-pellicular membrane complex (SPMC) of P. falciparum gametocytes. As
a result of this research, it has been proposed that the SPMC be renamed the gametocyte
inner membrane complex (gIMC) due to its close relationship with the more well
characterized IMC of the invasive stages.

Using the IMC marker PfGAP50-GFP generated in chapter 3, this research has
shown that the gIMC forms around the periphery of the developing gametocyte and we
suggest that it has a structural role during gametocyte elongation. 3D-SIM has revealed
that PfGAP50-GFP is present in bands of approximately 680 nm within the gIMC of
developing gametocytes. Analysis of the current literature suggests that the striped
pattern of fluorescence may be due to interactions of the gIMC with a protein scaffold
linking it to the sub-pellicular microtubule network (Kudryashev et al., 2010; Raibaud et
al., 2001). Another possibility is that the gIMC is laid down in separate sections during
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formation or contains a number of sub-compartments. The IMC of T. gondii tachyzoites
shows some compartmentalization (Beck et al., 2011) and it is not unreasonable to
suggest the gIMC of P. falciparum gametocytes follows a similar model given the
molecular similarities between the T. gondii and P. falciparum IMCs.

The results of this study suggest that the gIMC is formed from a specialised
PfGAP50 containing region of the ER, similar to the mechanism proposed for merozoite
IMC formation. 3D-SIM and confocal fluorescence microscopy of PfGAP50-GFP
expressing parasites support this suggestion by showing that the two compartments are
continuous throughout gametocyte development. Extension of parts of the ER to form
the IMC around the parasite periphery coincides with the beginning of gametocyte
elongation. It is interesting to speculate why an IMC is elaborated in the gametocyte
stage.

This thesis suggests that the gIMC probably provides a platform along which the
microtubule network is formed and that this drives the shape change during gametocyte
development. This study has shown that treatment of gametocytes with Trifluralin leads
to a loss of the elongated shape but does not break down the gIMC. This shows that the
gIMC alone cannot sustain the shape of the gametocyte without the presence of the subpellicular microtubule network. Nonetheless the extension of the gametocyte during the
cytoadherent stages may be a necessary prerequisite for the formation of a parasite with
good hydrodynamic properties once it is released back into circulation.
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The gIMC is present throughout gametocyte maturation so another possibility is
that it has a function in activated gametocytes or during the process of activation in the
mosquito mid gut. Indeed recent studies have suggested that the gIMC may play a role in
the formation of filamentous nanotubes during gametocyte activation (Rupp et al.,
2010).

This work has provided insights into the organisation and formation of the IMC
in intraerythrocytic stages of P. falciparum and highlights the significance of using high
resolution fluorescence imaging techniques. It has generated new questions regarding
the molecular organisation of the gIMC and will be the basis of ongoing research
investigating gametocyte development.

6.2

Future Directions
The data presented in this thesis has resolved the conflict in different published

reports regarding the location and function of PfGAP50. While the results strongly
suggest PfGAP50 is solely located in the IMC, it remains possible that it does possess
acid phosphatase activity. If so, this could provide new insights into the function of
PfGAP50. Previous studies have demonstrated that phosphatase activity occurs in a
number of different locations within Plasmodium species but such activity has never
been localized to the IMC of merozoites (Aikawa & Thompson, 1971; Blisnick et al.,
2006; Wilkes & Doerig, 2008). Cytochemical analysis focussing specifically on
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merozoites would be the first step to providing evidence of phosphatase activity at the
IMC in vivo.

In this work, PfGAP50-GFP has successfully been used as a fluorescent marker
for the IMC in P. falciparum merozoites and gametocytes. While 3D-SIM was used in
this study to observe details that were beyond the limits of resolution of conventional
fluorescence microscopy, the field of high resolution biological imaging is still evolving
(Schermelleh et al., 2010). Recently, a new microscope platform that can acquire 3DSIM images at speeds of up to one image per second has been demonstrated (Carlton et
al., 2010). Analysis of PfGAP50-GFP trafficking in real time at a higher resolution than
that presented in this thesis could provide further details about the rearrangement of the
ER in the early stages of IMC biogenesis both in merozoites and gametocytes. Similarly,
analysis of the reorganisation of the gIMC during gametocyte activation may yield new
insights. Preparation of transfectants expressing a PfGAP50 fusion with a
photoactivatable fluorescent protein would allow cell imaging using even higher
resolution techniques such as PALM (see section 1.6 for discussion). Other high
resolution imaging techniques such as immuno-electron microscopy and electron
tomography are also being used to investigate the organisation of the gIMC (M.
Dearnley, La Trobe University, unpublished data). These techniques can achieve very
high resolution images but require samples to undergo harsh fixation and to be imaged in
thin sections. The data acquired from such methods can be combined with live cell
fluorescence data to obtain more detailed information about the structures being
investigated.
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In this work, a PfGAP50-GFP transfectant was generated in a 3D7 parasite line
that had been isolated from human volunteers and spent minimal time outside the host
(Pombo et al., 2002). These transfected gametocytes provided a useful tool for
examining the gIMC in live cells. The relationship between the gIMC and the subpellicular microtubule network during gametocyte elongation will continue to be
investigated. Further investigation into the possibility of using microtubule inhibitors as
transmission reducing agents is of interest. Future work could include examining the fate
of the gIMC following the disruption of the sub-pellicular microtubules in real time
using long term live cell imaging, possibly at high resolution (as described above).

This work has shown that Trifluralin treated gametocytes lose their characteristic
falciform shape, however, previous data shows that the drug is inefficiently targeted to
microtubules due to its hydrophobicity (Naughton et al., 2008). More polar derivatives
of Trifluralin may lead to a more potent anti-malarial compound with lower host cell
toxicity. The PfGAP50-GFP transfectant produced in this study can be used as a tool to
visually assess the impact of such Trifluralin derivatives on the gIMC. Similarly, a
transfectant parasite line expressing -tubulin-GFP could be generated and used to
follow the effects of microtubule inhibitors on gametocyte development in real time
using long term live cell fluorescence microscopy.

The generation of a double transfectant expressing -tubulin-GFP and a red
fluorescent protein (RFP) tagged PfGAP50 construct is currently being attempted (M.
Dearnley, La Trobe University, unpublished data). This transgenic parasite line would
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provide a tool to allow the gIMC and the sub-pellicular microtubule network to be
imaged at the same time. High resolution fluorescence microscopy of live cells would
then be possible without having to co-label cells with fluorescently labeled small
molecules such as Tubulin Tracker.

Further research into the virulence advantages of the shape change of P.
falciparum gametocytes should be pursued. In Chapter 5, it was suggested, that by using
a sub-pellicular microtubule network to increase the volume of the parasite, a more
flexible and amoeboid-like cell can be created when the network is dismantled. This may
help avoid clearance during passage through the spleen. Red blood cells with
compromised deformability are known to be removed by splenic macrophages
(Linderkamp et al., 1986). This could be tested by measuring the deformability of drug
treated parasite-infected red blood cells at different stages of gametocytogenesis. The
development of microfluidic ektacytometers (Shin et al., 2007) will facilitate studies of
cellular deformability with small sample volumes and minimal sample preparation.

