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Abstract 

The invasive and transmission stages of the malaria parasite Plasmodium 

falciparum express several proteins with domains implicated in host-parasite 

interactions, that are potential vaccine candidates or drug targets. The expression 

patterns of two proteins PfTRAMP (Plasmodium Related Apical Merozoite Protein) 

and PCRAGS (Plasmodium cysteine related antigen of gametocytes and schizonts), 

containing such putative domains, are examined and their potential roles in 

merozoite invasion and egress are discussed. PfTRAMP has a possible role in 

merozoite invasion. Transcription occurs in mature schizonts as shown by Northern 

blot. Recombinant protein was successfully expressed in insect cells indicating that 

this eukaryotic system can be utilised for the expression of Plasmodium proteins. 

PCRAGS is a member of the Plasmodium Cysteine Repeat Modular Proteins 

(PCRMPs), a family of high molecular weight proteins with highly conserved, 

cysteine-rich regions and multipass transmembrane domains. The gene encodes a 

signal sequence, a truncated extracellular domain, an EGF-like domain and a 

multipass-transmembrane domain. PCRAGS is highly conserved in Plasmodium spp 

and other Apicomplexa. The extracellular domain has been under purifying selection, 

suggesting that the sequence or the structure of this domain is important for function. 

The gene is transcribed throughout the asexual erythrocytic cycle and is expressed in 

both gametocytes and schizonts in P. falciparum and in the rodent malaria P.berghei. 

Antibodies raised against a short peptide in the C-terminus detect PfCRAGS during 
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schizont rupture and in mature segmenting schizonts but not in merozoites. Western 

blotting showed that PfCRAGS is present in the membrane fraction. Co-localisation 

studies showed that PfCRAGS is associated with the infected erythrocyte membrane, 

suggesting a role in merozoite egress. PfCRAGS is also expressed in stage II-IV 

male gametocytes in association with a membrane and is the earliest known male 

specific protein expressed. Gene knock-out of pbcrags in P. berghei showed that 

PbCRAGS is not essential for asexual development. In vivo evaluation of phenotype 

showed that pbcrags knock-out parasites are less virulent than wildtype parasites and 

have an increased gametocyte production in a non-susceptible host. The unique 

expression and localisation pattern of PfCRAGS in combination with putative host-

parasite binding domains implicate this novel protein as a potential vaccine candidate 

or drug target. 
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1.1 Malaria and the Plasmodium falciparum life cycle 

Malaria is a devastating parasitic disease that currently affects a staggering 

500 million people and causes 1-3.5 million deaths annually across the globe (figure 

1.1.1), which is almost certainly an underestimate (Snow et al., 2005). 90% of cases 

occur in Sub-Saharan Africa and the majority of these are in children under 5 years 

old (Roll Back Malaria, www.rollbackmalaria.org., 2005). Malaria is a disease of 

socio-economic importance and can be held partially accountable for propagating the 

cycle of poverty in the developing world.  

 

 

Figure 1.1.1: The global distribution of clinical malaria cases resulting from infection with any 

Plasmodium species in 2004 (http://rbm.who.int/wmr2005/html/map3.htm). 
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Malaria is caused by a protozoan parasite of the genus Plasmodium and there 

are four species that infect humans: P. vivax, P. ovale, P. malariae and P. 

falciparum. P. falciparum is responsible for the majority of morbidity and death 

associated with clinical or severe disease. The parasite is transmitted to the human 

host through the bite of an Anopheles spp mosquito. As the insect takes a blood meal 

hundreds of infective sporozoites are injected into the bloodstream. These infective 

forms subsequently invade hepatocytes before differentiating into schizonts that 

rupture to release merozoites into the blood stream. Merozoites invade erythrocytes 

and differentiate into ring forms and then into trophozoite feeding forms, which 

undergo schizogeny to form a schizont containing 16-32 daughter nuclei or 

merozoites. These then rupture to continue the asexual cycle that lasts 48 hours 

(Figure 1.1.2). The asexual cycle is responsible for the clinical symptoms observed in 

patients, such as a periodic fever that correlates with schizont rupture. In each cycle, 

some schizonts opt out of the asexual cycle and commit to sexual development to 

form either female or male gametocytes, which are transmitted to the mosquito. Once 

inside the mosquito gut, a phenomenon known as exflagellation occurs which 

involves the release of male gametes from the erythrocyte (Nijhout and Carter., 

1978). Female and male gametes that escape the erythrocyte fertilise each other to 

form a zygote. The resulting ookinete transverses the peritrophic membrane in the 

midgut to the haemocoel where it transforms into an oocyst, that produces thousands 

of sporozoites. These migrate to the salivary glands and are released into the 

bloodstream of another human host by the insect vector.  

The Plasmodium life cycle is extremely complex and at each stage the 

parasite expresses a variety of proteins involved in host-parasite interactions and 

these are potential vaccine candidates or drug targets. The function of a protein is 

linked to the stage of expression, for example, merozoite proteins are involved in 

invasion and are therefore targets for blocking the asexual cycle. Targeting 

gametocyte proteins could prevent transmission to the mosquito. It is therefore 

important to identify host-parasite interactive proteins and their possible functions as 

part of vaccine research and development. 
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Figure 1.1.2: The Plasmodium falciparum life cycle (http://www.dpd.cdc.govidpdx). 

1.2 Commitment to gametocytogenesis and sex determination 

 During asexual growth a proportion of asexual parasites opt out of the 

cell cycle and differentiate into either male or female sexual stage gametocytes. 

These are transmitted to the Anopheline mosquito vector. Two models of 

commitment to gametocytogenesis have been described (Carter and Miller., 1979). 

The first model suggests that commitment occurs in the newly invaded merozoite 

where the cell either remains as an asexual parasite and develops into a ring stage or 

alternatively commits and differentiates into a gametocyte (figure 1.2.1B). In the 

second model, commitment occurs in the schizont to release a progeny of invading 
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merozoites that are all committed to gametocyte development (figure 1.2.1B). There 

is more evidence to support the latter model, for example, it is common to find 

doubly infected cells with either two gametocytes or two asexual parasites which 

have developed from merozoites from the same schizont (Jensen., 1979). Plaque 

assays have shown that all progeny from a single schizont went on to develop into 

either asexual or sexual parasites (Inselburg et al.,1983, Bruce et al., 1990). 

Although there were some mixed plaques containing both gametocytes and 

schizonts, these can now be accounted for by multiple invasion of red blood cells. 

This data was supported by Smith et al, 2000, who also used plaque assays to 

examine female and male commitment. Plaques were found to consist of either male 

or female gametocytes. Also recently, early gametocyte specific genes were found to 

be expressed in schizonts (Gardiner et al., 2005, Eksi et al., 2005). In P.vivax 

infection gametocytes are found present in the blood before a round of asexual 

replication has occurred which suggests that possible commitment to 

gametocytogenesis also occurs in pre-erythrocytic stages (James et al., 1936). 

Plasmodium falciparum produces male and female gametocytes that are 

distinct in terms of morphology and protein expression. The asexual genome 

contains information for differentiation into both males and females. The ratio of 

male to female gametocytes varies throughout infection and between different cell 

lines although generally a female biased population of about three females to one 

male is observed. It is possible that differentiation to one of the sexes is default and 

the parasite requires an environmental signal to activate a signal transduction 

pathway that causes differentiation into the opposite sex (Smith et al., 2002). Under 

certain environmental conditions the sex ratio is altered, for example, anaemia and 

erythropoiesis are linked to an increase in male gametocyte production (Reviewed in 

Talman., 2004, Paul et al., 2000). Silvestrini et al., 2000, and Smith et al., 2000, 

showed that all progeny released from a single committed schizont developed into 

the same sex of gametocytes, producing clusters of either female or male 

gametocytes on red blood cell monolayers. There are three models suggested for sex 

determination but this current evidence supports model 2 (figure 1.2.1B). 
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Figure 1.2.1: Morphological stages of gametocyte development and models of commitment to 

sexual differentiation and sex determination. 

A shows giemsa smears of gametocyte stages I-V (www.orion.it.luc.edu). 

B shows schematic diagrams of models proposed for commitment to gametocytogenesis and for 

differentation to male or female gametocytes (Smith et al., 2000, Parasitology; 121: 127-133). 

 

Gametocytes undergo five distinct morphological stages of development 

before reaching maturity (Talman et al., 2004) (figure 1.2.1A), which takes 8-10 

days in P. falciparum. A network of subpellicular microtubules leads to the 

formation of the crescent shaped gametocyte observed at stage II. The microtubules 

consist of α-tubulin and β-tubulin (reviewed in Alano and Carter., 1990) and 

rearrangement of these structures are responsible for changes in gametocyte shape 

throughout development.  

Commitment to gametocytogenesis is triggered in response to environmental 

stimuli. This was first recognised when it was shown that changes in growth 

conditions affect the proportion of parasites that become gametocytes (Carter and 

Miller., 1979). Treatment of infected patients with the antimalarial drugs 

pyrimethamine and proguanil, both inhibitors of nucleic acid synthesis, leads to an 

increase in circulating gametocytes (reviewed in Alano and Carter., 1990). Treatment 

of P.chabaudi infections with chloroquine also results in an increase in 

gametocytogenesis. This is thought to be driven by the killing of asexuals, as 

unfavourable conditions for asexual growth leads to an increase in conversion rate 

resulting in higher gametocyte production (Buckling et al., 1999). If asexual stages 

are threatened the parasite puts a greater investment into reproductive stages to 

increase transmission potential and the chance to infect a subsequent host (Buckling 

et al., 1999). Several other environmental factors increase gametocyte production 

such as host immune factors (Smalley et al., 1981), erythrocyte lysate (Schneweis et 

al., 1991) cholera toxin (Dyer and Day., 2000b) and the addition of the trypanocidal 

drug Berenil to culture medium (Ono et al., 1993). Gametocytogenesis is also 

stimulated by growing parasites in conditioned culture medium that has previously 

been used to culture parasites for six days. Exposure to this medium leads to an 
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increase in the number of stage II-III gametocytes (Williams., 1999). In contrast, the 

addition of fresh red blood cells leads to a reduction in conversion rate (Carter and 

Miller., 1979). The levels of asexual parasitaemia are also closely linked to 

gametocytaemia (reviewed in Dyer and Day., 2000a).  

Since changes in the external environment can affect gametocytogenesis, this 

suggests that the parasites are able to sense their surroundings and respond 

accordingly through a signaling system that regulates transcriptional control. There is 

evidence of a signal transduction pathway dependant upon cyclic-AMP (cAMP) 

during commitment (Read and Mikkelson., 1991). Two adenylyl cyclases have been 

identified in the Plasmodium genome which provides further evidence for a tightly 

regulated pathway allowing the parasite to respond to its environment by altering 

gene expression (reviewed in Baker and Kelly., 2004a). There is some evidence that 

a G protein α subunit exists in Plasmodium falciparum which suggests that a G 

protein coupled signaling pathway is involved in the induction of gametocytogenesis 

(Dyer and Day., 2000b). These, or similar functional proteins, would bridge the link 

between the attachment of an external ligand to the parasite and the control of 

differentiation through a camp signaling cascade. This signal could lead to the 

generation of transcription factors for the expression of genes involved in 

differentiation. However, no G-proteins have been identified in the Plasmodium 

databases (Baker and Kelly., 2004b) and the two adenylyl cyclases have catalytic 

domain sequences which suggests that they function in a G protein independent 

manner (Dr David Baker., personal communication). There is evidence to suggest 

that host erythrocytes contain G protein α subunits that mediate parasite entry into 

the cell via signaling (Harrison et al., 2003). It is therefore possible that the G protein 

α subunits previously identified (Dyer and Day., 2000b) were derived from the host. 

By using the Plasmodium gene database in conjunction with microarray data, 

several genes potentially involved in the transition from asexual to sexual stage 

parasites have been identified. The novel gene, P. falciparum gene implicated in 

gametocytogenesis (pfgig), is transcribed in late schizont stages and evidence 

suggests it has a role in differentiation. Disrupting this gene results in decreased 

gametocyte production (Gardiner et al., 2005). Two other early gametocyte specific 

genes, Pfg14.748 and Pfg14.744, which are part of a large subtelomeric gene family, 
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are expressed in late schizonts or newly invaded rings that are committed to 

gametocytogenesis (Eksi et al., 2005).  

Cultured parasite lines often lose their ability to produce gametocytes after 

continuous in vitro passage which may result from either a lack of selective pressure 

to be transmitted or over-growth of non-gametocyte producers. This is often 

irreversible and suggests that a genetic component is involved. These mutant cell 

lines can be used to study genes involved in gametocytogenesis by comparing the 

genome with those of gametocyte producers. In some lines the inability to produce 

gametocytes is associated with a subtelomeric deletion on chromosome 9 (Day et al., 

1993). However, this is not the only genetic determinant affecting gametocyte 

production. Other lines, such as F12, are still unable to produce gametocytes but 

maintain an intact chromosome 9. F12 does not express gametocyte specific proteins 

such as Pfg27 or Pfs230 but there are no differences in the genomic DNA size of 

these gametocyte genes compared to the gametocyte producer 3D7, shown by 

Southern blot (Alano et al., 1995a). Recently, microarray data has shown that there 

are few differences between the transcriptomes of 3D7 and F12. This suggests that 

most genes involved in commitment are posttranscriptionally regulated (Silvestrini et 

al., 2005). However, there are reduced levels of transcripts for kinases and 

transcription factors in the F12 line. This implies a defect in very early commitment 

to gametocytogenesis and possibly in a differentiation signaling pathway (Gissot et 

al., 2004). F12 is a useful line to use to look at proteins expressed at asexual stages in 

the absence of gametocytes. 

1.3 Proteins of gametocytes and transmission blocking vaccines 

 Gametocyte proteins that are expressed throughout gametocyte development 

and are also exposed to the host immune system have been implicated as potential 

targets for transmission blocking vaccines. Such vaccines could prevent commitment 

and differentiation, gametocyte development, exflagellation or fertilization of 

gametes. I will focus on the most promising and well characterised vaccine 

candidates that can also be used as reliable markers to detect either early or mature 

gametocytes. Antibodies to these antigens were used in experiments to determine the 

expression pattern of PfCRAGS (chapter 4).  
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Two sexually specific proteins, Pfg27/25 and Pfs16, are expressed in early 

gametocyte development when the morphology of the parasite is indistinguishable 

from a trophozoite. Both are readily upregulated at the RNA level in gametocytes 

when compared to asexual parasites (Silvestrini et al., 2005). Pfs16 is the first of 

these two proteins to be expressed. Transcription occurs before 24 hours in young 

ring stage parasites that are committed to gametocytogenesis but it cannot be 

detected in committed schizonts (Dechering et al., 1997). Protein is detected between 

30-40 hours post-invasion and localises to the PVM (parasitophorous vacuolar 

membrane) (Bruce et al., 1994, Baker et al, 1994). Transcription and expression in 

both male and female gametocytes continues throughout development to maturity but 

peak expression occurs at stages I and II. RNA continues to be transcribed in 

macrogametes but is posttranscriptionally modified, causing a reduction in transcript 

levels and protein expression (Dechering et al., 1997). Pfs16 gene disruption does 

not affect gametocyte development or differentiation into male or female 

gametocytes (Kongkasuriyachai et al., 2004). However, gametocyte production and 

male infectivity are reduced suggesting that Pfs16 is involved in the development of 

viable transmissible gametocytes. Natural antibodies to Pfs16 have been found in 

two geographically separate human populations (Baker et al., 1996). The PVM is lost 

during gametogenesis and so it is unlikely that antibodies against this protein could 

serve as an effective transmission blocking vaccine. However, microarray data detect 

Pfs16 in sporozoites (Le Roch et al., 2003) and antibodies to recombinant Pfs16 can 

block invasion of hepatocytes (Moelans et al., 1995). 

 Pfg27/25 is a sub-telomeric gene located on chromosome 13 (Sallicandro et 

al., 2000) that is expressed as protein in the parasite cytoplasm and represents 5-10% 

of the total protein expressed in the gametocyte. Expression occurs at around 30-40 

hours post-invasion (Carter et al., 1989), peaks at stage II and continues throughout 

gametocyte development. It is not present on gametes. Disruption of the genomic 

locus showed that Pfg27 is essential for development (Lobo et al., 1999). 

Gametocytes still express Pfs16 but sexual development is aborted at stage I. Two 

overlapping epitopes of Pfg27 are recognised by transmission blocking monoclonal 

antibodies. Antibodies to the full native Pfg27 can be raised in mice by using a 

peptide from this epitope (Ploton et al., 1995). Natural antibodies have also been 
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found to Pfg27 in the sera of people living in endemic regions of Thailand and 

Papua-New Guinea (Ploton et al., 1995). However, this antigen is an unusual vaccine 

candidate due to its cytoplasmic location.  

It is important to identify other genes of early gametocyte development to 

gain a greater insight into the processes involved in sexual development as well as 

identifying novel antigens as potential vaccine candidates. Two such genes have 

recently been identified; pfpeg-3 and pfpeg-4 that are expressed at stage I and stage 

II, respectively (Silvestrini et al., 2005). 

 Two of the most promising transmission blocking vaccine candidates 

expressed in mature gametocytes are Pfs230 and P48/45, which are both part of a 

superfamily of proteins that possess unique 6 cysteine motif domains (Templeton and 

Kaslow., 1999). These proteins are synthesised at gametocyte stages, expressed on 

the surface of gametes and form a molecular complex with each other (Kumar., 

1987). Pfs230 is located on chromosome 2 and is expressed from stage III on the 

parasite plasma membrane. On emergence of the gamete the protein is processed and 

a smaller form is found on the gamete surface (Williamson et al., 1996). This 

proteolytic cleavage occurs before the parasite is released from the red blood cell 

(Brooks and Williamson., 2000). Recently it has been shown that Pfs230 is involved 

in binding to red blood cells, during exflagellation of the male gamete, to form 

exflagellation centres. Female gametes were unaffected by knocking out the gene for 

Pfs230 but males were unable to interact with host cells which led to a reduction in 

fertilization and oocyst numbers (Eksi et al., 2006). Biochemical evidence and 

immunoprecipitations show that Pfg230 is present on both male and female gametes 

in P. gallinaceum (Kaushal and Carter., 1984). Although there is no direct evidence 

to show the sex specificity of Pfs230 in P. falciparum, recent proteomic data has 

shown that Pbs230 is male gametocyte specific in P. berghei (Khan et al., 2005). 

There are two paralogues of Pfs230 arranged in tandem. The paralogue PfMR5 ; 

PfB0400w is expressed in male stage V gametocytes (Eksi and Williamson., 2002) 

and PFB0405w is expressed on both sexes.. Now that these large molecular weight 

paralogues have been identified, the data by Kaushal and Carter (1984) showing 

Pfg230 on both sexes is not as convincing as it is possible the sera raised against 

whole parasite extracts cross-reacted with these proteins. 
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Pfs48/45 is located on chromosome 13 and is expressed from stage II 

onwards on the gametocyte surface in both males and females where it is attached by 

a glycosylphosphatidylinositol anchor (Vermeulen et al., 1986). Gene disruption 

leads to a reduced male gamete fertility only and results in decreased mosquito 

infectivity (van Dijk et al., 2001). Monoclonal antibodies against Pfs48/45 

(Vermeulen et al., 1985) and Pfs230 (Quakyi et al., 1987) prevented infectivity of 

gametocytes to the mosquito, as did antibodies raised to a recombinant form of 

Pfs230 (Williamson et al., 1995). Antibodies to Pfs230 have also been found in the 

natural population (Roeffen et al., 1995). There is substantial polymorphism in 

Pfs230 between clones which is probably due to immune selection pressure. 

Although there are geographically distinct populations of the Pfs48/45 there is less 

polymorphism found in the protein compared to Pfs230 (Niederwieser et al., 2001), 

which possibly means that it is a more suitable vaccine candidate. Antibodies have 

been found in the natural population of infected patients from Cameroon that 

compete with the Pfs48/45 monoclonal transmission blocking antibodies (Roeffen et 

al., 1996). 

 Proteins specific to either male and female gametocytes have also been 

identified. The P. falciparum male development gene 1 (Pfmdv-1) is expressed in all 

sexual stages of development peaking at stage III-IV. It is located on the PVM and 

erythrocyte cleft-like structures. Gene disruption arrests most male sexual 

development at stage I and parasites show disrupted membranes (Furuya et al., 2005) 

as well as a reduction in mosquito infectivity. α-tubulin II was initially shown to be a 

male gametocyte specific gene (Rawlings et al., 1992) but it has now been shown to 

be expressed in asexual stages, female gametocytes, ookinetes and oocysts in P. 

berghei, but at lower levels than in male gametocytes (Kooij et al., 2005). It is 

essential for asexual development. 

 The female specific antigen Pfg377 was identified through cross-reaction of 

an epitope with Pfs230 (Alano et al., 1995b). The gene is located on chromosome 12 

and it is expressed as protein at stage III in the osmophilic bodies that are involved in 

egress of the female gametocyte in the mosquito midgut (Severini et al., 1999). The 

only other female specific protein known is Pf77, which has an unknown function 

(Baker et al., 1995). However, recently a proteomic analysis of gametocyte stages in 
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P. berghei has identified several proteins specific to male or female gametocytes 

(Khan et al., 2005). Further analysis of these proteins may lead to the identification 

of genes involved in gametogenesis and sex recognition. 

1.4 Mechanisms of merozoite egress 

The mechanisms leading to merozoite release are widely disputed and several 

models have been suggested for schizont rupture. The merozoites, during late 

schizogony, are enclosed within two membranes: the host erythrocyte membrane and 

the parasitophorous vacuole membrane (PVM). It has been demonstrated that 

proteases play an important role in merozoite release (Lyons and Haynes., 1986, 

Hadley et al., 1983) by degrading the erythrocyte cytoskeleton. There is evidence of 

degradation of erythrocyte membrane components ankyrin and protein 4.1, which is 

likely to be due to a parasite derived cysteine protease (Raphael et al., 2000). The 

cysteine protease falcipain-2 has been shown to cleave ankyrin at the COOH-

terminus and protein 4.1 in the spectrin-actin binding domain (Dhawan et al., 2003). 

Proteases which preferentially degrade spectrin have also been identified (Deguercy 

et al., 1990). Degradation of erythrocyte components is likely to cause the skeletal 

network to become destabilised. Protease inhibitors have also been shown to prevent 

schizont rupture (Lyon and Haynes., 1986) and cysteine protease inhibitor dibenzyl 

aziridine-2,3-dicarboxylate (bADA) prevents merozoite release by blocking rupture 

of the erythrocyte membrane but not the PVM (Gelhaus et al., 2005). Proteases that 

degrade erythrocyte components are also involved in merozoite invasion of red blood 

cells. The serine protease gp76 has been shown to degrade band 3 and glycophorin A 

(Roggwiller et al., 1996).  

A decrease in energetic charge in the infected erythrocyte also occurs prior to 

schizont rupture (Yamada and Sherman., 1980). This may interrupt the osmotic 

gradient in the cell resulting in cell lysis. Pore-forming proteins have been detected 

in Leishmania (Noronha et al., 1994, Noronha et al., 1996, Noronha et al., 2000). 

The genes encoding these proteins have not yet been identified (Professor M Leippe., 

personal communication) but it is possible that homologues also exist in Plasmodium 

and these proteins allow the merozoites to escape from the host cell.  
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Dvorak et al (1975) described the rupture of schizonts as an explosive event 

where the infected cell swells nine seconds before rupture. The membrane then 

becomes distorted and vesiculated releasing the merozoites with an “explosive 

suddeness”. In contrast, Winograd et al (1999) concluded that the event of merozoite 

release was not explosive but rather that the merozoites pass through a small opening 

in the host cell membrane, remaining in a cluster and leaving behind an erythrocyte 

ghost. Clavijo et al (1998) observed that membranous structures were identified in 

cultures following schizont rupture, which appeared to consist of erythrocyte and 

PVM membranes as well as electron dense material that does not contain DNA. 

Structures connecting the two membranes were also observed. It was proposed that 

the mechanism of release involved the fusion of the two membranes, which occurred 

after modifications to the erythrocyte skeleton, to form a duct to allow the merozoites 

to escape.  

Salmon et al (2001) showed that culturing parasites in the presence of 

cysteine protease inhibitor E64, at a concentration of 10µM, resulted in clusters of 

merozoites contained within a thin membrane derived from the PVM. The 

erythrocyte membrane still ruptured. Removal of E64 then allowed the merozoites to 

be released from the second membrane. It was proposed that merozoite release was a 

two-step process caused by the rupture of the erythrocyte membrane followed by the 

PVM. E64 has previously been shown to inhibit spectrinase activity caused by P. 

falciparum and P. berghei extracts, at a concentration of 100µM, which shows E64 

also has the ability to prevent rupture of the erythrocyte membrane (Deguercy et al., 

1990). In my opinion, these experiments show that a lower concentration of cysteine 

protease is required to rupture the erythrocyte membrane than the PVM and also that 

a cysteine protease is necessary for the rupture of the PVM. They do not take into 

account that rupture may not be solely dependant on a cysteine protease and in situ 

other proteases may be produced which act on the erythrocyte membrane before or at 

the same time as those acting on the PVM. Therefore it cannot be concluded from 

using one protease inhibitor that this is the order in which rupture occurs. Wickham 

et al., 2003, also described schizont rupture as a two step process but disputed the 

evidence by Salmon et al by showing that the PVM ruptures before the erythrocyte 

membrane. This was determined using GFP-KAHRP fusion proteins that were 
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targeted to either the erythrocyte surface or the PVM. Rupture of both membranes 

must take place for merozoite release but the order in which this occurs remains 

unclear. Merozoites can utilise different pathways for invasion and therefore it may 

be possible that they can also utilise different pathways for rupture. 

Recently, Glushokova et al., 2005 have provided good evidence that the 

release of merozoites is in fact an explosive event, as originally first observed 

(Dvorak et al., 1975). Biotinylated erythrocyte and PVM membranes were labeled 

with streptavidin-quantum dots. Schizonts formed an irregular shape a few hours 

prior to rupture. These schizonts then became more rounded with a slightly ruffled 

membrane a few minutes before merozoite release and these forms were termed 

“flowers”. The merozoites were released in an explosive motion and both erythrocyte 

membrane and PVM became vesiculated into different sized blobs, the smaller blobs 

moving away from the exploded erythrocyte at a faster rate than the larger ones. 

Their proposed model is shown in figure 1.4.1. They also provide evidence to 

explain the inaccuracies of the other models. In a small percentage of ruptured 

schizonts, where the merozoites were not completely separate, the membranes 

remained fused together. The exposure to illumination from the light microscope also 

caused immature parasites to be released from the cell without disrupting the rest of 

the erythrocyte membrane. Trager (unpublished) also recorded that only under 

suboptimal conditions merozoites were released in clusters gently from the cell rather 

than in an explosive event (Lew., 2005). 
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Figure 1.4.1: The Pathway for the Release of Mature Parasites from Infected Red Blood Cells. 

(Glushukova et al., Current Biology; Vol 15:1645-1650). 

 

1.5 Host cell invasion and the Apical complex 

Plasmodium is part of the genus Apicomplexa that encompasses a set of 

protozoa and several pathogens of medical and economic importance such as 

Toxoplasma, Cryptosporidium, Theileria, Babesia and Eimeria. All members of the 

phylum have characteristic organelles within the apical complex involved in the 

secretion of proteins that interact with host molecules and are essential for invasion. 

In Plasmodium these organelles are found in the zoite or invasive stages of the 

parasite life cycle.  
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The rhoptries are the largest membrane bound apical organelles and there are 

two of these found in both the merozoites and the sporozoites. They consist of two 

regions; a basal bulb and an apical duct (Bannister et al., 2001). The micronemes are 

smaller than rhoptries and exist in larger numbers within the parasite. The number 

present appears to be dependant upon the size of the zoite e.g. few in merozoites and 

many in sporozoites. Both the rhoptries and the micronemes release their proteins 

apically. A third set of organelles known as dense granules secrete proteins from the 

periphery of the parasite into the parasitophorous vacuole (PV) following merozoite 

invasion (Aikawa et al., 1990). RESA is a protein of young rings that is released in 

this manner and is believed to cross the Parasitophorous Vacuole Membrane (pvm) 

to become inserted into the erythrocyte cytoskeleton (Aikawa et al., 1990, Foley et 

al., 1991, Da Silva et al., 1994). The ultrastructure of the merozoite and the 

sporozoite showing the organelles at the apical complex are shown in figure 1.5.1A 

and 1.5.1B, respectively. 
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Figure 1.5.1: The ultrastructure of the merozoite (A) and sporozoite (B) showing the apical 

complex and organelles. 

A. Bannister et al., 2000, Parasitology Today; 16: 427-433 

B. Kappe et al., 2004, Annual Review of Cell and Developmental Biology; 20: 29-5 
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When a merozoite invades an erythrocyte it is presumed to actively 

translocate itself across the red cell membrane, as erythrocytes do not have 

phagocytic activity. Recognition of the target cell and apical reorientation, which 

may require motility, precedes irreversible attachment to the erythrocyte and the 

formation of a tight junction between the parasite and the host cell (Aikawa et al., 

1978). This is mediated by binding of the parasite receptors: merozoite surface 

protein 1 (MSP1), erythrocyte binding like (EBL) family members and possibly 

apical membrane antigen (AMA-1), to ligands on the erythrocyte (reviewed Pinder et 

al., 2000). The invasion process is complete within 10-20 seconds from attachment 

(Dvorak., 1975). There are at least four different invasion pathways for P. falciparum 

merozoites resulting from multiple ligand-receptor associations that the parasite has 

evolved to decrease the chance of recognition and destruction by the immune system 

or to allow invasion into a wider range of host red blood cells (reviewed in Cowman 

and Crabb., 2002). Secretion from the rhoptries initiates the invagination of the red 

cell membrane allowing the merozoite to move into the cell. The electron-dense 

junction moves over the merozoite surface to join at the posterior to form the PVM 

consisting of material secreted by the rhoptries and the host cell lipid bilayer. The 

merozoite protein gp76 interferes with the erythrocyte cytoskeleton to allow the 

incorporation of phospholipids into the membrane to form part of the PVM 

(Roggwiller et al., 1996).  

It is unclear whether there is an actomyosin motor driving invasion in the 

merozoite as no actin filaments have been detected. However, a small single headed 

myosin protein PfmyoA has been identified and it is found located predominantly at 

the anterior pole in mature merozoites and therefore thought to be a motor protein 

involved in invasion (Pinder at al., 1998). Two actin genes are expressed in P. 

falciparum and PfActin1 is expressed throughout the life cycle (Wesseling., 1988). 

Other evidence supporting the involvement of actin in motility was shown by 

treating parasites with cytochalasin B, an actin filament disrupting drug, which 

allows the merozoite to attach to the erythrocyte but prevents invasion. This suggests 

that microfilaments such as actin and myosin are necessary for cell penetration 

(Morrissette and Sibley., 2002). Recently, several components of the motor complex 

that are present in sporozoites have been identified in merozoites suggesting that this 
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is the mechanism for merozoite locomotion (Baum et al., 2006, Jones et al., 2006, 

Bosch et al., 2006, Green et al., 2006). Parasite proteins PfTRAMP (Thompson et 

al., 2004) and MTRAP (Baum et al., 2006) released at the point of invasion show 

homology to sporozoite protein PfTRAP and may interact with the motor complex. 

This is discussed in more detail in section 1.9. 

Sporozoites invade hepatocytes and migrate through several cells by breaking 

the plasma membrane. This involves a surface phospholipase in P. berghei and gene 

disruption results in a decreased infection of the liver (Bhanot et al., 2005). Damage 

to hepatocytes cause the cells to produce hepatocyte growth factor (HGF) that 

increases susceptibility to invasion in surrounding hepatocytes (Carrolo et al., 2003). 

When a sporozoite is invading a cell it displays gliding motility which is unique to 

the Apicomplexa and involves the forward movement of an organism whilst 

maintaining polarity and shape. It is thought that this occurs through an actomyosin 

motor, which interacts with the transmembrane components of the parasite surface 

proteins and these bind to ligands on the host cell surface (Bergman et al., 2003). 

The translocation of the parasite protein from anterior to posterior whilst being 

bound to a static ligand on the surface would cause forward locomotion. This is 

known as the capping model devised by Russell, 1983 and King, 1988. Two 

sporozoite proteins that fit this model are circumsporozoite protein (CSP) and 

thrombospondin related anonymous protein (TRAP), which are secreted at the apical 

end and are translocated to the posterior end before being released by cleavage at the 

posterior pole (reviewed in Menard., 2001). This backward translocation is sensitive 

to cytochalasin treatment which confirms an actin dependent mechanism.  

The myosin protein PfMyoA has also been identified in sporozoite stages and 

presumably performs a similar function in the merozoite (Bergman., 2003, Baum., 

2006). Actin and ATP binding sites have been identified on the PfMyoA head and it 

localises with the myo tail interacting protein (MTIP) at the inner membrane 

complex (Bergman et al., 2003). Therefore a model has been proposed where the 

transmembrane domain of TRAP interacts with filamentous (F)-actin via a 

connecting protein that has been identified as F actin binding protein aldolase which 

interacts with the COOH-terminal of TRAP through a critical tryptophan residue 

(Jewett and Sibley., 2003). This complex is moved by PfMyoA, allowing an anterior 



 
21 

to posterior translocation of TRAP on the parasite surface resulting in forward 

locomotion (Bergman., 2003, Jewett et al., 2003, Kappe et al., 1999) (figure 1.5.2). 

This process involving TRAP-related proteins is conserved throughout the 

Apicomplexans (Kappe et al., 1999). Although CS is released at the posterior end of 

the sporozoites, observed as trails behind migrating parasites, it does not appear to 

attach to the motor complex. It is possible that CS forms an interaction with TRAP 

but immunoprecipitations have disputed this (reviewed in Kappe et al., 2004). 

Figure 1.5.2: The motor complex and proteins of sporozoites involved in forward locomotion 

during hepatocyte invasion. 

IMC (inner membrane complex), MTIP (myo tail interacting protein) MADP (myo docking proteins). 

Kappe et al., 2004, Annual Review of Cell and Developmental Biology; 20:29-59. 
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1.6 Interesting binding motifs important in host-parasite interactions 

Several Plasmodium binding proteins share motifs that are highly conserved. 

It is useful to identify these common motifs and the proteins that contain them to 

determine which parasite proteins are important in host interactions and the motifs 

that can be targeted by drugs or vaccines. Two such motifs are the TSR domain 

found in TRAP, CSP and MTRAP and the epidermal growth factor (EGF)-like 

domain that is present in several Plasmodium invasion proteins. A novel putative 

binding domain identified recently in the PCRMP family (Thompson et al., 

unpublished), the CRM domain, is also described. 

	���	������������������������������������������������������������

Several microneme proteins involved in invasion in Apicomplexan parasites 

possess a TSR domain. This domain was originally identified in thrombospondin-1 

(TSP), which belongs to a family of secreted extracellular matrix proteins (Tan et al., 

2002). TSP-1 was first discovered in activated platelets and is involved in many 

functions including cell adhesion, proliferation and migration and apoptosis. 

(reviewed in Chen et al, 2000). TSP-1 can also suppress tumour cell growth by 

activating TGF-β (Miao et al., 2001). TSP-1 has 3 repeat sequence motifs and the 

TSR domain is designated as a type 1 repeat region. It consists of about 60 amino 

acids, 12 of which are highly conserved, and has homology with the properdin repeat 

sequence found in complement factors C6 - C9. Other conserved residues of TSR 

include 2 arginines, 2-3 tryptophans and 5-6 cysteines. (reviewed in Silverstein., 

2002). TSRs of TSP have 6 cysteine residues. 

TSR domains are found in secreted proteins and in TSP-1 act as a ligand for 

CD36 showing that they have a function in protein-protein interactions. TSRs can 

bind GAGs including heparin which are found in the extracellular matrix of cells 

(Tan et al., 2002) the latter being present on the hepatocyte which is the target cell of 

the sporozoite. The binding activity of TRAP is mediated by the TSR domain 

(Matuschewski et al., 2002, Akhouri et al., 2004), allowing sporozoites to attach to 

and invade host cells. Antibodies to PfTRAP have been also shown to inhibit TGF-β 

that is produced during malaria infection (Omer et al., 2003). In addition to TRAP 
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and CSP, TSRs have also been identified in further genes in the Plasmodium genome 

including MTRAP, PTRAMP and CTRP that is involved in the mosquito midgut 

invasion by the ookinete (Trottein et al., 1995, Menard., 2001) An altered TSR 

domain has been identified in a novel protein Plasmodium falciparum protein 

containing an altered thrombospondin type I repeat (PfSPATR) that is expressed on 

both the sporozoite surface and in the merozoite rhoptries (Chattopadhyay et al., 

2003). 

	����������������� ���!��������"#�$��%��������

Several malaria proteins involved in invasion have cysteine repeat EGF-like 

domains and repeat domains in Plasmodium are often shown to be immunogenic. A 

double EGF-like domain at the COOH-terminal of MSP-1 is immunogenic in P. 

yoelii and anti-EGF antibodies protect mice against death from malaria (Burns et al., 

2000, Calvo et al., 1996). Double EGF-like domains have also been identified in 

PfMSP-1, 4, 5 (Black et al., 2003) and MSP-8 (Black et al., 2001) and antibodies to 

PfMSP-1 EGF-like domains inhibit parasite growth (Chappel and Holder., 1993). 

Therefore, these domains may be important in parasite invasion and immunity. The 

PCRMP family (see 1.10) also contain EGF-like domains and since PCRMP 3 and 4 

are expressed in salivary gland sporozoites it is possible that these domains mediate 

attachment and invasion of mosquito or human host cells. 

1.6.3 The Cysteine Repeat Modular domain 

This cysteine rich putative binding domain has been identified in a family of 

proteins the PCRMPs which are described in more detail in 1.10 and Chapter 2. The 

CRM is highly conserved between the PCRMPs and is thought to form a complex 

disulphide-bonded structure. It consists of a modular arrangement made up of 

protein-sequence repeats that has a high degree of consensus with small polypeptide 

modules that have been identified in the TNFR family (Naismith and Sprang., 1998). 

Short modules contain 2 cysteine residues which are characteristically spaced with 

either a glycine/asparagine at the third position followed by 1-2 aromatic residues, 

denoting an A type module, or contain a conserved glycine surrounded by clusters of 

polar residues which comprise a B1 or B2 type module. Larger modules are 
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assembled by combining residues from type A and B motifs to form a 4 cysteine 

repeat motif. The modules are in close proximity to each other, separated by a few 

residues. In the TNFR family A and B modules have a similar arrangement where 

motif sequences have the consensus Cys1-x2-Gly-x-tyr/phe-x-x4-9-Cys2 (type A1) or 

Cys1-x2-Cys2-x3-6x5-Cys3-Thr-x2-5-Asn-Thr-Val-Cys4 (type B2). In particular the 

spacing of the cysteine residues displays a remarkable similarity between the two 

protein families. This could be an example of molecular mimicry by the parasite 

which may be used to evade or modulate the host immune response through host-

parasite interactions. However, at present there is no evidence that these modules 

would adopt the same tertiary structure as the TNFR family members.  

Many Plasmodium proteins which have conserved cysteine-rich motifs are 

involved in host-parasite interactions (Michon et al., 2002). The cysteines are likely 

to form disulphide bonds which may create a binding pocket for attachment of 

specific ligands. PfEMP1 has cysteine rich duffy binding-like domains which interact 

or bind to various host receptors e.g. Complement receptor 1 (one of the receptors in 

rosetting) (Rowe et al., 1997, Krych-Goldberg et al., 2002), Thrombospondin (TSP), 

VCAM-1 and P-selectin (Senczuk et al., 2001) which enhance the binding of 

PfEMP1 to CD36 under flow conditions and this currently appears to be the most 

important host receptor in sequestration (Smith et al., 1998, Baruch et al., 1997, 

Miller et al., 2002). The cysteine rich ectodomain of invasion protein AMA-1 

(Hodder et al., 1996) is also conserved in MAEBL and has been shown to bind to 

erythrocytes (Kappe et al., 1998). The 6-cys family proteins have domains with 6 

characteristic cysteine residues (Templeton and Kaslow., 1999). Recently Pbs36 and 

Pbs36p, two members of this family, were found expressed in the micronemes of 

sporozoites and are translocated onto the cell surface. This gene was shown to be 

essential for invasion (Ishino et al., 2005). 

1.7 Invasion proteins of merozoites  

It is important to identify the molecules and the mechanisms involved in 

invasion in order to design drugs or vaccines that may prevent the development of 

clinical malaria. Proteins involved in erythrocyte invasion are found at different 

locations within the merozoite and possess different characteristic features. All 
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merozoite surface proteins identified so far have glycosylphosphatidylinositol (GPI) 

anchor proteins attaching them from their COOH-terminus to the surface of the cell. 

Some possess epidermal growth factor-like domains, which are known to be 

important in host cell interactions (reviewed in Cowman and Crabb., 2002). The 

granular rhoptries contain several transmembrane proteins and 9-15 polypeptides 

have been identified (Blackman et al., 2001), including three high molecular weight 

proteins RhopH1, RhopH2, and RhopH3 located in the apical duct and three low 

molecular weight proteins Rap-1, Rap-2 (Crewther et al., 1990) and Rap-3 which are 

found in the basal bulb. Several rhoptry proteins bind to the erythrocyte membrane 

suggesting that they are incorporated into the PVM (Perkins et al., 1994). The 

membrane bound micronemes contain adhesive proteins such as AMA-1, PTRAMP, 

and the Duffy Binding protein family found in P. vivax and P. knowlesi, which 

includes EBA-175 and other family members in P. falciparum. Most micronemal 

proteins possess transmembrane domains. Invasion proteins with host-parasite 

interactive domains render them as the most promising vaccine candidates, as 

previously discussed. Therefore I will focus on describing these particular proteins 

and their binding activities in detail. 

AMA-1, a type 1 integral protein, is one of the most promising vaccine 

candidates as it is essential for asexual growth (Triglia et al., 2000) and is also 

expressed in sporozoites (Silvie et al., 2004). It is found localised and processed in 

the micronemes (Bannister et al., 2003). Here, the protein is cleaved NH2-terminally 

from 83 kDa to 66 kDa and is then released onto the parasite surface prior to schizont 

rupture where the ectodomain is cleaved off close to the transmembrane domain 

sequence allowing it to be shed from the merozoite (Howell et al., 2003). Proteolytic 

cleavage is essential for invasion (Dutta et al., 2003, Dutta et al., 2005). A protein 

from a subtilisin-like serine protease family, Pfsub2, is stored in the micronemes and 

released onto the surface at the point of merozoite release. This protein is 

translocated to the posterior end of the merozoite in an actin dependent manner and 

has been identified as the sheddase responsible for the cleavage of AMA-1 and MSP-

1 (Harris et al., 2005b, Howell et al., 2003). It is possible that AMA-1 refluxes into 

the neck of the rhoptries as the protein has been detected at this location (Healer et 

al., 2002, Crewther et al., 1990) but this occurs following merozoite release. 
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Although there is no evidence that AMA-1 actually binds to the surface of the 

erythrocyte, the time of release suggests a role in invasion. Eight peptides with 

specific binding activity have been identified (Urquiza et al., 2001). Two small 

peptides in particular can be used to target a region of AMA-1 that is also recognised 

by monoclonal antibodies and blocking this site prevents invasion (Harris et al., 

2005a). AMA-1 also possesses cytoplasmic domains and an ectodomain that is 

extremely rich in disulphide bonds (Hodder et al., 1996) that separate the domain 

into 3 subdomains. These cysteine rich epitopes are targets for protective antibodies 

against red cell invasion (Hodder et al., 2001). Antibodies to AMA-1 are successful 

at inhibiting erythrocyte invasion (Healer et al., 2004, Kocken et al., 2002) and 

monoclonal antibodies also react with AMA-1 from P.reichenowi to inhibit asexual 

growth (Kocken et al., 2000). However, it has now been shown that inhibitory 

antibodies do not interfere with initial attachment of the merozoite but rather the 

ability of the parasite to apically reorientate and form a tight junction between the 

host-parasite membranes (Mitchell et al., 2004).  

MSP1 is also essential for the asexual life cycle (O’Donnell., 2000) and is 

initially synthesised as a precursor protein of 190 kDa located on the surface of the 

merozoite (Holder et al., 1984). The protein undergoes secondary processing upon 

merozoite release where the protein complex is cleaved at a single site by the serine 

protease Pfsub2 (Harris et al., 2005b). The amino terminal is shed from the parasite 

surface leaving behind a 19 kDa fragment that remains membrane bound by a 

glycosylphosphatidylinositol anchor. This part of the molecule is comprised of two 

EGF-like domains and is carried into the cell with the parasite (Blackman et al., 

1990). Antibodies to this highly conserved fragment have been shown to block 

erythrocyte invasion by inhibiting secondary processing. However, antibodies 

against different epitopes on this molecule are carried into the cell with the parasite 

and do not block entry (Blackman et al., 1994). Human serum was shown to detect 

MSP-1 (Holder et al., 1984) and natural IgG antibodies are also produced in infected 

patients although the response is short-lived (Cavanagh et al., 2001, Cavanagh et al., 

1998). However, antibodies from infected children inhibit invasion by blocking a 

receptor for the 19 kDa fragment and also by preventing proteolyitc cleavage of the 

fragment that is necessary for cell entry (Nwuba et al., 2002). The same effect is 
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found using antibodies raised against the COOH-terminus of MSP-1 (Holder et al., 

1999). A recent model for the structure of the processed form of MSP-1 has been 

proposed and this should help to identify possible binding domains that can be 

targeted with invasion blocking antibodies (Kauth et al., 2003).  

EBA-175 is a member of an erythrocyte binding-like (EBL) superfamily 

(Camus and Hadley., 1985). It mediates an alternative pathway of invasion by 

binding to glycophorin A (Jakobsen et al., 1998), an abundant molecule on the 

erythrocyte surface, through a sialic acid receptor. However, EBA-175 can also 

mediate invasion of cells independently of sialic acid (Duraisingh et al., 2003). The 

serine protease gp76 degrades glycophorin A and is possibly responsible for the 

cleavage of EBA-175 from the surface to the merozoite upon entry into the 

erythrocyte (Roggwiller et al., 1996). The parasite ligand has been identified as 

region II of the cysteine rich domain (Sim et al., 1994). This domain is divided into 

two subdomains, F1 and F2, that show homology to Duffy binding-like domains of 

P.vivax (Tolia et al., 2005). F2 recognises and mediates binding to both glycophorin 

A and the sialic acid receptor, which is inhibited by sialic acid analogues (Bharara et 

al., 2004). Antibodies raised against recombinant F2 protein block invasion of P. 

falciparum merozoites (Pandey et al., 2002) and antibodies targeted to F2 partially 

protect against erythrocyte invasion through both sialic acid dependent and 

independent pathways (Narum et al., 2000). This shows that the F2 region recognises 

various receptors involved in invasion rendering it an excellent vaccine candidate.  

Other members of the EBL family also bind erythrocytes but through 

different receptors. BAEBL binds to cells that lack glycophorin A and possibly binds 

to glycophorin C or D (Mayer et al., 2001). EBA-140 is also located in the 

micronemes and although it binds to a sialic acid receptor it does not bind to any of 

the glycophorin molecules. Instead it utilises a novel sialic acid dependent invasion 

pathway (Thompson et al., 2001). MAEBL was originally discovered in P. yoelii and 

P. berghei (Kappe et al., 1997) and the gene structure resembles that of the EBL 

family but the functional domain at the NH2-terminus has two cysteine rich domains 

M1 and M2 that show homology to subdomains I and II of AMA-1 (Kappe et al., 

1998). It colocalises with rhoptry proteins in P. falciparum (Blair et al., 2002) and P. 

yoelii merozoites (Noe and Adams., 1998). MAEBL was found expressed in early 
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schizont stages and is released onto the merozoite surface upon egress. MAEBL is an 

excellent vaccine candidate as it is expressed in both merozoites and sporozoites 

(Ghai et al., 2002).  

1.8 Invasion proteins of sporozoites  

It is important to identify proteins involved in sporozoite invasion as targeting 

these could block invasion of human hepatocytes. One candidate is TRAP, an 80-90 

kDa type 1 transmembrane protein conserved throughout the invasive stages of 

Apicomplexa (Dubremetz et al., 1998) consisting of multiple potential binding 

domains. These include an ectodomain of two adhesive highly conserved 

extracellular domains known as the A-domain, which is integrin-like and magnesium 

binding through the metal ion-dependant adhesion site (MIDAS). It mediates binding 

of TRAP to heparin sulphate on hepatocytes (Pradel 2002., McCormick et al., 1999) 

and mutations in the ectodomain result in non-invasive sporozoites (Matuscewski et 

al., 2002). However, antibodies raised to this binding domain do not affect invasion 

(Gantt et al., 2000). The binding affinity of the A-domain to heparin is lower than the 

affinity of the entire extracellular domain that contains various other binding motifs. 

This suggests that TRAP has several potential binding ligands for hepatocytes 

(Akhouri et al., 2004).  

TRAP has a thrombospondin structural homology repeat (TSR) domain that 

is highly conserved throughout Plasmodium species (Templeton and Kaslow., 1997). 

A region of the TSR domain binds to glycosaminoglycans (GAGs) on mosquito and 

hepatocyte cells (Matuscewski et al., 2002, McCormick et al., 1999, Muller et al., 

1993). The protein also possesses a conserved stretch of hydrophobic amino acids 

functioning as a cytoplasmic transmembrane domain, an acidic cytoplasmic tail 

(Wengelnik et al., 1999) and an integrin binding motif, RGD (McCormick et al., 

1999), that is not found in other Plasmodium species (Templeton and Kaslow., 

1997). 

TRAP is located in the micronemes and is released primarily at the apical end 

of the sporozoite. It is then found on the cell surface in a uniform distribution where 

it is continuously shed from the posterior end. The protein requires trafficking to the 
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micronemes to perform its function. A mutation in the tyrosine trafficking motif 

Y**φ (where * represents any residue and φ represents a hydrophobic amino acid), 

contained within the cytoplasmic tail sequence, results in impairment of 

transportation and localisation to the cell surface and the micronemes. This also 

affects gliding motility and infectivity (Bhanot et al., 2003). Disruption of the trap 

gene in P. berghei revealed that TRAP is not essential for the erythrocytic life cycle 

(Morissette and Sibley., 2002). However, TRAP mutants demonstrate poor invasion 

of both the mosquito salivary glands and hepatocytes which is linked to impaired 

gliding motility. Therefore, TRAP is crucial for forward locomotion of the sporozoite 

into the cell (Sultan et al., 1997) and gliding motility is required for invasion of 

insect and human host cells. This defect is linked to a deletion of the TSR domain 

which is essential for both gliding motility and invasion of salivary glands. Mutations 

in the A domain do not affect this mechanism (Wengelnik et al., 1999). Restoration 

of the TRAP wildtype phenotype was achieved through complementation of the gene 

(Sultan et al., 2001). Sporozoite gliding is also affected by alterations to the 14 

conserved COOH-terminal residues in the cytoplasmic tail, indicating that the 

cytoplasmic tail forms a link between microfilaments and cell surface molecules. 

(Kappe et al., 1999).  

TRAP is a good potential vaccine candidate (Jongwutiwes et al., 1998) as it is 

less polymorphic than CSP (Flanagan et al., 1999) and anti-TRAP antibodies have 

been shown to block entry of sporozoites into hepatocytes. Furthermore, 

immunisation of humans using irradiated sporozoites results in the generation of 

CD8+ T cells that recognise TRAP and CSP (Putaporntip et al., 2001). Antibodies to 

PfTRAP have been found in children infected with malaria and those with higher 

titres had uncomplicated malaria (Dolo et al., 1999). 

Circumsporozoite protein (CSP) is also expressed in the micronemes and is 

the main protein expressed at sporozoite stage. It is released in a uniform distribution 

onto the parasite surface and is translocated backwards to be shed at the posterior 

pole. CSP contains a motif that is found in the type 1 repeat of thrombospondin and 

also in TRAP. Region II of this motif contains an amino acid sequence with 

homology to the TSR domain and binds to heparan sulfate proteoglycans (HSPGs) 

that are found on the hepatocyte surface (Pancake et al., 1992). Disrupting region II 
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in P. berghei leads to a loss of invasion and sporozoite motility (Tewari et al., 2002). 

CSP is proteolytically cleaved by a cysteine protease from the parasite surface on 

contact with a hepatocyte and treatment with the cysteine protease inhibitor E-64 

prevents infection of the rodent host (Coppi et al., 2005). 

Proteins expressed at more than one invasive stage are valuable vaccine 

candidates and two examples of these are AMA-1 and MAEBL. AMA-1 is found in 

the micronemes of sporozoites and plays a role in hepatocyte invasion. The protein is 

located apically and colocalises with TRAP. Both are detectable on the sporozoite 

surface, AMA-1 as two proteins of 88 kDa and 66 kDa, prior to hepatocyte invasion. 

AMA-1 and TRAP are then proteolitically cleaved by serine proteases and shed from 

the surface as soluble products. Anti-AMA-1 antibodies can protect against 

hepatocyte invasion (Silvie et al., 2004). Another sporozoite vaccine candidate is 

MAEBL that is found expressed in a different form in salivary gland sporozoites than 

in asexual stages and mid gut sporozoites. Antisera to both functional binding 

domains, M1 and M2, inhibits invasion of hepatocytes by P. yoelii in vitro (Preiser et 

al., 2004). 

1.9 Plasmodium Thrombospondin-Related Apical Merozoite Protein 

(PTRAMP): A novel protein of merozoites. 

PTRAMP is a 48 kDa protein expressed in the micronemes of merozoites 

shown by co-localisation with AMA-1 (Thompson et al., 2004). It is also detected on 

the merozoite surface following schizont rupture and is essential for asexual 

development. PfTRAMP is a type 1 integral membrane protein that consists of a 

signal peptide, an acidic cytoplasmic region and a transmembrane domain that are all 

common characteristics of invasion proteins (Thompson et al., 2004). PTRAMP also 

has a conserved motif close to the COOH-terminal which is an analogue to the 

tyrosine trafficking motif Y**φ involved in the trafficking of TRAP to the 

micronemes in sporozoites (Bhanot et al., 2003). The most highly conserved region 

in the PTRAMPs, throughout Plasmodium species, is the TSR domain (see 1.6.1) 

that is also present in TRAP and CSP. The PTRAMP TSR domain is a type 1 repeat 

region as found in TRAP but structurally it belongs to Group 1, whereas the TSR of 
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TRAP belongs to Group 2 which displays a different disulphide bond formation (Tan 

et al., 2002).  

