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Figure 34: Generation of recombinant parasites expressing Flag-tagged C-CAP and profilin 
under control of the CTRP or CSP promoters. 

(A, C) Genetic strategy to generate P. berghei parasites which express Flag-C-CAP and Flag-profilin, 
under the control of the circumsporozoite and trombospondin related sporozoite protein (CTRP) and 
circumsporozoite protein (CSP) promoters. The promoter sequences are shaded in dark grey, the triple 
Flag-tag is shaded in red and the C-CAP coding sequence and 3`UTR is shaded in dark blue (genomic 
locus) or light blue (plasmid origin). The profilin sequence is shown in light green (plasmid origin) or 
dark green (genomic locus). Plasmids were linearized with BstBI or BsaBI, respectively (arrow) to 
facilitate insertion. Dashed lines indicate homologous recombination sides. Primers used for cloning 
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and diagnostic genotyping are indicated as arrows in black (hybridization with the gDNA) or in grey 
(hybridization with the plasmid). Amplified PCR fragment lengths are indicated as lines. (B) 
Genotyping of ctrp_flag_c-cap and csp_flag_c-cap parasites using PCR with primers as indicated in 
A, confirmed the specific test5´ (2114 bp) and test3´ (1701 bp) fragment integration. Specific 
promoter combination with the C-CAP ORF, was confirmed by specific CTRPprom test (1887 bp) and 
CSPpromtest (1790 bp). The absence of the WT locus amplification (2752 bp) in the two clonal 
ctrp_flag_c-cap and csp_flag_c-cap parasites, but not in WT confirmed clonality. (D) Genotyping of 
ctrp_flag_profilin and  csp_flag_profilin parsites with PCR confirmed specific test5` (2778 bp) and 
test3` (2371 bp) integration. Recombination was shown by amplification of CTRPprom test (2551 bp) 
and CSPprom test (2427 bp) fragments. Clonality was confirmed by absence of WT locus 
amplification in transgenic parasite strains, but not in wild type (2351 bp).  
 

Genotyping by PCR of ctrp_flag_profilin and csp_flag_profilin parasites for specific 5`UTR 

and 3`UTR integration was performed with B21/T11 and Flagfor/TP0 primers (Fig. 34 C, 

Tab. 2) and results in amplification of test5` and test3` specifically in transfected parasites 

(Fig. 34 D). Recombination between the promoters and profilin was tested with the primers 

CTRPprom test/CSPprom test and B22 (Fig. 34 C Tab. 2) and resulted in predicted 

amplification of 2551 bp in CTRPprom test and 2427 bp in CSPprom test in transfectants, but 

not in wild type parasites (Fig. 34 D). Clonality of the recombinant parasite strains was 

confirmed with primers TP1/TP0 (Fig. 34 C, Tab. 2) and resulted in WT locus amplification 

of 2351 bp in wild type parasites only (Fig. 34 D). 

3.2.4. Phenotypic analysis of csp/ctrp_flag_c-cap/profilin recombinant 

parasites 

For phenotypic analysis all four clonal parasite lines were fed to A. stephensi. The presence 

and localization of the Flag-tagged fusion proteins C-CAP and profilin was monitored by 

western blot analysis and IFA using the anti-Flag antibody. Sporozoite numbers, motility and 

transmission to mice were determined subsequently. 

3.2.4.1. Transgenic parasites that overexpress C-CAP or profilin in the ookinete stage 

display normal life cycle progression 

Indirect immuno-fluorescence in parasites overexpressing either the C-CAP or the profilin-

Flag fusion protein under the CTRP promoter, display a clear Flag-signal only in ookinetes 

(Fig. 35 A, C). No Flag-signal was detected in oocysts at day 14 and midgut- and salivary 

gland sporozoites at day 14 and 22 after feeding (Fig. 35 A, C). Consistent with our previous 

localization of C-CAP (Fig. M3, A) and profilin (Fig. 32 A), both Flag-fusion proteins exhibit 

cytoplasmic localization with slightly stronger signal next to the nucleus (Fig. 35 A, C). 

Western blot analysis confirmed Flag-fusion protein abundance only in ookinetes for Flag-C-

CAP with a predicted molecular weight of 21.3 kDa (Fig. 35 B I.), and for Flag-profilin with 
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a molecular weight of 22.11 kDa (Fig. 35 D I.). The protein input was controlled by detection 

of -Tubulin (50 kDa) in ookinetes and the CSP protein (52/44 kDa) in sporozoite stages and 

revealed substantial amounts of parasite proteins (Fig. 35 B and D II.).  