While the work in this thesis has investigated the trafficking of PfGAP50 and
confirmed the orientation of PfGAP50 in the IMC membrane, the organisation of the
glideosome complex and the nature of the protein-protein interactions is still a topic of
interest. It has recently been demonstrated that TgGAP45 is anchored to both the IMC
and the plasma membrane of T. gondii tachyzoites (Frenal et al., 2010). These authors
suggest that TgGAP45 plays a role in maintenance of the space between the plasma
membrane and the IMC. Furthermore, an additional glideosome associated protein,
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named GAP40, has been identified in the T. gondii IMC (Frenal et al., 2010). Further
investigation into the role of PfGAP45 and characterization of the P. falciparum
homologue of GAP40 could further advance our understanding of the P. falciparum
IMC.

Overall, the work described in this thesis has lead to a greater understanding of
the organization of the IMC in P. falciparum merozoites and gametocytes. The ongoing
and proposed investigations discussed above could further contribute to the current
findings and lead to a greater understanding of malaria, one of the most important
parasitic diseases affecting humans.
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Electronic versions of the following movie files (.avi) are supplied as supplementary
data (attached inside back cover).

Movie S1. 3D-SIM of a PfGAP50-GFP transfectant showing apical caps with polar
pores. Rotation of the 3D reconstruction from Figure 6A shows PfGAP50-GFP
fluorescence (green) in approximately 16 flat, doubly punctured ellipsoid structures
surrounding the nuclei of dividing daughter cells (depicted in red). These structures
appear to form IMC caps at the apical ends of nascent merozoites.

Movie S2. 3D-SIM of a PfGAP50-GFP transfectant showing separating apical caps.
Rotation of the 3D reconstruction from Figure 6B shows PfGAP50-GFP fluorescence
(green) in approximately 24 claw shaped structures, apposed in pairs around dividing
nuclei (depicted in red). Separation of the IMC structures appears to accompany
separation of the daughter nuclei.

Movie S3. 3D-SIM of a PfGAP50-GFP transfectant in a maturing schizont. Rotation
of the 3D reconstruction from Figure 6E shows PfGAP50-GFP fluorescence (green)
expanding around the daughter merozoites with the DAPI-labelled nuclei depicted in
red.
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Movie S4. 3D-SIM of a PfGAP50-GFP transfectant at mature schizont stage.
Rotation of the 3D reconstruction from Figure 6F shows PfGAP50-GFP fluorescence
(green) that is further distributed around the mature merozoites but remains partly
polarized. The nuclei were stained with DAPI and are depicted in blue. The host RBC
membrane skeleton was labelled with rhodamine-phalloidin and is depicted in red.

Movie S5. 3D-SIM of a stage III gametocyte expressing PfGAP50-GFP. Rotation of
the 3D reconstruction from Figure 5.8 shows PfGAP50-GFP fluorescence (green)
concentrated at the foot of the stage III gametocyte and looping out from around the
nucleus (labeled with DAPI, blue).

Movie S6. 3D-SIM of a PfGAP50-GFP expressing gametocyte in transition from
stage III to stage IV. Rotation of the 3D reconstruction from Figure 5.8 shows a
gametocyte transitioning to stage IV. PfGAP50-GFP fluorescence (green) is distributed
around the periphery in ~700 nm stripes and the ends of the parasite are becoming
pointed. The DAPI labeled nucleus (blue) sits more toward the centre of the parasite.

Movie S7. 3D-SIM of a stage IV gametocyte expressing PfGAP50-GFP. Rotation of
the 3D reconstruction of a stage IV gametocyte from Figure 5.8. PfGAP50-GFP
fluorescence (green) distributed around the periphery and the DAPI labeled nucleus
(blue) is buried within the parasite. The ends of the stage IV gametocyte are distinctly
pointed.

Movie S8. 3D-SIM of a PfGAP50-GFP expressing gametocyte in transition from
stage IV to stage V. Rotation of the 3D reconstruction of a gametocyte in transition
177
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from stage IV to stage V from Figure 5.8. PfGAP50-GFP fluorescence (green) surrounds
the parasite periphery as well as the DAPI stained nucleus (red). The ends of the parasite
are becoming more rounded as the gametocyte matures.

Movie S9. 3D-SIM Z-sections and rotation of a stage IV PfGAP50-GFP expressing
gametocyte. 3D-SIM Z-sections spaced at 120 nm through a stage IV gametocyte
expressing PfGAP50-GFP (green) and co-labeled with DAPI (blue) followed by a 3D
projection of the Z series. 2D images are presented in figure 5.10B. The images reveal
multiple internal structures within the gametocyte cytoplasm including PfGAP50-GFP
fluorescence surrounding the nucleus and looping out towards the gIMC.
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The most deadly of the human malaria parasites, Plasmodium falciparum, has different stages specialized for invasion of hepatocytes, erythrocytes, and the mosquito gut wall. In each case, host cell invasion
is powered by an actin-myosin motor complex that is linked to an inner membrane complex (IMC) via a
membrane anchor called the glideosome-associated protein 50 (PfGAP50). We generated P. falciparum
transfectants expressing green fluorescent protein (GFP) chimeras of PfGAP50 (PfGAP50-GFP). Using
immunoprecipitation and fluorescence photobleaching, we show that C-terminally tagged PfGAP50-GFP
can form a complex with endogenous copies of the linker protein PfGAP45 and the myosin A tail
domain-interacting protein (MTIP). Full-length PfGAP50-GFP is located in the endoplasmic reticulum in
early-stage parasites and then redistributes to apical caps during the formation of daughter merozoites.
In the final stage of schizogony, the PfGAP50-GFP profile extends further around the merozoite surface.
Three-dimensional (3D) structured illumination microscopy reveals the early-stage IMC as a doubly
punctured flat ellipsoid that separates to form claw-shaped apposed structures. A GFP fusion of PfGAP50
lacking the C-terminal membrane anchor is misdirected to the parasitophorous vacuole. Replacement of
the acid phosphatase homology domain of PfGAP50 with GFP appears to allow correct trafficking of the
chimera but confers a growth disadvantage.
filaments, which are thought to lie between the plasma membrane and the IMC (7, 33), are connected via aldolase to an
adhesin, which in the asexual blood stages is the merozoite
thrombospondin-related adhesive protein (mTRAP). mTRAP
is a type I integral membrane protein with a short cytoplasmic
tail and an adhesive extracellular domain that may bind to the
RBC or to another invasion protein (8). The actin filaments
connect to myosin A (myoA) heavy chain (33), which in turn is
anchored to the IMC via a light chain or myosin A tail domaininteracting protein (MTIP) (10). Two further IMC proteins,
the peripheral protein P. falciparum glideosome-associated
protein 45 (PfGAP45) and the transmembrane protein
PfGAP50, form a complex with myoA and MTIP and together
make up what has been called the glideosome, or motor complex (7, 27). Originally described in the related apicomplexan
parasite Toxoplasma gondii (20), the components of the motor
complex have more recently been characterized in P. falciparum (9, 22, 26).
The IMC is critical for merozoite motility and viability, but
little is known of its origins or of the pathways for trafficking
proteins to the organelle. In this work, we use transgenic parasites expressing green fluorescent protein (GFP) fusion constructs of the IMC-resident protein PfGAP50 (PfGAP50-GFP)
to study the genesis of the IMC during parasite development.
We use live-cell confocal and three-dimensional structured
illumination microscopy (3D-SIM) to dissect the amino acid
sequence requirements for PfGAP50 trafficking, as well as the
timing and order of IMC reorganization during asexual development and merozoite formation.

