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Abstract

Malaria remains one of the most serious infectious parasitic diseases in humans. A
shared cellular feature of the motile and invasive stages (zoites) of malaria parasites is
the presence of a unique cortical cytoskeletal structure named the subpellicular
network (SPN), which forms an internal cytoskeletal basket providing mechanical
strength to the cell. Malaria parasites have three distinct zoite stages: the merozoite
(blood stage); the ookinete (early mosquito stage); and the sporozoite (late mosquito
and liver stage).

A family of intermediate filament proteins, named alveolins, comprise main
building blocks of the SPN. Several Plasmodium alveolins have been shown to be
differentially expressed across zoite stages, and to have functionally equivalent and
essential roles involved in parasite morphogenesis, tensile strength, motility and
infectivity. In this thesis, genetically altered parasite lines expressing disrupted,
fluorescent protein-tagged or mutated alveolins were generated in the mouse malaria
model P. berghei, to further characterize select alveolin family members with respect
to their life stage expression, subcellular localization and trafficking, and their
contribution to parasite development, infectivity and mosquito transmission. Through
structure-function analysis, the contributions of conserved cysteine motifs to alveolin
function and post-translational lipid modification (palmitoylation) were also
investigated.

Re-examination of the alveolin repertoire identified 13 alveolin family members
whose conserved 'alveolin' domains possess tandem repeats of typically 12 amino
acids. The results show two alveolins, IMClc and IMCle, to be expressed in all three
zoite stages and to be essential for blood stage parasite development. Moreover,
IMC1c and IMCle display different temporal recruitment to the SPN. By contrast, the
alveolin IMC1d is expressed only in ookinetes and is functionally dispensable. We show
that the cysteine motif in the alveolin IMClc is the site of S-palmitoylation, but is
functionally redundant. By contast, the cysteine motifs of IMCla are important for
sporozoite development and infectivity. The combined results suggest that while

alveolins have a shared core architecture and overall cytoskeletal function,
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differences in life stage expression, protein expression level, recruitment to the SPN,
and palmitoylation status ensure that each family member makes a unique

contribution to parasite development.
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1.1. Malaria

Humans have been subjected to malaria for thousands of years without knowing the
causative agent. This was the case until 1880 when the military physician Alphonse
Laveran observed crescent shaped bodies in a blood specimen collected from a soldier
who had a fever characterised with intervals of periodic remission (Sherman, 2005).
Today, malaria is still considered one of the most threatening infectious parasitic
diseases in humans. According to the latest estimates, 214 million new cases of malaria
occurred worldwide in 2015, and the disease caused an estimated 438,000 deaths,
mainly in children under five (306,000). The burden is heaviest in Africa, where an
estimated 90% of all malaria deaths occur (WHO, 2015).

Malaria is caused by parasites belonging to the genus Plasmodium, which in
turn belongs to the phylum Apicomplexa that includes many protozoan parasites that
cause other diseases of medical and veterinary importance (e.g. cryptosporidiosis,
toxoplasmosis, coccidiosis) (Blader et al., 2015). The Apicomplexa are unicellular and
obligate endoparasites of animals. The name Apicomplexa is derived from the Latin
words apex (top) and complexus (infolds) and refers to specialized subcellular
structures that are found at the anterior end of the parasite (the 'apical complex').
There are more than 100 species of Plasmodium that infect several animal species such
as reptiles, birds, and various mammals including rodents, monkeys and primates. Five
species of Plasmodium have been identified to infect humans in nature: Plasmodium
falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi. The most widespread and
deadliest of the human malaria species is P. falciparum.

The malaria parasite is naturally transmitted to people by the bite of
mosquitoes belonging to genus Anopheles. Parasite reproduction in the red blood cell
(RBC) causes clinical symptoms such as fever and headache. These symptoms are
usually mild and sometimes difficult to diagnose as malaria. In the absence of
appropriate treatment, severe and life-threatening complications can develop like
anaemia, organ failure and cerebral malaria. Vector control is the main way of
preventing and reducing malaria transmission, with insecticide-treated mosquito nets

and indoor residual spraying being amongst the most effective. This is however under
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threat from the increased incidence and spread of insecticide resistance. Likewise, the
development and spread of antimalarial drug resistance, in particular resistance to
artemisinin - a key compound of the best available medicines - threatens progress in
malaria control. Hence, significant efforts are needed for the development of new and

effective strategies to combat malaria.

1.2. The Plasmodium life cycle

The life cycle of malaria parasites includes a vertebrate host and an insect vector (Fig.
1.1). For human and murine malaria species female Anopheles mosquitoes constitute
the vector. Transmission starts when during blood feeding on a parasite-infected host,
mosquitoes ingest gametocytes - sexual stage precursor cells that circulate in the blood
stream (Step 1, Fig. 1.1). The ingestion of gametocytes by the mosquito leads to their
progession to mature sex cells (gametogenesis): a female gametocyte develops into a
single macrogamete, while a male gametocyte develops into eight microgametes.
Gametogenesis is triggered by a number of environmental factors in the mosquito
midgut such as drop in temperature, as well as rise in pH or a gametocyte-activating
factor (xanthurenic acid) that is present in the mosquito (Arai et al., 2001; Billker et al.,
1997). Within a day, the fertilized female gametes (zygotes) transform into elongated
and motile ookinetes (Step 2, Fig. 1.1). These move through the mosquito's midgut
epithelium to avoid digestion with the blood meal. On the hemocoel side of the midgut
epithelium, ookinetes round up and transform into young oocysts. These oocyst grow
and differentiate over a 2-3 week period resulting in the formation of hundreds of
daughter cells per oocyst: the sporozoites (Step 3, Fig. 1.1). After egress from the
oocyst, sporozoites migrate to and invade the insect's salivary glands, from where they
are transmitted to a new host by mosquito bite. Initially, sporozoites infect and
multiply in liver cells, culminating in up to 10,000 daughter merozoite per infected
hepatocyte (Step 4, Fig. 1.1). These are released into the bloodstream where they
infect RBCs and multiply to form new merozoites through a process called erythrocytic
schizogony (16-32 merozoites per infected RBC) (Step 5, Fig. 1.1). Released merozoites

infect new RBCs, causing much of the clinical manifestations of the disease. Some of
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the infected RBCs leave the cycle of asexual multiplication: rather than replicating, the
merozoite in these cells develops into a male or female gametocyte to allow the next
round of parasite transmission.

It is notable to mention that in the case of P. vivax and P. ovale infections of the
liver, parasites can develop into dormant forms (hypnozoites) that can stay inactive for

years causing disease relapse when reactivated.

Sporozoites o Infection
4
Liver 3
7o Oocyst
T
Merozoites ) % /'

Gut / K
%"’ ‘ Red blood ( ¥ Ookinete
2

5 l cells -
o Y—’O : Transmission
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Asexual & \_S'& "’»\TO mosEERe . UL Gametes
? Fertilization and
_Gametocytogenesis oocyst generation

Figure 1.1. The Plasmodium life cycle. Adapted from Pasvol (2010).

1.3. The 'zoite' stages

Among the many developmental forms of the parasite, three life stages are motile and
invade host cells: the merozoite, the ookinete and the sporozoite (Fig. 1.2). These are
often referred to as the 'zoite' stages. Although these invasive stages have distinct
shapes and sizes, as well as different host cell specificities, they share a structural
organization which is also preserved in zoites of other apicomplexan parasites. Part of
this conserved organization is the apical complex, which is composed of specialized
structures and secretory organelles located at the anterior end of the zoite and
functions to release different invasion factors required for interaction with and invasion
of the host cell. Another conserved structure is a distinctive cortical structure known as

the pellicle, which has a cytoskeletal role.
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Movement

Figure 1.2. The zoite stages. (a) ookinete. (b) sporozoite. (c) merozoite. AR, apical ring; C, collar;
Cr, crystalloid; IM, inner pellicle membrane; M, mitochondrion; MLO, multilamellate organelle;
Mn, microneme; N, nucleus; Nu, nucleolus; OM, outer pellicle membrane; P, pigment; PR, polar
ring; R, electron dense ring; Rh, rhoptry; SB, spherical body; SPMt, subpellicular microtubules.

Adapted from Sinden (1978).

Apicomplexan zoites utilise a specialized form of locomotion named gliding
motility, which is a substrate-dependent form of eukaryotic motility that requires
neither locomotory organelles like cilia or flagella, nor major changes in cell
morphology such as the pseudopod formation. Both the apical complex and pellicle are
intrinsically linked to gliding motility. Gliding motility is driven by an action-myosin
motor which is preserved among apicomplexan parasites (Baum et al., 2006), and
which is situated within the pellicle cytoplasm (Dobrowolski et al., 1997; Menard, 2001;
Morrissette and Sibley, 2002; Soldati and Meissner, 2004). During gliding motility

transmembrane adhesion proteins such as thrombospondin-related adhesive
24



protein (TRAP) and circumsporozoite protein and TRAP-related protein (CTRP) are
'secreted' onto the parasite surface via the apical complex, connecting the molecular
motor in the pellicle to the host cell receptors. The molecular motor facilitates the
backward movement of the adhesion molecules and actin filaments, propelling the
parasite in the other direction (Dobrowolski et al., 1997; Menard, 2001; Morrissette
and Sibley, 2002; Soldati and Meissner, 2004).

1.3.1. The merozoite

The merozoite is the smallest life stage of the parasite that invades the erythrocytes of
the vertebrate host (Bannister and Mitchell, 2009). Initial merozoites are formed in the
hepatocytes during liver stage schizogony (exoerythrocytic schizogony) and, upon
release into the blood stream, they go on to replicate inside RBCs (erythrocytic
schizogony). Immunologically, this stage is important as it is briefly extracellular and
thus exposed to host antibodies. In contrast to the high number of merozoites (up to
thousands) that are generated from a single liver schizont, fewer merozoites (up to 32)
are formed by erythrocytic schizogony depending on the Plasmodium species. The
invasion of erythrocytes is a multi-step process. After the attachment of the merozoite,
it re-orientates itself with its apical end in contact with the RBC surface, establishing a
tight junction between the parasite and the host cell. As the merozoite enters the RBC,
a parasitophorous vacuole (PV) is formed around it, in which the parasite resides,
grows and divides to form the next generation of merozoites.

The merozoite has a thick coat made up of thin filaments that are utilized for
host cell capturing, but cleaved from the surface of the parasite when it enters the
erythrocyte (Bannister et al., 2000). The merozoite has several types of secretory
organelles: micronemes, small elongated organelles which have important roles in
gliding motility, host cell adhesion and invasion; rhoptries, which are larger club-shaped
organelles that also have important roles in adhesion and invasion, and the
establishment of the PV; dense granules, small spherical organelles with a function in
PV formation (Mercier et al., 2005); and exonemes, which are required for merozoite

egress from the infected erythrocyte (Janse and Waters, 2007; Yeoh et al., 2007).
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1.3.2. The ookinete

Development of the gametocyte into the oocyst is a major population bottleneck in the
parasite life cycle (Sinden and Billingsley, 2001) and for this reason is the subject of
transmission blocking strategies aimed at blocking the developmental progression of
the parasite within the mosquito midgut. Several molecules have been identified that
play important roles in the successful invasion of the midgut epithelium by the
ookinete including CTRP, protein 25 (P25), protein 28 (P28), secreted ookinete adhesive
protein (SOAP), membrane attack ookinete protein (MAOP), chitinase and von
Willebrand factor A domain-related protein (WARP) (Dessens et al., 1999; Dessens et
al., 2001; Kadota et al., 2004; Tomas et al., 2001; Yuda et al., 2001). During zygote to
ookinete differentiation, several vital changes take place. Firstly, parasite surface
proteins are replaced with those that the ookinete needs for its interaction with the
mosquito environment, most notably P25 and P28 (Kaushal et al., 1983; Sinden et al.,
2004). Secondly, the cortical cytoskeleton and apical complex are formed as the
ookinete protrudes from the sperical zygote (Sinden et al., 2004). Coinciding with
ookinete differentiation, the diploid zygote undergoes DNA replication followed by
meiotic division culminating in a mature ookinete containing a tetraploid nucleus with
four haploid genomes. Once formed, the mature motile ookinete must escape the
harsh protease-rich environment of the midgut lumen (Billingsley and Hecker, 1991). It
first penetrates the peritrophic matrix, a chitinous sheath that envelops the blood meal
and which serves as a defensive layer (Hegedus et al., 2009). To facilitate this process
the parasite secretes chitinases (Dessens et al., 2001; Huber et al., 1991; Shahabuddin
and Kaslow, 1994). Subsequently the ookinete must cross the cells of the midgut
epithelium. Invasion of the midgut cells leads to apoptosis and the production of
harmful molecules like nitric oxide is induced (Han and Barillas-Mury, 2002; Han et al.,
2000; Luckhart et al., 1998; Zieler and Dvorak, 2000). At the basal lamina, ookinete
transition into oocyst takes place, usually after having crossed several epithelial cells
(Sinden et al., 2004; Vlachou et al., 2004). Because the ookinete does not form a PV it

does not contain rhoptries or dense granules.
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1.3.3. The sporozoite

Oocyst rapidly grow during which they undergo multiple steps of mitosis as well as
replicate of other organelles, and form a protective extracellular capsule called the
oocyst wall (Sinden and Strong, 1978). Cytokinesis starts with the formation of so-called
sporoblasts that are formed by invagination of the oocyst cytoplasm. Sporozoites are
formed via a budding process at the surface of the limiting membrane, which is
accompanied by the formation of the sporozoite pellicle. (Vanderberg and Rhodin,
1967). As the budding sporozoite elongates, a haploid nucleus is dragged into it in
conjunction with a mitochondrion and an apicoplast, while the consequent
development of the micronemes and rhoptries occurs in the apical region of the
emerged sporozoite (Sinden and Matuschewski, 2005; Sinden and Strong, 1978). These
sporozoites are usually rigid and straight until their entire formation and release from
the sporoblast (Sinden and Matuschewski, 2005), where they become more flexible
and motile (Sinden and Garnham, 1973; Sinden and Matuschewski, 2005). Each oocyst
can produce several hundred daughter sporozoites. The rupture of the mature oocyst
releases the sporozoites into the haemolymph of the mosquito. The exact process by
which sporozoites egress is not well established, however, CSP (the main surface
protein of the mature sporozoites), egress cysteine protease 1 (ECP1) and Plasmodium
cysteine repeat molecular protein (PCRMP) 3 and 4 are required (Aly and
Matuschewski, 2005; Douradinha et al., 2011; Wang et al., 2005).

After egress, the sporozoites migrate from the haemolymph to the salivary
glands of the mosquito. Colonization of the glands involves attachment to and invasion
of its epithelial cells. This requires active gliding motility (Kappe et al., 2003). Disruption
of molecules involved in gliding such as thrombospondin-related adhesive protein
(TRAP) and sporozoite invasion-associated protein 1 (SIAP-1) eradicate the colonization
of the mosquito salivary glands (Engelmann et al., 2009; Sultan et al., 1997). The
parasite proteins merozoite AMAI1-EBL-like protein (MAEBL) and CSP facilitate
recognition of, and attachment to, the salivary glands (Kariu et al., 2002; Myung et al.,
2004; Tewari et al., 2005).

Sporozoites are deposited beneath the vertebrate host skin by mosquito bite
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and then disseminate to the blood capillaries until they reach the liver (Amino et al.,
2006). When the sporozoites reach the liver sinusoids, they cross the endothelial layer
to reach the hepatocytes. Both CSP and TRAP have vital functions in these processes
due to their interaction with glycoproteins on the surface of the liver cells (Pradel et al.,
2002; Ying et al.,, 1997). Sporozoites will often migrate through a number of

hepatocytes (Mota et al., 2001) before forming a PV and starting schizogony.

1.4. The pellicle of Plasmodium zoites

Zoites of apicomplexan parasites undergo considerable shape changes during migration
and host-cell invasion for which they require flexibility and strength. These features are
largely conferred to the parasite through a unique cortical structure called the pellicle
(Fig. 1.3). The pellicle is made up of the plasma membrane and an underlying double
membrane structure called the inner membrane complex (IMC). Located on the
cytoplasmic side of the IMC a cytoskeletal network of intermediate filaments named
the subpellicular network (SPN). Finally, subpellicular microtubules run lengthwise
underneath the IMC/SPN from the apical polar ring toward the posterior end of the cell
(Morrissette and Sibley, 2002; Raibaud et al.,, 2001). A pellicle is also found in
gametocytes of P. falciparum and various avian and reptilian Plasmodium species

(Aikawa et al., 1984a; Aikawa et al., 1969; Bannister et al., 2005; Dearnley et al., 2012).
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Figure 1.3. The cortical organization of the invasive stages of Plasmodium. Figure provided by

J. Dessens.
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1.4.1. The inner membrane complex

In Plasmodium zoites the IMC is made up of a single flattened vacuole which is sealed
by a suture line that runs parallel to the subpellicular microtubules (Bannister et al.,
2000; Bannister and Mitchell, 1995; Dubremetz and Elsner, 1979; Raibaud et al., 2001).
The IMC structure is equivalent to the 'alveoli', cortical structures that are a defining
morphological feature of organisms belonging to the superphylum Alveolata that
comprises apicomplexans, ciliates and dinoflagellate algea. The IMC is probably derived
from the endoplasmic reticulum (ER), because the IMC of Toxoplasma gondii stains
with an ER-specific dye (de Melo and de Souza, 1997), and the fact that the IMC-
resident glidesome-associated protein 50 (GAP50) localizes in the ER before its
localization to the periphery of the merozoites in the mature schizont (Yeoman et al.,
2011). Cryofracture electron microscopy shows pores about 43 nm diameter in the
ookinete IMC that were suggested to form a trafficking pathway across the membranes
of the pellicle (Raibaud et al., 2001). The IMC also contains intramembranous particles
(IMPs) that run parallel to the subpellicular microtubules, suggesting that they link the
latter to the IMC (Raibaud et al., 2001). When zoites begin their transformation into the
next life stage, considerable cytoskeleton remodelling takes place and the pellicle
structure rapidly disappears (Aikawa et al., 1984b; Bannister et al., 1975; Meis et al.,
1985; Sinden and Strong, 1978).

1.4.2. The subpellicular microtubules

The subpellicular microtubules are unusually stable microtubules (Cyrklaff et al., 2007)
that originate at the apical end of the zoite and that use the apical polar ring - part of
the apical complex - as their microtubule organising centre (MTOC) (Santos et al.,
2009). The subpellicular microtubules are thought to have roles in parasite motility
and/or invasion, because microtubule destabilizing drugs interfere with merozoite
invasion of the RBC (Fowler et al., 1998). Consistent with cell size, ookinetes have 40-60
subpellicular microtubules (Sinden and Strong, 1978), sporozoites have 18-19
(Vanderberg and Rhodin, 1967), while P. falciparum merozoites have only 2-3 (Fowler

et al., 1998). Studies by Kudryashev and colleagues (Kudryashev et al, 2010)
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revealed that the microtubules of P. berghei sporozoites are connected to the pellicle
by long tethering proteins that originate from the IMC at 32-nm intervals. Such findings
suggested that these proteins could be the equivalent of the IMPs observed in
ookinetes (Raibaud et al., 2001). Similarly, a 32-nm periodicity was observed in the

IMPs and subpellicular microtubules of T. gondii (Morrissette et al., 1997).

1.4.3. The subpellicular network

Electron microscopy of detergent extracted T. gondii tachyzoites first revealed the
presence of the SPN within the pelicle structure (Mann and Beckers, 2001). The SPN is a
two-dimensional network of tightly interwoven intermediate filaments that is tightly
connected to the IMC on its cytoplasmic side. The resistance of the SPN to detergent
extraction and the fact that extracted SPN structures often maintain the shape of the
cell indicated that it functions as a so-called 'membrane skeleton' that provides
mechanical strength to the pellicular membranes (Mann and Beckers, 2001). The
existence of a SPN in Plasmodium sporozoites was shown by cryogenic electron
tomography (Kudryashev et al., 2010). Assembly of the SPN in T. gondii begins early
during parasite replication and a considerable variation in SPN stability between
mother and daughter parasites was reported: In the immature parasites, the SPN could
be solubilized by detergent, while in the mature ones it was entirely resistant to
detergent extraction (Mann et al., 2002). These observations point to a SPN maturation

during the course of zoite morphogenesis.

1.5. The alveolins

Along with the discovery of the SPN, Mann and Beckers identified a protein component
of this structure that was named Toxoplasma gondii inner membrane complex protein
1 (TgIMC1) (Mann and Beckers, 2001). Subsequently, an apicomplexa-specific family of
structurally related proteins was identified and this protein family was given the name
'IMC1 proteins' (Khater et al., 2004). In Plasmodium eight conserved structural

homologues were identified named IMCla to IMC1h (Khater et al., 2004) (Table 1.1).
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Table 1.1. Predicted P. berghei IMC1 proteins/alveolins and zoite expression.

Name P. berghei ID Zoite expression References
(PBANKA_000000)

merozoite ookinete  sporozoite

IMC1la 040260 + Khater et al., 2004
IMC1b 090710 + Tremp et al., 2008
IMClc 120200

IMC1d 121910

IMCle 040270

IMC1f 136440

IMC1g 124060 + + + Kono et al., 2012

IMC1h 143660 + + Tremp & Dessens,

2011

Sequence homology between the IMC proteins is confined to 1-2 conserved domains
rich in valine and proline, separated by regions variable in length and amino acid
composition (Fig. 1.4), indicating that the conserved domains are also the functional
domains (Fukumoto et al., 2003; Gubbels et al., 2004; Khater et al., 2004; Mann and
Beckers, 2001). The Plasmodium IMC1 proteins have modest sequence homology with
articulins, a group of membrane skeleton proteins found in several ciliates and
euglenoids (Huttenlauch et al., 1995; Huttenlauch et al.,, 1998a; Huttenlauch et al.,
1998b; Marrs and Bouck, 1992). In a later study Gould and colleagues discovered
structural homologues of the apicomplexan IMC1 proteins in ciliates and dinoflagellate
algae - the other two phyla within the Alveolata superphylum - and renamed the
protein family 'alveolins' which were considered distinct from articulins (Gould et al.,
2008). In Toxoplasma, 14 alveolins have been identified which, despite having distinct
spatiotemporal expression patterns, all display a subcellular localization in the cortical

cytoskeleton (Anderson-White et al., 2011a).
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Figure 1.4. Sequence and structure of IMC1 proteins. Schematic diagram of the protein
structure of TgIMC1 and its structural homologues in Plasmodium spp. The proteins shown are
based on predicted proteins of P. yoelii, GenBank/EMBL/DDBJ accession nos. EAA16469
(PyIMC1a), EAA15257 (PyIMC1b),EAA16185 (PyIMC1c), EAA17029 (PyIMC1d),
EAA15249 (PyIMCle), EAA15609(PyIMC1f), EAA15402 (PylMClg), and EAA20426 (PyIMC1h).
Boxes mark domains corresponding to the conserved amino-terminal domain (hatched), central
domain (gray), and carboxy-terminal domain (open). Conserved terminal cysteine motifs are
indicated with open circles. Adapted from Khater et al. (2004).