Although there is no evidence for gliding motility in merozoites, they do 

require reorientation prior to invasion and the motion of entering an erythrocyte is 

similar to sporozoite invasion of a hepatocyte. The same motor complex proteins are 

conserved between the two stages (Baum et al., 2006) and so it is likely that a 

merozoite protein containing a TSR domain is involved in interacting with the motor 

mechanism. PTRAMP shares many features with TRAP and therefore it may be 

possible that PTRAMP plays an analogous role to PTRAP in merozoite invasion 

which implicates it as a potential vaccine candidate.  

However, a subterminal tryptophan is essential in TRAP for binding to the 

actin-myosin motor and this residue has been substituted for a tyrosine in PfTRAMP. 

PfTRAMP also lacks a rhomboid cleavage site that is essential for the function of 

TRAP. Recently, another homologue of TRAP has been identified, MTRAP, that 

shows greater structural homology to TRAP, is essential for the asexual cycle, is 

expressed in the micronemes and binds to motor protein PfAldolase (Baum et al., 

2006). In this study it was shown that PTRAMP does not interact with PfAldolase 

and therefore it is postulated that MTRAP is the true TRAP homologue involved in 

merozoite invasion. 

It is possible that PTRAMP is interacting with something else as the TSR 

binding domain shows structural differences compared to TRAP that may affect 

binding specificity. PTRAMP cannot be knocked out in P. berghei, showing that it is 

essential for the asexual life cycle (Thompson et al., 2004) and therefore is still an 

excellent vaccine candidate. Targeting this protein with specific antibodies may 

prevent merozoite invasion of uninfected erythrocytes, which would result in 

breaking the erythrocytic life cycle stage that is responsible for clinical symptoms 

associated with malaria.   

1.10 Plasmodium Cysteine Repeat Modular Proteins (PCRMPs) 

The PCRMPs (Plasmodium Cysteine Repeat Modular Proteins) are a recently 

described family of extremely large, highly conserved cysteine rich proteins which 
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are differentially expressed throughout the Plasmodium life cycle (Thompson et al., 

unpublished). PCRMPs 1 and 2 are expressed in blood stages and colocalise with 

PfEMP1 in structures, which appear to be the Maurer’s clefts. They are also essential 

for transmission of sporozoites from the mosquito to the mouse in P. berghei. 

PCRMP 3 and 4 are extremely large at 428 and 687kDa, respectively and are 

associated with gametocyte stages and salivary gland sporozoites.  

These proteins have several features which implicate them in host-parasite 

interactions and may be potential vaccine candidates. These include the characteristic 

Cysteine Repeat Modular (CRM) domain from which their name is derived (1.6.3) 

and an EGF-like domain that is detected at the proximal membrane with sequence 

similarity to Laminin and Fibrilin binding EGF proteins. Nine transmembrane (TM) 

helices that may function in intercellular transport or signaling, are predicted to exist 

at the COOH-terminus. A conserved sequence between TM helices 5 and 6 is 

conserved throughout other Apicomplexa and relatives of Plasmodium such as 

ciliates, suggesting that the gene family is evolutionary ancient. All members of the 

PCRMPs have hydrophobic NH2-terminal signal sequences that are involved in 

protein trafficking.  

A fifth member of the family, Plasmodium Cysteine Related Antigen of Gametocytes 

and Schizonts (PCRAGS), has been identified and proteome analysis detected a 

peptide in merozoites (Florens et al., 2002) suggesting a role in invasion of or exit 

from the host erythrocyte. 

1.11 The current situation of malaria vaccine development 

The emergence of resistance to anti-malarial drugs has increased the urgency 

for the development of an effective malaria vaccine. However, there are several 

problems associated with Plasmodium vaccine development. Infected individuals 

display a lack of immunological memory and must be continuously exposed to low 

levels of Plasmodium antigens to maintain a level of acquired immunity (Struik and 

Riley., 2004). This suggests that protection via a vaccine would be short-lived and 

may require several boosters. The life cycle is extremely complex and many of the 

antigens expressed are polymorphic, suggesting that an effective vaccine may have 

to be comprised of several antigens expressed at various life-cycle stages. The 
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malaria vaccines that are currently being developed target either the pre-erythrocytic, 

the erythrocytic or the transmissible stages of the life cycle.  

Pre-erythrocytic stage vaccines 

 Pre-erythrocytic stage vaccines aim to target sporozoite stages either with 

neutralising antibodies to prevent hepatocyte invasion or by triggering a cell 

mediated immune response through IFNγ secreting effector T-cells, CD4+ and CD8+ 

cytotoxic T cells or NK T cells, once invasion of the liver has occurred. This strategy 

either prevents liver stage infection or the development of the erythrocytic cycle 

(reviewed in Girard et al., 2006). The most successful sporozoite vaccine, RTS,S, 

targets the sporozoite surface protein CSP. This is a subunit vaccine comprised of a 

protein fusion between the COOH terminus from P. falciparum CSP and the hepatitis 

B surface antigen. It is recombinantly expressed in Saccharomyces cerevisiae and 

administered in combination with AS02 adjuvant (Kester et al., 2001). RTS,S 

elicited a protective immune response with 70% efficacy for 9 weeks in a phase I/II 

trial in the Gambia (Stoute et al., 1998). However, the level of protection decreased 

after this time. In other clinical trials the level of protection did not reach above 58% 

and it was found that the protective immune response was ablated in the absence of 

the AS02 adjuvant (reviewed in Girard et al., 2006). Although there are other 

vaccines based on the CSP antigen, none have been successful in protecting 

individuals against a challenge infection (reviewed in Girard et al., 2006). DNA and 

viral vectors encoding the sporozoite antigen TRAP also induce a strong T cell 

response in inoculated individuals (McConkey et al., 2003). A TRAP vaccine is 

currently in Phase II of clinical trials but has not been successful in areas where 

malaria is endemic (Bejon et al., 2006). 

Live parasites, attenuated by irradiation, have mutations that successfully 

prevent the development of parasites inside hepatocytes (reviewed in Matuschewski, 

2006). Individuals inoculated with such parasites mount a strong immune response 

and are protected against challenge with a heterologous parasite population 

(Hoffman et al., 2002). Efforts are now being made to knock out genes in sporozoites 

(van Dijk et al., 2005, Kariu et al., 2002, Mueller et al., 2005) to identify those 
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involved in liver stage development in the hope of discovering new antigen 

candidates for pre-erythrocytic vaccine development. 

 

Erythrocytic stage vaccines 

The main aim of erythrocytic vaccines is to protect against clinical disease 

but not to prevent infection. The first asexual vaccine to be developed was the multi-

valent peptide vaccine SPf66, which contained antigens from the blood stages linked 

to a sporozoite antigen and was administered with an alum adjuvant. Although the 

vaccine reached phase III trials the immunogenicity was too low to provide sufficient 

protection (Graves and Gelband., 2006).  

The most promising erythrocytic vaccines are the anti-merozoite vaccines 

based on merozoite surface antigens MSP-1, MSP-2, MSP-3 and microneme protein 

AMA-1 (reviewed in Girard et al., 2006)(see section 1.7) which aim to prevent 

invasion of the host cell. The vaccine based on AMA-1 was developed after it was 

found that antibodies raised against the protein prevented merozoites from entering 

the host cells (Anders et al., 1998). The vaccine which is administered with the AS02 

adjuvant is currently in Phase I trials (Mitchell et al., 2004, Saul et al., 2005). 

The most advanced erythrocyte vaccine is “Combination B” that comprises 

MSP-1, MSP2 and P. falciparum ring-stage infected-erythrocyte surface antigen 

(RESA). However, the original vaccine was based on 3D7 allelic form of MSP-2 and 

it has now been shown that there is a different variant of this molecule in FC27 strain 

(Fluck et al., 2004). The vaccine is now under re-development to contain both allelic 

forms.  

Several other recombinant vaccines have been produced using the COOH 

terminal 42 kDa fragment and the smaller 19 kDa fragment of MSP-1 using AS02 as 

an adjuvant (reviewed in Matuschewski, 2006).  These vaccines were found to 

protect mice and Aotus monkeys against lethal challenge infection (Chang et al., 

1996). However, the 19 kDa fragment, which is thought to be targeted by natural 

protective antibodies, was poorly immunogenic (Stoute et al., 2005). Recently it has 

been shown that immunisation using the 42 kDa fragment produces a more 

consistent immune response, between different animal species, compared to the 19 
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kDa fragment (Hui and Hashimoto., 2007). There is also new evidence to suggest 

that the 33 kDa cleavage product produced from the 42 kDa fragment may also be 

immunogenic (Yuen et al., 2007). There are currently several other members of the 

MSP family, which all harbour the EGF like motif, under evaluation as potential 

vaccine candidates (Girard et al., 2006). 

Transmission blocking vaccines 

These vaccines target the sexual stages of the parasite to prevent development 

of sporozoites in the Anopheles mosquito salivary glands. However, this type of 

vaccine is not popular as it does not protect the individual from infection but reduces 

transmission within a community. It is therefore believed that such a vaccine would 

have to be implemented alongside a pre-erythrocytic or erythrocytic vaccine (Girard 

et al., 2006). Gamete surface proteins Pfs230 and Pfs48/45 are currently being 

developed as transmission blocking vaccines (See section 1.3). Phase I trails have 

been carried out using the Pfs25 homologue, Pvs25, but a low level of 

immunogenicity was observed (Malkin et al., 2005). It is important to identify novel 

proteins that are expressed on the gamete or the ookinete surface to increase the 

repertoire of potential transmission blocking vaccine candidates. 

1.12 Aims  

The main aim of this project was to investigate the two novel proteins, 

PfTRAMP and PfCRAGS of merozoites or schizonts. Proteins expressed at these 

stages are potential vaccine candidates for invasion blocking vaccines.  

For PCRAGS the aim was to  

1: Characterise the protein initially through bioinformatics to identify binding 

domains that are potentially involved in host-parasite interactions and to identify 

features of invasion proteins. 

2: Examine the transcription and protein expression pattern and localisation through 

molecular techniques to determine the functional life cycle stage of the protein. 
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3: Generate pbcrags knock-outs to determine gene function and its effect on parasite 

growth throughout the life cycle and look at infection dynamics of pbcrags knock-

out compared to wild-type parasites, in vivo, in the rodent host. 

4: Generate GFP and TAP tagged pbcrags parasites to visualise the stage of protein 

expression throughout the life cycle and attempt to isolate the protein through TAP- 

tag binding. 

5: To express potential binding domains of PfCRAGS in a eukaryotic expression 

system and purify recombinant protein to be used in binding assays and other 

functional studies. 

As the initial characterisation of PfTRAMP and expression pattern had already been 

determined further aims were to 

1: Determine the transcription pattern of PfTRAMP in the asexual life cycle through 

Northern blot. 

2: Express the entire putative extracellular domain that is potentially involved in 

binding to host molecules during invasion and purify recombinant protein to be used 

in invasion inhibition assays and antibody screening in a natural population. 
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The P. falciparum genome project began in 1996 and was completed in 

October 2002 through a collaborative effort between The Institute for Genome 

Research, the Sanger Institute and the Stanford University Genome Technology 

Center (Bahl et al., 2003). The main aim was to generate a Plasmodium genome 

database to provide scientists worldwide with a basis on which to identify genes of 

biological importance. This would allow for the rapid identification of genes that 

code for proteins which are potential vaccine candidates, drug targets or those that 

are essential to the parasite life cycle. The release of this data has accelerated 

valuable experimental studies, which use molecular techniques to analyse 

transcription profiling and protein expression patterns.  

The 14 chromosomes of P. falciparum, strain 3D7, have been fully sequenced 

and together comprise the malaria genome, which consists of 22.8 megabases with 

an AT content of 80.6% (Gardner et al., 2002a).  Since there are about 5400 genes 

(Duraisingh et al., 2006) it is important to prioritise the genes that should be studied 

experimentally. The malaria genome databases currently provide sequence data for 

several Plasmodium species and consist of primary shotgun sequences that have been 

assembled into secondary contiguous sequences (contigs). These can be used to 

search for specific genes with homologous DNA queries in a BlastN search. 

Domains and motifs can then be predicted by using the SMART protein database 

which uses multiple sequence alignments of predicted proteins obtained from other 

complete genome sequences (Letunic et al., 2004). The gene-finder algorithms have 

predicted 5,268 proteins from the P. falciparum sequence and 60% of these do not 

have orthologues in other organisms (Gardner et al., 2002a) rendering these unique 

to Plasmodium.  

The current data presented in Plasmodb is comprised of five Plasmodium 

species, the two human malarias P. falciparum and P. vivax, monkey and 

chimpanzee malarias P. knowlesi and P. reichenowi and rodent malarias P. yoelii, P. 

berghei and P. chabaudi (Bahl et al., 2002). The P. gallinaceum genome is also 
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available at www.sanger.ac.uk. Comparative genomics can be used to look at 

sequence homology between multiple genomes of different species. This allows us to 

ascribe putative functions to coding regions as well as measure the level of gene 

divergence, which indicates the type of selective pressure that has been acting on the 

gene (Hall et al., 2005).  

The CRM domain from the PCRMP family (Thompson et al., 2004), 

previously discussed in section 1.6.3 and 1.10, respectively, was used to blast the 

Plasmodium databases to find other members of the family, which may be of 

biological importance to the parasite. A fifth member, named Plasmodium Cysteine 

Related Antigen of Gametocytes and Schizonts (PfCRAGS), was identified with 

putative functional domains. The sequence homology of the extracellular domain to 

the PCRMPs 1-4 and the gene conservation between Plasmodium species were 

examined.  

	$	���� ����

2.2.1 Identification of Plasmodium Cysteine Related Antigen of Gametocytes 

and Schizonts (PCRAGS). 

The Plasmodium Cysteine Repeat Modular domain (PCRM) of PfCRMP1 

(PFI0550w) was used in a tblastn search of the P. falciparum genome database in 

PlasmoDB (http://plasmodb.org/). A 292 kDa homologous protein PfCRAGS 

(PFI0210c) was identified as the fifth and the second smallest member of the 

PCRMP family, the smallest being the 97 kDa protein CRMPet (Dr Joanne 

Thompson., personal communication). Pfcrags is located on chromosome 9 and the 

protein has many putative features indicative of a surface membrane protein 

potentially involved in host parasite interactions. These were identified using 

PlasmoDB and the SMART structural prediction program (http://smart.embl-

heidelberg.de) and are illustrated in figure 2.2.1.  
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Figure 2.2.1: Predicted features of PCRAGS. Putative domains and motifs of PfCRAGS and their 

relative positioning in the protein structure are shown schematically. The features present are 

indicated in the key below. 

 

The CRM domain of PfCRAGS was used in a TBLAST search against the 

Plasmodium databases in PlasmoDB, TIGR (www.tigr.org) and Sanger 

(http://www.sanger.ac.uk/) to obtain sequences for other Plasmodium species and 

was also used to find homologues in other Apicomplexa in NCBI 

(http://www.ncbi.nlm.nih.gov/). Homologues were found in the rodent malarias P. 

berghei (Pb_5377), P. chabaudi and P. yoelii (Py17XNL) and in other Plasmodium 

species P. gallinaceum, P. knowlesi, P. vivax as well as Cryptosporidium parvum 

(TIGR) and Toxoplasma gondii (www.toxodb.org). Homologues were not detected 

in the published genome sequences of Theileria Parva (TIGR) and Theileria 

annulata (Sanger) (Pain et al., 2005). Pfcrags was also used to search for the gene 

homologue in P. reichenowi but proved to be unsuccessful as the genome has not yet 

been completed. Data currently consists of partial genome shotgun reads. Protein 

PfCRAGS: 292 kDa 

Signal Peptide

CRM do main

EGF-like domain

Ions transport region

Transmembrane domain

Coiled coil region

Myb-DNA  binding domian
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sequences were assembled by joining contigs based upon the translated Pfcrags 

sequence and aligned using the ClustalW programme in EMBL-EBI 

(http://www.ebi.ac.uk/clustalw/) using default parameters. 

2.2.2 Confirmation of the Intron/Exon boundaries of pfcrags and pbcrags. 

The nucleic acid sequence of pfcrags and pbcrags was sequenced to confirm 

the positions of intron/exon boundaries, which had previously been predicted by the 

Plasmodium databases. The 5’ end predicted to contain 7 or 8 introns in pfcrags and 

pbcrags, respectively, and the middle of pbcrags predicted to contain 1 intron were 

amplified by nested RT-PCR from schizont RNA using primers which spanned these 

introns. Resulting fragments were visualised by gel electrophoresis and cloned into 

the TOPO II vector. Sequencing was performed using the BigDYE terminator kit 

with M13 forward and reverse plasmid specific primers. Roughly 500 bp of sequence 

was obtained from each sequencing reaction. In cases where the fragment size 

exceeded 500 bp, internal parasite specific primers were used to sequence across any 

gaps. The remaining sequence consisting of a continuous open reading frame was 

amplified from gDNA and PCR products were sequenced directly. In the case of 

pbcrags a region between nucleotide position 6100 and 2000 bp from the 3’ end stop 

codon was missing from the database and primers were also designed to span this 

region. All sequences were analysed and translated in MacVector®. A list of relevant 

primer sequences and their locations are shown in Appendix 1. 

A 7.5 kb transcript is produced from pfcrags that contains 8 introns in the 5’ 

region rather than the predicted 7. An extra coding region of 32 amino acids exists 

within the 6
th

 intron and is located between nucleotides 1505-1595 in the gDNA 

sequence. Thus the sequence predicted to be intron 6 is actually split into 

intron/exon/intron creating both an extra exon and intron. This exon is predicted to 

be present in the pbcrags sequence by the database and it therefore appears that the 

intron/exon boundaries in pfcrags were miscalculated. This is not surprising as the 

AG splice junction at the beginning of this exon is not conserved between species 

and has been replaced by an AT. Pbcrags produces a 7 kb transcript. Nine introns, as 

predicted, are present in pbcrags but the intron/exon boundaries are predicted 



 
42 

wrongly for intron 7. The end part of intron 7 actually encodes 24 amino acids at 

gDNA nucleotide positions 1940-2013 and the beginning does not encode the 9 

amino acids at the predicted nucleotide positions 1753-1821. This results in the 

reduced size of exon 7 by 9 amino acids and extends exon 8 by 24 amino acids. This 

coding sequence is predicted for pfcrags and is conserved between species. The 

missing part of the pbcrags sequence maintains an open reading frame and consists 

of 192 bp which translates to 64 amino acids at positions Tyr1611-Tyr1675. P. berghei 

contains a 9
th

 intron in the 3’ region. This intron is not present in P. falciparum 

where an open reading frame is maintained. A comparison of predicted versus actual 

intron/exon splice junction positions are shown in Table 2.2.1.  

 

Table 2.2.1: The intron/exon splice junctions of pfcrags and pbcrags have been confirmed 

through sequencing. The confirmed splice junctions, the intron nucleotide position and the amino 

acid position of the introns in the protein sequence are shown in columns 2, 3 and 4 respectively. The 

predicted splice junctions from the Plasmodium databases are shown in the last two columns. 

 

Pfcrags and pbcrags nucleotide sequences were aligned using Clustal W and 

are found to share 4224 conserved residues which gives an overall conservation of 

Intron Splice Junctions Intron

Position

Amino Acid Predicted Splice

Junctions

Intron

position

PfCRAGS

1

2

3

4

5

6

7

8

TAAGgt…agTGTA

TTATgt…agGATT

TCTAgt…agCCAC

AAAGgt…agGTTT

AATTgt…agTGTG

TTAGgt…atGTTA

TAAAgt…agAGAG

TATAgt…agAATG

127-216

238-344

473-589

639-768

1033-1183

1383-1504

1596-1702

1801-1974

Lys44-Cys45

Tyr53 -Asp54

Ser98-Thr99

Gly115-Phe116

Ile204-Cys205

Arg273-Val274

Lys304-Arg305

Tyr341-Lys342

TTAGgt…agAGAG 1383-1702

PbCRAGS

1

2

3

4

5

6

7

8

9

AAAGgt…agTGCC

TTATgt…agGATT

TATAgt…agCAAC

GTGGgt…agGCTT

AATTgt…agTGCG

TAAGgt…agATAT

TACTgt…agGGAG

CGAAgt…agAAAA

TAAGgt…agCTGT

202-316

342-482

618-718

769-912

1042-1348

1554-1698

1753-1939

2054-2137

4654-4860

Lys67-Cys68

Tyr76-Asp77

Tyr121-Thr122

Gly139-Phe140

Ile224-Cys225

Arg293-Tyr294

Thr325-Gly326

Lys363-Asn362

Lys1200-Leu1201

CAATgt…agCATT 1821-2012
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60.34%. The protein sequences were also aligned and the various predicted features 

including the positions of the conserved transmembrane helices and the newly 

discovered coding regions are indicated in figure 2.2.2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PfCRAGS         ----------------MSCINKLPLFII-------LIIYETLNKNWGAKNYYSQLNKGIY 

PbCRAGS         MILLTVLIYFLFRQTKIVILKKMKIYFWNKIKMLALIIHLFVNRNKYLDILLTIDYKERT 

                                

PfCRAGS         PRLLNVKCRAGESLTYDYKCDKCKEGFFNFSRDNKKCSPCPIGTFSSYVGSIICENCPYG 

PbCRAGS         TRILNGKCRAGERLTYDYKCESCKKGFYNFSRENNKCFPCPLGTFNDKLGSVMCVNCPHG 

                

PfCRAGS         STTKSIGSKSISDCVCNKGFKLSSYLNGGNKCVPCNSQEYCKSNENTWCFRNMCLKDKNK 

PbCRAGS         YTTHYTGSKSIAECVCDVGFKFDKITN---MCLQCNPLEFCDDNERVWSFKNMCMKKKAK 

                 

PfCRAGS         ENIKLCKKVKKKSIYNYEILCFKKGVCLNVKEKNSCLEGNKMIQCKICDENYRYNFLAPL

PbCRAGS         EYVKLCEETEKKEIYNLNIFCPKKGVCLNMEKNKSCVDGNKLIQCKICEENYRYDLISPA 

                

PfCRAGS         QQPCVLCNMSTYFIIFFFAIFIFVISIFIAMCINNEKEKSIIQLFFTYIQFVSLLR-VNS 

PbCRAGS         INSCVYCNWASYLAIFYFMTIMILINSLRVIYINNLEITRIINAFIKYIHYISLLRYINS

PfCRAGS         NYDHYLVKFLYFFTFGIPINEFLDCVFKRGSNLERIQKKITFLLYLPLLILICSLLCTFV 

PbCRAGS         NYDNGIINVVYLFTVGIPLNEILDCIFTGGTNSERIVQKVNFLLCCPLLFSALTILGTSI 

PfCRAGS         ITLFYKNVKRREDVTICPFDKNYKQRSKKKHINKVDNSNVNNNNISEYKKKKDCSKRNEI 

PbCRAGS         VFLIRKNKK------------DSKNGEKRLMINPCH-----------FIDKKLAKKTS-- 

                

PfCRAGS         NIIDMNDRKEMNFCDSNNLFINEISQPKKFHHNIYSDDNITRCNLFSAENYVRSFLFFFI 

PbCRAGS         --------TDIKFSSPFNMNIDNFEMN-----NINVEMTIDEDEQYDIDNLKKCFILFYI 

PfCRAGS         FYHDLIYIEIIKLCVLFCLCNYDEHREESFIIIDDSINCEDMKSSYYKIMIIIIYNTFMK 

PbCRAGS         LYNNFLYFEIIRLCIFFGFCNYDENRKEYFLIIDDSLKCSEIG-YYGKVIIIIVFCTCIK 

PfCRAGS         FFYLYFFQLLRKYVKRYQAVIDEYIILQQKAKIINKKDTLFLIIFIILFHKKFWITINPS 

PbCRAGS         FMN-YFFVLFKN--NKNTWIVKDILLLYQKIEKFNKVDNILLLFFLILFYKRFLNNSNPS 

PfCRAGS         LYYNYKNGLYNNNIHIFQFMIIIISFSIYVLIIHICVYERKDPHRFFFD-------IHTI 

PbCRAGS         LIYNYKNGLYNGNIHIFQYILIIILFFIYILIMYLYVYEFNDSVCGKYENSCNSEKLNSE 

                

PfCRAGS         EKGKKKKKNVSNTRDCFDNDEGNKMCHMKLYSSCRIRNNK--SNICHSVEKNNIKEYDKK

PbCRAGS         KLAVKDKKKQYKIIKCISNN--LHSCNNLTIDNVEIDKNEKGSGKNNYIFNAIIPEEDKK

PfCRAGS         E-----KEITN------KRNN-------MWYHFFIILFQNVK------------KKDTFL 

PbCRAGS         EPKNDSKAISNNWNKTDKLNNNNDIGMIKMKIFLSKLIQKVKNPTMNKIESNDKKLDQFL 

PfCRAGS         YSFSCLIYTTILLFYYTFLCYVHIKNFIKIITIISILCNITIY-FVFILFFLINHTIKKY 

PbCRAGS         FSFSFFLYGTILLSYYLFLSYIHINKFAGILTIIVIACNVAIYVFLFSKFIIYFKDDIKK 

                PfCRAGS         NFSKKIIYIISFVKKRKRKWLGIYRKFKTL-IWGNRKKMEDTYSRVKNKKGIENEQKKEQ 

PbCRAGS         KCERALNIIIKQIRRPGLIGIGTSQKNTHIDIFKDVKKSDNSLKEKKTKMEKDSVLNKEN 

PfCRAGS         KLKSLLLMSNVLNYYTDDEESILNTKNNNVKKKNNNIFMVKKWNVNNIKRHKLLNISEIW 

PbCRAGS         KNK--KSINNIIKKNLGYNYYKQNFKGINSFVENN-----HKNIKNKAKRYKLLNISKVW 

                

PfCRAGS         IHYLYNIISLSNEPQKCLSILIKLTLEKKYPLISLKTCIHVLRKNHFFETDNFLIILKNF 

PbCRAGS         IYFLYNIIDLSNEREMCLAMLIFLTLQNEFFNMNLDRCLEALENNKFYKISNLKLVLKNF 

                

PfCRAGS         LKFTKKFVKVLRRK--------------KYEQS--------------YEYLIIYAWGMSI 

PbCRAGS         IKYRNKFLKRLSENSNMSIRFNNCEVGTKFDEIKSNNNMNNNIICEDYENLIVFAWGMSI 

PfCRAGS         LNYGNLRDINYNISHILFHVYSILNKCRFYKNIVEHFFNIYP-YVNNNAMKGNMSLINMY 

PbCRAGS         LCYCNLKDINYNLSNILLYVSNVLNTCRYFKNIVDIYFGVYYNYEFSHANKNSIEHNVKW

PfCRAGS         NNMCNFSFDKNNLYEEEKQSQKIKNNILIEQNFLDDNVNMDIKDDPCDEIEDMNMLQMYG

PbCRAGS         NLYPYNNLDFNNSY-----------------NYIIPNSNLNVMD------KENNNIQIYS
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PfCRAGS         NSFCQSFMPLYNHNFNRKNDQSIHMEETYMCDRERFNCLDKYMCSNTYINKRNSETFVNA

PbCRAGS         KDFQEPFYNDMGKSVYSPNEEMIFTKNNRMLTS---------------VDIRG-DVMDYT

PfCRAGS         HKGEYKYDISSDMNLIDYKKQSTRTKNFKGQRIFYHIHSLYIIELARIFIHCLLLDVSEF

PbCRAGS         TKGEYNNKGSFSGLLINENMKNIEHRFVRNQ----------NKQLCRIYIHCLLVDIGEL

                 

PfCRAGS         FFKIYHTHICEKYICNNLINLWGCYRNQNIYMKRFFEYIKKGEYKNQQNIIRYNICSIIN

PbCRAGS         YFNIHYNYTCEKYICNNLLNLWGYNISNNLYMKRYFENIDKFNKNNMMDILLYN------

                

PfCRAGS         EKRDDNNNNIDNTDNIDNILSITDFINKKVLDIDFYNEYEKLSKNSKHYFINISEEKDYL

PbCRAGS         ---NDININIDS----NFVLNISDYINKNVINIDFYNIFKKIGKRHRIQIKKLIKEGDYL 

PfCRAGS         NINELINFSKASDNIEELKRLQNNLIEKRNKKKLKIFSLIFCSAMPVHIIDDYEMYLDED 

PbCRAGS         NYNSLVEFSKIYTDYDEIEKIKN--IEVDNKIKNDFF-KVFSNAFPIFIEKDNYKYLDMN 

PfCRAGS         DIKLIKERKRNFNILLENMSEQIMDQYVKENYN-DKKYYFEMCNYGSSLNIRGEFLEAYS 

PbCRAGS         EISKIEEKKK-FIILYKTMGEKYIEEYILKNYEGSKINYFQMDSYGAVISICGSFFKNLL 

PfCRAGS         KKIVS--EKNKNNIKELKTNIIDIK-HIYNKGDDEDTDNLLNIKYIDILNKNKNDYMNYQ 

PbCRAGS         KIEENKFEKMENNTDEDMLKKEMVKRERYLVNNNITENDLLNKIHLKMINKNEYNYTNCE 

                

PfCRAGS         YIKEYNSLLLIHNNYKGCVGITGDLKGMNFYHSNASIIINPCIPLPTECTIELWLCCNPK 

PbCRAGS         FLENKRIGIFSHNNYECNEGVTGDLKGIDLRNGNSLIGIFPSVILPNAFTIELWLYFNSK 

                

PfCRAGS         KKYRNISGKKFAFCDKKGNSLFVLSLNEDGLEDIEIYITNVELLSDYYKKMNYIQDIKTA 

PbCRAGS         KKN-NNNLKSFIVCDKNGNSIFVIDRKNDKIESIGVFSNEISFLSENYKRRYYICNENNK 

PfCRAGS         THYHRLKDISKVLNYNNGIYIKSNMITKKCKKYKKYKIYKIYKIGKNYNMRNNIIKKKKW 

PbCRAGS         CEKKEKKNLVINQKVYNGIYIQS----EKLKKWEK---------------INKIVKINKW 

                 

PfCRAGS         NLINITKSSQGLVYYINGKYISFISHEILNMQKTFEICLFGNSCFGNNNIGICSSFKIFN 

PbCRAGS         NLINVTKCATGLVYYINGKYLSNISHEILNLEKSFEICIFGNSCFGNNNVGLFSSFKIFE 

                

PfCRAGS         FLNKEEIKCRYKIIKNIKCKEMLGDNIKIQDDNNNNNNNNYNYYNYNNFVIEGIDVRET- 

PbCRAGS         FLNNEEIKKRYKLIKSVKNKEMIGDNINMEKNNN---------------VIEGIDIKMNY 

                

PfCRAGS         -KPAEIIFLINFIQSSKYTNRVIPFINDSNYMLKIYQLKFFDIYKNNINLSNMNYYEDIC 

PbCRAGS         MKGNDEEYFIYFIQSQKNKYKVVPTINNPKYWIKIYQLKFVIIKN--------------- 

                 

PfCRAGS         DKYNDFSEGTKKHIIHHNSNQNISCWQEEKSKNVDMVKKKNIYINYNNDDNIINNYSSID 

PbCRAGS         ----------------------------ECNKMKENRNKENIRMKYH------------- 

                

PfCRAGS         CRIIHIKNKDHYGYNVYVKKIIGRQD-VPKIYGINIFSHNFGLACDLSKFYNLIISPSLS 

PbCRAGS         FKIINIDNMNEYGFDFYYKKIGKKLDGVPKIYGINIFSDYLIFGCDLSQFYTIVLYPSLC 

PfCRAGS         IYNELQKTLGYSICAWIFLPIEKSISYSSLIAGKKDIHVCIFSDDMLLGSIQNYTSKGN- 

PbCRAGS         IYNELVKPCGYTISGWVFFPVEKSISFLSLISGTNDVHICVFSDDMILRSIENYVRSNKN 

                

PfCRAGS         ---LLFYHSSGYSIKNMKRGWYYLNVIGTLQGQYYFLNGKFKGYHTFCSFDNIKYICNSS 

PbCRAGS         NERCTVYHSSGFSIKDIKKGWYYLSVVGTLNGQFYFINGCFKGYHKFCSFDNIKYIGNTS 

                     

PfCRAGS         LFINPFPYICFLKILNKPLSMNEVLYEFYTFSKLFNETSYESYNLHYIIHFLFPYFESKN 

PbCRAGS         LFINPFPYICFIKVIGRVLSVNEILHEYS-ISSGYNNFTYLYY--YYYLFILFSNNEEND 

                

PfCRAGS         KN---------NISYSSNDTSLCN-SYDHNCS-EGKYLHFYITENYDVHIYPIEQVKNYY 

PbCRAGS         DESFVSKNILIDRSHTRTDTISSDDTYSFYCYNKEKYIFFYITKNYNVYIYPLEESKNYY 

                

PfCRAGS         YSVSLISIKNRKLYYFNSINEQSNNLNIHLKNYIILPEHHWTILAVINLTHINKLGYHCL 

PbCRAGS         FTLSLVSMINKKLYIFNSINDQINNLNIYFINYIVLPEQ-WTIFTLINIPYINEANYHCL 

x 
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Figure 2.2.2: PfCRAGS and PbCRAGS are highly conserved between species and share putative 

domain and motifs. Signal peptides are highlighted in blue blocks, the EGF-like domain highlighted 

in yellow blocks, the CRM domain is contained within a red box and the modular arrangement that 

resembles a TNF-R motif, present in the CRM domain, C-x-x-G-a-a-x6-16-C (a= T,F,W) is contained 

within the black box. The 9 predicted transmembrane helices are highlighted in lilac. The 10
th
 

predicted transmembrane domain is indicated by the bright green box for PbCRAGS and the bright 

blue box for PfCRAGS. The PbCRAGS sequence which was missing from the database is highlighted 

in grey. The PfCRAGS extra coding sequence is shown in the pink box. Intron/exon splice junctions 

are indicated by black arrows and the extra intron in P. berghei is indicated by an x. Residues are 

coloured according to amino acid type where green = hydroxyl, amine and basic (including Q), 

red=hydrophobic (including aromatic Y), blue= acidic, pink= basic. 

2.2.3 Putative features of PCRAGS 

A signal sequence, predicted by the programme SIGNALP (Bendsten et al, 

2004) of 24 amino acids is located on the first exon at the NH2-terminus. This is 

followed by a cysteine rich region that consists of the PCRM domain and a putative 

membrane proximal laminin EGF-like domain (PFAM E=0.43). There are 10 

putative transmembrane domains predicted by the programme TMHMM2  

(http://www.cbs.dtu.dk/services/TMHMM-2.0/) in which a region of homology to an 

ion transport protein (PFAM E=7.4) is present from amino acids 226-352. This is 

relatively conserved between species. However, comparative alignments between 

species suggests that it is more likely there are only 9 putative transmembrane 

PfCRAGS         VGGTNGNSHICINGFDLSIGVLINLQNEYIYEEQLSLEDSFTSISDTLNGFSLLNEYMKV 

PbCRAGS         VGGINGRSHIAIDNDDMTLGVLEN------------------------------EEVFKN 

PfCRAGS         DSITKEKNNNNNDDDDDDLLCNSYDKKINKYNNNVSDFDNVHIRNANKSYSTFCGCGYNL 

PbCRAGS         KNIYEQNEKYNNDIKGD-------------------DYGNFTQIRYKEAYQKFYSCGYKF 

                

PfCRAGS         QNELNKNILITTTCRNYEQTFFINSTKVGITQACLDPITCIGNCASINNEFLSPFGSYKF 

PbCRAGS         ENPLNKNILLTTRCINNQQTFFINNTNVGTCRSCRSAITCFGNCLSTNNEYSAPFGNYKF 

PfCRAGS         LRIIFDYVSDEQIRQFYYSLKL 

PbCRAGS         IKIVFEYINDDKIKEFYTNYSL
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domains. A region at the COOH-terminus contains a coiled coil motif followed by a 

Myb DNA binding domain (PFAM E= 5.9). However, this is a low probability score 

and is not predicted for the other Plasmodium species. All homologues possess signal 

peptides, the CRM domain and the conserved EGF-like motif.  

 

The CRM domain 

The Cysteine Repeat Modular (CRM) domain has been described by 

Thompson et al (unpublished) as a cysteine rich region that is highly conserved 

within the PCRMP family and is predicted to be an extracellular domain involved in 

host-parasite interactions. The CRM domain in PfCRAGS is truncated (Cysteine 45 to 

Cysteine 163) compared to those of PCRMP1-4 which span roughly 800 amino acids. 

This domain is highly conserved between all Plasmodium species, C. parvum and T. 

gondii (figure 2.2.3). A conserved cysteine appears to be missing in P. gallinaceum 

but closer examination of the gDNA sequence shows that this is likely due to a 

sequencing error that has caused a frameshift in this exon. This domain in the rodent 

malarias has a conserved amino acid identity of 77% and 90% between P. berghei 

and P. chabaudi or P. berghei and P. yoelii, respectively. Between PcCRAGS and 

PfCRAGS there is 33% homology which increases to 40% between PfCRAGS and 

PbCRAGS. 

A module found in members of the TNF-receptor family is weakly detected 

in one region of the PfCRAGS CRM domain (PFAM E=3.56 in Motifscan, 

www.ca.expasy.org/, Naismith and Sprang, 1998., figure 2.2.2 and 2.2.3) but has less 

homology to the TNF-receptor family than those modules present in the PCRMPs 1-

4 (Thompson et al., unpublished). All module types are present in the CRM domain 

of PfCRMP1 whereas only one module of type A is present in PfCRAGS. The 

cysteine rich modular arrangements of PfCRMP1 that resemble those of the TNF-R 

family are compared to PfCRAGS in figure 2.2.4.  
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PbCRAGS     MILLTVLIYFLFRQTKIVILKKMKIYFWNKI-KMLALIIHLFVNRNKYLDILLTIDYKER

PyCRAGS     MILLTVLIYFLFRQTKIVISQKMKNYFWNKI-KIFVLIIHLFVTRNKYLDILLTINYKER

PcCRAGS     -------MFYLIRQAKIVILKKMKIYFWNKI-KFFALIIHLFVTRNKYLNILFTINYKER

PgCRAGS     ------------------------MFTTNKI-IFFISLIYPLMISIVYLDHSFNKISNVK

PfCRAGS     ------------------------MSCINKLPLFIILIIYETLNKNWGAKNYYSQLNKGI

PvCRAGS     -------------------------------------MSLLLIRGGTEIGVLVSKLSGGK

PkCRAGS     -------------------------------------MSLLLIRGDTEIGVLISKLSGNK

CpCRAGS     -----------------------MLVITEKIYHIKLLVIFLVIII KIGVVNTEHDLVCPI

TgCRAGS     --------------------------MARSLFLAVFLLLLPRVKRPFLIGASPFSPHSRL

PbCRAGS     TTRILN----GKCRAGERLTYDYK----CESCKKGFYNFS--RENNKCFPCPLGTFNDKL

PyCRAGS     TTRLLN----GKCRAGERLTYDYK----CESCKKGFYNFS--RENNKCFPCPLGTFSDKS

PcCRAGS     TIRLLN----GKCRAGERLTYDYK----CESCKKGFYNFS--RENDKCFPCPLGTFSNKA

PgCRAGS     KFRLLD----TVCNAGEMLTYDYK----CEKCKIGFYNFS--RVNKQCFPCPLGTFTDKM

PfCRAGS     YPRLLN----VKCRAGESLTYDYK----CDKCKEGFFNFS--RDNKKCSPCPIGTFSSYV

PvCRAGS     NGRLLLN---VTCNAGEMLTYNHK----CEKCKKGFYNFS--RDNKICLPCPLGTFTHAE

PkCRAGS     KGRFLS----ITCNAGEMLTYKHK----CEKCKKGFYNFS--RENKTCLPCPLGTFSDAE

CpCRAGS     G-YILEG---NYCKLCESGTFSNKETNSCTACGEGKYSFPGSYSQSLCFQCSIGTYSEKE

TgCRAGS     HPRRLASAGQATSTHCVGGKYWDTRLDACVDCPAGTYSFYGSVGIQRCMLCPFGFYS-VA

PbCRAGS     GSVMCVNCPHGYTTHYTGS KSIAECVCDVGFKFDKITN---MCLQCN-PLEFCD-----D

PyCRAGS     GSIMCTNCPHGYTTHFTGSKSIAECVCDVGFKFDNITN---MCLECN-PLEFCD-----D

PcCRAGS     GSIMCENCPHGFTTHFTGSKSIAKCVCGVGFKFDKITN---MCLQCD-PLEFCD-----D

PgCRAGS     GSLICQNCPKGSTNEME-SKSILDCICNK-FKLDKINN---KCMKCN-LIEFCH-----D

PfCRAGS     GSIICENCPYGSTTKSIGSKSISDCVCNKGFKLSSYLNGGNKCVPCN-SQEYCK-----S

PvCRAGS     GSIVCTNCPGGSTTKSTGSESSRACVCSKGFKVDTTDG---RCAKCS-ALESCD-----D

PkCRAGS     GSIVCRNCPGGSTTKSTGSESSGNCVCSKGFKLDITNG---KCAKCS-ELELCD-----E

CpCRAGS     KSNSCEICPNNQITSTIGSTKKEDCFCMPGFKPASLRD--ETCVQCA-STEWCYRVS-PN

TgCRAGS     GAPVCTACGANMTTETTGSTSEAACFCQSGFKPVVNALGGFSCIPCEPLFEYCYRTSPTD

PbCRAGS     NERVWSFKNMCMKKKAKEYVKLCE---------------------------- ETEKKEIY

PyCRAGS     NERVWSFKNMCMKKKGKEYVKLCE---------------------------- ETKKKEIY

PcCRAGS     NERVWSFKNMCMKKRGKEYVKLCE---------------------------- EVKKKEIY

PgCRAGS     NKNIWSFNNMCIKQ--ENYVNL-------------------------------LKKKKIY

PfCRAGS     NENTWCFRNMCLKDKNKENIKLCK---------------------------- KVKKKSIY

PvCRAGS     GENVWSFKNMCTKERGEEYVELCR---------------------------- NVRTDQVY

PkCRAGS     GENVWSFKNMCTKERGEEYVELCR---------------------------- NVRTEQVY

CpCRAGS     SGGFWNVASYCYSVDLSKYSKDSTTHLLCNDM-------------------- SLMSSKTA

TgCRAGS     DSGWWSWSMVCSESRPEAGDSDSGDITTRAAFRAFGDPSVSEDASGTSGTFEPSEDYSTV

                                                  .

PbCRAGS     NLNIFCP---------------------KKGVCLNMEKN---------------------

PyCRAGS     NLNIYCP---------------------KKGVCSNMEKN---------------------

PcCRAGS     NLNIFCP---------------------KKGVCSNMEKN---------------------

PgCRAGS     DYQILCH---------------------KKDVCLNFKEN---------------------

PfCRAGS     NYEILCF---------------------KKGVCLNVKEK---------------------

PvCRAGS     SFQISCF---------------------KKDVCLNHKEG---------------------

PkCRAGS     SLQISCF---------------------KKDVCLNHKER---------------------

CpCRAGS     NFQIPCFGSQCES------------ LYRNNEVISNNNINSLM------------------

TgCRAGS     GYHAASAATQETPGTAAGSGSFKRSASPRKEARVNRPKGSGAGRTMFRGSASLFQSYKQQ

PbCRAGS     ------------------------------------------KSCVDGNKLIQCKICEEN

PyCRAGS     ------------------------------------------KSCVDGNKLIQCKICEEN

PcCRAGS     ------------------------------------------KSCVDGNKLIQCKICEES

PgCRAGS     ------------------------------------------KSCLKGILLIQGKFCEEN

PfCRAGS     ------------------------------------------NSCLEGNKMIQCKICDEN

PvCRAGS     ------------------------------------------KTCLEGNKLIQCKICDEN

PkCRAGS     ------------------------------------------KSCLEGNKLIQCKICDEN

CpCRAGS     -----------------------------------------VVRCKEGSSGFLCDDCEDG

TgCRAGS     VKQGDEGSQEHPFCEILRQANPAGLHFRLKCRKEGVCTGDVFAPCTEGNAGVLCNRCANG

PbCRAGS     YR--YDLISPA--INSCVYCNWASY

PyCRAGS     YR--YDLISPA--INSCVYCNWASY

PcCRAGS     YR--YDLISPA--VNPCVYCNWTSY

PgCRAGS     YR--YDLISPS--KNPCVFCNFTTY

PfCRAGS     YR--YNFLAPL--QQPCVLCNMSTY

PvCRAGS     FR--YDFVTPV--KRPCVLCSFTTY

PkCRAGS     FR--YDFVTPV--KRPCVLCSFTTY

CpCRAGS     YAKIDGLLGEVGSCKKCSLLNFTPF

TgCRAGS     FT--MPLVKPT--AGSCTKCSAG-L

Figure 2.2.3: Alignments of the extracellular domain of PCRAGS. The gene is highly conserved 

between 7 Plasmodium species and in C. parvum and T. gondii. Signal peptides are indicated in blue 

blocks, the EGF-like domain in yellow blocks and the modular arrangement that has weak homology 

to the TNF-R-like motif, present in the CRM domain, C-x-x-G-a-a-x6-16-C (a= T,F,W) is contained 

within the black box. Residues are coloured according to amino acid type where green = hydroxyl, 

amine and basic (including Q), red= hydrophobic (including aromatic Y),blue= acidic, pink= basic 
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Figure 2.2.4: The CRM domain of PCRMP1 and PCRAGS show modular arrangements that 

resemble those found in the TNF-R family. 

Alignments using Clustal W show part of the CRM domain for PCRMP1 and PfCRAGS. Residues are 

coloured according to amino acid type where green = hydroxyl, amine and basic (including Q), red= 

hydrophobic (including aromatic Y), blue= acidic, pink= basic. The cysteine rich modular 

arrangements present in PCRMP1 are indicated in yellow, blue or green on the alignment. Details of 

each module are shown in the black box. These modules resemble those of the TNF-R family. There 

is only one of these modules present in PCRAGS and it is type A and highlighted in purple. 

The EGF-like domain 

The most highly conserved region of the cysteine rich domain is the EGF-like 

domain, identified by its characteristic 7 cysteine residues. This is shown in 

alignment of this region in the PCRMPs and PCRAGS (figure 2.2.5). The laminin 

EGF-like binding domain also has homology to a calcium binding EGF-like domain 

(PFAM E= 87.4) but this score is less significant compared to those of other motifs 

detected.  

 

 

 

 

�

�
PCRMP1       CMKCDKNKTTLIEKSSNKTDCLCNFGYEYIKNPSDPQEFICSPCTRGMYKNTISNKLCDG

PCRAGS       NVKCRAGESLTYDYKCDK----CKEGFFNFSRDNKK----CSPCPIGTFSSYVGSIICEN

PCRMP1       NACTGNFTT-SVIGAKNIIESTCFCKPGFYVTYDYRGIEFCKECLLHFYCPGNVIGIQKC

PCRAGS       CPY-GS-TTKSI-GSKSISD--CVCNKGFKLSSYLNGGN--K-CVPCNSQEYCK------

PCRMP1       PIHNE-TLQPEKRINFDSLHGCFC

PCRAGS       --SNENTWCF-RNMC

A     Cxx[G,N]α α x4-15C                                                                     α = Y,F,W,E

B1    Cx1-6 [T,N,S] x1-4 [G,S,A] x0-2 [A,S,T,G] x0-6β x1-2 C                 β =  G,S,N,T

A/B  Cx1-3σx 1,2[Y,F,H] C Px0-2 β x5-19 C x 2-3 β x1-9 β x0-2 β x0-4 C    σ= G,S,N,T,H
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Figure 2.2.5: Alignments of the EGF-like binding domain in the PCRMP family. The EGF-like 

binding domain, located at the proximal membrane which separates the extracellular domain from the 

membrane spanning or cytoplasmic domains, is highly conserved between the PCRMP family. In 

particular the cysteine residues (red blocks) display the highest level of conservation and these are 

important in formation of tertiary structure of the domain. The tertiary structure of EGF-like motifs 

shows that disulphide bonds are likely to form between Cys1-Cys3, Cys2-Cys4 and Cys5-6 (Stetefeld 

et al., 1996). Based on this model the positions of disulphide bridges likely to form in PCRAGS are 

shown by black and red lines for the 2 possible formations.  

The Transmembrane domain 

Only 9 putative transmembrane domains are predicted for P. chabaudi using 

the TMHMM 2.0 programme. These 9 transmembrane domains are highly conserved 

between P. berghei and P. falciparum (Figure 2.2.2). However, the 10
th

 domain 

predicted to be present in PfCRAGS at amino acid position 1199 and in a different 

position of 899 in PbCRAGS are not conserved between species and therefore it is 

more likely that this prediction is incorrect. 

A region of potential ion transport was identified in transmembrane domains 

1-3. The sequence consensus of integral membrane proteins involved in membrane 

transport are undefined at present but it is possible that this region is involved in the 

transport of host or parasite molecules. An inter transmembrane motif located 

between the 5
th

 and 6
th

 transmembrane domains in the PCRMPs is highly conserved 

and is also present in the ancient unicellular organism Dictyostelium discoideum 

(Thompson et al., unpublished). This motif shows consensus with a sequence 

implicated in transport or signaling. An alignment of the motif between PfCRMP1, 

PfCRMP2, Dd_Q86119 and PfCRAGS shows that this motif is not well conserved in 

PfCRAGS (figure 2.2.6). 

 

PfCRM1  FIKCPIKGACLEK---NKCHKSMNNYLCIECAKGYTNSFMTS---LCVKC

PfCRM2  IVECPIKEACLYN---EKCHESMTNFLCGECKKGYTNNFSKLN--LCIKC

PfCRM3  FHLCPISNRCMGTS-SNLCFKGSEGYLCNNCSNSYDVIHFRS---QCIKC

PfCRM4  IHPCTIPNRCLGTL-INLCSDGSTGYQCNNCSKNYDMSYFKS---KCKKC

PfCRM5  EILCFKKGVCLNVKEKNSCLEGNKMIQCKICDENYRYNFLAPLQQPCVLCPfCRAGS 
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Figure 2.2.6: The inter transmembrane motif identified in PCRMPs is not well conserved in 

PfCRAGS. 

Amino acid sequence alignments using Clustal W of the motif located between transmembrane 

domains 5 and 6 for PfCRMP1, PfCRMP2, D. discoideum hypothetical protein Dd_Q86119 and 

PfCRAGS are shown. The motif is indicated in the grey box and the sequences at either side are part 

of the predicted transmembrane domains. Residues are coloured according to amino acid type where 

green = hydroxyl, amine and basic (including Q), red= hydrophobic (including aromatic Y), blue= 

acidic, pink= basic. 

2.2.3 A comparison of PfCRAGS between laboratory and field isolates. 

The genomic sequence of 3D7 pfcrags was used to identify pfcrags in the P. 

falciparum Ghanaian clinical isolate and IT isolate to investigate differences that 

may exist between different isolates of the same species. Furthermore, there is a 

possibility that 3D7 has mutations due to long-term in vitro culture. Although almost 

identical, two nucleic acid point mutations present in the CRM domain of 3D7 

laboratory adapted isolate have led to amino acid changes. The first is located in the 

signal peptide at amino acid position 3 where tyrosine has been replaced by a 

cysteine. The second is in the EGF-like domain at amino acid position 213 where 

threonine has been replaced with asparagine. A codon deletion event in 3D7, within 

the first transmembrane domain at nucleic acid position 820, has led to the loss of a 

serine molecule without causing a frameshift. These differences are unlikely to have 

a structural effect on the protein and therefore are unlikely to affect function. 

	$'�(��� �����

  A fifth member of the PCRMP family, named PCRAGS, was identified and 

the predicted features were analysed. PCRAGS shows homology to PCRMPs1-4 in 

the extracellular cysteine rich domain and is highly conserved throughout seven 

Plasmodium species and the other Apicomplexa, C. parvum and T. gondii. It also 

PfCRMP1         PLFSFYILYINRHNLFNENVRIRYGFLHNGYVPNK------WYWE 

PfCRMP2         PLMSYLVLYKNRKQLHSENILFKYGFLNNGFNFQF------WYWE 

Dd_Q86119       PLILMILLFLNRKSLDDPHTQRTYGVFILKYKSSF------YFWD 

PfCRAGS         ----------- RKYVKRYQAVIDEYIILQQKAKIINKKDTL---- 
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shares putative domains and motifs that are present in the other PCRMPs such as an 

NH2-terminal signal sequence, the EGF-like domain and the 9 transmembrane 

domains that also have a high level of consensus. However, an inter transmembrane 

motif found between transmembrane helices 5 and 6 in PCRMPs 1-4 that is also 

conserved in hypothetical proteins of Paramecium tetraurelia and Dictyostelium 

discoideum is not present in PCRAGS. The features of PCRAGS suggest that may be 

involved in host-parasite interactions through the potential binding domains or may 

also form an ion channel or integral membrane transporter involved in transport of 

molecules in or out of the cell.   

The signal peptide resembles the classical NH2-terminal hydrophobic 

eukaryotic signal peptide which targets proteins across the ER membrane to the 

Golgi complex for posttranslational modification (Nacer et al., 2001). This signal 

sequence type is found in other Plasmodium proteins which are relocated to other 

cellular compartments through the trafficking network, for example EXP-1 and 

MSP-1. The default pathway for the trafficking of EXP-1 appears to be through the 

ER (Adisa et al., 2003) as expected. It is therefore likely that PfCRAGS is trafficked 

to its functional location via this route. Proteins that are trafficked by alternative 

routes often have other motifs that target them to the desired location. These include 

the prenylation motif (Biermann et al., 1996) or PEXEL sequence (Marti et al., 2004, 

Hiller et al, 2004), neither of which are found in PfCRAGS. 

The members of the TNF-R superfamily play roles in immunomodulation and 

are involved in cell proliferation and apoptosis. PCRAGS has a short module of 15 

residues within the CRM domain which shows homology to a type A cysteine repeat 

module present in the TNF-R family. In this module, disulphide bonds form links 

between cysteines 1 and 3 (Naismith and Sprang., 1998). However, the modular 

arrangements in the CRM domains of the other PCRMPs have a closer consensus to 

domains of the TNF-R family than PfCRAGS. All three types of modules (A, B and 

A/B) are present in the TNF-R and the PCRMPs but only type A is present in 

PfCRAGS. As the PCRMPs show similarity in modular arrangement to the TNF-R it 

has been postulated that the CRM domain may have the ability to bind to host 

molecules of the immune system through molecular mimicry (Thompson et 
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al.,unpublished). TNF-R homologues have also been found in viruses and the 

cysteine rich domains were shown to bind to TNFα in vitro (Mcfadden et al., 1997). 