Despite intense efforts to roll back malaria, it remains one of
the most devastating diseases of modern times, with close to 1
million deaths recorded annually (42). Plasmodium falciparum
is the human malaria species that is responsible for most of the
malaria-associated mortality and morbidity. Upon transmission to a human, the parasite undergoes one round of multiplication in the liver prior to initiating the symptomatic asexual
blood phase of malaria infection.
The intraerythrocytic cycle commences when a merozoite
invades a red blood cell (RBC). The merozoite attaches to
ligands on the RBC surface and then reorients so that its apical
end can form a tight junction with the RBC membrane (17, 31,
38). Once this junction is established, the parasite uses gliding
motility to enter the host cell, forming the parasitophorous
vacuole (PV) and PV membrane as it invades (16, 30, 39). The
gliding motion is driven by an actin-myosin motor present
within the pellicle of the invading merozoite (27).
The pellicle structure is a flattened double-membranebound cisterna that subtends the parasite plasma membrane
and is known as the inner membrane complex (IMC). Actin
* Corresponding author. Mailing address: La Trobe University, Biochemistry Department, Plent Rd., Bundoora, VIC 3086, Australia.
Phone: (61) 3 9479 1375. Fax: (61) 3 9479 2467. E-mail: L.Tilley
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† Supplemental material for this article may be found at http://ec
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VISUALIZING THE P. FALCIPARUM INNER MEMBRANE COMPLEX

FIG. 1. Schematic diagram of the PfGAP50 chimera construct and
Western analysis of PfGAP50-GFP transfectants. (A) The four domains of PfGAP50 are as follows: a predicted signal sequence (SS), an
acid phosphatase homology domain, a predicted transmembrane domain (TM), and a short cytoplasmic tail. (B) Late-stage 3D7 parent
and full-length PfGAP50-GFP transfectants were enriched, treated
with streptolysin O, and then lysed by freeze-thaw cycling. Supernatant
(S) and pellet (P) fractions were subjected to Western blotting and
probed with antibodies recognizing PfGAP50 or GFP. The blots
were reprobed with antibodies recognizing the soluble parasite protein
PfGAPDH.