IMCla was the first malaria alveolin to be characterized using targeted gene
disruption in the rodent malaria species P. berghei (Khater et al., 2004). These studies
revealed that IMCla is uniquely expressed in sporozoites where it localizes to the
cortex, consistent with a localization in the pellicle. PbIMCla null mutants possessed
smaller, abnormally-shaped sporozoites with a bulging, protruding area typically
around the nucleus. Although IMC1la-KO sporozoites could be detected in the
haemolymph, no sprorozoites succeeded in invading the salivary glands. In addition,
the infection of mice with oocyst PbIMC1a-KO sporozoites caused no infection (Khater
et al., 2004). These morphological abnormalities were accompanied by reductions in
gliding motility and tensile strength of the sporozoites, which are the likely cause of the
observed reduction in infectivity (Khater et al., 2004). A subsequent study aimed at

characterizing the expression, subcellular localization and function of IMC1b
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- a closely related structural paralogue of IMCla - showed that this alveolin was
expressed uniquely in ookinetes, but had otherwise equivalent functions to IMCla
involving cell shape, motility and tensile strength (Tremp et al., 2008). IMC1h, in turn,
was shown to be expressed in both ookinetes and sporozoites and had loss-of-function
phenotypes similar to those of IMC1b in the ookinete and IMCla in the sporozoite,
respectively (Tremp and Dessens, 2011). These combined data demonstrate that
alveolins are structurally and functionally homologous and play roles in many key
processes such as morphogenesis, gliding motility and the provision of tensile strength.
Double knockout of both IMClb and IMClh in ookinetes resulted in increased
reductions in motility, tensile strength and infectivity compared to the single
knockouts, showing that these alveolins are functionally independent and contribute
cumulatively to these properties of the zoites (Tremp and Dessens, 2011). However,
ookinete cell shape did not deteriorate further upon double gene disruption, which
indicates that the alveolins contribute to motility independent of their shape (Tremp
and Dessens, 2011). Interestingly, disruption of the SPN-resident protein G2, which is
structurally unrelated to the alveolins, also causes morphological abnormalities and
reductions in motility, but did not affect tensile strenghth (Tremp et al., 2013). This
shows that zoite morphogenesis is also affected by disruption of other SPN proteins
and is not linked to tensile strength of the cell (Tremp et al., 2013). Similar observations
were made when the SPN-resident protein PhIL1 was disrupted in T. gondii (Barkhuff et
al., 2011).

Beside the presence of the conserved 'alveolin' domains found in this family of
proteins, a subset of alveolins possess conserved cysteine motifs at the amino- or
carboxy-terminus. It is thought that these motifs may constitute sites for post-
translational palmitoylation (a lipid modification, see below) aimed to strengthen the
interaction of the SPN with the IMC (Mann and Beckers, 2001; Khater et al., 2004;
Anderson-White et al., 2011).

1.6. Protein palmitoylation

A range of cellular functions are controlled by a post-translational protein
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modifications. Among these are the attachment of lipid moieties like myristoyl,
palmitoyl, stearoyl or farnesyl. In eukaryotes, the most common forms of protein fatty
acylations are N-myristoylation and S-palmitoylation (Resh, 1999). These two fatty
acylations can modify proteins both separately and concertedly with other lipid
modifications.

S-palmitoylation is the addition of the 16-carbon fatty acid palmitate to cysteine
residues via a thioester linkage, and is the only known reversible post-translational lipid
modification (Dietrich and Ungermann, 2004; Resh, 1999). Consequently,
palmitoylation is a regulatory mechanism that can facilitate the attachment of proteins
to membranes as well their subcellular trafficking. In addition, S-palmitoylation has a
vital roles in protein-protein interactions and protein stability. The palmitoylation
reaction is catalyzed by palmitoyl-S-acyl-transferases (PATs). PATs are identifiable from
having a Asp-His-His-Cys (DHHC) motif within a cysteine-rich domain, and at least 12
distinct putative PAT-encoding genes have been identified in Plasmodium spp. (Frenal
et al., 2013). Localization studies indicate that the subcellular distribution of many PATs
restricted to distinct compartments including endoplasmic reticulum (e.g. DHHC7), IMC
(e.g. DHHC3 and DHH(C9), and rhoptries (e.g. DHHC7) (Frenal et al., 2013). S-
palmitoylation in Plasmodium affects over 400 proteins and is essential for parasite
development both in the vertebrate host (Jones et al., 2012) and in the mosquito
vector (Santos et al., 2015), underpinning the potential for developing parasite-specific
PAT inhibitors for chemotherapy and/or transmission control. Generally, palmitoylation
sites do not have consensus sequences making it difficult to predict whether or not a
protein is palmitoylated, and the mechanisms by which substrates are recognised by
PATs is a topic of intense investigation.

There are currently two recognised strategies for biochemical detection of
palmitoylated proteins. The first is the acyl-biotin exchange (ABE) method (Drisdel and
Green, 2004; Wan et al., 2007) (Fig. 1.5). ABE is based on the exchange of the thioester-
linked palmitate for a biotin group, which is then used for specific purification of
biotinylated proteins using streptavidin capture. The total proteome is extracted,

solubilized and then treated with N-ethylmaleimide to irreversibly block any non-
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palmitoylated cysteine residues in the proteins. Thioester bonds are then cleaved with
hydroxylamine, removing the palmitoyl moieties and exposing the previously linked
cysteine thiol groups. These are then chemically and covalently linked to biotin. Non-
hydroxylamine-treated samples are used as negative controls. The second strategy is
based on the metabolic labelling of cells with a palmitic acid analogue followed by click-
chemistry (MLCC) (Jones et al., 2012; Roth et al., 2006). Metabolic incorporation of 17-
octadecynoic acid allows the specific and irreversible biotinylation of analogue-labelled

proteins, which is again followed by streptavidin capture.
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Figure 1.5. Schematic of the proteomic acyl-biotinyl exchange methodology. Adapted from

Wan et al. (2007).

1.7. Aims and objectives

Plasmodium alveolins contribute cumulatively to the parasites’ tensile strength, cell
shape, motility and infectivity. The essential nature of the alveolins in malaria parasite

development, their expression throughout the life cycle, and their absence in
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vertebrates makes them attractive drug targets for malaria treatment, prophylaxis and
transmission control. Moreover, such drugs may be active against a broad range of
other apicomplexan parasites, as well as against related pathogenic protozoans. This
project aims to increase our understanding of the alveolins with respect to their
structure, life stage expression, subcellular localization and trafficking, as well as their
contribution to parasite development and infectivity, using the mouse malaria model P.

berghei. The specific objectives are:

(1) Carry out a comprehensive re-assessment of alveolin genes in Plasmodium with

respect to their repertoire, interrelatedness and structural features.

(2) Generate genetically modified parasite lines that express fluorescent protein-tagged
alveolins. This will enable us to follow the expression, subcellular trafficking and
localization of the alveolins in live parasites using fluorescence microscopy, and to form

a more complete picture of the alveolin family with regards to these properties.

(3) Generate genetically modified parasite lines that have disrupted alveolin genes. This
will allow us form a better picture of the alveolin family with regards to their function,

contribution to parasite development and functional redundancy.

(4) Generate genetically modified parasite lines that express mutated alveolins, in
particular with respect to their terminal cysteine motifs. This will allow us to carry out
structure-function analyses and to study the role of cysteine motifs and their potential

role in post-translational palmitoylation.
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Chapter 2

Materials and Methods
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This chapter describes the general methods used in this study. Specific protocols
related to particular chapters are described in each one separately. Chemicals used

were purchased from Sigma Aldrich unless otherwise specified.

2.1. Construction of targeting vectors

Parasite genes were targeted by double homologous crossover recombination. To
generate the targeting vectors for generating genetically modified parasite lines
expressing a target protein fused at the carboxy-terminus to a fluorescent protein
(gene tagging), a dual plasmid system was used. The first plasmid (pDNR) contains the
coding sequence for a fluorescent protein (e.g. GFP or mCherry), followed by a generic
3’ untranslated region (UTR) that is derived from the Plasmodium berghei dihydrofolate
reductase (PbDHFR) gene. The pDNR plasmid also contains a chloramphenicol
resistance gene with no bacterial promoter, in addition to two /loxP sites flanking these
combined sequences. The second plasmid (pLP) contains the sequence for a gene
cassette that confers resistance to the antimalarial drug pyrimethamine (e.g. T. gondii
DHFR, human DHFR, or human DHFR fused to yeast dihydroorotate dehydrogenase
(yFCU). The selectable marker genes are driven by the promoter sequence of pbdhfr
and have the 3’ UTR of the pbdhfr downstream. A single loxP site followed by a
bacterial promoter is also present.

Construction of the targeting vector for the fluorescent protein tagging of a
target gene involves three steps. First, the combined coding region and 5’ UTR of the
target gene is amplified by PCR and introduced into the pDNR plasmid upstream of, and
in-frame with, the fluorescent protein sequence. Second, the 3’ UTR of the target gene
of interest is PCR-amplified and inserted into the pLP plasmid downstream of the
selectable marker gene cassette. Third, by Cre-loxP site-specific recombination, the
tagged target gene sequence contained within the pDNR plasmid between the loxP
sites is transferred to the pLP plasmid that contains the target gene-specific 3° UTR.
Successful recombination places the chloramphenicol resistance gene present in the
pDNR plasmid downstream of the bacterial promoter in the pLP plasmid, permitting

antibiotic selection. This process is illustrated for the enhanced GFP-tagging of the
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alveolin IMC1b in Fig. 2.1.
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Figure 2.1. A genetic tool for generating genetically modified parasites expressing GFP-tagged
IMC1b. Step 1: the imclb coding sequence plus its 5’UTR is cloned upstream of, and in-frame
with, egfp in plasmid pDNR-EGFP. Step2: 3’UTR of imclb is cloned into plasmid pLP-DHFR2.
Step 3: The imclb-specific sequences of the above plasmids are combined with the selectable
marker cassette in plasmid pLP-IMC1b/EGFP by Cre-loxP recombination. LoxP sites are
indicated by black arrows; noncoding sequences are indicated in white; coding sequences are
indicated in light gray; imclb-specific sequences are indicated in dark gray; Amp r: ampicillin
resistance gene; Cm r: chloramphenicol resistance gene; SacB: sucrase gene from Bacillus
subtilus; egfp: enhanced green fluorescent protein; UTR: untranslated region; pro: bacterial

promoter sequence. Adapted from Tremp et al., 2008.
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To make targeting vectors aimed at target gene disruption or mutation, the final
pLP-based gene tagging constructs were subjected to site-directed mutagenesis to
either remove the coding sequence (gene disruption), or to alter the coding sequence
(gene mutation), in each case leaving the fluorescent protein to be expressed as a

reporter gene (gene disruption) or fluorescent tag (gene mutation).

2.2. In-Fusion cloning

Rather than using traditional restriction enzyme digestion combined with T4 DNA ligase
to introduce PCR fragments into plasmids, we use In-Fusion (In-Fusion Kit,
Clontech/Takara Bio). To achieve in-fusion, the forward and reverse PCR primers were
designed with at least 15 bases of homology with the sequences flanking the targeted
insertion site in the cloning plasmid. Using these primers, amplification of the DNA was
performed, and purified PCR product was introduced into a linearized cloning vector in
the In-Fusion cloning reaction. The In-Fusion enzyme generates single-stranded regions
of homology and then fuses the DNA insert to the vector. The added advantage of In-
Fusion is that cloning is directional.

The QlAquick gel extraction kit (Qiagen) was used to purify amplified PCR
product and linerized plasmids. Plasmid vectors were linearized by utilising specific
restriction endonuclease enzymes and also purified. To prepare the In-Fusion cloning
reaction, the linearized plasmid and insert were typically mixed together at an
approximately 1:1 molar ratio in a 10ul reaction that contains 1pl In-Fusion enzyme and
its appropriate buffer. Reactions were carried out at 37°C for 15min, followed by 15min

at 50°C.

2.3. Cre-loxP recombination

Cre-loxP site-specific recombinantion was carried out with Cre recombinase (New
England Biolabs). Typically, a reaction mixture of 10ul was prepared with approximately
100ng each of pDNR and pLP plasmid DNA, 1 unit of Cre recombinase, in its specific
reaction buffer). After 15min of incubation at room temperature, the enzyme was

immediately heat-inactivated at 70°C for 5min.
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2.4. Site-directed mutagenesis

In order to create mutations or deletions at specific sites in the plasmids, a PCR-based
site-directed mutagenesis method was used. The number of PCR cycles was kept low
(typically 5) to minimize the undesired expansion of potential errors generated by the
PCR. To compensate a higher starting amount of template plasmid DNA was used
(typically 1upg). The sense and antisense primers were designed to anneal to
complementary strands of the same circular template plasmid DNA and to enable the
targeted deletion. Additionally, the first 16 nucleotides of each primer were each
other’s reverse complement to permit the re-circularization of the linear PCR product
by In-Fusion. The PCR reaction was performed using Advantage HD polymerase mix
(Clontech/Takara Bio) with ~1ug of DNA template, 10uM of each primer and 2.5mM of
each dNTP. Following PCR, the reaction was subjected to Dpnl digestion overnight at
37°C to digest the methylated template DNA. The linearized PCR product was then

purified and circularized by In-Fusion.

2.5. Bacterial transformation and selection

Bacterial transformation was carried out with NEB 5-alpha competent cells (New
England Biolabs). Briefly, frozen competent cells were thawed on ice followed by
incubation with the DNA on ice for 30min. Cells were heat-shocked for 45s at 42°C and
placed on ice for 1min. To allow expression of the antibiotic resistance, cells were
resuspended in 450ul super optimal broth with glucose (SOC) medium and incubated at
37°C for 1h with shaking. The cell culture was then plated onto Luria Broth (LB) agar
plates supplemented with either 100ug/ml ampicillin for In-Fusion cloning, or 30ug/ml
chloramphenicol plus 7% sucrose for Cre-loxP recombination. Colonies were picked and
grown in 5ml LB culture containing 100ug/ml ampicillin and incubated at 37°C
overnight. Plasmid DNA was extracted and purified from the overnight culture using
the Wizard Plus SV Minipreps DNA purification system (Promega) and analysed by

diagnostic restriction enzyme digestion.

2.6. Parasite maintenance
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P. berghei ANKA clone 234 parasites were maintained as cryopreserved stabilates or by
mechanical blood passage and mosquito transmission. For cryopreservation parasitized
blood was mixed with an equal volume of cryopreservation solution (20% dimethyl
sulfoxide (DMSO), 10% fetal bovine serum (FBS), 70% RPMI 1640) and slowly frozen to -
80°C before transfer to liquid nitrogen for long-term storage. As rodent hosts, CD1 mice
(typically 20-25g, female) were used. Animals were infected by intraperitoneal injection
of fresh or cryopreserved parasitized blood. The levels of infection were monitored

observed by light microscopic examination of Giemsa-stained blood films.

2.7. Mosquito maintenance and infection

A. stephensi SD500 mosquitoes were maintained in cages at ~27°C, high relative
humidity, under a 12h light/dark cycle and fed on 10% glucose solution. Adult insects
were fed on horse blood in membrane feeders (kept at 37°C) twice a week to induce
egg laying.

Naive mosquitoes were infected with P. berghei by feeding on anaesthetized,
gametocytemic mice or by membrane feeding with cultured ookinetes. For optimal
development of the parasite, experimental mosquitoes were kept at 19-21°C at high
relative humidity and with 10% glucose for feeding. Transmission of sporozoites was
carried out with sporozoite-infected mosquitoes (about three weeks post-infection)

and naive mice.

2.8. Purification of gametocytes

Purification of gametocytes was performed according to Raabe and colleagues (Raabe
et al.,, 2009). In order to obtain high gametocytaemia, mice were treated with
phenylhydrazine (~10ul/g body weight of a 6mg/ml solution in phosphate buffered
saline (PBS)) to induce reticulocytosis (and therefore promote P. berghei proliferation),
and 107-108 parasites were injected three days later. After three days, infected animals
were injected i.p. with chloroquine (200ul of 2mg/ml in PBS) in order to kill asexual
blood stages. The following day, gametocytaemic blood was harvested and directly

mixed with gametocyte maintenance buffer (GMB: RPMI 1640 containing 25mM Hepes
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and L-glutamine (Invitrogen) plus 0.1% BSA). Cells were collected by spinning for 15min
at 800xg at room temperature, loaded onto a 48% Nycodenz cushion in GMB (100%
Nycodenz contains 27.6% [w/v] Nycodenz powder in 5mM Tris-HCl pH 7.2, 3mM KCl,
0.3mM EDTA), and centrifuged at 450xg at room temperature for 20min (gametocytes
collect at the interphase). After harvest, the purity of the gametocytes was assessed by

examination of Giemsa-stained blood films.

2.9. Culture and purification of ookinetes

To induce reticulocytosis, mice were treated with phenylhydrazine (~10ul/g body
weight of a 6mg/ml solution in PBS) followed by injection of 107108 parasites three
days later. Three days following infection, parasitized blood was harvested and mixed
with 10 volumes of ookinete medium (RPMI 1640 containing 25mM Hepes and L-
glutamine, 2g/L sodium bicarbonate, 1/100 volume of 10,000u/ml penicillin/10mg/ml
streptomycin solution (Gibco), 50mg/L hypoxanthine, 100mM xanthurenic acid and
20% FBS, pH 7.4). Cultures were incubated at 19-21°C for 18-24h to allow ookinete
development.

For ookinete purification, cells were collected by centrifugation at 800xg for
5min at 4°C, the pellet resuspended in ice-cold 0.17M ammonium chloride and
incubated on ice for 30min to lyse the unparasitized RBCs. Parasites were collected by
centrifugation at 800xg for 10min at 4°c with low deceleration and washed twice in PBS
(500xg centrifugation). The number of ookinetes was estimated by haemocytometer

count.

2.10. Generation of genetically modified parasite lines

For the generation of transgenic P. berghei parasite lines, purified schizonts were
transfected followed by drug selection and limiting dilution cloning, according to
described methods (Janse et al., 2006). To achieve double homologous crossover
recombination, targeting vectors were digested with specific enzymes to remove the
backbone of the vector and column purified.

Blood was harvested from P berghei-infected mice with parasitaemia between
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1% and 4%, and added to 100ml filter-sterilized schizont culture medium [RPMI 1640
containing 20mM Hepes and L-glutamine (Sigma R73880), 0.8g/L sodium bicarbonate,
1/200 volume of neomycin solution (Sigma N1142) and 20% FBS, pH 7.2]. The culture
was equilibrated with a 5% CO,, 10% O3, 85% N> gas mixture (BOC) and the flask sealed
airtight, followed by incubation at 36°C with gentle shaking (60—80 revolutions per
minute) for 20h. Schizonts were purified by centrifugation for 30min at 500xg at room
temperature (no brake) on a 50% Nycodenz (in PBS) cushion (100% Nycodenz contains
27.6% [w/v] Nycodenz powder in 5mM Tris-HCl pH 7.2, 3mM KCI, 0.3mM EDTA). The
interface layer containing the schizonts was harvested and centrifuged for 8min at
450xg. The schizont pellet was gently resuspended in complete nucleofector solution
(Human T Cell Nucleofector kit, Amaxa VPA-1002), and for each transfection 100ul was
mixed with DNA (1-5pug in 10-12ul dH,0 or TE buffer). Electroporation was carried out
with programme U-033 of the Nucleofector™ |l Device (Amaxa). Directly post
electroporation, approximately 250ul of naive blood (previously incubated at 37°C) was
added to the parasites, and the mixture was kept at 37°C for 30min to permit
merozoite invasion of naive RBCs. Finally, the parasite/RBC mixture was injected i.p.
into one or two naive mice.

One day after transfection, pyrimethamine selection was started (supplied in
drinking water at a dose equal to 10mg/kg/day) until patent parasitaemia was
observed (usually 7-10 days post-inoculation). When parasitaemia reached around 1%,
limiting dilution cloning was carried out. Parasites were diluted in RPMI to an estimated
0.3 parasites/inoculum, and typically 10 naive animals were inoculated by i.p. injection.

Mice were monitored for parasitaemia after a week.

2.11. Western blot analysis

Protein samples were run through pre-cast NUPAGE Bis-Tris SDS gels (Invitrogen) using
an XCell SureLock Mini-Cell system (Invitrogen). Before loading, samples were heated
at 70°C for 10min in the presence or absence of 1% reducing agent (Invitrogen). The

fractionated protein was then transferred onto a polyvinylidene fluoride (PVDF)
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membrane by electroblotting in an XCell 1l Blot Module (Invitrogen). Membranes were
blocked for 1h at room temperature in PBS supplemented with 0.1% Tween 20 and 5%
skimmed milk. Membranes were incubated either overnight at 4°C or for 1h at room
temperature with specific antibody at the appropriate dilution. Typically horse radish
peroxidase (HRP) conjugated antibodies were used to visualise the signal by
chemiluminescence, using ECL Western Blotting Substrate (Pierce) and X-ray film (CL-

XPosure™ Film, Pierce).