It is possible that the TNF-R homologues in the PCRMP family are also interacting 

with the TNF-R ligands and modulating the immune system to their advantage 

(Thompson et al., unpublished). It is less likely that PfCRAGS is doing the same 

thing as there are less structural elements than the PCRMPs, that may be required for 

interaction with TNF-R ligands. 

The modular arrangements of proteins allow them to retain their tertiary 

structure whilst displaying sequence variation, which is advantageous for a protein 

under immune selection. Although PCRAGS was the fifth member of the PCRMP 

family to be discovered, the fact that PCRAGS is present in Cryptosporidium parvum 

but PCRMPs 1-4 are not, suggests that PCRAGS was perhaps the original gene 

which was present in other Apicomplexa before divergence occurred. Over time, the 

CRM domain may have evolved to contain more of these motifs due to intense 

immune selective pressure or to engage in more complex interactions with host 

immune proteins. 

The epidermal growth factor (EGF)-like domain is the most highly conserved 

region between the PCRMPs. This domain was first identified in the human EGF and 

it is thought that the characteristic 6 cysteine residues are involved in forming 

disulphide bonds which are important in tertiary structure and therefore in the 

interaction with specific receptors and cell surface molecules. EGF domains are also 

often found in extracellular proteins. This is another example in Plasmodium where 

domains mimic those of the host. A double EGF-like domain is present at the 

COOH-terminus of merozoite invasion proteins MSP-1 (Morgan et al., 1999) MSP-

4, MSP-5 and MSP-8 (Black et al., 2001) and MSP-10 (Black et al., 2003) and EGF-

like domains 1 and 2 have been shown to be important in erythrocyte binding and are 

critical for invasion (Han et al., 2004). It may be the case that a vaccine directed 

against these EGF-like domains may produce antibodies against a number of 

invasion antigens and various other malaria proteins. 
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EGF-like domains have also been found in laminins. These are extracellular, 

non-collagenous basement membrane proteins and appear to promote cell growth, 

differentiation and adhesion (Engel., 1989). The EGF-like domain in PCRAGS has a 

higher homology to a laminin-EGF-like domain. These domains are involved in the 

formation of rod-like structures which provide a rigid framework that acts as a 

scaffold for the rest of the protein (Beck et al., 1990). The loops formed between 

cysteines C1-C3 and C5-C6 are joined by disulphide bonds and are binding sites for 

other molecules (Stetefeld et al., 1996). 

The third type of EGF-like domain that PCRAGS has homology to is a 

calcium binding EGF-like domain. The calcium-binding site is located at the NH2-

terminal part of the domain and proteins possessing this type of domain may require 

calcium to perform their biological function. These domains have been found in 

microneme proteins of Apicomplexa. The EtMIC4 transmembrane protein of Eimeria 

tenella was shown to be protected against tryptic cleavage in the presence of calcium 

ions due to the formation of disulphide bonds. Therefore, the calcium in the 

environment appears to determine the conformation of the protein and in its absence 

the protein is degraded (Periz et al., 2005). 

Transmembrane domains are often features of proteins that function as 

transporters or are involved in intercellular signaling pathways. Transmembrane 

helices are hydrophobic and 20 residues will span a surface membrane (Stryer., 

1995) allowing the intracellular domains to interact with cytoplasmic molecules. The 

transmembrane domains found in PCRAGS have a region of homology to proteins 

involved in ion transport, in particular sodium, potassium and calcium. This is 

interesting because so far there have been no direct homologues of this kind of 

transporter identified in Plasmodium (reviewed in Martin et al., 2005). An active ion 

transporter is not a channel that is constantly open but becomes open due to a protein 

conformational change which moves a bound substrate from one side of the 

membrane to the other (Kirk., 2004). This relies on a coupled input of free energy 

which is usually provided by ATP or a sodium electrochemical gradient. Many of 

these channels exist in the animal kingdom, which sense changes in the environment 

and respond by cell signaling, for example, the transient receptor potential (TRP) 
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channels which mediate the influx of calcium ions into the cell through the opening 

of channel gates. The activation mechanism is unknown but it is suggested that the 

channel opening is caused by the binding of a substrate to a receptor which leads to 

signal transduction (Clapham., 2003, Palmer et al., 2005). In Plasmodium there is 

evidence that the infected erythrocyte becomes more permeable to small molecules 

and ions and this is shown to be due to parasite derived anion or cation channels 

(Alkhali et al., 2004, Staines et al., 1999). Purely on the basis of genome analysis, it 

appears that there are very few proteins present in the genome which have multi-

transmembrane domains, and therefore very few transporters have been identified 

(Martin., 2005). It is possible that many of the Plasmodium transporters do not share 

homology with known transporters from other organisms. The identification of 

putative transmembrane domains in hypothetical proteins, such as PCRAGS, may be 

useful in identifying novel membrane transporters and their associated substrate 

binding sites which can be used to target drugs into the cell. 

The final feature is the Myb DNA-binding motif located at the COOH-

terminus of PCRAGS. This shows homology to a SANT domain which is involved 

in transcriptional regulation by binding to transcriptional factors (Assland et al., 

1996). These domains are found in Myb proteins which are involved in 

transcriptional control and play a role in switching between cell proliferation and 

differentiation (McIntosh et al., 1998). However, expression data shows that 

PfCRAGS is not detected in the nucleus (chapter 4), which suggests that this is likely 

to be a false prediction. 

There are several problems associated with the Plasmodium databases which 

should be taken into consideration when using the sequence information as a basis to 

begin functional studies. Due to the AT-rich genome of Plasmodium there have been 

problems with assembly from contigs and it has been difficult in some cases to close 

sequence gaps. Therefore, there may be indels and missing sequence in some genes, 

and this was found to be the case for pbcrags. Gene-prediction algorithms may have 

also mispredicted intron/exon splice junctions and there may be contaminating 

sequences from the host or the cloning vector (Gardner et al., 2002b). PCRAGS 

shows a high level of homology between P. falciparum and P. berghei, especially in 
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the CRM domain where intron/exon boundaries are highly conserved. However, the 

positioning of these introns were mispredicted by the databases which is often a 

problem associated with genes containing many small exons. There is other evidence 

of this where intron/exon boundaries in a 13.6 kb contig, obtained from P. berghei, 

were found to be highly conserved between P. berghei and the P. falciparum 

orthologue (Thompson et al., 2001) but the gene-finder algorithms failed to predict 

the presence of small exons. The exons were shown to be present by comparative 

genomics and sequencing. This has serious implications for predicting genes of 

biological importance, where they may be missed entirely, leading to a reduction in 

genes which can be analysed for vaccine or drug targets. Therefore, experimental 

analysis is crucial to confirm gene synteny and protein function.  

Culturing of the lab strain 3D7 may have resulted in mutations in certain 

genes, especially those which may not be required in an asexually passaged culture. 

It is therefore important to compare sequence data from 3D7 lab strain to field 

isolates. However, in PCRAGS, it appears that the single nucleotide polymorphisms 

identified between 3D7 and the IT and Ghanaian strains are in positions unlikely to 

affect tertiary structure and protein function. By using comparative genomics it was 

also shown that PCRAGS is more likely to have 9 putative transmembrane domains 

rather than the predicted 10. The first 9 are predicted to be in the same position for 4 

species of Plasmodium and show a high level of conservation whereas there are 

discrepancies in the positioning of the 10
th

 and it not predicted to exist in P. yoelii or 

P. chabaudi. Although there are now 700 domains present in the SMART protein 

database these domains are based on sequences that have been derived from other 

organisms. It is possible that several Plasmodium protein domains display a lack of 

sequence homology to known domains but perform a similar function. Judging from 

the number of hypothetical proteins present on the database it is highly likely that a 

plethora of domains are not being recognised. Therefore, caution must be exercised 

when using Pfam scores as an indication of possible biological function, although 

they provide a good basis for developing an initial hypothesis to be tested. In 

conclusion, the gene and domain prediction programmes are extremely useful but 

comparative genomics along with sequencing are important for accurately predicting 

intron/exon boundaries as well as putative domains and potential parasitic targets.  
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The release of the P. falciparum genome has been extremely useful as a way 

to initiate experimental studies on genes which look biologically significant. 

However, it does not provide an immediate solution to preventing or reducing the 

morbidity and mortality associated with malaria. It is important that efforts are made 

to identify genes which may express proteins that can be used as drug or vaccine 

candidates. These are either genes which are unique to the organism and may be 

involved in pathogenesis or genes which have orthologues in other organisms known 

to code for biologically important proteins, possessing domains involved in host 

binding interactions or membrane transport. Based on the gene and protein feature 

predictions for PfCRAGS, it appears that this gene fits the above criteria as a 

potential parasite target. It has possible binding domains likely to be involved in 

host-parasite interactions, the possibility of transporting substances across a cell 

membrane and there are no orthologues present in the human host. The gene is 

highly conserved between P. falciparum and the rodent Plasmodium species 

allowing for the possibility of studying the gene in vivo in a rodent model system. It 

is also a member of a larger protein family, the PCRMPs, of which two have been 

shown to be essential. PCRAGS is therefore both an interesting and potentially 

biologically important protein which would benefit from further experimental 

investigation. 
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Plasmodium falciparum, Cryptosporidium parvum, Toxoplasma gondii and 

Theileria annulata are part of the phylum Apicomplexa and these organisms share 

biological features, such as the apical complex from which the phylum name is 

derived. The phylum was originally constructed based upon these ultrastructural 

components but the taxonomic relationships between the Apicomplexans and their 

closest related ancestor has been disputed.   

Phylogenetic analyses based on both morphology and comparative genomics 

using rRNA sequence shows that dinoflagellates are likely to be the closest related 

outgroup to Plasmodium (Barta et al., 1991). From the same study it was predicted 

that Cryptosporidium is the closest related genus to Plasmodium, followed by T. 

annulata and then T. gondii. Other trees, generated using different methods, 

predicted that Cryptosporidium is a greater distance from other Coccidians and 

Plasmodium whereas T. gondii is more closely related (Carreno et al., 1999). Further 

evidence to support this relationship has come from looking at sequences of SSU 

rDNA from Gregarines which showed that Cryptosporidium is more closely related 

to this group of organisms rather than to apicomplexans and dinoflagellates (Leander 

et al., 2003). This is not surprising, as completion of the Cryptosporidium genome 

revealed that there are no genes encoding plastid proteins, suggesting that plastids 

developed in apicomplexans and dinoflagellates after divergence of common 

ancestors had occurred (Keeling., 2004). The phylogenetic relationships inferred are 

sensitive to changing the outgroup, phylogenetic model or the gene on which the 

analysis is driven. Disagreement in topology based on nuclear genes is often due to a 

lack of data, which reduces the power of the analysis. However, disagreement 

between nuclear and mitochondrial genes, resulting in a different phylogenetic 

profile, may be due to a greater selective pressure acting on nuclear genes which has 

led to an increase in divergence of these genes between species. Analysis based upon 

alignments of genes originating from the plastid or the mitochondria, which has 

maternal inheritance, may provide a slow evolving and simple phylogenetic model in 

comparison to a genomic sequence that has been under increased selective pressure 

or has had an opportunity to recombine. Furthermore, the AT richness of the 
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Plasmodium genome varies within the genus, which may distort the topology, 

whereas the high AT content (80%) of the plastid genome remains consistent 

throughout species and members of the phylum (Rathore et al., 2001).  

There are examples where the positioning of phylogenetic relationships 

between Ampicomplexa are maintained whether they are based on sequences derived 

from the plastid or from nuclear rRNA (Lang-Unnasch et al., 1998). However, in this 

case bootstrap values, which test the strength of the tree supported by the data, were 

variable. There was strong support for a sister group linking Plasmodium and 

Babesia clades when using plastid sequences but this was weakened when the 

analysis was based upon rRNA. Escalante and Ayala (1994) showed that within the 

Plasmodium genus P. falciparum’s closest relative is the chimpanzee parasite P. 

reichenowi, based upon data derived from small subunit rRNA genes. These formed 

a separate cluster from the clade containing P. vivax and P. knowlesi and P. 

falciparum is only remotely related to the other human malarias. It is important to 

remember that phylogenetic trees demonstrate the relationships between genes and 

do not necessarily depict the evolutionary history of an organism. For example, 

forming phylogenetic trees using PCRAGS could determine the evolution of this 

gene between Plasmodium species, which may have occurred from the parasite 

adapting to different definitive hosts. However, by looking at this one gene 

assumptions cannot be made about ancient evolutionary relationships between 

Plasmodium species. Also, single genes may have evolved rapidly over a short 

period of time and where relationships can still be determined between species 

evolutionary information may be lost when looking at ancient relationships between 

Apicomplexa. By testing several models to obtain a tree with high support for 

evolutionary relationships and by combining information from several trees 

constructed from different genes, we can more accurately predict the origins of 

species. 

Comparative genomics can also be used as a tool for measuring the level of 

divergence between genes of different species. By examining genes for single 

nucleotide polymorphisms (SNPs) the ratio of non-synonymous (that change the 

amino acid) to synonymous (silent) mutations (KA/KS) can be calculated (Li et al., 
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1985). These types of mutation occur at different rates over time where KS 

approximately measures the neutral change and KA measures the amino acid 

changes. A gene under strict purifying selection will have a KA= ~ 0 and therefore 

KA/KS = ~0. In this case, mutations that may lead to amino acid changes will be 

deleted from the population in order to conserve the protein sequence. If a gene is 

evolving at a neutral rate then KA=KS and KA/KS = 1. If KA/KS >1 then the amino 

acids are changing faster than neutrality and the gene is under a positive selection. 

For example, selection on a parasite gene, which is exposed to the host immune 

system, will be driven by the necessity for the gene to evolve to prevent antigen 

recognition and destruction by the host.  

It was believed that essential genes under a purifying selection evolve more 

slowly than a gene under positive selection but this has since been disputed (Hurst 

and Smith., 1999). The selection process has happened over millions of years and 

therefore the changes observed between species may not be fully representative of 

the total number of changes that have taken place due to saturation of synonymous 

substitution sites (Hughes et al., 1999). Assuming that substitution occurs at a neutral 

rate then KS is a measure of synonymous mutations. These are more common than 

amino acid changes in slow evolving ancient gene families and this is the case for 

most proteins. However, in both coding and non-coding regions of the P. falciparum 

genome it has been found that SNPs at synonymous sites are extremely rare 

(Volkman et al., 2001). As most polymorphisms appear to be due to positive 

selection it has been suggested that P. falciparum arose as a species relatively 

recently.  

 Genes under positive selection, such as immune genes of Drosophila 

(Schlenke and Begun., 2003) will have a non-synonomous/synonymous substitution 

rate ratio (ω = KA/KS) which is greater than 1. In this case mutations have arisen to 

cause amino acid changes that are advantageous to the organism, leading to an 

increase in fitness and a high fixation rate within the population (Yang and 

Bielawski., 2000). KA/KS ratios can simply be examined over a whole gene where it 

is assumed that ω does not vary between sites. However, Nielsen and Yang (1998) 
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developed several maximum likelihood models to examine where ω varies from site 

to site along a stretch of DNA. Their Model 2, for example, assumes variation in ω at 

different sites and it is possible to determine how this model fits the data relative to a 

model that assumes constant ω (Zhang et al., 2005). Further, it is possible to test if 

some nucleotide sites have ω<1 as opposed to averaging across all sites. For 

example, model 7 does not allow for any positively selected sites where ω > 1 and a 

comparison with model 8, which allows for positively selected sites, can be used to 

determine the best-fit model that explains the data (Yang et al., 2000). Model 8A 

which allows for ω =1 but not for ω > 1 can be used as a constrained model which is 

compared to model 8 (Swanson et al., 2003).  

I used these models to examine the KA/KS ratios in PCRAGS as a measure of 

divergence between species and to test whether PCRAGS is selected to change 

rapidly or whether it is conserved. KA/KS > 1 may indicate whether the gene or parts 

of the gene are interacting with the immune system. Alternatively, it may show that 

the structure of the gene is conserved where KA/KS < 1, indicating that PCRAGS or 

regions of PCRAGS are important for binding and biological function. These 

questions can be answered through building a phylogenetic tree to establish the 

relationships of PCRAGS between species and estimating KA/KS ratios based on this 

tree using the CODEML program of the PAML package (Yang et al., 2000). 

Different models were compared to identify the one that best explained the data. 

KA/KS ratios were also examined at individual sites across the extracellular domain 

to determine whether certain sites are evolving faster than others. In this way, 

particular sites which are under positive or conservative selection, can be identified. 
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3.2.1 Phylogenetic relationships of PCRAGS between Plasmodium species 

and C. parvum. 

PCRAGS from seven Plasmodium species P. falciparum, P. vivax, P. 

knowlesi, P. berghei, P. chabaudi P. yoelii and P. gallenaceum and C. parvum were 

aligned by amino acid sequence using Clustal W and then adjusted by eye by 

inserting or deleting gaps in particular taxa to produce contiguous alignments with 

increased similarity. The sequence for TgCRAGS showed less similarity to the 

PCRAGS sequences than CpCRAGS, therefore CpCRAGS was chosen as the 

outgroup to root the tree. Gaps were assigned the status of unknown characters for 

the analyses. Nucleotide sequences were then adjusted, based upon the protein 

sequence alignments, to maintain an open reading frame. This was performed using 

MegAlign which is a multiple alignment programme contained within the 

DNASTAR software package. The amino terminal was excluded from the analysis 

due to ambiguity in the alignment of the signal peptide region. Therefore, analysis 

was performed on the nucleotide alignment coding for amino acids 65-202 (figure 

3.2.1) 

Phylogenetic trees were constructed using PAUP 4.0b10 (PPPC) with 

neighbour joining (NJ) (Saitou and Nei., 1987) using Kimura two parameters 

distance (figure 3.2.2). This analysis takes differences in GC content between species 

into account and therefore corrects for the AT bias found in P. falciparum compared 

to P. vivax, for example. Distances were calculated based upon the rate of nucleotide 

substitution in the first and second nucleotides of each codon as these are usually 

non-degenerate sites and therefore evolve more slowly compared to the third 

nucleotide, which may change rapidly and many times without causing a change in 

amino acid.  
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Figure 3.2.1: Nucleic acid alignment of the extracellular domain of PCRAGS. 

Nucleic acid sequences encoding amino acids 65-202 of the extracellular domain, minus the signal 

sequence of PCRAGS, were aligned for seven Plasmodium species and C. parvum using Clustal W. 

Sequences were adjusted by inserting gaps (N) or deleting them to gain a more accurate alignment 

whilst maintaining the open reading frame in the protein sequence. These alignments were used to 

generate a neighbour joining phylogenetic tree. Adenosine nucleobases are shown in red and all other 

nucleic acids are shown in green.  

 

PyCRAGS            TTACTGAATGGAAAGTGCCGGGCGGGAGAAAGACTTACTTATGATTATAAGTGTGA 

PbCRAGS            ATATTGAATGGAAAGTGCCGAGCGGGAGAAAGACTTACTTATGATTATAAATGTGA 

PcCRAGS            TTACTGAATGGCAAGTGCCGGGCGGGAGAAAGACTTACCTATGATTATAAGTGCGA 

PkCRAGS            TTATTGAATGTTAAGTGCAGTGCTGGAGAAATACTTACTTATGATTATAAATGTGA 

PvCRAGS            CTTCTGAATGTTACGTGCAACGCTGGAGAGATGCTCACCTATAATCACAAATGCGA 

PfCRAGS            TTATTAAATGTTAAGTGTAGAGCTGGTGAATCACTTACTTATGATTACAAGTGTGA 

PgCRAGS            TTATTGGATACTGTGTGCAATGCAGGGGAAATGCTTACATATGATTATAAATGTGA 

CpCRAGS            CATTGTAAATTGTGCGAATCTGGTACATTTTCAAATAAAGAAACAAATAGTTGTAC 

                    

PyCRAGS         ATCATGCAAAAAGGGGTTTTATAATTTTTCTCGAGAAAATAATAAANNNNNNTGTTTTCC 

PbCRAGS         ATCATGCAAAAAGGGGTTTTATAATTTTTCTCGAGAAAACAATAAANNNNNNTGTTTTCC 

PcCRAGS         ATCATGCAAAAAGGGGTTTTATAATTTTTCTCGAGAAAACGATAAANNNNNNTGTTTTCC 

PkCRAGS         AACATGCAAAAAGGGGTTTTATAATTTTTCTAGAGAAAACAATAAANNNNNNTGTTTTCC 

PvCRAGS         GAAGTGCAAAAAGGGGTTTTACAACTTTTCTAGGGACAACAAAATANNNNNNTGCCTACC 

PfCRAGS         TAAATGTAAAGAGGGATTTTTTAATTTTTCGAGAGATAACAAAAAANNNNNNTGTTCACC 

PgCRAGS         AAAATGTAAAATAGGTTTTTATAATTTTTCAAGAGTAAACAAACAANNNNNNTGTTTTCC 

CpCRAGS         AGCTTGTGGAGAAGGTAAATATTCATTTCCAGGAAGCTATTCTCAATCTTTATGTTTCCA 

                    

PyCRAGS         TTGCCCTTTGGGGACTTTCAGTGATAAATCGGGATCCATTATGTGTACAAATTGCCCTCA 

PbCRAGS         TTGCCCTTTGGGGACTTTCAATGATAAATTGGGATCCGTTATGTGTGTAAATTGCCCTCA

PcCRAGS         TTGTCCTTTGGGAACTTTCAGTAATAAAGCGGGGTCCATTATGTGTGAAAATTGCCCCCA

PkCRAGS         TTGTCCTTTTGGTACTTTCAGTGATAAAGTGGGATCCATTATGTGTGAAAATTGTCCACA

PvCRAGS         CTGTCCCCTTGGCACGTTCACCCACGCGGAGGGGTCCATTGTGTGCACAAATTGTCCAGG

PfCRAGS         TTGTCCTATCGGTACTTTTAGCAGTTATGTGGGTTCCATAATATGTGAAAATTGCCCATA

PgCRAGS         TTGTCCTCTTGGTACTTTTACTGATAAAATGGGATCTCTTATTTGTCAGAATTGTCCTAA

CpCRAGS         ATGCTCAATAGGAACTTACTCAGAAAAAGAAAAATCAAATAGCTGTGAAATTTGTCCAAA 

PyCRAGS         CGGATATACAACCCATTTTACTGGCTCGAAATCTATTGCAGAATGTGTCTGTGACGTGGG 

PbCRAGS         TGGATATACAACCCATTATACTGGCTCGAAATCTATTGCAGAATGTGTCTGTGACGTGGG

PcCRAGS         TGGATTTACAACCCATTTTACTGGCTCAAAATCGATTGCAAAATGTGTCTGTGGTGTTGG

PkCRAGS         TGGATCTACAACCCAAATTACTGGCTCGAAATCTATTGCAGACTGTGTCTGTAACAAAGG

PvCRAGS         CGGGTCTACCACGAAAAGCACGGGGTCGGAATCATCTCGCGCCTGTGTCTGCAGCAAAGG

PfCRAGS         TGGATCTACCACAAAGAGCATTGGATCAAAATCCATATCAGATTGTGTCTGTAATAAAGG

PgCRAGS         AGGATCAACAAATGAAATGGAANNNTCAAAATCTATTTTAGACTGTATTTGTAATAAANN

CpCRAGS         TAATCAGATTACATCAACTATTGGTTCAACAAAAAAAGAGGATTGTTTTTGTATGCCTGG 

PyCRAGS         TTTCAAGTTCGACAATATTACANNNNNNNNNAATATGTGTCTAGAGTGCAATCCCTTGGA

PbCRAGS         CTTCAAGTTCGACAAAATTACANNNNNNNNNAATATGTGTCTACAATGCAACCCCTTGGA 

PcCRAGS         TTTCAAGTTCGACAAAATTACANNNNNNNNNAATATGTGTCTGCAATGTGATCCCTTGGA

PkCRAGS         CTTCAAGTTAGACAAAATTACAAATGNNNNNAATATGTGTGTACAATGCAATTCCTTGGA 

PvCRAGS         CTTCAAGGTAGACNNNACCACCGACGGCNNNNNNAGGTGTGCAAAATGCAGTGCCCTCGA 

PfCRAGS         TTTTAAATTAAGCTCATATTTAAATGGTGGTAATAAATGTGTACCATGTAATTCACAAGA 

PgCRAGS         NTTTAAATTAGACAAAATANNNAATNNNNNNAATAAATGCATGAAATGCAACTTAATAGA 

CpCRAGS         CTTTAAGCCAGCAAGTCTAAGAGATGAANNNNNNACTTGCGTTCAATGCGCTTCAACTGA 

PyCRAGS         ATTTTGTGATGATAATGAGCGTGTATGGTCATTTAAAAATATGTGCATGAAAAAAAAGGG 

PbCRAGS         ATTCTGTGATGATAATGAGCGTGTATGGTCATTTAAAAACATGTGCATGAAAAAAAAAGC 

PcCRAGS         ATTCTGTGATGATAATGAGCGTGTATGGTCATTTAAAAATATGTGCATGAAAAAAAGAGG 

PkCRAGS         ATTTTGTGATGATAATGAGCATGTATGGTCATTTAAAAATATGTGCATGAAAGAAAGGGG

PvCRAGS         ATCATGTGACGACGGCGAAAATGTGTGGTCGTTTAAAAATATGTGCACGAAAGAAAGGGG 

PfCRAGS         ATATTGTAAAAGTAACGAAAACACATGGTGTTTTCGTAACATGTGTTTGAAAGATAAAAA 

PgCRAGS         ATTTTGCCATGATAATAAGAATATATGGTCATTCAACAATATGTGTATAAAACAAGAGAA 

CpCRAGS         GTGGTGTTATAGAGTGTCTCCTAATTCCGGAGGGTTTTGGAATGTAGCATCTTATTGCTA 

                 

PyCRAGS         TAAGGAATATGTAAAATTGTGTGAAGAAACTAAAAAAAAGGAAATATATAATTTAAAN 

PbCRAGS         TAAGGAATATGTAAAATTGTGTGAAGAAACTGAAAAAAAGGAAATATATAATTTAAAC 

PcCRAGS         TAAGGAATATGTAAAATTGTGTGAAGAAGTTAAAAAAAAGGAAATATATAATTTAAAC 

PkCRAGS         TAAGGAATATGTAAAATTGTGTAAAAAAGTTAAAAAAAAGCAAATATATAGTTTTAAA 

PvCRAGS         CGAAGAGTACGTAGAGCTGTGTAGAAACGTGCGAACCGATCAAGTGTACAGTTTTCAA 

PfCRAGS         TAAGGAAAACATAAAATTATGTAAGAAAGTGAAGAAGAAATCCATATATAATTATGAA 

PgCRAGS         TTATGTGAATCTGTTAAAAAAAAAAAAGATATATGATTATCAAATTTTATGCCACAAG 

CpCRAGS         TAGTGTAGATTTAAGTAAATATTCAAAAGACTCGACAACACATTTACTTTGTNNNNNN



 
64 

PvCRAGS

PkCRAGS

PyCRAGS

PbCRAGS

PcCRAGS

PgCRAGS

PfCRAGS

CpCRAGS

0.1 substitutions/site

0.023

0.037

0.170

0.038

0.029

0.104

0.017

0.016

0.027

0.025

0.183

0.128

0.849

 

Figure 3.2.2: Phylogenetic relationships of PCRAGS. A neighbour joining (NJ) with Kimura two 

parameters distance created with PAUP was used to show the relationships of PCRAGS between 

seven Plasmodium species and one outlier group, C. parvum. Analysis was based upon nucleotide 

alignments coding for amino acids 65-202, which covers the extracellular domain minus the signal 

peptide, using Clustal W and MegAlign. Distances are indicated for each branch. Bootstrap values are 

replicated 1000 times and are shown in the red boxes. The clades, based on a cladogram generated for 

the bootstrap values, separate the species groups and are indicated in the left hand boxes. 
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Distances show that PvCRAGS and PkCRAGS are grouped on the first 

branch with a similarity of about 70%. The rodent malarias are grouped on the 

second branch with similarities of 70-80% where PyCRAGS and PbCRAGS have the 

strongest relationship. In this model PgCRAGS is inside PfCRAGS and both of these 

diverge from the outgroup C. parvum. Bootstrap values, replicated 1000 times, 

strongly support the relationships calculated by this model with 100% of predictions 

placing PvCRAGS and PkCRAGS together on the first clade and the three rodent 

species on the second clade. There is also strong support favouring the relationship 

between PyCRAGS and PbCRAGS and the relationship between clade 1 and 2 with 

bootstrap values of 88% and 70%, respectively. However, an NJ tree based on data 

from all nucleotides within a codon, shows that PfCRAGS is inside PgCRAGS. 

Phylogenetic trees constructed using maximum parsimony with a heuristic algorithm 

displayed the same topology but there is weak support for this relationship with 

bootstrap values of 50-65%. Therefore, the relationship between these genes and 

their positions relative to the other Plasmodium species is unclear. All phylogenetic 

distance values increased when a full codon dataset was used to construct a tree, 

suggesting that most of the differences between species come from variation of the 

third nucleotide in each codon. 

3.2.2 PCRAGS   is under a purifying selection between seven Plasmodium 

species. 

PCRAGS from six Plasmodium species P. falciparum, P. vivax, P. knowlesi, 

P. berghei, P. chabaudi and P. yoelii were aligned for the full extracellular domain 

including the signal peptide and the first two transmembrane domains (900 bp) 

(Group 1). Alignments were initially based on amino acid sequence using ClustalW 

and nucleotide alignments were adjusted based upon the amino acid alignment, using 

MegAlign. A second alignment of the extracellular domain only (amino acids 65-

200; Group 2) (figure 3.2.1) was made with the addition of two extra sequences from 

P. gallinaceum and C. parvum and a third alignment of the extracellular domain plus 

the signal peptide but without transmembrane domains (600 bp) was made which 

included all eight species (Group 3).  These particular parts of PCRAGS were chosen 

for the analysis because the extracellular domain is the potential binding domain 
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thought to interact with host molecules. It is therefore more likely to be exposed to 

the immune system which often applies a positive selective pressure. Although this 

area is conserved at the amino acid level it is relatively divergent between species at 

the nucleotide level. Therefore, a less conserved intercellular region would have been 

too divergent between species for this type of analysis. Also the sequence data for the 

other transmembrane domains was only available for five species decreasing the 

power of the analysis.  

Analysis was carried out to determine whether the transmembrane domain or 

the signal peptide are evolving at different rates to the extracellular domain, which 

may act as a potential binding domain. All eight species could not be included in the 

900 bp analysis due to lack of sequence data. Phylogenetic trees were constructed 

with neighbour joining (NJ) using Kimura two parameters (K2P) distance, as 

described above. The group without C. parvum was unrooted. KA/KS ratios were 

calculated for the full length of each alignment using Codeml PAML3.11PPC with a 

runmode of 0 which uses the parameters set by the phylogenetic tree.  

Model 0 that assumes ω is the same at each site was used to calculate the 

KA/KS ratios for each alignment group (Table 3.2.1) and these were plotted against 

each other to determine whether any of the species comparisons have ω > 1 (figure 

3.2.3). KA/KS was less than one for Groups 1, 2 and 3 for all Plasmodium species 

comparisons indicating that there are more synonymous mutations than non-

synonymous mutations. This is indicative of a conserved or purifying selection. The 

lowest ratios are observed between the rodent malarias and PkCRAGS and 

PvCRAGS. Although the ratios are higher for the other Plasmodium species they are 

still not above 1. The ratios are highest for comparisons between CpCRAGS and 

PCRAGS and shows evidence of positive selection for PyCRAGS:CpCRAGS where 

ω = 1.025. Generally, the KS values were high indicating considerable divergence 

between the species. In every case, apart from ratios for comparisons between 

PbCRAGS:PyCRAGS and PfCRAGS:PcCRAGS, KA/KS is lower for the 

extracellular domain (Group 2) compared to the sequences which contain the signal 

peptide and the transmembrane domain. This suggests that a purifying selection may 

be stronger in the extracellular domain. The addition of the signal peptide into the 
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sequence appears to increase ω towards one. However, this region is not as well 

conserved between species and a poor alignment due to several gaps, which are 

ignored by the programme, creates difficulties in drawing any conclusions from this 

data.  

Adaptive evolution often occurs at very few sites over time and therefore, a 

site which has undergone positive selection may be masked by looking at overall 

KA/KS ratios which will still appear as < 1. Group 2 (extracellular domain only) was 

then analysed using maximum likelihood methods comparing model 2 which allows 

for variation at different sites across the gene to model 0. C. parvum was removed 

because it is too divergent for this type of analysis. The difference in log-likelihood 

(2_ι) is expected to follow a chi-squared distribution with 2d.f. The degrees of 

freedom represent the differences in parameters between models. Model 2 clearly fit 

the data better than model 1 (p < 0.0010). 

I further compared model 8 which allows for positively selected sites with 8a 

which is a constrained model allowing for ω =1 but not for ω > 1. There was no 

significant difference between the models (p=0.148) and therefore there is no 

significant positive selection on any site within the extracellular domain. In other 

words, PAML could not detect any changes that significantly deviated from a neutral 

rate of evolution. However, some sites are evolving faster than others which is shown 

by the Bayes probabilities test (11 classes). The KA/KS ratios have been predicted for 

each individual site or codon to identify those which are evolving faster or those 

which are under a purifying selection and the posterior means are plotted (figure 

3.2.4). However, the error bars are extremely large at many sites due to too few 

species being involved in the analysis. Therefore, although it is not possible to say 

definitively that any particular site has been under positive selection we are able to 

predict which sites have undergone numerous substitutions and therefore have a 

rapid rate of evolution.   

Cysteine residues have lower KA/KS ratios than the other amino acid groups. 

The first part of the extracellular domain appears to have a higher rate of change than 

the CRM domain and the region containing the TNF-R motif (positions 45-65) has 

extremely low KA/KS ratios. Positions 78 (Threonine) and 105 (Asparagine) have 
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particularly high KA/KS values of 4.004 +/- 2.704 and 2.436 +/- 2.432 with 

probabilities of 0.891 and 0.525, respectively, where ω >1. However, these error bars 

are extremely large as previously mentioned and therefore this is not statistically 

significant. If the same analysis is carried out on Group 2 including C. parvum model 

2 again explains the data better than model 0 (P<0.0010). However, in this case 

model 8 explains the data better than both model 7 (P<0.01) and model 8a 

(P<0.0010). This demonstrates that C. parvum is too divergent and affects the 

outcome of the analysis when included by changing the model from one that 

indicates a purifying selection to one which suggests positive selection. Maximum 

likelihood tests were carried out on Group 1 and 3 (excluding C. parvum) and model 

2 explained the data in both cases (P<0.0010). There are no significant differences 

between models 7, 8 or 8a with P>0.5 and P>0.1, respectively. Therefore PAML is 

suggesting that although there is variation between substitution rates at specific sites, 

no single site significantly deviated from a neutral rate of evolution. 
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Table 3.2.1: KA/KS ratios for PCRAGS between 7 Plasmodium species and C. parvum. KA and KS 

values are given for each species comparison. Analyses were carried out using Codeml 

PAML3.11PPC with runmode 0 which recognized rooted (with C. parvum) or unrooted NJ K2P 

phylogenetic trees. KA/KS ratios were calculated and are displayed in bold in the third column of every 

group. Group 1 represents values for alignments of 6 species for 900 bps which includes the whole 

extracellular domain plus signal peptides and putative transmembrane domains 1 and 2. Group 2 and 3 

had analyses performed on 8 species for the extracellular domain only (amino acids 65-200) and the 

extracellular domain plus the signal peptide, respectively. 

 

 

 

 

 

 

Species

compared Group 1 Group 2 Group 3

KA KS KA/KS  KA KS KA/KS KA KS KA/KS

Pf:Pv ���������� ������ ����� ������ ������ �������� ����	� ������ ����	

Pf:Pb ���
�� ������ ����� ������ ������ ����� ���	�
 ��	�
� �����

Pv:Pb ������ ������ ���	
 ���	
� ������ ����
 ������ ������ �����

Pf:Pc ����
� ����	� ����� ��	��� ����	� ����� ������ ��	
�	 �����

Pv:Pc ������ ������ ���	� �����
 ������ ����� ����	
 ������ ����	

Pb:Pc �����	 ��		�� ����� ����
� ��	��� ����� ������ ��	��
 �����

Pf:Pk ���	�
 ������ ���	� ������ ������ ����� ����
� ������ �����

Pv:Pk ������ ��	�	� ����
 ����	� ���	�� ����� ������ ��	��� �����

Pb:Pk ����	� ������ ����� ������ ��	�	
 ����� ������ ������ �����

Pc:Pk �����
 ���
�� ����
 ������ 	���	� ����� �����
 	��	�� ����


Pf:Py ����

 ����	� ���	� ��	��� ���
�	 ����� ������ �����
 �����

Pv:Py ����	� ���	�� ����� ������ ������ ����� �����	 ������ �����

Pb:Py ����	� ����
� ����� ������ ������ ����� ������ �����	 �����

Pc:Py ������ ��	��	 ����� ������ ��	�	� ����� ������ ��	��� �����

Pk:Py ���		� ���
�� ����� ������ ������ ����� ���
�� 	����� �����

Pv:Pg ������ ������ ����� ���	�	 ������ ���	�

Pb:Pg ������ ������ ����� ����
� ��	��
 ���	�

Pc:Pg ���
�� ���	�� ���
� ����	� ����
� �����

Pf:Pg ������ 	����
 ����� ����
� ��
	�	 ���	�

Pk:Pg ������ ������ ����	 ������ ������ �����

Py:Pg ����		 ��	
�� ����� ������ ����		 ���	�
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Figure 3.2.3: KA/KS ratios of different regions of PCRAGS between Plasmodium species and C. 

parvum. These were calculated using Codeml PAML3.11PPC. The red line represents KA/KS = 1 

which is the neutral rate of evolution. Points below the line are conservatively selected and points 

above the line are positively selected. Group 1= analysis of 900 bp which consists of the signal 

peptide, the extracellular domain and the first two putative transmembrane domains. Only 

Plasmodium species are included in the analysis. Group 2 = 414 bp of extracellular domain only. 

Group 3 = 600 bp consisting of the signal peptide and the extracellular domain. Both groups 2 and 3 

also have CpCRAGS in the analysis. 
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Figure 3.2.4: KA/KS  ratios calculated for each nucleotide site. Analysis was carried out on Group 2 

(amino acids 65-200 which covers the extracellular domain only) with Codeml PAML using model 8. 

KA/KS ratios are shown for each codon where position 1 is amino acid 65. The positions of the 

cysteines which are highly conserved are shown in the black box. The positions of the CRM domain 

and the EGF are indicated in red and green, respectively, below. 

	�	�!���������

The relationships between PCRAGS support those which have been found 

previously within the Plasmodium genus. PvCRAGS and PkCRAGS form a clade 

with good support from bootstrap values of 100% that is a separate from the rodent 

malarias (100%). This has been predicted for P. vivax and P. knowlesi based on other 

genes and phylogenetic models (Escalante and Ayala., 1994, Rathore et al, 2001). 

The three rodent malarias are very closely related with PbCRAGS and PyCRAGS 

having the closest distance between them (88%). It is unclear as to whether 

PfCRAGS branches from PgCRAGS or vice versa. The relationship between P. 

falciparum and the avian malarias has always been ambiguous and has been shown 

to vary depending on the gene used to generate analysis (Rathore et al., 2001). The 

idea that modern day P. falciparum that causes endemic malaria arose through 
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evolution of a common plasmodial avian ancestor has also been disputed (Escalante 

and Ayala., 1994). It is interesting that although PCRAGS is present in C. parvum 

and T. gondii it is not present in Theileria species when T. annulata appears to be 

more closely related to Plasmodium than T. gondii. It is possible that when the 

common ancestor for these Apicomplexan parasites diverged PCRAGS was not 

required in Theileria species due to different life cycle or vector/host specific 

constraints.  

KA/KS were found to be <1 for comparisons between all Plasmodium species. 

The extracellular domain appears to be evolving at a slower rate than the 

transmembrane domain or the signal peptide, and has been predicted to be a binding 

domain possibly involved in host/parasite interactions. However, even the region 

with a faster rate of evolution did not show statistical evidence of being under 

positive selection , i.e with KA/KS > 1. Thus overall there appears to have been more 

synonymous substitutions than non-synonymous substitutions which is indicative of 

a gene that has been under a purifying or conserved selection. It can therefore be 

assumed that most mutations which would have arisen at non-synonymous sites will 

have been deleted in order to conserve the amino acid sequence. If this is the case 

then it has been important for PCRAGS to maintain its protein structure for 

functional purposes.  

The cysteines that are conserved throughout the extracellular domain have the 

lowest KA/KS ratios compared to other amino acids in the region and are known to be 

important for the formation of disulphide bonds. However, as previously mentioned, 

due to saturation of synonymous sites Ka/Ks ratios may appear to be less than one 

(Hughes., 1999). This is most common at fourfold degenerate sites where any 

possible mutation will not lead to an amino acid change and also often in introns 

which will not affect the protein coding sequence. Generally, the KS values are 

extremely high for all Plasmodium species which indicates a high level of divergence 

between species. This may have resulted due to selection pressure on the parasite to 

adapt to new hosts. The positive selection that appeared to be acting on 

CpCRAGS:PCRAGS is probably due to Ks, in this comparison, being grossly 

underestimated hence the high KA/KS ratio. CpCRAGS is too divergent and cannot 
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be included in more detailed analysis. Problems with the signal peptide alignments 

which produced several gaps also meant it was not meaningful to look at individual 

site variation in this region.  

The lowest KA/KS ratios were observed between PkCRAGS and PvCRAGS 

and also between the three rodent malaria species which correlates with the results 

found in the phylogenetic analysis. For each group model 2, that allows for variation 

in ω at individual sites explained the data better than model 0 that assumes the same 

rate of evolution at each site across the sequence. However, PAML could not detect 

any differences between the maximum likelihood models 7, 8 and 8a which suggests 

that although there is variation between sites all the ratios are within the boundaries 

of neutral selection. It may be possible that certain regions are being positively 

selected, however, more sequences from an increased number of species is required 

to increase the power of the analysis. Nevertheless, it is apparent that some areas of 

the domain are evolving at a slower rate than others, e.g. the extracellular domain of 

PCRAGS appears to have been under a stronger purifying selection when compared 

to the other parts of the gene, which may indicate that the structure is important for 

function and potentially binding to a host or other parasite molecule.  
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The availability of the Plasmodium genome has allowed the expression levels 

of a large number of genes to be evaluated through transcriptomic and proteomic 

approaches and allows putative functions to be assigned to individual proteins based 

upon their expression patterns. Transcription data based on a microarray approach 

suggest that pfcrags is expressed at constant level throughout the intraerythrocytic 

cycle where pfcrags is found in the 50
th

 percentile when compared to expression 

levels of all other genes detected (Bozdech et al., 2003, Le Roch et al., 2003). 

However, there are elevated absolute expression levels in gametocytes and 

sporozoites (Le Roch., 2003).  

A recent study using an ontology-based pattern identification (OPI) system 

(Zhou et al., 2005) on microarray data that was analysed using the Match-only 

Integral Distribution algorithm (MOID) (Zhou and Abagyan., 2002) also showed that 

pfcrags has elevated levels of expression in gametocyte stages in both 3D7 and NF54 

Plasmodium strains (Young et al., 2005). Expression levels are raised in early 

gametocytes on day 3 and continue to remain high throughout gametocyte 

development, peaking in mature stages and decreasing again on day 12 of 

development (http://carrier.gnf.org/publications/Gametocyte). This expression 

pattern is similar to the gametocyte marker pfs16, although absolute expression 

levels are lower. Pfcrags also appears to be more highly expressed in sporozoite 

stages.  

Khan et al (2005) predicted pbcrags as a gametocyte specific gene although 

no unique PfCRAGS peptides were identified in purified male or female gametocyte 

samples. The transcription data suggest that pfcrags may play a role in gametocyte 

development and is therefore a potential transmission blocking vaccine candidate 

that could be targeted to prevent the development of transmissible stages. 

Proteomic analysis identified a short peptide from PfCRAGS in the merozoite 

sample (Florens et al., 2002) suggesting that it is expressed at schizont or merozoite 
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stages. PfCRAGS is thus implicated as an invasion protein and a potential vaccine 

candidate. Alternatively PfCRAGS may be involved in schizont rupture or 

differentiation of the asexual parasite to gametocyte stages. No proteins specifically 

expressed in both schizonts and gametocytes have previously been identified. These 

life cycle stages are extremely different in their development, function and expressed 

proteins. I, therefore, determined the transcription and expression patterns of 

PfCRAGS and confirmed the localisation pattern using immunofluorescence assays 

with PfCRAGS specific antibodies. These studies indicate that PfCRAGS may play 

roles in schizont rupture and during the development of gametocyte stages. 

The expression pattern of the merozoite protein PfTRAMP has been shown in 

schizonts and localisations show the presence of the protein in the micronemes 

(Thompson et al., 2004, Appendix 3). This protein is potentially involved in invasion 

processes rendering it an excellent vaccine candidate. The transcription pattern of 

pftramp was determined and shown to correlate with the protein expression data. 

	�����������

4.2.1 Pftramp is expressed as a single 2.3 kb transcript in mature schizonts 

 A northern blot was used to determine in which parasite life cycle 

stages pftramp is transcribed. RNA was extracted from tightly synchronous cultures 

of P. falciparum, strain A4, at 6 hour time points (extractions were carried out by 

Sally Moore). cDNA was synthesised from A4 gDNA using PfTRAMP reverse 

primer. A probe was generated by subcloning a 1.07 kb fragment of pftramp, 

amplified using primers PfTRAMP forward x PfTRAMP reverse (Appendix 2) into 

vector TOPO II (Invitrogen). pftramp is expressed as a 2.3 kb transcript in late stage 

schizonts and first appears at 30 hours (figure 4.2.1). 

 

 

 

 

 



 
77 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1: Pftramp is expressed as a single 2.3 kb transcript in mature schizonts.  

RNA was extracted from A4 P. falciparum asexual stages from newly invaded merozoites and at 6 

hour time points there after (lanes 1-8). 1.5 x 10
7
 parasites were loaded per lane. Pftramp appears at 

30 hours (lane 5) at the onset of parasite replication and increases in abundance to 48 hours post 

invasion (lane 8). Molecular sizes are given in kilobases. 

4.2.2 Pfcrags is transcribed at low levels throughout the asexual life-cycle 

but is fully spliced in schizonts. 

Pfcrags appears to be expressed at insufficient levels to be detected on a 

northern blot. The PfTRAMP probe was used as a control for RNA quality and 

successful membrane transfer (figure 4.2.1). Reverse Transcription PCR (RT-PCR) 

was therefore used to determine the transcription pattern of pfcrags throughout the P. 

falciparum asexual life cycle. 3D7 cultures were tightly synchronised using sorbitol 

lysis and percoll gradient and kept between 5-8% parasitaemia to prevent 

gametocytogenesis. RNA was extracted from early rings from 6 hours post-invasion, 

mixed trophozoites at 18-24 hours and mature to bursting schizonts. RNA was 

treated with DNAse to remove any contaminating gDNA. cDNA was synthesised 

using primer R12 from schizont stages initially, as this was the stage at which 

pfcrags is predicted to be expressed (figure 4.2.2A). Primers were designed to span 

introns within the CRM domain which would result in a difference in fragment size 

between amplicons from gDNA and cDNA. A nested PCR was required to amplify 

175 bp fragment from pfcrags cDNA using primers F5 x R13 nested with F9 x R6 
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(figure 4.2.2B). The band was excised, cloned and sequenced to confirm pfcrags is 

transcribed at schizont stages.  

cDNA was synthesised from all stages using primer R16 and a nested PCR 

was performed using outer primers CRMB x R12 and inner primers F5 x R13 

spanning introns 1-3. A fully spliced fragment of 230 bp, as predicted, is present 

throughout the asexual life cycle in rings, trophozoites and schizonts (figure 4.2.2B). 

However, it is possible that the asexual RNA preps contain early stage gametocytes 

or parasites that have spontaneously committed to gametocytogenesis. To analyse 

samples for gametocyte contamination primers were designed to the earliest known 

gametocyte PVM marker Pfs16 (Dechering et al., 1997). Primers Pfs16F x Pfs16R 

were used in an attempt to amplify a 420 bp fragment from rings, trophozoites and 

schizonts. gDNA and stage 2-3 gametocyte RNA were used as positive controls. 

Pfs16 is a very short gene, consisting of a single open reading frame (ORF) of 158 

amino acids, so the gDNA amplicon is the same size as the cDNA. Pfs16 was not 

detected in ring, trophozoite or schizont samples confirming that pfcrags is amplified 

from asexual stages. Pfs16 is detected in the gametocyte positive control but is not 

detected in the negative control lacking reverse transcriptase showing that Pfs16 is 

amplified from cDNA and not gDNA. All primer sequences used in RT-PCR are 

shown in Appendix 2. 
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Figure 4.2.2: Pfcrags is transcribed in all asexual stages shown by RT-PCR.  

A. Schematic diagram of pfcrags. Black blocks represent exons and introns are shown by lines. The 

positions of primers used in RT-PCR are indicated by blue arrows (forward primers) and red arrows 

(reverse primers). F9, spanning intron one, has half of its sequence in the first exon and half in the 

second exon to ensure amplification from cDNA.  

B. Panel 1:Pfcrags is detected in rings (R), trophozoites (T) and schizonts (S) as a 230 bp fragment 

amplified using F5 x R13. Panel 2: Pfs16 is not detected in rings, trophozoites or schizonts. Panel 3: 

pfcrags is detected in the gDNA control as a 440 bp fragment. Panel 4: Pfs16 is detected in 

gametocytes (lane 1) and is not detected in the negative RT control which does not contain reverse 

transcriptase (lane 2). Pfs16 is present in the gDNA positive control (lane 3) and absent in the negative 

dH2O control (lane 4). 

 

Further RT-PCRs were carried out with primers that span other introns to 

confirm that pfcrags is fully spliced in the asexual stages. Outer primers F9 x R4 
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were nested with inner primers F3 x R7 spanning introns 3-5. The predicted cDNA 

size of 420 bp was detected in schizonts. However, a larger transcript of 570 bp was 

present in rings and trophozoites (figure 4.2.3A). The fragments were excised from 

the gel, cloned and sequenced which revealed that the larger size results from lack of 

splicing of intron 4. This intron does not encode for an ORF and is interrupted by 

four stop codons before continuing into the next exon (figure 4.2.3B). 

 

 

 

 

 

 

 

  

Figure 4.2.3: Pfcrags is transcribed and fully spliced in schizonts but retains intron 4 in rings 

and trophozoites.  

A.RT-PCR using primers F3 x R7 on rings (R), trophozoites (T) and schizonts in duplicate (S). The 

fully spliced version of pfcrags is found in schizonts (420 bp) but a larger fragment of 570 bp is 

observed in rings and trophozoites. 

B. Alignment of the amino acid sequence from both fragments. The larger fragment is unspliced and 

retains intron 4. The intron is removed in the cDNA fragment of 420 bp. Stop codons are indicated by 

the black asterisks. Residues are coloured according to amino acid type where green = hydroxyl, 

amine and basic (including Q), red= hydrophobic (including aromatic Y), blue= acidic, pink= basic. 

4.2.3 Pbcrags is transcribed in asexual and gametocyte stages. 

RT- PCR was used to determine the expression pattern of pbcrags. RNA was 

extracted from mixed ring/trophozoite and schizont stages. cDNA was synthesised 

using primer R4 and primers F1 and R1, spanning introns 1-2, were used to amplify a 

210 bp fragment. Pbcrags is detected in rings/trophozoites and schizonts (figure 

4.2.4A). A 490 bp fragment is amplified from gDNA.  However, it is possible that 

there are a significant number of gametocytes in both RNA preparations and 

therefore it is impossible to definitively say that pbcrags is transcribed in asexual 

spliced          GSIICENCPYGSTTKSIGSKSISDCVCNK---------------------------------- 

unspiced         GSIICENCPYGSTTKSIGSKSISDCVCNKGFKKNIKTKI*NYIH*NIFNTTILKINYV*EKII 

spliced            ---------GFKLSSYLNGGNKCVPCNSQEYCKSNENTWCFRNMCLKDKNKENIKLCKKVK 

unspliced          ELA*FFYIQGFKLSSYLNGGNKCVPCNSQEYCKSNENTWCLRNMCLKDKNKENIKLCKKVK 
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stages. A northern blot was performed on large quantities of RNA from purified 

gametocytes, HP mixed stages of mainly gametocytes and some schizonts 

(gametocyte producer) and strain 233 mixed stages of rings, trophozoites and 

schizonts (non-producer of gametocytes). RNA was extracted and transferred to the 

Hybond N
+ 

membrane by Jai Ramesar, LUMC. 10µg of RNA was loaded per track. 

Three probes were used in the hybridisation covering different areas of the gene; 5’ 

F3 x R10, 3’ F6 x R7 and F8 x R9 located in the centre of pbcrags. A transcript of 

8.6-8.8 kb is detected in the purified gametocyte RNA and also in asexual stages of 

both the gametocyte producer and non-producer cell line (figure 4.2.4B) confirming 

that pbcrags is transcribed in asexual and sexual parasite stages.  

The signal is more intense in the gametocyte non-producer 233 than in the 

gametocyte producer strain HP. The signal is weakest in the purified gametocyte 

sample. To confirm that probes are detecting pbcrags, they were used to detect 

pbcrags on a FIGE blot containing chromosomal material from P. berghei, P. 

chabaudi, P. vinkei and P. yoelii (prepared by Jai Ramesar, LUMC). Pbcrags is 

strongly detected on chromosome 3/4 in P. berghei and less strongly detected in the 

other Plasmodium species (Figure 4.2.4C). The chromosomes for each species 

traveled at different rates on the FIGE blot and these positions were used to calculate 

the chromosome location of pcrags. The positions of the chromosomes  shown in a 

diagram in figure 4.2.4C are only informative for showing the positions of 

chromosomes relative to each other within a species. It is not indicative of how the 

chromosome positions relate to each other between species in this particular blot. 

Since pcrags is highly conserved it was expected that the probes would cross react 

with the other species.  
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Figure 4.2.4: Pbcrags is transcribed in gametocyte and asexual stages and is detected on 

chromosome 3/4.  

A. RT-PCR products amplified with primers F1 x R1 from RNA extracted from rings/trophozoites 

(lane 1) and schizonts (lane 2). A fully spliced product of 210 bp is observed. A 490 bp product is 

shown in the gDNA control (lane 3).  

B. shows pbcrags is detected as a 8.6-8.8 kb by northern blot. 10 µg of RNA was loaded per track. 

The transcript is present in the purified gametocyte culture (lane 1), the HP mixed culture (lane 2) and 

the 233 non-gametocyte culture (lane 3). Two transcripts of smaller size are also present in all three 

samples.  