MATERIALS AND METHODS
Parasite culture, transfection, and PfGAP50-GFP constructs. P. falciparum
parasites (strain 3D7) were maintained in O-type human RBCs from the Melbourne Red Cross Blood Bank in RPMI-HEPES medium supplemented with
5% human serum and 0.5% Albumax (19). Tight synchronization of cultures was
achieved using a modification of the method previously described (34). Briefly,
schizont stage parasites were purified using 70% (wt/vol) Percoll. Purified parasites were immobilized as a monolayer in a dish coated with concanavalin A.
Uninfected RBCs were overlaid for 30 min and then removed to begin a new
culture of highly synchronous parasites. The timing of the synchronous culture
was measured from the beginning of the 30-min incubation period. Aliquots were
taken every hour for confocal microscopic analysis.
PfGAP50 (PlasmoDB gene identifier, PFI0880c) comprises four distinct domains, as shown in Fig. 1A. PfGAP50 is characterized by a hydrophobic N-terminal signal sequence with a predicted cleavage site after amino acid 25, an acid
phosphatase homology domain, a transmembrane domain, and a 5-amino-acid
predicted cytoplasmic domain (SKNMK). The full-length PfGAP50 gene was
PCR amplified using primers 5⬘-TCAGAACTCGAGATGAATTATTGTAAA
ACCACGTTCC-3⬘ and 5⬘-TATGGTACCTTTCATATTTTTTGATAAAAAA
GAGGAAGC-3⬘. A C-terminal PfGAP501-369 was constructed using the above
forward primer and the alternative reverse primer 5⬘-ACCAATGGTACCTAC
AACTCTAACAAAGGTATC-3⬘. The DNA fragments were digested with
XhoI/KpnI (underlined) and cloned into the P. falciparum transfection vector
pGLUX1 (A. G. Maier, M. T. O’Neill, and A. F. Cowman, unpublished data),
which incorporates the human dihydrofolate reductase (hDHFR) cassette for
positive selection with the prodrug WR99210 (18). This vector drives transgene
expression from the PfCRT 5⬘ promoter region, which has maximal expression in
the late ring stages (11). A second mutant, in which the acid phosphatase domain
of PfGAP50 is replaced with GFP (PfGAP50⌬AP-GFP), was constructed using
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overlapping PCR. The PfGAP50 N-terminal and C-terminal domains and the
GFP coding sequence were amplified from 3D7 genomic DNA using the following primer pairs. N-terminal, 5⬘-GATATGTCAATATTTGTATAACACATGA
AG-3⬘ and 5⬘-TTCTTCTCCTTTACTCCAATCACCCAAAGA-3⬘; C-terminal,
5⬘-GATGAACTATACAAATTTGTTAGAGTTGTA-3⬘ and 5⬘-TAACATTTA
TTCATTATAATATTTATCATATTATATATATA-3⬘; and GFP, 5⬘-AGTAAA
GGAGAAGAACTTTTCACTGGAGTTGTC-3⬘ and 5⬘-TTTGTATAGTTCAT
CCATGCCATGTGTAATCCC-3⬘. The final construct was generated by PCR
using the overlapping product as a template and 5⬘-TCAGAACTCGAGATGA
ATTATTGTAAAACCACGTTCC-3⬘ and 5⬘-GCGCTTAATTAATTATTTCA
TATTTTTTGATAAAA-3⬘. The PCR product was digested with XhoI/PacI
(underlined), purified, and cloned into the pGLUX1 vector. 3D7 parasites were
transfected with 100 g of purified plasmid DNA as previously described (13).
The episomal constructs were maintained by culturing them in the presence of 10
nM WR99210.
Western analysis of PfGAP50-GFP transgenic parasites. Highly synchronized
late-stage PfGAP50-GFP parasites were purified using 70% (wt/vol) Percoll and
treated with streptolysin O (SLO) (1.5 U/l final concentration) at 37°C for 15
min to remove hemoglobin (40). The cells were lysed with 3 rapid freeze-thaw
cycles in phosphate-buffered saline (PBS), and the soluble and insoluble fractions
were separated by centrifugation at 12,000 ⫻ g for 10 min at 4°C. Proteins were
separated on 4 to 12% SDS NuPage gels (Invitrogen) under reducing conditions
and transferred onto nitrocellulose membranes. The membranes were probed
with either mouse anti-GFP (Roche; 1:500), anti-PfGAP45 (1/500 dilution),
anti-PfGAP50 (1:500) (9) or anti-MTIP (22), or rabbit anti-PfGAPDH (36),
followed by horseradish peroxidase-conjugated sheep anti-mouse or anti-rabbit
secondary antibodies (Promega; 1:5,000). Western blots were developed using
enhanced chemiluminescence.
Immunoprecipitation of IMC components. Highly synchronized late-stage
parasites were purified over 70% (wt/vol) Percoll, and proteins were extracted by
incubating them on ice for 15 min in RIPA buffer (1% octylphenoxypolyethoxyethanol [IGEPAL CA-630], 150 mM NaCl, 0.5% sodium deoxycholate
[DOC], 0.1% sodium dodecyl sulfate [SDS], 50 mM Tris, pH 7.4). Soluble and
insoluble fractions were separated by centrifugation at 12,000 ⫻ g for 10 min at
4°C. Soluble lysates were incubated for 1 h at 4°C using the rabbit antibodies
anti-PfGAP45, anti-GFP, and anti-MTIP and preimmune serum. A 1:1 ratio of
protein-A/G–Sepharose was used for immunoprecipitation (IP). IP lysates were
separated by SDS-PAGE and analyzed by Western blotting using mouse antibodies against GFP, PfGAP45, or PfMTIP. Western blots were developed as
described above.
Light microscopy and immunofluorescence. For immunofluorescence, airdried thin smears were fixed for 10 min at room temperature in 100% acetone,
and antibody labeling was performed as explained below. Alternatively, aliquots
of culture were washed in PBS and fixed for 20 min at room temperature in 2%
paraformaldehyde, 0.008% glutaraldehyde. The cells were permeabilized with
0.1% Triton X-100 for 5 min at room temperature prior to antibody incubation.
The prepared cells were incubated for 1 h with the following antibodies diluted
in 3% bovine serum albumin (BSA) in PBS: mouse anti-GFP (1:500; Roche),
rabbit anti-PfGAP45 (1:500), rabbit anti-PfGAP50 (1:500), rabbit anti-RhopH3
(41) (1:500), and rabbit anti-Bet3 (2) (1:500), followed by Alexa Fluor 488 or 568
anti-IgG (Molecular Probes). Cells were washed in PBS, resuspended in Dako
mounting medium, and viewed using a Leica TCS-SP2 confocal fluorescence
microscope. For labeling of the endoplasmic reticulum (ER) cultures, ERTracker Blue-White DPX (0.25 M; Invitrogen Corporation) was added to an
aliquot of a culture for 30 min at 37°C. The cells were resuspended in fresh
complete medium, and the ER fluorescence pattern was examined using an
Olympus IX81 fluorescence microscope with a DAPI (4⬘,6-diamidino-2-phenylindole) filter set.
For live-cell confocal imaging of transfectants, 3 l of culture (3% hematocrit;
5 to 10% parasitemia) was sealed under a coverslip and viewed on a Leica
TCS-SP2 or a Zeiss LSM 510/FCS confocal microscope within 20 min of mounting. Fluorescence recovery after photobleaching (FRAP) was performed on a
Zeiss LSM 510/FCS, as previously described (28). Selected regions were photobleached using a 488-nm laser at 80% intensity for 0.1 s. Fluorescence images
were acquired before, immediately after, and 3 min after bleaching.
3D-SIM (37) was implemented on a DeltaVision OMX 3D-SIM (optical
microscope, experimental) at the Microbial Imaging Facility of the University of
Technology Sydney. The samples were excited using 405-nm and 488-nm lasers
and imaged using emission filters of 419 to 465 nm and 500 to 550 nm, with a
100⫻ 1.4-numerical aperture (NA) oil lens and multichannel simultaneousimaging capability (electron-multiplying charge-coupled device cameras; ⬎90%
quantum efficiency; 512 by 512 pixels). Aliquots of culture were adjusted to a
final concentration of 2% paraformaldehyde, 0.008% glutaraldehyde and resus-
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pended in 50% Vectashield antifade mounting medium (Vectorlabs), containing
DAPI, in PBS. All images were processed using NIH Image J version 1.42
(http://rsbweb.nih.gov/ij/).
Electron microscopy. Transmission electron microscopy (EM) and tomography were performed as previously described (14, 23). Briefly, tightly synchronized
early- or late-schizont-stage 3D7 parasites were fixed, embedded, and stained.
Seventy-nanometer-thick sections were observed at 120 keV using a JEOL2010HC (Japan) transmission electron microscope (La Trobe University, EM
Unit). For electron tomography, 200- or 300-nm sections were cut, stained, and
observed at 200 keV on a Tecnai G2 F30 (FEI Company) transmission electron
microscope (Bio21 Institute, Melbourne, Australia). Tilt series were collected
and reconstructed to generate cell models as described previously (1).

RESULTS
Full-length PfGAP50-GFP is expressed in transfected P.
falciparum. To examine the genesis and origin of the IMC, P.
falciparum transfectants expressing full-length PfGAP50
tagged at the C terminus with GFP were generated (Fig. 1A).
Mature-stage parasite cultures of the parent (3D7) and transfected (PfGAP50-GFP) lines were harvested and selectively
lysed with streptolysin O to remove the host cell hemoglobin.
The isolated parasites were disrupted by freeze/thawing, and
the supernatant and pellet fractions were subjected to Western
blotting. Anti-PfGAP50 recognizes a band of 42 kDa in the
pellet fraction of 3D7-infected RBCs (Fig. 1B, left), as reported previously (9), and an additional band of 64 kDa in the
PfGAP50-GFP transfectant (Fig. 1B, middle). The relative
intensity of the upper band indicates that PfGAP50-GFP is
expressed at a lower level than endogenous PfGAP50. When
the blotted lysates of the PfGAP50-GFP transfectants were
probed with anti-GFP, only the 64-kDa protein species was
detected (Fig. 1B, right), with no reactivity in 3D7 parasites or
uninfected RBCs (data not shown). The apparent molecular
masses of PfGAP50 and PfGAP50-GFP are in rough agreement with the predicted masses after cleavage of the signal
sequence (41.5 kDa and 68.3 kDa, respectively). The presence
of PfGAP50 and PfGAP50-GFP in the pellet fraction indicates
that they are membrane associated. The blots were stripped
and reprobed with anti-PfGAPDH to compare loading levels
and to validate the lysis procedure (Fig. 1B, bottom).
Full-length PfGAP50-GFP is incorporated into the glideosome complex. Endogenous PfGAP50 and PfGAP45 form part
of the glideosome complex that is associated with the IMC (9).
To determine whether full-length PfGAP50-GFP participates
in this complex, we immunoprecipitated IMC components
from the transfectants. Mature-stage parasite-infected RBCs
were enriched and solubilized using a detergent-containing
buffer. Cleared soluble lysates were immunoprecipitated with a
range of antibodies (Fig. 2). When a Western blot of the
precipitated samples was probed with mouse anti-GFP antibodies, a band corresponding to full-length PfGAP50-GFP (64
kDa) was detected in samples precipitated with anti-PfGAP45,
anti-MTIP, and anti-GFP sera, but not with the preimmune
serum (Fig. 2). The lysate sample precipitated using anti-GFP
contained both PfGAP45 and PfMTIP (Fig. 2, right lanes).
Mouse anti-PfGAP45 antiserum detected a doublet at 37 or 39
kDa, while anti-PfMTIP recognized a 27-kDa band. This demonstrates that full-length PfGAP50-GFP is in complex with
endogenous PfGAP45 and PfMTIP.
Live-cell imaging reveals marked rearrangements of the
IMC during parasite development. To follow the movement