2.12. Light microscopy

Standard light microscopic analysis of parasite and mosquito samples, Giemsa-stained
blood films and haemocytometer counts were undertaken using an Olympus CX41
microscope. An Olympus SZ microscope was used for mosquito dissections. For
assessment of fluorescence, live or fixed parasite samples were assessed, and images
captured, on a Zeiss LSM510 inverted confocal microscope, or on a Zeiss Axioplan-2

fluorescent microscope with Retiga 2000R CCD camera system and Volocity software.
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Chapter 3

Distinct temporal recruitment of Plasmodium alveolins

to the subpellicular network
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Abstract The zoite stages of malaria parasites (merozoite,
ookinete and sporozoite) possess a distinctive cortical structure
termed the pellicle, which is defined by a double membrane layer
named the inner membrane complex (IMC). The IMC is support-
ed by a cytoskeleton of intermediate filaments, termed the
subpellicular network (SPN). Plasmodium IMCI proteins, or
alveolins, make up a conserved family of structurally related
proteins that comprise building blocks of the SPN. Here, using
green fluorescent protein (GFP) tagging in P berghei, we show
that the alveolins PPIMClc and PPIMCle are expressed in all
three zoite stages. Our data reveal that PhIMCl e is assembled into
the SPN concurrent with pellicle development, while PhAIMClc is
assembled after pellicle formation. In the sexual stages, these
processes are accompanied by different gene expressions from
maternal and paternal alleles: PPIMCle is expressed uniquely
from the maternal allele, while PHIMClc is expressed from the
maternal allele in gametocytes, but from both parental alleles
during ookinete development. These findings establish biogenesis
of the cortical cytoskeleton in Plasmodium to be a complex and
dynamic process, involving distinct parental gene expression and
chronological recruitment of its protein constituents. While allelic
replacement of the pbimcic and pbimcle genes with GFP-tagged
versions was readily achieved using double crossover homologous
recombination, attempts to disrupt these genes by this strategy
only resulted in the integration of the selectable marker and GFP
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reporter into non-specific genomic locations. The recurrent inabil-
ity to disrupt these genes provides the first genetic evidence that
alveolins are necessary for asexual blood-stage parasite develop-
ment in Plasmodium.

Keywords Plasmodium berghei - Cytoskeleton -
Intermediate filament - Sexual stages - Sporogonic
development

Introduction

Malaria parasite transmission is initiated by the ingestion of
gametocytemic blood by a vector mosquito, which initiates
gametogenesis followed by fertilization. Zygotes transform
into motile ookinetes that traverse the gut wall of the insect
and transform into oocysts (Meis & Ponnudurai, 1987; Meis
et al., 1989). An approximately 2-week period of growth and
replication culminates in hundreds of motile sporozoites being
released from each oocyst. These invade the salivary glands
and are transmitted to new hosts, again by blood feeding of the
insect. Once in the host, sporozoites rapidly infect liver cells
and replicate each to produce thousands of merozoites. The
motile merozoites are released into the bloodstream, where
they infect red blood cells and either replicate to form more
merozoites or differentiate into sexual-stage male and female
gametocytes to complete the life cycle.

The three motile and invasive stages (zoites) of
Plasmodium species (i.e. ookinetes, sporozoites and merozo-
ites), as well as zoites of other apicomplexan parasites, possess
a similar cortical structure termed the pellicle. The pellicle is
essentially made up of the plasma membrane and an underly-
ing double membrane structure termed the inner membrane
complex (IMC) (Bannister et al., 2000; Morrissette & Sibley,
2002; Santos et al., 2009). Closely associated with the IMC on
its cytoplasmic side is a network of intermediate filaments
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termed the subpellicular network (SPN), which supports the
pellicular membranes and provides mechanical strength to the
cell (Mann & Beckers, 2001). The pellicular membranes are
further supported by subpellicular microtubules that run
lengthwise from the anterior towards the posterior end, com-
pleting the cortical cytoskeleton (Bannister et al., 2000;
Morrissette & Sibley, 2002; Santos et al., 2009).

Several members of an Apicomplexa-specific family of
proteins termed IMC1 proteins have been identified as com-
ponents of the SPN (Khater et al., 2004; Mann & Beckers,
2001). Structurally related proteins from ciliates and dinofla-
gellate algae have since been added to this protein family
renamed ‘alveolins’, which now defines the Alveolata
infrakingdom (Gould et al., 2008). In the genus Plasmodium,
the number of members of the alveolin family has risen to 12
(Kono et al., 2012), which are encoded by conserved and
syntenic genes. The alveolin family members display differen-
tial expression between the three zoite stages of the parasite,
with the largest repertoires present in the ookinete and sporo-
zoite according to proteomic studies (Florens et al., 2002; Hall
et al., 2005; Lasonder et al., 2002; Lindner et al., 2013; Treeck
et al., 2011). It has been shown in the rodent malaria species
Plasmodium berghei that the disruption of individual alveolin
family members expressed in sporozoites (PhIMCla), in
ookinetes (PPIMCI1Db) or in both these zoites (PPIMC1h) re-
sults in morphological abnormalities that are accompanied by
reduced tensile strength of the zoite stages in which they are
expressed (Khater et al., 2004; Tremp & Dessens, 2011; Tremp
et al., 2008; Volkmann et al., 2012). Besides roles in morpho-
genesis and mechanical strength, the Plasmodium alveolins are
also involved in gliding motility in both ookinetes and sporo-
zoites, most likely through interactions with components of the
glideosome that are situated within the pellicular cytoplasm
(Khater et al., 2004; Tremp & Dessens, 2011; Tremp et al.,
2008; Volkmann et al., 2012).

In this study, we investigate the expression, subcellular
distribution and function of two further members of the
alveolin/IMC1 protein family, PPIMClc and PhIMCle, re-
vealing fundamental differences in the manner they are
expressed and participate in zoite morphogenesis. In addition,
we provide the first evidence that both PAIMClc and
PhIMCle are essential for the development of the asexual
blood stages of the parasite in the host, underpinning the
alveolins as potential target molecules for chemotherapy-
based intervention.

Materials and methods
Animal use

All laboratory animal work undergoes regular ethical review
by the London School of Hygiene and Tropical Medicine and
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has been approved by the United Kingdom Home Office.
Work was carried out in accordance with the United
Kingdom Animals (Scientific Procedures) Act 1986
implementing European Directive 2010/63 for the protection
of animals used for experimental purposes. Experiments were
conducted in 6-8-week-old female CD1 mice, specific path-
ogen free and maintained in filter cages. Animal welfare was
assessed daily, and animals were humanely killed upon
reaching experimental or humane endpoints. Mice were in-
fected with parasites suspended in RPMI or PBS by intraper-
itoneal injection or by infected mosquito bite on anaesthetized
animals. Parasitemia was monitored regularly by collecting a
small drop of blood from a superficial tail vein. Drugs were
administered by intraperitoneal injection or, where possible,
supplied in drinking water. Parasitized blood was harvested by
cardiac bleed under general anaesthesia without recovery.

Parasite maintenance, transmission, culture and purification

P berghei ANKA clone 234 parasites were maintained as
cryopreserved stabilates or by mechanical blood passage and
regular mosquito transmission. Ookinete cultures were set up
overnight from gametocytemic blood as previously described
(Arai et al., 2001). After 18-20 h, ookinetes were purified via
ice-cold 0.17M ammonium chloride lysis and centrifugation
at 800xg for 10 min, followed by PBS washes. Mosquito
infection and transmission assays were previously described
using Anopheles stephensi (Dessens et al., 1999; Khater et al.,
2004), and infected insects were maintained at 20 °C at
approximately 70 % relative humidity.

Gene-targeting constructs

The entire pbimclc coding sequence plus ca. 0.55 kb of
upstream sequence was PCR amplified from P. berghei geno-
mic DNA with primers pDNR-IMCl1c-F (ACGAAGTTATCA
GTCGACGGTACCAAGTGCATTTAGTATGTTGTGGC)
and pDNR-IMClc-R (ATGAGGGCCCCTAAGCTTCTGC
ATGTACCTGTACAGCAT) and cloned into Sall/HindIlI-
digested pPDNR-EGFP (Tremp et al., 2008) by in-fusion clon-
ing to give plasmid pDNR-IMC1c/GFP. The 3'UTR of
pbimclc was amplified with primers pLP-IMClc-F (ATAT
GCTAGAGCGGCCTTTCGTGAAAAATGCAGTTAACA)
and pLP-IMClc-R (CACCGCGGTGGCGGCCGAAAGA
AGACAATAAATAAAATAGAAAGTATGG) and the
resulting ca. 0.6 kb fragment cloned into No#l-digested pLP-
hDHFR by in-fusion cloning to give plasmid pLP-hDHFR/
IMClc. The pbimclic/gfp-specific sequence from pDNR-
IMC1c¢/GFP was transferred to pLP-hDHFR/IMClc by Cre/
loxP recombination to give the final construct pLP-IMClc/
GFP. This plasmid served as template in a PCR-based site-
directed mutagenesis using primers IMC1c-KO-F (CAACCG
TCATGAGTAAAGGAGAAGAACTTTTCAC) and IMClc-
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KO-R (TTACTCATGACGGTTGATGTCTCTTTAGTGT).
The resulting PCR product was circularized using in-fusion
to give plasmid pLP-IMC1c-KO. In this plasmid, the pbimcic
coding sequence except for the first amino acids has been
removed.

The entire pbimcle coding sequence plus ca. 0.58 kb of
upstream sequence was PCR amplified from genomic DNA
with primers pDNR-IMCle-F (ACGAAGTTATCAGTCG
ACGGTACCGCATAAATTAACTTAGTTTCATTGAACT
TC) and pDNR-IMC1e-R (ATGAGGGCCCCTAAGCTTTC
GTTTAAGACGGGTGGTAC) and cloned into Sa/l/HindIII-
digested pDNR-EGFP by in-fusion cloning to give plasmid
pDNR-IMC1e/GFP. The 3'UTR of pbimcle was amplified
with primers pLP-IMCle-F (ATATGCTAGAGCGGCCTT
TGGCTTCGATTTTTGTG) and pLP-IMCle-R (CACCGC
GGTGGCGGCCTAACAGCATTATGAAAGATTGGC) and
the resulting ca. 0.87 kb fragment cloned into Notl-digested
pLP-hDHFR by in-fusion cloning to give plasmid pLP-
hDHFR/IMCle. The pbimcle/gfp-specific sequence from
pDNR-IMC1e/GFP was transferred to pLP-hDHFR/IMCle
by Cre/loxP recombination to give the final construct pLP-
IMC1e/GFP. This plasmid served as template in a PCR-based
site-directed mutagenesis using primers IMCle-KO-F (AATA
TGTGATGAGTAAAGGAGAAGAACTTTTCAC) and
IMCle-KO-R (TTACTCATCACATATTTAGTGCCACAAT
TGC). The resulting PCR product was circularized using in-
fusion to give plasmid pLP-IMCle-KO. In this plasmid, the
pbimcle coding sequence except for the first amino acids has
been removed.

To generate a mCherry-tagged version in PhIMClc, the
mCherry coding sequence was amplified from pDNR-
mCherry/PbSR/EGFP (Carter et al., 2008) with primers
pDNR-mCherry-F (CAGTCGACTTAAGCTTAGGGGCCC
TCATGGTGAGCAAGGGCG) and pDNR-mCherry-R
(AACGGGATCTTCTAGTTACTTGTACAGCTCGTCCAT
GC) and introduced into HindIIl/Xbal-digested pPDNR-EGFP
by in-fusion to give plasmid pDNR-mCherry. A 3.8-kb frag-
ment corresponding to the entire pbimcIc gene plus upstream
intergenic region was PCR amplified from P. berghei gDNA
using primers IMClc-mCherry-F (ACGAAGTTATCAGT
CGAGGTACCTTCTCATTGTCAATGGCTCC) and
pDNR-imclc-R and introduced into Sa/l/HindIlI-digested
pDNR-mCherry by in-fusion to give plasmid pDNR-IMCl¢/
mCherry. The PPIMClc/mCherry-specific sequence from
pDNR-IMClc/mCherry was introduced into plasmid pLP-
hDHFR/IMClc by Cre/lox recombination to give plasmid
pLP-IMC1c/mCherry/hDHFR.

Generation and genomic analysis of genetically modified
parasites

Parasite transfection, pyrimethamine selection and dilution
cloning were performed as previously described (Waters
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et al., 1997). Prior to performing transfections, plasmid
DNA was digested with Kpnl and Sacll to remove the
plasmid backbone. Genomic DNA extraction was per-
formed as previously described (Dessens et al., 1999). For
the FP-tagged lines, confirmation of correct targeting and
integration into the pbimclc and pbimcle loci was carried
out with diagnostic PCR across the integration sites using
primer pair hDHFR/ERI-F (ACAAAGAATTCATGGTTG
GTTCGCTAAACT) and IMClc-3'R (TTAGAGCCGATT
TTATCTTGTTACAC) for parasite lines IMC1c/GFP and
IMClc/mCherry; and hDHFR/ERI-F and IMCle-3'R
(AAGGTATAAAGTTTATGCATTTTAGCTATC) for para-
site line IMC1e/GFP. Confirmation of the absence of the
WT allele in the transgenic lines was carried out with
primer pairs pPDNR-IMClc-F and IMClc-3'R (for IMClc/
GFP); IMClc-5'F (CTATACCACGCAGCAACAATG) and
IMCl1c-3'R (for IMClc/mCherry); and pDNR-IMCle-F and
IMCl1e-3'R (for IMC1e/GFP).

Western blot analysis

Parasite samples were heated directly in SDS-PAGE loading
buffer at 70 °C for 10 min. Proteins were fractionated by
electrophoresis through NuPage 4—12 % Bis-Tris precast gels
(Invitrogen) and transferred to PVDF membrane (Invitrogen)
according to the manufacturer’s instructions. Membranes
were blocked for non-specific binding in PBS supplemented
with 0.1 % Tween 20 and 5 % skimmed milk for 1 h at room
temperature. Goat polyclonal antibody to green fluorescent
protein (GFP) conjugated to horse radish peroxidase (Abcam
ab6663) diluted 1:5,000 was applied to the membrane for 1 h
at room temperature. After washing, signal was detected by
chemiluminescence (Pierce ECL western blotting substrate)
according to the manufacturer’s instructions.

Microscopy

For assessment of fluorescence, live parasite samples were
assessed, and images captured, on a Zeiss LSM510 inverted
confocal microscope or on a Zeiss Axioplan-2 fluorescent
microscope with Retiga 2000R CCD camera system and
Volocity software.

Results

Structure of the Plasmodium alveolins IMClc and IMCle
The Plasmodium IMC1 protein family was first published in
2004 using gene models of P. yoelii (Khater et al., 2004).

PbIMClc (PBANKA 120200) is composed of 278 amino
acids encoded by a single exon. PhAIMC ¢ and its orthologous
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proteins share a highly conserved amino-terminal domain
related to the IMCp domain superfamily (Pfam12314) that
defines the IMC1 proteins/alveolins (Fig. 1a). The proteins
also possess a conserved cysteine motif at the carboxy-
terminus similar to the cysteine motifs described in
PhIMCla and TgIMCI (Fig. 1a) that is believed to act as a
palmitoylation signal (Khater et al., 2004; Mann & Beckers,
2001). PhIMCle (PBANKA 040270) is composed of 512
amino acids encoded by a single exon. Sequence conservation
is limited to an IMCp domain in their central portions

(Fig. 1b). Interestingly, the Plasmodium imcle locus is located
directly downstream of its family member imc/a in the oppo-
site orientation, suggesting that these two genes could be
sharing promoter elements.

Fluorescent protein tagging of PbIMClc and PbIMCle
To achieve GFP tagging of PPIMClc and PhIMCle, we

adopted a strategy of double crossover homologous recombi-
nation in which the wild-type alleles were replaced with
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Fig.1 Sequence and structure of PAIMC1 proteins. Multiple amino acid
sequence alignment of the predicted IMClc (a) and IMCle (b) proteins
from P. berghei (Pb), P. knowlesi (Pk), P. vivax (Pv) and P. falciparum
(Pf). Indicated are conserved alveolin domains (shaded) and gaps intro-
duced to allow optimal alignment (hyphens). Conserved amino acid
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identities (asterisks) and similarities (colons and points) are indicated
underneath. Also shown is a conserved cysteine motif at the carboxy-
terminus of IMClc (black shading). The alignment was made with
ClustalW
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recombinant full-length wild-type alleles fused to GFP at their
carboxy-terminus (Fig. 2a). After the transfection of purified
schizonts, pyrimethamine-resistant parasites were selected
and cloned by limiting dilution as described (Tremp &
Dessens, 2011; Tremp et al., 2008) to give parasite lines
IMC1c/GFP and IMCl1e/GFP, respectively. PCR diagnostic
for integration into the pbimclic locus produced a specific
band of 1.8 kb in the IMC1¢/GFP clones, while PCR diag-
nostic for the presence of the wild-type imclc allele gave a
specific band of 2.1 kb only in wild-type parasites (Fig. 2b).
Likewise, PCR diagnostic for integration into the pbimcle
locus produced a specific band of 2.0 kb in the IMC1e¢/GFP
clones, while PCR diagnostic for the presence of the wild-type
pbimcle allele gave a specific band of 3.0 kb only in wild-type
parasites (Fig. 2b). Both genetically modified parasite lines
generated displayed normal parasite development in mouse
and mosquito and were readily transmitted by sporozoite-
infected mosquito bites, indicating that the carboxy-terminal
GFP fusions had not adversely affected the function of
PHIMClc and PHIMCle. Both parasite lines displayed GFP
fluorescence in ookinetes (see below), and immuno blot anal-
ysis of purified, cultured ookinetes with anti-GFP antibodies
detected specific bands corresponding to the PhIMClc and
PhIMCle fusion proteins with GFP, respectively (Fig. 2c¢).

Life-stage expression of PbIMClc and PbIMCle

The expression and subcellular distribution of PPIMClc and
PbIMCle were assessed by UV and laser scanning

B2

A
— b ———
WT
P1
gfp
IMC1/GFP

P3/P2 P1/P2

Fig. 2 Generation and molecular analyses of genetically modified para-
site lines. a General targeting strategy for the GFP tagging of pbimcIc and
pbimc1e via double crossover homologous recombination. Both the wild-
type (WT) and modified, GFP-tagged (IMC1/GFP) alleles are shown.
The pbimc1 gene is indicated with coding sequence (wide bars) and non-
coding sequence (narrow bars). Also indicated are the enhanced GFP
module (gfp), the hDHFR selectable marker gene cassette (hdhfi) and
primers used for diagnostic PCR amplification (P1-P3). b PCR diagnostic
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microscopy of live parasites. IMC1¢/GFP parasites displayed
strong fluorescence throughout asexual blood-stage develop-
ment that appeared cytoplasmic, except in mature schizonts
where it showed clear peripheral localization in individual
merozoites (Fig. 3). To assess PPIMClc expression in the
mosquito stages, we set up ookinete cultures and infected
A. stephensi vector mosquitoes. Cultured ookinetes displayed
very strong fluorescence with a cortical distribution (Fig. 3).
Sporulated oocysts and sporozoites also displayed strong
fluorescence, which was concentrated at the cortex of the
sporozoites (Fig. 3). These combined observations are fully
consistent with a pellicular localization of PhPIMClc and are in
agreement with it being a predicted SPN resident. Besides the
peripheral distribution of PPIMClc in sporozoites, a thick-
ened area was present near one extremity of the cell (Fig. 3). In
P berghei sporozoites, the nucleus is consistently positioned
closer to the posterior end of the cell (Kudryashev et al.,
2010). Accordingly, based on its position relative to the spo-
rozoite nucleus, as well as its localization away from the
sporoblast in sporulated oocysts (Fig. 3), the discrete area of
fluorescence appears to be located at the anterior end.

In contrast to IMC1c/GFP parasites, IMC1e/GFP parasites
exhibited very weak GFP-based fluorescence in blood stages
that required recording with a CCD digital microscope camera
(Fig. 4). Because of these low fluorescence levels, it was
difficult to discern a specific subcellular distribution. In con-
trast to the blood stages, mature ookinetes displayed much
stronger GFP fluorescence that was distributed predominantly
in the cell cortex (Fig. 4), consistent with a pellicular

B3

for the presence of the GFP-tagged pbimc! alleles using primers P2 and
P3 (P3/P2) and the absence of the wild-type pbimc! alleles using primers
P1 and P2 (P1/P2) from clonal parasite populations of IMC1c/GFP (left
panel) and IMC1e/GFP (right panel). WT parasites are included as
positive controls for the unmodified alleles. ¢ Western blot analysis of
purified, cultured ookinete samples of parasite lines IMC1¢/GFP and
IMC1e/GFP using anti-GFP antibodies, showing corresponding Pb-
IMC1::GFP fusion proteins
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schizont

ookinete

sporozoite

Fig. 3 Expression and subcellular localization of PHIMClc. Confocal
bright-field and GFP fluorescence images of trophozoite, schizont, ookinete,
mature oocyst and sporozoite life stages. Hoechst DNA staining (blue)
indicates position of nuclei. Arrows point to anterior structures in sporozoites

localization of the protein and its predicted function in the
SPN. PhIMCle was also present in an unknown structure
situated at one extremity of the ookinete (Fig. 4). A genetic
cross with parasite line G2/GFP, which labels the collar (i.e. an
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sporozoite

Fig. 4 Expression and subcellular localization of PhIMC e. Bright-field
and GFP fluorescence images of schizont, ookinete, mature oocyst and
sporozoite life stages. The schizont image was captured using a CCD
camera due to the low levels of fluorescence, while the other images were
captured by confocal microscopy. Hoechst DNA staining (blue) indicates
the position of nuclei. Arrows point to posterior structures in ookinetes
and sporozoites

apical cap-like structure of the ookinete) (Tremp et al., 2013),
gave rise to heterokaryotic ookinetes that simultaneously
displayed both the PbG2-labelled collar and PbIMCle-la-
belled structure (data not shown), indicating that the latter is
positioned at the posterior end of the ookinete. Sporulated
oocysts and sporozoites also displayed GFP florescence,
which localized to the periphery of the sporozoites (Fig. 4).
Sporozoites possessed a small fluorescent spot at one extrem-
ity which, based on its position relative to the sporozoites
nucleus, as well as its localization in sporulated oocysts lining
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the sporoblast (Fig. 4), appears to correspond to the sporozoite
posterior end.

PbIMClc and PbIMCle display distinct temporal recruitment
to the SPN

To further study the recruitment of PAIMC1c and PhIMCle to
the pellicle, we examined retorts (i.e. immature ookinetes),
which contain an elongated ‘ookinete’ portion that contains
pellicle and a spherical ‘zygote’ part that does not. This
revealed a marked difference between the two alveolins:
whereas PPIMCle was clearly localized to the periphery of
the elongated ‘ookinete’ portion of the retort, PPIMClc was
not (Fig. 5a). In fact, PPIMCle was detected in the pellicle of
very young retorts, indicating that it is assembled into the
ookinete SPN from the start of pellicle/SPN formation
(Fig. 5b). Interestingly, this process was accompanied by the
formation of several fluorescent spots in the spherical ‘zygote’
section (Fig. 5c¢).