C .FIGE blot. Pcrags is present on chromosome 3/4 in P. berghei (lane 1), P. chabaudi (lane 2), P. 

vinckei (lane 3) and P. yoelii (lane 4). A diagram of chromosome positions, shown to the right hand 

side, was obtained from the LUMC website.  
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4.2.4 PfCRAGS is expressed in schizonts and gametocytes with a 

molecular weight greater than 250 kDaltons. 

Antibodies were raised against a small peptide located at the COOH-terminal 

with the amino acid sequence CIFDYVSDEQIRQFY (anti-PfCRAGS). The peptide 

was shown to be unique for PfCRAGS by BLASTP analysis of the P. falciparum 

protein database in PlasmoDB. Antibodies were not raised to peptides in the 

extracellular domain that is potentially involved in host-parasite interactions as these 

peptides are likely to be cross-reactive with other members of the PCRMP family. 

Pre-immune, unpurified and affinity purified anti-PfCRAGS were used to detect 

PfCRAGS in parasite lysates by western blot. Lysates were prepared from 3D7 

schizonts using an osmotic lysis method that separated the protein into pellet, 

membrane and lysate fractions (see materials and methods section 9.22.1). An 

uninfected erythrocyte culture was used as a negative control. The pellet/membrane 

fraction is four times less dilute than the lysate fraction and therefore 20 µl of lysate 

was loaded compared to 5 µl of pellet/membrane to give equivalent amounts of 

protein per track. 

The predicted molecular weight of PfCRAGS is 292 kDa. A large molecular 

weight protein, of over 250 kDaltons, is specifically detected in the combined 

pellet/membrane fraction of 3D7 schizonts with unpurified anti-PfCRAGS (figure 

4.2.5A). A calibration curve of log (molecular weight) plotted against the distance of 

the band position (cm) was used to determine the actual molecular weight of 281 

kDa. This band is not present in the lysate fraction or the pellet/membrane fraction of 

the uninfected erythrocyte control and is not detected by pre-immune sera. Two other 

high molecular weight proteins between 150-250 kDa are present in all schizont and 

uninfected control pellet/membrane fractions and also extremely faintly in the lysate 

fraction. These were detected with the pre-immune sera suggesting that these are 

cross-reactive bands.  

 

 



 
84 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.5: PfCRAGS is expressed in schizonts and gametocytes.  

A. PfCRAGS is detected as a 281 kDa protein in pellet/membrane schizont fractions. Western Blots 

were reacted with pre-immune sera (left hand panel) or anti-PfCRAGS unpurified sera (right hand 

panel) at a 1:500 dilution and subsequently detected using an anti-rabbit-HRP conjugate at a 1:1000 

dilution. Blots were exposed for the same length of time. 

B. PfCRAGS is detected in the membrane fractions of 3D7 gametocytes, schizonts and F12 schizonts 

with affinity purified sera. PfCRAGS is absent in trophozoites and uninfected control samples. 

 

There may be gametocytes present in the 3D7 schizont culture and therefore 

lysates were also made from F12 non-gametocyte producing parasites that have a 

defect at the early commitment stage of gametocytogenesis (Gissot et al., 2004) to 

determine the expression pattern in asexual stages. Lysates were made for schizonts, 

B

B 

250 250 

150 150 

kDa kDa 

A    Schizont    Schizont  uninfected    Schizont    Schizont  uninfected 

Lysate      Pellet/      Pellet/                             Lysate    Pellet/       Pellet/ 
                 Membrane  Membrane                                  Membrane  Membrane 

             Pre immune sera                 Anti-PfCRAGS unpurified sera 

      Gametocytes                3D7 Schizonts                F12 Schizonts                 F12      Uninfected
Trophs      Control

      Lysate   Membrane          Lysate  Membrane           Lysate   Membrane      Membrane  Pellet/Membrane

250

150

kDa 



 
85 

trophozoites and rings. 3D7 mixed stage III-V gametocytes were also included. 

Samples containing equal numbers of parasites were loaded for all tracks. This was 

calculated using the volume of the original sample and parasitaemia, for example, 20 

µl of 500 µl pcv of erythrocytes with 5% schizonts were loaded and so, 40 µl of 500 

µl pcv of erythrocytes with 2.5% trophozoites were used to give equivalent numbers 

of parasites per track. The uninfected pellet/membrane control has a membrane 

protein concentration equal to the other membrane fractions but has some pellet 

fraction added to it and therefore has a higher protein content. This is important to 

show that the disappearance of the two lower bands with affinity purified sera is 

because they are cross-reactive and it is not due to the absence of the pellet fraction. 

A specific band of 281 kDa is detected by affinity purified anti-PfCRAGS 

antisera in the membrane fractions of 3D7 gametocytes, 3D7 schizonts and F12 

schizonts (Figure 4.2.5B). No high molecular weight proteins are observed in lysate 

fractions. PfCRAGS was not detected in trophozoites, rings (not shown) and 

uninfected erythrocyte control samples. The pellet fractions were difficult to 

solubilise possibly due to a high protein content. However, when mixed with the 

membrane fraction a soluble sample was obtained. The two 150-250 kDa molecular 

weight proteins seen previously with the PfCRAGS unpurified sera are either no 

longer present or very faintly detected with affinity purified anti-PfCRAGS. The 3D7 

schizont sample contains more PfCRAGS protein than the F12 schizont and 

gametocyte samples which is probably due to the presence of both gametocytes and 

schizonts in this culture. 

4.2.5 PfCRAGS is expressed in very mature schizonts immediately prior 

to and during rupture. 

Anti-PfCRAGS sera were used in immunofluorescence assays (IFA) to 

determine the expression pattern of PfCRAGS protein. Unpurified sera from rabbits 

(test bleeds), collected after each peptide boost were tested on asynchronous A4 and 

3D7 cultures. Specific PfCRAGS staining was observed after the 4
th

 and final test 

bleeds on all mature bursting schizont stages. Cultures were synchronised and IFA 

was performed on rings and trophozoites. No staining was detected on these stages 
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(figure 4.2.7) or with pre-immune sera (4.2.6). Affinity purified anti-PfCRAGS sera 

was used at various dilutions from 1:20 to 1:500 to optimise the assay for the 

detection of PfCRAGS in A4, 3D7 bursting schizonts (results not shown). 3D7 and 

A4 are both able to produce gametocytes and so it is possible that PfCRAGS is being 

detected in schizonts commited to gametocytogenesis. Strain F12 was used to 

eliminate gametocyte contamination. It is possible that F12 can still commit to 

gametocytogenesis. The defect in this cell line occurs in very early stages of 

commitment (Gissot et al., 2004) but the stage at which gametocytogenesis is 

terminated is unclear. IFA using affinity purified anti-PfCRAGS sera showed 

expression of PfCRAGS on all bursting schizonts (figure 4.2.6).  
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Figure 4.2.6: PfCRAGS is expressed immediately prior to and during the rupture of mature 

schizonts.  

DAPI was used to stain the nuclei (blue). PfCRAGS antibodies were detected using an anti-rabbit sera 

rhodamine red x conjugate at a 1:500 dilution (red).  

1A and B. A4 bursting schizonts at 2.5-5% parasitaemia. Non-specific cross reactive staining is 

detected with pre-immune rabbit sera at a 1:500 dilution. 

2A and B. F12 bursting schizonts at 2.5-5% parasitaemia. PfCRAGS is detected by unpurified anti-

PfCRAGS at 1:500 dilution.  

3A-F. F12 busting schizonts at 2.5-5% parasitaemia. PfCRAGS is strongly detected with affinity 

purified anti-PfCRAGS at a 1:500 dilution. 3F shows an intact schizont that is not detected by anti-

PfCRAGS, indicated by the arrow. 
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Figure 4.2.7: PfCRAGS is not detected in A4 rings or trophozoites. 

IFA was performed on A4 rings (left) and trophozoites (right) with unpurified anti-PfCRAGS. Nuclei 

are stained with DAPI (blue). 

 

PfCRAGS is observed around the periphery of the infected erythrocyte in a 

tiny proportion of mature schizonts (figure 4.2.8). The staining is not smooth but 

rather punctate and indents in the staining creates a pattern that resembles a flower 

shape. During release of the merozoites the pattern appears spotty, consisting of 

different sized blobs (figure 4.2.6) that do not appear to be associated with the 

merozoites themselves. This distinctive pattern is present on all rupturing schizonts. 

PfCRAGS, therefore, appears to be expressed for an extremely short time in all P. 

falciparum strains examined. 

 

 

 

 

 

 

Figure 4.2.8: PfCRAGS is expressed immediately prior to schizont rupture.  

PfCRAGS was detected on intact F12 schizonts by IFA with affinity purified anti-PfCRAGS at a 

1:100 dilution (red) and nuclei were stained with DAPI (blue). Individual images of DAPI and 

PfCRAGS are shown. 
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4.2.7 PfCRAGS is not associated with the merozoite surface or the apical 

organelles but is found to be associated with the infected erythrocyte 

membrane. 

IFA was performed on F12 synchronous cultures of mature bursting schizonts 

to determine the localisation pattern of PfCRAGS and evaluate the stage of schizont 

development that PfCRAGS expression begins. Spotty patterns, previously observed 

on schizonts, could suggest an organellar localisation and therefore anti- PfCRAGS 

sera was used in combination with antisera to merozoite apical organellar proteins. 

Rhoptry Associated Protein, RAP-1 (Crewther et al., 1990) and micronemal protein 

AMA-1 were kindly donated by Dr Jana McBride and Dr Mike Blackman, 

respectively. PfCRAGS does not localise with RAP-1 or AMA-1 in mature intact or 

rupturing schizonts (figure 4.2.9 and 4.2.10) but appears to be left behind the 

merozoites as they escape from the cell. This is especially clear in panel 2B, figure 

4.2.10 where PfCRAGS staining is separated at the point of merozoite exit but 

remains intact around clustering merozoites that are yet to leave the cell. These 

results show that PfCRAGS is not associated with the organelles of the apical 

complex. Intact schizonts expressing RAP-1 and AMA-1 do not always express 

PfCRAGS. PfCRAGS is expressed for a shorter time period and at a later stage in 

schizont development than RAP-1 and AMA-1. Panel 3, figure 4.2.9, shows another 

example of PfCRAGS faintly expressed on an intact schizont in the shape of a 

flower. 

Anti-PfCRAGS was used in combination with antisera to Merozoite Surface 

Protein MSP-1 (donated by Dr Jana McBride). PfCRAGS does not colocalise with 

this merozoite protein (figure 4.2.11 and 4.2.12) and is expressed at a later stage than 

MSP-1 shown by the presence of mature schizonts in the culture expressing MSP-1 

but not PfCRAGS. Therefore, PfCRAGS is not associated with the merozoite surface 

or the apical organelles. 
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Figure 4.2.9: PfCRAGS is not associated with apical organelles. 

IFA was performed on fixed smears of Plasmodium falciparum F12 schizonts. DAPI was used to stain 

the nuclei (blue). Anti-PfCRAGS used at a 1:500 dilution (red) to detect PfCRAGS. Individual 

staining is shown in black and white. 

Panel 1 and 2. Anti-AMA-1 (1:500) subsequently detected with AL488 conjugated donkey anti-rat 

sera (green) on mature schizonts and bursting schizonts, respectively. 

Panel 3 and 4. Anti-RAP-1 (1:500) subsequently detected with AL488 conjugated donkey anti-mouse 

sera (green) on mature and bursting schizonts, respectively. 
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Figure 4.2.10: PfCRAGS is not associated with apical organelles.  

Panels 1A and B. Merged IFA images of merozoites that have left the cell and are expressing AMA-1 

(green) and PfCRAGS (red). Nuclei are stained with DAPI (blue).  

Panels 2A and B. Merged IFA images of escaping merozoites expressing RAP-1 (green) and 

PfCRAGS (red). Nuclei are stained with DAPI (blue).  
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Figures 4.2.11 and 4.2.12: PfCRAGS is not associated with the merozoite surface. 

Panels A-C. IFA on of Plasmodium falciparum F12 mature bursting schizonts. DAPI was used to 

stain the nuclei (blue). PfCRAGS was detected using affinity purified anti-PfCRAGS at a 1:500 

dilution (red) and co-stained with merozoite surface protein MSP-1 (1:500) subsequently detected 

with AL488 conjugated donkey anti-mouse antisera (green). Intact immature schizonts not expressing 

PfCRAGS but expressing MSP-1 are indicated by the white arrows. See over the page for images for 

figure  4.2.12. 
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Figure 4.2.12: PfCRAGS is not associated with the merozoite surface (See figure 4.2.11 for 

legend). 
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PfCRAGS is not associated with the merozoite itself and so it is likely to be 

membrane bound and located at the PVM or the infected erythrocyte membrane. 

PfCRAGS was used in combination with monoclonal antibodies to PVM antigens, 

PfEXP-1 and PfEXP-2 (from Dr Jana McBride) in intact/bursting schizonts. Images 

of a fully intact schizont displaying PfCRAGS in a flower shape were unobtainable 

in this case as they are rarely observed throughout an entire fixed smear. However, 

PfCRAGS was observed on some intact schizonts in a clumped pattern and appears 

to be slightly polarised in that fluorescence is more intense on one side of the cell. 

Although, there is some overlap in fluorescence between PfEXP-2 and PfCRAGS, 

PfCRAGS does not colocalise with PfEXP-1 or PfEXP-2 and appears to reside 

outside the position of the PVM in intact/rupturing schizonts (figure 4.2.13).  

A monoclonal antibody, 18.2, raised against an infected erythrocyte 

membrane knob-associated protein (EMKAP) (from Dr Jana Mcbride) was used in 

conjunction with PfCRAGS. The antibody is known to detect a knob associated 

protein as it does not recognise knobless isolates (Dr Jana McBride., personal 

communication). It detects a protein that is associated with the infected erythrocyte 

membrane but it is unclear whether this protein is on the erythrocyte membrane 

surface, cytoskeleton or plasma membrane. PfCRAGS is found to colocalise strongly 

with this monoclonal antibody suggesting that PfCRAGS is associated with the 

infected erythrocyte membrane (figure 4.2.14). However, although the localisation 

and the staining pattern are extremely similar they are not identical. Intense spots of 

fluorescence are present on different parts of the membrane suggesting that although 

they are associated with each other and the erythrocyte membrane they are not in 

exactly the same location.  
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 Figure 4.2.13: PfCRAGS does not localise with the PVM.  

 Panels A and B. Plasmodium falciparum F12 mature bursting schizonts and intact schizonts. Nuclei 

were stained with DAPI (blue). PfCRAGS was detected with affinity purified anti-PfCRAGS (red). 

Anti-PfEXP-1 (1:1000) subsequently detected with AL488 conjugated donkey anti-mouse antisera 

(green) was used to detect the PVM. Individual stainings are in black and white and merged images 

are in colour. 

 Panel C and D. Anti- PfEXP-2 (1:1000) was used to detect the PVM (green). DAPI (blue) and 

PfCRAGS (red) are also shown. Some overlap between PfCRAGS and PfEXP-2 is observed (C). A 

dividing schizont not expressing PfCRAGS is indicated by the white arrow (D). 
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Figure 4.2.14: PfCRAGS colocalises with an infected Erythrocyte Membrane Knob-Associated 

Protein (EMKAP).  

A and B. Plasmodium falciparum F12 mature bursting schizonts. Nuclei were stained with DAPI 

(blue). PfCRAGS was detected with affinity purified anti-PfCRAGS(red). Antibody 18.2 to EMKAP 

(1:50) was detected with AL488 conjugated donkey anti-mouse antisera (green). PfCRAGS 

colocalises strongly with EMKAP. In A the disrupted membranes have formed a more condensed 

structure than in B. 
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Antibodies to components of the erythrocyte surface were used to detect this 

membrane. The spectrin component of the infected erythrocyte membrane can no 

longer be detected at sufficient levels in cells harboring mature schizonts (figure 

4.2.15). Therefore antibodies to this erythrocyte cytoskeletal component could not be 

used to detect the erythrocyte membrane instead of EMKAP. The membrane 

localisation of PfCRAGS on fully ruptured schizonts could not be determined, as 

both the PVM and erythrocyte membrane appear to disintegrate during this process. 

Although both the PVM and the erythrocyte membrane can still be detected, using 

PfEXP-1 and 18.2, respectively, the association with PfCRAGS at this point is 

unclear (figure 4.2.16). However, the PVM and the EMKAP staining pattern is 

similar to PfCRAGS and also forms spots and blobs of different sizes following 

schizont rupture. Interestingly, although spectrin cannot be detected in mature intact 

schizonts, it reappears following schizont rupture and merozoite release and is also 

detected as a spotty staining pattern. Residual erythrocyte membranes not associated 

with nuclei, are detected in the culture with both PfCRAGS and spectrin. This 

provides further evidence that PfCRAGS is associated with the erythrocyte 

membrane or cytoskeleton. 

 

 

 

 

 

 

 

Figure 4.2.15: Spectrin cannot be detected in mature schizonts.  

Plasmodium falciparum F12 mature intact schizonts DAPI was used to stain the nuclei (blue). 

Spectrin was detected with a monoclonal antibody (1:100) that was subsequently detected using 

AL488 conjugated donkey anti-mouse antisera (green). Cells not associated with nuclei are uninfected 

erythrocytes. Mature schizonts are indicated with the white arrows. 
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Figure 4.2.16: PVM and erythrocyte membranes disintegrate during rupture to give a spotty 

pattern that resembles PfCRAGS.  

1. Merged images of bursting schizonts. Nuclei are stained with DAPI (blue), PfCRAGS (red) and 

PfEXP-1 (green). 

2. Merged images of bursting schizonts; nuclei (blue), PfCRAGS (red) and the erythrocyte membrane 

detected with antibody 18.2 to EMKAP (green). C. A trophozoite expressing EMKAP but not 

PfCRAGS is indicated by the white arrow.  

3A and B. Merged images of bursting schizonts; nuclei (blue), PfCRAGS (red) and the erythrocyte 

membrane detected with anti-spectrin (green).  

3C. Erythrocyte membranes not associated with nuclei are detected with anti-spectrin (green). 

PfCRAGS (red) is associated with these membrane remnants.  
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Cultures were treated with the cysteine protease inhibitor E64 to remove the 

surface of the infected erythrocyte whilst allowing the PVM to remain in tact. E64 

does not allow schizonts to rupture but this effect is reversed when the inhibitor has 

been removed from the culture (Deguercy et al., 1990). If PfCRAGS is associated 

with the erythrocyte membrane it will not be detected after treatment but it will still 

be present if it is associated with the PVM. Anti-Glycophorin A was used to detect 

the erythrocyte membrane. Unfortunately many schizonts ruptured in the presence of 

E64, resulting in few intact forms available for examination. PfCRAGS is not 

detected on bursting schizonts in treated cultures that have lost their infected 

erythrocyte membranes (figure 4.2.17). This is confirmed by observing the loss of 

Glycophorin A. The presence of the PVM was confirmed by using antibodies to 

PfEXP-1. Untreated cultures were used as a negative control. Both PfEXP-1 and 

PfCRAGS are expressed on bursting schizonts in the untreated culture. However, 

after treatment, only PfEXP-1 is detected. The absence of PfCRAGS suggests that 

the protein is associated with the infected erythrocyte membrane and not the PVM, 

of mature to bursting schizonts. 
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Figure 4.2.17: PfCRAGS is associated with the infected erythrocyte membrane.  

IFA was performed on Plasmodium falciparum F12 mature bursting schizonts that had been treated 

with cysteine protease inhibitor E64 at 10µM. Schizonts containing between 5-7 nuclei were treated 

for 8 hours. An untreated culture served as a negative control. DAPI was used to stain the nuclei 

(blue). PfCRAGS was detected using affinity purified anti-PfCRAGS (red). A monoclonal antibody to 

erythrocyte component glycophorin A (Gly-A) (1:200) was used to detect the eythrocyte surface 

(green).  

Panel 1. Untreated cultures show GLY-A and PfCRAGS. An uninfected cell expressing GLY-A is 

indicated by the white arrow. 

Panel 2: Treated cultures show faint detection of GLY-A which is not above background. PfCRAGS 

is not detected. 

Panel 3: Untreated and treated cultures are compared where the PVM is detected by anti-EXP-1 

(1:1000) (green). 
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4.2.6 PfCRAGS is expressed in stage II-V gametocytes  

IFA was used to determine the expression pattern of PfCRAGS in sexual 

stages. Synchronous cultures of Plasmodium falciparum 3D7a, selected as a high 

gametocyte producing strain, were subjected to stress to induce gametocytogenesis. 

Gametocytes were examined by giemsa smear and fixed smears for 

immunofluorescence were made containing stages II-IV. Affinity purified anti-

PfCRAGS sera was used to detect PfCRAGS in all gametocyte stages, 

distinguishable by morphology (stages II-IV). The staining pattern primarily appears 

in circular structures at stage II and then the protein becomes dispersed around the 

parasite as the gametocyte matures, reaching peak at day 14 (figure 4.2.18). Two 

parasites within one cell can clearly be distinguished from one another by PfCRAGS, 

which appears to outline each individual gametocyte. This suggests that PfCRAGS is 

not associated with the red blood cell surface. 
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Figure 4.2.18: PfCRAGS is expressed in gametocyte stages II-IV and not localised at the 

erythrocyte surface.  

IFA was performed on Plasmodium falciparum 3D7a gametocytes. Smears were taken from days 5-14 

to examine gametocyte stages II-IV. DAPI was used to stain the nuclei (blue). PfCRAGS was detected 

using anti-PfCRAGS sera (red). An image created by merging images taken from different planes of 

focus shows that the entire parasite is covered in PfCRAGS (IV/V multilayer). Double infected 

erythrocytes are shown and asexual parasites not expressing PfCRAGS are indicated by the white 

arrow. 

PfCRAGS was used in conjunction with antisera to gametocyte antigen Pfs16 

(donated by Mathew Dixon and Dr Richard Carter) to determine whether PfCRAGS 

is expressed in early stage gametocytes that cannot be distinguished morphologically. 

Pfs16 is expressed at stage I gametocytes and then continually throughout 

gametocyte development to maturity (Bruce et al., 1994). Smears were taken on day 

2 of a stressed culture that contains very early gametocytes. Mature gametocytes 

were also mixed with early stages before smearing to obtain a slide containing both 

forms to control for the detection of PfCRAGS. PfCRAGS is not detected in very 
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early gametocytes that express Pfs16 but both proteins are found on mature 

gametocytes (figure 4.2.19). PfCRAGS appears to colocalise with Pfs16 which 

suggests it is located on the PVM. 

 

Figure 4.2.19: PfCRAGS is expressed in young gametocytes that cannot be distinguished 

morphologically but expression occurs later than Pfs16. 

IFA was performed on Plasmodium falciparum stressed 3D7a cultures containing early gametocytes. 

DAPI was used to stain the nuclei (blue).  

A. A mature gametocyte detected with anti-PfCRAGS (red) and anti-Pfs16 (1:500) which was 

subsequently detected using AL488 conjugated donkey anti-mouse anti sera (green).  

B. Early gametocytes were detected with anti-Pfs16 (green)  

C and D. Early parasites were detected with anti-Pfg27 (1:200) subsequently detected with AL488 

conjugated donkey anti-rat antisera (green) and anti-PfCRAGS (red). D shows a cell infected with two 

gametocytes. 

 

PfCRAGS was then used in conjunction with antisera to another early 

gametocyte marker Pfg27 (donated by Dr Pietro Alano), that has a peak expression at 

stage II, later in gametocyte development than Pfs16.  PfCRAGS is detected in early 
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gametocytes expressing Pfg27. It appears as condensed spotty structures that are 

located close to the nucleus (figure 4.2.19). These results show that PfCRAGS is a 

gametocyte protein, which is expressed at early gametocyte stages. Expression 

occurs later than Pfs16 but simultaneously with Pfg27.  

 

4.2.7 PfCRAGS is a male specific gametocyte marker 

IFA was used to determine whether PfCRAGS is expressed on both female 

and male gametocytes. Affinity purified anti-PfCRAGS sera was used in 

combination with an antibody to Pfs48/45, found on both female and male 

gametocytes (Vermeulen et al., 1986). PfCRAGS is present on a small proportion of 

the gametocytes detected with Pfs48/45. Numbers of gametocytes staining with 

Pfs48/45 and not PfCRAGS were compared to gametocytes staining with both 

antibodies across 50 fields and were calculated as a ratio, which varies depending on 

the culture (in 3 independent cultures PfCRAGS –ve: PfCRAGS +ve = 6:5 (ratio); 

62:51 (actual counts), 4:1 (ratio); 42:11 (actual counts), 3:1 (ratio); 36:12 (actual 

counts)). Consistently, a higher proportion of parasites were not detected with anti-

PfCRAGS compared to those expressing PfCRAGS (figure 4.2.20). Since there is 

often a bias towards female differentiation in cultures, this suggests that PfCRAGS is 

expressed on male gametocytes only. PfCRAGS was then used in combination with 

an antibody to male gametocyte antigen Pfs230 (Quakyi et al., 1987). All 

gametocytes expressing Pfs230 also express PfCRAGS (figure 4.2.20) showing that 

PfCRAGS is a male specific gametocyte protein.  
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Figure 4.2.20: PfCRAGS is a male specific gametocyte marker. 

A and B. Mature gametocytes stained with DAPI (blue), PfCRAGS (red) and anti-Pfs48/45 (1:500) 

subsequently detected with AL488 conjugated donkey anti-mouse antisera (green) Gametocytes 

stained with both Pfs48/45 and PfCRAGS. 

C and D. PfCRAGS (red) is not expressed on a proportion of gametocytes that are detected with 

Pfs48/45 (green). 

E. Male gametocytes were detected with an antibody to putative male specific marker Pfs230 (1:500) 

(green) and all expressed PfCRAGS. This must be confirmed using a known male specific marker. 
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4.3.1 Transcription and Expression of PCRAGS 

Pfcrags is transcribed throughout the asexual life cycle at rings, trophozoites 

and schizonts and also in gametocytes. This result correlates with those generated 

from microarray data (Bozdech et al., 2003, Le Roche., 2003). The transcription 

profile was determined through RT-PCR but a nested PCR was required to amplify a 

transcript from cDNA. This indicates that transcription occurs at extremely low 

levels, also shown by microarray (Bozdech et al., 2003). However, microarray 

probes were designed based upon the predicted ORFs for pfcrags found on 

Plasmodb, which have been wrongly annotated (Chapter 2). This may have affected 

the results of the expression levels that were detected. RT-PCR is not a quantitative 

method and therefore it is unclear whether there are elevated levels of transcription at 

gametocyte stages, as previously demonstrated using microarray methods (Le Roch 

et al., 2003, Young et al., 2005). 

Pbcrags is transcribed in both asexual and gametocyte stages as a transcript 

over 7.4 kb on chromosome 3/4, shown by northern blot. The transcript is slightly 

larger than the predicted ORF size but this is probably due to the presence of 5’ and 

3’ UTRs. 5’ UTRs of P. falciparum RNAs have been shown to be extremely large 

(Militello et al., 2004). The signal is stronger in the non-gametocyte producer 233 

than in high gametocyte producer HP. This is possibly due to there being more 

schizonts and other asexuals in the non-producer culture, which will have higher 

levels of RNA. The P. berghei probes on the chromosome blot also recognised 

pcrags in the two other closely related rodent species P. chabaudi and P. yoelii more 

strongly than the less related P. vinckei. 

The northern blots used to detect pfcrags were unsuccessful. The protocol 

devised by Kyes et al (2000) was optimised to detect extremely large transcripts 

which are prone to nicking and this was followed accurately. Controls using Pftramp 

probes showed the RNA had been transferred to the membrane without degradation. 

However, it is possible that there were technical problems concerning the transfer of 

larger RNA species, which are also more likely to become degraded. There were no 

problems detecting pbcrags on a northern blot but perhaps pfcrags is in lower 
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abundance than pbcrags as a nested RT-PCR was not required to amplify a fragment 

of pbcrags. It is also likely that there is a higher concentration of RNA loaded per 

track on the P. berghei blots compared to the P. falciparum blot. This is unknown 

due to differences in the methods used for RNA preparation. It may be that 

PfCRAGS is only expressed for an extremely short period of time in schizonts when 

RNA levels are most abundant. Perhaps there are not enough of these forms 

expressing pfcrags to detectable levels present in the culture, whereas in P. berghei, 

late schizont stages will accumulate in vitro without rupture and can be harvested for 

RNA extraction. 

PfCRAGS is expressed at schizont and gametocyte stages, which was shown 

by western blot using affinity purified anti-PfCRAGS sera that detected a specific 

high molecular weight band of 281 kDa. Two high molecular weight cross-reactive 

bands were also detected with pre-immune and unpurified sera in the 

membrane/pellet fractions, which are possibly components of the erythrocyte 

membrane. PfCRAGS was only detected in the membrane/pellet fraction suggesting 

that the protein is associated with a membrane, as predicted by the putative features 

(Chapter 2). 

Pfcrags is transcribed and expressed at gametocyte stages. Earlier studies 

using microarray analysis showed that gene transcription correlated well with the 

timing of known protein expression and a relationship existed between transcription 

regulation and progressive development of the parasite (Bozdech et al., 2003, Le 

Roch., 2003). However, pfcrags is also transcribed throughout the asexual life cycle 

but is not detected as protein until late schizonts. It is possible that the nested RT-

PCR is incredibly sensitive and may detect background levels of RNAs within the 

cell as opposed to detecting an activated transcript. However, it may also suggest that 

pfcrags expression is being controlled at a posttranscriptional level. Several genes 

encoding merozoite proteins are transcribed in schizonts and have a delay in 

translation, some being expressed as late as early ring stages (Bozdech et al., 2003b) 

Furthermore, some gametocyte transcripts are not expressed as proteins until zygote 

or ookinete stages (Hall et al., 2005, Young et al., 2005). Roche et al (2004) 

examined the abundance of transcripts in relation to the abundance of translated 

protein and found there was a delay between the maximum peaks of mRNA and 
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protein expression. This observed discrepancy was not exclusive to, but was most 

common in the gametocyte stages, where the transcriptome correlated best with the 

proteome of the following stage of development. This supports a mechanism of 

posttranscriptional regulation. 75% of gametocyte or sporozoite proteins are 

transcribed throughout the intraerythrocytic cycle and it is now thought that the 

majority of the genome is used throughout the asexual life cycle (Bozdech et al., 

2003). It therefore appears to be common that transcription of Plasmodium genes 

occurs at stages preceding those where they are required as protein. 

The mechanisms that regulate transcription in Plasmodium have not been 

determined. However, transcriptional control is clearly important, as the parasite 

requires differential protein expression throughout the morphologically changing life 

cycle. Transcription is monocistronic and RNA is posttranscriptionally processed 

through cis-splicing and polyadenylation (Lanzer et al., 1993, Lanzer et al., 2002). 

There is no evidence of trans splicing which is common in trypanosomes (Agabian., 

1990). Differences observed between transcription and expression patterns of 

particular proteins may be a result of transcriptional silencing. This is possibly 

controlled by cis-regulatory elements upstream of the gene promoter region (Young 

et al., 2005). There is other evidence of transcriptional silencing in var gene 

expression, allowing one gene to be expressed at a time through control at the 

initiation site (Scherf et al., 1998) whilst multiple full length var genes continue to be 

transcribed at the mRNA level (Noviyanti., 2001). Also, although RNA of Merozoite 

surface antigen-1 (MSA-1) is found to accumulate at late erythrocytic stages the 

promoter activity is detectable throughout the Plasmodium life cycle (Lanzer et al., 

2003). 

Only a few transcriptional regulatory factors have been identified in the P. 

falciparum genome (Gardner et al., 2002) as it is often difficult to identify promoter 

regions and cis elements, such as the TATA box, due to the AT richness of the 

genome. Some regulatory elements are unique to Plasmodium but conserved between 

species, such as the G-box, which has been identified in the hsp genes (Militello et 

al., 2004). P. falciparum possesses less transcription associated proteins (TAPs) 

compared to other eukaryotes but the most abundant TAPs identified are associated 

with mRNA degradation and translation (Coulson et al., 2004). Proteins that act on 
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mRNA are usually involved in posttranscriptional modifications. There is some 

evidence for this in the gametocyte specific gene Pfs16 where a decrease in Pfs16 

RNA levels in macrogametes is thought to be due to posttranscriptional degradation 

(Dechering et al., 1997). Pbs21 that is expressed on the surface of zygotes and 

ookinetes is transcribed at gametocyte stages and therefore it is believed that it does 

not become available for translation until required because it is controlled by post-

transcriptional modifications (Paton et al., 1993). 

Although transcription of pfcrags occurs throughout the asexual life cycle the 

fully spliced form is only observed in schizonts. The intron between exons 4 and 5 is 

retained in rings and trophozoites and encodes a stop codon. It has been found that 

precursor mRNAs for erythrocytic antigen 41 kDa are processed through alternative 

splicing to generate three mRNA species of different sizes (Knapp et al., 1991). 

However, in this case, the splice variants are composed of different combinations of 

exons and the introns are consistently spliced out. Each species could therefore 

potentially code for proteins with different structures and biological functions. 

Another example of alternative splicing has been found in a gene which encodes an 

adenylyl cylase where alternative splice sites were identified within an intron which 

allows the parasite to utilise different start codons in gene expression to produce 

different isoforms of the protein (Muhia et al., 2003). This type of alternative 

splicing has also been identified in maebl (Singh et al., 2004). However, no 

alternative splice sites or start codons are present in this pfcrags intron. Two lower 

transcript sizes were observed on the pbcrags northern blot. These may be splice 

variants but it is also possible that they are degraded RNA products. It also cannot be 

ruled out that the unspliced form ends at the stop codon within the intron to encode a 

truncated form of the protein that performs a different function. This protein would 

not be detected by the PfCRAGS antibody because the truncated form would not 

possess the COOH-terminus against which the antibody was raised. 

It is known that mammalian transcripts that have premature stop codons 50 

bps upstream of the final intron, due to inaccurate splicing of pre-mRNA, are 

selected for degradation. Exon-junction complexes are deposited where introns are 

removed and these complexes are removed by the ribosome to allow translation to 

occur. However, the complexes remain where there is a premature termination site 
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and these RNAs are recognised as nonsense and degraded (Hillman et al., 2004). It 

may be possible that the pfcrags mRNA retaining the intron in rings and trophozoites 

is selected for degradation due to the termination codon and is not translated to 

protein. 

Recently Mair et al (2006) identified a novel RNA helicase, DOZI, that is 

highly expressed in female gametocytes. The protein shows homology to the DDX6 

family of RNA helicases that are involved in the formation of messenger 

ribonuleoprotein particles (mRNPs), which are involved in translational repression in 

metazoans (Minshall et al, 2001). Transcripts are stored inside the mRNPs and are 

translated at a later time. GFP tagging of DOZI showed that it localised to mRNPs 

along with p25 and p28 transcripts, both of which are transcribed at the stage 

preceding protein expression (Mair et al, 2006). DOZI knock outs were unable to 

store mRNA transcripts in female gametocytes which prevented fertilisation, leading 

to a decrease in ookinete formation. It therefore appears that this is a mechanism for 

translational repression in gametocyte stages. This mechanism has not been 

identified in asexual stages and therefore, at present, does not explain the delay 

between PCRAGS transcription and translation in schizont stages. However, it is 

possible that an asexual stage RNA helicase is performing a similar function where 

PCRAGS is stored within the mRNPs and translated in mature schizonts. PCRAGS 

is expressed throughout gametocyte development and therefore appears to be 

transcribed and translated throughout this life cycle stage. 

In summary, there are several mechanisms potentially controlling the 

transcription and expression of pfcrags in the asexual cycle that may involve gene 

silencing or posttranscriptional modifications. Perhaps due to the parasite requiring a 

large amount of PfCRAGS expression in a short period of time, at late schizont 

stages, the mRNA is transcribed and partially processed at ring and trophozoite 

stages. It may accumulate in the semi-processed form until the protein is required 

where it is rapidly spliced to the fully processed form, translated and transported to 

its required destination. The transcription and expression of PfCRAGS appears to be 

regulated in a different way at gametocyte stages. This is not surprising as 

Plasmodium has multiple rRNAs that function at different stages in parasite 

development (reviewed by Aravind., 2003). 
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4.3.2 Expression and localisation pattern of PfCRAGS in schizonts. 

PfCRAGS is detected with affinity purified anti-PfCRAGS only in schizonts 

at asexual stages confirming the results found with a western blot. PfCRAGS cannot 

be detected before the schizont reaches full maturity and even then it is only found 

on a small proportion of intact schizonts. However, it is expressed in all bursting 

schizonts. It is therefore believed that PfCRAGS is only expressed as protein 

immediately prior to schizont rupture. In intact mature schizonts PfCRAGS 

accumulates at the periphery of the cell and resembles the “flower” shape described 

by Glushokova et al (2005). Upon rupture PfCRAGS becomes vesiculated and 

disseminates into a spotty staining pattern of different sized blobs. These blobs are 

not associated with the merozoites themselves or their organelles, shown by co-

staining with MSP-1, AMA-1 and RAP-1 indicating that as the merozoites escape, 

PfCRAGS is left behind on a membrane. 

PfCRAGS does not appear to be associated with the PVM but rather the 

erythrocyte membrane itself shown by colocalisation with an erythrocyte membrane 

knob-associated protein (EMKAP). Although there is some colocalisation with EXP-

1 this is only on parts of the cell and it is difficult to tell how intact these cells are as 

both membranes begin to degrade in late schizonts (reviewed in Lew., 2001). It has 

been reported that just prior to rupture, the space between the PVM and the 

erythrocyte membrane fuses at points (Clavijo., 1998) making it difficult to 

differentiate between the two, using IFA. It is unclear whether PfCRAGS is on the 

surface of the erythrocyte membrane itself or if it is embedded in the cytoskeletal 

network as this is also not resolvable either by IFA or at this magnification. 

Unfortunately, as PfCRAGS is only expressed during such a short period of time, 

possibly only for a matter of minutes, it is not feasible to treat the cells with trypsin 

to test cleavage at the surface membrane. The epitope is at the COOH-terminus, 

which is predicted to be intracellular and therefore IFA of live, unpermeablised cells 

is not an option. Also, in live IFA, antibodies would gain access to the protein during 

rupture and therefore this would not be an informative experiment.  

The erythrocyte membrane was removed using the cysteine protease E64 to 

confirm whether PfCRAGS had also been removed. However, schizonts still 
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ruptured in the presence of E64 and therefore there were few intact schizonts to be 

examined. Rupture should not have occurred at this concentration of E64 according 

to the protocol devised by Salmon et al (2001). In their experiment, schizonts 

containing 5-7 nuclei were treated with E64 for 8 hours. Although I attempted to 

repeat this exactly it is possible that the schizonts were at a slightly later stage when 

the E64 was added as basing the age of schizonts purely on appearance is subjective. 

Salmon et al also removed schizonts into fresh culture medium after 8 hours and did 

not include a control that still contained E64. This may explain the schizont rupture 

in the presence of the protease which may have also occurred if Salmon et al (2001) 

had incubated their schizonts longer than 8 hours without removing the protease. E64 

cysteine protease inhibition is reversible which is thought to be due to the parasite 

only requiring a small amount of cysteine protease to rupture the cell. Perhaps the 

parasite accumulates a particular cysteine protease to a certain concentration before 

the merozoites can escape from the PVM, which was allowed to occur under my 

experimental conditions. PfCRAGS was not observed on bursting schizonts that had 

been treated with E64 which provides more evidence that PfCRAGS is associated 

with the erythrocyte membrane. 

 

The PfCRAGS localisation pattern observed supports the model by 

Glushokova et al (2005) and implicates PfCRAGS as the first Plasmodium protein 

identified that is expressed during and thus is potentially involved in schizont 

rupture. The images that show vesiculated PfCRAGS in different sized blobs upon 

rupture mimics those of the erythrocyte membrane shown in an explosive event 

during rupture (Glushokovas et al., 2005). 

The mechanism for the rapid appearance of PfCRAGS at the periphery of the 

schizont is unique. PfCRAGS possesses a signal sequence at the NH2-terminus 

which suggests that it would be targeted to the ER and the Golgi complex which is 

the classical mechanism of protein transport (Nacer et al., 2001). This has been 

shown to be the default pathway for Plasmodium proteins being targeted to the PV or 

PVM, such as EXP-1 (Adisa et al., 2003). However, PfCRAGS cannot be observed 

in any internal organelles or at the PVM before it appears at the erythrocyte 
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membrane. Many Plasmodium proteins that are trafficked through this pathway can 

be inhibited by Brefeldin A (Elmendorf et al., 1992) which translocates Golgi 

components to the ER and blocks protein transport. However, it would not be 

informative to look at this in the case of PfCRAGS as the drug must be added at 

trophozoite stage (Craray and Haldar., 1992). This would block trafficking of all 

other proteins being synthesised at this point and this alone may affect the 

development of the schizont and expression of PfCRAGS.  

Most proteins that are trafficked beyond the PVM to the erythrocyte 

membrane or cytosol use an alternative pathway that cannot be blocked by Brefeldin 

A (Elmendorf et al., 1992). It is thought that proteins are trafficked beyond the PVM 

through extensions of the PVM known as the tubulovesicular network (TVN) and the 

Maurer’s clefts (Elford et al., 1995) and there is evidence of small and large vesicles 

that may also be involved in transport (Haeggstrom et al., 2003). PfCRAGS is not 

seen in anything that morphologically resembles vesicles or Maurer’s clefts. Also 

proteins trafficked via this pathway do not possess classical NH2-terminal signal 

sequences but have extended hydrophobic sequences, no signal sequence at all 

(Foley and Tilley., 1998) a GCCG prenylation motif (Biermann et al., 1996) or a 

protein export element (PEXEL) motif which is highly conserved in proteins 

transported across the PVM (Marti et al., 2004, Hiller et al., 2004). This motif is not 

present in PfCRAGS, as previously mentioned (chapter 2). It is possible that if 

PfCRAGS is slowly accumulating by being transported in small vesicles that it may 

not be detected until it is in high enough abundance at the erythrocyte membrane.  

Spectrin is not detected in late schizonts but appears again after schizont 

rupture. It is well known that several proteases degrade erythrocyte components and 

this may weaken the membrane prior to rupture. Depletion of spectrin within a 

membrane leads to vesiculation and an increase in fragility. Spectrin degradation is 

possibly due to Plasmepsin II that has been found in abundance at the periphery of 

mature schizonts within the erythrocyte membrane (Le Bonniec et al., 1999). Is it 

possible that these proteases cleave sites in erythrocyte components to reveal new 

sites that are able to form bonds with other proteins such as parasite proteins to 

restructure the erythrocyte cytoskeletan to the parasites advantage? Perhaps spectrin 

is not detected at late stages because the antibody recognition site has been cleaved 
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or has disappeared due to these associations. Upon rupture, if the cytoskeletal and 

parasite proteins are pulled apart the spectrin antibody recognition sites may become 

available for detection. It is possible that the parasite inserts proteins such as 

PfCRAGS into the membrane to help weaken the cytoskeleton. PfCRAGS may 

become associated with erythrocyte components to re-arrange the structure of the 

cytoskeleton.  

Prior to rupture, the cell swells, perhaps indicating that there is intake of 

substances into the cell. It has been suggested that the driving force of membrane 

rupture is due to stretching yet it is not consistant with osmotic lysis (Glushokova et 

al., 2005). Ultrastructural studies have shown that there is an alteration of the 

erythrocyte membrane and the PVM to form a duct like structure extending from the 

parasitophorous vacuole to the surface (Clavijo et al., 1998). These changes cannot 

be detected in late schizonts and it is therefore believed that they appear just prior to 

merozoite release (Atkinson and Aikawa., 1990). It is intriguing that PfCRAGS 

expression occurs at the same time and may indicate a potential trafficking route. It 

may be possible that PfCRAGS acts as a pore or channel if is it embedded in the 

erythrocyte membrane or acts as an integral membrane receptor mediating signal 

transduction. This could open a channel allowing substances involved in rupture to 

enter the cell, beginning a cascade of events allowing the merozoites to escape. It is 

possible that PfCRAGS could act as both a channel and be involved in erythrocyte 

membrane structural modifications. The processes involved in schizont rupture are 

extremely complex and cannot be attributed to one particular factor. Rather it appears 

to be due to a combination of factors with the potential to vary between individual 

parasites or isolates. I believe that this is an area which would benefit from further 

investigation.  

4.2.3 PfCRAGS expression and localisation in gametocytes. 

PfCRAGS is detected with anti-PfCRAGS sera in gametocyte stages 

confirming the result found in the western blot. It is expressed in early stage 

gametocytes that cannot be distinguished morphologically, shown by co-expression 

with early gametocyte marker Pfg27 but is expressed later than Pfs16, which is the 

earliest known detectable gametocyte marker (Dechering et al., 1997). It is then 
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expressed throughout gametocyte development, increasing in intensity, as the 

gametocyte reaches maturity. The condensed structures observed at early stage 

gametocytes resemble those described by Struck et al, 2005. In this study Pf Golgi 

re-assembly stacking protein (PfGRASP)-GFP fusion proteins were used to identify 

a single compartment that is independent of the ER and colocalises with an antibody 

to the cis-golgi apparatus. PfGRASP-GFP later localises to the cis-Golgi resulting in 

two compartments juxta-position to the nucleus. This indicates that PfCRAGS is 

synthesised and trafficked through the classical ER-Golgi pathway, which would be 

the route predicted by a protein possessing an NH2-terminal hydrophobic signal 

sequence.  

PfCRAGS does not appear to be on the erythrocyte membrane in gametocytes 

and is located on the PVM shown by colocalisation with Pfs16 or the parasite 

membrane itself. This supports the hypothesis that the protein is synthesised and 

trafficked via the classical pathway as most protein trafficked to the PVM at asexual 

stages use the classical pathway. The spots observed at stage II and III are of 

different sizes and there are many small spots in close proximity to the nucleus 

which may resemble small single membrane vesicles (Haeggstrom et al., 2003).  The 

larger spots are closer to the periphery and this gives the impression that PfCRAGS 

is perhaps accumulating at certain points in a membrane. PfCRAGS covers the entire 

membrane surface at stage IV/V. The expression of PfCRAGS at mature stages does 

not look like a smooth covering as observed for PVM antigen Pfs16. Certain areas 

have more intense fluorescence suggesting that there are more PfCRAGS molecules 

at some parts of the membrane than others. 

PfCRAGS is not present in all mature gametocytes but is only expressed on a 

small proportion of them and this varies between cultures. All gametocytes 

expressing PfCRAGS also express Pfs230. Recently Pbs230 has been shown to be a 

male specific antigen (Khan et al., 2005) and Pfs230 knock-outs show a defect in the 

formation of exflagellation centres by male gametes (Eksi, 2006). Although it has not 

been shown definitively that Pfs230 is only on male gametocytes, my data provides 

support for this and therefore suggests that PfCRAGS is a male specific protein. This 

denotes PfCRAGS as the earliest known male specific gametocyte marker. However, 

due to the ambiguity of Pfs230 as a male specific marker it would be better to 
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confirm PfCRAGS as being male specific by using an antibody to Pfs230 paralogue 

PfMR5 in combination with an antibody to a female specific marker such as Pfs47 

(van Schaijk et al, 2006). It is also important to obtain accurate counts of the number 

of gametocytes staining with both Pfs48/45 and PfsCRAGS compared to the number 

staining with PfsCRAGS only. 

As PfCRAGS is expressed in early stages of gametocytogenesis it may be 

involved in gametocyte development. Pfg27 knock outs have arrested gametocyte 

development (Lobo et al., 1999) and Pfs16 knock outs show a reduction in 

gametocyte production and in male exflagellation (Kongkasuriyachai et al., 2004). 

Disruption of recently identified P. falciparum male development gene 1 leads to  a 

reduction in functionally viable male gametocytes that have abnormal membrane 

structures (Furuya et al., 2005). However, knock-outs in P. berghei showed that male 

gametocytes were able to develop normally and fertilise each other to form a zygote 

(chapter 5). It is also possible that PfCRAGS plays a role in commitment because if 

it acts as a signal transducer it may be found on all schizonts and may be expressed 

before the defect occurs in the F12 cell line. Perhaps PfCRAGS acts as the receptor 

for a ligand in the host environment that triggers a cAMP cascade to regulate the 

transcription of genes involved in differentiation. It would therefore be of interest to 

knock-out PfCRAGS to evaluate its role in male gametocyte development and 

gametogenesis or to overexpress it to assess whether male gametocyte production or 

commitment to male gametocytogenesis is upregulated.  

PfCRAGS has a unique expression pattern. There are examples of proteins 

that are expressed at both asexual and gametocyte stages (Hayward et al., 2000) but 

PfCRAGS is the first known protein that is expressed specifically in gametocytes and 

in late schizonts. It is possible that PfCRAGS is performing a similar function at both 

life cycle stages involving the release of the parasites from the cell but there is no 

evidence at present to suggest that PfCRAGS is involved in the exflagellation of the 

microgamete since pbcrags knock-outs show normal exflagellation (chapter 5). 

Exflagellation assays could be used to look at the localisation on male gametes. It is 

also possible that PfCRAGS is performing a dual function determined by the life 

cycle stage and the different locations of PfCRAGS in the parasite.  
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Chapter 5 

Evaluation of pbcrags gene knock-outs in the mosquito and 

the rodent host 
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5.1 Part one: Generation of pcrags knock-outs in 

Plasmodium berghei and preliminary evaluation of 

phentoype. 

Introduction 

The high conservation of genes and genomic organisation between P. berghei 

and P. falciparum means that this rodent malaria species is a good model system for 

studying the function and expression of P. falciparum orthologues in vivo. The P. 

berghei genome size is 23-24 Mb which is comparable to the P. falciparum genome 

of 22.9 Mb and it also has a high AT content of 82% (Waters et al., 2002). Every 

stage of the parasite life cycle is easily accessible in the P. berghei rodent model and 

therefore gene and protein expression can be examined in both the mammalian host 

and in the mosquito vector.  

An informative way to study gene function is to use genetic manipulation 

technology to create a gene knock-out parasite strain. In 1995 van Dijk et al stably 

transfected P. berghei merozoites by electroporation with a circular episome 

containing a dihydrofolate reductase-thymidylate synthase (DHFR-TS) enzyme for 

selection of transformants by treatment with pyrimethamine. In 1996 van Djik et al, 

transfected P. berghei parasites with a linearised version of this construct, which 

became integrated into the genome in a double cross-over event following selection 

with pyrimethamine. Simultaneously, a system was also devised to knock-out a 

target gene in P. falciparum, through homologous recombination with a replacement 

cassette, in a single cross-over event (Wu et al., 1996, Crabb and Cowman., 1996). 

The method devised by van Dijk et al (1996) is now routinely used for gene 

manipulation of P. berghei. Schizonts are transfected with a linear construct 

consisting of a pUC backbone, the targeting sequences and a tgdhfr-ts gene that 

confers pyrimethamine resistance and is used as a selectable marker for positive 

transfectants. Homologous recombination between the plasmid target sequence and 

the genomic sequence leads to integration of the construct. Positive transfectants can 

be easily selected using pyrimethamine and cloning by limiting dilution is used to 

achieve a parasite strain of positive integrants. It is important that the recipient and 

the recombinant parasites both go through minimal cycles of schizogony to decrease 
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the likelihood of parasites reducing their gametocyte production, which can occur 

following serial passage of parasite strains. This replacement cassette has now been 

used to successfully knock-out various P. berghei genes expressed at sporozoite (e.g. 

Kariu et al., 2002, Mueller et al., 2005, van Dijk et al., 2005), gamete and 

gametocyte (e.g. van Dijk et al., 2001, Kooij et al., 2005) and also blood stages (e.g. 

Uzureau et al., 2004, Thompson et al., 2004) to study their function and their effect 

on parasite development. 

Pfcrags has a high level of homology to pbcrags (Chapter 2) and is 

transcribed at gametocyte stages in both species (Chapter 4). It is highly likely that 

the gene performs the same function in both Plasmodium species and this can be 

easily studied in the P. berghei model system using the knock-out technology. 

Pcrags was knocked-out in P. berghei to study the function of the gene on parasite 

development, growth and transmission in the mosquito and in the rodent host. 

5.2 Results 

5.2.1 Generation of pbcrags knock-out parasite lines 

A pbcrags knock-out line was generated using a construct consisting of two 

sequences homologous to each end of pbcrags, encompassing a T. gondii 

dihydrofolate reductase (DHFR) resistance gene, which confers resistance to 

pyrimethamine. P. berghei HP wild type parasites were transfected with the 

construct, replacing pbcrags in the genomic locus in a double cross-over event 

(figure 5.2.1A). Two independent pbcrags knock-out lines were generated to control 

for mutations that may have occurred in other genes during the transfection 

procedure. Transfections were carried out by Chris Janse, LUMC (Menard and 

Janse., 1997).  

Pbcrags is not an essential gene for asexual development as merozoites of 

pbcrags knock-outs are able to reinvade erythrocytes in vivo. Integration of tgdhfr 

into the correct genomic locus was confirmed by FIGE blot (figure 5.2.1B). A tgdhfr 

probe detected tgdhfr on chromosome 3/4 in knock out 1 (KO1) and knock out 2 

(KO2), demonstrating that the construct has been integrated into the target 
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chromosome. The endogenous pbdhfr located on chromosome 7 is also detected. The 

smear running above chromosome 7 found in KO1 is due to plasmid contamination. 

It was necessary to clone KO1 by limiting dilution to separate integrants from 

parasites containing an episome. An estimated four parasites are inoculated back into 

mice in the cloning procedure and so it is unlikely but possible that one integrant and 

one episomal parasite are left together in the inoculum. After cloning, episomal 

parasites lose their plasmids through passage, which returns them to wild type status. 

Possible contamination of the positive integrant population with wild type parasites 

was removed by subsequently treating with pyrimethamine. Only parasites with an 

integrated tgdhfr will survive exposure to the drug. KO2 was also treated with 

pyrimethamine. 

PCR was used to show that the tgdhfr has been integrated into the genome in 

place of pbcrags. gDNA was extracted from both knock-out lines and HP wild type 

P. berghei parasites. The reverse primer, KO reverse, is located in the 3’ end of the 

genomic locus and is present in both the wildtype and the knock-out parasites. 

Forward primer, KO forward, is located within pbcrags upstream of the 3’ 

homologous region that was used in the construct and will only produce a product in 

wild type parasites. A 710 bp fragment of pbcrags was amplified from HP wildtype 

but not from KO1 or KO2. Forward primer, TgDHFR forward, is located in the 

tgdhfr gene, and will only produce a product in combination with KO reverse in 

parasites that have tgdhfr integrated into the correct genomic locus. Tgdhfr was 

detected as a fragment of 940 bp in both knock-outs but not in wild type. Primers 

detecting pcrmp2 were used as a positive control for the gDNA extractions (figure 

5.2.1C). This confirms that pbcrags has been knocked out and replaced with a tgdhfr 

gene.  
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Figure 5.2.1: Pbcrags was successfully knocked-out and replaced with a tgdhfr DHFR resistance 

gene. 