FIG. 2. PfGAP50-GFP interacts with PfGAP45 and PfMTIP.
Proteins were detergent solubilized from enriched, mature-stage
PfGAP50-GFP transfectants. The extract was immunoprecipitated
(IP) using rabbit preimmune serum (Pre), anti-PfGAP45, antiPfMTIP, or anti-GFP. Western blots (WB) of the pellet fractions were
probed with mouse anti-GFP, anti-PfGAP45, or anti-PfMTIP. The
antibodies used for IP are shown at the top of the blot, and those for
WB are shown at the bottom.

and redistribution of PfGAP50 during P. falciparum development, we synchronized a parasite culture to within a 2-h window (34). Confocal microscopy analysis of cells reveals a
marked reorganization of the PfGAP50-GFP as the parasite
matures (Fig. 3; see Fig. S1 in the supplemental material). In
ring and early- to mid-trophozoite stage parasites, PfGAP50GFP is present within the parasite in a pattern that is reminiscent of that in the ER (Fig. 3; see Fig. S1, top, in the supplemental material). In the late-trophozoite/early-schizont stage,
the fluorescence pattern becomes more looped (Fig. 3, 38 to
40 h). At 40 to 42 h postinfection, the PfGAP50-GFP starts to
accumulate into foci, which by 44 h have developed into distinct puncta at the periphery of the parasite (Fig. 3). The
punctate fluorescent structures are close to bright dots in the
differential interference contrast (DIC) image that probably
represent the rhoptry organelles (see Fig. S1, schizonts, in the
supplemental material). In the final stage of schizogony (⬃46
h postinvasion), the fluorescence appears to redistribute
around the periphery of the daughter merozoites (Fig. 3; see
Fig. S1 in the supplemental material).
Full-length PfGAP50-GFP is trafficked via the ER to apical
regions of developing merozoites. In an effort to determine the
nature of the subcellular compartments with which PfGAP50GFP is associated, we undertook colabeling with different
markers. In the early stages of development, ER-Tracker
labels a reticular structure that largely overlaps with the
PfGAP50-GFP location (Fig. 4A, top). The profile is dispersed
and coincident with the pattern for the ER-resident protein
PfERC (ER calcium binding protein) in trophozoite stage parasites (Fig. 4B, top).
This is perhaps surprising, given that PfGAP50 has previously been reported to be a component of the IMC, which lies
under the merozoite plasma membrane. To ensure that this
was not an artifact due to expression of PfGAP50-GFP under
a heterologous promoter, we examined samples of the 3D7
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FIG. 3. Dynamics of PfGAP50-GFP-labeled compartments in live
transfectants. Shown is live confocal fluorescence microscopy of highly
synchronized PfGAP50-GFP transfectants. Single section scans (collected at 25 s/pixel) from different cells at 2-h intervals in the schizont
stage are shown (2 cells are represented per time point). At 40 to 42 h
after invasion, reticular structures with looped extensions and focal
concentrations of PfGAP50-GFP are apparent, coalescing into punctate structures by 44 h. The PfGAP50-GFP-containing structures then
appear to expand around each of the daughter merozoites. A more
extended time series is shown in Fig. S1 in the supplemental material.
Bars ⫽ 1 m.

parental strain. An antiserum raised against endogenous
PfGAP50 (9) gives a labeling pattern that shows almost complete overlap with that observed for PfGAP50-GFP in both
trophozoite and schizont stage parasites (see Fig. S2A in the
supplemental material). As described above, in schizont stage
parasites, the GFP chimera redistributes to punctate structures
located around the periphery of the dividing parasite (Fig. 4A,
middle). At this stage, ER-Tracker labels reticular structures,
presumably the ER, within the parasite with a diffuse staining
pattern quite unlike that of PfGAP50-GFP. Similarly, in immunofluorescence images of schizont stage 3D7 parasites,
PfGAP50 and PfERC are not colocated (Fig. 4B, bottom). The
PfGAP50-containing structures are not Golgi apparatus, as the
labeling patterns for PfGAP50-GFP and the Golgi marker,
PfBet3 (2), are quite distinct (see Fig. S2B in the supplemental
material).
In rupturing schizonts, PfGAP50-GFP is located at the periphery of individual daughter cells and appears to extend from
one pole, while ER-Tracker labels the inside of individual
merozoites (Fig. 4A, bottom). These data indicate that
PfGAP50-GFP is redistributed from the ER to separate struc-

FIG. 4. PfGAP50 is located in the ER prior to recruitment to the
IMC. (A) Parasites expressing PfGAP50-GFP (green) were incubated
with ER-Tracker (depicted in red). The GFP and ER-Tracker fluorescence signals are colocated in trophozoite stage parasites. Upon
relocation of GFP fluorescence to the apical ends of nascent merozoites during the early schizont stage, the reticular ER-Tracker labeling
persists. PfGAP50-GFP is concentrated at one pole of released merozoites, while ER-Tracker labels internal structures. (B) Fixed-cell immunofluorescence microscopy of the 3D7 parent strain labeled with
antibodies raised against PfGAP50 (green) and PfERC (red). (C) Immunofluorescence microscopy of PfGAP50-GFP transfectants at the
mature- and ruptured-schizont stages labeled with anti-GFP (green),
anti-PfGAP45 (red), and DAPI (blue). Bars ⫽ 1 m.

tures within the dividing cell. Colabeling with the rhoptry
marker RhopH3 (41) confirms the location of PfGAP50-GFP,
extending from the apical region of the daughter merozoites
(see Fig. S2C in the supplemental material).
We compared the location of PfGAP50-GFP in the late
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FIG. 5. Photobleach analysis of PfGAP50-GFP organization. The
panels are prebleach images with and without DIC overlay and postbleach images after application of a laser pulse at the positions indicated by arrows. (A) A region of the ER in an early-trophozoite stage
parasite shows complete loss of fluorescence at the point of bleaching,
partial loss from a connected compartment, and little loss from an
adjacent compartment. There was no recovery after 3 min. (B) Application of a laser pulse to PfGAP50-GFP in an apical cap in an early
schizont ablates fluorescence with no recovery from adjacent structures. (C) Spot bleaching of a region of PfGAP50-GFP in a region of
a mature merozoite results in complete loss of fluorescence at the
point of bleaching, with little loss from other regions of the same
merozoite or from adjacent merozoites. Bars ⫽ 1 m.