When examining oocysts on IMC1¢/GFP parasite-infected
A. stephensi midguts at 2 weeks post-infection, we observed
fully sporulated oocysts with very strong GFP fluorescence
that clearly was localized at the sporozoites’ cortex (Fig. 5d).
However, on the same midguts, we found sporozoite-
containing oocysts that exhibited very low, baseline GFP
fluorescence levels similar to not yet sporulated oocysts
(Fig. 5d). These observations indicate that PPIMClc is pre-
dominantly expressed after sporozoite budding and—similar
to the situation in the ookinete—is recruited to the SPN after
pellicle formation. By contrast, IMC1e/GFP parasite-infected
midguts had sporulated oocysts that exhibited strong fluores-
cence without exception.

PbIMClc and PbIMCle are differentially expressed
from maternal and paternal alleles in the sexual stages

Interestingly, we found a weak cytoplasmic PPIMClc::GFP
expression in gametocytes, but only in females (possessing the
smaller nucleus) (Fig. 6a). We did not see a discernible in-
crease in fluorescence until some 7-8 h post-gametogenesis,
resulting in mature ookinetes at 24-h ookinetes with very
strong fluorescence levels (Fig. 3). To test IMClc expression
from the paternal allele, parasite line IMClc/mCherry was
generated to express a red fluorescent protein-tagged version
of PhIMClc, which was then crossed with the equivalent
GFP-tagged parasite line. The strategy used to generate
IMC1/mCherry was the same as for IMC1c¢/GFP (Fig. 2).
Accordingly, PCR diagnostic for the integration of the select-
able marker into the pbimcic locus amplified a 1.8-kb frag-
ment from different clones of this parasite line and not from
wild-type parasites, as expected (Fig. 6b). Additionally, PCR
diagnostic for the wild-type pbimcIc allele amplified a 2.3-kb
product from wild-type parasites, but not from the transgenic
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lines, as expected (Fig. 6b). The resulting PPIMCl1c::mCherry
fusion protein displayed similar life-stage expression and
subcellular distribution as its GFP-tagged counterpart (data
not shown and Fig. 6¢). After a genetic cross with parasite line
IMC1¢/GFP, heterozygous ookinetes (derived from cross fer-
tilization) were produced that dually expressed red and green
fluorescent proteins (Fig. 6¢). This demonstrates that
PbIMClc is expressed from both the maternal- and paternal-
inherited alleles in the mature ookinete. In a time course, dual
expression of GFP and mCherry was first detected at approx-
imately 7 h post-gametogenesis, indicating this is the point
when protein expression from the paternal pbimcic allele
commences.

Parasite line IMC1e/GFP exhibited very weak GFP fluo-
rescence in gametocytes (data not shown). In this parasite,
fluorescence levels increased around 4 h post-gametogenesis
prior to the start of pellicle formation. To test PhIMCle
expression from the paternal allele, we crossed parasite line
IMC1e/GFP with parasite line PbSR/EGFP (Carter et al.,
2008). The latter expresses a GFP-tagged version of
PbLAPI1, which is maternally inherited (Raine et al., 2007).
In mature ookinetes, PPDLAP1 is almost exclusively present in
the crystalloids, which appear as one or two distinctive fluo-
rescent spots in ookinetes of parasite line PPSR/EGFP (Carter
et al., 2008). In the crossed ookinete culture, we could not
detect any mature heterokaryotic ookinetes that displayed, at
the same time, fluorescent crystalloids and a fluorescent cor-
tex (64 % only peripheral GFP, 36 % only crystalloid GFP; n=
100). A similar result (59 % only peripheral GFP, 41 % only
crystalloid GFP; n=100) was obtained when we crossed
IMC1e/GFP with parasite line PPLAP3/GFP, which expresses
a GFP-tagged family member of PPLAPI that is also mater-
nally expressed (Saeed et al., 2010, 2012). These observations
show that, in contrast to PhIMClc, PbIMCle is only
expressed from the maternal allele in the sexual stages.

PbIMClc and PbIMCle are essential for blood-stage asexual
parasite development

To achieve knockout of PPIMC1c and PHIMCle expression,
we again adopted a strategy of double crossover homologous
recombination identical to the GFP-tagging approach. The
coding sequences of pbimclc and pbimcle were removed
leaving GFP under control of the native pbimcl gene pro-
moters to act as a reporter (Fig. 7a). In contrast to the trans-
fections aimed at GFP tagging, which readily resulted in a
specific integration into the pbimclc and pbimcle loci
(Fig. 2), our attempts to disrupt pbimcIc and pbimcle repeat-
edly failed to give integration of the selectable marker into the
target loci (based on five independent transfections for each
gene knockout). This indicated that these genes are important
for the development of asexual blood stages and cannot be
disrupted, which is consistent with the observed expression of
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<« Fig. 5 Recruitment of PAIMCI proteins to the pellicle. a Retort stages at
approximately 6 h post-gametogenesis showing the presence (PhIMCle)
and absence (PHIMClc) of pellicular localization. b Very young retort of
parasite line IMC1e/GFP at approximately 4 h post-gametogenesis,
exhibiting pellicular localization (arrows). ¢ Serial Z-stack images of a
young retort of parasite line IMC1e/GFP, exhibiting fluorescent spots
within the spherical part (arrows). d Confocal bright-field and GFP
fluorescence images of sporulated oocysts of parasite line IMC1¢/GFP,
exhibiting strong peripheral fluorescence in the sporozoites (top panels)
or very weak cytoplasmic fluorescence (bottom panels). The GFP fluo-
rescence image in the bottom panel was captured using increased
photomultiplier gain. The fop left hand corner shows part of a not yet
sporulated oocyst containing multiple round nuclei (blue) and low-level
GFP fluorescence

these genes in asexual blood-stage parasites (Figs. 3 and 4).
This notion was corroborated by the fact that the ‘knockout’
transfections produced drug-resistant parasites that displayed
green fluorescence resulting from the expression of the GFP
reporter gene. However, in both cases, the GFP fluorescence
was only observed in gametocytes, with fluorescence levels
being markedly stronger after targeting pbimcle than after
targeting pbimclc (Fig. 7b). The lack of integration of the
selectable marker and GFP reporter into the target loci, com-
bined with the clear disparity between the expression profiles
of GFP in these transfections compared to those that generated
GFP-tagged PPIMC1c and PhIMCle (Figs. 3 and 4), strongly
points to integration into non-specific genomic locations.
Such events are likely to be selected only when homologous
recombination is detrimental to parasite development. Hence,
these observations strongly support a critical role for
PbHIMClc and PbIMCle in asexual blood-stage development
of the parasite.

Discussion

This study shows that a further two members of the
Plasmodium alveolin/IMC1 protein family are recruited to
the SPN in the zoite stages where they are expressed as
protein. This faithful localization to the pellicle further sup-
ports the notion that alveolins have a predominantly cytoskel-
etal function and, hence, that the structural similarities (i.e. the
IMCp domains) reflect functional properties. We show that
PbhIMClc and PHIMCl e are expressed in all three zoite stages
of the malaria parasite including merozoites. Recent studies
based on cryo-electron tomography failed to detect an appar-
ent subpellicular structure in merozoites, suggesting that a
SPN may not be present in this zoite stage (Kudryashev
et al., 2012). However, the clear peripheral distribution of
PhIMClc in merozoites shown here (Fig. 3) supports the
presence of a SPN within the merozoite pellicle. The IMC1
protein expression profiles thus far established by us and
others in P. berghei (Khater et al., 2004; Kono et al., 2012;
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Fig. 6 Expression of PPAIMC]c from parental alleles in the sexual stages.
a Confocal bright-field and GFP fluorescence images of female (/) and
male (M) gametocytes of parasite line IMC1c¢/GFP. Hoechst staining
(blue) labels nuclei. b PCR diagnostic for the integration of the selectable
marker into the pbimcic locus in two different clones of parasite line
IMClc¢/mCherry, amplying a 1.8-kb fragment (top panel). PCR diagnos-
tic for the unmodified pbimcic allele amplified a 2.3-kb product only
from WT parasites (bottom panel). ¢ Confocal images of ookinetes
derived from a genetic cross between parasite lines IMC1¢/GFP and
IMC1c/mCherry, showing mCherry (fop) and GFP fluorescence (middle).
Bottom panel shows overlay with bright field and identifies dual-labelled
ookinetes (yellow) pointing to expression from both parental alleles

Tremp & Dessens, 2011; Tremp et al., 2008; Volkmann et al.,
2012) fit very well with available Plasmodium falciparum
protein expression data (Florens et al., 2002; Hall et al.,
2005; Lasonder et al., 2002; Lindner et al., 2013; Treeck
etal., 2011), indicating that Plasmodium alveolin orthologues
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Fig. 7 Targeted disruption of PAIMClc and PPIMCle. a Gene structure
of pbimcl alleles in WT and PPIMCI1-KO parasite lines. The pbimcl
gene is indicated with coding sequence (wide bars) and non-coding
sequence (narrow bars). Also indicated are the enhanced GFP module
(gfp) and the hDHEFR selectable marker gene cassette (hdhfi). b Confocal
bright-field and GFP fluorescence images of gametocytes after attempted
disruption of pbimcic (top panel) and pbimcle (bottom panel). Hoechst
DNA staining (blue) labels nuclei

have conserved stage-specific expression profiles. The new
alveolin expression data reported here are therefore likely to
apply also to P, falciparum and other human malaria species.
An exception to this may be the gametocyte, which possesses
a pellicle structure in P. falciparum, but not in P. berghei
(Dearnley et al., 2012). Moreover, antibodies to a generic
alveolin epitope label the periphery of P. falciparum gameto-
cytes (Gould et al., 2008), indicating that alveolins are indeed
present in the gametocyte SPN.

Our data show for the first time that clear differences exist
between Plasmodium alveolins with respect to their assembly
into the SPN of ookinetes and sporozoites (Fig. 5). Whereas
PbhIMCle appears to be assembled concurrent with pellicle
formation, PPIMClc joins the SPN only after pellicle forma-
tion. Accordingly, we anticipate that PhIMClc is not required
for normal ookinete and sporozoite morphogenesis, in con-
trast to its family members PbIMCla, PhIMCIb and
PhIMC1h (Khater et al., 2004; Tremp & Dessens, 2011;
Tremp et al., 2008). Our observations provide a clear demon-
stration that the SPN continues to develop after zoite forma-
tion. This could, for instance, explain why cryo-electron to-
mography points to midgut sporozoites having a less promi-
nent SPN than salivary gland sporozoites (Kudryashev et al.,
2012). Our observations are also consistent with studies of
Toxoplasma showing that the SPN of older parasites becomes
detergent insoluble, reflecting a change in rigidity and
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mechanical strength of the structure (Mann et al., 2002).
These observations all point to a process of maturation of
the SPN after its initial biogenesis.

There are clear parallels between the Plasmodium alveolins
described here and some of those characterized in Toxoplasma
gondii (Anderson-White et al., 2011). For example, 7. gondii
IMC1, IMC3, IMC6 and IMC10 localize to the cortical cyto-
skeleton during tachyzoite daughter cell budding, whereas
IMC7, IMC12 and IMC14 are only found in the mature
pellicles and not in those of the emerging daughter cells
(Anderson-White et al., 2011). Even though the alveolin rep-
ertoires differ between Plasmodium and Toxoplasma
(Anderson-White et al., 2011; Kono et al., 2012), the distinct
chronological assembly of certain family members into the
SPN appears to be a common feature that is likely to reflect a
biological requirement for different physical properties of the
SPN at different phases of zoite development. Another simi-
larity with Toxoplasma alveolins is that, although their main
site of action is the cortical cytoskeleton, some are also found
in additional subcellular structures such as the basal body and
centrosome (Anderson-White et al., 2011). PbIMClc and
PbIMCle, too, localize to additional structures (Figs. 3 and
4). For the ookinete, defined basal structures that could corre-
spond to the posterior structure containing PhIMC1 e have not
been described. It is notable that the posterior structure asso-
ciated with the ookinete appears almost exterior of the cell,
indicating that it could constitute residual ‘zygote’ material
left over from the transformation of the spherical zygote into
the elongated ookinete. Notably, assembly of PhIMCle into
the pellicle is accompanied by the formation of multiple
discrete PPIMCle-containing ‘spots’ that lie mainly within
the cytoplasm of the spherical zygote portion, which may
become trapped within the residual zygote membrane at the
posterior end of the cell. Similar spots were not apparent
during the formation of ookinetes that express GFP-tagged
PbHIMCI1b or PPIMCI1h (Tremp & Dessens, 2011; Tremp
et al., 2008). In sporozoites, the posterior structure that is
labelled with PPIMCle could correspond to, or co-localize
with, the posterior polar ring (Kudryashev et al., 2010). It is
also not clear what the apical structure in sporozoites labelled
with PPDIMClc corresponds to. It is notable that the area is
present only on one side of the anterior sporozoite, and one
possibility is that it could co-localize with the apical ring
complex that sits at a sharp angle towards the ventral side of
the sporozoite tip (Kudryashev et al., 2012).

Although PPIMClc is present in asexual, sexual and spo-
rogonic life stages, it is not constitutively expressed as the
protein was not detected in male gametocytes or in oocysts
before sporulation. The apparent lack of GFP fluorescence in
male gametocytes indicates that PhPIMClc is not carried over
from the preceding trophozoite stage; if this was the case, both
male and female gametocytes would be expected to express
GFP. Rather, the restricted expression in female gametocytes
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points to an early commitment to sexual stage development
that occurs before trophozoite development. Female gameto-
cytes in P. berghei are spherical cells that do not possess a
discernible pellicle, so it is not clear why the protein is
expressed here. One possibility is that PhPIMClc could have
a function in the gametocyte that is not linked to the SPN. It
should be noted that a study by Mair and colleagues (Mair
et al., 2006) shows significantly reduced transcript levels of
both pbimcic and pblmcle in gametocytes of the helicase
DOZI (development of zygote inhibited) null mutant para-
sites. This suggests that these genes are subject to translational
repression, a female gametocyte-specific mechanism of trans-
lational silencing involved in the development of the parasite
post-fertilization (Mair et al., 2006). Translational repression
of pbimcic and pbimc1e is consistent with the failure to detect
significant amounts of the respective gene products in game-
tocytes using high-accuracy mass spectrometry-based proteo-
mics (Hall et al., 2005; Khan et al., 2005). In P. falciparum,
too, pfimclc and pfimcle mRNAs are abundant in mature
blood-stage gametocytes (Lopez-Barragan et al., 2011), while
the corresponding gene products have not been detected
in this life stage by mass spectrometry (Silvestrini et al.,
2010), again supporting a scenario of translational re-
pression. The low expression of PHIMClc observed in
female gametocytes could be the result of ‘leaky’ trans-
lational repression, where only a fraction of the pbimclc
mRNA is silenced.

The failure to achieve a structural disruption of the pbimcic
and pbimcle genes indicates that these genes are refractory to
genetic depletion. This, in turn, indicates that these genes are
essential for the completion of the cycle of blood-stage schi-
zogony or for infectivity of the merozoites. Besides repeated
failure of the transfections aimed at gene ‘knockout’ in con-
trast to those aimed at gene ‘tagging’, we obtained additional
evidence which strongly supports a vital role of PAIMC1c and
PbIMCle in blood-stage parasite development: In both cases
the transfections aimed at gene disruption resulted in a non-
specific integration of the GFP reporter and the accompanying
drug selection marker, giving rise to green fluorescent game-
tocytes (Fig. 7b). We presume that these events must have
occurred via non-homologous recombination-based integra-
tion into a ‘random’ gene, leaving its respective promoter to
drive GFP reporter expression. Because homologous recom-
bination is much more efficient than non-homologous recom-
bination, the latter is likely to be selected only when homol-
ogous recombination is detrimental to parasite development.
Interestingly, we obtained similar GFP expression after repli-
cate transfections, suggesting that the integration site may not
be entirely indiscriminate and perhaps could constitute the
‘next best’ site with regards to sequence homology with the
target DNA. We propose that this phenomenon can be a useful
marker for the identification of genes that are vital for asexual
development.
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Abstract The invasive and motile life stages of malaria par-
asites (merozoite, ookinete and sporozoite) possess a distinc-
tive cortical structure termed the pellicle. The pellicle is
characterised by a double-layered ‘inner membrane complex’
(IMC) located underneath the plasma membrane, which is
supported by a cytoskeletal structure termed the subpellicular
network (SPN). The SPN consists of intermediate filaments,
whose major constituents include a family of proteins called
alveolins. Here, we re-appraise the alveolins in the genus
Plasmodium with respect to their repertoire, structure and
interrelatedness. Amongst 13 family members identified, we
distinguish two domain types that, albeit distinct at the prima-
ry structure level, are structurally related and contain tandem
repeats with a consensus 12-amino acid periodicity. Analysis
in Plasmodium berghei of the most divergent alveolin,
PbIMC1d, reveals a zoite-specific expression in ookinetes
and a subcellular localisation in the pellicle, consistent with
its predicted role as a SPN component. Knockout of PAIMC1d
gives rise to a wild-type phenotype with respect to ookinete
morphogenesis, tensile strength, gliding motility and infectiv-
ity, presenting the first example of apparent functional redun-
dancy amongst alveolin family members.
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Introduction

Malaria parasite transmission begins when gametocytaecmic
blood is ingested by a vector mosquito. This initiates rapid
gametogenesis followed by fertilisation. Zygotes transform
into motile ookinetes that cross the midgut wall of the insect
and transform into oocysts (Meis and Ponnudurai 1987; Meis
et al. 1989). An approximately 2-week period of growth and
replication concludes in hundreds of motile sporozoites being
released from each oocyst and invading the salivary glands.
Blood feeding of the insect transmits the sporozoites to the
vertebrate host, where they replicate to each produce thou-
sands of merozoites. The motile merozoites are released into
the bloodstream, where they infect red blood cells and either
replicate to form more merozoites or differentiate into sexual
stage male and female gametocytes to complete the life cycle.

The three zoite stages of Plasmodium species (i.e.
ookinetes, sporozoites and merozoites) possess a characteris-
tic peripheral cytoskeletal structure known as the pellicle. The
pellicle is defined by a double-membrane structure termed the
inner membrane complex (IMC) (Bannister et al. 2000;
Morrissette and Sibley 2002; Santos et al. 2009). The IMC
is equivalent to a system of flattened membranous sacs that
underlie the plasma membrane, the so-called ‘alveoli’, which
are a defining feature of unicellular microorganisms belonging
to the phyla Apicomplexa, Ciliophora (ciliates) and
Dinoflagellata (dinoflagellates) within the protist Alveolata
superphylum. Tightly associated with the IMC on its cyto-
plasmic side lies a network of intermediate filaments termed
the subpellicular network (SPN), which supports the pellicular
membranes and provides mechanical strength to the cell
(Mann and Beckers 2001). Members of an Apicomplexa-
specific family of proteins, termed IMC1 proteins, were iden-
tified as building blocks of the SPN (Khater et al. 2004; Mann
and Beckers 2001). Subsequently, structurally related proteins
from ciliates and dinoflagellates were identified and added to

@ Springer



632

Parasitol Res (2015) 114:631-639

this protein family renamed ‘alveolins’ (Gould et al. 2008). In
the genus Plasmodium, the alveolin family members display
differential expression between different zoite stages of the
parasite. In the rodent malaria species Plasmodium berghei, it
was shown that disruption of individual alveolin family mem-
bers expressed in sporozoites (PbIMCla), in ookinetes
(PPIMCI1Db) or in both these zoites (PPIMC1h) results in
morphological abnormalities that are accompanied by reduced
tensile strength of the zoite stages in which they are expressed
(Khater et al. 2004; Tremp and Dessens 2011; Tremp et al.
2008; Volkmann et al. 2012). Besides their roles in morpho-
genesis and tensile strength, the Plasmodium alveolins are
also involved in gliding motility, most likely through interac-
tions with components of the glideosome that are situated
within the pellicular cytoplasm (Khater et al. 2004; Tremp
and Dessens 2011; Tremp et al. 2008; Volkmann et al. 2012).
Apart from their expression throughout the Plasmodium life
cycle, alveolins are essential for parasite development both in
the vertebrate and insect hosts (Khater et al. 2004; Tremp et al.
2014; Tremp and Dessens 2011), which makes them poten-
tially attractive targets for malaria treatment, prophylaxis and
transmission control. For this reason, it is important to better
understand their core architecture, as well as the underlying
mechanisms for their assembly into the supramolecular struc-
tures that make up the cortical cytoskeleton of the zoite stages.

In this study, we carried out a critical re-evaluation of the
Plasmodium alveolins with respect to their repertoire, struc-
ture and interrelatedness. Our analyses identify two distinct
domain types that are structurally and functionally relat-
ed without possessing significant homology at the primary
structure level.

Materials and methods
Animal use

All laboratory animal work undergoes regular ethical review
by the London School of Hygiene & Tropical Medicine and
has been approved by the UK Home Office. Work was carried
out in accordance with the UK Animals (Scientific
Procedures) Act 1986 implementing European Directive
2010/63 for the protection of animals used for experimental
purposes. Experiments were conducted in 6-8-week-old fe-
male CDI mice, specific pathogen free and maintained in
filter cages. Animal welfare was assessed daily, and animals
were humanely killed upon reaching experimental or humane
endpoints. Mice were infected with parasites suspended in
RPMI or phosphate-buffered saline (PBS) by intraperitoneal
injection or by infected mosquito bite on anaesthetised ani-
mals. Parasitaemia was monitored regularly by collecting of a
small drop of blood from a superficial tail vein. Drugs were
administered by intraperitoneal injection or where possible
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were supplied in drinking water. Parasitised blood was
harvested by cardiac bleed under general anaesthesia
without recovery.

Parasite maintenance, transmission, culture and purification

P berghei ANKA clone 234 parasites were maintained as
cryopreserved stabilates or by mechanical blood passage and
regular mosquito transmission. Ookinete cultures were set up
overnight from gametocytaemic blood as previously de-
scribed (Arai et al. 2001). After 20-24 h, ookinetes were
purified via ice-cold 0.17 M ammonium chloride lysis and
centrifugation at 800xg for 10 min, followed by PBS washes.
Mosquito infection and transmission assays were as previous-
ly described using Anopheles stephensi (Dessens et al. 1999;
Khater et al. 2004), and infected insects were maintained at
20 °C at approximately 70 % relative humidity.