A. Schematic diagram of the double cross-over homologous recombination event between pbcrags in 

the genomic locus and the replacement cassette containing the tgdhfr gene. Restriction sites, primers 

and their directions and size of the genomic locus before and after integration are indicated. 

B. Detection of tgdhfr in chromosome 3/4 for KO1 and KO2 by FIGE blot. 

C. tgdhfr has integrated into the pbcrags locus. PCR results showing that pbcrags is amplified only in 

wild type parasites using primers KO forward x KO reverse (panel 1); tgdhfr is integrated into the 

pbcrags locus in knock-out parasites using primers TgDHFR forward x KO reverse (panel 2) and 

detection of pcrmp2 (primers F4 aagggcatgtaataggttc and R5 tgcaaaacaactgaatgctc) in all parasite 

strains as a gDNA control (panel 3).  
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5.2.2 Evaluation of knock out phenotype in blood and mosquito stages 

The pbcrags knock-out phenotype in mosquito stages was evaluated. 0.2µl of 

glycerol stock of wild type P. berghei HP, KO1 and KO2 parasites were inoculated 

into BALB/c mice and allowed to reach 5-8% parasitaemia. This took 5 days in all 

strains and there were no observable differences. Male and female gametocytes were 

observed in blood smears. Exflagellation assays were performed and blood was 

placed into culture to select for ookinetes. Blood samples were examined by Giemsa 

after 2.5 and 24 hours to look for the development of zygotes and ookinetes, 

respectively. 100 mixed male and female mosquitos were placed in three cages. The 

three strains were transmitted to mosquitos by allowing them to feed on one infected 

mouse per parasite strain. Glucose was placed back into the cages 48 hours after 

feeding to starve male and unfed female mosquitos. This increases the chance of 

leaving only infected females in the cage. A proportion of these were removed from 

the cages to look for oocysts and salivary gland sporozoites, respectively. Mosquito 

guts were examined at 24 hours for ookinetes (n=5) and at day 10 for oocysts (n=27-

32).  Salivary glands were dissected at day 21 (n=27-30) and sporozoites were 

viewed under the light microscope. Observing sporozoite movement in PBS on a 

glass slide confirmed motility. Finally, sporozoites were transmitted back to mice by 

infective bite. 

All stages of parasite development were present in both knock-outs and there 

were no obvious morphological differences between HP and pbcrags knock-outs 

(Table 5.2.2). Gametocytaemias for HP and KO2 were similar but KO1 had a lower 

gametocytaemia on day 5. Densities of oocysts appeared similar and gut infection 

rates were between 72-81% for all three strains (Table 5.2.2). Sporozoites were 

found inside the glands for both knock-outs indicating they are able to invade these 

organs and are motile, which was also confirmed. Sporozoite densities appeared 

similar in all three parasite strains and infectivity rates were 73, 72 and 62% for HP, 

KO1 and KO2, respectively (Table 5.2.2). Parasites were transmitted back to 3 mice 

per parasite strain and 100% of rodents became infected for all three strains. This 

showed that knock-outs have the ability to establish new infections and that salivary 

gland sporozoites are viable and able to invade hepatocytes. All infected hosts 
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became infected on day 6 post–inoculation with average parasitaemias (%) +/- S.E. 

of: HP = 1.05 (+/- 0.97), KO1 = 0.003 (+/- 0.002), KO2 =2.11 (+/- 0.32). It therefore 

appears that KO1 has a slower growth rate in the rodent host following passage 

through the mosquito. However, an unknown number of sporozoites were inoculated 

into each mouse and therefore this experiment was repeated in section 5.3 with 1000 

salivary gland sporozoites administered by IV injection. 

 

Table 5.2.2: There are no differences in parasite development between HP and pbcrags knock-

outs.  

The presence of each developmental stage is indicated by ‘Yes”. The numbers of glands and guts 

infected are shown with the corresponding percentages. The gametocytaemias (%) in the blood 

infection at day 5 are shown. 
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Figure 5.2.3: Salivary gland sporozoites are produced by wild type and pbcrags knock-outs.  

Sections of salivary glands infected with pbcrags KO1, KO2 or wild-type parasites were dissected and 

stained using DAPI. They were gently burst to release sporozoites which were viewed under the light 

microscope (left hand panel). DAPI stained nuclei were viewed under the fluorescent microscope 

(right hand panel). 

 

 

   Light microscope image                      Sporozoite nuclei stained with DAPI 

HP 

KO1 

KO2 

10 µM 



 
125 

����������	
�����������������
��
����	
�����
���
���

����
�����
��

Several rodent malaria species can be used as models to study the clinical 

manifestations associated with P. falciparum infection in humans. However, the 

mechanisms involved in causing pathology and severe disease are often different 

between the rodent and the human host (de Souza and Riley., 2002). Since the 

discovery of P. berghei by Vinckey and Lips in 1948 the P. berghei ANKA strain 

has been extensively used as a model for experimental cerebral malaria (ECM) (Lou 

et al., 2001).  

Infection of the natural host Thamnomys surdaster (tree rat) (Vanderberg et 

al., 1968) and all other rat species does not lead to death with the exception of a 

lethal model that has been developed in Wistar rats (Pedroni et al., 2006). In contrast, 

infections of mice are usually lethal but the course of infection differs depending on 

the mouse strain. Infection of C57BL/6 and CBA mice leads to severe malaria and 

some of the pathological features and neurological symptoms that occur are observed 

in cerebral malaria (CM) in humans (de Souza and Riley., 2002). These include 

coma, seizures, convulsions, brain haemmorhage and oedema resulting from the 

break down of the blood-brain barrier. This allows the entry of immune cells, plasma 

proteins and parasitised red blood cells (pRBC) into the brain, which contributes to 

the cause of death (Hunt and Grau., 2003, Penet et al., 2005, Adams et al., 2002, 

Brown et al., 2001). In ECM, monocytes adhere to the endothelium of blood vessels 

in the brain microvasculature (Rest., 1982, Hearn et al., 2000) and in particular, there 

is sequestration of leukocytes (Grau et al., 1987). These cells were also found 

sequestered in the brains of African children who died from CM (Porta et al., 1993). 

The C57BL/6 infection is therefore used as a susceptible model for ECM. 

In humans, CM has been linked to the sequestration of pRBCs in the 

microvasculature, which is mediated by domains of PfEMP1 binding to various host 

cell receptors such as CD36, ICAM-1 and V-CAM1 (Berendt et al., 1990). Although 

PfEMP1 is not expressed by the rodent malarias, sequestration of pRBCs has been 

observed in the brains of infected mice (Hearn et al., 2000). CD36 has been 
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identified as the receptor for sequestered schizonts in adipose tissue and the lungs 

(Franke-Fayard et al., 2005) but ECM still develops in CD36 knock-out mice 

showing that this receptor is not required for the development of ECM.  

Elevated levels of pro-inflammatory cytokines TNF-α and IFN-γ are also 

associated with both CM and ECM along with pronounced thrombocytopenia 

(Granaglia et al., 2005). In humans TNF-α is likely to be produced in response to 

rupturing schizonts (Clark et al., 1981), which has been shown to lead to the 

upregulation of ICAM-1 and CD36 (Newbold et al, 1997). In murine infection an 

increase in TNF-α is associated with ECM (Grau et al., 1987) and increased 

production in the brain (Hearn et al., 2000) may also lead to the upregulation of 

ICAM-1 (Grau et al., 1991). ICAM-1 deficient mice show reduced sequestration of 

both macrophages and pRBC (Favre., 1999). However, neutralizing TNF-α 

antibodies fail to prevent ECM (Hermsen et al., 1997) showing that, although this is 

important in development of ECM, there are other contributing factors. The 

similarities between P. falciparum human infection and P. berghei murine infection 

renders it a good animal model for studying aspects of malaria pathology and the 

immune response. However, it is not an ideal model to study cytoadherance due to 

the lack of PfEMP1 mediated cytoadhesion. 

Different strains of inbred mice have different genetic and immune 

backgrounds. For example, the disease profile of P. berghei infection in BALB/c 

mice is extremely different from C57BL/6 mice allowing this strain to be used as a 

ECM non-susceptible model. BALB/c mice develop a chronic infection characterised 

by anaemia and weight loss which leads to death 3-4 weeks post-infection. Mice may 

display hyper-parasitaemias of up to 80% (Hannum et al., 2002). In C57BL/6 mice, 

symptoms such as ruffled fur, slow movement, hunched gait, shivering, convulsions 

and coma occur between days 5-8 after infection and death ensues 24 hours after 

symptoms appear (Rest., 1982, Gramaglia et al., 2005, Voza et al., 2005). The length 

of incubation before symptoms develop depends on the inoculum size (Granaglia et 

al., 2005, Voza et al., 2005). Parasitaemias only reach 15-20% before death.  

To evaluate the phenotype of both pbcrags knock-out parasites, differences in 

virulence, parasitaemia and gametocyte production were compared with wild type 
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HP strain parasites using both C57BL/6 and BALB/c mice. The behaviour of the 

parasite strains may differ depending on the genetic profile of the host and this could 

give an indication of host immune factors involved in interaction with PbCRAGS. 

Alternatively, a phenotype may be more obvious with or without certain 

immunological constraints and therefore it is important to use ECM-susceptible and 

non-susceptible models. PfCRAGS was previously found to be strongly expressed in 

gametocytes and may play a role in early gametocyte development or commitment to 

gametocytogenesis (chapter 4). The effect of pbcrags on gametocyte production was 

therefore of particular interest and led us to mainly focus on the numbers of 

gametocytes produced in comparison to asexual stages. The conversion rate (rate of 

gametocytogenesis) was also examined to reveal a possible function in commitment. 

Initially, we examined differences between wild type and knock-out parasites in the 

asexual erythrocytic life cycle by injecting parasitised erythrocytes into the blood 

stream of mice. As an obvious phenotype was not observed mice were also injected 

with sporozoites from the mosquito salivary glands to allow parasites to invade the 

liver before entering the blood stream. This inoculation route may affect the outcome 

of infection due to the extra developmental stage in hepatocytes.  

������������

5.4.1 Infection parameters and counting methods 

To evaluate differences between pbcrags wild type and pbcrags knock-out 

parasites, the following infection parameters were measured in each of four in vivo 

experiments. The methods used to accurately count parasites for calculating 

parasitaemias, gametocyte density and gametocyte proportion are clearly outlined. 

Red Blood Cell (RBC) Density  

Weight loss and RBC density were both measured as indicators of virulence 

but a reduced RBC density was chosen as the preferred infection parameter because 

severe anaemia is associated with P. berghei infections in BALB/c mice (Hanum et 

al., 2002) and RBC density can be affected by the parasitaemia in an individual 

mouse. RBC samples were taken from individual mice two days prior to infection 

and an analysis of variance (ANOVA) was performed on the RBC densities. Data 
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was log transformed to normalise the data set. This data was used to randomise the 

mice into cages so that there were no significant differences in RBC density between 

HP or knock-out groups (weight was also used as a factor in randomisation). RBC 

densities were measured using a Beckman


 Coulter counter from 3 days post-

infection until death occurred or until the end of the experiment.  

Parasitaemia 

Thin blood smears stained with Giemsa were taken to examine differences in 

parasitaemia between HP and knock-out parasites. Smears were also taken from the 

uninfected control group to subject these mice to the same levels of stress as the 

infected groups. The total number of RBC was counted for the first field examined 

and thereafter, fields with similar numbers of RBCs were chosen. Where smears 

were uneven, the average number of RBCs across the total number of fields counted 

was calculated. Areas of the smear with 300-800 RBC per field were counted; this 

variation was observed between different smears and not between chosen fields 

within the same smear.  

In very early infection when parasitaemias are between 0-2% the total 

number of parasites was counted over 50 fields or up to a maximum of 100 fields 

until 1 parasite was found. Once parasitaemias had reached 2% (10 parasites or more 

per field) then the total number of parasites across 3 adjacent fields were counted. 

Where parasitaemias were higher the number of RBCs and parasites in 3 fields was 

counted and an average was calculated. An example of raw data presenting the 

possible scenarios is shown in table 5.4.1. Parasitaemias were calculated by a 

percentage of [the number of parasites counted / (number.of RBC per field x number 

of fields counted)]. 
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Table 5.4.1: The counting method used to calculate parasitaemias in early and late infection is 

shown. 

Gametocyte density 

The counting method used for parasitaemia (table 5.4.1) was used to count 

gametocytes. The total number of gametocytes in 50 fields was counted, or 100 fields 

until 20 parasites were found. As gametocytes are often found aggregated together, 

fields were chosen at random across the smear ensuring that both ends, the middle, 

the top and bottom had been covered. Due to a wider area being examined there was 

more variation between the number of RBCs per field and so RBCs were counted in 

a number of fields and average RBC calculated. Gametocytaemia was calculated as a 

percentage of [total number of gametocytes counted / average number of RBC / 

field]. This counting method was confirmed to be valid by qPCR (see experiment 

5.4.5).  

Gametocytaemias were converted to gametocyte densities (number of 

gametocytes/ml) by [(gametocytaemia/100) x log (RBC density)].  

Gametocyte proportion 

To count the gametocyte proportion, the total number of asexual parasites and 

gametocytes in 50 fields was counted for low parasitaemias or in 3 fields when 

parasitaemias reached over 10%. To ensure an accurate count of gametocyte 

proportion, a minimum of 20 parasites were counted. Proportion of gametocytes was 

calculated as number of gametocytes / total number of parasites. Raw data to 

illustrate this counting method is shown in table 5.4.2. 

 

No. of

RBC/field

No. of

fields
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parasites

Parasitaemia
(%)

Day
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680

870

330
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740

800
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70
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3

3
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24 + 31+59

58+68+86

506+640+667
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Table 5.4.2: The method of counting the proportion of parasites that are gametocytes is 

illustrated. 

Conversion rate (rate of gametocytogenesis) 

Conversion rate is a measure of the number of asexual parasites that commit 

to gametocytogenesis and differentiate into sexual stages. This was calculated using 

the calculation of Buckling and Read (2001). The assumption is that any parasites 

committing to gametocytes before schizogony at midnight on day 0 (t) will have 

matured at 34 hours when sampling 2 days later (t+2). Any gametocytes present on 

day 1 will be too young to be identified and any gametocytes arising from the day 

prior to day 0 will be too old and will have been cleared by the mouse. Rates can 

therefore be calculated by looking at the density of mature gametocytes on day 2 

(Gt+2) and the asexual densities on day 0 (At) and on day 2 (At+2). A percentage of 

total parasites that commit to gametocytes (g) can be calculated using the following 

equation: 

g= (G t+2/At)/ [(√A t+2)/At]+[(G t+2)/At] 

Statistical analysis 

Comparisons between wild type and knock-out parasite strains were carried 

out using an ANOVA for the following parameters: 

a) Maximum loss in RBC density. RBC density was measured from day 3 until 

death. Data was log transformed. The minimum RBC density at day 8 was 

subtracted from the starting RBC to look at RBC loss in early days in all 

experiments. Maximum RBC loss over the course of infection was also 

analysed (exp 2) as well as RBC loss up to day 10 (exp 3 and 4). Starting 

No. of

rings

No. of
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No. of

 gametocytes

Proportion of

gametocytes

55

0
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RBC density was found to affect maximum RBC loss and was therefore 

added as a covariate into the general linear model.  

b) Peak Parasitaemia. The maximum parasitaemia for each individual mouse 

up to day 8 (all experiments), to endpoint (exp 2) or up to day 10 (exp 3 and 

4), was used to compare peak parasitaemia between parasite strains for early 

days and over the course of infection. 

c) Peak and cumulative gametocyte density. The maximum gametocyte 

density at day 8 (all experiments), at endpoint (exp 2) or at day 10 (exp 3 and 

4) in each mouse was compared. The total gametocyte density was calculated 

by the sum of all gametocyte densities up to day 8 (all experiments), until 

endpoint (exp 2) or up to day 10 (exp 3 and 4) to give a cumulative density or 

the total number of gametocytes that were made throughout the course of 

infection. 

d) Peak proportion of gametocytes. The proportion of parasites that were 

gametocytes were counted and plotted. Each individual mouse had a peak 

proportion of gametocytes on day 8 or before. These peaks were compared 

between mice. 

e) Conversion rate. The rate of gametocytogenesis was calculated and the 

average conversion rates over selected days (indicated where appropriate) 

were compared. 

5.4.2 Experiment 1: Infection parameters of pbcrags KO parasites in 

BALB/c mice during blood stage development. 

The data obtained from this experiment is presented to illustrate the 

parameters measured throughout the course of infection whilst drawing particular 

attention to the variability within the rodent model system. These variations restrict 

the extent of statistical analysis that can be performed. 

Virulence 

P. berghei ANKA strain HP (wild type) and pbcrags KO1 were inoculated 

into BALB/c mice to examine differences in virulence between parasite strains. 10
5
 

blood stage parasites were inoculated into 5 mice per group and citric saline was 
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used to inoculate an uninfected control group. Death was used as an end point for the 

experiment but any surviving mice on day 23 were sacrificed. Mice began to display 

symptoms such as ruffled fur, hunched gait and huddling together on day 8 in both 

groups. KO1 infected mice had an increased survival rate compared to HP (figure 

5.4.2). These results indicate that KO1 is less virulent than HP.  

 

 

 

 

 

 

 

 

Figure 5.4.2; Pbcrags KO1 is less virulent than wildtype HP strain of P. berghei. 

The number of BALB/c mice surviving over the course of infection with HP or pbcrags KO1. 

RBC density, parasitaemia and gametocyte density 

Sampling of these three parameters was carried out from day 3 post infection 

until death, for each individual mouse. As there was only one mouse left alive by day 

18 (KO1 group), this day was taken as the last day of sampling. Graphed data was 

used initially to look at the course of infection in individual mice for each parameter 

to observe any differences between mice within the same group and thus determine 

the variability within the system (figure 5.4.3). In both groups a proportion of mice 

died in early infection whilst others survived into late infection. This clearly indicates 

that there are differences in the ability of mice within each infection group to control 

the infection. Of the surviving mice, there was little variation between mice within 

groups or between groups for RBC loss, which is substantial and indicates the 

development of chronic anaemia (figure 5.4.3A). The two surviving mice in the HP 

group had similar parasitaemias and two of the surviving KO1 mice appeared to 

present a similar outcome of infection to the HP survivors. However, the variation in 

parasitaemias between the KO1 mice was substantial with one mouse presenting an 
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extremely low parasitaemia (figure 5.4.3B). Mice with the highest parasitaemias on 

day 7 were first to die but parasitaemia did not correlate with day of death after this 

time point. However, the differences between parasitaemias are small at day 7, so 

this observation is unlikely to be relevant. Gametocyte densities were variable 

between mice within the KO1 group after day 10 (figure 5.4.3C). However, early 

infections were similar for all parameters within groups. Data obtained after day 10 

is not only affected by the course of early infection but may also be affected by 

differences in the immune response leading to high variation observed between 

individual mice. Although variability between mice is limited up to day 10, 

differences in virulence and the ability of mice to control infection was observed on 

day 9 where the first deaths occur, indicating that there are already differences in the 

immune response. For this reason, and because reduced numbers of mice survived 

into later infection, it was concluded that data obtained from days 3-8 (inclusive) 

should be analysed in more detail. 

.  
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Figure 5.4.3: Variation in infection parameters of mice within HP and KO1 infection groups. 

RBC density [log (no. RBC x 10
9
/ml)] (A), parasitaemia (%) (B) and gametocyte density (x 10

9
/ml) 

(C) are shown for days 3-18 postinfection for individual mice infected with HP (blue) or KO1 (red). 

The uninfected control group is shown for RBC density (green). 

Mean graphs were constructed for days 3-8 of infection to look for 

differences between HP and KO1 (figure 5.4.4). ANOVAs were performed to see if 

there were significant differences in infection parameters that could explain the 

differences observed in virulence. No RBC loss occurred in either group before day 7 
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of infection and there are no significant differences in the maximum RBC loss 

between HP, KO1 and the uninfected control group (P > 0.5, F < 0.5) (figure 

5.4.4A). Parasites appeared in both groups on day 3 and KO1 had a lower 

parasitaemia than HP on days 5 and 6. However there are no significant differences 

in peak parasitaemia (P > 0.3, F < 1.18, figure 5.4.4B). Gametocytes appeared in 

both groups on day 3. There are no significant differences in peak gametocyte 

density (P > 0.1, F < 4.3). 

 

 

 

 

 

Figure 5.4.4: KO1 shows different early infection parameters.  

Mean RBC density (A), parasitaemia (B) and gametocyte density (C) is shown for HP and KO1 

infected mice for days 3-8 of infection (+/- S.E.). 
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Gametocyte proportion and conversion rate 

In each individual mouse infection there is a primary peak proportion of 

gametocytes (figure 5.4.5). The day of the peak is variable between mice within an 

infection group and so it is uninformative to look at the average proportion of 

gametocytes on each day due to large standard error bars. To examine differences in 

the peak proportion of gametocytes between groups, the peaks from each mouse 

were combined. A trend shows that HP has a higher average peak proportion of 

gametocytes (0.2) than KO1 (0.1) but this is not significant (figure 5.4.6A). 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.5: The proportion of parasites that are gametocytes varies throughout infection and 

the primary peak proportion occurs on different days in different mice. 

The proportion of parasites that are gametocytes throughout infection are shown for each mouse (n = 

5) for HP (WT) and KO1. The peak proportion of gametocytes for each mouse is indicated by a black 

circle and these peaks were used in an ANOVA statistical analysis of variance to look for differences 

in peak proportions between parasite strains. 

 

The rate of gametocytogenesis was calculated (Buckling et al., 1999) for days 

3-8 of infection. The conversion rate calculation requires data from 2 days ahead of 

each time point and therefore it could only be calculated up to day 7 for mice that 
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died on day 9. Conversion rates were extremely variable between mice for each day, 

and were higher at the beginning of infection in both parasite strains. KO1 showed a 

higher conversion rate than HP but this was significant only on day 5 of infection 

(figure 5.4.6B).  

 

 

 

 

 

Figure 5.4.6: A pattern shows pbcrags KO1 has a lower peak proportion of parasites that are 

gametocytes but a higher conversion rate than HP.  

A A difference in the peak proportion of parasites that are gametocytes between HP and KO1 is 

shown +/- S.E. but this is not significant (F= 0.62, P = 0.454, df = 1,8).  

B Conversion rate (%) +/- S.E. is shown. Differences are not significant (F < 3, P > 0.1, df = 1,8). 

Experiment 1 summary 

There were not obvious phenotypic differences observed between wild type 

and KO parasites in experiment 1 but KO1 appeared to be less virulent with trends 

towards lower parasitaemia and higher gametocyte conversion rates in early 

infection, although these were not significant.  
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The variation that occurs between mice infected with the same parasite strain 

has been outlined and was taken into account when choosing relevant data to 

examine and analyse in subsequent experiments. 

5.4.3 Experiment 2: Infection parameters of pbcrags KO parasites in a 

non-susceptible and susceptible host in blood stage development. 

Experiment 1 was repeated with the addition of KO2 to test whether both 

knock-out parasite lines were behaving in the same way. 10
5
 blood stage parasites of 

HP, KO1 and KO2 were inoculated into non-susceptible BALB/c and susceptible 

C57BL/6 mice to study the differences between parasite strains in hosts with 

different genetic backgrounds. A pbs28 gene knock-out was used as a control for 

possible effects caused by genetic manipulation and the expression of the tgdhfr gene 

on parasite growth and gametocytogenesis. Pbs28 is expressed at gamete to ookinete 

stage so it is likely, but not proven, that blood stages would not be affected by 

knocking out this gene. BALB/c mice were sacrificed at day 14 of infection when all 

mice showed symptoms of disease, substantial RBC loss had occurred and 

parasitaemias reached over 30%. Parasite strains were less virulent than in 

experiment 1 as all mice survived until this time point apart from one mouse infected 

with KO1, which developed severe symptoms and was sacrificed on day 10. 

C57BL/6 mice began to display mild symptoms on day 6 and were sacrificed on day 

7 to minimise suffering.  

C57BL/6 and BALB/c results were analysed separately to look for 

differences between parasite strains within either a susceptible or resistant genetic 

background. In C57BL/6 mice an ANOVA was used to look for differences in RBC 

density for days 1-7 of infection. Parasites first appeared at day 4 and so 

parasitaemias and gametocyte densities were compared for days 4-7. In BALB/c 

mice the analysis was split into two parts. Early days were looked at separately as in 

experiment 1 but as no death occurred in this experiment and there was also little 

variation seen between the mice in each group (apart from in pbs28 KO infections 

which had significant variation between mice after day 10) it was possible to 

compare groups across the entire infection. RBC densities were analysed for days 3-8 

and 3-14. Parasites appeared at day 5 in this host and so parasitaemias and 
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gametocyte densities were analysed for days 5-8 and 5-14 (apart from in pbs28 KO 

which was excluded from the analysis for days 5-14).  

Red Blood Cell Density 

As seen previously, RBC density decreased from day 7 in BALB/c mice for 

all parasite strains. No red blood cell loss occurs before this time point (figure 5.4.7). 

There was little or no RBC loss in C57BL/6 mice (figure 5.4.7). In both mouse 

strains a pattern showed KO2 had higher RBC loss than HP. However, an ANOVA 

shows there are no significant differences in the maximum RBC loss between 

parasite strains in BALB/c for days 3-8 or 3-14 or in C57BL/6 mice for days 1-7.  
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Figure 5.4.7: There are no significant differences in red blood cell loss between pcrags KO1, 

KO2 and pbs28 KO in BALB/c or C57BL/6 mice (F < 4.5, P > 0.05, df = 1,3,12). 

Red blood cell densities (log [no.x10
9
/ml]) +/- S.E are shown for days 3-14 in BALB/c mice and from 

days 1-7 in C57BL/6 mice. 
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Parasitaemia 

In BALB/c mice parasites appeared at day 5 in all parasite strains. This is 2 

days later than in experiment 1. This 2 day lag is not responsible for the decrease in 

virulence as parasitaemias reach the same densities as experiment 1 by day 8. In 

BALB/c, KO1 had a lower average peak parasitaemia ranging from 20-40% 

compared to HP with an average peak parasitaemia ranging from of 40-60% on day 

14 (figure 5.4.8A). However, there are no significant differences in the peak 

parasitaemia between the parasite strains for days 5-8 or days 5-14 (P > 0.5, F < 0.5). 

To look at growth rates earlier in infection, the day that parasitaemias reached 2% 

were analysed but there were no significant differences.  

Parasites appeared in C57BL/6 at day 4. In C57BL/6 mice KO1, KO2 and 

pbs28 KO had lower average peak parasitaemias than HP throughout infection 

(figure 5.4.8B). On day 7 KO2 has a parasitaemia of 4% but all other parasite strains 

have parasitaemias ranging between 8-10%. These differences in parasitaemia were 

not significant (P > 0.5, F < 0.5). However, there were significant differences in 

growth during early infection; KO1 and KO2 took longer to reach a parasitaemia of 

2% than HP (F = 14.26, P > 0.001, df = 3, 13). There was a 2 day lag in the growth 

of pbs28 KO and this strain took one day longer than pbcrags knock-outs to reach 

2%. There were higher peak parasitaemias in C57BL/6 mice up to day 7 than in 

BALB/c mice for all parasite strains, showing that HP and knock-out parasites grew 

more rapidly in the susceptible host.  
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Figure 5.4.8: There are significant differences in C57BL/6 mice between pbcrags knock-outs and 

HP for parasitaemia in early infection and in peak gametocyte density but not in BALB/c mice. 

A and C show parasitaemia (%) +/- S.E. for BALB/c and C57BL/6 mice, respectively. 

B and D show gametocyte densities (x 10
9
/ml) +/- S.E. for BALB/c and C57BL/6 mice, respectively. 
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Gametocytes 

Gametocytes appeared on day 5 in BALB/c mice and densities reach 0.075 x 

10
9
/ml on day 14 for all parasite strains and there is less variation between mice 

compared to the variation between surviving mice in experiment 1 (figure 5.4.8C). 

As there were no significant differences in parasitaemia, which would affect 

gametocyte production, between strains, differences in total gametocyte production 

were analysed. There were no significant differences in cumulative gametocyte 

density (F = 0.62, P = 0.615, df = 3,14) although a pattern shows that KO1 is lower 

than HP. There were no significant differences in peak gametocyte density for days 

5-8 or 5-14. 

Gametocytes appeared at day 4 in C57BL/6 mice. HP had a statistically 

significant higher peak gametocyte density of 0.025 x 10
9
/ml compared to the other 

parasite strains that have densities of 0.015 x 10
9
/ml (F = 3.28, P = 0.05, df = 3,13) 

(figure 5.4.8D). Cumulative gametocyte density could not be analysed due to 

significant differences in parasite growth in early infection between parasite strains. 

KO1 had a lower average peak proportion of gametocytes than HP in both 

BALB/c and C57BL/6 mice but this was not significant (figure 5.4.9A). The mean 

peak proportions of gametocytes in BALB/c mice are the same as those found in 

experiment 1 for HP and KO1. 

Gametocytogenesis 

Conversion rates were calculated for BALB/c mice for days 5-12 of infection 

and were extremely variable between mice. In HP, KO1 and pbs28 KO, 

gametocytogenesis decreases from day 5 to day 8 and begins to rise again towards 

death (figure 5.4.9B). KO2 had a higher conversion rate than HP throughout the 

infection apart from on days 5 and 9. KO1 has a lower conversion rate than HP 

throughout infection and a lower average conversion rate of 4.536 (S.E. +/- 1.11) 

compared to 5.121 (S.E. +/- 0.9971) for days 5-12 although this is not significant. 

Conversion rate could not be calculated for C57BL/6 mice because there would have 

only been 2 data points.  
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Figure 5.4.9: Pbcrags KO1 has a lower peak proportion of parasites that are gametocytes in 

both C57BL/6 and BALB/c mice and a lower rate of gametocytogenesis in BALB/c mice 

A shows the average peak proportions of parasites that are gametocytes, +/- S.E. of HP, KO1, KO2 

and pbs28 knock-out in C57BL/6 and BALB/c mice. 

B shows the average conversion rates (%) +/- S.E. of HP, KO1, KO2 and pbs28 knock-out in BALB/c 

mice for days 5-12 of infection. 
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for HP and KO1, separately, to look for variation that might explain the difference in 

virulence between experiments. The maximum RBC loss, peak parasitaemia, peak 

gametocyte density and cumulative gametocyte density for days 3-8 in experiment 1 

and days 5-8 in experiment 2 were compared. As there was a 2 day lag in 

parasitaemia in experiment 2, average conversion rates were taken over the number 
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significant differences between experiments for HP or KO1 for any variable (F < 3, P 

> 0.1) apart from cumulative gametocyte density which was higher in experiment 1 

for both HP (F = 6.79, P = 0.035) and KO1 (F = 18.90, P = 0.003) (figure 5.4.10).  

 

 

 

 

 

 

 

Figure 5.4.10: There is a higher average cumulative gametocyte density in experiment 1 than in 

experiment 2 for HP and KO1. 

The average cumulative gametocyte densities (x 10
9
/ml) +/- S.E. are shown for experiment 1 and 2 in 

early infection with HP or KO1. 

As there were no significant differences between the other variables, the data 

from experiment 1 and 2 was combined to give a total of 10 mice for HP and 9 mice 

for KO1. The same variables were compared between parasite strains for days 3-8/5-

8 but there were no significant differences (F < 2.53, P > 0.1). Experiment number 1 

or 2 was used as a block effect by adding it as a covariate in the general linear model 

(GLM) to look for differences in cumulative gametocyte density between parasite 

strains. There were no significant differences between parasite strains.  

Data from experiment 1 survivors was compared with data from experiment 

2. Experiment number was insignificant in the GLM indicating that there were no 

significant differences between the two experiments even with the variation between 

mice in experiment 1. Experiment 1 survivors were combined with experiment 2 to 

increase the power of analysis. ANOVA was used to compare parameters between 

parasite strains from days 3-14. A significant difference was found in peak 

parasitaemia (P = 0.018, F = 7.71) where HP has a significantly higher mean (58.75 

%, S.E. +/- 6.7) than KO1 (32.03%, S.E. +/- 6.766).  
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Experiment 2 summary 

These results show a significant trend that KO1 had a lower peak 

parasitaemia over the course of infection than HP in BALB/c mice. There are no 

differences early in infection between parasite strains. Patterns are repeatable across 

the two experiments apart from a higher cumulative gametocyte density in early 

infection in experiment 1. This may be related to the higher virulence of strains in 

experiment 1. A more virulent strain invoking a greater immune response in the host 

may trigger a higher gametocyte production to increase the parasites potential to 

transmit before the host is killed. In C56BL/6 mice HP has a significantly higher 

growth rate and peak gametocyte density than both KO1 and KO2. 

5.4.4 Experiment 3: Infection parameters of pbcrags wild type and 

pbcrags knock-outs in a susceptible and non-susceptible host following 

transmission from the mosquito.  

As the phenotype at blood stage infection was subtle, the parasite strains were 

passed through the mosquito vector to look at the effect of development in 

hepatocytes on the blood stage phenotype. The development of infection is slowed 

down through this inoculation route which increases the chance of observing a 

knock-out phenotype in C57BL/6 mice compared to blood stage infection. 1000 

salivary gland sporozoites of pbcrags KO1 and KO2 were inoculated by IV injection 

into 5 BALB/c and 4-5 C57BL/6 mice. HP strain was inoculated into 3 BALB/c mice 

and 5 C57BL/6 mice. Sporozoites from HP were also transmitted to 2 BALB/c mice 

via infected bite from 10 mosquitos. Data on gametocyte proportion and parasite 

growth in the absence of immune factors can be obtained from BALB/c mice before 

day 8 of infection. To minimise suffering, therefore, all mice in the BALB/c group 

were sacrificed on day 12 once mice began to display symptoms and parasitaemias 

reached over 30%. Death was used as an end point for the experiment in C57BL/6 

mice but any mice surviving on day 18 were sacrificed. Since P. berghei infection in 

C57BL/6 progresses rapidly, the chance of observing a phenotype in the pbcrags 

knock-out is increased by using death as an end point.  
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Virulence 

In C57BL/6 mice KO1 and KO2 had an increased survival rate compared to 

HP (figure 5.4.11). HP is more virulent than both knock-outs but KO2 is less virulent 

than KO1. All knock-out infected mice surviving on day 18 displayed mild 

symptoms such as ruffled fur and did not appear to develop any symptoms of 

cerebral malaria. As all HP mice were dead by day 9 ANOVA analysis was only 

performed up to day 8 for all variables. 

  

Figure 5.4.11: KO1 and KO2 are less virulent than HP in C57BL/6 mice following passage 

through the mosquito.  

The number of C57BL/6 mice surviving (%) after 18 days of infection with HP, KO1 and KO2 is 

shown. 

 All BALB/c mice began to display symptoms on day 12. An ANOVA was 

performed on the maximum RBC loss, peak parasitaemia, cumulative and peak 

gametocyte density and peak proportion of gametocytes, up to day 8 for HP 

infections of BALB/c mice to look for differences between the infected bite group 

compared to the intravenous injection group. There were no significant differences in 

variables between the two infection routes (P < 0.05 in all cases). Therefore, the HP 

group data was combined for the rest of the analysis to look for differences between 

parasite strains. A high level of variation was observed between mice after day 10 of 

infection and therefore subsequent analysis could only be performed up until this 

day. 
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Red Blood Cell Density 

RBC densities were measured from day 4 of infection in BALB/c and 

C57BL/6 mice. There was substantial RBC loss in infected BALB/c mice which 

began on day 7 for all groups, as seen in the blood infection. An ANOVA showed 

there were no significant differences in maximum RBC loss between the three 

parasite strains for days 4-10. In C57BL/6 mice there was no RBC loss in HP 

infected mice prior to death (figure 5.4.12A). There were no significant differences 

in maximum RBC loss between all three parasite strains for days 4-8. After this time 

point, RBC density in KO1 and KO2 surviving mice continued to decrease until 

death. These mice appear to have developed chronic anaemia which is a symptom of 

P. berghei infection in BALB/c mice. This was tested by using an ANOVA to 

compare the maximum RBC loss between host strains for each parasite strain for 

days 4-10, apart from HP in C57BL/6 mice that could not be compared. There are no 

significant differences in the maximum RBC loss between C57BL/6 and BALB/c 

mice for KO1 and KO2 (figure 5.4.12B).  
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Figure 5.4.12: Pbcrags knock-out infections in C57BL/6 mice results in the same amount of loss 

in red blood cell density as seen in BALB/c mice. 

A shows red blood cell densities (log [no.x10
9
]) +/- S.E. in C57BL/6 mice for days 4 until day 16 

when the last samples were taken. 

B shows the average maximum red blood cell loss (log [no.x10
9
]) +/- S.E. for HP, KO1 and KO2 

infections of BALB/c and C57BL/6 mice for days 4-10. Differences between the two host strains are 

not significant for KO strains (F = 1.86, P = 0.86, df = 1,2, 26). 

Parasitaemia 

Parasites appeared in both hosts on day 4 for all parasite strains. 

Parasitaemias were counted for days 4-10 in BALB/c mice. The general relationship 

shows that KO1 and KO2 had lower average parasitaemias throughout infection with 

KO1 having a significantly lower parasitaemia than HP on days 7-9 (figure 5.4.13A) 

However, there were no significant differences in peak parasitaemias between 

parasite strains for days 4-8 or 4-10. In C57BL/6, both pbcrags knock-outs have 

significantly lower peak parasitaemias up to day 8 than HP (figure 5.4.13C). 
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Parasitaemias continued to increase in KO1 and KO2 after the death of the HP group 

until they reached between 15-20% on day 12 which was not significantly different 

from HP on day 9 (F = 0.59, P = 0.575, df = 2,12). The delay in parasitaemia may 

help to explain the development of a chronic infection in the knock-outs compared to 

an acute infection in HP. However, peak parasitaemias in C57BL/6 mice were lower 

than those in BALB/c mice and therefore the same amount of RBC loss occurs 

regardless of parasitaemia. 

Gametocytes 

In BALB/c mice a trend showed both knock-outs had lower gametocyte 

densities throughout infection than HP (figure 5.4.13B) but there were no significant 

differences in peak gametocyte density for days 4-8 or 4-10. In C57BL/6 mice there 

were no significant differences between peak gametocyte density for days 4-8 (figure 

5.4.13D).  
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Figure 5.4.13: Pbcrags KO1 And KO2 have significantly lower parasitaemias than HP up to day 

8 of infection in C57BL/6 mice (F=4.64, P=0.038, df=2,12). 

Parasitaemias (%) +/- S.E are shown for days 4-10 of infection in BALB/c (A) and 4-8 in C57BL/6 

mice (C). 

Gametocyte densities (x10
9
/ml) +/- S.E are shown for days 4-10 of infection in BALB/c (B) and 4-8 in 

C57BL/6 mice (D). 
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In BALB/c mice significant differences were found between the three 

parasite strains for the average peak proportion of gametocytes. HP, with a peak 

proportion of gametocytes of 0.25, is lower than KO1 and KO2 which have 

proportions of 0.3 and 0.55, respectively (figure 5.4.14). In C57BL/6 mice the peak 

proportion of gametocytes was also higher in KO1 and KO2 compared to HP but this 

was not significant (figure 5.4.14). There were higher peak proportions of 

gametocytes in BALB/c mice compared to C57BL/6 mice for all parasite strains (F = 

15.99, P = 0.001, df = 2,1,22). 

 

 

 

 

  

 

 

 

 

Figure 5.4.14: Pbcrags KO1 and KO2 have significantly higher peak proportions of parasites 

that are gametocytes than HP in BALB/c mice (F = 8.19, P = 0.008. df = 2,10 ). 

The average peak proportion of parasites that are gametocytes +/- S.E. are shown in BALB/c and 

C57BL/6 mice. All peaks of gametocyte proportions in individual mice occured before day 8 in both 

host types. The differences between strains in C57BL/6 mice are not significant (F = 1.32, P = 0.310, 

df = 1,13). 

Conversion rate 

 In BALB/c mice conversion rates were calculated for days 4-10 of infection 

and KO1 and KO2 had lower average conversion rates than HP from day 5-8 

although KO2 is higher than KO1 and HP on day 4 (figure 5.4.15A). In C57BL/6 

mice, conversion rates were looked at from days 4-7 and KO1 and KO2 generally 

had higher conversion rates than HP (figure 5.4.15B). However, as before, 

conversion rates were extremely variable between mice. Analysis was performed on 
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average conversion rates for days 4-7 in C57BL/6 mice and days 4-10 in BALB/c 

mice to look for differences between parasite strains. There were no significant 

differences in average conversion rate between parasites strains in either BALB/c or 

C57BL/6 mice. However, a pattern shows that in C57BL/6 mice KO1 and KO2 have 

higher average conversion rates with mean values of 13.725 (+/- 7.63) and 21.945 

(+/-6.82), respectively, than HP with a mean value of 8.878 (+/- 7.63). All parasites 

strains were found to have significantly higher average conversion rates in BALB/c 

mice than in C57BL/6 mice (F = 4.74, P = 0.04, df = 2,1,22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.15: Conversion rates are variable between parasite strains, individual mice and 

between hosts. 

The conversion rates (%) +/- S.E are shown for infection in BALB/c (A) and C57BL.6 mice (B). 
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Summary of experiment 3 

In C57BL/6 mice pbcrags KOs were less virulent than pbcrags wild type 

which was shown by reduced host death. KO parasite infected mice presented with 

pronounced RBC loss indicating the development of chronic infection and anaemia 

as seen in BALB/c mice. Parasitaemias of both KO parasite lines were significantly 

lower than HP but there were no differences in gametocyte production. In BALB/c 

mice KO parasites had lower parasitaemias and lower conversion rates than HP but 

significantly higher peak proportions of gametocytes. 

5.4.4 Experiment 4: Infection parameters of pbcrags KO in a non- 

susceptible and susceptible host following passage through the mosquito 

examined by microscopy and qPCR. 

1000 sporozoites from HP, KO1 and KO2 were inoculated by IV injection 

into 5 C57BL/6 and 5 BALB/c mice. However, only 3 BALB/c mice became 

infected in each parasite strain group. C57BL/6 mice were sacrificed on day 8 and 

BALB/c mice on day 12 as before. In BALB/c mice there was variation in infectious 

parameters after day 10 so all analysis is performed on days up until this time point. 

Red blood cell density, parasitaemia and gametocyte density 

There were no significant differences in maximum RBC loss between 

parasite strains in BALB/c for days 3-10 (F = 0.60, P = 0.586, df = 1,2,5) or 

C57BL/6 mice for days 3-8 (F = 0.62, P = 0.557, df = 1,2,11). There were also no 

differences in peak parasitaemia, peak gametocyte density or maximum cumulative 

density between parasite strains in either BALB/c for days 4-8 and 4-10 (F < 1.72, P 

> 0.25) or C57BL/6 mice for days 4-8 (F < 0.78, P > 0.47). Parasites appeared in 

BALB/c and C57BL/6 mice in all parasite strains on day 4, as seen previously.  

In BALB/c mice KO1 and KO2 had lower parasitaemias than HP throughout 

infection and KO1 had a significantly lower parasitaemia of 4% on day 10 compared 

to HP with a parasitaemia of 9% (figure 5.4.16 A). In C57BL/6 mice, in contrast to 

experiment 3, KO parasites had the same parasitaemias as HP early in infection 
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(figure 5.4.16C). In BALB/c mice HP had a significantly higher gametocyte density 

than both KO1 and KO2 on day 8 (figure 5.4.16B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.16: A pattern shows that KO1 and KO2 have lower parasitaemias and gametocyte 

densities than HP in BALB/c mice. 

Parasitaemias (%) and gametocyte densities (x10
9
/ml) +/- S.E. are shown for infections of BALB/c (A 

and B) and C57BL/6 mice (C and D) for days 4-10 and 4-8, respectively. 
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Gametocytes and conversion rate 

On the day that parasites first appeared in KO2, gametocytes were observed 

in the absence of asexual parasites. Although this was interesting this was not 

counted as a positive result due to the inaccuracy of using microscopy on samples 

with low parasitaemias. In BALB/c mice the trend for peak proportion of 

gametocytes show that both KO parasite lines had a higher peak proportion than HP 

which is almost significant (F = 4.38, P = 0.06, df = 2,6) (figure 5.4.17A). In 

C57BL/6 mice no significant differences were found for peak proportion (figure 

5.4.17A).  

 

 

 

 

 

 

 

Figure 5.4.17: Pbcrags knock-outs have a higher peak proportion of gametocytes than HP in 

BALB/c mice but there are no differences in conversion rate. 

A shows the average peak proportion of gametocytes +/- S.E. in BALB/c and C57BL/6 mice. 

B shows the conversion rate (%) +/- S.E. for days 4-10 of infection in BALB/c mice. 
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 Conversion rates were calculated for days 4-10 in BALB/c mice. 

Conversion rates are very high at 50-80% on day 6 of infection (figure 5.4.17B). 

There are no significant differences between parasite strains for the average 

conversion rate. Conversion rates were not calculated for C57BL/6 mice as there 

were too few data points. 

The data from both mosquito experiments (3 and 4) were combined for 

BALB/c mice to increase the power of the analysis. The data from a total of 8 mice 

in each parasite strain group was analysed from day 4-10 of infection for each 

variable. The effect of parasite strain on virulence, parasitaemia, gametocyte density 

and gametocyte production were examined. Differences between the two 

experiments were controlled for using experiment as a block effect (a covariate) in 

the analysis. No significant differences were found between parasite strains for 

maximum RBC loss, peak parasitaemia, peak gametocyte density, cumulative 

gametocyte density and average conversion rate (F < 2.80, P > 0.08).  

Significant differences were found between the peak proportion of parasites 

that are gametocytes where KO1 and KO2 have higher peaks than HP (F = 11.52, P 

= 0.001, df = 1,2,18) (figure 5.4.18). Additional analysis was carried out to identify 

the factors that affect the peak proportion in each parasite strain by adding them one 

by one into the GLM. None of the variables tested explained the differences in peak 

proportion. Average conversion rate from days 4-8 and from days 4-10 were 

significant in the model to explain cumulative gametocyte density (F = 31.07, P < 

0.001, df = 1,2,1,17). This means that higher conversion rates, either early in 

infection or throughout infection, have a positive correlation with higher cumulative 

gametocyte densities. No other variables were significant within the GLM. 
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Figure 5.4.18: KO1 and KO2 have higher peak proportions of gametocytes than HP in BALB/c 

mice. 

Average peak proportions of gametocytes for two mosquito experiments were combined. 

 

Data was combined for C57BL/6 mice from the two mosquito experiments 

and differences were looked for between parasite strains for days 4-8 using 

experiment as a block effect (a covariate). There were 10 mice in each parasite strain 

group. There are no significant differences in maximum RBC loss, peak 

parasitaemia, peak gametocyte density, cumulative gametocyte density or peak 

proportion of gametocytes (F < 1.31, P > 0.2). The first three days of conversion rate 

were combined and there were significant differences between parasite strain in 

average conversion rate (F = 3.58, P = 0.043). KO1 and KO2 both have higher 

average conversion rates (23.51 (%) +/- 5.34, 39.32 (%) +/- 5.078) than HP (21.40 

(%) +/- 5.34). 

Evaluation of parasitaemia and gametocyte density using qPCR and validation 

of the microscopic counting method 

Quantitative PCR (qPCR) using a FAM probe for the gene Pbs230 was used 

to detect parasite densities in gDNA samples collected from mosquito experiment 4. 

Samples of HP, KO1 and KO2 for days 1-4 of infection from C57BL/6 and BALB/c 

mice were analysed to look for differences between the three parasite strains at the 

onset of infection (before parasites can be detected by microscopy). Parasites were 

detected in all parasite strains in both hosts on day 1 by real-time PCR compared to 

day 4 by microscopy. In BALB/c mice there were no significant differences in 

parasite density between HP, KO1 and KO2 (figure 5.4.19A). In C57BL/6 mice there 
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was a significant difference in the maximum parasite density on day 4 between the 

three parasite strains (F = 5.03, P = 0.026, df = 2,12) (figure 5.4.18B). KO1 had a 

higher parasite density than HP and KO2. This trend is also present after day 4, by 

microscopy, although the differences are not significant later in infection. Parasite 

densities are higher in C57BL/6 mice in all parasite strains than in BALB/c mice on 

day 4 (F = 10.52, P = 0.04, df = 1,2,20) which confirms that parasites are growing at 

a slower rate in the non-susceptible host from the onset of infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4.19: KO1 had a significantly higher parasite density than HP in C57BL/6 mice before 

parasites can be detected microscopically. 

Real-time PCR was used to detect parasite densities/µl +/- S.E. in BALB/c (A) and C57BL/6 mice (B) 

from days 1-4 of infection. 

 Reverse transcriptase qPCR was used to detect gametocyte densities 

in all three parasite strains from BALB/c mice for days 1-9 of infection. KO1 and 

KO2 showed a difference in peak proportion of gametocytes in BALB/c mice only 

and therefore differences in gametocytes between parasite strains were only looked at 

in this host. A FAM probe to Pbs48/45 was used to detect gametocytes. Gametocytes 
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were detected in all parasite strains at day 4 which correlates with microscopic 

observations. Gametocyte densities are similar but not the same for both real–time 

and microscopic detection methods. Error bars overlap each other showing there is 

high variation in both systems. Most importantly the same relationships are present 

between strains from days 4-9 of infection with both detection methods (figure 

5.4.20A). Densities were higher using real-time PCR, almost double the microscopic 

counts, due to the increased sensitivity of this detection method. This shows that 

there is an underestimation of gametocytes by microscopy. However, this 

underestimation occurs in all strains so gametocyte densities calculated by 

microscopy are still relative to each other and can be compared. There are no 

significant differences between parasite strains for peak or cumulative density 

throughout infection (F < 0.88, P > 0.7, df = 2,6). Significant differences were found 

between parasite strains for day 4 of infection where HP has a higher gametocyte 

density (F = 10.93, P = 0.01, df = 2,6) (figure 5.4.20B). 
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Figure 5.4.20: HP had a significantly higher gametocyte density than KO1 and KO2 on day 4 of 

infection in BALB/c mice. 

A shows gametocyte density/µl +/- S.E. detected by real time PCR (red) and by microscopy (black) in 

BALB/c mice for days 4-9 of infection. 

B shows the cumulative maximum gametocyte density/µl +/- S.E. on day 4 of infection in BALB/c 

mice. 

Immunofluorescence assays have shown that PfCRAGS is expressed in male 

gametocytes. There are also differences in the peak proportions of gametocytes in 

BALB/c mice between parasite strains. It is therefore a possibility that these 

differences come from differences in male gametocyte densities or proportions. 

Reverse transcription qPCR was used to detect male gametocytes (from days 1-8 of 

infection) in all three parasite strains using a FAM probe to the male specific gene 

Pbs230. The male to female ratio was initially assumed to be 1:3 and arbitrary values 

of 10000-0.1 were entered as the standard sample values. This was based upon the 

calculated total number of gametocytes that were present in the standard samples 

used for the Pbs 48/45 assay (40000-04). Gametocytes could be detected from day 2 

of infection. This is surprising because no gametocytes were detected before day 4 
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when using the Pbs48/45 assay to detect all gametocytes. Also the density values 

obtained for male gametocytes appear to be higher than the total number of 

gametocytes detected by the Pbs48/45 assay. This discrepancy is most likely due to a 

difference in assay sensitivity and indicates that the male gametocyte densities shown 

do not represent exact numbers of parasites and cannot be compared to the parasite 

or total gametocyte densities from the other assays. However, the parasite strains can 

still be compared relative to each other. The trend shows that HP has a higher male 

gametocyte density than KO1 and KO2 from days 1-8 but this is not significant 

(figure 5.4.21). Unfortunately, due to problems in comparing the Pbs48/45 assay to 

the Pbs230 assay for gametocyte detection the proportion of gametocytes that are 

male cannot be calculated. The difference in sensitivity may be unreliable for 

accurately detecting the number of gametocytes compared to the total number of 

parasites and therefore conversion rate cannot be calculated. 

 

 

 

 

 

 

 

Figure 5.4.21: The trend shows that HP has a higher male gametocyte density than KO1 and 

KO2. 

Reverse transcription real-time PCR was used to detect male gametocyte densities/µl +/- S.E. in 

BALB/c mice. Arbitrary values have been used to calculate the total numbers of male gametocytes. 

Summary of experiments 1-4 

The general trends and significant phenotypes observed in each experiment 

are summarised in figure 5.4.22 where the differences between pbcrags knock-outs 

and HP, for each parameter measured, are indicated. 
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Figure 5.4.22: A summary of the trends and phenotypes for each in vivo experiment are shown. 

The differences between both KOs compared to HP are shown.The general trends are shown in black 

and significant differences analysed by ANOVA are shown in red. Spaces are left where the parameter 

was not or could not be measured. 
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Pbcrags was successfully knocked-out showing that it is not essential for 

survival of any parasitic stage. There were no obvious phenotypic differences 

between the knock-out and the wild type parasites in terms of growth, development, 

transmission to and from the mosquito and establishment of infection in the rodent 

host. More subtle differences were therefore examined using in vivo infections.  

Differences in Virulence 

Pbcrags KO lines were less virulent than HP when death was used as an 

experimental endpoint. Death curves show an increase in survival rate of KO 

infected BALB/c mice in blood stage infection (exp 1). However, no deaths were 

observed in the repeat experiment (exp 2) and therefore this difference in virulence is 

not significant. In the second experiment there was a 2 day lag in parasitaemia which 

suggests that reduced virulence is associated with a slower growing parasitaemia. A 

lower average conversion rate in experiment 2 correlates with significantly lower 

cumulative gametocyte density. Variation observed between mice in experiment 1 

demonstrates the differences in the ability of mice to control infection. As small 

numbers of mice were used in these experiments it is possible that it was pure chance 
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that all the mice controlled infection in experiment 2 compared with experiment 1 

where some mice developed ECM. An increase in survival rate was also observed in 

C57BL/6 mice infected with KO sporozoites (exp 3). Mice developed symptoms 

later than HP infected mice and surviving mice after day 12 presented with chronic 

anaemia, which is usually a symptom of P. berghei infection in BALB/c mice. 