schizont stage with that of the known IMC-resident protein
PfGAP45 (Fig. 4C, top). In schizont stage parasites, these
proteins appear to be largely colocated in a region of each
daughter merozoite away from the nucleus (i.e., at the apical
end). This is consistent with coparticipation in the IMC. Interestingly, in released merozoites, the locations of PfGAP45 and
PfGAP50-GFP are not completely overlapping (Fig. 4C, bottom), suggesting that PfGAP50-GFP is reorganized after
merozoite release.
In an effort to determine the physical organization of
PfGAP50 within the IMC, we performed FRAP studies of
PfGAP50-GFP-labeled structures at different stages of parasite development. In the trophozoite stage, application of an
intense laser pulse caused selective bleaching of PfGAP50GFP in a region of the ER (Fig. 5A). There was partial loss of
fluorescence from adjacent regions during the bleach pulse
and no recovery of the signal from other regions of the ER
over a period of 3 min. This indicates that at least part of the
PfGAP50-GFP is present in a state that shows restricted diffusion. When the PfGAP50-GFP had redistributed to the apical caps, there was no recovery of the signal after photobleaching, indicating that PfGAP50-GFP from other caps cannot
diffuse into this compartment (Fig. 5B). When the PfGAP50GFP has redistributed around the periphery of the daughter
merozoites (Fig. 5C), loss of signal is restricted to the bleach
point and does not recover. This indicates that PfGAP50-GFP
is present in a protein complex that restricts lateral diffusion
within the membrane.
PfGAP50 is located in an apical IMC cap in developing
merozoites. The punctate PfGAP50-GFP-labeled structures
observed in developing merozoites are intriguing; however,
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their small size limits the information that can be obtained
using conventional optical microscopy. 3D-SIM has recently
been developed as a method for imaging fluorescently labeled
samples with improved resolution (37). We used 3D-SIM to
image PfGAP50-GFP in parasites that are colabeled with
DAPI (Fig. 6).
The characteristic PfGAP50-GFP-labeled punctate structures are apparent in a parasite with 8 nuclei (Fig. 6A and C).
At higher resolution, it is evident that the PfGAP50-GFPcontaining caps are located at the apical ends of nascent merozoites and form flat, ellipsoid structures, each with two unlabeled “pores.” The average dimensions of these pores were
estimated to be 110 ⫾ 40 nm by 140 ⫾ 40 nm (n ⫽ 18). The
nature of these structures and their organization relative to
the parasite nuclei can be best appreciated in a rotation of the
3D-SIM reconstruction presented in movie S1 in the supplemental material.
As the eight nuclei start to divide, the PfGAP50-GFP-labeled structures appear to be pulled apart, with the pores
opening to give a claw-like appearance (Fig. 6B and D). These
structures are organized in pairs, with the cavities facing each
other (Fig. 6D, arrow; for a rotation of the 3D-SIM reconstruction, see movie S2 in the supplemental material). The
average length of the cavity is 230 ⫾ 40 nm, while the width in
its central region is 130 ⫾ 30 nm (n ⫽ 18). These may represent
the apical caps of separating daughter cells in which the nascent IMC structures are pulled apart.
We performed EM on schizont stage parasites in an effort to
find an ultrastructural correlate of these doubly punctured
ellipsoids. In early-schizont stage parasites, apical prominences
are observed on the developing merozoites at either side of a
single nucleus (Fig. 6G and H). The apical prominence is
formed close to a mitotic spindle (Fig. 6H, m). The multiple
membranes and cytoskeletal components (microtubules) of the
nascent pellicle give this region an electron-dense appearance
(Fig. 6G and H, arrowheads). Later in development, separate
structures can be observed at the apical ends of the dividing
merozoites (Fig. 6I and J, arrowheads), which likely correspond to the separating claw-like structures seen by 3D-SIM.
The “pores” in the PfGAP50-GFP-labeled cap presumably
correspond to the central region of the cytoskeletal annulus at
the apex of the cell. An electron tomogram was generated from
a section through a mature merozoite, and the tubulin rings are
observed in cross-section in a virtual section from the tomogram (Fig. 6K, arrows). Four serial electron tomograms collected through mature merozoites were rendered to generate a
model of a mature merozoite (Fig. 6L), with the apical rings
depicted in blue. These polar rings provide a structure through
which the rhoptry necks (indicated in burnt orange) are connected to the parasite surface. The inner, middle, and outer
polar rings have diameters of approximately 120 nm, 180 nm,
and 240 nm. We interpret the 3D-SIM data to suggest that
PfGAP50 is recruited to the developing IMC and that the IMC
forms a membrane collar surrounding the apical pore.
As the schizont develops further, the PfGAP50-GFP appears to extend around the surface of the parasite (Fig. 6E and
F). The apical pores remain visible, but due to the extension of
the IMC around the periphery of the merozoite, which dilutes
the PfGAP50-GFP, they are less prominent. The change in
IMC organization is best appreciated by comparing the divid-
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FIG. 6. The IMC forms around the apical pore of developing merozoites. 3D-SIM was performed on parasites expressing PfGAP50-GFP
(green) labeled with DAPI nuclear stain (depicted in red). (A and C) Schizont with eight nuclei, each with two associated PfGAP50-GFPcontaining ellipsoids. Each ellipsoid has two unlabeled “pores” (arrow). (B and D) A schizont with eight nuclei that are undergoing division
showing the PfGAP50-GFP-containing structures separating into claw-like structures (arrow). (E and F) Mature schizonts in which the PfGAP50GFP fluorescence is more evenly distributed around the periphery of the parasite. (G and H) Transmission EM (TEM) images of early schizonts
with electron-dense apical prominences with overlying membrane caps (arrowheads) forming in pairs on either side of a nucleus (n). The apical
caps are connected to the underlying electron-dense rhoptries (r) and form close to a mitotic spindle (m). (I) TEM image of a maturing schizont
showing invagination of the parasite plasma membrane around the daughter cells and separation of the apical caps (arrowheads). (J) TEM image
of a mature schizont showing electron-dense structures at the apical ends of closely apposed daughter cells (arrowheads). (K) Selected virtual
section (22 nm) through a tomogram showing a merozoite developing within a schizont. The electron-dense polar rings are indicated with black
arrows, and the IMC with a white arrow. A microneme (mc) is visible. (L) Rendered tomographic reconstructions of merozoites, generated from
serial sections through the schizont shown in panel K, showing the nucleus in yellow, rhoptries in burnt orange, dense granules in brown, the polar
rings in blue, the mitochondrion in green, and a cytostomal ring as a yellow circle. Rotations of the 3D projection in panels A, B, E, and F are
presented in movies S1 to S4 in the supplemental material. Bars ⫽ 1 m (A to F, G, and J) and 500 nm (H, I, K, and L).