 

 

Figure 35: Localization and protein abundance of the Flag-C-CAP and Flag-profilin fusion 
proteins expressed under control of the CTRP promoter. 
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(A, C) Indirect immuno-fluorescence (IFA) on ookinete stage, oocyst and midgut sporozoites at day 
14 post infection, detecting the Flag epitope of c-cap (A) and profilin (C) only in ookinetes with 
cytoplasmic localization. The Flag-signal is shown in red and DNA in blue. (B, D) Western blot 
analysis for detection of the Flag-c-cap fusion protein (B) and Flag-profilin (D) in ookinetes (ook), 
mixed blood stages (mix. bs), midgut- (mg) and salivary gland (sg) sporozoite stages (spz) and 
uninfected mosquito material (uninf. mosq.). Wild type samples are indicated (WT). Protein input was 
controlled (B, D, II.) by detection of tubulin (50 kDa) and CSP (44/52 kDa). Molecular weights are 
indicated on the right. 
 

These results clearly demonstrate the successful stage specific overexpression of C-CAP and 

the profilin in ookinetes, regulated by the CTRP promoter. Thus far, no phenotypic 

differences between parasite strains and the WT parasites could be observed and hence 

implicate functionality of the Flag-fusion proteins. 

Following the life cycle progression of the transgene parasites, sporozoite numbers were 

counted for midgut and salivary gland sporozoites. Both parasites developed comparable 

amounts of midgut sporozoites as compared to WT (Fig. 36 A). Both parasites develop 

adequate or higher amount of salivary gland sporozoites per mosquito with 3300 for 

ctrp_flag_c-cap parasites and 20.700 sporozoites for ctrp_flag_profilin parasites as compared 

to WT with 8200 sporozoites (Fig. 36 A). The transmission competence of salivary gland 

sporozoites from both transgene sporozoites was tested in comparison to WT, by intravenous 

injection of 5000 sporozoites into groups of three C75/Bl6 mice. Parasitemia was monitored 

daily by Giemsa-stained blood smears and revealed normal prepatent period of three days for 

all parasite populations (data not shown). Furthermore, motility of both transgene parasites 

was investigated with gliding assays on glass slides and subsequent indirect immuno-

fluorescence against the CSP protein to detect sporozoite trails. Both parasites displayed 

normal gliding motility (Fig. 36 B). 
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Figure 36: Phenotypic analysis of sporozoite development and motility in parasites expressing c-
cap and profilin under the CTRP promoter. 

(A) Sporozoite numbers per mosquito were counted for midgut- (n=1for ctrp_flag_cap/profilin and n= 
2 for WT) and salivary gland sporozoites (n= 2) in n independent feeding experiments each. (B) 
Motility of salivary gland sporozoites was tested in gliding assays and subsequent IFA to detect CSP 
in the sporozoite trails. All sporozoite populations exhibit productive gliding motility. 
 

Together, these results show that overexpression of the G-actin binding proteins C-CAP and 

profilin during ookinete stages, where these genes are abundantly expressed (Fig. 7 B and Fig. 

30 A), does not influence the parasite development. Normal life cycle progression of these 

transgene parasites was confirmed by regular amounts of motile transmission competent 

sporozoites are formed in the mosquito and infection leads to normal liver stage development. 

Furthermore, the functional Flag-tagged C-CAP and profilin can now be used for co-immuno- 

precipitation to identify interacting proteins. 

3.2.4.2. Transgenic parasites that overexpress C-CAP or profilin under control of the 

CSP promoter exhibit ectopic protein expression, resulting in ablated salivary 

gland invasion of sporozoites 

Both parasite lines ctrp_flag_profilin and csp_flag_profilin were investigated for their profilin 

content during ookinete stages by western blot analysis. Endogenous profilin with a molecular 

size of 19 kDa was detected in ookinetes in WT and both transfected parasite strains (Fig. 37 

II.). As expected from the genetic strategy, the additional profilin copy, expressed under 

control of the CTRP and CSP promoter was recognized by the -PfProfilin and the  Flag-

antibody with a molecular size of 22 kDa (Fig. 37 I., II.). This result confirmed the 
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overexpression and presence of two profilin populations in both transfected strains. The 

protein input was controlled by detection of equal amount of the CSP protein (Fig. 37 III.).  

 

 

Figure 37: Detection of two profilin populations in ookinetes, indicating functional 
overexpression of the protein under the CTRP and CSP promoter.  

Western blot analysis of ookinetes from WT, ctrp_flag_profilin and csp_flag_profilin parasite strains, 
show clear detection of endogenous profilin (19 kDa) and the additional expressed Flag-profilin fusion 
protein (22kDa)(II.). Flag specific recognition of the fusion proteins is shown (I.) and protein input 
was controlled with detection of the CSP protein (55 kDa) (III.).  
 