Previous work has shown that in blood infection of C57BL/6 mice, hosts can 

occasionally survive for an extended period of 1-2 weeks and develop chronic 

symptoms such as anaemia and hyperparasitaemia (Voza et al., 2005, Gramaglia et 

al., 2005). However, in this case, parasitaemias did not reach above 20% before 

death (exp 3). Both KOs had significantly lower parasitaemias up to day 8, again 

indicating that slower parasite growth is responsible for the reduction in virulence. 

Since a small number of mice were used, this experiment would have to be repeated 

to determine if the difference in virulence is significant. Furthermore, differences in 

virulence were not observed in the blood stage infection. 

Significant phenotypes and trends 

In HP blood infection, the symptoms, the levels of parasitaemia and the 

survival rate in both hosts were as found previously (Gramaglia et al., 2005, Voza et 

al., 2005, Hanum., 2002). Both KO parasites had significantly lower peak 

parasitaemias than HP in blood (exp 2) and sporozoite (exp 3) infection of C57BL/6 

mice. This correlated with a slower growth rate and a significantly lower cumulative 

gametocyte density in blood infection only (exp 2) and a higher gametocyte 

proportion and a higher conversion rate in sporozoite infection (exp 3). Lower 

parasitaemias were not observed in the repeat of the sporozoite infection (exp 4) 

which may be due to a difference in successful invasion of hepatocytes by the 

inoculated sporozoites. Parasitaemia of KO1 was also significantly lower in blood 

stage infection of BALB/c mice and although it was not significant in sporozoite 

infection there was still a strong trend in both KOs (exp 3 and 4). This correlated 

with a lower gametocyte density. In sporozoite infection of BALB/c mice, pbcrags 

KO lines had significantly higher peak proportions of gametocytes (exp 3 and 4). 

This effect was not observed in blood stage infection where HP showed marginally 

higher peak proportions of gametocytes (exp 1 and 2). This suggests that the KO 
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phenotype may be affected during exoerythrocytic stage development. The increase 

in gametocyte peak proportion in KO lines was not due to differences in conversion 

rate. Conversion rates in sporozoite infection of C57BL/6 (exp 3) mice were 

significantly higher in KO lines and this led to an increase in gametocyte proportion, 

although this was not significant, and correlated with a significantly lower 

parasitaemia. 

Parasites grew faster in C57BL/6 than in BALB/c mice in early infection, as 

shown by qPCR. C57BL/6 mice are 2000 times more susceptible to sporozoites than 

BALB/c mice (Scheller et al., 1994, Khan and Vanderberg., 1991) which may 

account for the increased number of parasites entering the bloodstream in the 

C57BL/6 host. 

Reduced parasitaemia 

 Lower peak parasitaemias were observed in both KOs in both hosts. 

One explanation may be that pbcrags KO parasites are being recognised and killed 

by the host. If PbCRAGS has the ability to interact with the immune system through 

the CRM domain it is possible that PbCRAGS is protective to the parasite by 

interacting with a host immune molecule to promote parasite survival, such as local 

sequestration of pro-inflammatory cytokines. Therefore, in the absence of PbCRAGS 

parasite killing would be increased resulting in a lower parasitaemia. 

 Some KO sporozoite infected C57BL/6 mice developed a chronic 

infection as opposed to an ECM-like syndrome which may be indicative of 

differences in the immune response to a slower growing parasite. Elevated levels of 

pro-inflammatory cytokines TNF-α and IFN-γ earlier in infection are associated with 

severe disease and are suggested to be protective later in infection of BALB/c mice 

(Hanum et al., 2002,). Furthermore, inhibition of TNF-α and IFN-γ overexpression 

using human erythropoietin causes a reduction in brain haemorrhages and protects 

90% of mice against death (Kaiser et al., 2006). The elevated pro-inflammatory 

cytokine production is activated by release of parasite antigens upon schizont rupture 

(Clark et al., 1981). In slower growing KO parasite lines a reduced schizont rupture 

compared to HP could delay pro-inflammatory cytokine production, thus leading to 
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chronic disease. This phenotype was not observed in blood stage infection which 

may suggest there are differences in exoerythrocytic stages. A possible delay in pro-

inflammatory cytokine production may also explain the lack of deaths of BALB/c 

mice in experiment 2 where parasites also grew slower compared to experiment 1. 

qPCR also showed that parasites grew slower in BALB/c mice than in C57BL/6 

which may account for the differences in immune response and the development of 

disease between these two hosts.  

 Another explanation for reduced growth of the KO may be due to 

expression of the tgdhfr resistance gene. However, the reliability of Pbs28 KO as a 

control for genetic manipulation is questionable. The growth dynamics and the host-

parasite interactions of this parasite strain have not previously been investigated. A 

more suitable control would be a genetically manipulated parasite strain known to 

have the same growth and development properties as HP. 

Gametocytes 

 There are several possible explanations for the higher peak proportion 

of gametocytes in both KO lines in sporozoite infection of BALB/c and C57BL/6 

mice. When asexual parasites are under stress they invest more in sexual 

differentiation to increase reproductive success and therefore unfavourable 

conditions for asexual growth leads to an increase in transmissible stages (Buckling 

et al,, 1999). The lower parasitaemias observed may be indicative of unfavourable 

conditions such as immune stress. An overall reduced parasitaemia still leads to a 

reduced gametocyte density. However, the higher proportion of parasites that are 

gametocytes may indicate an increase in gametocyte production. This could occur 

from an increase in commitment to gametocytogenesis through signaling pathways. 

PbCRAGS may be involved in regulating commitment by detecting a signal from the 

external environment and responding through a signaling cascade which upregulates 

or downregulates genes involved in differentiation. In its absence perhaps the 

regulatory mechanism is defective causing an increase in gametocyte production. 

This would explain the C57BL/6 phenotype where an increase in conversion rate 

correlates with an increase in gametocyte proportion and this could account for the 

lower asexual parasitaemia. Interestingly, there are no significant differences in 
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conversion rate in BALB/c mice, if anything the trend shows they are lower, which 

suggests that increased gametocytogenesis is not responsible for an increase in 

gametocyte proportion in this host. Therefore variation in the ratio of asexual: sexual 

parasites may be due to either killing of asexual parasites or increased survival of 

gametocytes. As this phenotype is only significant in BALB/c mice it may suggest 

involvement of a particular immune response or perhaps it is more obvious in a host 

with a different immunological background.  

 These phenotypes are not present in blood stage infection which 

indicates a difference between KO and HP in exoerythrocytic stages. Direct killing of 

infected hepatocytes by cytotoxic T cells has been observed and the parasite is able 

to escape termination by causing anti-apoptotic signalling (Van de Sande et al,, 

2005). There may be an increase in CD8
+ 

cell-mediated killing of KO infected 

hepatocytes or a failure to inhibit apoptosis which subsequently leads to an increase 

in gametocyte production in response to stress. Although a subtle phenotype has 

been observed, this data is preliminary. Experiments that examine invasion rates, 

cytokine production, pathology of the liver and spleen and the proportion of male 

gametocytes may be required to elucidate the mechanisms involved in causing the 

change in phenotype. 

Limitations of the P. berghei in vivo system 

P. berghei is perhaps not the most informative model to use in future studies. 

The virulent nature of the parasite leads to a short and rapid infection in C57BL/6 

mice making it difficult to gain reproducible data for analysis. In BALB/c mice, 

hyperparasitaemias lead to multiple invasion of red blood cells and cause difficulties 

in accurate counting of smears later in infection. This, combined with a high level of 

variation between mice, restricts statistical analysis to early days of infection. The 

HP strain of P. berghei has been selected as a high gametocyte producer and 

therefore differences in gametocyte production between parasite strains may be 

masked in this model. P. chabaudi infection is non-lethal and might be more useful 

for examining gametocyte production. Since less gametocytes are produced 

throughout infection compared to P. berghei a phenotype may be more obvious in 

this model. However, care must always be taken when extrapolating data from rodent 



 
167 

infections to humans. Ideally, a pfcrags knock-out would be most useful to test future 

hypotheses on gametocyte production. 
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6.1.1 Green Fluorescent Protein Tagging 

 Transgenes or reporter genes have become a popular way of studying cell 

interactions in a variety of prokaryotes and eukaryotes. Gene products that do not 

affect the development of transfected organisms and can be easily visualised are 

favourable, for example luciferase or green fluorescent protein. The green fluorescent 

protein (GFP), obtained from the jellyfish Aequorea victoria, has become a useful 

tool for studying the expression pattern and localisation of specific proteins within 

living cells (Misteli and Spector., 1996). The native protein is 238 amino acids 

residues and emits photons when the molecule is excited (Cubitt et al., 1995). It is 

highly stable and does not require any co-factors for activation (Chalfie et al., 1994). 

Placing GFP under control of the promoter belonging to the target protein leads to 

the transient expression of a fluorescent tag that can be visualised under fluorescein 

isothiocyanate (FITC) microscope filters. 

 GFP tagging of P. berghei proteins has been achieved using the well-

established rodent model transfection system described in Chapter 5. GFP was 

originally placed under control of the P. berghei dhfr-ts promoter in a plasmid, which 

was used to transfect P. berghei blood stage parasites (de Koning-Ward et al., 1998). 

Fluorescent parasites were obtained from expression of the episome and fluorescence 

was restricted to the cell cytoplasm. GFP expressing parasites may be sorted by a 

fluorescent activated cell sorter (FACS), to facilitate the purification of life cycle 

stage-specific parasite populations expressing GFP under the control of a stage-

specific promoter. A constitutively expressing GFP line PbGFPCON has now been 

developed where GFP has been integrated into the genome of the C-ribosomal-RNA 

gene unit, resulting in expression throughout the parasite life cycle (Franke-Fayard et 

al., 2004). This gene unit is non-essential for parasite growth and completion of the 

life cycle and there is no effect on normal development caused by disruptions in this 

region. Parasites were counted by flow cytometry and sorted by FACS into life cycle 

stage based on differences observed in fluorescent intensity, in particular between 

male and female gametocytes (Khan et al., 2005). 
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 In 1999, Sultan et al stably transformed P. berghei with a PyrFlu cassette 

containing a GFP tag, based upon the original pyrimethamine resistance cassette 

previously used in gene knock-out studies. Fluorescence from the GFP tag occurred 

after the integration of the cassette into the gene trap through recombination with the 

homologous region of the genomic locus. Pyrimethamine resistance, parasite 

infectivity and virulence of the transfected strain compared to the wild type parasites 

(Sanchez et al., 2004) were not affected by expression of GFP. This GFP expression 

cassette has been used to quantify parasitaemias in schizonticidal antimalarial drug 

studies and also used to study parasite invasion processes of transmission stages by 

following the movements of fluorescent P. berghei sporozoites (Akaki and Dvorak., 

2005, Frischknecht et al., 2004, Natarajan et al., 2001), ookinetes and oocysts 

(Vlachou et al., 2004, Natarajan et al., 2001). GFP has been used to successfully tag 

genes encoding α-tubulin I and II which are expressed in P. berghei blood-stages. 

This was achieved by placing gfp under the control of these gene promoters (Kooij et 

al., 2005). 

6.1.2 Tandem Affinity Purification tagging 

 Other labeling systems can be used to detect a specific targeted protein with 

the potential of isolating the protein product through purification. The Tandem 

Affinity Purification (TAP) tag was constructed with the intention of selectively 

purifying a specific protein and it’s complexes to a high level of efficiency with little 

contamination from other proteins (Rigaut et al., 1999). The tag consists of two parts 

which allows for a double affinity purification process. The target protein is attached 

to a calmodulin binding peptide (CBP) joined by a tobacco etch virus (TEV) protease 

recognition sequence to two Protein A subunits derived from Staphylococcus aureus. 

The target protein is purified from its environment initially by using IgG sepharose 

beads which bind Protein A. The protein is cleaved from the beads using TEV 

protease and the second part of the purification takes place using calmodulin-coated 

beads in the presence of calcium to bind the CBP. The purification process is 

performed under non-denaturing conditions to maintain protein-protein interactions. 

EGTA is used to elute the purified proteins which are then run on an SDS/PAGE gel. 

Gel slices can be digested with trypsin and subjected to tandem mass spectrometry to 
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identify unknown proteins that are complexed with the target protein. This can be 

used to identify binding motifs and to determine possible protein interactions.  

 This technique has been used extensively to isolate proteins from yeast and 

recently, mammalian cells (Drakas et al., 2005, Knuesel et al., 2003). Kooij et al, 

2005 used TAP tag to detect the Plasmodium berghei α- tubulin II gene by IFA. 

However, TAP tagging the COOH-terminus of the endogenous gene resulted in 

parasites that were not viable. It was postulated that the addition of the TAP tag 

affected posttranslational modifications or alternatively interfered with the binding of 

α- tubulin II to other proteins.  

 If TAP tag can be used as a successful detection method for PbCRAGS then 

perhaps it can be subsequently subjected to tandem affinity purification and host 

proteins interacting with or binding to PbCRAGS can be identified. Pbcrags was 

tagged with GFP and TAP tag, independently, to visualise the protein throughout the 

various life cycle stages. The expression pattern was further analysed by IFA and 

western blot. The TAP tag has an added advantage over the GFP tag in that the 

protein can be potentially purified. 

	 #�$������

6.2.1 Generation of GFP and TAP pbcrags fusion constructs 

A fragment of 1.8 kb from the 3’ end of pbcrags was cloned into the 

polylinker site of a transfection cassette containing the T. gondii dhfr/ts 

pyrimethamine resistance gene flanked by its own 5’ and 3’ untranslated regions for 

the selection of positive integrants with pyrimethamine. The plasmid contains an 

ampicillin resistance gene for selection of positive transformants in E. coli. Either a 

GFP-tag (figure 6.2.1A) or TAP tag (figure 6.2.1B) was cloned in frame with the 3’ 

end of pbcrags. The tag is followed by 670 bp of pb48/45 3’UTR. Pbcrags sequence 

was confirmed to be in frame with the GFP tag or the TAP tag by sequencing. The 

DNA was linearised with Spe1 and transfected into P. berghei ANKA strain by 

electroporation. 900 bps of the 3’ end of the pbcrags genomic locus was replaced by 

the pbcrags-tagged fusion cassette through homologous recombination in a single 
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cross-over event (figure 6.2.1C). The introduced GFP or TAP tag is expressed as a 

fusion protein under the control of the endogenous pbcrags promoter. Positive 

transfectants were selected with pyrimethamine. Pulsed field gel electrophoresis 

using a probe recognising the tgdhfr/ts gene confirmed the integration of the cassette 

into the correct genomic locus on chromosome 3/4 (figure 6.2.2). The endogenous P. 

berghei dhfr/ts located on chromosome 7 is also detected by the probe. As genomic 

integration is not 100% efficient, parasites containing a non-integrated episome were 

also selected for during pyrimethamine treatment shown by the presence of the 

external episome on the FIGE blot (carried out by Jai Ramesar, LUMC). 
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Figure 6.2.1: Constructs for GFP and TAP tagging of pbcrags. 

  

Pbcrags was cloned into a cassette containing either a GFP-tag (A) or a TAP-tag (B) using restriction 

enzymes Not1 and Nco1.  

 

C Schematic diagram of a single cross-over homologous recombination event between pbcrags in the 

genomic locus and the GFP or the TAP tag construct which introduces the tgdhfr/ts gene into the 

genome. Restriction enzyme sites are indicated. 
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Figure 6.2.2: Tgdhfr/ts was successfully introduced into chromosome 3/4 for parasites 

transfected with GFP or TAP tag constructs. 

 

6.2.2 Generation of PbCRAGS-GFP tagged parasites. 

 PbCRAGS-GFP-tagged parasites from frozen stocks were inoculated into 

BALB/c mice and live cells were examined for fluorescence. These parasites have 

undergone the minimal number of cycles before they were observed in the mouse 

blood and were therefore comparable to the parasites used to extract gDNA for the 

FIGE blot. Erythrocytic life cycle stages and parasitaemias were determined by 

giemsa smear. Gametocytes express PfCRAGS (chapter 4) so parasitaemias were 

allowed to reach 5-10% to increase the number of gametocytes present in the blood. 

Mixed samples of rings/trophozoites/gametocytes and schizonts/gametocytes were 

examined for fluorescence. HP was used as a negative control for GFP expression 

but a positive control for autofluorescence. The constitutively expressing GFP line 

(Franke-Fayard et al., 2004) was used as a positive control. GFP fluorescence was 

External episome

Chromosome 3/4

   GFP  TAP

   1    2

Chromosome 7
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not detected in the pbcrags GFP-tagged parasite line in any of the blood stages (n=5) 

(figure 6.2.3E and F). There was a faint yellow fluorescence which was also present 

in the HP parasites and was therefore believed to be autofluorescence. However, the 

constitutive GFP line produced a strong GFP signal in all erythrocytic life cycle 

stages (figure 6.2.3B and C). GFP may be expressed at low levels in the pbcrags-

GFP line and so IFAs were used as a more sensitive way of visualising GFP. There 

was no detection of GFP in ring/trophozoite/gametocyte or schizont/gametocyte 

samples in HP or pbcrags GFP tagged line (images not available) but a strong signal 

was detected in the constitutive GFP positive control (figure 6.2.3A). 
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Figure 6.2.3:  GFP is detected in the GFP constitutive cell line but not in GFP-tagged pbcrags 

parasites.  

A GFP (red) detected by IFA in mixed ring/trophozoite/gametocyte stages from the constitutive GFP 

cell line. GFP was detected using an anti rabbit anti-GFP IgG antibody at a 1:500 dilution and was 

subsequently detected with a goat anti-rabbit rhodamine red x conjugated antibody.  

B GFP (green) fluorescence in mixed rings/trophozoites/gametocyte stages of the constitutive GFP 

cell line. 

C GFP fluorescence (green) in schizonts of the constitutive GFP line (middle panel). The top panel 

shows the light microscope image of erythrocytes and this image is merged with the fluorescent image 

in the bottom panel.  

D and E mixed rings/trophozoites/gametocytes and schizonts, respectively, from pbcrags GFP-tagged 

parasites. Examples of cells containing either a late ring (D) or a schizont (E) are indicated by the 

arrows. No GFP fluorescence is observed shown in the right hand panel. 
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 Mosquito stages were also examined for GFP fluorescence using HP as a 

control for autofluorescence. No fluorescence was observed on exflagellating 

parasites or on zygotes, ookinetes derived from culture or from the mosquito gut, 

early oocysts, sporulating oocysts from the mosquito midgut or salivary gland 

sporozoites. 

 As pbcrags GFP-tagged parasites were negative for GFP expression it was 

necessary to rule out the possibility that wild type parasites, which may have been 

present in the frozen stock, overgrew the GFP parasites during the 96 hour post-

inoculation period. Wild type parasites may have resulted from the parasites 

containing episomal DNA (shown on the FIGE blot) losing these episomes during 

replication. To remove these parasites, parasites were cloned by limiting dilution. 

Resulting clones were screened for the presence of plasmid using plasmid specific 

forward primers located in the ampicillin resistance gene with reverse primers 

located in the 3’ region of the pbcrags insert (figure 6.2.4). DNA from uncloned 

parasites was used as a positive control. Positive integrants were detected using a 

reverse primer located within the GFP tag (GFP reverse) and a primer located 

upstream of the Not 1 site which would only be present in the genomic locus (figure 

6.2.4). This produced a band of 2.2 kb. Clones were identified by the absence of 

plasmid but the presence of an integrated GFP tag (figure 6.2 5). PCR was also 

performed using a primer located upstream of both the Spe1 site and the Nco1 with a 

primer in the GFP sequence. All PCR products were cloned and sequenced to 

confirm that the pbcrags GFP tag insert had been correctly integrated into the 

genome and an open reading frame was maintained with the GFP tag in frame for 

expression.  
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Figure 6.2.4: A schematic diagram of the GFP construct and the pbcrags-GFP genomic locus. 

A The positions of primers in the pbcrags-GFP plasmid. Restriction enzyme sites are indicated. 

Forward primers located in the ampicillin resistance gene were used to detect the presence of plasmid 

in the cloned parasite population. 

B The positions of primers used to show pbcrags GFP integrated into the genomic locus. The arrows 

indicate the direction of amplification. The PCR product sizes are indicated. 

 

Figure 6.2.5: Cloned parasites show positive integration of GFP insert and absence of plasmid. 

A PCR on cloned parasite gDNA with F9xGFPR (lane1) F5xR7 (lane 2) and F5xGFPR (lane3) which 

produce bands of 2.2 kb, 750 bp and 1.4 kb, respectively. 

B PCR on cloned (lane 1) and pre-cloned parasite gDNA with plasmid primers PF1xR5 which 

produces a band of 811 bp in the pre-cloned strain only. 
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 The positive clone was injected back into mice and examined for 

fluorescence in blood stages. All parasites were still negative for GFP.  

6.2.3. Generation of PbCRAGS-TAP-tag parasites 

 TAP tagged parasites were inoculated into two BALB/c mice and 

parasitaemias were allowed to reach between 5-10%. Mixed 

rings/trophozoites/gametocytes and schizont/gametocyte stages were used in IFAs 

with an anti-TAP antibody to detect the stage of PbCRAGS expression. HP was used 

as a negative control but no positive control was available. TAP tag was not detected 

in any of the blood stages (images not shown). Tap tag was not detected on western 

blot of blood-stage parasite lysates using anti-TAP antibody, subsequently detected 

with an anti-rabbit-HRP conjugate or a peroxidase anti peroxidase (PAP) antibody. 

To attempt to isolate and concentrate PbCRAGS-TAP protein, the first step in the 

tandem affinity purification, on schizont samples, was performed. A method for 

purifying PbCRAGS using the TAP tag was devised based upon previous methods 

used for purifying TAP tagged proteins expressed by yeast. The method was 

modified to suit the requirements of P. berghei parasites. The purification process 

requires samples to be completely soluble and under native conditions. PfCRAGS 

has previously been detected in the membrane fraction (Chapter 4) so mixed lysate 

and membrane samples were used in the purification process. The pellet fraction 

could not be solubilised without denaturation, however, so it is possible that some 

PbCRAGS was lost in this fraction. Samples were analysed by western blot. The 

TAP tag protein could not be detected with PAP or anti-TAP antibodies showing that 

PbCRAGS-TAP could not be purified to detectable levels. Yeast cells expressing 

TAP tagged proteins were used to test the PAP antibody which gave a positive result 

on a western blot. 

	 %�&����������

 Pbcrags is transcribed in gametocytes and other asexual stages so these 

stages were initially examined for GFP fluorescence in the PbCRAGS-GFP tagged 

parasite line. GFP fluorescence could not be detected in blood stage parasites before 

or after cloning. GFP fluorescence was not observed in any of the mosquito stages. 
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Rarely, pyrimethamine treatment leads to spontaneous pyrimethamine resistant 

mutants that look like WT parasites (Sultan et al., 1999). It is possible that this 

mutation may have occurred in any wildtype parasites that remained in the 

population after transfection. These may have been selected for by pyrimethamine 

treatment, giving them the chance to overgrow the GFP population. However, the 

GFP positive integrants were also present after 4 days and so GFP fluorescence 

would have still been visible.  

 GFP was detected in both live parasites and in fixed IFA with the anti-GFP 

antibody in the constitutive GFP line. However, the GFP expression in this line is 

under the control of a very strong promoter, which may not be the case for pbcrags. 

 Lack of fluorescence is often explained by interruption of the open reading 

frame due to mutations in the sequence causing a frame shift or due to incorrect 

integration into the genomic locus. However, sequencing confirmed that the tag was 

in frame with pbcrags and no mutations had occurred. Perhaps PbCRAGS is 

expressed in very low abundance. Other members of the CRMP family that have 

been tagged with GFP were also negative for fluorescence, possibly due to low 

abundance (Dr Kevin Augustijn., personal communication). It is also possible that 

the addition of the GFP tag affects posttranslational modifications which may affect 

protein packaging, folding and transport. Although there is a pbs48/45 3’UTR 

located after the GFP tag which should help to keep the RNA transcripts stable, it is 

possible that there are specific regulatory factors important for PbCRAGS 

transcription present in the pbcrags 3’ UTR, which has been removed by the 

integration event. 

 TAP tagging was unsuccessful as a tool for detection of PbCRAGS. TAP tag 

was not detected on blood stage parasites by IFA or by western blot before or after 

affinity purification. Lack of expression of tagged protein may be affected by the 

factors suggested above. The TAP tag was originally designed to purify protein 

based on yeast. Therefore, it is expected that the method would require modifications 

depending on the cell type used and the target protein. Knuesel et al (2003) replaced 

the CBP with Flag tag as there were several other mammalian proteins which bound 

calmodulin beads. They also made use of spacer sequences to prevent interference 
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between tags. The P. berghei lysates were prepared in a different way from yeast and 

so perhaps it is necessary to modify the system in some other way to obtain a 

concentrated tagged protein product. All past studies using TAP tag have included an 

additional step during cell lysis that involves multiple freeze/thaw cycles in liquid 

nitrogen. Perhaps introducing this process may lead to an increased yield of protein 

or may prevent protein degradation. 

 Based upon the observations made in these preliminary experiments it was 

concluded that TAP tag is not a practical tagging system for the purification of 

Plasmodium proteins in mice. Expression of recombinant protein in an insect 

expression system was therefore attempted. 
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Chapter 7 

Expression of Plasmodium falciparum thrombospondin-

related apical merozoite protein (PfTRAMP) as 

recombinant protein in a eukaryotic expression system 
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7.1  Introduction 

7.1.1 Expression of Recombinant Protein 

It is essential that an increased number of malarial antigens predicted to 

interact with the host immune system or other host molecules are screened as 

potential vaccine candidates. Determining functionality of such antigens is also 

important for the identification of novel drug targets. One way to study P.  

falciparum proteins or domains involved in host-parasite interactions is by screening 

whole cDNA libraries with anti-sera obtained from infected patients (Sowa et al., 

2004). On a smaller scale, studying the functional properties of a particular protein 

can be facilitated by expression in a foreign cell system.  

There are several prokaryotic and eukaryotic systems that are routinely used 

to express heterologous protein. Escherichia coli is the most commonly used host for 

the expression of recombinant protein with the advantage of high protein yields 

obtained in a short period of time (Tate et al., 2003). However, there are a number of 

disadvantages associated with using prokaryotic systems to express proteins from 

eukaryotic organisms. E. coli has a codon bias that may decrease protein production 

if the codon usage differs extensively in the donor organism (Kurland and Gallant., 

1996, Sayers and Price., 1995, Zhou et al., 2004). This is the case for the P. 

falciparum genome which consists of almost 80% A+T base pairs (Sayers and Price., 

1995). However, high-yield production of P. falciparum proteins has been 

successfully achieved using codon optimisation (Zhou et al., 2004) and refolding 

(Gupta et al., 2005) in E. coli. In addition, E. coli often lacks the ability to produce 

soluble secreted protein and does not correctly carry out posttranslational 

modifications such as glycosylation or phosphorylation on most eukaryotic proteins. 

Also inefficient formation of disulphide bonds means that a cysteine rich protein 

from a eukaryotic organism may not be folded in the correct conformation in this 

expression system (White et al., 1994). However, E. coli is still a useful organism for 

expressing proteins that have a biological activity that is unaffected by 

posttranslational modifications. 
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Eukaryotic expression systems offer distinct advantages over prokaryotic 

systems as they possess complex machinery capable of carrying out necessary 

posttranslational modifications. Glycosylation occurs in the endoplasmic reticulum 

(ER) and further processing in the cis-Golgi (Dennis et al., 1999) forms a 

glycoprotein. This occurs in 0.5-1% of eukaryotic translated proteins. However, 

evidence for N- or O- linked glycosylation of extracellular Plasmodium proteins is 

contentious. It was suggested that glycosylation in situ is not possible due to the 

supposed lack of glycosylation sites (Dieckmann-Schuppert et al., 1992) but 

Plasmodium proteins expressed in eukaryotic systems have now been shown to be 

glycosylated (Hodder et al., 1996). Often the same protein can be recognised by 

different glycosylation enzymes which creates a population of oligosaccharide 

heterogeneity (Yan et al., 1999). The formation of disulphide bonds and protein 

folding occurs in the ER (Holst et al., 1996) and systems have been optimised with 

the yeast Pichia pastoris (Daly and Hearn., 2005) and the mammalian cells 

HEK.EBNA (Geisse and Henke., 2005) that have the ability to carry out such 

processes without the need of codon optimisation or protein refolding. The 

disadvantage of expressing a Plasmodium gene in P. pastoris is again due to the AT 

richness of the Plasmodium genome, as yeast often recognises A+T repeats as a 

termination sequence (Withers-Martinez et al., 1999). Recently it was shown that 

recombinant protein yields of Merozoite Surface Protein 3 (MSP3) were improved in 

P.pastoris by altering culturing conditions (Wang et al., 2005). 

There are several advantages to using an insect cell expression system. Insect 

cells possess the beneficial qualities found in other eukaryotic expression systems 

and can produce protein of the high quality required for crystallisation (Tate et al., 

2003). The cells can be grown in suspension which not only increases the protein 

yield compared to cells requiring solid medium but also allows secreted protein to be 

collected from the supernatant. Cultures can be easily expanded for large scale 

protein production. Generally, the transfection efficiency of insect cell lines is high, 

at 50% or above, and proteins residing in the nucleus or membranous compartments 

are expressed in high abundance. There is however a decrease in production of 

proteins that require the secretion pathway (Jarvis., 1993) but it is still a useful 
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system as secreted proteins are more likely to be in the correct conformation than in a 

bacterial expression system. 

This system also has the ability to perform posttranslational modifications 

such as N- and O- linked glycosylation. This is useful to obtain a recombinant 

protein with a final structure that is closer to the native protein. Prevention of 

glycosylation can also be achieved by growing cells in the presence of the antibiotic 

tunicamycin which targets the enzyme GlcNAc transferase and prevents N-

glycosylation (www.invitrogen.com). This may be useful to look at the size of an 

expressed protein in the absence of modification, as protein size prediction 

programmes do not take posttranslational modifications into account or to evaluate 

whether glycosylation is necessary for the transport of the protein. 

There are a variety of insect cells available for use, but BTI-TN-5B1-4 cells 

(High Five cells; Invitrogen) do not require the addition of serum to the medium 

(Farrell and Iatrou., 2004) resulting in a purer product without serum protein 

contamination. They are also significantly better than Spodoptera (Sf9) cells at 

producing higher yields of soluble virus in the Lepidopteran baculovirus system 

(Andersen., 2004). Although baculovirus is a popular way to transfect insect cells it 

takes several weeks to obtain protein expression and expression levels are often 

extremely low. Alternatively, using a transient expression vector for transfection 

results in protein expression within a matter of 48-96 hours and much of the 

cytotoxic effects on the cells associated with the baculovirus can be abrogated. 

Several transient vectors have now been developed for constitutive protein 

expression (Loomis et al., 2005, Hegedus et al., 1998).  

A vector containing a His-tag for detection and purification of recombinant 

protein was chosen. There are several advantages to using a poly-His tag compared 

to glutathione S-transferase (GST) or maltose-binding protein (MBP) tags. Firstly, a 

His-tag is much smaller and therefore it does not interfere as much with secondary 

structure or crystallisation (Bucher et al., 2002) whereas the larger tags may block 

binding sites on the protein and so must be removed using thrombin for 

crystallisation. The thrombin treated samples must undergo a further gel filtration 

step to remove thrombin and the uncleaved proteins from the sample. In the case that 
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secreted protein is retained within the cell and is insoluble, samples can be purified 

under denaturing conditions when using a His-tag, which is not possible for GST-

tagged proteins. 

PfTRAMP and PfCRAGS are proteins of merozoites and 

schizonts/gametocytes, respectively. The binding domains that are potentially 

involved in host-parasite interactions would be useful to have as recombinant protein 

to identify host binding motifs and the molecules that they attach to. I aimed to test 

the insect cell expression system for the production of PfTRAMP and PfCRAGS 

recombinant protein.  

7.2 Results 

7.2.1 Generation of PfTRAMP and PfCRAGS contructs for expression of 

recombinant protein in High Five Insect cells 

The InsectSelect� system from Invitrogen was chosen to express both 

PfTRAMP and PfCRAGS as heterologous protein. The system involves the insertion 

of the gene of interest into the polylinker site of a transient vector, which is 

subsequently transfected into High Five cells that will constitutively express the 

recombinant protein. The vector pMIB/V5-His A was chosen and has several 

features that are favourable for optimising protein production. The pUC backbone 

ensures a high copy replication of the plasmid for maintenance in E. coli. Expression 

is driven by the promoter OPIE 2, which is derived from the baculovirus Orgyia 

pseudotsugata and highjacks the host cells transcription machinery, which results in 

high levels of constitutive expression. The final concentration of protein obtained 

varies depending on the protein expressed. Two selection markers are present which 

are under control of the EM7 or OPIE 1 promoters and these genes confer resistance 

to Ampicillin and Blasticidin S HCl for the selection of positive transformants in E. 

coli and positive transfectants in High Five cells, respectively. The NH2-terminus 

contains a honeybee mellittin secretion signal, allowing native protein to be obtained 

from the supernatant. The COOH-terminus contains a V5 epitope for detection. 

Downstream from this is a polyhistidine 6xHis-tag, used for both detection and 

purification.  
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An 820 bp fragment of pftramp and a 580 bp fragment of pfcrags that  

consists of the predicted extracellular domain without putative transmembrane 

domains and signal sequences were amplified by PCR and cloned into the TOPO II 

vector (Invitrogen). Transmembrane domains were removed to prevent the proteins 

becoming associated with the insect cell membrane. Native signal sequences were 

unnecessary as the expression system utilises the honeybee melittin secretion signal 

for release of heterologous protein into the culture medium. Sequences were 

confirmed to be correct. Fragments were amplified from the miniprep samples by 

PCR using primers that incorporated the restriction enzyme sites EcoR1 and Not1 

into the amplicons at the 5’ and 3’ ends, respectively. PCR products were cloned into 

the polylinker site of the insect cell expression vector pMIB/V5-His A using the 

restriction enzymes EcoR1 and Not1. Sequencing confirmed that both pftramp and 

pfcrags fragments had been cloned into the vector in frame with the honeybee 

melittin secretion signal at the NH2-terminus and both the V5 epitope and the 6 x 

His- tag at the COOH-terminus. Constructs used for transfection are shown in figure 

7.2.1 
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Figure 7.2.1: Constructs of vectors with pftramp and pfcrags for transfection.  

PCR products were cloned into the plasmid pMIB/V5-His A to create an open reading frame running 

from the honeybee melittin secretion signal (HBM) through to the polyhistidine tag, which is 

immediately followed by a stop codon, indicated by the red asterisk. Constructs were sequenced using 

Op1E2 forward (F) and reverse (R) primers, indicated by the horizontal arrows, which span from the 

OpIE2 5’ promoter region to the sequence downstream from the stop codon, but upstream from the 

Op1E2 polyadenylation signal. 

 

7.2.2 PfTRAMP was transiently expressed in High Five insect cells 

Pftramp-pMIB-His A was transfected into 1 x 10
6
 High Five cells, which 

were seeded in 24 well plates, at increasing DNA concentrations of 0.4, 1.2 and 1.6 

µg. Cells were also seeded at 5 x 10
5
, 1 x 10

6
 and 2 x 10

6
 densities and were 

transfected with 0.8 µg of DNA. Transfections were set up in triplicate to allow for 

sampling of 1ml of cell lysate and supernatant collected at 48, 72 and 96 hours after 

transfection. Two controls were included; a negative control which lacked DNA and 

a control for toxicity of the DNA sample itself which lacked the Cellfectin Reagent
®

. 

Less than 5% cell death was observed following transfection and cells appeared to 

grow normally when compared to the control wells. The cell death was not increased 

in transfected cultures compared to untransfected cultures. This was monitored by 

staining cells regularly with Trypan blue to check viability, which was never below 

A                                                                     B 
Eco R1              PfTRAMP (820bp)                         Not 1             Eco R1       PfCRAGS (520bp)            Not 1

    PCR product                                                                                 PCR product

EcoR1            Not1       V5     His-tag                                             EcoR1     Not1       V5      His-tagHBMHBM

   * *
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95%. Protein samples were resolved on 10% Bis-Tris polyacrylamide gels and Silver 

Stained. The predicted size of recombinant PfTRAMP is 35.8 kDa after cleavage of 

the honeybee melittin signal.  

A band slightly larger than 25 kDa is detected by Silver Stain and can be 

observed in cell pellet samples obtained from transfections of 1 x 10
6
 cells with 0.8 

µg of DNA. The protein is not present in the untransfected control lane (figure 

7.2.2A). The protein is also present in transfections of 5 x 10
5
 cells but is less 

abundant. No protein is detected in the cell supernatants (data not shown). Since the 

level of protein expression is low and the protein size is slightly smaller than 

expected, a western blot was required to verify the expression of PfTRAMP. 

PfTRAMP was detected with either PfTRAMP specific anti-sera (1:500), which 

recognises the peptide CFKGDLKESRP (Thompson et al, 2004), or with Anti-His 

HRP conjugate (Qiagen). PfTRAMP is expressed as a double band of 36 kDa and 25 

kDa in the cell lysate of 1 x 10
6
 cells transfected with 0.8 µg of DNA, 96 hours post-

transfection (figure 7.2.2B). This 36 kDa band is also present in the Silver Stain 

(7.2.2A) but as it is also present in the untransfected lane (lane 2) it was initially 

thought that this was not PfTRAMP. However, anti-PfTRAMP does not detect this 

band in the untransfected lane (lane 3) on the western blot demonstrating that the 36 

kDa band on the Silver Stain migrates with an unrelated band of the same molecular 

weight. PfTRAMP is not detected with the His-tag antibody, possibly because the 

His-tag has been cleaved off. It may also be that the His-tag antibody is less sensitive 

than the PfTRAMP antibody. Positive controls of recombinant protein expressing the 

His-tag were detected. 
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Figure 7.2.2:  PfTRAMP is expressed as a 25 kDa and a 36 kDa protein.  

 

A PfTRAMP is expressed as a 25 kDa protein (arrow). It is present in the combined cell pellet lysates 

collected from 48, 72 and 96 hours post transfection for 1 x 10
6
 cells (lanes 3 and 4) but is not in the 

untransfected sample (lane 2). The protein can also be seen in transfections with 5 x 10
5
 cells (lanes 5 

and 6). Each transfection is shown in duplicate. 

 

B PfTRAMP is detected on western blot by PfTRAMP anti-sera (1:500) in the cell pellet lysate of 

transfected High Five cells as two bands of 36 and 25 kDa (lane 1). 3D7 schizont cell lysates were 

used as a control for the PfTRAMP antibody (lane 2) which detected the predicted 48 kDa full-length 

protein. The smaller protein is likely to be a degradation product. No protein is detected in the 

untransfected sample (lane 3). Molecular weights are given in kilo Daltons. 

7.2.3 PfTRAMP is not secreted from High Five cells but is constitutively 

expressed in stable cells lines. 

To optimise transfection conditions and express the protein constitutively in a 

stable cell line, 1 x 10
6
 cells were transfected with 0.6 and 1 µg of DNA in 24 well 

plates. Transfections were carried out in duplicate and positive transformants were 

selected for 3 weeks with reducing concentrations of Blasticidin S HCl from 80 

µg/ml to 40 µg/ml. During this period there is a significant amount of cell death 

before foci form and subsequently replicate to form a cell monolayer across the 

bottom of the well.  

At this point cells were resuspended in the culture medium and 1ml of cell 

resuspension was removed, centrifuged and the cell pellet and supernatant were 

A                                                                                            B 
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separated and subjected to western blot. Two bands of 36 kDa and 25 kDa, as found 

previously, were detected using anti-PfTRAMP in both sets of transfection 

conditions (figure 7.2.3A). Cultures were scaled up to 50 ml and positive 

transformants were maintained during this time in 20 µg/ml of Blasticidin S HCl. 

Samples were subjected to western blot using PfTRAMP anti-sera. Three distinct 

bands were observed in the cell lysates at 25, 36 and 100 kDa. No protein was 

detected in the supernatant samples (Figure 7.2.3B) and supernatant protein 

concentrations were no higher than the untransfected control when measured by 

Bradford Assay (data not shown). 50 ml of supernatant, expected to contain secreted 

PfTRAMP, was concentrated to 500 µl using a 6 kDa cut-off Vivaspin column 

PfTRAMP was not detected in the concentrated supernatant samples (data not 

shown). 
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Figure 7.2.3: PfTRAMP is consitutively expressed as a 25 kDa protein. 

A PfTRAMP is constitutively expressed under different transfection conditions. 1 x 10
6
 cells 

were transfected in duplicate with 0.6 µg of DNA (lanes 1 and 2) or 1 µg of DNA (lanes 3 and 4). 

Positive transformants were selected for using Blasticidin S HCl over 3 weeks and cell pellet 

lysates were resolved on 10% Bis-Tris polyacrylamide gels. PfTRAMP is detected as a 25 kDa 

band in all transfection cultures and as a less abundant 37 kDa protein in the first pair of each 

duplicate using PfTRAMP antisera. It is not present in the untransfected control (lane 5).  

B Cell cultures expressing protein were scaled up and cell pellet sample and supernatant samples 

were analysed by western blot Both the 25 kDa and the 36 kDa protein size can be observed in 

the cell pellet lysates (lanes 1 and 3) as well as a 100 kDa band, which is possibly an oligomer. 

PfTRAMP is not detected in the supernatant (lanes 2 and 4). 

7.2.4 PfTRAMP heterologous protein can be solubilised and partially 

purified from Insect Cells using the 6 x His-tag. 

PfTRAMP cultures constitutively expressing PfTRAMP after transfections 

with 1 µg of DNA were scaled up to 4 x 200 ml of culture. Cell pellets were 

separated from the supernatant and lysed using Bug Buster Protein Extraction 

Reagent (Novagen) with added Benzonase
®

 nuclease (Novagen) to decrease 

viscosity of the lysate. The resulting debris/insoluble fraction was pelleted by 

centrifugation and a sample of cell lysate was passed through a 0.2 µm ministart 

filter and subjected to western blot. The 25 kDa and 37 kDa bands were both present 

(figure 7.2.5D, lane 3). The remainder of the lysate was filtered and PfTRAMP was 

A                                                 B 

1       2     3      4      5 

25 

37 

kDa kDa 

100 

 75 

 50 

 37 

25 



 
193 

purified using the liquid chromatography system ÄKTAprime� where the His-tag 

binds to nickel on a HiTrap Chelating column (Amersham). Forty fractions of 1 ml 

each were obtained from 50 ml of lysate and protein concentrations were assayed by 

Bradford Assay. Fractions 9-15 contained elevated levels of protein (figure 7.2.4). 

The peak eluate contains 0.5-1 mg/ml of protein. Fractions were analysed using 

Silver Stain and Coomassie to check for the purity of the protein. The 25 kDa band 

appeared in fractions that correspond to the eluted peak, 10-15 (figure 7.2.5A and 

7.2.5B) but several other insect cell proteins were present, in particular, an extremely 

abundant protein at around 20 kDa. The 36 kDa band did not bind to the nickel-

chelating column.  

 

 

Figure 7.2.4: PfTRAMP is eluted from the HiTrap Chelating column with increasing 

concentration of Imidazole. 

PfTRAMP was eluted from the column in fractions 9-15. The peak elutant contains 0.5-1 mg/ml of 

protein. 
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Figure 7.2.5: PfTRAMP cell pellet lysate was filtered and purified using a HiTrap Chelating 

column charged with nickel that binds the 6 x His-tag.  

 
A. Fractions that correspond to the eluted peak were resolved on 10% Bis-tris polyacrylamide 

gels and stained with Silver stain. A 25 kDa band is present in fractions 10-15. A highly 

abundant protein of 20 kDa is also present.  

B. The same samples were stained with Coomassie stain which shows the same results as in A. 

C. Coomassie Stain of an untransfected control (lane 2) compared with cell pellet lysates 

constitutively expressing PfTRAMP before purification (lane 3) and after purification on 

nickel (lane 5). Lanes 1 and 4 show molecular markers. 

D.  Western blot showing PfTRAMP detected with PfTRAMP anti-sera. Proteins of 36 kDa and 

25 kDa as seen previously are present in the unpurified protein sample (lane 3). However, 

two other bands of > 37 kDa and 26 kDa, not seen previously are also present. A protein of 

25 kDa is present in the purified sample (lane 2) but the 36 kDa size is not. No protein was 

detected in the untransfected control (lane 1). 

The Coomassie Stain shows that the number of proteins present in the 

unpurified lysate have been significantly reduced by the protein purification 

procedure and the 25 kDa protein has been concentrated (figure 7.2.5C). A western 

blot shows that PfTRAMP is detected with PfTRAMP specific antibody as a double 
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band of 36 kDa and 25 kDa, as observed previously, preceding purification but only 

a single band of 25 kDa can be detected after binding to the column (figure 7.2.5D). 

The extra bands which have not been observed before are possibly degradation 

products of the 50 kDa and the 36 kDa protein products. 

7.2.5 PfCRAGS could not be successfully detected in High Five Cells 

High Five cells were transfected with pfcrags-pMIB-His A as described for 

pftramp-pMIB-His A. Based on the results obtained from PfTRAMP, PfCRAGS 

transfections were subjected to the same transfection conditions and transformant 

selection. The predicted size of PfCRAGS is 27.5 kDa. PfCRAGS could not be 

detected on western blot probed with anti His-tag or anti-V5 epitope antibodies but 

positive controls (of recombinant His-tag proteins expressed in a bacterial cell 

system, donated by Dr Jean-Phillipe Semblat, Edinburgh University) were detected. 

A specific anti-PfCRAGS antibody to the region expressed is currently unavailable. 

Membranes were stained with Ponceau following the transfer from polyacrylamide 

gel and later with Amido black, after antibody hybridisation, to reveal proteins on the 

membrane. Samples were also analysed by Silver Stain. No proteins were detected 

by these methods and therefore it is assumed that the expression of PfCRAGS was 

unsuccessful. 

7.3 Discussion 

Transient expression of PfTRAMP in High Five insect cells was achieved 

within 96 hours of transfection and the protein was expressed at easily detectable 

levels using 0.6-1 µg of DNA to transfect 1 x 10
6
 cells. PfTRAMP is detected with 

PfTRAMP anti-sera on western blot as two bands of the molecular weights 36 kDa 

and 25 kDa. The 36 kDa band is closer to the predicted molecular weight of 35.8 

kDa. 

The constitutive expression of PfTRAMP was achieved through the selection 

of positive transformants using Blasticidin S HCl. Although it appeared that the 36 

kDa band had disappeared in two of the transfections it was later detected in these 

cultures once they had been scaled up and therefore had increased protein 

production. Since the 36 kDa protein is the less abundant of the two protein products 
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it was not detectable in the smaller cultures. The 25 kDa band is shown to be 

PfTRAMP after purification using nickel charged columns to bind the His-tag. The 

purified product was detected as a single 25 kDa band and the 36 kDa was no longer 

present suggesting that it does not have the His-tag and therefore did not bind to the 

column. It is possible that the His-tag has been degraded in the 36 kDa form. 

Alternatively, since the 36 kDa protein is in lower abundance than the 25 kDa protein 

it is possible that the 36 kDa protein has been purified but it is below the levels of 

detection. 

If the 25 kDa form is in the correct conformation it is possible that the size of 

PfTRAMP is slightly smaller than the predicted molecular weight due to degradation 

of the protein, although protease inhibitors were used. The TRP region of PfTRAMP 

has a large number of cysteine residues and migration on SDS-polyacrylamide gels 

can be affected by the formation of disulphide bonds in this domain. It is also 

possible, but highly unlikely, that part of the PfTRAMP gene has been spliced out 

whilst maintaining an open reading frame, resulting in a smaller end product. This 

could be checked by extracting DNA from the insect cells and performing a PCR 

reaction. It is also possible that posttranslational modifications occur in the insect cell 

system which may lead to a difference in protein size. If a protein is highly 

phosphorylated it’s charge may be affected making it migrate faster on the 

polyacrylamide gel. The PfTRAMP amino acid sequence was screened for 

phosphorylation sites using the NetPhos 2.0 Server (Blom et al., 1999). Six serine, 

one threonine and four tyrosine residues were identified as putative phosphorylation 

sites with scores over 0.5 which is predicted at a sensitivity of 69-96% (figure 7.2.6).  
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Figure 7.2.6: Potential phosphorylation sites in PfTRAMP. 

The threshold of probability is 0.5 and peaks for the putative phosphorylation sites are indicated on 

the y-axis. The x- axis indicates the position in the sequence. 

 

P. falciparum has limited N-glycosylation capabilities and it is more 

commonly subject to O-linked glycosylation (Gowda., 1996, Dieckmann-Schuppert 

et al., 1992). Six potential N-glycosylation and 17 potential O-glycosylation sites 

were found in PfTRAMP (Glycomod http://ca.expasy.org/tools/glycomod/) and it is 

therefore possible that PfTRAMP undergoes posttranslational modifications which 

may affect functionality. The protein could be tested for N-glycosylation by 

treatment with N-glycanase which deglycosylates unfolded N-linked glycoproteins. 

Alternatively, the cells could be grown in the presence of tunicamycin which inhibits 

N-linked glycosylation to test whether glycosylation is essential for protein transport. 

However, both of these treatments would not affect O-linked glycosylation which is 

more common in P. falciparum. To test for O-glycosylation the inhibitor benzyl-N-

acetylgalactosamine (benzyl-GalNAc) could be used to treat cells. After selection of 

positive transformants with Blasticidin S HCl, a 100 kDa molecular weight protein 

was detected. This may be an oligomer resulting from the joining of four 25 kDa 

PfTRAMP molecules. Although the protein samples are resolved on 

reducing/denaturing gels, the time the samples were boiled for during preparation 

may need to be increased to break the bonds in the oligomer. 

Unfortunately PfTRAMP was not secreted as expected and could not be 

detected in cell supernatants using western blot, Silver Stain or Bradford assay either 

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.



 
198 

before or after concentration. It may be the case that the protein is packaged into 

inclusion bodies or organelles inside the cell itself or is binding to a molecule on the 

outside of the cell membrane following secretion. The presence of one or more 

glucose residues on the N-linked oligosaccharide causes binding to a chaperone 

protein known as calnexin, located in the ER membrane. The calnexin only releases 

the protein for further processing in the Golgi apparatus when it is fully folded 

(Stryer., 1995). If the folding is affected due to expression in a foreign system then 

perhaps PfTRAMP becomes trapped in the ER. This could be tested by growing cells 

in the presence of tunicamycin. Although it is much easier to collect and purify 

protein if it is secreted, however it was found that PfTRAMP from the cell pellet 

lysates was in fact soluble, making purification possible. 

During purification several proteins also bound to the nickel-chelating 

column that are likely to be insect cell proteins that contain poly-His repeats. An 

abundant protein of 20 kDa is very faint before purification and it highly 

concentrated afterwards. However, it is not recognised by the PfTRAMP anti-sera on 

a western blot suggesting that it is an insect cell protein. If it was a degradation 

product it would have to be 7 kDa or below to be purified using the His-tag but not 

detected by the anti-sera raised against a PfTRAMP peptide situated towards the 

COOH-terminal.  

The difficulties encountered in purifying PfTRAMP to homogenicity means 

the purity is not satisfactory for further studies at present and aspects of the 

expression system may need to be optimised to obtain a secreted product or to 

produce the protein in higher abundance. Purification on an anti-PfTRAMP antibody 

affinity purification column or a V5-epitope column may yield a more pure sample. 

Nevertheless, the preliminary data presented here shows the constitutive expression 

of a Plasmodium protein to easily detectable levels of 0.5-1 mg/ml for the first time 

in insect cells using a transient expression vector and establishes a novel way of 

expressing Plasmodium proteins with the possibility of purification.  

 PfTRAMP could be analysed for its immunogenic properties by testing for 

recognition with anti-sera acquired from malaria infected individuals on a western 

blot or dot blot. PfTRAMP recombinant protein could be used in crystallisations to 

determine the structure of the molecule and view potential binding pockets which 
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may be involved in host-parasite interactions. Protein could also be used in invasion 

inhibition assays where the expressed domain could be used to compete against 

parasite PfTRAMP or other parasite invasion proteins such as AMA-1 or MSP-1 for 

binding sites on host cells. Immunoprecipitations using PfTRAMP recombinant 

protein and host cell lysates, followed by mass spectrometry, could perhaps be used 

to identify the host molecules interacting with PfTRAMP.  
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This thesis documents the discovery of a novel Plasmodium protein, 

PCRAGS, which has biologically interesting features and a unique protein 

expression pattern. PfCRAGS is the first protein found to be expressed specifically in 

both schizonts and male gametocytes. The putative structural features of PCRAGS, 

combined with the expression data, suggest that it is a membrane bound protein 

transported to either the parasite or the infected erythrocyte surface which may have 

the ability to act as an integral membrane transporter. The presence of the highly 

conserved CRM domain indicates a potential role in binding to an external ligand, 

such as a host molecule, implicating it in host parasite interactions and making 

PfCRAGS a potential vaccine candidate. 

In schizonts, immunofluorescence results suggest that PfCRAGS appears on 

the infected erythrocyte membrane just prior to and during schizont rupture. 

Transcription occurs at low levels throughout the asexual life cycle, indicating that 

protein expression may be controlled posttranscriptionally until it is required by the 

parasite. The spotty staining pattern observed upon rupture is almost identical to 

recent images that demonstrate the vesiculation of erythrocyte membranes, which 

occurs as merozoites are released from the cell in an explosive event (Glushokova et 

al., 2005). Although the issue of merozoite egress has been contentious in the past 

recent developments in this field have provided new avenues to explore and the 

PfCRAGS data strongly support the current model. This is the first evidence to 

suggest that a parasite protein associated with the erythrocyte membrane is involved 

in merozoite egress.  

Although PbCRAGS is not essential for schizont rupture, shown by the 

pbcrags KO line, it is possible that the parasite utilises alternative pathways for 

merozoite egress where other proteins can compensate for one another. The slow 

growth leading to lower peak parasitaemias of pbcrags KO in vivo may be indicative 

of a reduction in asexual invasion caused by a defect in schizont rupture. 

Furthermore, it is possible that the protein is essential for the asexual life cycle in P. 

falciparum. 
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An alternative hypothesis is that the protein may be involved in commitment 

to gametocytogenesis or differentiation into male gametocytes by acting as a signal 

transducer to regulate transcription of genes involved in this process. The expression 

of PfCRAGS on all schizonts prior to rupture also provides support for this 

biological function. A defect in regulation of differentiation in the pbcrags KO line 

could account for the increase in peak proportion of gametocytes which was 

observed. Recently new genes have been identified that are involved in early 

gametocyte development, initially through analysis of the genome databases and then 

confirmed through experimental procedures (Silvestrini et al., 2005, Gardiner et al., 

2005, Eksi et al., 2005). PfCRAGS is another new example of an early gametocyte 

gene. It is important that an increased number of hypothetical proteins are examined 

in a similar way to determine the mechanisms involved in the process of 

differentiation. 