ing schizonts in movies S1 and S2 in the supplemental material
with the more mature schizonts in movies S3 and S4.
The C-terminal transmembrane domain of PfGAP50 is
needed for correct trafficking to the IMC. In T. gondii, the
transmembrane domain and the short C-terminal segment of
PfGAP50 are needed for correct assembly into the glideosome
complex (20). In an effort to determine whether the same
region of PfGAP50 is needed for correct trafficking and assembly in P. falciparum, we generated transfectants expressing
GFP chimeras of two different PfGAP50 mutants (Fig. 7A)
and examined their intracellular locations.
Live-cell fluorescence microscopy of the PfGAP501-369-GFP
transfectants (lacking the C-terminal hydrophobic and cytoplasmic domains) (Fig. 7B) indicates that the chimera is in the
PV, with some protein being transferred to the digestive vacuole (Fig. 7B, middle). Colabeling of these cells with ERTracker (Fig. 7B, bottom) confirms that the PfGAP501-369GFP fluorescence is outside the region of the ER. The data
suggest that the N-terminal signal peptide directs entry into the
secretory pathway and that, in the absence of amino acids 370
to 396, it follows the default trafficking pathway to the PV
(3). This confirms that the C-terminal transmembrane and

cytoplasmic domains are required for correct trafficking of
PfGAP50 to the IMC in P. falciparum.
Mature stage PfGAP501-369-GFP transfectants were released with streptolysin O and then ruptured, and the pellet
and supernatant fractions were subjected to Western analysis.
The transfectants express a protein of 61 kDa (Fig. 7C), which
is similar to the anticipated size of PfGAP501-369-GFP after
cleavage of the signal sequence, as well as a protein of 26 kDa,
which likely represents the protease-resistant core of GFP. The
full-length chimera is largely released into the supernatant
fraction, suggesting that it is a soluble protein. The cytoplasmic
protein PfGAPDH shows a similar solubility profile (Fig. 7C,
bottom).
The acid phosphatase homology domain of PfGAP50 is not
needed for correct trafficking to the IMC. PfGAP50 has a
central domain that exhibits ⬃25% identity to different purple
acid phosphatases of plants and animals. To determine
whether this domain is needed for trafficking to the IMC, we
generated P. falciparum transfectants episomally expressing a
construct in which the acid phosphatase homology domain is
replaced by GFP (Fig. 7A). Live-cell fluorescence microscopy
reveals that the PfGAP50⌬AP-GFP chimera has a fluores-
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DISCUSSION

FIG. 7. The C terminus of PfGAP50 is required for correct trafficking. (A) A truncation mutant of PfGAP50 lacking the C-terminal
domains (PfGAP501-369-GFP) and a mutant in which the acid phosphatase homology domain is replaced with GFP (PfGAP50⌬AP-GFP)
were generated. (B and C) Location and solubility of episomally expressed PfGAP501-369-GFP. (B) Live confocal fluorescence images of
trophozoite and schizont stage parasites (top 2 panels) show mistrafficking of PfGAP501-369-GFP to the PV outside the region labeled with
ER-Tracker (bottom). Bar ⫽ 1 m. (C) Enriched PfGAP501-369-GFP
transfectants were treated with streptolysin O, followed by freeze-thaw
cycling. Supernatant (S) and pellet (P) fractions were subjected to
Western blotting, probed with antibodies recognizing GFP, and then
reprobed with anti-PfGAPDH. (D and E) Location and solubility of
episomally expressed PfGAP50⌬AP-GFP. (D) Live-cell images show a
fluorescence pattern similar to that of the full-length PfGAP50-GFP.
Bar ⫽ 1 m. (E) Late-stage parasites expressing PfGAP50⌬AP-GFP
were harvested and lysed, and the Western blot of the pellet and
supernatant fractions was probed with mouse anti-GFP.

cence pattern similar to that of full-length PfGAP50-GFP (Fig.
7D). This suggests that the phosphatase domain is not required
for correct trafficking of PfGAP50 to the IMC. Western analysis reveals a protein with an apparent molecular mass of 34
kDa (as expected) that is present in the pellet fraction (Fig.
7E), as for full-length PfGAP50-GFP. Unfortunately, these
domain-swapped transfectants grew poorly and were lost
within 2 to 3 weeks of the first appearance of fluorescent
parasites, and we were unable to obtain sufficient material to
confirm an interaction with other IMC proteins by immunoprecipitation analyses. The data suggest that, while not essential for trafficking to the IMC, the acid phosphatase domain
may play an important role in PfGAP50 function.