Indirect immuno-fluorescence detecting the Flag epitope of the profilin-Flag fusion protein 

confirms again cytoplasmic localization in ookinetes (Fig. 38 C). The ectopic expression of 

either the C-CAP or the profilin protein during sporozoite maturation is visualized by IFA in 

oocysts, midgut- and hemocoel sporozoites at day 14 and day 27 of parasite development 

(Fig. 38 A, C). Both Flag-fusion proteins localize to the immature sporozoites inside the 

oocyst. In midgut sporozoites the Flag- signal exhibits cytoplasmic localization. Hemocoel 

sporozoites at day 23 of development display atypical peripheral protein localization for Flag-

C-CAP and Flag-profilin (Fig. 38 A, C).  

Western blot analysis confirmed the antibody specificity and detected the flag-profilin protein 

with a distinct band with a molecular weight of 22 kDa in ookinetes, midgut and salivary 

gland sporozoites (Fig. 38 D). These results demonstrate successful ectopic overexpression 

and detection of C-CAP and profilin during sporozoite development, in stages where usually 

both proteins are very low expressed. The localization of the protein changes from 

cytoplasmic pattern in ookinetes and midgut sporozoites to peripheral localization in 

hemocoel sporozoites. 
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Figure 38: Localization and protein abundance of the Flag-C-CAP and Flag-profilin fusion 
proteins expressed under control of the CSP promoter.  

(A, B) IFA in ookinetes, oocyst and midgut sporozoites, at day 14 and hemocoel sporozoites at day 27 
of development. Localization of the Flag-C-CAP fusion protein (A) and the Flag-profilin protein (B) is 
shown in red. DNA was stained with Hoechst 3361 shown in blue and merged with phase contrast. 
Note that the fusion proteins exhibit ectopic expression in sporozoite stages. (C) Detail of the 
peripheral localization of the Flag-C-CAP protein in hemocoel sporozoites. (D) Western blot analysis 
shows ectopic protein abundance of Flag-profilin in sporozoites with the predicted molecular size of 
the fusion protein (22 kDa) thereby confirming the CSP promoter activity. The blot was cut for 
detection of Tubulin and CSP protein in the loading control (D II.). 
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Despite high C-CAP and profilin abundance the recombinant parasites were able to develop 

sporozoites (Fig. 38), indicating that both proteins do not interfere with sporozoite formation. 

For further phenotypic analysis sporozoite numbers were counted. In the case of csp_flag_c-

cap parasites only low numbers of 2796  2040 sporozoites per mosquito were counted from 

three independent feeding experiments, as compared to csp_flag_profilin and wild type 

parasites, which developed similar sporozoite numbers of 11.426  6341 and 14.707  18.975 

per mosquito (Fig. 39 A). Interestingly, no sporozoites were found in the salivary glands of 

mosquitoes infected with csp_flag_c-cap or csp_flag_profilin (Fig. 39 A) in three independent 

feeding experiments. To investigate the competence of midgut sporozoites to egress from the 

oocysts into the hemocoel, hemocoel sporozoites were prepared and numbers were 

determined. Mosquitoes infected with csp_flag_c-cap or csp_flag_profilin developed 1390  

1088 and 800  424 parasites per mosquito and represented less but substantial sporozoite 

numbers as seen in WT hemocoel sporozoites (4875  3872) (Fig. 39 A). Thus might 

implicate a slight impaired oocyst egress capacity in both mutant parasites.    

Gliding assays of hemocoel sporozoites from both transgene parasites did not reveal major 

differences (Fig. 39 B). In all hemocoel sporozoites samples small and diffuse CSP 

accumulations roughly comparable to CSP trails of salivary gland sporozoites were detected 

by IFA. Interestingly, only in wild type samples sporozoites were found close to CSP trails, 

whereas in both transgene parasites no sporozoites were found in connection to “mini” trails 

(Fig. 39 B).   

Together these results show that ectopic overexpression of the C-CAP and the profilin protein 

does not interfere with the sporozoite formation per se, but leads to compromised sporozoite 

oocyst egress and complete abolishment of salivary gland invasion.  
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Figure 39: Phenotypic analysis of sporozoite development in parasites with ectopic 
overexpression of c-cap and profilin under the CSP promoter. 