Gene targeting constructs

The entire pbimcld coding sequence plus ca. 0.55 kb of up-
stream sequence was PCR amplified from genomic DNA with
primers pDNR-IMC1d-F (ACGAAGTTATCAGTCGAGGT
ACCAGCCAAAATCACCGAAAAG) and pDNR-IMCI1d-R
(ATGAGGGCCCCTAAGCTTTCAGATATTAAAGGAGCA
TTATCAATG) and cloned into Sall/HindIlI-digested pDNR-
EGFP by in-fusion cloning to give plasmid pDNR-IMC1d/
GFP. The 3’ untranslated region of pbimc1d was amplified with
primers pLP-IMC1d-F (ATATGCTAGAGCGGCCTAGTAA
GTCTTTTGCATTTTATCAATGC) and pLP-IMCI1d-R
(CACCGCGGTGGCGGCCAAAATATGAAGAAATGAC
AAAACAGAAG) and the resulting ca. 0.62-kb fragment
cloned into Nofl-digested pLP-hDHFR by in-fusion cloning
to give plasmid pLP-hDHFR/IMC1d. The pbimc1d/gfp-specif-
ic sequence from pDNR-IMC1d/GFP was transferred to pLP-
hDHFR/IMC1d by Cre/loxP recombination to give the final
construct pLP-IMC1d/GFP. This plasmid served as template in
PCR-based site-directed mutagenesis using primers IMC1d-
KO-F (AGCCAGTGATGAGTAAAGGAGAAGAACTTT
TCAC) and IMC1d-KO-R (TTACTCATCACTGGCTTATA
AAATGCATTTATT). The resulting PCR product was
circularised using in-fusion to give plasmid pLP-IMC1d-KO.

Generation and genotyping of genetically modified parasites

Parasite transfection, pyrimethamine selection and dilution
cloning were performed as previously described (Waters
et al. 1997). Prior to performing transfections, plasmid DNA
was digested with Kpnl and Sacll to remove the vector back-
bone. Genomic DNA extraction was performed as previously
described (Dessens et al. 1999). Integration into the pbimcld
locus was confirmed with primers IMC1d-5'F (TACCCGCA
TATTTATCATTG) and LAP-GFP-R (GTGCCCATTAACAT
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CACC), and the absence of the wild-type allele was confirmed
using primers IMC1d-5'F and IMC1d-3'R
(GGTTACATGTATTTTTATTTCCGC).

RT-PCR analysis

Reverse transcription PCR (RT-PCR) analysis was carried out
as described (Claudianos et al. 2002) using primers IMC1d-
ORF-F (TTGAAAATGGAGATGCTATTACAAG) and
pDNR-IMC1d-R (for pbimcid) and primers tubl-F (GAAG
TAATAAGTATACATGTAGG) and tubl-R (ACACATCA
ATGACTTCTTTACC) (for pbtubulinl).

Western blot analysis

Parasite samples were heated directly in SDS-PAGE loading
buffer at 70 °C for 10 min. Proteins were fractionated by
electrophoresis through NuPage 4—12 % Bis-Tris precast gels
(Invitrogen) and transferred to PVDF membrane (Invitrogen)
according to the manufacturer’s instructions. Membranes
were blocked for non-specific binding in PBS supplemented
with 0.1 % Tween 20 and 5 % skimmed milk for 1 h at room
temperature. Goat polyclonal antibody to GFP conjugated to
horseradish peroxidase (Abcam ab6663) diluted 1:5000 was
applied to the membrane for 1 h at room temperature. After
washing, signal was detected by chemiluminescence (Pierce
ECL western blotting substrate) according to the manufac-
turer’s instructions.

Tensile strength and viability assays

Unpurified ookinetes present in ookinete cultures were
subjected to hypo-osmotic shock of 0.5% normal osmotic
strength by adding an equal volume of water. After 5 min,
normal osmotic conditions were restored by adding an
appropriate amount of 10x PBS. Cell viability was scored
by fluorescence microscopy in the presence of 5 mL/L
propidium iodide and 1 % Hoechst 33258. Ookinetes
whose nucleus stained positive for both propidium iodide
and Hoechst were scored as non-viable, whereas ookinetes
whose nucleus only stained positive for Hoechst were
scored as viable.

Assessment of ookinete shape and motility

Images of Giemsa-stained ookinetes were captured by
microscopy and their length and width measured. The
ookinete motility assay was performed as previously de-
scribed (Moon et al. 2009). Ookinete cultures were added
to an equal volume of Matrigel (BD Biosciences) on ice,
mixed thoroughly, spotted onto a microscope slide and
covered with a Vaseline-rimmed cover slip. The Matrigel
was allowed to set at room temperature for at 30 min.
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Time-lapse videos (one frame every 10 s for 10 min) were
taken on a Zeiss Axioplan II microscope. Movies were
analysed with ImageJ using the Manual Tracking plugin
(http:/fiji.sc/wiki/index.php/Manual Tracking).

Microscopy

For assessment of fluorescence, live parasite samples were
assessed and images captured on a Zeiss LSM510 inverted
laser scanning confocal microscope.

Bioinformatics

Conserved domains were identified by multiple alignments of
orthologous proteins from P. berghei, P. falciparum, P. vivax
and P. knowlesi. Multiple alignments were obtained using
Clustal Omega, and phylogenetic analyses were carried out
using ClustalW2 Phylogeny, accessed through the EMBL-
EBI website. Amino acid sequence similarity searches were
carried out by protein BLAST, accessed through the National
Centre for Biotechnology Information (NCBI), PlasmoDB or
ToxoDB. Trees were drawn using TreeDraw. The program
HHrepID was accessed through the Bioinformatics Toolkit,
Max-Planck Institute for Developmental Biology.

Results
Repertoire and interrelatedness of Plasmodium alveolins

The existence of an alveolin protein family in Plasmodium
was first reported in 2004, identifying eight putative mem-
bers named IMC1la through to IMC1h (Khater et al. 2004).
More recent studies identified several additional alveolins
(Gould et al. 2008; Kono et al. 2012; Tremp et al. 2013),
here named IMCI1i to IMCI11 in keeping with original
nomenclature (Table 1). To evaluate the structural interre-
latedness of these alveolins, we carried out a systematic
analysis of the Plasmodium genome using BLAST simi-
larity searches with each of the family members. In the
process, we identified a 13th family member, named
IMCIm (Table 1). Alveolin hits from each of the BLAST
searches were given an arbitrary integer score (relating to the
scores of the BLAST hits, lowest score receives 1) to gen-
erate a similarity matrix (Table 2). For each alveolin, a total
score was then calculated to reflect its structural similarity to
the Plasmodium alveolin family as a whole. This, in turn,
allowed a ranking of the 13 alveolins with respect to their
interrelatedness. Accordingly, IMCle (ranked 1) was identi-
fied as being structurally most similar to the alveolin popu-
lation: it both detects and is detected by the highest number
of family members (Table 2). In contrast, IMC1d (ranked 13)
has the most divergent structure (Table 2). This suggests that
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Table 1  Predicted Plasmodium IMC1 proteins/alveolins and zoite stage expression
Name P. berghei gene 1D P. falciparum gene ID  Alternative name(s)  Zoite expression References

(PBANKA 000000) (PF3D7_0000000)

Merozoite  Ookinete  Sporozoite

IMCla 040260 0304000 Alvl + Khater et al. 2004
IMCIb 090710 1141900 + Tremp et al. 2008
IMClc 120200 1003600 Alvs + + + Tremp et al. 2014
IMC1d 121910 0708600 hsp90, hsp86, 02 + this paper
IMCle 040270 0304100 Alv2 + + + Tremp et al. 2014
IMC1f 136440 1351700 Alvb
IMClg 124060 0525800 Alv4 + + Kono et al. 2012
IMClh 143660 1221400 Alv3 + Tremp and Dessens 2011
IMC1i 070710 0823500
IMClj 112040 0621400 Alv7, Pfs77
IMClk 135490 1341800
IMCI11 102570 1417000
IMCIm 051300 1028900

IMCle represents the most recent common ancestor.
Indeed, PhIMCle was much more successful than
PHIMCI1d at detecting alveolins in other genera within
the Apicomplexa phylum. For example, in Toxoplasma
gondii, which encodes 14 alveolins (named 7gIMC1 and
TgIMC3-TgIMC15) (Anderson-White et al. 2011),
PbIMCle detected 13 family members in protein BLAST,
whilst PPIMC1d detected five.

Domain structure of Plasmodium alveolins

Plasmodium alveolins are typified by possessing, within their
primary amino acid sequences, highly conserved regions that
are flanked by sequences more variable in length and amino
acid composition (Khater et al. 2004; Tremp et al. 2008, 2014;
Tremp and Dessens 2011). The functional properties of the
alveolins are likely to be defined by these conserved domains.
Closer examination showed that the sequence similarities
between the alveolins identified from the BLAST searches
(Table 2) were largely confined to two conserved domains,
here named type 1 and type 2, which by phylogenetic analysis
split into distinct clades and which are variably distributed
amongst the family members (Fig. 1). The alveolins PAIMCla
and PPIMCI1Db are the only family members that possess
interspersed type | and type 2 domains (Fig. 1b) (Khater
et al. 2004; Tremp et al. 2008). Whilst these different domain
types share little sequence homology, both have a strong
compositional bias for the amino acids P, I, V, D, E and K
(e.g. 66 % for PPIMCla type 1, 62 % for PbBIMCla type 2,
64 % for PBIMC1b type 1, 66 % for PhPIMCI1b type 2). These
observations suggested that the type 1 and type 2 domains
could be structurally related, despite a lack of discernible
primary amino acid sequence homology.
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PbIMC1d is expressed in ookinetes and localises
to the pellicle/SPN

PHIMCI1d is not only the most divergent alveolin family
member (Table 2) but is the only alveolin that possesses only
a type 2 domain (Fig. 1). We used PbIMCI1d to assess the
functional relationship between the type 1 and type 2 domains
by determining its life stage expression, subcellular distribu-
tion and contribution to parasite development. PPIMC1d
is encoded by a two-exon gene, separated by a 170-bp
intron. The gene is annotated as a putative heat shock protein
90 (hsp90) in P. berghei (hsp86 in P. falciparum), but it has no
actual sequence similarity to heat shock proteins. The full-
length protein is composed of 249 amino acids with a calcu-
lated M, of 29,361. The type 2 domain in PPIMC1d is highly
conserved and has a 68 % amino acid content composed of P,
I, V,D, E and K.

PhIMCI1d expression and localisation was studied by
tagging the gene with enhanced green fluorescent protein
(GFP) in genetically modified parasites. To achieve this,
we used a strategy of double crossover homologous re-
combination in which the wild-type allele was replaced
with a recombinant full-length wild-type allele fused to
enhanced GFP at its carboxy terminus (Fig. 2a), giving
rise to stably transfected parasites. To study the function
of PPIMC1d, we generated a null mutant using a similar
gene targeting strategy, but removing most of the pbimcld
coding sequence whilst leaving the gfp gene under control
of the native pbimcld promoter to act as a reporter
(Fig. 2a). After transfection of purified schizonts,
pyrimethamine-resistant parasites were selected and
cloned by limiting dilution as described (Tremp and
Dessens 2011; Tremp et al. 2008) to give parasite lines
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Table 2 Similarity matrix and ranking of Plasmodium berghei alveolins

PHIMC] Hit* a b c d e f g h i j k 1 m

Query
a 9 8 5 6 2 0 1 3 4 0 0 45
b 5 2 0 3 0 0 0 1 0 0 0 15
c 11 5 9 10 8 7 6 2 4 1 3 66
d 3 2 0 0 1 0 0 0 0 0 0 0 6
e 5 1 9 0 7 11 8 10 3 4 2 6 66
f 3 1 4 0 5 0 2 0 0 0 0 0 15
g 1 0 8 0 10 5 7 9 2 6 3 4 55
h 0 0 5 0 7 4 6 1 0 2 0 3 28
i 0 0 3 0 4 2 5 0 0 0 1 0 15
j 1 8 3 0 7 2 6 0 4 9 0 5 45
k 7 0 5 0 6 3 4 1 2 8 0 0 36
1 0 0 0 0 2 3 4 0 1 0 0 10
m 1 0 7 0 9 8 5 6 2 4 0 3 45

37 26 54 11 64 54 51 31 36 23 29 10 21 Total®
Ranking® 4 11 2 13 1 5 3 9 10 6 8 12 7

#Each ‘Query’ alveolin was run with protein-protein BLAST against the P. berghei genome in PlasmoDB. The lowest scoring ‘Hit” alveolin was given an
arbitrary similarity score of 1, the second lowest a score of 2, and so forth. A 0 value meant the alveolin was not detected

® Ranking was done by combining the bottom and right-hand side “Total’ scores for each alveolin. The highest scoring alveolin was ranked 1
¢ Total scores reflect the ability of each alveolin to detect (right-hand side), or to be detected by (bottom), other alveolins in the BLAST similarity search

IMC1d/GFP and IMC1d-KO, respectively. PCR diagnos-  between these PCR products reflects the removal of the
tic for integration into the pbimcld locus produced a  pbimcld coding sequence in the null mutant. PCR diag-
specific band of approximately 1.1 kb in the IMC1d-KO  nostic for the presence of the wild-type pbimcld allele
parasite, whilst this product was approximately 1.7 kb in ~ gave a specific band of approximately 2.4 kb only in
parasite line IMC1d/GFP (Fig. 2b). The size difference  wild-type parasites (Fig. 2b). Parasite line IMC1d/GFP
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developed normally in mouse and mosquito. GFP fluores-
cence was only observed in zygotes and ookinetes and in
the latter was predominantly distributed at the cell cortex
(Fig. 2c¢). Immunoblot analysis of purified, cultured
ookinetes with anti-GFP antibodies detected a specific
band corresponding to the PPIMC1d::GFP fusion protein
(Fig. 2d). These data show that PPIMCI1d is specifically
expressed in only one of the zoite stages, the ookinete, and
is targeted to the pellicle structure/SPN. In 7. gondii, the
‘alveolin domain’ was shown to be the main determinant
in targeting the protein to the cell cortex (Anderson-White
et al. 2011). Thus, the pellicular localisation of PAIMC1d
in ookinetes suggests that the type 2 domain in its own
right is able to target proteins to this cellular compartment,

Wild-type
p1 B3
':‘E ] gfp
IMC1d/GFP
p1 B3
ef) [ 57|
IMC1d-KO
C

0.9
0.75

#k
ASX__ GCT __ OOK

pbimec1d
1.0
0.4
pbtubulin1

Fig. 2 Generation and molecular analyses of genetically modified
parasite lines. a General targeting strategy for the GFP tagging and
gene disruption of pbimcld via double crossover homologous
recombination. Both wild-type (WT) GFP-tagged (IMC1d/GFP) and
disrupted (IMC1d-KO) alleles are shown. The pbimcld gene is
indicated with coding sequence (wide bars) and non-coding sequence
(narrow bars). Also indicated are the enhanced GFP module (gfp), the
hDHFR selectable marker gene cassette (hdhfr) and primers used for
diagnostic PCR amplification (P/—P3). b PCR diagnostic for the
presence of the modified GFP-tagged pbimclid alleles using primers P2
and P3 and the absence of the wild-type pbimc1d allele using primers P1
and P2, from clonal parasite populations of IMC1d/GFP and IMC1d-KO.
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as does the type 1 domain in other Plasmodium alveolins
(Tremp et al. 2014; Tremp and Dessens 2011).
Expression profiling of pbimcld messenger RNA by RT-
PCR with pbimc1d-specific primers flanking its intron ampli-
fied an approximately 0.75-kb messenger RNA (mRNA)-
specific product in both gametocytes and ookinetes, but in
asexual blood stages only amplified an approximately 0.9-kb
product from genomic DNA (this product is larger in size due
to the intron) (Fig. 2¢). By contrast, mRNA of the control gene
tubulinl was present in all parasite samples (Fig. 2¢). The
discrepancy between pbimcld mRNA and PHIMCI1d protein
expression in gametocytes strongly points to translational
repression of the pbimcld gene, as is predicted for the major-
ity of alveolins in P. berghei (Mair et al. 2006). Translational

s ~bIMC1d::GFP

WT parasites are included as positive controls for the wild-type alleles. ¢
Confocal brightfield and GFP fluorescence image of a cultured, mature
ookinete of parasite line IMC1d/GFP, showing cortical fluorescence. d
Western blot analysis of purified, cultured ookinetes of parasite lines
IMC1d/GFP using anti-GFP antibodies, showing the PPIMC1d::GFP
fusion protein. e RT-PCR analysis of wild-type parasite samples
enriched for asexual stages (4SX), gametocytes (GCT) and ookinetes
(OOK) using primers specific for pbimcld and pbtubulinl. Due to the
primers flanking introns, for each gene, the larger PCR products are
amplified from gDNA and the smaller from cDNA. f Confocal
brightfield and GFP fluorescence image of a cultured, mature ookinete
of parasite line IMC1d-KO, showing cytoplasmic fluorescence
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repression is a female gametocyte-specific mechanism of
translational silencing involved in the development of the
parasite post-fertilisation (Mair et al. 20006).

PhIMC1d is functionally redundant

Ookinetes of the PAIMC1d-null mutant displayed cytoplasmic
GFP fluorescence resulting from expression of the GFP report-
er from the pbimcld promoter (Fig. 2f), which is consistent
with the expression pattern of PAIMC1d as determined by GFP
tagging. The cell shape of PPIMC1d-null mutant ookinetes was
not significantly different from that of control IMC1d/GFP
ookinetes (length 11.49+0.10 pum for IMC1d/GFP, 11.26+
0.12 um for IMC1d-KO; width 2.15+0.036 um for IMC1d/
GFP, 2.23+£0.034 um for IMC1d-KO; n=100), and the
ookinetes were equally effective in producing oocysts in mos-
quitoes (140-+39 oocysts per mosquito for IMC1d/GFP, 140+
28 for IMC1d-KO; n=20), indicating that they possess normal
tensile strength and motility. Indeed, ookinetes of both parasite
lines displayed similar resistance to hypo-osmotic shock (78
and 76 % survival for IMC1d/GFP and IMC1d-KO, respec-
tively; n=100), indicating that the knockout did not adversely
affect tensile strength. Furthermore, ookinete motility through
Matrigel was comparable between the two parasite lines (42.6+
1.7 pm per 10 min for IMC1d/GFP; 41.3+2.6 um for IMC1d-
KO; n=15). Finally, sporozoites of both parasite lines were
readily transmitted by mosquito bite. Thus, PhPIMC1d appears
to be functionally redundant under our experimental
conditions.

Alveolins possess tandem repeat sequences with a 12-amino
acid periodicity

Alveolins have been reported to possess a core of repeated
sequence motifs (Gould et al. 2008). We tested each of the
family members for the presence of tandem repeat sequences
using the program HHrepID. This method predicts structural
repeats in protein sequences based on Hidden Markov Model
(HMM)-HMM comparison, exploiting evolutionary informa-
tion derived from multiple sequence alignment of homologues
(Biegert and Soding 2008). These analyses revealed that all 13
Plasmodium alveolins possess predicted multi-repeat se-
quences within their conserved type 1 and type 2 domains,
supporting the notion that they constitute genuine alveolins.
Repeats within the large majority of type 1 domains revealed a
clear minimum periodicity of 12 residues (e.g. PPIMCle,
Fig. 3a). Tandem 12-amino acid repeats were also identified
in type 2 domains (e.g. PPIMCIb, Fig. 3b), albeit typically
with lower probability scores. Articulins and plateins, cortical
cytoskeleton proteins from Euglena and Euplotes spp., respec-
tively, have also been reported to have 12-amino acid repeti-
tive motifs rich in valine and proline residues and, in this
respect, are similar to alveolins (Huttenlauch et al. 1995;
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Huttenlauch and Stick 2003; Kloetzel et al. 2003a, b; Marrs
and Bouck 1992). This was confirmed by HHrepID analysis,
which readily detected 12-amino acid tandem repeat structures
in these proteins (Fig. 3¢, d).

Discussion
This study brings the number of Plasmodium alveolin family

members that have been identified to 13. Of these, seven have
now experimentally been shown to localise to the pellicle

! 100
125 150 175 200
YVERCVEVFAVITOERCTAUPRF VI HERTRRCPRT TFOERTVEVFOTRT VDR TEVF GV UV GERTTAVPRVAVa LR TPV PRRVIRERTVETFOTECRRE
25 250 275 300
i SPal AHRRT] CPRIEA]
25 350 78 a2
a5 450 475 500
WFNINLET
TUSHIVPPVLAE
25 50 7% 190
TASEVNSHN THNSHANTSHSC TRIVE
125 150 175 200
LUl
225 250 275 30
325 350 375 4%
4z 450 475 50
525
25 50 75 160
C ..... a
125 150 175 220

TATREARTTA T APYT

Fig. 3 Tandem repeat identification in alveolins, articulins and plateins
by the program HHrepID. a P. berghei IMCle. b P. berghei IMC1b. ¢
Euglena gracilis articulin (AAB23241.1). d Euplotes aediculatus alpha-2
platein precursor (AAM94463.1)
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structure. This includes the most divergent family member,
IMC1d, characterised here, which gives strong support to the
concept that all Plasmodium alveolins are fundamentally in-
volved with the cortical cytoskeleton in malaria parasites. This
is supported by several alveolin knockout studies that reveal
key roles in morphogenesis, tensile strength and gliding mo-
tility. Studies involving double knockout of PAIMCI1b and
PbIMC1h showed that the functional contribution of these
alveolins to tensile strength and motility is both cumulative
and mutually independent (Tremp and Dessens 2011). In
contrast, the apparent no-phenotype knockout of PPIMC1d
reported here points to a functional redundancy amongst the
alveolin family members. The highly conserved type 2 domain
of IMC1d indicates that the gene is under selective pressure,
and we cannot rule out that the phenotype of the PhPIMC1d-null
mutant is very subtle, or might only become apparent under
conditions that are different from our experimental set-up.
However, another possible explanation for the seemingly re-
dundant role of PPIMCI1d is that the formation and function of
the SPN entail a system of co-operating proteins that are able to
bypass, or substitute for, each other’s functions. This attractive
hypothesis, if true, would add robustness to a complex biolog-
ical system that serves roles in many key processes such as
morphogenesis, motility and invasion.