The IMC of the merozoite is a cisternal structure that is
flattened against the plasma membrane of the developing
merozoite. It plays a critical role in anchoring the actin-myosin
motor that drives invasion. The IMC-associated glideosome
complex has been well studied in T. gondii and more recently
in Plasmodium; however, some aspects of its genesis and assembly remain poorly understood.
We generated transfectants expressing an IMC protein,
PfGAP50, fused to GFP. We showed that in schizont stage
parasites, the chimera is membrane associated, is colocated
with the endogenous IMC-resident proteins PfGAP45 and
PfGAP50, and coprecipitates with PfGAP45 and MTIP. This
demonstrates that PfGAP50-GFP is correctly trafficked to the
IMC and is able to participate in a complex with endogenous
IMC proteins. The data are consistent with a previous report
for T. gondii GAP50-yellow fluorescent protein (YFP), which is
correctly targeted to the IMC of nascent daughter parasites
(20). An antiserum to T. gondii GAP45 (TgGAP45) was shown
to immunoprecipitate TgMyoA, TgGAP50, TgGAP45, and
TgMLC1, along with the TgGAP50-YFP fusion protein (20).
The fact that the C-terminal GFP fusion does not interfere
with the binding of PfGAP50 to PfGAP45 is at first surprising.
It is possible that the binding interface involves more than the
5 amino acids of the cytoplasmic domain of PfGAP50 or that
additional proteins are required for complex stability. Indeed,
it has been reported that PfGAP45 is both myristoylated
and palmitoylated (35). This may facilitate penetration of
PfGAP45 into the bilayer, providing a larger interaction area.
While the IMC and many of its components have been well
studied, little is known of its origin, its assembly at the apical
end of the daughter merozoite, or its redistribution during
merozoite development. It seems possible that PfGAP50 might
play a role in initiation of the IMC, given that PfGAP50 transcription is initiated during the ring stage, peaking in the midtrophozoite stage (29). In contrast, other IMC components,
such as PfGAP45 and MyoA, are transcribed only in late trophozoites.
Using tightly synchronized parasites and live-cell imaging,
we found that PfGAP50-GFP is associated with the ER of
late-ring to mid-trophozoite stage parasites. The GFP-tagged
PfGAP50 construct used in this study is expressed using the
PfCRT promoter rather than the endogenous PfGAP50 promoter, and there may be some differences in the timing of
expression of the tagged and untagged proteins. However, we
confirmed that endogenous PfGAP50 is also colocated with
the ER-resident protein PfERC at this stage of development.
As the parasite matures, the PfGAP50-GFP-labeled structures
appear to loop out and then coalesce as punctate structures at
the parasite periphery. The data strongly suggest that the IMC
originates from the ER, although the mechanism by which this
occurs remains unclear. It is possible that initiation of the
expression of binding partners is the trigger that causes redistribution of PfGAP50 to the IMC. Our data are supported by
data from T. gondii suggesting that the IMC is derived from the
ER (15), although in T. gondii, the organization is somewhat
different, as both the mother and daughter cells have an IMC.
Another study suggested that the IMC is derived from the
Golgi apparatus (25). While we cannot rule out participation
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of Golgi components in the generation of the IMC, PfGAP50
does not accumulate in that compartment.
By the time the schizont has developed to the 8-nucleus
stage (⬃44 h postinvasion), PfGAP50-GFP is present in
doughnut-shaped puncta at the periphery of the parasite.
Doughnut-shaped IMC compartments have been observed
previously for parasites labeled with reagents recognizing
PfGAP45 (12, 24) or the novel IMC proteins PfGAPM1 (12)
and MAL13P1.130 (24). The punctate PfGAP50-GFP-labeled
structure that forms at the apical end of each developing merozoite is intriguing, but its small size limits the information that
can be obtained using conventional light microscopy, which is
restricted to resolving features with dimensions about half the
wavelength of the illuminating photons. Recently, techniques
have been developed that circumvent the diffraction limit of
light (37). We used 3D-SIM to obtain more detailed information about the architecture of the nascent IMC in PfGAP50GFP transfectants. We found that the IMC precursor is present as a flattened ellipsoid that is punctured by two holes; this
structure separates into two apposing claw-shaped structures
as the nucleus starts to divide.
Ultrastructural studies of early-schizont stage parasites reveal an electron-dense protrusion at the apical end of each
developing merozoite. This apical prominence is the site of the
assembly of three tubulin-based annuli called the polar rings
that lie underneath the plasma membrane in this region of the
cell (4–6). In early-stage schizonts, the IMC membrane is observed as a membrane cap in the region of the cytoskeletal
rings. It is possible that an interaction of PfGAP50 (or associated proteins) with the newly formed polar rings may initiate
the relocation of PfGAP50 from the ER to the apical prominence. Our data are consistent with a previous EM study showing that the merozoite IMC is formed close to endomitotic
spindles (5).
A previous ultrastructural study reported that the IMC cisterna extends radially from the apical rings, leaving a central
region that is free of cisternal membrane (5). Thus, the holes
in the PfGAP50-GFP-labeled nascent IMC presumably represent the region occupied by the polar rings (4, 6). As the
daughter merozoites form in the final stages of schizogony, the
PfGAP50-GFP profile extends further around the surface of
the nascent daughter cells; this is consistent with EM data
showing the extension of the IMC around the developing
merozoites. A model of the proposed reorganization of
PfGAP50 during IMC development is illustrated in Fig. S3 in
the supplemental material.
PfGAP50 and the related TgGAP50 exhibit 20 to 25% identity to purple acid phosphatases of various plants and animals
(20). As some of the amino acids that are considered critical
for enzyme activity are mutated in TgGAP50, it has been
assumed that apicomplexan GAP50 is an inactive homologue
of the acid phosphatase family (20). However, recently, a recombinantly expressed version of the acid phosphatase homology domain of PfGAP50 has been generated and shown to
have activity as a small-molecule phosphomonoester hydrolase
(32). The recombinant enzyme exhibited a broad substrate
profile with optimal activity at pH 5 to 7.
Müller et al. (32) studied the intracellular location of
PfGAP50. In contrast to our work, these authors concluded
that PfGAP50 is trafficked to the parasite plasma membrane
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and subsequently engulfed in the digestive vacuole. Their study
involved the generation of transfectants expressing a chimera
comprising the first 99 amino acids of PfGAP50 linked to GFP.
This chimera enters the secretory pathway and is trafficked to
the PV and, in part, to the digestive vacuole. This is similar to
the pattern we observed for the PfGAP50 mutant lacking the
C-terminal hydrophobic domain. Similarly a YFP chimera of
TgGAP50 lacking the C-terminal 6 amino acids was not incorporated into the glideosome complex (20). We suggest that
trafficking of PfGAP50 to the PV and digestive vacuole occurs
only in the absence of the C-terminal membrane anchor, which
we have shown is essential for correct trafficking and membrane association of PfGAP50. Müller et al. (32) also
generated transfectants expressing GFP linked to full-length
PfGAP50 and reported that the fluorescence was present in
the ER in trophozoite stage parasites. This is in agreement
with our data; however, they did not investigate the location of
the full-length chimera in schizont stage parasites. Our data
suggest that correctly trafficked full-length protein is initially
resident in the ER and then relocates to the inner membrane
complex of nascent daughter merozoites.
Müller et al. (32) suggested that PfGAP50 might play a role
in the dephosphorylation of host nutrients to facilitate transport into the parasite. While this seems less likely if PfGAP50
is located in the ER/IMC compartments, alternative roles for
the protein in early-stage parasites cannot be discounted. It is
of interest to consider whether the phosphatase activity of
PfGAP50 might play a role in the assembly of the glideosome
complex. For example, phosphorylation of GAP45 has been
shown to control the assembly of the T. gondii motor complex
(21). It is important to note, however, that the phosphatase
domain of PfGAP50 is predicted to face the lumen of the
ER/IMC, while PfGAP45 is located in the parasite cytoplasm.
Indeed, our finding that the truncated PfGAP501-369-GFP is
released as a soluble protein into the PV supports the predicted orientation with the phosphatase domain facing the ER
lumen. It remains possible, nonetheless, that PfGAP50 dephosphorylates structural components within the IMC lumen.
In this work, we found that when the acid phosphatase
domain of PfGAP50 was replaced by GFP, the protein still
appeared to be correctly trafficked; however, these parasites
rapidly lost fluorescence, and the level of protein expression
was very low (as assessed by Western analysis). This suggests
that expression of PfGAP50 with a defective phosphatase domain (even in the presence of endogenous PfGAP50) may be
deleterious to parasite growth. Attempts to generate transfectants in which PfGAP50⌬AP-GFP replaced the endogenous
gene were not successful (unpublished data), again suggesting
that the acid phosphatase domain may perform some important enzymatic activity or structural role. A similar growth
disadvantage was observed in T. gondii when the phosphatase
domain was replaced with the human purple phosphatase domain (20).
In conclusion, our data indicate that PfGAP50 plays an
important role in the initial stages of the formation of the IMC
of P. falciparum. We speculate that recruitment of a PfGAP50containing cisternal compartment from the ER represents an
early event in IMC formation. Further development of the
IMC likely involves the expression and assembly of additional
glideosome complex proteins, and we confirmed that PfGAP50
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is attached to PfGAP45 and MTIP, thereby linking the IMC to
the glideosome complex. Interactions with a subpellicular radial network of microtubules may facilitate extension of the
IMC underneath the parasite plasma membrane. Our data
show that the C-terminal membrane anchor of PfGAP50 is
critical for correct trafficking and suggest that the phosphatase
homology domain may also have an important function. Additional work may reveal a means of inhibiting PfGAP50 function, which would arrest merozoite development and stop parasite invasion.
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