(A) Sporozoite numbers were counted from midgut- (n= 2), salivary gland- (n= 3) and hemocoel 
sporozoites (n= 3) in n independent feeding experiments. All parasites developed midgut sporozoites, 
but no sporozoites were found in salivary glands of mosquitoes infected with either csp_flag_c-cap or 
csp_flag_profilin parasites. However, theses parasites form less but substantial amounts of hemocoel 
sporozoites, indicating slight impairment of oocyst egress and complete inability of salivary gland 
invasion. Sporozoite number differences were tested by students t-test, and were not significant (p< 
0.5) (B) Motility of hemocoel sporozoites was investigated by gliding assays on glass slides and 
subsequent CSP (green) detection by IFA. All hemocoel sporozoites display incomplete gliding as 
indicated by the “mini” CSP trails or CSP accumulations. Only in WT parasites sporozoites were 
found associated to trails. 
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4. Discussion 

In this study I characterized the function of the G-actin binding protein cyclase-associated 

protein C-CAP in the rodent malarial parasite Plasmodium berghei. By employing 

experimental genetics and molecular biological approaches, I discovered previously 

unrecognized C-CAP functions essential for oocyst maturation.  

My work on the three G-actin binding proteins profilin, and actin depolymerization factor 1 

and 2 (ADF1, ADF2), yielded unexpected results regarding the sporozoite stage, which 

indicate that sporozoites exhibit an actin-dynamic regulation that is distinct than merozoites 

and ookinetes. 

4.1. The cellular function of C-CAP in Plasmodium 

C-CAP gene expression profiling throughout the different life cycle stages of P. berghei 

revealed moderate mRNA levels as compared to the two other G-actin binding proteins, 

profilin and ADF1. Blood stage merozoites, ookinetes and liver stage merozoites exhibited 

most abundant C-CAP transcripts indicating possible functions in invasion and motility. 

Unexpectedly, C-CAP expression dropped to background levels during sporozoite 

development. The cellular function of C-CAP was addressed by reverse genetics, where the 

endogenous C-CAP gene locus was deleted by homologous recombination. The C-CAP gene 

deletion resulted in viable blood stages, demonstrating a non-essential function in this stage of 

the life cycle. Furthermore, growth curve analysis revealed no differences between wild type 

and c-cap(-) parasites in mice.  

These results indicate that lack of C-CAP has no measurable impact on replication, growth 

and invasion of the parasites during the asexual life cycle, despite their actin-dependence 

(Field et al., 1993; Miller et al., 1979; Mizuno et al., 2002; Smythe et al., 2008). One 

plausible explanation is that the cellular role can be compensated by functional redundancy of 

G-actin binding proteins, like profilin or ADF1, that both exhibiting G-actin sequestering 

activity (Huttu et al., 2011; Kursula et al., 2008; Schuler et al., 2005a; Wong et al.). In vivo 

analysis in mice does not permit high resolution of the spatiotemporal parasite activity. 

Therefore it cannot be excluded that minor defects during invasion occur in c-cap(-) parasites. 

Due to the lack of a reliable in vitro culturing system where invasion assays could be 

performed for P. berghei asexual blood stages, live cell imaging of the invasion process and 

flow cytometry-based analysis of the parasite replication could be used in the future for more 

exact parasitemia measurements in mice.  
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Sexual gametocyte differentiation and subsequent ookinete development was not affected in 

c-cap(-) parasites, despite high C-CAP expression and protein abundance in these stages. The 

cellular architecture of c-cap(-) ookinetes was indistinguishable from wild type, as judged by 

localization of cytoskeletal components, for instance tubulin, DNA integrity and Giemsa- 

staining (data not shown). Ookinetes employ an equal actomyosin-based motor as described 

in merozoites. Their motility is susceptible to actin stabilizing and destabilizing drugs, 

resulting in velocity reduction in a concentration specific manner (Siden-Kiamos et al., 2006). 

The integrity of motor components in c-cap(-) ookinetes for myosinA and actin was not 

influenced (data not shown). However, in vitro analysis of ookinete motility revealed a 

significant decrease in velocity as compared to wild type. This is the first indication for a role 

of C-CAP in parasite motility. The speed reduction is consistent with temporal 

disorganization of the actin-skeleton.  Referring to the G-sequestering activity of C-CAP, a 

delayed G-actin turnover leads to impairment of fast retrieval of polymerization-competent 

ATP-actin in motile ookinetes, which in turn retards ookinete velocity in c-cap(-) parasites. 