The creation of internal repetitions forms an important
mechanism for proteins to adapt their structure and function
under evolutionary pressure (Marcotte et al. 1999). However,
after fixation of duplications, sequence similarities amongst
repeats can quickly erode whilst structure and function are
preserved (Andrade et al. 2001). Although such mismatch or
‘fuzzy’ repeats are widespread, they are difficult to detect due
to their low similarity, polymorphism and vast diversity. This
is further confounded by the potential for non-canonical re-
peats, degenerate repeats and discontinuities (i.e. short inser-
tions between repeats) to arise, which for example are known
to frequently occur in coiled-coil domains, a well-known type
of tandem repeat structure with a consensus 7-amino acid
periodicity (Brown et al. 1996). The type 1 and type 2 do-
mains identified here in the Plasmodium alveolins are likely to
be the result of similar evolutionary forces. These alveolin
domains lack discernible homology at the primary structure
level and fall into distinct clades, but are clearly related with
regard to their amino acid composition, tandem repeat struc-
ture and functional localisation. There is further indication that
the type 2 repeats arose from type 1 repeats (or vice versa).
First, in IMCI1f, the type 1 and type 2 domains are located
tandemly within a single uninterrupted block of conserved
sequence (Fig. 1b). Second, four 7. gondii alveolins share
sequence similarity in protein BLAST with both PAIMCle
and PPIMCId. In three of these (7gIMC6, TgIMC14 and
TgIMCI15), the regions of sequence similarity with PhIMCle
and PhIMCI1d overlap, pointing to the presence of domains
with ‘intermediate’ homology between type 1 and type 2.
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These combined observations suggest that the primary amino
acid sequences of the type 1 and type 2 repeats have evolved in
a way that has preserved their overall structure and function.
This phenomenon of ‘constrained evolution’ has also been
observed in other protist cytoskeletal proteins with repeat mo-
tifs (Gould et al. 2011).

Many bioinformatics programs for internal repeat detection
in proteins utilise algorithms based on local alignment and
substitution matrices (Andrade et al. 2000; Heger and Holm
2000). These approaches have been modestly successful in
predicting tandem repeats within the alveolins. By contrast,
HHreplID is based on building and matching Hidden Markov
Models to identify repeat sequences (Biegert and Soding 2008).
Our findings demonstrate that HHrepID successfully predicts
tandem repeats in the Plasmodium alveolins and show for the
first time that these repeats have a consensus 12-amino acid
length. Accordingly, the multi-repeat structures of alveolins are
very similar, both in periodicity and amino acid composition, to
those of cytoskeletal proteins in other protists: the articulins and
plateins. Whilst Euplotes plateins possess canonical ER signal
peptides and form plate-like structures inside alveoli (Kloetzel
et al. 2003b), Euglena articulins form intermediate filaments
with a more classic membrane skeleton role (Huttenlauch et al.
1995). Our findings give support to the concept that articulins,
plateins and alveolins have a common structural scaffold and
thus should be grouped within the same protein superfamily.
Structural studies are being carried out to test this hypothesis.
Interestingly, prokaryotic articulin homologues have been dis-
covered in Caulobacter crescentus, the first bacterium de-
scribed to rely on an intermediate filament-based cytoskeleton
for its cell shape (Ausmees et al. 2003). Thus, articulin-like
proteins like alveolins could be far more widespread than
originally assumed.
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Chapter 5

The Plasmodium alveolin IMCla is stabilised
by its terminal cysteine motifs
and facilitates sporozoite morphogenesis and
infectivity

in a dose-dependent manner
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Abstract

Apicomplexan parasites possess a unique cortical cytoskeleton structure composed
of intermediate filaments. Its building blocks are provided by a conserved family of
proteins named alveolins. The core alveolin structure is made up of tandem repeat
sequences, thought to be responsible for the filamentous properties of these
proteins. A subset of alveolins also possess conserved motifs composed of three
closely spaced cysteine residues situated near the ends of the polypeptides. The
roles of these cysteine motifs in alveolin function is unknown. The sporozoite-
expressed IMC1a is unique within the Plasmodium alveolin family in having cysteine
motifs at both termini. Using transgenic Plasmodium berghei parasites, we show in
this structure-function study that mutagenesis of the amino- or carboxy-terminal
cysteine motif causes marked reductions in IMCla protein levels in the parasite.
These phenotypes are accompanied by partial losses of sporozoite shape and
infectivity. Our results show furthermore that within the carboxy-terminal motif a
double cysteine contributes chiefly to these properties. Our findings give important
new insight into alveolin function, identifying a dose-dependent effect of alveolin
depletion on parasite morphogenesis and infectivity, and vital roles of the terminal

cysteine motifs in promoting alveolin expression and stability in the parasite.
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Introduction

Plasmodium species, the causative agents of malaria, have a complex life cycle in
vertebrate host and mosquito vector. Among the many different developmental
forms of the parasite feature three motile and invasive stages (also known as
'zoites'): the ookinete, sporozoite and merozoite. The zoites of Plasmodium, as well
as those of related apicomplexan parasites, possess an unusual cortical structure
termed the pellicle. The pellicle is defined by a double membrane structure termed
the inner membrane complex (IMC) situated directly underneath the plasma
membrane, which is equivalent to a system of flattened sacs or alveoli (Bannister et
al., 2000; Morrissette and Sibley, 2002; Santos et al., 2009). On the cytoplasmic face
of the IMC is anchored a network of intermediate filaments termed the
subpellicular network (SPN), the function of which is to support the pellicle
membranes and give the cell mechanical strength (Mann and Beckers, 2001).

A family of proteins now termed alveolins have been identified as
components of the SPN (Khater et al., 2004; Mann and Beckers, 2001). The alveolin
superfamily includes structurally related proteins from apicomplexan parasites,
ciliates and dinoflagellate algae, the three phyla comprising the Alveolata
superphylum (Gould et al., 2008). In the genus Plasmodium, 13 conserved and
syntenic alveolin family members have been identified that are differentially
expressed among the three different zoites stages of malaria parasites (Al-Khattaf et
al., 2015; Kaneko et al., 2015). It has been shown in the rodent malaria species P.
berghei that disruption of alveolins gives rise to morphological aberrations that are
accompanied by reduced tensile strength of the zoite stages in which they are
found (Kaneko et al., 2015; Khater et al., 2004; Tremp and Dessens, 2011; Tremp et
al., 2008; Volkmann et al., 2012). Plasmodium alveolins also have roles in parasite
gliding motility (Khater et al., 2004; Tremp and Dessens, 2011; Tremp et al., 2008;
Volkmann et al., 2012) most likely by tethering components of the glideosome that
reside in the IMC.

The 13 alveolins identified in Plasmodium are characterised by having one or
more highly conserved domains separated by regions of variable length and amino
acid composition. We have recently shown that these conserved ‘alveolin” domains
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are composed of tandem repeat sequences of 12 amino acid residues (Al-Khattaf et
al., 2015). This has revealed an interesting parallel with metazoan intermediate
filament proteins such as lamins and keratins, whose underlying architectures
include a helical rod domain that can form coiled-coils by virtue of a seven amino
acid tandem repeat structure (Herrmann and Aebi, 2004). These coiled-coil domains
are thought to be fundamental for the filament-forming properties of these
molecules. Apart from the conserved alveolin domains, a subset of the alveolins
also possess conserved cysteine motifs close to their amino- or carboxy-terminus
(Fig. 5.1). These motifs are made up of a single cysteine and a double cysteine that
are separated by a small number of other amino acids (Fig. 5.1). With the exception
of IMC1i, The N- and C-terminal motifs are inverted, with the single cysteine located
nearest the end of the polypeptide (Fig. 5.1). The function of these cysteine motifs
is unknown. IMCla is the only alveolin with such motifs at both ends, and in this
study we employ site-directed mutagenesis and gene targeting to investigate the
contribution of these motifs to the function of the protein and the SPN as a whole,

in transgenic P. berghei parasite lines.

IMCla (4X)C(5X)CCheuunnnnn. CC(3X)C(4x)
IMCLIC evvennnnnnennnnennn CC(3X)C(1X)
IMC1G (1X)C(7X)CCuuunnrnnnnanennennns
IMCLL tevvenrnernnennnnennn C(5X)CC(3X)
IMC1 (5X)C(6X)CCeuvnnnrnnennnennennns

Figure 5.1. Conserved cysteine motifs at the amino and carboxy-terminal ends of
Plasmodium alveolins IMC1a, IMC1c, MC1g, IMC1i and IMC1j. The number of non-cysteine
residues (X) adjacent to the conserved cysteines (C) are indicated.
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Experimental procedures

Animal use

All laboratory animal work is subject to regular ethical review by the London School
of Hygiene and Tropical Medicine, and has approval from the United Kingdom
Home Office. Work was carried out in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986 implementing European Directive 2010/63 for the
protection of animals used for experimental purposes. Experiments were conducted
in 6-8 weeks old female CD1 mice, specific pathogen free and maintained in filter
cages. Animal welfare was assessed daily and animals were humanely killed upon
reaching experimental or humane endpoints. Mice were infected with parasites by
intraperitoneal injection, or by infected mosquito bite on anaesthetized animals.
Parasitemia was monitored regularly by collecting of a small drop of blood from a
superficial tail vein. Drugs were administered by intraperitoneal injection or where
possible were supplied in drinking water. Parasitized blood was harvested by

cardiac bleed under general anaesthesia without recovery.

Parasite maintenance, transmission, culture and purification

P. berghei ANKA clone 2.34 parasites were maintained as cryopreserved stabilates
or by mechanical blood passage and regular mosquito transmission. Mosquito
infection and transmission assays were as previously described using Anopheles
stephensi (Dessens et al.,, 1999; Khater et al., 2004) and infected insects were

maintained at 20°C at approximately 70% relative humidity.

Gene targeting vectors

An approximately 3.5kb fragment corresponding to the entire imcla gene (introns
included) plus 5’-UTR was PCR amplified from P. berghei gDNA using primers pDNR-
imcla-F
(ACGAAGTTATCAGTCGAGGTACCTTTCATGATTCTATCTATTGTTAATTTTAATTG) and
pDNR-imcla-R
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(ATGAGGGCCCCTAAGCTTTTATCTTGATTACAAAAATAATTACAACATTTG) and
introduced into Sall/Hindlll-digested pDNR-mCherry (Tremp et al., 2014) by in-
fusion to give plasmid pDNR-IMC1a/mCherry.

Mutations of the terminal cysteine motifs in IMCla were made in such a way
that the desired cysteines were substituted whilst making minimal changes to the
original sequence, and at the same time introducing unique diagnostic restriction
sites in order to screen targeting vectors and transgenic parasites for the presence
of the desired mutation. To substitute the N-terminal cysteine motif of IMCla
(Mutant 1) primers IMCla-Mutl-F
(GAAAATAAATAGTAATCTCGAGCATGATGAGTTGGGAGAAGACA) and IMCla-Mutl-R
(ATTACTATTTATTTTCCATGCATCAAACATTTTAATTAAATG) were used to PCR amplify
pDNR-IMCla/mCherry. Template plasmid was removed after the PCR by Dpnl
digestion, and the PCR product was circularized by in-fusion, to give plasmid pDNR-
IMCla-Mutant 1. This mutation introduces a diagnostic Xhol restriction site,
changing the double cysteine (CC) in the amino-terminal motif to leucine-glutamate
(LE) (Fig. 5.2B).

To substitute the C-terminal cysteine motif of IMCla (Mutant 2) primers
IMCla-Mut2-F  (CTCGAGAATTATTTTTGGAATCAAGATAAAAGCTTAGGGGC) and
IMCla-Mut2-R (CCAAAAATAATTCTCGAGTTTGTCTTCAGAATTATCACTTTTTTTT) were
used to PCR amplify pDNR-IMCla/mCherry. Template plasmid was removed after
the PCR by Dpnl digestion, and the PCR product was circularized by in-fusion, to give
plasmid pDNR-IMCla-Mutant 2. This mutation introduces a diagnostic Xhol
restriction site, changing the double cysteine (CC) in the carboxy-terminal motif to
leucine-glutamate (LE) (Fig. 5.2B).

To substitute the double cysteine from the C-terminal cysteine motif of
IMCla (Mutant 3) primers IMCla-Mut3-F
(CTCGAGAATTATTTTTGTAATCAAGATAAAAGCTTAGGGGC)  and IMCla-Mut3-R
(ACAAAAATAATTCTCGAGTTTGTCTTCAGAATTATCACTTTTTTTT) were used to PCR
amplify pDNR-IMCla/mCherry. Template plasmid was removed after the PCR by
Dpnl digestion, and the PCR product was circularized by in-fusion, to give plasmid

pDNR-IMC1la-Mutant 3. This mutation introduces a diagnostic Xhol restriction site,
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changing the double cysteine (CC) in the carboxy-terminal motif to leucine-
glutamate (LE) (Fig. 5.2B).

To substitute the single cysteine from the C-terminal cysteine motif of
IMCla (Mutant 4) primers IMCla-Mut4-F
(TTATTTCGCGAATCAAGATAAAAGCTTAGGGGC) and IMC1a-Mut4-R
(TTGATTCGCGAAATAATTACAACATTTGTCTTCAGAATTATCACT) were used to PCR
amplify pDNR-IMCla/mCherry. Template plasmid was removed after the PCR by
Dpnl digestion, and the PCR product was circularized by in-fusion, to give plasmid
pDNR-IMC1a-Mutant 4. This mutation introduces a diagnostic Nrul restriction site,
changing the single cysteine (C) in the carboxy-terminal motif to alanine (A) (Fig.
5.2B).

Primers  hDHFR/ERI-F  (ACAAAGAATTCATGGTTGGTTCGCTAAACT) and
hDHFR/ERI-R (ACCATGAATTCTTTGTAACATTTAGGTGTGTATTTATATATATAAGC) were
used to PCR amplify plasmid pLP-hDHFR (Saeed et al., 2010). Template plasmid
DNA was removed after the PCR by Dpnl digestion, and the PCR product was
circularized by in-fusion, to give plasmid pLP-hDHFR/EcoRI. In this plasmid the
BamHI restriction site site at beginning of the hDHFR gene is replaced with an EcoRl.
A 1.7 kb fragment corresponding to the hdhfryfcu gene was PCR amplified from
plasmid pLO035 with primers hDHFRyFCU-F
(ATGTTACAAAGAATTCATGGTTGGTTCGCTAAACTG) and hDHFRyFCU-R
(AAGAAAAACGGGATCCTTAAACACAGTAGTATCTGTCACCAAAG) and introduced into
EcoRl/BamHI-digested pLP-hDHFR/EcoRI by in-fusion to give pLP-hDHFRyFCU. A
0.75 kb fragment corresponding to the 3’"UTR of the imcl1a gene was amplified from
P. berghei gDNA with primers pLP-imcla-F
(ATATGCTAGAGCGGCCAAAATATGGTATTTTAAAACTATTGAATTGG)
and pLP-imcla-R (CACCGCGGTGGCGGCCAGCGACACTTAAGAGATAGCATAAGA) and
introduced into Notl-digested pLP-hDHFRyFCU by in-fusion to give plasmid pLP-
hDHFRyFCU/IMCla. Cre-loxp recombination of pDNR-IMCla/mCherry, pDNR-
IMCla-Mutant 1, pDNR-IMC1la-Mutant 2, pDNR-IMCla-Mutant 3 and pDNR-IMCla-
Mutant 4 was carried out with pLP-hDHFRyFCU/IMC1a to give final plasmids pLP-
IMC1a/mCherry-WT, pLP-IMCla/mCherry-Mutant 1, pLP-IMCla/mCherry-Mutant 2,
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and pLP-IMCla/mCherry-Mutant 3 and pLP-IMCla/mCherry-Mutant 4, respectively.
All gene targeting vectors were sequenced across the IMCla::mCherry-encoding
region to verify the absence of undesired mutations. This identified one plasmid
that had obtained an undesired frameshift close to the 5'-end of the imcla coding
sequence. This plasmid was used to generate an independent IMCla knockout

parasite, following the same targeting strategy as the other parasite lines.

gDNA, modified imcla allele

B MFDACKINSNCCHDE. .. .NSEDKCCNYFCNQDK WT
MFDAWKINSNLEHDE. .. .NSEDKCCNYFCNQDK Mutantl
MFDACKINSNCCHDE. .. .NSEDKLENYFWNQDK Mutant 2
MFDACKINSNCCHDE. .. .NSEDKLENYFCNQDK Mutant 3
MFDACKINSNCCHDE. .. .NSEDKCCNYFANQDK Mutant4
MFDAWKINSNLEHDE.... truncated ataa?29 KO

Xhol Nrul
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Figure 5.2. Generation and genetic analyses of IMCla mutant parasite lines. A: Targeting
strategy for the mCherry tagging of IMCla via double crossover homologous
recombination, showing unmodified (top) and modified (bottom) imcla alleles, a well as
the targeting vector pLP-IMCla/mCherry (middle). The pbimcla gene is indicated with
coding sequence (wide grey bars, introns not shown) and 5’ and 3’ untranslated regions
(UTRs) (narrow grey bars). Also indicated are the relative positions of the terminal cysteine
motifs (asterisks), the mCherry module (mCh); the hDHFRyFCU selectable marker gene
cassette (hdhfr yfcu); the generic 3'UTR from pbdhfr (narrow white bars); and primers used
for diagnostic PCR amplification (P1-P4). Primer P1 and P4 sequences are not present within
the targeting vector. Arrowheads mark 5' and 3' integration sites. Also shown are the
relative positions of Kpnl and Sacll restriction sites used to remove the plasmid backbone
from the targeting vector. B: Amino acid sequences of the amino- and carboxy-terminal
ends of IMCla in parasite lines IMCla/mCherry-WT (wildtype IMCla sequence, but with
mCherry tag), IMCla/mCherry-Mutant 1, IMCla/mCherry-Mutant 2, IMCla/mCherry-
Mutant 3, IMCla/mCherry-Mutant 4, and IMCla/mCherry-KO (null mutant). The conserved
cysteines are marked in bold. C: PCR with primer pair P1/P2 across the 5’ integration site
diagnostic for the presence of the mCherry-tagged pbimcla alleles (top); PCR with primer
pair P3/P4 across the 3’ integration site diagnostic for the presence of the hdhfr yfcu
selectable marker allele (middle); and PCR with primer pair P1/P4 diagnostic for the
presence of the unmodified imcla allele (bottom), carried out on genomic DNA from clonal
transgenic parasite and parental (PbANKA) parasite populations. D: Restriction enzyme
digestion (Xhol or Nrul) of PCR amplicons from C, diagnostic for the presence of the desired
cysteine motif mutations. Cleavage products of 3.5kb and either 0.85kb (Mutant 1), or
0.77kb (Mutants 2-4) are visible except for the non-mutated version of imcla::mcherry in
parasite line IMCla/mCherry-WT.

Generation and genomic analysis of genetically modified parasites

Parasite transfection, pyrimethamine selection and dilution cloning were performed
as previously described (Waters et al., 1997). Prior to performing transfections,
plasmid DNA was digested with Kpnl and Sacll to remove the plasmid backbone.
Genomic DNA extraction was performed as previously described (Dessens et al.,
1999). After each transfection, drug resistant parasites were subjected to limiting
dilution cloning. Following this, integration of the selectable marker gene into the
imcla locus was confirmed by diagnostic PCR across the 3' integration site using
primers P3 (ACAAAGAATTCATGGTTGGTTCGCTAAAC) and P4
(TGCACACCCACCTGATTG) (Fig 5.2A). Integration of the mCherry-encoding sequence
into the imcla locus was confirmed by diagnostic PCR across the 5' integration site
with primers P1 (GCACATTAATGCATTTGGG) and P2
(AACGGGATCTTCTAGTTACTTGTACAGCTCGTCCATGC) (Fig. 5.2A). The absence of the
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unmodified imcla allele in the clonal parasite lines was confirmed by diagnostic PCR

with primers P1 and P4 (Fig. 5.2A).

Sporozoite footprint measurements

Sporozoite-infected tissues were dissected from parasite-infected mosquitoes and
the sporozoites gently released in a Dounce homogenizer. Sporozoites were spotted
onto glass microscope slides, allowed to adhere and then air dried. After methanol
fixation, Giemsa-stained images of individual cells were captured by microscopy on
Zeiss LSM510 inverted laser scanning confocal microscope. Using Zeiss LSM image
browser software the circumference was measured, and the surface area occupied
(i.e. the footprint) calculated. Statistical analysis was carried out using two-tailed t-

test.

Western blot analysis

Parasite samples were heated directly in SDS-PAGE loading buffer at 702C for 10
min. Proteins were fractionated by electrophoresis through NuPage 4-12% Bis-Tris
precast gels (Invitrogen) and transferred to PVDF membrane (Invitrogen) according
to the manufacturer’s instructions. Membranes were blocked for non-specific
binding in PBS supplemented with 0.1% Tween 20 and 5% skimmed milk for 1h at
room temperature. Rabbit polyclonal antibody against RFP (Abcam) diluted 1 in
5,000 was applied to the membrane for 1h at room temperature. After washing,
membranes were incubated with goat anti rabbit IgG conjugated to horse radish
peroxidase (HRP) (Abcam) diluted 1 in 5,000 for 1h at room temperature. After
further washing, signal was detected by chemiluminescence (ECL western blotting
substrate, Pierce) according to manufacturer’s instructions. For reprobing, the blot
was incubated in 30% hydrogen peroxide solution for 30min at 37 degrees to
inactivate residual HRP (Sennepin et al., 2009). The membrane was reblocked and
then incubated with monoclonal antibody 3D11 against circumzoite protein (CSP)
diluted 1 in 1000 for 1h at room temperature. After washing secondary goat-anti-
mouse polyclonal antibody conjugated to HRP (Invitrogen 81-6520) diluted 1 in
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5000 was added and incubated for 1h at room temperature prior to washing and

chemilluminescence detection.

RT-PCR analysis

Twenty midguts were harvested from parasite-infected mosquitoes at two weeks
post-infection, pooled, and total RNA was extracted using a Qiagen RNeasy mini kit
according to manufacturer's instructions. First strand cDNA was synthesized with
M-MLV reverse transcriptase, (RNase H minus point mutation; Promega) using
oligo(dT)2s as primer, for 1h at 50°C. Excess primer was removed by column
purification (Qiaquick gel extraction kit; Qiagen) and the eluted cDNA was subjected
to PCR amplification with primers A30 (ATATAGTCCATTTAGTTAGAGTTTGTG) and
pDNR-imcla-R
(ATGAGGGCCCCTAAGCTTTTATCTTGATTACAAAAATAATTACAACATTTG) for imcla,
and primers tub1-F (GAAGTAATAAGTATACATGTAGG) and tub1-R
(ACACATCAATGACTTCTTTACC) for tubulin 1.