In both of these hypothesis, PfCRAGS, which possesses nine transmembrane 

domains, could act as a pore or channel that is opened in response to the binding of 

an external ligand to the extracellular domain. It was initially believed that there 

were very few membrane transporters encoded in the Plasmodium genome (Florens 

et al., 2002). However, this was determined by computer programmes that based 

their predictions upon sequences that encode transporters in other organisms. It is 

possible that Plasmodium transporters have unique sequences which would have 

therefore been missed in this initial screening. Recently, several novel transporters 

with 7 or more transmembrane domains have been identified through the use of 

hydropathy plots which showed that there were proteins belonging to superfamilies 

previously not identified in Plasmodium (Martin et al., 2005). If PfCRAGS has the 

ability to transport molecules into the infected erythrocyte this may disrupt the ionic 

composition of the cell or perhaps allow the entry of proteases, both of which may be 

involved in schizont rupture. On the other hand, it may allow the parasite to respond 

to an external trigger to either upregulate or downregulate genes involved in 

gametocytogenesis.  
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PfCRAGS is also found located on the parasite membrane/PVM and 

localisations in early parasites suggest that it is synthesised and trafficked through 

the ER-Golgi pathway. Expression at a different life cycle stage combined with 

localisation on a different membrane, which may affect tertiary structure and binding 

specificity, suggests that PfCRAGS may serve a different biological function in male 

gametocytes compared to schizonts.  

The fact the PCRAGS is highly conserved between species suggests that the 

structure is integral to the function and also implies an important biological role in all 

Plasmodium species. It is interesting that homologues of PCRAGS are present in the 

genomes of T. gondii and C. parvum but are not found in the genome sequences of T. 

parva (TIGR) or T. annulata (Pain et al, 2005), which are more closely related to 

Plasmodium. Like Plasmodium, sporozoites of Theileria are transmitted to the 

mammalian host via a vector. However, there are many differences between the two 

parasite life cycles once inside their respective definitive hosts. In T. annulata 

sporozoites invade cattle lymphocytes and undergo schizogony to form a 

macroschizont. This consists of a multinucleated body residing freely in the cell 

cytoplasm in the absence of a parasitophorous vacuole (Bishop et al, 2004). The 

macroschizont induces the host cell to undergo clonal expansion where the 

macroschizont divides synchronously with the lymphocyte, resulting in simultaneous 

expansion of the parasite population (Dobbelaere and Kuenzi, 2004). Each daughter 

cell therefore contains a macroschizont that has never come into contact with the 

extracellular environment. The parasite then undergoes merogony to form merozoites 

that also reside freely in the erythrocyte cytoplasm. This correlates with the down 

regulation of genes expressed at the macroschizont stage and the upregulation of 

merozoite specific antigens (Swan et al, 2001). Merozoites are released from the 

lymphocyte and subsequently invade erythrocytes. There are no repeated cycles of 

merozoite invasion, as in Plasmodium.  

During clonal expansion the schizont does not rupture from the cell and 

merozoites are not contained together within a parasitophorous vacuole from which 

they need to be released. If PCRAGS is involved in schizont rupture in Plasmodium 

it would not be required in Theileria as the merozoites are presumably released from 
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the cell by a different mechanism (Bishop et al, 2004) and this may explain the 

absence of PCRAGS in Theileria. 

Following erythrocyte invasion, Theileria merozoites develop into piroplasms 

which are taken up by the tick vector and are released as sexual stages in the tick gut. 

Since all Theileria merozoites become gametes there are no differences in 

commitment between parasites. This implies that the signalling system is simpler 

than in Plasmodium and further suggests that piroplasm development is not 

dependent upon environmental queues. If PCRAGS is involved in commitment to 

gametocytogenesis by functioning as part of a signal transduction pathway, in 

response to the environment, it would therefore not be required in Theileria. The 

piroplasms also reside freely in the erythrocyte cytoplasm. Evidence suggests that 

PfCRAGS is found on the PVM of gametocytes and as this structure is absent in 

Theileria this may also explain the absence of PCRAGS in the genome.  

The data presented in this thesis nominates PfCRAGS as a potential vaccine 

candidate or drug target. A protein expressed at both asexual and transmissible stages 

is advantageous for vaccine design as it could be targeted to prevent both clinical 

disease and transmission to a subsequent host. The possibility of PfCRAGS 

expression in sporozoites should also be investigated. The presence of the EGF-like 

domain and the CRM domain predict that the protein may be immunogenic. 

However, the short length of time the PfCRAGS is expressed at schizont stages may 

not be sufficient to target this protein with antibodies. Furthermore, it is important to 

determine the exact membrane location of PfCRAGS on the gametocyte to assess the 

suitability of this protein as a potential transmission blocking vaccine candidate. A 

protein expressed on the parasite surface is more favourable than one that is 

expressed on the PVM. This is because PVM antigens are hidden from the host 

during gametocyte development and shed from the parasite upon exflagellation, 

whereas parasite surface antigens are carried into the mosquito on the gamete 

surface. PfCRAGS may also be a drug target if it acts as a transporter as it could 

provide a way to channel antimalarials into the cell. It is therefore important to 

identify the mechanism of transport and the binding motif, possibly by identifying a 

ligand, to facilitate drug design based upon a structure that the parasite can recognise 

and transport across the membrane. Additionally, the further investigation of 
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PfCRAGS may be biologically informative in terms of determining the pathways 

involved in either merozoite egress or commitment to gametocytogenesis, both of 

which are currently neglected fields in comparison to the subject of merozoite and 

sporozoite invasion.  

PfTRAMP is a recently discovered protein of merozoites that is transcribed 

and expressed in late schizonts indicating a role in invasion. As the protein is 

essential for the asexual life cycle and also possesses a TSR domain known to be 

involved in protein-protein interactions, it is therefore an excellent vaccine candidate. 

Targeting invasion proteins is a priority for disruption of the asexual cycle and thus 

preventing clinical symptoms of disease. Originally it was thought that PfTRAMP 

was the merozoite homologue to the sporozoite protein TRAP, which would have 

implicated it as part of the motor complex that functions as a mechanism to transport 

parasites into the host cell. However, it now appears that MTRAP is the more likely 

TRAP homologue (Baum et al., 2006), which raises new questions regarding the 

biological function of PfTRAMP and the host molecules that it may bind to. The 

successful expression of PfTRAMP as recombinant protein may facilitate 

identification of interacting host proteins by using purified protein in invasion 

inhibition assays. The discovery of PfTRAMP binding motifs could lead to discovery 

of novel host-parasite interactions, the development of a vaccine or perhaps the 

opportunity to synthesise a group of inhibitory peptides. 

The expression patterns and structural features shown for the two novel 

proteins, PfCRAGS and PfTRAMP, suggest that these have interesting and possibly 

unique biological functions. This opens up the possibility to carry out new and 

exciting research in fields such as the actomyosin motor and it’s involvement in 

merozoite invasion, gametocyte commitment and development of the male 

gametocyte and finally the mechanisms of merozoite egress, all of which have been 

relatively unexplored until recently. 
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9.1 Phylogenetic analysis of PCRAGS 

The gDNA nucleic acid sequences for the CRM domain of seven 

Plasmodium species and Cryptosporidium parvum were transformed into FASTA 

files using the Edit Seq programme (DNASTAR package). These were transported 

into the Megalign (DNASTAR package) and aligned using Clustal W. Alignments 

were adjusted by eye by inserting or deleting gaps and translated into amino acids to 

ensure an open reading frame had been maintained. A phylogenetic tree was 

constructed using the neighbour-joining distance method (Saitou and Nei., 1987) 

with Kimura two parameters distance in PAUP version 40b10. C. parvum was used 

as an outgroup to root the tree. Trees were tested using the Bootstrap method 

(Felsenstein., 1985) with 1000 replications. 

9.2 Estimation of KA/KS  

KA/KS ratios were estimated for nucleic acid sequences for seven Plasmodium 

species and C. parvum using Codeml (PAML) (Yang, 1997) in runmode = 0 using 

‘model 0’. Maximum likelihood models 2,7,8 and 8a were used to predict KA/KS 

across different areas of the gene using PAML in runmode = 0. The significance was 

determined by the difference in log-likelihood (2_ι) between models, which follows 

a chi-squared distribution with 2 d.f between models 0 and 2, 7 and 8 and 1 d.f 

between model 8 and 8a. 

9.3 Plasmodium falciparum Cell Culture 

	��������������������

All parasite strains used were obtained from Professor David Walliker, 

University of Edinburgh. Strains 3D7, 3D7 derived clones 3D7a (high gametocyte 

producer) and F12 (non-gametocyte producer) and A4 strains of Plasmodium 

falciparum were cultured in complete RPMI 1640 (25 mM Hepes, 2 mM L-

glutamine, 0.2% glucose, 25 µg/ml gentamycin, 0.002 M NaOH (pH 7.2-7.4) and 

10% pooled, non-heat inactivated human serum) at 1% haematocrit following the 

protocol devised by Jensen and Trager, (1977). Cultures were smeared daily on a 
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glass slide at 50% haematocrit taken from a 100 µl sample, that had been centrifuged 

using a microfuge at 2000 rpm for 1 minute. Smears were air-dried and fixed using 

100% methanol and stained with fresh Giemsa diluted to 10% in Giemsa buffer (pH 

7.2) and the parasitaemia was counted and calculated as a percentage of infected 

erythrocytes. Parasite stages were also identified. Cultures were kept between 2-5% 

parasitaemia by diluting cultures with fresh red blood cells. Red blood cells were 

separated from white blood cells by layering whole blood over lymphoprep 

(Nycomed) and centrifuging at 3000 xg for 15 minutes. The cell pellet was washed 

twice in incomplete RPMI (no serum) for 5 minutes at 3000 xg. Old medium was 

removed from cultures by aspiration and replaced with new medium to maintain a 

haematocrit of 1%. Cultures were grown in canted neck culture flasks and size of 

flask depended on the volume of culture e.g. 25 cm
2
 was used for a maximum packed 

cell volume (PCV) of 200 µl and 75 cm
2
 for a maximum PCV of 750 µl. All cultures 

were gassed for 15 seconds with CO2 or alternatively kept in a gassed incubator (5% 

CO2) with loosened lids, which allowed for gas exchange. Cultures were 

synchronised for specific life cycle stages by using sorbitol lysis to select for ring 

stages or percoll gradient to select for schizont stages following the protocol devised 

by Lambros and Vanderberg (1979). 

	����������������������������������

3D7 cultures were stressed to produce sexual gametocyte stages using the 

methods described by Carter et al (1993) with a few modifications. Asexual cultures 

were allowed to grow to a parasitaemia of 2-5% whilst increasing the haematocrit to 

about 6% through the addition of fresh red blood cells. The medium was replaced 

daily without adding fresh blood and regularly gassed over a period of 5 days or 

alternatively, until the parasitaemia reached about 10% with indicative signs of 

asexual stages switching to gametocytes such as the appearance of triangular shaped 

rings. The medium was then increased to give a haematocrit of 3%. When stage 3/4 

gametocytes appeared at day 8 sorbitol lysis was used to destroy schizont stages and 

then again 24 hours later, once reinvasion had occurred, to remove the majority of 

asexual stages from the culture. Gametocytes were maintained at 37 °C for a period 

of 16-18 days before degeneration occurred. 
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9.4 Sorbitol Lysis 

Cultures were centrifuged at 400 xg, in a swing out rotor, for 3 minutes and 

the supernatant was removed by aspiration. D-sorbitol (Sigma) at 5% solution, filter 

sterilised using a 25 µm pore filter, was warmed to 37 °C and 5-10 ml was used to 

resuspend cultures. These were incubated at 37 °C for 15 minutes. This was followed 

by centrifuging under the same conditions and cultures were washed twice with 

incomplete RPMI and resuspended in complete RPMI. The absence of pigmented 

parasite stages, trophozoites and schizonts were confirmed by Giemsa smear. 

Parasites more than 20 hours post invasion are destroyed by sorbitol through osmotic 

lysis (Lambros and Vanderberg., 1979). Sorbitol was also used to remove asexual 

stages from gametocyte cultures, as gametocytes are similar to ring stages in the way 

that they are non-dividing. 

9.5 Percoll gradient 

Cultures centrifuged at 400 xg, in a swing out rotor, for 3 minutes were 

resuspended in 5 ml complete RPMI. Using a 15 ml falcon tube, the culture was 

layered over a 60% Percoll (Sigma) solution diluted from 100% in incomplete RPMI. 

Centrifugation at 3000 xg for 10 minutes leads to the separation of the culture where 

red bloods cells and ring and trophozoite stages are found in a pellet at the bottom 

and the schizont stages are found in a brownish greyish layer between two 

supernatants. The resulting schizont rich band was removed by pasteur pipette using 

gentle suction and transferred to a new tube and washed once in incomplete RPMI 

before being placed back into culture conditions. 

9.6 Thawing parasites 

All thawing solutions were made in deionised double distilled water, filter 

sterilised and warmed to 37 °C prior to use. Parasites stored in liquid nitrogen were 

thawed in a 37 °C water bath and transferred to a 50 ml falcon tube for mixing with 

thawing solutions. 200 µl of 12% NaCl was added to each ml of thawed suspension, 

drop by drop over 2 minutes, using a pasteur pipette, whilst agitating the tube to 
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ensure even mixing. Cells were incubated at room temperature for 5 minutes. 10 ml 

of 1.8% NaCl solution was added drop-by-drop and then 10 ml of 0.9% NaCl/0.2% 

glucose solution as above. Suspensions were centrifuged at 400 xg for 4 minutes and 

the supernatant was removed by aspiration. The pellet was resuspended in 

incomplete RPMI and centrifuged for another 4 minutes at 400 xg, the supernatant 

was aspirated and Giemsa stain was used to identify the percentage of rings that had 

survived the thawing process. Parasites were transferred into culture conditions as 

outlined previously. 

9.7 Freezing parasites 

Cell pellets with parasitaemias of 5% rings or above were mixed with 

glycerolyte (45.25% glycerol, 1.16% sodium lactate, 0.3 mg/ml potassium chloride, 

13.8 mg/ml NaH2PO4) pH 6.8 at a ratio of 500 µl glycerol: 300 µl PCV. The 

mixture was transferred to Nunc cryovials and stored at –80 °C overnight before 

being immersed in liquid nitrogen. 

9.8 Cysteine Protease Inhibitor treatment  

The erythrocyte surface membrane was removed from mature schizont stages 

using the method described in Salmon et al (2001). Culture medium was removed 

from synchronous F12 cultures containing early to medium schizonts (about 5-7 

nuclei). Cells were resuspended in complete RPMI containing the cysteine protease 

inhibitor E64 (Sigma) at a final concentration of 10 µM. Following an incubation of 

8 hours, when schizonts were mature (16-32 nuclei) and on the point of rupture, 

smears were taken for Giemsa and Immunofluorescence assays. An untreated 

schizont culture was used as a control. 

9.9 Plasmodium berghei cell culture 

	�	���
����

All animal procedures were carried out by adhering to the appropriate rules 

and regulations set by the Animals (Scientific Procedures) Act 1986 (UK). Female 
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inbred C57BL/6 (Mus musculus) or BALB/c mice of 4-6 weeks old were used in all 

experiments and were supplied by Edinburgh University. Polypropylene cages with 

sawdust and paper bedding were kept at 25 °C on a 12-hour light/dark cycle. Mice 

were fed on a 41B diet (Harlan-Tekld, England) and supplied with water 

supplemented with 0.05% paraminobenzoic acid (PABA). 

	�	������������������������������������������������������

Strains HP ANKA and HPE non-gametocyte producer, from Dr Chris Janse 

at the LUMC, The Netherlands, and all experimental strains (KO1, KO2, Pbs28, 

TAP-Tag-CRAGS, GFP-CRAGS and constitutive GFP) were inoculated into either 

C57BL/6 or BALB/c mice from stabilates. Parasitaemias reached about 5% on day 4 

and rings, trophozoites and gametocytes were detected by Giemsa smear. 100 µl of 

blood was passaged to naïve mice if required for further experiments. Parasites were 

only passaged a maximum of two times to minimise the loss or alteration of 

gametocyte production. For culture of schizonts parasitaemias of 10% were used and 

the blood was removed by cardiac puncture into 0.05 ml of heparin 200 I.U./ml. 1ml 

was placed into culture with 10ml of medium (500 ml RPMI 1640, 25 mM Hepes, 

150 mg L-glutamine, 25000 units of neomycin) with 20% of fetal bovine serum. 

Leukocytes were removed by passing the blood through a pre-washed plasmodipur 

filter (Euro-diagnostica). Cultures were gassed and shaken slowly at 37 °C overnight.  

	�	����� ����������!�������������������

Exflagellation assays were carried out by spotting tail blood onto a glass 

slide, breathing on it and leaving it at room temperature for 10-15 minutes. 

Exflagellation centres or male gametes were observed using light microscopy at 100x 

or 400x magnification. Gametocytes were also identified using Giemsa smear. 1ml of 

blood with over 5% parasitaemia was removed by cardiac puncture and placed 

directly into 5ml of ookinete culture medium (same as P. berghei medium but at 

pH8.2), with either 10% fetal calf serum or human serum at 21 °C. It was found that 

using human serum led to an increase in ookinetes. Leukocytes were removed by 

plasmodipur filter and resuspended in a 100 ml beaker in 80 ml of ookinete medium. 

Ookinete morphological quality appeared to be enhanced by increasing the 
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haematocrit to 5%. Cultures were incubated at 21 °C. Zygotes were detected by 

Giemsa smear after 2.5 hours and ookinetes could be seen at 20 hours or following 

overnight culture. Alternatively, parasites were transmitted from infected mice to 

mosquitoes, by blood meal, and guts were dissected at 2.5 hours or 16-20 hours after 

transmission, burst and smeared onto a glass slide and stained with Giemsa. After 20 

hours ookinete numbers will decrease due to the passage of parasites across the gut 

wall. 

9.10 Freezing Blood Stages 

1ml of blood with a parasitaemia of 5-10% was removed by cardiac puncture 

and mixed 1:1 with a 30% glycerol/PBS solution. 500 µl was placed in Nunc 

cryovials and immersed in liquid nitrogen. 

9.11 Molecular techniques using RNA and DNA 

	������"#�������������

Method 1: This method was used to extract RNA for RT-PCR only. RNA was 

extracted from cultures using the BIO 101 Rnaid plus kit which uses a guanidinium 

salt-based system for cell lysis followed by an ionic binding RNAMATRIX


. All 

solutions were supplied with the kit. Acid Phenol was pre-equilibrated with a 

buffered salt solution at pH4. Cultures were synchronised for a specific stage and 

500 µl were taken when the culture was ideally at 10% parasitaemia. Gilson pipettes 

with RNAse free tips were used throughout and all water was treated with 0.1% 

DEPC (diethylpyrocarbonate) for 1 hour at 37 °C which was inactivated by 

autoclaving at 120 °C for 20 minutes. 2.5 µl of RNA samples in 1 x loading buffer 

(30% glycerol plus bromophenol blue) was run on a 1% agrose gel (0.003% ethidium 

bromide) to show the presence of ribosomal bands and an OD reading was also 

taken. RNA was stored at –80 °C. 

Method 2: This method was used to extract RNA from sporozoites and for northern 

blot and follows the protocol devised by Kyes et al (2000). Cell pellets were 

resuspended in 10-20 pellet volumes of trizol, pre-warmed to 37 °C. Samples were 
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stored at –80 °C until required then thawed at 37 °C for 5 minutes. Chloroform was 

added at 0.2 times the original trizol volume and tubes were incubated at room 

temperature for 3 minutes. The RNA was separated from the protein phase by 

centrifuge in Sorvall at 4 °C, 2000 xg for 30 minutes. The aqueous phase was 

removed and 0.5 times original trizol volume of isopropanol was added. After 

mixing, the solution was transferred to 1.5 ml eppendorfs and placed on ice for 2 

hours. Samples were spun in a microfuge for 30 minutes at 12000 xg. The 

supernatant was removed and pellets were air dried before resuspending in 

appropriate volumes of desired solution (DEPC treated water or formamide). 

Northern blot RNA samples were resuspended in volumes of formamide, which were 

adjusted to allow loading of 1 x 10
6
 per track calculated based on the starting blood 

volume and parasitaemia of the sample. 

	�������$#�������������

gDNA extraction was carried out using the Perfect gDNA Blood Mini 

Isolation Kit from Eppendorf, which uses a Proteinase K lysis method followed by a 

binding high molecular weight DNA on a membrane contained within a column. All 

solutions were supplied with the kit and the method was carried out as instructed by 

the manufacturer with 200 µl of packed cell volume with a parasitaemia of about 

10%. gDNA was run on an agrose gel, checked by OD reading and stored at 4 °C. 

	�����������������������������������

Samples were treated with an equal volume of phenol chloroform solution 

(1:1), vortexed and centrifuged for 10 minutes at 13000 xg, room temperature. The 

aqueous phase was removed and an equal volume of chloroform/isoamyl alcohol was 

added. Samples were centrifuged as before for 1 min and the aqueous phase was 

removed for Ethanol precipitation. 

9.11.4 !���������������������

Two times the sample volume of ice-cold ethanol (100%) was added along 

with 1/10
th 

of the sample volume of 3 M Sodium Acetate, pH 5.2. Samples were 

placed at –20 °C for a minimum of 2 hours and centrifuged for 10 minutes at 13000 

xg, 4 °C. The 100% ethanol was gently decanted and replaced with ice-cold 70% 
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ethanol, which was then also gently decanted. Pellets were air dried before being 

resuspended in a suitable volume of dH2O. 

9.11.5 %�����������������

All agarose gels, unless otherwise stated, were made and run in 1 X TAE (40 

mM Tris Acetate, 1 mM EDTA) at a 1% agrose concentration. 

	����&�$#������������

gDNA contamination was removed from RNA samples using the following 

reaction. 

 

100 µl reactions were set up with 20-60 µl of RNA, 1 µl of Dnase (Invitrogen 1 

u/µl), 20 µl of 5 x buffer (20 µl 1 M Tris pH 7.5, 3 µl 1 M MgCl, 4 µl RNasin� 

Ribonuclease inhibitor (Promega) 40 u/µl, 73 µl DEPC treated dH2O) and x µl of 

DEPC dH2O to take the volume up to 100 µl. The reaction was incubated at 37 °C 

for 15 minutes after which time a phenol/chloroform extraction was performed, 

followed by ETOH precipitation and the resulting pellet was resuspended in DEPC 

dH2O. Samples were run on an agrose gel to check RNA quality. 

	����'�"�(����)�����������"��������

Synthesis of cDNA from 2-10 µl of RNA was carried out using Superscript II 

RNAse Reverse Transcriptase (Invitrogen) as instructed by the manufacturer with 

gene specific primers. Resulting cDNA was stored at –20 °C. 

9.11.8 Polymerase Chain Reaction (PCR) 

 All PCRs were performed for 35 cycles with Taq DNA Polymerase (Roche), 

with primers at a concentration of 0.1 µM and dNTPs at 200 µM, as instructed using 

the following programme unless otherwise stated. 

Denature at 94°C for 2 minutes. 

Anneal at 56°C for 1 minute.   

Extension at 68°C for 1.5 minutes 
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Denature at 94°C for 15 seconds. 

Results were analysed on an agrose gel. gDNA samples were used as positive 

controls in all cases and water was used as a negative control. 

	����	�")*��"�

Parasite strains were grown in vitro, or in vivo in the case of P. berghei, as 

previously described and were synchronised using either sorbitol or percoll gradient 

methods to obtain rings, trophozoite and schizont stages of the parasites. RNA was 

extracted from the various stages using the BIO 101 RNAid plus kit and a DNAse 

was performed on all samples to remove possible gDNA contamination. cDNA was 

synthesised using several reverse primers, downstream of the region chosen for 

amplification. PCR was then carried out on cDNA samples using various 

combinations of primers and the resulting DNA was analysed by gel electrophoresis. 

Primer sequences are shown in appendix 1. 

	�����+������������������"��������������,��������

PCR products were run on a low melting agrose gel, stained with crystal 

violet and excised using a clean razor blade. The band was cloned into Invitrogen 

vector 2.1 or II using the TA TOPO cloning kit, used as instructed by the 

manufacturer and plated onto LB agar plates with ampicillin (50 µg/ml) and grown 

overnight at 37 °C. Resulting colonies were screened directly for the insert by PCR 

with insert or plasmid specific primers. Positive colonies were picked into 2 ml of 

LB broth with ampicillin (50 µg/ml), overnight at 37 °C. Plasmids, containing the 

fragment were extracted using the GenElute� miniprep kit from Sigma, as 

instructed, which uses an alkaline-SDS lysis followed by an adsorption of DNA onto 

a silica gel column in the presence of high salts and resuspended in 50-100 µl of 

dH2O. A sequencing reaction was performed using Promega BIGDYE terminator kit 

with either plasmid or insert specific primers and samples were cleaned using 

Performa


 DTR Gel Filteration Cartridges (Edge Bio), which consist of columns 

packed with a gel matrix which bind small molecular weight molecules, before being 

read in the sequencer. Alternatively PCR products which showed a single, clear band 

on an agrose gel were directly sequenced by using the QIAquick PCR Purification 
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Kit (Qiagen) as instructed, which binds DNA molecular weights of 100 bp-1 kb to a 

silica membrane. Sequences were analysed using the software MacVector from 

Accelrys. 

9.12 Northern Hybridisation with radiolabeled 
ααααP-UTP probes 

9.12.1 Pftramp Northern Blot RNA Preparation 

Plasmodium falciparum, strain A4, parasites were tightly synchronised using 

a percoll gradient to isolate schizont stages followed by sorbitol lysis. 3-4 hours later, 

once reinvasion had occurred. This stage was taken as timepoint zero. 500 µl of 

parasites were collected at a parasitaemia of 10%, every 6 hours from timepoint zero, 

across the 48-hour life cycle with an exception of 4.5 hours between mature 

schizonts and bursting schizonts, necessary to obtain this life cycle stage. 5 ml of 

trizol (10 pellet volumes), pre-warmed to 37 °C, was added to ring and young 

trophozoite samples and 10 ml of Trizol (20 pellet volumes) was added to mature 

trophozoite and schizont stages. RNA was then prepared, stored and subsequently 

recovered using the methods devised by Kyes et al (2000)(method 2).  

9.12.2 Pfcrags�#��������-����"#��������������

Plasmodium falciparum, strain 3D7, parasites were synchronised and the 

culture was split into 4 flasks of 500 µl packed cell volume (PCV) and stressed to 

induce gametocytogenesis, both as previously described. Parasites were collected on 

days 5, 7, 10, and 14 to obtain committed, stage 2/3, stage 3/4 and stage 5 

gametocytes. Samples were placed into 5 ml (10 pellet volumes) of trizol. 500 µl of 

A4 and 3D7, asynchronous stages were collected into 10 ml (20 pellet volumes) of 

trizol. A4 samples described in ‘TRAMP northern blot RNA preparation’ were also 

used. 1 ml of ring/trophozoite Plasmodium berghei, strains HP and HPE were placed 

into 5 ml of trizol and 1ml into overnight culture to obtain schizonts, as previously 

described, which were then placed into 10 ml of Trizol. RNA was then prepared, 

stored and subsequently recovered using the methods devised by Kyes et al 

(2000)(method 2).  
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The protocol followed the method devised by Kyes et al (2000). All relevant 

solutions were made using DEPC treated water. Gel apparatus, including combs, 

were soaked for two hours in 0.5 M NaOH to remove RNAses, rinsed in DEPC 

treated water and allowed to air dry. For each track 1 x 10
6
 parasites were loaded and 

run on a 1% agrose gel. 5 µl of stained and unstained 0.24-9.5 kb RNA molecular 

markers (Invitrogen) were used (5 µl marker + 5 µl formamide and 2 µl blue juice 

(dye) and one without blue juice). The gel was run in 1 x TBE(5 mM Tris-borate, 1 

mM EDTA), initially at 110 V, 10-15 minutes then run at 70-80 V for roughly 4 

hours until the dye front reached 1-2 cms from the bottom. The gel was stained in 0.5 

µgml
-1

 of ethidium bromide/1 X TBE for 5 minutes and photographed to determine 

RNA quality and the position of the molecular markers. The gel was soaked in 7.5 

mM NaOH, twice for 15 minutes and capillary transferred to Hybond N
+
 

(Amersham, UK) in the same solution, overnight. Lane positions were marked in 

pencil on the membrane. Following transfer, the membrane was neutralised in 2 x 

SSC for 5 minutes and left to air-dry before being placed under a UV-crosslinker for 

30 seconds. The membrane was pre-hybridised for 30 minutes and hybridised 

overnight with 
α
P-UTP labeled probes in PerfectHyb

tm 
Plus Hybridisation 1 x buffer, 

at 68 °C. Washes were carried out with 2 x SSC and then twice in 0.5 x SSC for 30 

minutes at 68 °C before exposure to clinical x-ray film for 4 hours minimum and 30 

days maximum at –70 °C and read by autoradiography. The phosphoimager SI 

(Molecular Dynamics) was also used for pcrags blots for increased sensitivity, 

within 48 hours. 

	����.�%�������������������

α
P-UTP labeled probes were used as templates for in vitro transcription of an 

anti-sense RNA strand. All pcrags primer sequences can be found in appendix 2. 

Pftramp probes were synthesised by amplifying a 1.07 kb fragment from schizont 

cDNA using PCR with primers PfTRAMPForward1 ttttaaagatgattgatgtgttg and 

PfTRAMPReverse1 ttatgtgaagcccctagtcg covering nucleotide positions –8 to 2073. 

Pfcrags probes were synthesised by amplifying fragments from 3D7 schizont cDNA 
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using 5’ primers F5 x R12 (nucleotides 53-890) and F3 x R7 (450-1260). Probes 

further downstream were synthesised from 3D7 gDNA using primers F8 x R10 

(nucleotides 5320-6420) to amplify a 1.1 kb fragment and 3’ primers F7 x R9 (6417- 

7650) to amplify a 1.2 kb fragment. Pbcrags probes were synthesised from HP 

gDNA by using 3’ primers SF x SR (7460-8320) F6 x R7 (6550- 7795) and F8 x R9 

(3500- 4550). A probe from the 5’ end was synthesised from HP schizont cDNA 

using primers F3 x R10 (530- 1780). Fragments were cloned into the TOPO 2.1 or II 

vector, as previously described, containing T7/SP6 promoters and the appropriate 

promoter for synthesising the anti-sense RNA was determined based on the 

orientation of the inserted fragment, which was checked by PCR using M13 reverse 

primer with a fragment specific forward primer. Plasmids were prepared for the 

transcription reaction by linearising using BamHI for T7 promoter and Apa1 for SP6 

promoter. 500 ng of DNA were used in the transcription reaction with 
α
P-UTP  

(Amersham) following the protocol from the SP6/T7 Transcription kit (Roche). 

Incorporated 
α
P-UTPs were separated from unincorporated 

α
P-UTPs by exclusion 

chromatography using Microspin G-25 Columns (Amersham) which consist of a 

size exclusion Sephadex column, as instructed, and used to probe the membranes. 

9.13 Northern Hybridisation with Digoxigenin labeled UTP probes 

9.13.1 Preparation of RNA 

RNA was prepared using the method devised by Kyes et al (2000)(method 2) 

with the addition of 3 µl formaldehyde (37%) and 2 µl 10 X MOPS (23.13 g MOPS, 

500 ml dH2O, 50 mM Na-Acetate pH 7, 10 mM EDTA) to every 9 µl of RNA/ 

formamide and samples were heated to 65 °C for 5 minutes. 2 µl of RNA gel loading 

buffer (3.3% formamide, 6.1% formaldehyde (stock 37%), 1 X MOPS, 0.01% 

Bromophenol blue, 10% glycerol) was added to each sample for immediate loading. 

9.13.2 Northern blot Gel and Transfer 

A 0.2% Agarose gel containing 1 X MOPS and 1.1% formaldehyde was 

prepared and gels were loaded, run and stained as described in the Northern 

Hybridisation with Radiolabeled Probes protocol where 1 X TBE is substituted for 1 
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X MOPS. RNA was transferred to the positively charged Nylon Membrane (Roche), 

overnight, in 10 X SSC and further treated before hybridisation as previously 

described. 

	���������������������"���������

Plasmodium falciparum probes F5 x R12, F3 x R7, F8 x R10 and F7 x R9, 

which were synthesised and linearised, as previously described, were labeled with 

digoxigenin UTPs for 2 hours at 37 °C using the DIG RNA labeling kit SP6/T7 

(Roche) as instructed by the manufacturer. The reaction was terminated by adding 2 

µl of 200 mM EDTA, pH 8 followed by 2.5 µl of 4 M LiCl and 25 µl of ice cold 

100% ethanol and placed at –20 °C for 2 hours. Riboprobes were then centrifuged for 

15 minutes at 12000 xg and washed with 50 µl of 70% ice-cold ethanol in the same 

way. Pellets were air-dried and resuspended in 50 µl of water with 1 0µl of RNase 

Inhibitor (Roche). Probes were analysed by gel electrophoresis. 

	����.�/������������

Blots were pre-hybridised in 10 ml of hybridisation buffer (5 x SSC, 50% 

formamide, 0.02% SDS, 2% Blocking solution (10% DIG Blocking solution from 

Roche in maleic acid) for 1 hour at 68 °C. 1µl of the appropriate probe was added 

into 100 µl of hybridisation buffer and boiled for 10 minutes. The pre-hybridisation 

solution was removed from the blot and the probe was added to 7 ml of pre warmed 

hybridisation solution. Blots were hybridised overnight at 68 °C. Blots were washed 

as previously described and rinsed for 1 minute in wash buffer (1 x maleic acid/0.3% 

Tween 20). Blots were then blocked with 99% maleic acid/1% Blocking solution for 

1 hour and incubated for 30 minutes in the same solution with 2 µl of AntiDIG 

(Roche). Blots were washed twice for 15 minutes in wash buffer and placed in 

detection buffer (100 mM Tris-HCL, 100 mM NaCl pH 9.5) for 2 minutes before 

being exposed to autoradiography film Hyperfilm ECL (Amersham) for 30 

seconds to a maximum of 30 minutes. 
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9.14 Stripping Northern Blots 

Membranes were stripped twice, by rotating for 1 hour at 60 °C in 0.5% SDS. 

Membranes were then exposed to x-ray film for 4 days at –70 °C to confirm removal 

of radioactivity and were subsequently used in further hybridisations. 

9.15 Gene Manipulation 

	��0���������������������������

Escherischia coli PMC103 colonies obtained from Dr Andrew Waters, 

Leiden University, were streaked onto a fresh agar plate with no antibiotic. The plate 

was incubated for 16 hours at 37 °C. A single colony was picked into 100 ml of LB 

broth in a 1 litre flask and was incubated for 3 hours at 37 °C. OD600 readings were 

taken every 30 minutes and the culture was harvested at an optimal density of 0.35. 

The cells were transferred to ice cold polypropylene tubes for 10 minutes and then 

centrifuged at 4100 rpm in a Sorvall GSA rotor for 10 minutes at 4 °C. The medium 

was poured off and the tubes were drained by inverting them for 2 minutes. Each 

pellet was resuspended in 30 ml of ice cold MgCl2-CaCl2 solution (80 mM MgCl2, 20 

mM CaCl2 ). The cells were centrifuged as before and the medium was then decanted 

in the same way. The pellet was resuspended in 2 ml of ice-cold 0.1M CaCl2 and 140 

µl of DMSO was added to every 4 ml of cells resuspended. They remained on ice for 

15 minutes and then another 140 µl of DMSO was added. 100 µl aliquots were snap 

frozen on dry ice and stored at –70 °C. Cells were transformed using a known 

amount of pUC DNA with an ampicillin resistant gene and cells were plated onto 

ampicillin plates at different densities and incubated at 37 °C overnight. Colonies 

were counted to check the viability of the competent cells. 

	��0���%�������������	
����� ��� *�������������

The construct was made using the 7536 bp plasmid b3D.DT^H.^D 

(Invitrogen) consisting of a PUC backbone, a T.gondii dhfr/ts gene as a selectable 

marker of transgenic parasites, an ampicillin resistance gene as a marker for 

transformants and two polylinker sites which have a variety of restriction enzyme 
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sites situated on either side of tgdhfr/ts. Colonies containing the plasmid were 

obtained from Dr Andrew Waters, Leiden University and were grown in LB broth to 

optimum density. Plasmids were extracted by midiprep using QIAfilter Plasmid Midi 

Protocol (Qiagen) which uses alkaline lysis followed by binding of DNA to an anion 

exchange resin under low salt conditions, and analysed by gel electrophoresis and 

OD reading. Two fragments of pbcrags were amplified by PCR from gDNA, a 520 

bp fragment at the 5’ end and a 470 bp fragment at the 3’ end. Apa1 and Cla1 were 

chosen to cut polylinker site 1 for the insertion of the 5’ fragment in a 5’ to 3’ 

orientation and Xba1 and Not1 were chosen to cut polylinker site 2 for the insertion 

of the 3’ fragment in a 3’ to 5’ orientation. Therefore primers were designed to 

incorporate these restriction sites into the pbcrags fragments and sequences are as 

follows: 5’fragment Apa1F5’ gacagggcccaatagtaagcataaatctgg and Cla1R5’ 

cttaatcgattacataagtaagtctttctcccg, 3’ fragment Xba1F3’ 

gatgtctagatagtattacctgaacaatgg and Not1R3’ gtaggcggccgctttgtaattaccaaaaggagc. 

Restriction sites are indicated in red. 2 mg of the plasmid and 2 µl of the 5’ fragment 

were cut in a double digest using Apa1 and Cla1. The 5’ fragment was inserted into 

the polylinker site of plasmid b3D.DT
∧
H.

∧
D by ligation using T4 DNA ligase 

(Roche) at 1 U/µl and the plasmid was transformed into competent cells of E. coli 

PMC103 and plated onto ampicillin agar plates. Single transformants were selected 

for and grown in LB broth and the resulting culture was screened for the insert by 

PCR with both plasmid specific and insert specific primers. The plasmid was 

retrieved by miniprep using GenElute� miniprep kit (Sigma) and a double digest 

was performed to confirm the presence of the insert. The above procedure and 

analysis was then carried out for the insertion of the 3’ fragment into the polylinker 

site using restriction enzymes Xba1 and Not1. Single restriction digests with each 

enzyme were carried out and each restriction site was shown to be intact by 

comparing the cut plasmid next to the uncut plasmid on an agrose gel. Finally, 50 µg 

was digested with Apa1 and Not1 to linearise the plasmid for transfection and to 

remove the pUC backbone by separation of the resulting fragments on an agrose gel 

followed by gel purification of the construct fragment, as previously described. DNA 

was resuspended to give 1 µg/µl of DNA which was subsequently used to transfect 
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P. berghei schizonts by electroporation. The construct replaces the pbcrags gene in a 

double cross-over event. 

9.15.3 Transfection of Plasmodium berghei 

The transfection procedure was carried out by Dr Chris Janse, LUMC. 

Between 5-10 µg of construct DNA is introduced into mature purified schizont 

stages, in vitro, by eletroporation using the Amaxa-device 

(http://www.lumc.nl/1040/research/malaria/malaria.html). 150 µl of schizonts were 

injected per mouse by intravenous injection. Transfected parasites were selected for 

by treating the animals with a single treatment of pyrimethamine (7 mg/ml in DMSO 

diluted 1:100 in tap water), which was supplied in their drinking water for 4-7 days. 

Parasites were later exposed to a second drug treatment following genotype analysis. 

Parasites were harvested from the mice at parasitaemias of 1-5% and stored in liquid 

nitrogen as previously described. Genotypes were confirmed by separation of 

chromosomes using Pulsed Gel Electrophoresis (FIGE) followed by hybridisation 

with a probe detecting the 3’UTR of the P.berghei dhfr gene which is present in all 

constructs and on chromosome 7 as part of the endogenous dhfr gene. Episomes or 

unintegrated plasmids can also be detected as they have a different migration pattern 

in comparison to the chromosomes. Genotypes of all knock-outs were further 

confirmed by myself through PCR using primers designed to fall in the 3’ end of the 

endogenous locus KO reverse primer aacatcacaattctcacaagc and within the tgdhfr 

cacataaaatggctagtatgaatagc which will be positive for knock-out parasites but 

negative for wild type parasites. The absence of pbcrags was confirmed by using 

primers KO reverse and KO forward aactattatttcactttgtctctcg where wildtype DNA 

served as a positive control.  

9.15.4 Cloning of Gene Knock-out parasites by limiting dilution 

In the event that parasites were found to contain plasmid DNA that had not 

been integrated into the genome, cloning was required to remove those parasites 

from the population. 0.2 ml of parasites from liquid nitrogen were inoculated into 2 

mice and the parasitaemias were checked by Giemsa smear on day 4 post infection 
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and 0.1 ml of infected blood was passaged to 2 mice and parasitaemias calculated 

accurately on day 3.5 µl of blood was then collected into a heparinized capillary tube 

and resuspended in 1 ml of complete culture medium. 20 µl was placed into a 

haemocytometer and the number of blood cells were counted to calculate the number 

of red blood cells/µl of blood. The number of parasites/µl of blood were then 

calculated from the parasitaemia and limiting dilution of the suspension was carried 

out to give 2 parasites per 0.2 ml of culture medium. Parasites were injected into 10 

mice through intravenous injection. Mice were placed at 37 °C for 10-20 minutes to 

dilate tail veins, prior to injection. Smears were taken 6 days following infection and 

positive mice had blood passaged to 2 mice each when parasitaemias reached 2-5%. 

Blood was obtained from these mice on day 3 and DNA was extracted for genotype 

analysis by PCR as previously described. Primers will only amplify tgdhfr that has 

been integrated into the genome. Cloned parasite populations were then inoculated 

into 2 mice which were treated with pyrimethamine, as previously described, in their 

drinking water for 7 days to ensure the removal of any wildtype parasites which have 

arisen due to rejection of the plasmid during the cloning procedure. 

9.16 Rearing and Dissection of Anopheles stephensi mosquitos 

Anopheles stephensi mosquitos were used for the transmission of P. berghei 

to mice and also to study the development of parasites in the mosquito mid-gut and 

salivary glands. Larvae were reared at low density, about 500 larvae/1000 ml and fed 

on Liquifry for 6 days and then on crushed tetrafin flakes. Pupae were removed and 

distributed into cages in bowls of distilled water plus a pinch of sodium bicarbonate. 

Each cage held approximately 200-300 pupae and adult mosquitos were fed on 10% 

glucose/2% PABA-supplemented water. Adult mosquitos were maintained at a 

controlled temperature of 25-27 °C and a humidity of 75-85% in a room with a 12-

hour light/dark cycle. Mosquitos were infected with P. berghei by allowing them to 

feed on infected mice. Mosquitos were then kept at 21 °C. Glucose was removed 

from cages 24 hours before the feed and reintroduced 48 hours later to remove males 

and uninfected females. Bowls of water were also placed inside the cage to allow the 

females to lay eggs. 10 days post infection 5-10 mosquito guts were dissected and the 
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presence or absence of oocysts was noted to determine the infection rate. Mosquitos 

were given a second blood meal from uninfected mice on day 11 and 5 mosquito 

salivary glands were dissected on day 21 to check for the presence of sporozoites. 

Sporozoites were transmitted back to mice via infected bite (10 mosquitos per 

mouse) or via intravenous injection, by homogenising salivary glands to extract 

sporozoites and using a haemocytometer to calculate and dilute 1000 sporozoites in 

0.1 ml of incomplete RPMI. 

9.17 GFP and TAP tagging of pbcrags 

Constructs were made by inserting a 1.8 kb fragment of the 3’ end of Pbcrags 

into vectors containing either a GFP or a TAP tag. The fragment was amplified from 

HP gDNA by PCR using primers GFP Nco1 

aatttaccatggacaaactataattggtataaaattccttaatcttat and GFP Not1 

gggatagatgcggccgcgaattatatgaaaggcaacgacgaag which incorporated restriction sites 

Nco1 and Not1 into the PCR product. 2 µg of the vector and the 16 µl of PCR 

product were digested using restriction enzymes Nco1 and Not1 in a single reaction, 

overnight at 37 °C. The PCR product was ligated into the polylinker site in a 5’ to 3’ 

direction using T4 ligase (Roche). Ligated vectors were transformed into PMC103 

chemically competent E. coli by heat shock at 42 °C for 1 minute and  cells were 

plated onto ampicillin (50 µg/ml) plates overnight at 37 °C. Resulting colonies were 

analysed by PCR for the insert using the above primers and picked into 2 ml of LB 

broth plus ampicillin (50 µg/ml) overnight at 37 °C. Plasmids were removed from 

cells by miniprep using 350 µl of lysis buffer (8% sucrose, 0.5%Triton X-100, 50 

mM EDTA pH 8, 10 mM TRIS-CL pH 8) containing 25 µl of lysozyme (10 mg/ml) 

and samples were placed at 100 °C for 40 seconds. Samples were centrifuged at 

16000 xg for 10 minutes and the pellet was removed using a toothpick. DNA was 

extracted by precipitation with 2.5 M Sodium acetate and isopropanol followed by 

phenol/chloroform extraction and ethanol precipitation. Plasmids were sequenced 

using BIGDYE Terminator Kit and the presence of the insert was confirmed by 

restriction digest. Plasmids were retransformed into E. coli and placed into 50 ml of 

LB broth and were again extracted by midiprep using the QIAfilter Plasmid Midi 
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Protocol (Qiagen). 15 µg of plasmid was linearised using restriction enzyme Spe1 

and transfection and selection was carried out as previously described for the 

pbcrags knock-out line. 

Following selection of pbcrags GFP tagged parasites, gDNA was extracted 

from 1 ml of mouse blood and PCRs were optimised on the gDNA sample using 

wildtype primers Forward5 acatatgtgtgttcagtgacg and Reverse 7  

ccgagcgggagaaagacttactt  located at the 3’ end, which produces a fragment of 750bp 

at an annealing temperature of 57.5 °C with a 1:10 dilution of the gDNA. These 

conditions were used for all PCRs performed on this DNA sample with a longer 

extension time of 2 minutes to amplify fragments greater than 1.5 kb. Unintegrated 

plasmid was detected using the primers F1 aaaccgtctatcagggc/F2 

actgttgggaagggcgatcg x R5 ttgtataaaattgtgataagtcgc/R6 tcatttacggaaagaacgc. Positive 

integrants were detected using GFP reverse ttcaaacttgacttcagcacg x F9 

tgataggggataatattaacatgg. 

9.18 Protein purification of TAP tag parasites 

IgG sepharose fast flow beads (Amersham bioscience) were used to ‘pull-

down’ the TAP tag. These beads require a completely soluble product as proteins 

present in an insoluble pellet will not attach. Lysates were prepared as before from 3 

ml of blood but blood was centrifuged at 30000 xg for 1 hour at 4 °C to pellet any 

insoluble products. The supernatant contained the membrane and lysate fractions 

which were soluble without denaturation and could be used in the purification 

process. 20 µl of IgG sepharose beads were washed in chilled P58 lysis buffer, three 

times, by centrifuging at a low speed of 800 rpm for 2 minutes. 5 µl of beads were 

added to each 500 µl of lysate sample and were resuspended and incubated for 2 

hours at 4 °C, whilst rotating. The beads were pelleted at 800 rpm for 2 minutes and 

the supernatant was removed. The Protein A portion of the TAP tag should have 

bound to the IgG sepharose beads. Beads were washed 3 times in P58 lysis buffer, at 

800 rpm of 2 minutes, and were resuspended in 20 µl of SDS sample buffer 

containing DTT at 1 mM.  



 
226 

9.19 Analysis of pbcrags knock-outs in vivo throughout the course of 

infection. 

9.19.1 Infection and sampling 

10
5
 blood stage parasites were injected intraperitoneally or 1000 sporozoites 

were injected intravenously into BALB/c and/or C57BL/6 mice. Sampling was 

carried out over the course of infection until a decided endpoint or death. Prior to 

inoculation, mice were divided into groups of usually 5 per parasite strain and the 

weights and red blood cells/ml of blood were recorded. Red blood cells were 

measured by diluting samples 1: 40000 in Isoton


 II Dilutent solution and read using 

a Beckman


 Coulter counter. This data was used to randomise mice across the cages 

using the ANOVA analysis of variants in MINITAB (release 14 MINITAB Inc.), 

which tests for significant differences between groups. Throughout infection weights 

and red bloods cells were measured as an indicator of virulence. Parasitaemias, 

gametocytaemias and the proportion of parasites that were gametocytes were 

calculated from Giemsa smears which were taken from day 4 onwards. In sporozoite 

infection in experiment 4, blood samples were collected in heparinised capillary 

tubes and transferred to eppendorfs for real-time PCR analysis of DNA and RNA. 

For DNA samples, 5 µl of blood was added to 100 µl of citric saline and cells were 

pelleted in a microfuge on short spin for 3 seconds up to 50000 xg. The supernatant 

was removed and pellets were stored at –80 ºC. For RNA samples, 20 µl of blood 

was added to 100 µl of Nucleic Acid Purification Lysis Solution (Applied 

Biosystems), previously diluted by one third in PBS and vortexed before being stored 

at –80 ºC. 20 µl of blood was taken at 10% parasitaemia for a standard DNA sample 

and 40 µl of blood was taken at a high gametocytaemia for a standard RNA sample. 

9.19.2 Counting methods for asexuals and gametocytes 

Thin even blood smears stained with Giemsa were used to count the total 

parasitaemia, gametocytaemia and gametocyte proportion. All smears were counted 

blind and those showing anomalies were recounted.  
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9.19.3 DNA and RNA preparation 

DNA was extracted from blood samples taken from BALB/c mice between 

days 1-9 of infection or from C57BL/6 mice between days 1-4, using the Purifying 

DNA from Blood on ABI Prism
tm

 Sample Pre Stations Protocol (Applied 

Biosystems) on the 6100 PrepStation, with a final Proteinase K concentration of 

3mg/ml. All solutions required for the protocol were supplied by Applied 

Biosystems. Final DNA samples were diluted by a factor of 40. RNA was also 

extracted on the 6100 PrepStation using the protocol from Applied Biosystems 

protocol Isolation of Total RNA from Whole Blood which included a DNAse step. 

cDNA was synthesised using the High Capacity cDNA Archive kit, as instructed by 

the manufacturer, using an annealing temperature of 25 ºC for 10 minutes followed 

by an extension step at 37 ºC for 2 hours. Uninfected controls were included for both 

RNA and DNA extractions along with the standard samples. 

9.19.4 Design of the Probes and Quantitative PCR 

Pf48/45 and Pf230 sequences were used as TBALSTN queries against the 

P.berghei genome from Sanger Centre database (http: www.sanger.ac.uk/Projects) to 

obtain Pb48/45 and Pb230 gene sequences. Real-Time primers and a FAM labeled 

minor groove binder hydrolysis probe, which is a variant of a Taqman probe, were 

designed based on these sequences using the programme Primer Express (Applied 

Biosystems). Sequences are as follows:  230 Forward Primer 

aacaagtcaagaaatatgccaaggta, 230 reverse Primer cattacacatgagcactgaaatataacatc, 230 

FAM probe agtgccatatcataacaat, 48/45 Forward aatgccaacagtatttctcaaagatat, 48/45 

reverse primer ggtactgtaaaatcgcatccatctat, 48/45 FAM probe ttttcttggccttaaataca. 

Parasitaemias were measured using the 230 assay on DNA samples by Real-Time 

PCR on the 7000 Sequence Detection System, for 45 cycles with primer and probe 

concentrations at 5 µM and 200 nM, respectively. Total gametocyte numbers and 

number of male gametocytes only, were measured using the 48/45 assay and 230 

assay, respectively, on cDNA samples, as described above. For both DNA and RNA, 

standard samples were plated out using limiting dilutions from 10
4
-10 parasites per 
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well and from this standard curves were calculated with intercepts of between 39-42, 

a slope of –3.4-3.6 and all R
2
 values were above 0.98.  

9.20 PCRAGS antibody production 

 Sigma Genosys used two New Zealand white rabbits to raise antibodies 

against the KLH (Keyhole limpet hemocyanin) conjugated PCRAGS peptide 

CIFDYVSDEQIRQFY, located at the COOH-terminus. Pre-immune sera was 

collected from each rabbit prior to immunization (day 0), which was used as a 

control for cross-reactivity. On the same day the rabbits were immunized with 200µg 

of peptide in Complete Freund’s Adjuvant (CFA) and were subsequently boosted 

with 100µg of peptide in Incomplete Freund’s Adjuvant (IFA) 14 and 28 days later. 

At 35 days the first test bleed of 5ml was taken. Rabbits were boosted with 100µg of 

peptide in IFA at 42, 56 and 70 days and test bleeds of 5ml were received at 49, 63 

and 77 days. Final bleeds were obtained at 92 days upon termination of the project 

and serum contained no added preservative. Antibodies were stored long-term at –80 

°C and otherwise at 4 °C in a 1:1 dilution with PBS/NaAzide (0.05%). 

9.21 Immunofluorescence assay (IFA) 

Blood smears were taken from 3D7, 3D7a, A4 and F12 synchronous infected 

cultures, air dried and fixed in 1% Paraformaldehyde/Phosphate Buffered Saline 

(PBS) for 2 minutes followed by 90% methanol/10% acetone for 1 minute and air 

dried. Smears were pre equilibrated in PBS/1% Tween 20 (PBS-T) (Biorad) for 10 

minutes and blocked using 5% donkey serum in PBS-T. Incubations with primary 

and secondary antibodies occurred at room temperature for 1 hour and these were 

washed off 2-3 times by rocking in PBS-T for 10 minutes each. In each case 

PfCRAGS was detected using a specific primary antibody at 1:500 dilution which 

was raised in rabbits by Sigma Genosys against the peptide CIFDYVSDEQIRQFY 

(Eurogentec) at the COOH-terminus and affinity purified using the Sulfolink


 Kit 

(Pierce Biotechnology) which uses a sulfhydryl coupling gel to immobilise the 

peptide, as instructed by the manufacturer. The resulting antibody was concentrated 

by buffer exchange using Vivaspin 6 columns (Vivascience) as instructed and 
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centrifuged in a swing out rotor 3-4 times for 20 minutes at 3000 xg. PfCRAGS 

antibody was detected using the secondary donkey anti-rabbit conjugated rhodamine 

red-X, also at a 1:500 dilution. For co-staining IFAs, antibodies were added 

sequentially, each primary antibody followed by its secondary. Dilutions of other 

antibodies are stated in Chapter 4 and Chapter 6 for GFP and TAP tag IFAs. Nuclei 

were detected using DAPI for 5 minutes followed by a 10 minute wash in PBS. 