Nevertheless, c-cap(-) parasites employed all motility patterns known to date (Siden-Kiamos 

et al., 2006) and were able to successfully traverse the mosquito midgut of A. stephensi and 

transform into oocysts. These results show that C-CAP is also not vital for ookinete formation 

and motility. Its absence can perhaps again be compensated by functionally redundant 

proteins. To correlate the in vitro motility with the in vivo situation, mosquitoes where 

infected with c-cap(-), revealing reduced oocyst numbers. In vivo the ookinete has to traverse 

the periotrophic membrane and the midgut epithelium. Therefore, it is likely that reduced 

speed in vitro translates into reduction of successful transmigration events in vivo. Slower 

parasites might be digested in the blood meal or inactivated by defense factors of the 

mosquito host (Lehane et al., 2004; Levashina, 2004). This hypothesis could be assessed by 

TEP1 staining, which recognizes ookinetes that are opsonized by the mosquito immune factor 

(Blandin et al., 2008) and are therefore prone to be eliminated. 

The most important finding of this study is the essential function of C-CAP for oocyst 

maturation and sporozoite formation. C-cap(-) parasites are completely aborted during oocyst 

development and do not form sporozoites. These results strongly support a stage-specific and 

non-redundant function of C-CAP. Initial growth and first mitotic divisions of DNA appear 

unaltered until day 6 of development. Subsequent development differs significantly from wild 

type parasites. Oocysts are arrested in growth and are ~50 % smaller in size at day 14 after 

infection. Furthermore, mitotic divisions are aborted, indicating a DNA condensation and 

segregation defect (Fig. 12). During c-cap(-) persistence in the midgut, oocysts undergo cell 
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death as indicated by life/death stain, vacuolization of the cysts, and loss of GFP expression. 

Transmission electron microscopy data revealed a more detailed phenotype of c-cap(-) 

parasites during development. At day 6, plasma membrane invaginations of the inner oocyst-

wall, known as membrane retractions, occur in wild type oocysts (Baton and Ranford-

Cartwright, 2005; Menard et al., 1997; Terzakis et al., 1967; Vanderberg, 1974) but are 

undetectable in the c-cap(-) mutants. Also, signs of deficient DNA segregation are visible 

(Fig.  16). Later, the defined oocyst compartmentation into blastomers and sporozoites is 

absent in c-cap(-) parasites (Fig. 17). This defect is likely due to the lack of inner membranes 

that define specialized compartments in the resulting sporozoite. Taken together, c-cap(-) 

parasites exhibited an unexpected phenotype, which possibly revealed a novel actin-

dependent role during oocyst maturation. 

4.1.1. The role of C-CAP during oocyst maturation 

The spatiotemporal organization of the developing oocyst is difficult to assess and not much 

research has been done on this unique extracellular replication phase of the parasite. Thus far, 

it is clear that the motile tetraploid ookinetes transform into highly replication-competent and 

metabolically active oocysts. This transformation happens at 18 - 24 hours after blood meal 

(Adini and Warburg, 1999) and is characterized by drastic morphological changes. The 

microtubuli cytoskeleton and the apical complex disassemble to form the round shape of the 

cyst A young oocyst undergoes a dramatic increase in volume, characterized by a 10-fold 

growth in diameter (from 5 µm to 50 µm), and several simultaneous mitotic divisions that 

produce 2.000 - 8.000 haploid nuclei (Canning and Sinden, 1973). It was shown that oocyst 

growth relies on nutrient uptake from surrounding compartments like the hemocoel, for 

instance the essential amino acid leucine (Vanderberg and Rhodin, 1967). In all life cycle 

stages hexoses are essential for Plasmodium and the corresponding transporters have been 

localized to the oocyst periphery, indicating import of hexoses, such as fructose or glucose 

(Blume et al., 2010; Slavic et al., 2010). Considering that the type II fatty acid synthesis 

(FASII) pathway is not essential for sporozoite development (Vaughan et al., 2009), it is not 

surprising that oocysts ingest lipids from the host to built up membranes necessary for 

sporozoite development. Lipophorins (Lp), the main lipid carrier in the mosquito, are 

important factors for oocyst maturation in A. gambiae (Mendes et al., 2008; Rono et al.), and 

can be taken up by the oocysts (Atella et al., 2009). However, the uptake mechanism through 

the dense fibrous capsule remains elusive. The fact that c-cap(-) oocysts do not grow and 

exhibit no inner membranes for compartmentation, may suggest a direct or indirect defect in 