Microscopy

For assessment of fluorescence, live parasite samples were assessed, and images
captured, on a Zeiss LSM510 inverted confocal microscope and Zeiss LSM image
browser software. To allow comparison of samples, images were captured with the

same settings using the 'reuse’ function.
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Results

Generation and molecular analyses of transgenic parasite lines

To study expression and localization of IMCla and variants of it in the parasite, we
first generated a transgenic P. berghei line that expresses full-length IMC1a fused to
a carboxy-terminal mCherry tag (Fig. 5.2A), named IMCla/mCherry-WT. The imcla
gene targeting strategy employs double crossover homologous recombination,
ensuring that its modifications are stable and non-reversible (Fig. 5.2A). To study
the contribution of the cysteine motifs to IMCla function, specific mutations were
introduced by site-directed mutagenesis, removing either the entire N-terminal
motif (named IMCla/mCherry-Mutant 1), the entire C-terminal motif (named
IMCla/mCherry-Mutant 2), the cysteine doublet within the C-terminal motif
(named IMCla/mCherry-Mutant 3), or the single cysteine within the C-terminal
motif (hamed IMCla/mCherry-Mutant 4) (Fig. 5.2B). In addition, an IMCla/mCherry
targeting vector that contained a frame shift very near the 5' end of the coding
sequence was used to generate an IMCla null mutant parasite line
(IMCla/mCherry-KO) (Fig. 5.2B). After transfection of purified schizont
preparations, pyrimethamine-resistant parasites were selected and cloned by
limiting dilution. Confirmation of correct targeting and integration of the mCherry
tag and selectable marker gene cassette into the imcla locus was carried out with
diagnostic PCR across the 5' and 3' integration sites using primer pairs P1/P2 and
P3/P4, respectively (Fig. 5.2A), resulting in 4.3kb and 3.0kb products, respectively
(Fig. 5.2C). The 4.3kb PCR product was digested with Xhol (Mutant 1, Mutant 2 and
Mutant 3) or Nrul (Mutant 4) to confirm the presence of the desired mutations (Fig.
5.2D). In addition, the absence of the unmodified imcla allele in all clonal parasite

lines was confirmed by diagnostic PCR with primer pair P1/P4 (Fig. 5.2A,C).

Life stage expression and subcellular localization of IMC1a

Strong mCherry-based fluorescence was detected in mature sporulating oocysts of
parasite line IMCla/mCherry-WT (Fig. 5.3A), in full agreement with the previously

reported life stage expression of IMCla (Khater et al., 2004). This parasite
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developed normally in mouse and mosquito, and was readily transmitted by
sporozoite-infected mosquito bite, demonstrating that the mCherry tag does not
interfere  with normal IMCla function. In sporozoites, the mCherry-based
fluorescence was clearly concentrated at the cell periphery (Fig. 5.3A) which is
consistent with the reported subcellular localization of IMC1a in the SPN (Khater et
al., 2004). Western blot analysis of sporozoite lysates using anti-mCherry antibodies
detected one major band migrating at approximately 130kDa, corresponding to the
IMCla::mCherry fusion protein (Fig. 5.3B). Some smaller proteins of much lower
intensity were also detected probably resulting from proteolytic processing (Fig.
5.3B). Measuring band intensities indicated that processing constitutes less than
10% and is therefore likely the result of low level degradation, rather than of
specific proteolytic events with a biological role.

IMC1la/mCherry-KO parasites, as expected, did not exhibit mCherry
fluorescence in oocysts or sporozoites (Fig. 5.3C), because the mCherry tag is not
expressed due to an upstream frameshift (Fig. 5.2B). These oocysts displayed a
phenotype comparable to that previously described for IMC1a null mutants (Khater
et al., 2004), producing numbers of sporozoites similar to its wildtype counterpart
(mean midgut oocysts/sporozoites per mosquito IMCla/mCherry-WT: 43/15,000;
IMC1a/mCherry-KO: 52/17,000; n=10), but with abnormal size and shape (Fig. 5.3C).
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IMC1a/mCherry-Mutant 3 IMC1a/mCherry-Mutant 4

Figure 5.3. Fluorescence in oocysts and sporozoites of mCherry-tagged IMCla-expressing
parasite lines. A: Confocal fluorescence and brightfield images of a sporulating oocyst and
sporozoite of parasite line IMCla/mCherry-WT. B: Western blot of a sporozoite lysate of
parasite line IMCla/mCherry-WT (100,000 sporozoites loaded) using anti-mCherry
antibodies, visualising the IMCla::mCherry fusion protein. Size markers are shown on the
left hand side. C-G: Confocal images of a sporulating oocyst and sporozoite of mutant
parasite lines IMCla/mCherry-KO (C); IMCla/mCherry-Mutant 1 (D); IMCla/mCherry-
Mutant 2 (E); IMC1la/mCherry-Mutant 3 (F); IMCla/mCherry-Mutant 4 (G). Confocal images
were captured using the same confocal microscope settings.
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The terminal cysteine motifs affect IMC1a protein level in the parasite

Having established the IMCla/mCherry-WT and -KO phenotypes, we turned our
attention to parasite lines IMCla/mCherry-Mutant 1 and Mutant 2. Both mutants
displayed mCherry-based fluorescence in mature oocysts and sporozoites (Figs
5.3D,E), demonstrating that the full-length IMC1la protein was being expressed, as
expected. However, in both mutants the fluorescence levels were markedly lower
compared to parasite line IMCla/mCherry-WT (Fig. 5.3). These observations
indicated that the removal of the amino- or carboxy-terminal cysteine motif from
IMC1a had adversely affected either the stability of the alveolin, or the ability of its
mCherry moiety to fluoresce. To distinguish between these possibilities, sporozoite
samples from these parasite lines were analysed by western blot analysis, which
revealed that relative to circumsporozoite protein (CSP), significantly reduced
amounts of IMCla::mCherry fusion protein were present in Mutant 2 and Mutant 1
(on average 21% and 10% of WT levels, respectively; n=3; P<0.001) (Fig. 5.4A).
These reduced levels of IMCla::mCherry fusion protein in the parasite explain the
lower fluorescence levels observed in Mutant 1 and Mutant 2. Sporozoites of
Mutant 1 had consistently lower levels of IMCla than Mutant 2, although the
differences were not statistically significant (P=0.09). The two bands migrating close
together in Fig. 5.4A are full-length IMCla::mCherry and a slightly smaller product
(also observed in Fig. 5.3B) most likely the result of processing/degradation. The
doublet is more obvious in this blot because it was overexposed to clearly reveal the
lower amounts of IMCla::mCherry proteins in the mutants (particularly Mutant 1).
The difference in the relative intensities of the upper and lower band between
Mutant 1 and Mutant 2 could reflect differences in their relative stability as a result
of their different mutations.

To investigate whether the reduced IMC1a protein levels (Fig. 5.4A) could be
the result of reduced transcription of the imcla gene in the affected mutant
parasite lines, we carried out reverse transcription-PCR analysis on sporulating
oocysts. This was done with Mutant 1 - which shows the lowest IMC1a protein level
- in direct comparson with the control parasite line IMCla/mCherry-WT, and

normalised against the reference tubulin 1 gene (tub1). Primers for imcla amplified
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a mRNA-specific 2.4kb product, and a gDNA-specific 2.8kb product (due to introns),
while primers for tub1 only amplified a mRNA-specific 0.35kb product (the product
amplified from gDNA is 1.0kb due to introns (Al-Khattaf et al., 2015)) (Fig. 5.4B).
Measured band intensities normalised against the reference tub1 gene showed that
IMCla/mCherry-Mutant 1 oocysts contained at least as much imcla mRNA than its
WT counterpart and, accordingly, the reduced levels of IMCla protein present in
Mutant 1, and by analogy in Mutant 2 (Fig. 5.4A), are unlikely to be caused by a

reduced imcla gene expression at the transcription level.
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Figure 5.4. IMCla protein levels and sporozoite shape of IMCla cysteine mutants. A:
Western blot of sporozoite lysates from parasite lines IMCla/mCherry-WT, Mutant 1,
Mutant 2 and Mutant 4, using anti-mCherry antibodies (top), or anti-CSP antibodies
(bottom). Approximately 100,000 sporozoites were loaded for WT and Mutant 4, and
130,000 sporozoites for Mutant 1 and Mutant 2, to compensate for the smaller sporozoite
sizes of the latter two. Histogram shows relative amounts of IMCla, averaged over three
independent measurements (WT set to 100%) and normalised against CSP loading controls.
B: Reverse transcription PCR analysis of imcla mRNA levels (relative to tubl mRNA) in
sporulating oocysts of parasite lines IMCla/mCherry-WT and Mutant 1. C: Representative
Giemsa-stained sporozoite images from parasite lines IMCla/mCherry-WT, KO, and
Mutants 1-4. Numbers give meantsem footprint measurements in um2 (n=27).
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The terminal cysteine motifs of IMCla affect sporozoite shape

Examination of sporozoites from IMCla/mCherry-Mutant 1 and -Mutant 2 indicated
that they had an abnormal shape (Figs 5.3, 5.4). Although this shape was similar to
the shape of IMC1la null mutant sporozoites, it appeared less severe than is the case
after a complete knockout of IMCla expression (Figs 5.3, 5.4). Because of the
variable and irregular shapes of the mutant sporozoites, their size was difficult to
define by linear measurements of length and width. Thus, a more sensitive measure
of the observed changes in sporozoite morphology was developed by determining
their 'footprint', which gives a quantitative measure of the sporozoite's size
independent of its shape. Footprint measurements showed that KO sporozoites are
on average significantly smaller than WT sporozoites (P<0.0001, n=27), in fact less
than half the normal size (Fig. 5.4C). Sporozoites of Mutant 1 and Mutant 2 had
intermediate sizes, both being significantly smaller that WT sporozoites (P<0.0001,
n=27), but significantly larger than KO sporozoites (P<0.0001, n=27) (Fig. 5.4C).
Mutant 1 sporozoites were on average smaller than those of Mutant 2, albeit the
differences were not statistically significant (P=0.07, n=27) (Fig. 5.4C). These
observations demonstrate that mutations of the terminal cysteine motifs of IMCla
cause an intermediate phenotype with regards to sporozoite shape. We did not
observe discernible shape/size differences between midgut- and salivary gland-
derived sporozoites in our mutant lines, indicating that infectivity is similar across

the sporozoite populations.

The double cysteine is more important than the single cysteine

To study the contribution of different cysteines within the motifs, we generated two
more mutants of the C-terminal motif in which either its double cysteine (Mutant 3)
or its single cysteine (Mutant 4) were substituted (Fig. 5.2B). Mutant 4 oocysts
displayed bright fluorescence that was concentrated at the cortex of normal shaped
sporozoites (Fig. 5.3G), and these parasites were indistinguishable from their
IMCla/mCherry-WT counterparts (Fig. 5.3). Indeed, footprint measurements

confirmed that the average size of mutant 4 sporozoites was not significantly
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different to that of IMCla/mCherry-WT sporozoites (P=0.99, n=27) (Fig. 5.4C).
Moreover, western analysis revealed that IMCla::mCherry protein levels were not
significantly reduced in Mutant 4 sporozoites compared to their WT counterparts,
relative to CSP (Fig. 5.4A). In contrast to Mutant 4, Mutant 3 oocysts and
sporozoites closely resembled those of Mutant 2 both in terms of shape, footprint
(Fig. 5.4C) and fluorescent intensity (Fig. 5.3F). Overall, these results demonstrate
that the double cysteine is the main contributor to the properties of the terminal

cysteine motif.

Mutations of the terminal cysteine motifs of IMCla affect sporozoite
infectivity

In parallel to the assessments of IMCla expression levels and sporozoite shape (Figs
5.3 and 5.4), we analyzed the effect of the various cysteine mutations on sporozoite
infectivity. The reference parasite line IMC1a/mCherry-WT developed normally and
gave rise to high numbers of salivary gland sporozoites (Table 5.1) that were readily
transmissible by mosquito bite. In sharp contrast, and consistent with a previous
report (Khater et al., 2004), our IMCla null mutant sporozoites were unable to
reach the salivary glands in detectable numbers (Table 5.1). Salivary gland
sporozoite numbers for Mutant 2 were consistently lower (3- to 4-fold) than those
observed for IMCla/mCherry-WT parasites (Table 5.1), pointing to a reduced
infectivity to the salivary glands. Nonetheless, Mutant 2 sporozoites could be
transmitted to naive mice by mosquito bite. After transmission, the phenotype of
Mutant 2 remained the same with respect to fluorescence, sporozoite shape and
infectivity (data not shown). In contrast to Mutant 2, salivary gland sporozoite
numbers for Mutant 1 were consistently highly reduced (>10-fold) (Table 5.1), and
we were repeatedly (n=5) unable to transmit this parasite by mosquito bite. Mutant
3 behaved similarly to Mutant 2 in terms of sporozoite infectivity, while Mutant 4
behaved like the IMCla/mCherry-WT reference line (Table 5.1). These combined
results demonstrate that Mutant 1, Mutant 2 and Mutant 3 possess intermediate

phenotypes with regards to sporozoite infectivity.
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Table 5.1. Effects of IMC1a mutations on Plasmodium berghei development in Anopheles stephensi

Exp.  Parasite line Mean + sem oocyst number Mean salivary gland sporozoite number
IMC1a/mCherry- per infected mosquito (n)? per infected mosquito®
1 WT 39 +7(20) 10,938
KO 47 + 8 (20) 0
2 WT 104 + 42 (10) 6,556
Mutant 1 97 +£32(10) 111
Mutant 2 98 +27(10) 2,800
3 Mutant 1 94 +13 (20) 260
Mutant 2 133 + 24 (20) 3,107
4 WT 109 + 31 (10) 4,917
Mutant 1 141 + 50 (10) 224
Mutant 4 120 + 44 (10) 5,556
5 Mutant 2 34 £9(20) 2,016
Mutant 3 36 £9(20) 2,750
6 WT 160 + 33 (10) 16,600
Mutant 2 192 + 30 (10) 3,900
7 Mutant 1 47 £11(10) 333
Mutant 4 78 + 25 (10) 9,900

2 n = Number of insects analysed.

® The same insects were analysed for both oocyst and sporozoite numbers. Oocyst counts
were done on individual midguts, sporozoite counts were done on pooled salivary glands
from n insects.
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Discussion

In this study we have employed red fluorescent protein tagging in transgenic P.
berghei parasites to confirm the subcellular localization and expression of the
alveolin IMC1a in the SPN of sporozoites, and to study the function of its terminal
cysteine residues. The results obtained show that mutagenesis of the conserved
terminal cysteine motifs of IMCla has a profound effect of the amount of IMCla
detectable in the cell (Fig. 5.4A). Because all transgenic parasite lines used here
were generated with the same gene targeting strategy, and express IMC1la from the
same, native imcla promoter (Fig. 5.2A), the observed reductions in expression
level are most likely a consequence of reduced protein stability. This is supported by
the fact that imcla transcript levels in Mutant 1 are not reduced (Fig. 5.4B). One
possible explanation for the alveolin instability is that the removal of cysteines in
the mutant proteins has changed their ability to form specific sulphur bridges,
leading to a degree of misfolding and degradation by the proteasome. Arguing
against this concept, however, is the localization of IMCla in the cytoplasm, a
reducing environment that disfavours formation of intra- or intermolecular sulphur
bridges. Indeed, in non-reducing protein gels IMCla migrates as a monomeric
protein (Khater et al.,, 2004). Another explanation for the observed alveolin
instability is that the removal of cysteine residues in IMCl1a adversely affected the
ability of the proteins to be lipid modified. One of such modifications that occurs on
cysteine residues is S-palmitoylation (Resh, 2013) and indeed several alveolins have
been predicted to be palmitoylated (Anderson-White et al., 2011b). Plasmodium
proteomics studies (Bowyer et al., 2011; Florens et al., 2002; Hall et al., 2005;
Lasonder et al., 2002; Pease et al., 2013; Silvestrini et al., 2010; Solyakov et al.,
2011; Treeck et al., 2011) have detected at least six alveolins in blood stage
parasites. Among these six, only two (IMC1c and IMC1g) possess conserved terminal
cysteine motifs (Fig. 5.1). Compellingly, only IMC1c and IMC1g are detected in the
blood stage palmitome (Jones et al., 2012), providing strong support for a link
between these motifs and palmitoylation. In fact, our results obtained with the
IMCla mutants are not without precedent: Protein instability and degradation was
also shown for two known palmitoylated IMC-resident proteins (PfGAP45 and
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PfMTIP) when their palmitoylation was prevented using palmitoylation inhibitors or
mutagenesis of palmitoylation sites (Jones et al., 2012). This adds further support to
the view that IMCla is palmitoylated via its terminal cysteine motifs. Palmitoylation
of alveolins is thought to promote their association with the IMC via lipid anchoring
into the IMC membranes. A reduced level of IMCla palmitoylation could therefore
adversely affect its targeting to the IMC and/or its recruitment to the SPN, which in
turn could result in degradation of IMCla. Palmitoylation could also be directly
involved in IMC1a folding and stability (Resh, 2013).

Gene disruption studies of different P. berghei alveolins have revealed very
similar loss-of-function phenotypes (Kaneko et al., 2015; Khater et al., 2004; Tremp
and Dessens, 2011; Tremp et al., 2008; Volkmann et al., 2012), indicating that
alveolins contribute to the function of the SPN by a similar mechanism. While co-
expressed alveolins make distinct contributions to SPN function in a given zoite,
these differences appear to be mainly quantitative. For example, null mutants
sporozoites of the alveolin IMC1h have an abnormal shape and reduced infectivity
not dissimilar from IMC1a null mutants (Tremp and Dessens, 2011). However, in
contrast to the latter, IMC1h-KO sporozoites retain infectivity to the insect’s salivary
glands (Volkmann et al., 2012). Re-examination of the IMC1h-KO sporozoite size
with the footprint method developed here shows that they are in fact significantly
larger than IMCla null mutant sporozoites (footprint IMC1h-KO: 7.98+0.44 um?;
P<0.0001). Perhaps not surprisingly, these observations point to a correlation
between sporozoite size and infectivity, which is corroborated by the results of the
current IMC1a study.

The intermediate phenotypes of IMCla/mCherry-Mutant 1 and Mutant 2
with regards to sporozoite shape and infectivity (Fig. 5.4, Table 5.1) indicate that the
heavily depleted amount of IMCla protein in their sporozoites remains at least
partly functional. The low levels of IMCl1a::mCherry in these mutants did not allow a
definitive allocation of the fusion protein in the sporozoite SPN by fluorescence
microscopy (Fig. 5.3). However, failure to localize to the functional site would
arguably have resulted in a complete loss-of-function phenotype, which is clearly

not the case. In further support for this notion, subcellular localization of PfGAP45
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lacking its palmitoylation site was shown to be unaffected, remaining at the IMC of
developing merozoites (Anderson-White et al., 2011b). In fact, these parasite lines
are effectively IMCla knockdowns, and combined with our observations that the
severity of the phenotypes correlates well with the levels of IMCla found in the
parasite, this strongly indicates that IMC1la facilitates sporozoite morphogenesis
and infectivity in a dose-dependent fashion. This demonstrates for the first time a
link between the amount of alveolin in the zoite and its infectivity. Accordingly, SPN
function in the cell is governed not only by the repertoire of co-expressed alveolins,
but also by the level of their expression. Fitting with the nature of structural
proteins, this finding suggests that the relative abundance of an alveolin in the cell
may determine its relative contribution to the cortical cytoskeleton. In support of
this concept, it is perhaps not a coincidence that knockout of the ookinete-
expressed alveolin IMC1d has no detectable phenotype, and also has the lowest
expression level of all ookinete-expressed alveolins examined by us (Al-Khattaf et
al., 2015; Tremp et al., 2014; Tremp and Dessens, 2011; Tremp et al., 2008). It was
surprising to discover that just a fraction of IMCla (10%-21% of WT level in Mutant
1 and Mutant 2, Fig. 5.4A) is sufficient to partially restore the phenotype of IMCla
null mutant parasites (Fig. 5.4C, Table 5.1), pointing to a non-linear correlation
between alveolin level and phenotype, possibly due to the complexity of
interactions with other alveolins and SPN components.

Studies with TgIMC1, the Toxoplasma gondii orthologue of Plasmodium
IMC1a, have revealed a specific proteolytic cleavage near the carboxy-terminus of
the protein (Mann et al., 2002). This cleavage coincides with, and is thought to be
required for, the maturation of young parasites with a detergent-labile SPN into
mature parasites with a detergent-resistant SPN. Furthermore, ablation of this
cleavage through mutagenesis of certain C-terminal residues prevents the SPN to
mature and become detergent-resistant (Mann et al., 2002). In the case of
Plasmodium berghei IMCla, there is no evidence for a similar cleavage event.
Western analysis of our parasite lines expressing IMCla fused to a carboxy-terminal
mCherry tag shows that sporozoites contain predominantly full-length

IMCl1a::mcherry fusion product (Fig. 5.3B), and that if such a cleavage occurred in
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Plasmodium it would at best affect a very small proportion of the protein. This is
likely to reflect specific differences between Toxoplasma and Plasmodium. One
notable difference is the formation of Plasmodium sporozoites within a protective
oocyst capsule, which arguably eliminates the need to develop within the
protection of mechanically stable and rigid mother cell as is the case in Toxoplasma
(Mann et al., 2002). Despite this major difference between PbIMCla and TgIMC1,
there is also an interesting parallel between the two in that the double cysteine
rather than the single cysteine in the motif is identified as the chief contributor. In
TgIMC1 one cysteine residue within the double cysteine is essential for the TgIMC1
cleavage, while in IMCla the double cysteine is responsible for the protein-
stabilizing properties of the motif. If these alveolin orthologues are indeed post-
translationally palmitoylated, the double cysteine would seem the more likely site

for this modification. Further studies are underway to investigate this hypothesis.
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Abstract

S-palmitoylation is a post-translational lipid modification that is widespread among
Plasmodium proteins and functions as a key regulator of malaria parasite
development in both vertebrate host and mosquito vector. Little is known about
the contribution of palmitoylation to the function of individual parasite molecules.
Alveolins form a conserved family of intermediate filament proteins in
apicomplexan parasites that are characterized by conserved tandem repeat
domains thought to be necessary for their filament-forming features. A subset of
alveolins also possess conserved cysteine motifs situated near the ends of the
proteins. The role of these motifs in alveolin function is unknown. Here, we use a
modified acyl-biotin exchange protocol and transgenic Plasmodium berghei
parasites to show that the alveolin IMClc, a protein essential for asexual blood
stage development, is palmitoylated on its carboxy-terminal cysteine motif. Mutant
parasites lacking the cysteine motif in IMClc displayed apparently normal
development in mouse and mosquito, suggesting that the essential nature of
protein palmitoylation at a cellular level may arise from cumulative small fitness
gains at a molecular level, which are relatively insignificant when considered

individually.
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Introduction

Three invasive life stages: the ookinete, sporozoite and merozoite, feature among
the many different developmental forms of the malaria parasite. These so-called
‘zoites' are characterized by having secretory organelles (e.g. rhoptries and
micronemes) as well as a specialized cortical structure termed the pellicle, which
are required for their motile and invasive properties. A double membrane structure
termed the inner membrane complex (IMC) situated directly underneath the
plasma membrane defines the pellicle (Bannister et al., 2000; Morrissette and
Sibley, 2002; Santos et al., 2009). In addition, a network of intermediate filaments
termed the subpellicular network (SPN), which supports the pellicle membranes
and provides mechanical strength (Mann and Beckers, 2001), is located on the
cytoplasmic face of the IMC. Components of the SPN include a family of proteins
termed alveolins (Khater et al., 2004; Mann and Beckers, 2001). In the genus
Plasmodium, 13 conserved and syntenic alveolin family members have been
identified that are differentially expressed among the three zoites stages (Al-Khattaf
et al., 2015; Kaneko et al., 2015). It has been shown in the rodent malaria species P.
berghei that disruption of alveolins gives rise to morphological abnormalities that
are accompanied by reduced tensile strength of the zoite stages in which they are
expressed (Kaneko et al., 2015; Khater et al., 2004; Tremp and Dessens, 2011;
Tremp et al., 2008; Volkmann et al., 2012). Plasmodium alveolins also have roles in
parasite gliding motility (Khater et al., 2004; Tremp and Dessens, 2011; Tremp et al.,
2008; Volkmann et al.,, 2012) most likely by tethering components of the
glideosome that reside in the IMC. Alveolins are characterised by having one or
more highly conserved domains separated by regions of variable length and amino
acid composition (Al-Khattaf et al., 2015). We have recently shown that these
conserved ‘alveolin’ domains are composed of tandem repeat sequences of
typically 12 amino acid residues (Al-Khattaf et al., 2015). In addition to these
conserved domains, a subset of the alveolins also possess conserved cysteine motifs
close to their amino- or carboxy-terminus. These motifs are made up of a single
cysteine and a double cysteine that separated by a small number of other amino
acids. The function of these cysteine motifs is hitherto unknown, but it is postulated
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that they could act as substrates for S-palmitoylation to facilitate the tight
connection between the IMC and SPN structures.