Slides were mounted using Vectashield (Vector Laboratories) and cover slips were 

sealed using nail varnish. Results were read on the fluorescent microscope, Olympus 

BX50 at 1000x magnification and pictures were taken using Openlab software 

from Improvision and transferred to Adobe


 Photoshop


. Slides were stored for up 

to a month at 4 °C in the dark. Slides were also prepared in advance by freezing 

down air-dried smears in bags of Silica gel at -20 °C. Smears were thawed at room 

temperature within the bags prior to use. All colour in the fluorescent images is false 

and was added to black and white images after the picture had been captured. 

9.22 Western Blot 

9.22.1 �����������

Plasmodium falciparum lysates were made using a protocol devised by Dr 

Lisa Sharling, Edinburgh University. Synchronised A4 and F12 cultures were 

centrifuged for 2 minutes at 400 xg and the medium was removed by aspirator 

pipette. Cells were washed twice in 1 ml of pre-warmed PBS, 37 °C as above and 

were lysed using 0.5 ml of P58 lysis buffer (5 mMNa2HPO4, pH 8) plus protein 

inhibitor cocktail tablets complete mini (Roche) and placed on ice. Cells were 

centrifuged at 15700 xg for 10 minutes, at 4 °C, after which time the 3 fractions, 

lysate, membrane and pellet had become separated. The lysate was removed and the 

membranes were washed in 1 ml of ice-cold P58 lysis buffer for 2 minutes at 13000 

rpm. The pellet was lysed using Bug Buster Protein Extraction Reagent (Novagen), 

which consists of non-ionic detergents, containing Benzonase


 nuclease (Novagen) 

which is an endonulease used to degrade RNA and DNA, at a 1:500 dilution. 

Fractions were mixed with NuPAGE


 LDS sample buffer (4X) to dilute it to 1 X and 
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stored at –20 °C. Samples were boiled at 90 °C for 10 minutes and the NuPAGE
 

reducing agent at a concentration of 1 X was added before loading. 

	������%�����������������

Plasmodium falciparum samples were run on NuPAGE


 Novex Tris-Acetate 

Pre-cast reducing gradient gels of 3-8% in 1 x NuPAGE


 Tris-Acetate SDS running 

buffer at 200 V for approximately 1 hour. 0.5 ml of NuPAGE
 

Antioxidant
 
was 

added to the upper running chamber. To detect proteins of a smaller molecular 

weight, such as the extracellular domains of PfTRAMP and PfCRAGS, which were 

expressed in insect cells, samples were run on the NuPAGE
 

Novex Bis-Tris Pre-

Cast reducing gels of 10% in the NuPAGE
 

 MES SDS Running Buffer. 

9.22.3 1��������������

Proteins were transferred from the gel to nitrocellulose membrane Westran S 

(Schleicher and Schuell) membrane using the wet transfer method in XCell II 

blotting modules as described in the Invitrogen the NuPAGE


manuel, at 30 V for 1 

hour. NuPAGE


 Transfer buffer was used at a 10% methanol concentration and 

NuPAGE


 antioxidant was added at 1%. 

	����.�1������/��������������������������

All blots were treated with the following procedure unless otherwise stated. 

Blots were blocked in 5% milk/Tris Buffered Saline-Tween (0.1%) overnight at 4°C.  

Blots were washed in 1 X TBS-T, twice for 10 minutes each. Primary and secondary 

antibodies were added at a dilution of 1:500 and 1:1000, respectively in 5% 

milk/TBS-T for 1 hour, rocking at room temperature. Anti-PfCRAGS and Anti-

PfTRAMP were detected using an anti-rabbit-HRP conjugate (Dakocytomation 

Sartorius). Following each incubation, blots were washed in 1 X TBS-T three times 

for 10 minutes each and finally washed in TBS only for 10 minutes. Signals were 

detected using the chemoluminescence kit ECL Plus Western Blotting Detection 

Reagents (Amersham Biosciences) as instructed. Blots were then immediately 

encased between 2 pieces of transparency film and exposed to autoradiography film 

Hyperfilm ECL (Amersham) for 30 seconds to a maximum of 30 minutes. 
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9.23 Stripping Western Blots 

Blots were sealed in plastic bags with 8ml of stripping solution (Tris-HCl 

62.5 mM pH 6.7, β-mercaptoethanol 100 mM, 2% SDS) for 30 minutes rocking at 50 

°C. Blots were then washed twice in PBS-Tween (0.1%) for 15 minutes each and 

stored in PBS-T at 4 °C or blocked overnight for re-probing. 

9.24 Coomassie Blue Staining 

Gels were placed in Coomassie blue stain (0.025% Coomassie Brilliant Blue 

R-250, 10% Glacial Acetic Acid, 90% methanol/dH2O 1:1 solution) overnight 

rocking. Gels were de-stained for 1 hour in de-staining buffer (30% methanol, 10% 

acetic acid). 

 9.25 Silver Staining 

The protocol was derived from the Amersham Mass Spectrometry safe 

method. Gels were fixed in 10% acetic acid/40% Ethanol and sensitised in 30% 

ethanol/02% Sodium thiosulphate/17 g of Sodium Acetate in 250 ml of ddH2O, both 

for 30 minutes each. Gels were washed in dH2O three times for 5 minutes each and 

stained with a 2.5% solution of Silver nitrate for 20 minutes followed by two washes 

for 5 minutes in dH2O. Gels were developed using a solution of 6.25 g of Sodium 

carbonate and 0.05 ml of 37% formaldehyde in 250 ml ddH2O for 5 minutes which 

was stopped with 3.65 g EDTA-N2.2H2O in 250 ml dH2O for 10 minutes. 

9.26 Ponceau Staining 

Following transfer membranes were submerged in Ponceau S (0.1% Ponceau 

S solution, 5% acetic acid) (Sigma) for 5-10 minutes and the stain was gently washed 

off with distilled water until protein bands appeared. The stain was completely 

removed by further washes in distilled water. 
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9.27 Amido Black Staining 

After use, membranes were stained using a 0.1% Amido Black (Napthol Blue 

Black) solution in 40% methanol/10% Acetic Acid. Membranes were de-stained for 

5 minutes in a 20% methanol/7.5% acetic acid Solution. 

9.28 Protein Expression 

9.28.1 High Five (Invitrogen) Insect cell culture and maintenance 

Thawing Cells and maintaining a starter culture 

Cells were provided by Dr Rick Maizels, University of Edinburgh. Cells were 

removed from liquid nitrogen storage and allowed to defrost at room temperature. 

Cells were then transferred to a canted neck 25 cm
2
 culture flask with 5ml of Express 

Five


 Serum-Free Medium (2mM L-glutamine, 50 units/ml Penicillin and 50 µg/ml 

streptomycin (Gibco) and incubated at 27 °C. Growth was checked daily by viewing 

cells under a Nikon inverted microscope at 400x magnification and the medium was 

gently removed by aspiration on day 2 and replaced taking care not to disrupt the 

insect cell monolayer. Cells were scraped from the flask using cell scrapers (Costar
®

) 

on day 4 and expanded into two 75 cm
2
 with 50 ml of medium. Cell growth was 

checked every two days until the monolayer was confluent and cells were scraped 

from both flasks and combined in a 500 ml magnetic stirrer flask (Techne) with 200 

ml of medium and a single dose of heparin at 1%. Cells were gradually weaned off 

the heparin by dilution due to cell passage. 

Splitting Cells 

Cells were split and passaged at a 1 in 10 dilution every four days. The 

passage number was recorded and cells did not exceed passage 16. Every eight days 

a cell sample was treated with Trypan Blue (Sigma) at a 1:1 dilution and 10 µl was 

examined by haemocytometer for contamination and viability. 

Freezing Cells 

200 ml of cells were centrifuged at 2000 xg for 10 minutes to pellet cells. 

Medium was removed by aspiration and cells were resuspended in 1 ml of 
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medium/DMSO 10% and placed at –80 °C for 24 hours before being transferred to 

liquid nitrogen for long-term storage. 

Flask Cleaning 

All magnetic stirrer flasks were treated with bleach at a 1 in 20 dilution, for 

24 hours and then washed five times in tap water and 5 times in distilled water and 

autoclaved at 120 °C for 20 minutes before use. 

	��2��������������	�����	�����	�����������3����������!��������4������

�
3-540*/����63�(�������7�

Protocols are based on those provided by the pMIB/V5-His A, B and C 

Vector Kit (Invitrogen). The vector pMIB/V5-His A was provided by Dr Rick 

Maizels, University of Edinburgh. 20 ng of the vector was used to transform One 

Shot Cells (Invitrogen), which were grown on agar plates, followed by LB broth, 

both with ampicillin (50 µg/ml) to select for positive transformants. Glycerol stocks 

were made in a 70% cells: 30% glycerol ratio and stored at –80 °C. Plasmids were 

extracted from bacterial cells by using the GenElute� miniprep kit (Sigma) and were 

stored at –20 °C until required. Pftramp was amplified from gDNA by PCR using 

primers F1 ttttaaagatgattgatgtgttg and R1 ttatgtgaaggcccctagtcg. The predicted 

extracellular domain of pfcrags was amplified by nested PCR, from cDNA obtained 

from a 3D7 culture containing mature bursting schizonts. cDNA was synthesised 

using primer CRMDC gtaagtagtgatacaaattggatatagg followed by a PCR with primers 

CRMDA cctctggatcaatgattatataggg and CRMDD  tttctttctcattatttatacacatagc which 

was nested, with primers CRMDB caaatcatgtcttgtataaataaattacc and R7 

gtactcatgttacaaaggacgc. PCR fragments were cloned into TOPO vector II using the 

TOPO TA cloning kit (Invitrogen) and sequenced using BIGDYE Terminator Kit 

(Amersham Biosciences) with plasmid specific M13 forward and reverse primers. 

Sequences were analysed using MacVector from Accelrys. Using the same 

programme pftramp and pfcrags amplicon sequences had their signal sequences and 

transmembrane domains removed and were inserted into pMIB/V5-His A in an open 

reading frame with the 5’honey-bee mellitin secretion signal and the 3’ HIS tag. 

Primers were designed to incorporate EcoRI and Not1 restriction sites into the 5’ and 
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3’ regions of the gene fragment contained within TOPO. These particular restriction 

enzymes were present in the polylinker site of the vector and were shown to be non-

cutters elsewhere in the pftramp and pfcrags sequences. Pftramp and pfcrags 

sequences were amplified from miniprep samples with primers PfTRAMP EcoR1 

forward gcaggaattcattgggaacattttttacagg and PfTRAMP Not1 reverse 

cagagcggccgcattttaaatgttgaattatctttatgac and primers CRMP5 EcoRI forward 

ccgatgaattcaaattattattcc and CRMP5 Not1 reverse taatgcggccgcatgttacaaaggac, 

respectively. 4 µg of pMIB/V5-His A and the PCR products were digested in a 

double digest with EcoRI and Not1 (Promega), as instructed by the manufacturer and 

run on an agrose gel. The vector was subjected to gel purification and the PCR digest 

was cleaned using QIAquick PCR Purification Kit (Qiagen). PCR fragments were 

ligated into the vector, overnight at 4 °C, using T4 DNA ligase (Roche). Ligated 

plasmids were transformed into One Shot TOP10 chemically competent cells and 

resulting colonies had their plasmids extracted using Qiaprep
®

 Spin Miniprep Kit 

(Qiagen). Single restriction digests were performed to confirm restriction sites were 

still intact and the presence of the inserted fragment was detected by PCR and double 

restriction digest. Miniprep samples were then sequenced using DYEnamic ET 

terminator Cycle Sequencing Kit (Amersham Biosciences) as instructed by the 

manufacturer, using plasmid specific primers OPIE2 forward and OPIE2 reverse. 

Sequences were analysed using MacVector from Accelrys. 

9.28.3 )��������������/����8�(��63�(�������7�3����������9�����
3-540*

/����

High Five cells with 95% viability, determined by Trypan Blue (Sigma) 

and of a density between 1.8-2.3 x 10
6
 cells (log phase), calculated from a 

haemocytometer, at passage 9-12 were transfected with varying concentrations of 

plasmid DNA (200 ng-1 µg) in 30 mm well test plates. Cells were seeded at 1 x 10
6 

per well. Cells were also seeded at different densities from 5 x 10
5
-2 x 10

6
 cells per 

well and were all transfected with a DNA concentration of 800ng. This test plate was 

used to guage the optimal conditions required for successful transfection. Cells were 

allowed to attach to plates for 15 minutes and transfection were carried out using 

transfection reagent Cellfectin
®

 Reagent (Invitrogen) as instructed by the 
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manufacturer. A negative DNA control was included as an untransfected control for 

protein expression and a positive DNA control without Cellfectin
®

 Reagent was used 

to assess potential cell toxicity of the DNA sample. Plates were set up in duplicate 

and medium samples and cell samples were taken every 24 hours from 48 hours post 

infection to 96 hours. Cell pellets were lysed using 1 x LDS sample buffer 

(Invitrogen) and medium samples were also prepared in this buffer. Samples were 

stored at –20 ºC until required. Further transfections were carried out using 1 x 10
6
 

cells per well with 1 µg of DNA, which appeared to be optimal for protein 

expression. 

9.28.4 ���������������������������

Protein levels were quantified by using a standard Bradford Assay where 

10µl of supernatant sample was added to 190 µl of Coomassie Plus Protein Assay 

Reagent (Pierce). Standards were made by doubling dilution of protein at 2 mg/ml 

down to 0.025 mg/ml and samples were read using Emax precision microplate reader 

(molecular devices). Positive samples stored in LDS sample buffer were incubated at 

90 ºC for 10-15 minutes and were analysed run on protein gels and transferred as 

previously described to be analysed by western hybridisation. Gels were run in 

duplicate, which allowed one to be used for membrane transfer and the other was 

subjected to silver stain or coomassie blue stain. PfTRAMP was detected with a 

TRAMP specific antibody, raised in rabbits by Eurogentec to peptides 

CFKGDLKESRP and EKELYENVAGRYMYD (Thompson et al, 2004) at a 1:500 

dilution, which was in subsequently detected by an anti-rabbit-HRP conjugate 

(Dakocytomation Sartorius) at a 1:1000 dilution. Hybridisation conditions were as 

previously described. PfCRAGS detection with Anti-His HRP conjugate antibody 

(Qiagen) was carried out as instructed by the manufacturer, the latter being 

subsequently detected with Anti-mouse IgG HRP conjugate (Dakocytomation 

Sartorius) 1:1000. All hybridisations were detected as previously described. 

Membranes were also stained with Amido Black after use. 

9.28.5 :���������:�����������;������������������

Transfections were carried out as before, however, 48 hours post infection, 

medium was removed and replaced and cells were split 1:5 (20% confluency). Cells 
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were allowed to attached overnight and medium was again removed and replaced 

with medium containing the transfectant selective drug Blasticidin S HCL 

(Invitrogen) at 80 µg/ml. Selective medium was replaced every 3 days until cells 

became large and filled with vesicles. At this point the blasticidin concentration was 

reduced to 40 µg/ml. Medium continued to be changed every 3 days until foci had 

began to form. Cells cultures were then maintained at Blasticidin concentration of 20 

µg/ml. When a single cell monolayer was observed cultures were scaled up gradually 

into four 500 ml magnetic stirrer flasks, as previously described. Cells expressing the 

protein were frozen down and stored in liquid nitrogen. Cultures were discarded after 

passage 21. 

9.28.6 Affinity Purification of Protein 

800 ml of cells were centrifuged for 15 minutes at 2000 xg and the 

supernatant was removed. Cells were lysed using 6ml of Bug Buster Protein 

Extraction Reagent (Novagen) with Benzonase


 nuclease (Novagen) 1:500 dilution 

for 15 minutes. Cells were pelleted by centrifugation for 30 minutes at 10000 xg and 

the supernatant was crudely filtered though Whatman 
®

 filter paper, diluted 1:2 with 

binding buffer (20 mM Na2HPO4/NaH2PO4, 0.5 M NaCl, 10 mM imidazole) and 

then passed through a 0.4 µm Ministart 
®

 filter followed by a 0.2 µm Ministart 
®

 

Filter. 50 ml of lysate was bound to a 1 ml HiTrap Chelating column (Amersham) 

which was previously charged with nickel (50 mM NiSO4). The purification process 

was carried out using the liquid chromatography system Äktaprime � as instructed 

by the Äktaprime user manuel (Amersham Pharmacia Biotech) using the His-tag 

purification protocol. Dialyses using Binding Buffer was carried out prior to loading 

the lysate for purification. Bound His-tag recombinant protein was eluted from the 

column with Elution Buffer where the imidazole concentration was increased by 

continuous gradient from 10 mM to a final concentration of 500 mM imidazole over 

a volume of 20 ml. Forty 1 ml fractions were obtained at a flow rate of 1ml/min. 

Protein concentrations were analysed by Bradford Assay. The column was stripped 

after use using stripping buffer (50 mM EDTA, 250 mM NaCl, 10 mM Tris HCl). 

 



 
278 

Appendix 1: Various primer combinations were used to span the pfcrags and pbcrags sequence 

to confirm the intron/exon splice junctions.  

The primer sequences used to sequence the gene in both species, are shown in column 3. The region 

of the gene spanned by these is shown in column 1 and the combinations used to span introns and the 

missing part of pbcrags are shown in column 5. 

 

 

PbCRAGS

5’

Middle

3’

F0

F1

R0

F3

R4

R10

FB

R8

F8

R9

FC

R3

MISSF

MISSR

F4

R5

F6

R7

F9

R3’

GACAGGGCCCAATAGTAAGCATAAATCTGG

GTTTGTAAATCGAAATAAATATCTCG

CTTAATCGATTACATAAGTAAGTCTTTCTCC

CG

AGAAAACAATAAATGTTTTCCTTGCC

TTTATTCCCATCGACACAGC

AGTCCAATATTTCGTTCAGCGG

TTTAGAAATTACAAGAATAATAAACGC

ACAAGGATTTATCATCAAACGC

TAGCCAAAAGAATACACACATATCG

TAGTCCATGACATCACCTCTTATATCG

TGGGTAAAAGTGTTTATACGGG

TTTTTATCTGAATCCTATGCC

TGATAAAATTGAAAGCATCG

AAACACGAATTACCAAATATGC

TTTCGGGAATAATAATGTCG

TTGTATAAAATTGTGATAAGTCGC

ATGAATTATATGAAAGGCAACG

GCCTCATTTATATAGGGTATATTAATAAGC

G

GATGTCTAGATAGTATTACCTGAACAATGG

AACATCACAATTCTCACAAGC

1

2

3

4

5

6

7

8

9

FOxR0

F1xR4

F3xR4

F3xR4

F3xR10

F3xR10

FBxR8

FBxR8

FCxR3

MISSF

X MISSR

PfCRAGS

5’

Middle

3’

Primer

name

F1

F5
R6

F3

R7

F13

R4

F8

R10

F6

R8

F7

R9

F4

R2

Sequence

AGAAATTGGTTGCACGTTCG

CCTTAAATAAAAATTGGGGAGC
GGGCAATTTTCACATATTATGG

GGTTCCATAATATGTGAAAATTGC

GTACTCATGTTACAAAGGACGC

CTCCTTTACAACAACCTTGC

GGCATATAGTAACATCTTCACG

GAGGTGAATTCCTAGAGGCG

GCAGGTTTGGTTTCCCGAAC

GGGGAATGAGTATATTAAATTATGGC

CATCTATAATATGAACAGGCATAGC

GTTCGGGAAACCAAACCTGC

GTCCAATGGTGTTCAGGC

ATTCTTACGATCATAATTGTTCTG

TTTGATATACATGAAATAGTACTATGCTG

Intron

1

2
3

4

5

6

7

8

Primer

combination

F1xR6

F5xR6
F3xR7

F3xR7

F3xR7

F13xR4

F13xR4

F13xR4

pbcrags 

pfcrags 
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P. falciparum primers 

R12                ttatctttcaaacacatgttacg 

F5                  cttaaataaaaattggggagc 

R13                gctctttgtggtagatccatatgggc 

F9                  caagattattaaatgttaagtgtagagc 

R6                  gggcaattttcacatattatgg 

R16                ctgtttataatttttatcaaaagggc 

CRMB           caaatcatgtcttgtataaataaattacc 

Pfs16F           aatcgaaagttcataccatctttagc 

Pfs16R           ttatctcctttatcatcatctgc 

R4                  ggcatatagtaacatcttcacg 

F3                  ggttccataatatgtgaaaattgc 

R7                  gtactcatgttacaaaggacgc 

 

P. berghei primers 

R4            tttattcccatcgacacagc 

F1            gtttgtaaatcgaaataaatatctcg 

R1            tatatccatgagggcaatttacacacataacgg 

F8            tagccaaaagaatacacatatcg 

R9            tagtccatgacatcacctcttatatcg 

 

Appendix 2: Primer sequences used in RT-PCRs and to develop probes for Northern 

blot analysis. 
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Abstract

Agene encoding a 352 amino acid proteinwith a putative signal sequence, transmembrane domain and thrombospondin structural homol-
ogy repeat was identified in the genome of the humanmalaria parasite,Plasmodium falciparum and the rodentmalaria parasite,Plasmodium
berghei. The protein localises in the apical organelles of P. falciparum and P. berghei merozoites within intraerythrocytic schizonts and
has, therefore, been termed the Plasmodium thrombospondin-related apical merozoite protein (PTRAMP). PTRAMP co-localises with
the Apical Merozoite Antigen-1 (AMA-1) in developing micronemes and subsequently relocates onto the merozoite surface. Although
the gene appears to be specific to the Plasmodium genus, orthologues are present in the genomes of all malaria parasite species examined
suggesting a conserved function in host-cell invasion. PTRAMP, therefore, has all the features to merit further evaluation as a malaria
vaccine candidate.
© 2003 Elsevier B.V. All rights reserved.

Keywords: PTRAMP; Plasmodium; TSR; Merozoite; Microneme

1. Introduction

Malaria, caused by the protozoan parasite, Plasmodium
falciparum, is an increasing health burden throughout the
developing world and urgently requires the development of
new control strategies. The release of genome sequences for
a number of Plasmodium genomes has provided an unprece-
dented opportunity to identify new proteins that are likely
to play vital roles in the parasite’s development. Plasmod-
ium recognises and invades a variety of host cell types to
complete its complex life-cycle. Although the zoites appear
different in their morphology and binding affinities, they
all possess a complex of apical organelles, comprising mi-
cronemes, rhoptries and dense granules, from which the pro-

Abbreviations: AMA-1, Apical Merozoite Antigen-1; CSP, Circum-
sporozite Protein; RAP1, Rhoptry Associated Protein; TSR, thrombospon-
din structural homology repeat; PTRAMP, P. falciparum thrombospondin-
related apical merozoite protein; TRAP, thrombospondin-related adhesive
protein

! Corresponding author. Tel.: +44-131-650-8662;
fax: +44-131-650-6564.
E-mail address: Joanne.Thompson@ed.ac.uk (J. Thompson).

teins mediating motility and host cell invasion are released
(reviewed in [1]). The search for vaccine targets has largely
focused on this important class of proteins.
A number of microneme proteins that are important or

essential for invasion of Apicomplexan parasites contain a
thrombospondin structural homology repeat (TSR) domain;
an evolutionarily-ancient motif found in the extracellular
or secreted regions of a number of matrix-based cellular
signalling proteins, including thrombospondin, and com-
ponents of the complement pathway (Properdin and Com-
plement Factors C6–C9). TSRs mediate a wide variety of
adhesive interactions during cellular development, attach-
ment and migration and tissue remodelling through binding
to cell and matrix ligands including Fibronectin, Plasmino-
gen, matrix metalloproteases, Heparan Sulphate, CD36
and other proteoglycans (reviewed in [2–4]). Tan et al. [5]
have recently resolved the three-dimensional structure of
the TSRs of Thrombospondin-1 and have demonstrated
that each forms three anti-parallel strands held together
by stacked layers of conserved tryptophan and arginine
residues between cysteine disulphide bonds. Using this as a
template to compare the likely structure of the TSRs recog-
nisable in the genomes of diverse organisms from humans

0166-6851/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.molbiopara.2003.12.003
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to Drosophila, Caenorhabditis elegans and Plasmodium,
they have proposed that TSRs are divided into two major
groups [5] exemplified by the TSRs of Thrombospondin-1
(Group 1) and F-spondin (Group 2). The groups are dis-
tinguished structurally and potentially functionally by the
stacking of the strands; in Group 1 TSRs, the second and
third strands are linked by a disulphide bond whilst strand
2 and the NH2-terminus are linked by two hydrogen bonds;
in Group 2 TSRs, a disulphide bond directly links strand 3
to the NH2-terminus.
In Plasmodium, TSRs have been identified and most

extensively characterised in the sporozoite protein,
thrombospondin-related adhesive protein (TRAP); a con-
served microneme protein that is essential for sporozoite
motility and invasion of the mosquito salivary gland and
host hepatic cells [6,7]. TRAP is a Type 1 integral mem-
brane protein that is discharged onto the sporozoite surface
and binds via its Group 2 TSR to sulphated glycosamino-
glycans on the host cell surface [8,9]. Subsequent sporozoite
gliding motility is thought to be mediated by the translo-
cation of TRAP back along the sporozoite surface through
the interaction of its short, acidic, cytoplasmic tail with
an actin/MyoA cytoskeletal motor complex [10]. Group 2
TSRs are also present in CTRP, an ookinete protein that
is essential for invasion of the mosquito midgut [11–13]
and in the Plasmodium Circumsporozite Protein (CSP), the
principal sporozoite surface protein that is involved both in
sporozoite gliding motility and targeting and in sporozoite
development within the oocyst [14–18]. In addition, a recent
search of the released Plasmodium genome has revealed a
further gene, termed Plasmodium sporozoite protein with
an altered TSR domain (PfSPATR), that is reported to be
expressed both on the sporozoite surface and around the
merozoite rhoptries in blood-stage malaria parasites [19].
Given the evident importance of proteins with TSRs in the

Plasmodium lifecycle, we have used this motif to monitor the
emerging Plasmodium genome databases and to identify two
further Plasmodium TSR-containing genes. We report that
one of these, termed Plasmodium thrombospondin-related
apical merozoite protein, PTRAMP, encodes a TSR that,
uniquely to date, most closely resembles the Group 1 sub-
set of TSRs characterised in the mammalian proteins throm-
bospondin, Properdin and Brain Angiogenesis Inhibitor [5].
Like other known Plasmodium proteins that contain conven-
tional TSRs, PTRAMP is a microneme protein with a mem-
brane anchor that relocates to the zoite surface. We show,
however, that PTRAMP has a distinctive pattern of expres-
sion during the blood-stages of the parasite’s development.

2. Materials and methods

2.1. PTRAMP identification

TSR sequences from TSP-1, TRAP and CSP were used
as TblastN queries to search sequences released by the Plas-

modium Genome Consortium curated in PlasmoDb ([20];
http://plasmodb.org/) and the Sanger Centre parasite genome
sites (http://www.sanger.ac.uk/Projects/).

2.2. Parasite strains and library screening

Plasmodium falciparum strains used were IT0/A4 [21]
and the reference strain 3D7. Plasmodium berghei strains
used were ANKA 2.34 and 2.33 [22]. The P. berghei ge-
nomic ANKA 2.34 strain bacteriophage library was a kind
gift from M. Ponzi, Istituto Superiore di Sanita, Roma, Italy.
The library was screened with a probe corresponding to nu-
cleotides "201 to 170 of pbtramp amplified from P. berghei
DNA using primers CTTATATGTGAGTGTGTTGC and
ATTTATGAAACATTCTGGCTC. Two overlapping clones
containing the entire open reading frame of pbtramp were
isolated and sequenced.

2.3. Northern blot hybridisation

Plasmodium falciparum strain IT0/A4 parasites were
tightly synchronised by percol gradient separation to isolate
schizont stages followed by sorbitol lysis 3–4 h later once
reinvasion had occurred [23]. This stage was taken as time
point 1. RNA was prepared by trizol extraction using the
methods described by Kyes et al. [24]. RNA from#1.5$107
parasites was resuspended in formamide, separated on a
1% gel and transferred to Hybond N+ (Amersham, UK) by
the method of Kyes et al. [24]. The integrity of the RNA
on the gel and blot was confirmed by ethidium bromide
staining.
A 1.07 kb fragment of nucleotides "8 to 2073 of pftramp

was amplified from schizont cDNA using PCR primers
TTTTAAAGATGATTGATGTGTTG and TTATGTGAAG-
GCCCCTAGTCG and cloned into the TOPO 2.1 vector
(Invitrogen) for use as a template in in vitro transcription of
an anti-sense RNA probe. Five hundred nanograms of DNA
was used in the transcription reaction in the presence of T7
RNA polymerase and 32P-CTP (Amersham, UK) following
the protocol for the SP6/T7 Transcription kit from Roche.

2.4. PTRAMP antisera production and immunodetection

PTRAMP antiserum was raised in rats by Eurogentec
(Bl) using KLH-conjugated conserved PTRAMP pep-
tides: CFKGDLKESRP and (C)EKELYENVAGRYMYD.
Sera was affinity-purified against peptides conjugated to
sulpha-link columns (Pierce, UK) using the manufacturer’s
procedure.
Protein extracts were prepared from percol-purified and

synchronised P. falciparum IT0/A4 or P. berghei young
trophozoites and schizonts [25]. Protein extracts were re-
solved on 10% bis–tris polyacrylamide gels (Invitrogen) in
the presence on SDS and transferred to invitrolon PVDF
membranes (Invitrogen) according to the manufacturer’s
protocols. Blots were probed with anti-PTRAMP antisera

http://plasmodb.org/
http://www.sanger.ac.uk/Projects/
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at a dilution of 1:1000 and developed with a Horseradish
Peroxide-conjugated anti-rat antibody (Sigma) and ECL
reagents (Amersham, UK) according to the manufacturer’s
protocol.
For subcellular immunolocalisation; thin smears of syn-

chronised IT0/A4 and 3D7 P. falciparum or in vitro cul-
tured P. berghei parasites were air-dried, fixed with 2%
paraformaldehyde/phosphate buffered saline (PBS) for
2min and 90% methanol/10% acetone for 1min at 4 %C
and air dried. Smears were blocked with 5% normal goat
serum in PBS/0.1% Tween 20 (PBS-T) and sequentially
probed with a 1:50 dilution of affinity-purified PTRAMP, a
1:500 dilution of AL488-conjugated goat anti-rat antiserum
(Molecular Probes) and with anti-RAP1 [26] that was di-
rectly conjugated with Texas Red (FluoReporter® Texas
Red®-X protein labelling kit; Molecular Probes), with
PBS-T washes between each step. PTRAMP/AMA-1 IFAs
were carried out using purified Apical Merozoite Antigen-1
(AMA-1) rat monoclonal antisera 4G2 (a kind gift from
Dr. M Blackman, NIMR, London) that was biotinylated
and detected with FITC-Streptavidin (Vector Laboratories).
Nuclei were stained with 4&,6&-diamidino-2-phenylindole
(DAPI).

3. Results

3.1. Identification of a highly-conserved predicted-surface
protein containing a TSR motif in Plasmodium ssp.

The TSR domain is an #60 amino acid region contain-
ing '12 highly conserved and characteristically spaced
residues, including six cysteines (although the TSRs of
some complement factors and Plasmodium proteins have
fewer), two to three tryptophans and two arginines. Re-
leased sequences from the P. falciparum genome sequenc-
ing project were examined for genes encoding motifs that
conform to this consensus using as queries the TSR motifs
of a variety of TSR-containing proteins, including PfTRAP
and CSP. Only two previously uncharacterised genes were
identified; MAL8P1.45 (Chromosome 8) and PfTRAMP
(PFL0870w; Chromosome 12). A GSS fragment corre-
sponding to the 3& region of the P. berghei TRAMP gene
was identified (GSS AZ524971; [27]) and used to iso-
late clones containing pbtramp from a P. berghei genomic
library. pbtramp is a single copy gene located on Chro-
mosome 13/14 of the rodent malaria parasites P. berghei,
Plasmodium yoelii, Plasmodium vinckei and Plasmodium
chabaudi (R. Cooke and C.J. Janse, unpublished observa-
tion).
The deduced protein sequences of PfTRAMP and Pb-

TRAMP are shown in alignment in Fig. 1A. All PTRAMPs
are predicted to contain a signal peptide (SignalP, score =
3/4), a single transmembrane (TM) domain and a short,
somewhat acidic cytoplasmic region, and are, therefore,
most likely Type 1 integral membrane proteins. A PFAM

TSR domain is detected with high significance (E-value =
7.6e"07) close to the predicted TM domain. PTRAMPs
show #45% identity throughout with the highest level
of conservation in the TSR (Id. = 74%) and the
COOH-terminal tail (Id. = 70%). The level of identity
between the related but speciated rodent malaria parasites,
P. yoelii, P. berghei and Plasmodium chabaudi and primate
malaria parasites, Plasmodium knowlesi and Plasmodium
vivax is notably high throughout (94 and 87%, respectively)
indicating that PTRAMPs are likely to have low polymor-
phism. No direct homologues of PTRAMP can be detected
in GenBank or within any of the available Apicomplexan
genome sequence releases.

3.2. The TSR of PTRAMP fits the consensus for Group 1
TSRs

TSR domains are divided into two sub-groups (Groups
1 and 2) based on the arrangement of conserved cysteine
and aromatic residues that mediate folding of the three ma-
jor strands of the structure [5]. The TSR of PfTRAMP is
shown in alignment with representatives of other P. falci-
parum and mammalian Groups 1 and 2 TSRs in Fig. 1B.
The TSR domains of previously described Plasmodium
proteins fit the Group 2 pattern. In contrast, the TSR do-
main of PfTRAMP aligns most closely with the predicted
structure of Group 1 TSR motifs in mammalian proteins,
including Brain Angiogenesis Factor 3 (BAI3) and Prop-
erdin. PTRAMP and these mammalian TSR domains share
a similar and characteristic arrangement of the six cysteine
residues and possess three highly conserved motifs that are
particularly significant in structure and binding functions.
The first, an amino-terminal W**WG*W motif (where *
represents any residue), important for strand 1 ( 2 link-
age and the presentation of a positively charged groove
on the binding face of the domain [5], is well conserved
in PTRAMP although the first tryptophan is substituted
by a pair of alternate aromatic amino acids; phenyalanine
and tyrosine. In PTRAMP, the second motif, CS/T*TC,
shows an unusual threonine ( aspartic acid substitution.
Although the functional significance of this substitution is
unclear, there are precedents in the TSRs of the mammalian
protein, Semaphorin 5A, and in the thrombospondin-related
protein-1 of Toxoplasma gondii (TgTRP-1). A third motif
I/R/Q*R*R, thought to intercalate between the conserved
tryptophans at the binding face and to form salt bridges
stabilising the second and third strand fold, is present in
PTRAMP.

3.3. PTRAMP is expressed in blood-stage parasites

Northern blot analysis of tightly synchronised P. fal-
ciparum blood-stage parasites show that pftramp is tran-
scribed as a single 2.3 kb message in the late schizont stages
(Fig. 2A). The microarray data of Winzler and deRisi are
consistent with maximal pftramp expression in the late
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Fig. 1. (A) PTRAMP is highly conserved in Plasmodium. The deduced protein sequences of PTRAMP from P. falciparum and P. berghei are shown in
alignment. Identical and similar residues are highlighted in black and grey. Predicted signal peptide and transmembrane domains are shown in yellow. The
TSRs are boxed in red. Peptides selected for immunisation are highlighted in grey. (B) The TSR of PfTRAMP shows closest similarity to mammalian
Group 1 TSRs. (1) Alignment of the TSR motif of PfTRAMP with representatives of other P. falciparum TSRs and the most closely related TSRs of a
number of human proteins. Residues are coloured according to their properties by the ClustalW scheme and those that are particularly significant to TSR
structure are highlighted. Predicted disulphide bridges of Group 1 (above) and Group 2 TSRs (below) are shown in green. Conserved tryptophans and
arginines (W and R layers) that mediate binding between layers 1 and 2 in Group 1 TSRs are indicated in red. TSP1, thrombospondin; Prop, Properdin;
ADAMTS-4, a disintegrin and metalloproteinase with thrombospondin motifs-4; SM5A, Semaphorin 5A; BAI3, Brain Angiogenesis Inhibitor-1.

Fig. 2. (A) PTRAMP is expressed as a single 2.3 kb transcript in mature blood-stage P. falciparum parasites. Lanes 1–8 show RNA taken from 1.5$ 107
synchronised P. falciparum parasites at 6-h time points after merozoite reinvasion throughout the 46 h life-cycle. PTRAMP expression is detectable from
the onset of parasite replication at 30 h (lane 5) and 36 h (lane 6) of development and is most abundant in mature and segmenting schizonts at 42 h (lane
7) and 46 h (lane 8) after invasion, respectively. Marker sizes are shown in kilobase. (B) PTRAMP is expressed as a 48 kDa protein in P. falciparum
and P. berghei schizonts. PTRAMP-antisera was used to detect PTRAMP expression in young trophozoites (lanes 1 and 3) or schizont (lanes 2 and 4)
extracts of 1$ 106 P. falciparum (lanes 1 and 2) or P. berghei (lanes 3 and 4) synchronised parasites. MWs are shown in kilodaltons.
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schizont and merozoite stages of P. falciparum lines HB3
and 3D7 [28,29]. pbtramp was also detected as a 2.4 kb
transcript in schizont stage RNA isolated from P. berghei
strains ANKA HP and 233 that are gametocyte-producers
and non-producers, respectively (data not shown).
To detect PTRAMP protein expression we raised an-

tisera against conserved peptides located within the TSR

Fig. 3. PTRAMP is a merozoite surface protein that originates in the micronemes. Immunofluorescence assays were performed on fixed smears of mixed
stage parasites using affinity purified PTRAMP antisera in conjunction with sera detecting the microneme protein AMA-1 or the rhoptry protein RAP1.
Black and white images show the immunofluorescence pattern detected with the designated antisera or of the parasite nuclei visualised with DAPI. (Panel
1a) PTRAMP (green fluorescence) is detected in the apical organelles (arrowed) of P. falciparum IT0/A4 early intraerythrocytic schizonts (s) and at
the merozoite surface in mature segmenting schizonts (ss). Earlier stage parasites, including rings (r) do not express PTRAMP. (Panel 1b) PTRAMP is
expressed at the surface of P. berghei merozoites. (Panel 2a) PTRAMP (red fluorescence) co-localises with AMA-1 (green fluorescence) in the developing
micronemes (arrowed) of 3D7 P. falciparum intraerythrocytic schizonts that are still undergoing DNA replication. (Panel 2b) PTRAMP is detected at the
surface of released merozoites (m) following schizont rupture whilst AMA-1 localises within the micronemes. (Panel 3a) PTRAMP (red fluorescence)
shows a distinct localisation pattern from RAP1 (green fluorescence) in 3D7 P. falciparum intraerythrocytic schizonts. (Panel 3b) PTRAMP is detected
at the surface of released merozoites (m) following schizont rupture whilst RAP1 localises within the rhoptries.

domain and at the COOH-terminal region. Affinity-purified
anti-PTRAMP antisera specifically detect a protein of Mr
48 kDa in whole extracts of synchronised P. falciparum and
P. berghei schizonts separated under denaturing conditions
(Fig. 2B). This result accords with the identification of a
PTRAMP peptide present in the Triton-soluble fraction
of a P. falciparum 3D7 merozoite preparation [30]. We
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found no evidence for processing of PTRAMP using this
antibody.

3.4. PTRAMP is a microneme protein that relocates
to the merozoite surface

The localisation pattern of PTRAMP in P. falciparum
and P. berghei schizonts and merozoites was determined
by immunoflorescence assay using PTRAMP antisera, in
combination with antisera against the Rhoptry Associated
Protein, RAP1, and AMA-1, that resides in the micronemes
of intraerythrocytic schizonts before relocating to the sur-
face of released merozoites via the rhoptry neck [31,32].
In early schizonts, PTRAMP co-localises with AMA-1 in
apical organelles of fixed and permeabilised P. falciparum
merozoites but shows a distinct localisation pattern to RAP1
(Fig. 3). In segmenting schizonts, PTRAMP appears at the
merozoite surface in a pattern that is distinct from both
AMA-1 and RAP1. PTRAMP is detectable at the surface
of both P. falciparum and P. berghei released merozoites.
Together these results show that PTRAMP is a merozoite
protein that originates in the micronemes but relocates
to the merozoite surface before erythrocyte invasion is
initiated.

4. Discussion

We have identified a conserved TSR-motif protein in
Plasmodium and have shown that it is released from api-
cal organelles onto the surface of merozoites. In early
intraerythrocytic schizonts, PTRAMP co-localises with
AMA-1, a Type 1 integral membrane protein that is a
leading vaccine candidate. Unlike AMA-1 or other de-
scribed merozoite apical organellar proteins, however,
our data indicate that PTRAMP is released onto the sur-
face of the merozoite before schizont rupture, raising
the possibility that it may have an analogous role to the
sporozoite TSR protein, CSP, in determination of zoite
morphology [18]. Overall, PTRAMP has both a locali-
sation pattern and the structural features to suggest that
it will play an important role in merozoite invasion and
blood-stage development. Indeed, attempts to delete pb-
tramp by homologous replacement using well established
genetic transformation methods were unsuccessful (R.
Cooke, J. Thompson and C.J. Janse, unpublished results),
providing preliminary evidence that PbTRAMP is essen-
tial for asexual development of P. berghei. Plasmodium
falciparum is able to utilise a number of alternate path-
ways for merozoite invasion [33], so it will be of great
interest to establish whether pftramp is also an essential
gene.
PTRAMP is present and highly conserved in all the Plas-

modium species for which genome information is available
but appears to be specific to the genus. The presence of a
TSR places it within the family of Plasmodium TSR-domain

proteins that, without exception, have been shown to play
central roles in host-cell invasion. All previously described
Apicomplexan TSRs fall into the classification of Group 2
TSRs. The altered thrombospondin motif of PfSPATR lacks
two of the highly conserved cysteine residues that are im-
portant in the formation of the overall TSR fold and may,
thus, have a divergent structure. In striking contrast, the TSR
motif of PTRAMP contains six cysteine residues arranged
in the conserved pattern of Group 1 TSRs, together with
other structurally important Group 1 motifs. It is tempting to
speculate, therefore, that the TSR in PTRAMP has uniquely
evolved towards a Group 1 structure to allow merozoites
to interact with ligands encountered in the blood-stages of
parasite development that are distinct from those encoun-
tered or utilised by the TSRs of ookinete or sporozoite
proteins.
In addition to a TSR, two further structural features

that PTRAMP shares with members of the Apicomplexan
TRAP family and CTRP are a TM domain and a short,
acidic and highly charged cytoplasmic tail. It is thus no-
table that a conserved Y342ENV sequence close to the
COOH-terminal of PTRAMP is analogous to the Y**!
motif (!: hydrophobic amino acid) that targets eukary-
otic proteins to various sub-cellular compartments and
the plasma membrane and is essential for the localisation
of TRAP to the sporozoite micronemes [34]. In addi-
tion, Jewett and Sibley [35] have recently demonstrated
that the cytoplasmic region of the T. gondii TRAP homo-
logue plays a key role in sporozoite motility by forming
a complex with the Myosin A domain interacting protein
MTIP [10] and the actin binding protein aldolase, thereby
providing a means of linking parasite-substrate binding
with the locomotive capacity of the parasite actin–myosin
motor. Merozoites are not known to require the gliding
motility of other invasive stages but must, nevertheless,
move and re-orientate over the Red Cell surface before
invasion [36]. Gene expression analyses provide evidence
that, apart from TRAP, all members of this translocation
complex are abundantly expressed in merozoites [28–30].
Since TSR-family members are critical to the process
of host cell invasion by ookinetes and sporozoites, per-
haps PTRAMP plays an analogous role in merozoites,
acting as the TSR-family protein driving parasite locomo-
tion.
An almost overwhelming number of new potential

anti-malarial vaccine targets have been identified as a re-
sult of Plasmodium genome sequencing and proteomic
analysis. Given the limited resources available, it is cru-
cial that candidates are selected carefully for further
study on the basis of their likely essential role in the
parasite’s lifecycle and their potential for exposure to
a host immune response. The preliminary characterisa-
tion of the localisation and predicted structural features
of PTRAMP presented here show that this protein fits
these criteria well and, therefore, justifies further evalua-
tion.



J. Thompson et al. /Molecular & Biochemical Parasitology 134 (2004) 225–232 231

Acknowledgements

We would like to thank Dr. Mike Blackman (NIMR,
London) for his very valuable comments and for provid-
ing the conjugated anti-AMA-1 antibody, and Dr. Jana
McBride (ICAPB, Edinburgh) for anti-RAP1 antibodies.
We would like to thank Jai Ramesar and Auke van Wicheren
for excellent technical assistance. Sequence data for P.
falciparum Chromosome 12 was obtained from the Stan-
ford DNA Sequencing and Technology Center website at
http://www-sequence.stanford.edu/group/malaria. Sequenc-
ing of P. falciparum Chromosome 12 was accomplished
as part of the Malaria Genome Project with support by
the Burroughs Wellcome Fund. Financial support for the
Plasmodium Genome Consortium was provided by the Bur-
roughs Wellcome Fund, the Wellcome Trust, the National
Institutes of Health (NIAID) and the U.S. Department of
Defense, Military Infectious Diseases Research Program.
This work was funded by the Medical Research Coun-
cil of Great Britain and the European Community, grant
ERB3514PL972944.

References

[1] Blackman MJ, Bannister LH. Apical organelles of Apicomplexa:
biology and isolation by subcellular fractionation. Mol Biochem
Parasitol 2001;117:11–25.

[2] Chen H, Herndon ME, Lawler J. The cell biology of thrombospondin-
1. Matrix Biol 2000;19:597–614.

[3] Adams JC, Tucker RP. The thrombospondin type 1 repeat (TSR)
superfamily: diverse proteins with related roles in neuronal develop-
ment. Dev Dyn 2000;218:280–99.

[4] Silverstein RL. The face of TSR revealed: an extracellular signaling
domain is exposed. J Cell Biol 2002;159:203–6.

[5] Tan K, Duquette M, Liu JH, Dong Y, Zhang R, Joachimiak A, et al.
Crystal structure of the TSP-1 type 1 repeats: a novel layered fold
and its biological implication. J Cell Biol 2002;159:373–82.

[6] Sultan AA, Thathy V, Frevert U, Robson KJ, Crisanti A, Nussenzweig
V, et al. TRAP is necessary for gliding motility and infectivity of
plasmodium sporozoites. Cell 1997;90:511–22.

[7] Wengelnik K, Spaccapelo R, Naitza S, Robson KJ, Janse CJ, Bistoni
F, et al. The A-domain and the thrombospondin-related motif of
Plasmodium falciparum TRAP are implicated in the invasion process
of mosquito salivary glands. EMBO J 1999;18:5195–204.

[8] Muller HM, Reckmann I, Hollingdale MR, Bujard H, Robson KJ,
Crisanti A. Thrombospondin related anonymous protein (TRAP) of
Plasmodium falciparum binds specifically to sulfated glycoconjugates
and to HepG2 hepatoma cells suggesting a role for this molecule in
sporozoite invasion of hepatocytes. EMBO J 1993;12:2881–9.

[9] Pradel G, Garapaty S, Frevert U. Proteoglycans mediate malaria
sporozoite targeting to the liver. Mol Microbiol 2002;45:637–
51.

[10] Bergman LW, Kaiser K, Fujioka H, Coppens I, Daly TM, Fox S,
et al. Myosin A tail domain interacting protein (MTIP) localizes to
the inner membrane complex of Plasmodium sporozoites. J Cell Sci
2003;116:39–49.

[11] Trottein F, Triglia T, Cowman AF. Molecular cloning of a gene from
Plasmodium falciparum that codes for a protein sharing motifs found
in adhesive molecules from mammals and plasmodia. Mol Biochem
Parasitol 1995;74:129–41.

[12] Dessens JT, Beetsma AL, Dimopoulos G, Wengelnik K, Crisanti
A, Kafatos FC, et al. CTRP is essential for mosquito infection by
malaria ookinetes. EMBO J 1999;18:6221–7.

[13] Templeton TJ, Kaslow DC, Fidock DA. Developmental arrest of the
human malaria parasite Plasmodium falciparum within the mosquito
midgut via CTRP gene disruption. Mol Microbiol 2000;36:1–9.

[14] Dame JB, Williams JL, McCutchan T, et al. Structure of the gene
encoding the immunodominant surface antigen on the sporozoite of
the human malaria parasite Plasmodium falciparum. Science 1984;
225:593–9.

[15] Menard R, Sultan AA, Cortes C, Altszuler R, van Dijk MR, Janse
CJ, et al. Circumsporozoite protein is required for development of
malaria sporozoites in mosquitoes. Nature 1997;385:336–40.

[16] Stewart MJ, Vanderberg JP. Malaria sporozoites release circumsporo-
zoite protein from their apical end and translocate it along their
surface. J Protozool 1991;38:411–21.

[17] Tewari R, Spaccapelo R, Bistoni F, Holder AA, Crisanti A. Function
of region I and II adhesive motifs of Plasmodium falciparum cir-
cumsporozoite protein in sporozoite motility and infectivity. J Biol
Chem 2002;277:47613–8.

[18] Thathy V, Fujioka H, Gantt S, Nussenzweig R, Nussenzweig V,
Menard R. Levels of circumsporozoite protein in the Plasmodium
oocyst determine sporozoite morphology. EMBO J 2002;21:1586–96.

[19] Chattopadhyay R, Rathore D, Fujioka H, Kumar S, De La Vega P,
Haynes D, et al. PfSPATR, a Plasmodium falciparum protein con-
taining an altered thrombospondin type I repeat domain is expressed
at several stages of the parasite life cycle and is the target of in-
hibitory antibodies. J Biol Chem 2003;278:25977–81.

[20] Kissinger JC, et al. The Plasmodium genome database. Nature
2002;419:490–2.

[21] Roberts DJ, Craig AG, Berendt AR, Pinches R, Nash G, Marsh K,
et al. Rapid switching to multiple antigenic and adhesive phenotypes
in malaria. Nature 1992;357:689–92.

[22] Janse CJ, Ramesar J, van den Berg FM, Mons B. Plasmodium
berghei: in vivo generation and selection of karyotype mutants and
non-gametocyte producer mutants. Exp Parasitol 1992;74:1–10.

[23] Lambros C, Vanderberg JP. Synchronization of Plasmodium falci-
parum erythrocytic stages in culture. J Parasitol 1979;65:418–20.

[24] Kyes S, Pinches R, Newbold C. A simple RNA analysis method
shows var and rif multigene family expression patterns in Plasmodium
falciparum. Mol Biochem Parasitol 2000;105:311–5.

[25] Mons B, Janse CJ, Boorsma EG, Van der Kaay HJ. Synchronized ery-
throcytic schizogony and gametocytogenesis of Plasmodium berghei
in vivo and in vitro. Parasitology 1985;91:423–30.

[26] Fonjungo PN, Stuber D, McBride JS. Antigenicity of recombinant
proteins derived from rhoptry-associated protein 1 of Plasmodium
falciparum. Infect Immun 1998;66:1037–44.

[27] Carlton JM, Dame JB. The Plasmodium vivax and P. berghei gene
sequence tag projects. Parasitol Today 2000;16:409.

[28] Bozdech Z, Llinas M, Pulliam BL, Wong ED, Zhu J, DeRisi JL.
The transcriptome of the intraerythrocytic developmental cycle of
Plasmodium falciparum. PLoS Biol E5 Epub 2003 Aug 18.

[29] Le Roch KG, Zhou Y, Blair PL, et al. Discovery of gene function
by expression profiling of the malaria parasite life cycle. Science
2003;301:503–8.

[30] Florens L, P M, Raine JD, et al. A proteomic view of the Plasmodium
falciparum life cycle. Nature 2002;419:520–6.

[31] Healer J, Crawford S, Ralph S, McFadden G, Cowman AF. In-
dependent translocation of two micronemal proteins in developing
Plasmodium falciparum merozoites. Infect Immun 2002;70:5751–8.

[32] Bannister LH, Hopkins JM, Dluzewski AR, Margos G, Williams
IT, Blackman MJ, et al. Plasmodium falciparum apical membrane
antigen 1 (PfAMA-1) is translocated within micronemes along sub-
pellicular microtubules during merozoite development. J Cell Sci
2003;116:3825–34.

[33] Duraisingh MT, Maier AG, Triglia T, Cowman AF. Erythrocyte-
binding antigen 175 mediates invasion in Plasmodium falciparum

http://www-sequence.stanford.edu/group/malaria


232 J. Thompson et al. /Molecular & Biochemical Parasitology 134 (2004) 225–232

utilizing sialic acid-dependent and -independent pathways. Proc Natl
Acad Sci USA 2003;100:4796–801.

[34] Bhanot P, Frevert U, Nussenzweig V, Persson C. Defective sort-
ing of the thrombospondin-related anonymous protein (TRAP) in-
hibits Plasmodium infectivity. Mol Biochem Parasitol 2003;126:
263–73.

[35] Jewett TJ, Sibley LD. Aldolase forms a bridge between cell surface
adhesins and the actin cytoskeleton in apicomplexan parasites. Mol
Cell 2003;11:885–94.

[36] Pinder J, Fowler R, Bannister L, Dluzewski A, Mitchell GH. Motile
systems in malaria merozoites: how is the red blood cell invaded?
Parasitol Today 2000;16:240–5.



 
280 

 

 

 

 

 

 

 

���������	�

 



 289 

PCRMP5: A multi-pass transmembrane protein expressed in 

gametocytes and schizonts. 
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The Plasmodium Cysteine Repeat Modular Proteins (PCRMPs) are a family of high 

molecular weight proteins, conserved in Plasmodium ssp and other Apicomplexa 

They possess highly conserved, cysteine-rich regions and multipass transmembrane 

domains suggesting multiple functions in host-parasite interactions. PCRMP5 is a 

homologue of PCRMP1-4 but encodes a truncated extracellular domain. The protein 

is expressed in gametocytes and in mature blood stage parasites in P. falciparum and 

in P. berghei, the rodent malaria. Antibodies raised against a short peptide in the C-

terminus of PfCRMP5 detect the protein in mature segmenting schizonts but not in 

merozoites. Western blotting has confirmed that PfCRMP5 is present in the 

membrane fraction. PfCRMP5 is also present in all gametocyte stages in association 

with a membrane. Gene knock-out of pbcrmp5 in P. berghei has shown that 

PbCRMP5 is not essential for asexual development. The effect on gametocytogenesis 

and virulence will be described. 

 

Appendix 4: Abstract for Woodshole Conference September 2005. 

Note: PCRAGS was known as PCRMP5 at the time of abstract submission. 
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