Discussion 

 134

nutrient and/or lipid uptake. The membrane invagination process observed in wild type 

parasites might contribute to this uptake (Fig. 16, 17). Membrane invaginations, filled with 

capsule components, extend into the cytoplasm and appear to ultimately bud off as electron 

dense, round bodies. Such invaginations and budding processes are absent in c-cap(-) 

mutants. Endocytosis is an actin-dependent process (Smythe and Ayscough, 2006) and has 

been described in Plasmodium blood stages (Smythe et al., 2008). Whether these 

invaginations are endocytic vesicles and reflect actin-dependent endocytosis in developing 

oocysts requires further research. Besides this “endocytosis-like” process, actin and its 

binding proteins are required for numerous fundamental cellular functions. For instance, 

membrane retraction during cytokinesis is mediated by F-actin filament action in the 

contractile ring (Kamasaki et al., 2007). It has been shown that the genesis of cell polarity in 

yeast and Drosophila is controlled by spatial regulation of actin filaments and mRNA 

determinants by CAP (Baum et al., 2000; Kamasaki et al., 2005). Furthermore, the 

positioning of the mitotic spindle during nuclear division depends on actin (Azoury et al., 

2008; Dumont et al., 2007). Dysfunction of these processes is also consistent with the 

observed ultra structural defects of c-cap(-) oocysts. To further dissect the questions of 

whether nutrient uptake, membrane retraction, and nuclear division are actin dependent 

processes in Plasmodium oocysts, axenic oocyst-culture may be performed (Al-Olayan et al., 

2002; Warburg and Miller, 1992; Warburg and Schneider, 1993). This in vitro culture system 

would allow application of inhibitors that interfere either with the actin or the tubulin 

cytoskeleton. However, the in vitro culturing of oocysts remains to be optimized (data not 

shown). Additionally, immuno electron microscopy may help to detect the localization of 

actin. Finally endosomal markers would further contribute to solve this question.  

The c-cap(-) oocysts were tested for expression and localization of other factors essential for 

sporozoite development, such as the circum sporozoite protein (CSP) (Menard et al., 1997) 

and the CAP380 protein (Srinivasan et al., 2008). However, no differences in expression 

timing and localization could be detected in c-cap(-) and wild type oocysts (Fig. 14). This 

finding indicates a CSP and CAP380- independent mechanism of sporozoite development 

abortion. 

The subcellular localization of the C-CAP protein was addressed by expression of a C-CAP 

mCherry fusion protein, which was integrated into a knockout background. The c-cap(-) 

phenotype could be rescued by the c-capmCherry expression throughout the complete parasite 

life cycle. This further confirms a C-CAP-specific phenotype of c-cap(-) parasites. Life cell 

imaging displayed clear cytoplasmic localization in all observed stages (Fig. 19-21) and signal 
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intensity reflected mRNA expression data well. The cytoplasmic C-CAPmCherry localization 

supports its G-actin sequestering function (Julia Sattler, dissertation), because G-actin is 

highly abundant in the parasite cytoplasm (Dobrowolski and Sibley, 1997; Field et al., 1993). 

Furthermore, the lack of the N-terminal and the P2 domain (Schuler and Matuschewski, 

2006b), which confers localization to cortical actin patches in yeast and human (Freeman et 

al., 1996; Freeman and Field, 2000; Lila and Drubin, 1997), is consistent with the 

cytoplasmic pattern of C-CAPmCherry. 

4.2. C-CAP but not its actin-sequestering activity is essential in 

oocysts  

4.2.1. Complementation with Cryptosporidium parvum C-CAP (CpC-CAP) 

The successful functional complementation of the Plasmodium C-CAP loss of function 

mutant by its ortholog from C. parvum provided us with a crucial link for the biochemical 

activity and cellular role in vivo. The C. parvum C-CAP complementation was achieved by 

introduction of the CpC-CAP coding sequence into the knockout vector, with the C. parvum 

transgene being expressed under the control of endogenous C-CAP promoter. Successful 

genomic integration resulted in viable blood stages, indicating tolerance of the C. parvum 

transgene by Plasmodium. Complemented parasites progressed throughout the entire life 

cycle. Oocyst maturation and sporozoite development could be restored and resulted in 

infection-competent sporozoites. These results confirmed that, both proteins are functionally 

redundant, most likely through its G-actin sequestering activity. 

To specifically link G-actin sequestering activity to the cellular function, mutagenesis on 

CpC-CAP was performed. The mutations were predicted to either interfere with the actin 

binding capacity (CpC-CAPD117A, K118A) or with the dimerization (CpC-CAPSTOP). Phenotypic 

analysis throughout mosquito development revealed that the actin-binding impaired CpC-

CAPD117A, K118A protein still rescued the c-cap(-) parasites, whereas the dimerization mutant in 

CpC-CAPSTOP parasites did not. This strongly favors an actin-sequestering independent 

function of C-CAP in oocysts. However, several caveats need to be considered during 

interpretation of the CpC-CAPD117A, K118A mutant: (i) the selected mutation may not be entirely 

sufficient to disrupt actin interaction in vivo as it has been shown in the in vitro assay (Julia 

Sattler, dissertation), (ii) in vitro analysis has been done with rabbit muscle actin, which 

structurally differs from the apicomplexan actin or (iii) the c-cap(-) defect relies entirely on an 

actin-independent process and involves new interaction partners and novel physiological 
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functions of the C-CAP protein. Western blot analysis suggests that the CpC-CAPSTOP mutant 

did not complement due to degradation of the truncated CpC-CAPSTOP protein by the parasite. 