S-palmitoylation is a post-translational thioester linkage of the 16-carbon
fatty acid palmitate to cysteine residues (Linder and Deschenes, 2007), a reaction
that is catalyzed by palmitoyl-S-acyl-transferases (PATs). PATs are identifiable from
having a Asp-His-His-Cys (DHHC) motif within a cysteine-rich domain, and at least 12
distinct putative PAT-encoding genes have been identified in Plasmodium spp.
(Frenal et al., 2013). Localization studies indicate that the subcellular distribution of
many PATs restricted to distinct compartments including endoplasmic reticulum
(e.g. DHHC?), IMC (e.g. DHHC3 and DHHC9), and rhoptries (e.g. DHHC7) (Frenal et
al., 2013). S-palmitoylation in Plasmodium affects over 400 proteins and is essential
for parasite development both in the vertebrate host (Jones et al., 2012) and in the
mosquito vector (Santos et al., 2015). However, little is known about the
contribution of this lipid modification to the function of individual parasite proteins.
Furthermore, most palmitoylation sites are poorly predictable. This study was
aimed at investigating the potential contribution of palmitoylation to the function
of the alveolin IMClc in P. berghei (PbIMClc; PBANKA 120200), as well as the
potential role of its cysteine motif in this process. PbIMClc and its orthologues have
a single conserved cysteine motif at their carboxy-terminus and, in P. falciparum,
the protein has been detected in the palmitoylated proteome of asexual blood
stages (Jones et al., 2012) indicating that it is indeed palmitoylated. PbIMClIc is
expressed in all three Plasmodium zoites where it displays a cortical localization
consistent with that of the SPN, and is essential for asexual blood stage parasite

development (Tremp et al., 2014).
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Results

Parasite line IMC1lc/mCherry, which expresses full-length IMC1c fused to a carboxy-
terminal red fluorescent protein tag (mCherry variant), was generated by double
crossover homologous recombination (Figure 6.1A). IMClc has a single cysteine
motif at its carboxy-terminal end (Figure 6.1B) and to study its contribution to
IMC1c function, a specific mutation substituting the three cysteines was introduced
by site-directed mutagenesis (Figure 6.1B). To do so, plasmid pLP-IMClc/mCherry
(Tremp et al, 2014) was PCR amplified with primers IMC1C-mutl-F
(CTCGAGACAGGTACATGGAGAAGCTTAGGGGCCCTC) and IMC1C-Mut1-R
(CCATGTACCTGTCTCGAGTCCAACTGGTTTAGCTTCTTCA) and circularized by in-fusion
to give plasmid pLP-IMClc/mCherry-Mutant 1. The mutation introduced a
diagnostic Xhol restriction site at the same time. The presence of the mutation was
confirmed by sequence analysis of the resulting plasmid DNA (data not shown). The
resulting targeting vector was digested with Kpnl and Sacll to remove the plasmid
backbone prior to transfection of purified P. berghei schizonts as described (Tremp
et al., 2014). Pyrimethamine-resistant parasites were selected and dilution cloned
to give parasite line IMClc/mCherry-Mutant 1. Diagnostic PCR across the 5'-
integration site with primers IMC1c-long5'UTR-F (P3) (GGCTCTCAAATTCTTGGAAG)
and pDNR-mCherry-R (P4) (AACGGGATCTTCTAGTTACTTGTACAGCTCGTCCATGC)
gave rise to a 4.5kb product, as was the case for the corresponding IMC1c/mCherry
line, demonstrating correct integration of the modified allele into the imclc locus
(Figure 6.1C, top panel). Moreover, the PCR product amplified from parasite line
IMC1c/mCherry-Mutant 1 possessed the unique Xhol recognition sequence
confirming that the cysteine motif mutation was indeed present (Figure 6.1D).
Finally, the absence of the wildtype imclc allele in the transgenic parasite lines was
confirmed by diagnostic PCR  with  primers pDNR-IMClc-F  (P1)
(ACGAAGTTATCAGTCGACGGTACCAAGTGCATTTAGTATGTTGTGGC) and IMC1c-3'R
(P2) (TTAGAGCCGATTTTATCTTGTTACAC), amplifying an expected 2.3kb fragment
from unmodified parental parasites, but not from the clonal transgenic

IMC1c/mCherry lines (Figure 6.1C, bottom panel).
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Figure 6.1. Generation and genetic analyses of mCherry-tagged PbIMC1c parasite lines. A:
Schematic diagram of the unmodified (parental) and modified (IMClc/mCherry) imclc
alleles. The imclc gene is indicated with coding sequence (wide grey bars) and 5 and 3’
untranslated regions (UTRs, narrow grey bars). Also indicated is the relative positions of the
terminal cysteine motif (asterisk), the mCherry module (mCh); the hDHFR selectable marker
gene cassette (hdhfr); and primers used for diagnostic PCR amplification (P1-P4). B: Amino
acid sequences of the carboxy-terminal sequences of PbIMClc in parasite lines
IMC1c/mCherry (unmodified, wildtype sequence) and IMClc/mCherry-Mutant 1. The
conserved cysteines are marked in bold. C: PCR with primers P3 and P4 across the 5’
integration site diagnostic for the presence of the mCherry-tagged pbimclc alleles (top
panel), and PCR with primers P1 and P2 diagnostic for the presence/absence of the
unmodified pbimclc allele (bottom panel), carried out on genomic DNA from clonal
populations of parasite line IMC1c/mCherry-Mutant 1 (lane 1), IMC1lc/mCherry (lane 2) and
unmodified parental parasites (lane 3). D: Xhol restriction enzyme digestion of the PCR
amplicon from C, diagnostic for the presence/absence of the carboxy-terminal cysteine
motif mutation. Cleavage products of 3.7kb and 0.77kb are visible in parasite line
IMC1c/mCherry-Mutant 1 (lane 1), but not in IMC1c/mCherry (lane 2), as expected.
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Parasite lines IMClc/mCherry and IMClc/mCherry-Mutant 1 developed
normally in the mouse and displayed red fluorescence in the asexual blood stages
and macrogametocytes when examined by UV microscopy (data not shown), similar
to the fluorescence reported for parasite line IMC1c/GFP that expresses GFP-tagged
IMC1c (Tremp et al., 2014). Consistent with this observation, western blot analysis
of blood stage parasites of both parasite lines using anti-mCherry antibodies
revealed a strong band of approximately 60kDa, corresponding to the
IMC1c::mCherry fusion proteins (Figure 6.2A). In the mosquito, too, parasite line
IMC1c/mCherry-Mutant 1 developed normally and was indistinguishable from its
wildtype counterpart in terms of IMClc expression level (based on fluorescence
intensity) and subcellular distribution: the latter was concentrated at the cortex of
ookinetes and sporozoites consistent with a localization in the SPN/pellicle (Figure
6.2B). Moreover, both transgenic parasite lines were readily transmitted to naive
mice by sporozoite-infected mosquito bite. These results demonstrate that the
carboxy-terminal cysteine motif of PbIMClc is dispensable for normal protein
function and parasite development in the mouse and mosquito.

Palmitoylation of IMClc was assessed biochemically using a modification of
the acyl-biotin exchange method (Wan et al., 2007). Blood stage parasites from
IMC1c/mCherry and IMClc/mCherry-Mutant 1 were harvested and purified by red
blood cell lysis and three washes in phosphate buffered saline (pH 7.4) to remove
cellular debris. Parasite pellets were dissolved in lysis buffer (50mM Tris-HCI pH 7.2,
1% SDS, 1x protease inhibitor cocktail (PI, Sigma), 5mM EDTA, 1mM TCEP) and then
treated with 40mM N-ethylmaleimide (NEM) overnight at 4°C with nutation to
block free cysteines. SDS, TCEP and NEM were removed from the samples by buffer
exchange on Zeba spin desalting columns (Thermo Scientific) equilibrated with
hydroxylamine (HAM) buffer (1x PBS pH7.4, 1x PI, 5mM EDTA). Each sample was
divided into two equal parts and to each was added an equal volume of HAM buffer
supplemented with 2mM EZ-link HPDP-biotin (Thermo Fisher Scientific) and either
100mM HAM (labelled +HAM) or no HAM (labelled —HAM). Samples were
incubated 2h at room temperature to allow palmitate-biotin exchange, after which

HAM and unbound HPDP-biotin were removed by buffer exchange on Zeba spin
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desalting columns equilibrated with HAM buffer supplemented with 0.1% Triton X-
100. Streptavidin-agarose suspension (Sigma) was added and the mixture incubated
for 1h at room temperature with nutation to allow binding to and subsequent
pulldown of the biotinylated protein fraction. Agarose beads were collected by
centrifugation, twice washed with HAM buffer plus 1% Triton X-100, and finally
resuspended in an equal volume of 2x SDS polyacrylamide gel electrophoresis
sample buffer supplemented with 1% p-mercaptoethanol to release biotinylated
proteins from the streptavidin-agarose beads. Samples were heated at 70°C for
10min prior to fractionation through NuPage 4-12% Bis-Tris precast gels
(Invitrogen).

Western analysis using anti-mCherry antibodies detected IMClc::mCherry
signal in the HAM-treated IMC1c/mCherry (WT) sample that was markedly stronger
than in the HAM-negative control relative to pre-pulldown signals (Figure 6.2C). In
the absence of HAM, palmitate-biotin exchange does not occur, and thus the
increased signal in the HAM-positive sample indicates that PbIMClc is
palmitoylated, which is consistent with the identification of IMClc in the P.
falciparum blood stage palmitoylated proteome (Jones et al., 2012) (the signal in
the HAM-negative sample is likely the result of some incomplete blocking of free
cysteine residues by the earlier NEM treatment). In the IMC1lc/mCherry-Mutant 1
samples IMC1lc::mCherry signals were barely detectable in either -HAM and +HAM
treatments (Figure 6.2C), demonstrating that PbIMClc is palmitoylated on its

carboxy-terminal cysteine motif.
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Figure 6.2. Phenotypic analyses of mCherry-tagged PbIMC1c parasite lines. A: Western
blot using anti-mCherry antibodies of blood stage parasites from parasite line
IMC1c/mCherry (WT) and IMClc/mCherry-Mutant 1 (M1). Positions of molecular weight
markers (PageRuler™ Prestained Protein Ladder +) are shown on the right hand side. B:
Confocal fluorescence and brightfield images of ookinetes (top panels) and sporulating
oocysts (bottom panels) of parasite lines IMClc/mCherry WT and Mutant 1, showing
cortical fluorescence. C: Western blot of blood stage parasite lysates of parasite lines
IMC1c/mCherry (WT) and -Mutant 1 after acyl-biotin exchange in the absence (- HAM) or
presence (+ HAM) of hydroxylamine, before and after pull-down with streptavidin-agarose
beads.
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Discussion

This study provides, to our knowledge, the first biochemical evidence linking
palmitoylation of an alveolin to the terminal cysteine motifs that are present in a
subset of these proteins. As IMCl1c is an essential protein for blood stage parasites
development (Tremp et al., 2014), the lack of an apparent phenotype for the
cysteine mutant reported here indicates that palmitoylation of this protein is in fact
functionally dispensable. One reason for this functional redundancy could be the
fact that Plasmodium zoites express multiple alveolin family members
simultaneously (Al-Khattaf et al., 2015), and assuming that they interact with each
other within the SPN, palmitoylation of other alveolins could compensate for loss of
IMC1c palmitoylation. Alternatively, it may be that palmitoylation of IMClc only
marginally enhances its function and hence contributes a fitness gain to the parasite
that is too small to detect using our assays. The results shown here for IMClc
contrast with those reported for the sporozoite-expressed alveolin IMCla: The
equivalent mutation of the carboxy-terminal cysteine motif in IMCla resulted in a
marked reduction in IMCla protein level in sporozoites, accompanied by significant
reductions in sporozoite size and infectivity, which points to a role for this motif in
alveolin stability (Chapter 5). Given the conserved nature of the alveolin cysteine
motifs it is likely that IMC1a, like IMClc, is palmitoylated on its carboxy-terminal
cysteine motif and hence the markedly reduced IMCla levels observed after
mutating this palmitoylation site show that this alveolin is unstable without the lipid
modification and degraded. Indeed, a similar phenomenon was described for the
palmitoylated and IMC-resident proteins PAMTIP and PfGAP45 (Jones et al., 2012).
What might explain the differences between IMCla and IMClc? Using
guantitative mass spectrometry, Jones and colleagues (Jones et al., 2012) showed
that IMCl1c in P. falciparum blood stage parasites is highly sensitive to treatment
with the PAT inhibitor 2-BMP. Given that absence of palmitoylation does not result
in degradation of IMClc, as shown here (Figure 6.2A), its sensitivity to 2-BMP
indicates that its palmitoylation status is highly dynamic (Jones et al., 2012). Indeed,
extensive palmitoyl cycling implies that IMClc would spend a considerable part of
its lifetime in a non-palmitoylated state and it makes sense therefore that it should
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be stable in the absence of this lipid modification. Conversely, the instability of
IMC1a, and proteins like GAP45, MTIP, in the enforced absence of palmitoylation
implies that they are normally in a more stable state of palmitoylation. As this study
shows, non-palmitoylated IMClc remains biologically active. Likewise, IMCla
protein with mutated cysteine motifs remains functional, as inferred from the
intermediate phenotypes of the IMCla cysteine motif mutants (Chapter 5). These
combined observations suggests that the anti-parasitic activity of PAT inhibitors like
2-BMP is perhaps not so much caused by changes in protein activity that may
accompany imposed absence of palmitoylation, but rather by the resulting

instability and degradation of a subset of PAT substrates.
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The body of work presented in this thesis has achieved significant advances in our
understanding of the Plasmodium alveolins. For example, we have identified two
alveolins, IMC1c and IMCle, that are expressed in blood stage parasites and this
study shows for the first time that alveolins are essential for blood stage parasite
development (Chapter 3). This is important because it is blood stage infection that
causes the clinical symptoms in malaria patients. Because the vital function of these
two alveolins prevents the generation of knockout parasite lines in the conventional
way, as this is dependent on drug selection in the mouse, we have not been able to
determine the contribution of these two alveolins in ookinetes and sporozoites
where they are also expressed. Disruption of IMCle and IMClc in ookinetes and
sporozoites could be achieved by a 'promoter swapping' strategy, in which the
native promoters are switched with that of another gene that is expressed in blood
stage parasites, but not in the mosquito stages. This allows generation of parasites
that are effectively mosquito stage-specific knockouts. It would be particularly
interesting to test if the formation of normal-shaped ookinetes and sporozoites is
possible in the absence of IMC1c, which we predict to be the case given that IMClc
is recruited to the SPN after the zoites have formed.

Chapter 3 also highlights surprising differences in alveolin gene expression in
the sexual stages. While IMCle is translationally repressed in gametocytes and
expressed as protein only after fertilization, IMC1c is already expressed as protein in
female gametocytes, and is expressed from both maternally and paternally-
inherited alleles in the ookinete. IMClc is nonetheless predicted to be
translationally repressed (a phenomenon restricted to female gametocytes) and the
observed protein expression of IMClc in female gametocytes may be the first
reported case of 'partial' or 'leaky' translational repression. Available transcriptome
data (available via PlasmoDB) indicate that the alveolins IMC1l and IMC1m may
have a different gene expression strategy in the sexual stages, because they appear
to have high transcript levels only in ookinetes and are not predicted to be
translationally repressed, unlike the other ookinete-expressed alveolins. The

biological relevance of these different expression strategies is unclear and we can
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shed light on this by studying GFP-tagged and knockout parasite lines of IMC1l| and
IMC1m.

Our studies have also revealed for the first time a level of redundancy
among the alveolins, as the knockout of IMC1d did not show any apparent loss-of-
function phenotypes (Chapter 4). Indeed, every alveolin studied so far has revealed
interesting new aspects of this group of cytoskeletal proteins, and completing the
functional characterization of the remaining family members (IMC1f, IMC1j, IMC1k)
should be carried out and may provide further new insight into how this protein

family operates in Plasmodium.

Chapters 5 and 6 of this thesis dealt with the conserved cysteine motifs found in a
subset of the alveolins, and their suspected involvement with post-translational
palmitoylation. Various proteomics studies predict six alveolins to be expressed in
blood stage parasites (i.e. IMClc, e, f, g, k and [), but only two (IMC1c and g) have
been detected in the blood stage palmitome (Jones et al., 2012). Only the latter two
alveolins possess conserved cysteine motifs, providing compelling circumstantial
evidence for a link between these motifs and palmitoylation. The results obtained
with IMC1a show that removal of the cysteine motifs renders the protein unstable
and prone to degradation (Chapter 5). Protein instability and degradation also
appears to be the fate of at least two proteins that reside in the pellicle (GAP45,
MTIP) when their palmitoylation is prevented either using PAT inhibitors or
mutagenesis of palmitoylation sites (Jones et al., 2012). This adds compelling
support to the hypothesis that IMCla is indeed palmitoylated via its terminal
cysteine motifs. We do however not have direct biochemical evidence that IMCla is
a palmitoylated protein, and future studies will be carried out to address this using
a biochemical approach such as ABE.

Our study in Chapter 6 presents the first conclusive link between the
cysteine motif and palmitoylation, as we show that mutagenesis of the motif
prevents palmitoylation. The results obtained from the IMCla study indicates that
the double cysteine rather than the single cysteine within the cysteine motif

constitutes the palmitoylation site. This hypothesis could be tested by further
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mutagenesis of the cysteine motif of IMClc combined with the successful
palmitoylation assay of IMClc/mCherry blood stage parasites (Chapter 6), which
should enable us to determine exactly which of the cysteine residues is/are
palmitoylated. The question remains whether alveolins that do not naturally have a
terminal cysteine motif can still be palmitoylated on other cysteines. This question
could be addressed by carrying out the palmitoylation assay on for example parasite
lines IMC1e/GFP (does not have a cysteine motif) and use anti-GFP antibodies to
detect the fusion proteins in western blot. Conversely, a cysteine motifs could be
artificially introduced into this alveolins by allelic replacement to see whether that
changes its palmitoylation status (if not already palmitoylated) and if so what the
effect is on parasite development.

A surprising result was the difference in behaviour of IMCla and IMC1c upon
mutagenesis of their carboxy-terminal cysteine motif. While IMCla becomes
unstable and is degraded, IMC1c remains stable and seemingly fully functional. We
do know from studies in P. falciparum that the palmitoylation of IMC1c (and IMC1g)
is severely affected by the PAT inhibitor 2-BMP, and this points to a highly dynamic
palmitoylation status of this alveolin. In contrast, the instability of IMCla in the
absence of a palmitoyl group (Chapter 5) indicates that it is normally in a stable
state of palmitoylation. IMC1a, like most of the alveolins that have been studied, is
recruited to the SPN at an early stage of zoite formation. It is tempting to speculate
that the palmitoylation dynamics of an alveolin have a bearing on its function/mode
of action and perhaps stable palmitoylation is linked to early recruitment to the
pellicle (e.g. IMCla) while dynamic palmitoylation is linked to late pellicle

recruitment as shown for IMClc.

Our results showing that the alveolin domain is composed of tandem repeats of
typically 12 amino acids (Chapter 4) has significantly advanced our understanding of
alveolin structure, and supports the notion that there is an evolutionary link with
articulins and plateins that are found in other protists. This knowledge could be
used to generate 'synthetic' alveolins by tandemly linking variable numbers of

consensus 12 amino acid repeat sequences. This could be tested by expressing
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synthetic alvolins (with a GFP tag) in transgenic parasites and looking for SPN
targeting. Moreover, it might be possible to rescue the phenotype of alveolin
knockouts by replacing it with a synthetic version. The essential nature of the
alveolins in malaria parasite development, their expression throughout the life
cycle, and their absence in vertebrates makes them attractive drug targets for
malaria treatment, prophylaxis and transmission control. Moreover, such drugs may
be active against a broad range of other apicomplexan parasites, as well as against
related pathogenic protozoans. In this context a better understanding of the core
architecture of the alveolins and their assembly mechanisms is vital, and one aim
should be to determine the atomic structure of the alveolins by X-ray

crystallography.
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