The truncation possibly leads to misfolding of the protein and subsequent proteasome 

targeting. Thus, the mutational analysis did not yet provide validation for the essential 

interaction of CpC-CAP and actin in vivo and favors an actin-sequestering independent 

function. Additional mutants of the CpC-CAP protein were characterized for inhibition of its 

actin-binding activity, complex formation and abolishment of actin-sequestering activity 

(Julia Sattler, dissertation). Using these mutants for further complementation experiments 

might facilitate the dissection of the multiple functions in vivo. 

4.2.2. C-cap(-) mutants can not be complemented by profilin  

To further investigate the role of C-CAP during oocyst maturation, I attempted the 

complementation with profilin overexpression. Both proteins share a common G-actin 

sequestering activity (Kursula et al., 2007; Sattler et al., 2010), and interestingly, C-CAP loss 

of function mutants in S. cerevisiae can be complemented by profilin overexpression (Haarer 

et al., 1993; Vojtek et al., 1991). Expression of profilin from the endogenous C-CAP locus 

was well tolerated by blood stages and ookinetes, but failed to complement the c-cap(-) 

specific defects during oocyst development. This result further supports the conclusion that 

the G-actin sequestering function of C-CAP may not be crucial in oocysts. However, these 

experiments do not exclude redundant functions between profilin and C-CAP in merozoites or 

ookinetes, which suffer no or undetectable defects upon C-CAP deletion.  

4.3. C-CAP and potential actin-independent processes in oocysts 

To address a potential “actin-independent” function of C-CAP in Plasmodium, Co-immuno 

precipitation (Co-IP) and subsequent mass spectrum analysis could be performed in order to 

identify potential interacting proteins. Parasites overexpressing a Flag-tag C-CAP fusion 

protein in ookinetes, were constructed. These parasites exhibited normal life cycle progression 

and the characteristic cytoplasmic localization of C-CAP (Fig. 35, 36). These results indicate 

functionality of the fusion protein and provide a tool for future C-CAP Co-

immunoprecipitation experiments. 

Potential interaction candidates might include actin II, actin related proteins (ARP), and actin 

like proteins (ALP), which share the common actin-fold and an overall sequence similarity 

with actin (Frankel and Mooseker, 1996; Wesseling et al., 1989). Plasmodium species express 

a second actin, termed actinII, which is essential for exflagellation of male gametocytes 
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(Wesseling et al., 1989, Siden-Kiamos, unpublished). Whether actinII plays a role during 

oocyst maturation has not been investigated. ARPs are required for a variety of biochemical 

and structural roles in higher eukaryotic cells, including actin polymerization and branch 

formation (Frankel and Mooseker, 1996; Machesky et al., 1994; Mahaffy and Pollard, 2006), 

vesicle transport along microtubuli (Schroer and Sheetz, 1991), cell division (Karki and 

Holzbaur, 1999), and chromatin remodeling (Shen et al., 2003; Szerlong et al., 2003). In 

apicomplexa, 10 distinct ARPs have been identified (Gordon and Sibley, 2005). The Arp1 

protein is the most conserved member and functions as an integral component of the dynactin 

complex in eukaryotic cells. It also shares the ATPase activity and the capacity to form short 

filaments rods of ~40 nm, with actin. A Plasmodium homologue, Arp1, is expressed 

throughout the parasite life cycle and is essential during blood stage development (Siden-

Kiamos et al., 2010). Also, six unique species-specific actin-like proteins (ALP) have been 

identified in apicomplexa, which share no known homologues in other species. The ALP1 

protein is dynamically associated with the IMC and exerts a role in daughter cell formation in 

Toxoplasma gondii (Gordon and Sibley, 2008). Possibly, ARP and/or ALPs may be capable 

to function stage-specifically in Plasmodium in otherwise actin-dependent processes.  

Another attractive hypothesis is that C-CAP may be a bi-functional molecule that may interact 

with the actin cytoskeleton and the tubulin cytoskeleton in a stage-specific manner. The G-

actin binding capacity was already characterized, and relies on the highly conserved tertiary 

domain structure, called CARP domain. CARP domains representing tandem repeats, which 

are shared between the cyclase-associated proteins (CAP), the X-linked retinitis pigmentosa 

(RP2) proteins and the tubulin cofactor C (TBCC) (Dodatko et al., 2004; Kuhnel et al., 2006). 

The latter two proteins participate in tubulin biogenesis in eukaryotes. TBCC functions, along 

with the tubulin cofactors A- D, in assembly of the alpha- and beta- tubulin heterodimer in 

higher eukaryotic cells (Kirik et al., 2002; Kortazar et al., 2007). Databank research revealed 

that most tubulin cofactors are encoded by the Plasmodium genome (data not shown). The 

CARP domain is clearly shared between the C-CAP and the TBCC (PBANKA_121410) 

protein in P. berghei. It is thus plausible that both proteins are able to mutually interact via 

their tertiary structure (Dodatko et al., 2004), creating dimers, and link the cytoskeleton 

assembly. 
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4.4. Conservation of the N-terminal part of C-CAP in Plasmodium 

parasites 

Initial homology searches in the Plasmodium genome and annotation studies of the C-CAP 

gene confirmed an N-terminal truncation, in comparison to CAP proteins in higher eukaryotes 

(Schuler and Matuschewski, 2006b). However, in the course of annotation updates at the 

Plasmodium genome data bank (PlasmoDB) I identified a protein, which might represent a 

candidate for the missing N-terminal part in Plasmodium. The conserved gene with unknown 

function (PBANKA_020790, named here N-CAP) besides 758 base pairs upstream of the C-

CAP coding sequence (PBANKA_020800) on the second chromosome of the Plasmodium 

berghei Anka strain. The gene encodes for a 140 amino acid protein with a predicted 

molecular size of 16,5 kDa. It contains an N-terminal signal peptide (1-21 aa) and two 

transmembrane domains (TM1 4-26 aa, TM2 88-110 aa). Very interestingly, both genes (N-

CAP and C-CAP) are encoded by two independent open reading frames (ORFs) and represent 

two distinct proteins in all Plasmodium species, except in P. vivax. In P. vivax one single ORF 

fuses both genes (PVX_081500) and encodes for one protein, which contains the N-terminal 

uncharacterized domain and the C-terminal C-CAP domain. Both domains are connected by a 

linker of 9 x DQRN repeats. The possibility exists that both proteins interact with each other, 

as if corresponding homologs are transcribed as one gene. Blast searches with the P. berghei 

N-terminal domain did not reveal any predicted homolog in higher eukaryotes. Taking into 

account that the N-terminal cyclase-associated domain in yeast is not conserved among higher 

eukaryotes (Hubberstey and Mottillo, 2002), it is therefore plausible that apicomplexa encode 

the N-terminus as a separate protein with distinct functions. 

4.5. A brief conclusion of C-CAP 

Taken together, C-CAP is the first characterized G-actin binding protein displaying essential 

roles during oocyst maturation of the malarial parasite. Defects in this extracellular replication 

phase, includes attenuation of oocyst growth, of compartmentation, nuclear divisions, and the 

complete lack of sporozoite development. To what extent the G-actin sequestering activity 

influences these cellular processes in Plasmodium remains to be studied. Motile processes 

such as invasion and transmigration, displayed by merozoites and ookinetes, do not vitally 

depend on C-CAP. Proteins with likely redundant functions, like profilin or ADF1/2 can 

potentially compensate for the loss of C-CAP in these motile stages. The cytoplasmic 

localization of the C-CAPmCherry protein supports a physiological G-actin sequestering 
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activity. Trans-species complementation with the C. parvum C-CAP proved functional 

redundancy between apicomplexan CAP proteins. Establishment of the precise cellular defect 

during oocyst maturation and the exploration of potential biological interaction partners of C-

CAP, will open new avenues to understand the relevance of the cytoskeleton during 

Plasmodium differentiation. 

4.6. The characterization of the G-actin binding proteins profilin, 

ADF1 and ADF2  

Profilin and ADF/cofilins are key regulators of actin dynamics in eukaryotic cells. Despite 

their distinct functions on the actin filaments, they regulate the constant cellular actin 

turnover. Profilin and ADF1 perform essential roles during blood stage development of 

Plasmodium berghei parasites (Kursula et al., 2008; Schuler et al., 2005a), whereas ADF2 is 

not essential and deletion causes only minor defects during oocyst maturation and liver stage 

development (Doi et al., 2010).  

I characterized their protein abundance throughout the Plasmodium life cycle via expression 

profiling by quantitative RT-PCR, western blotting and indirect immuno microscopy. 

Profilin and ADF1 mRNA levels are clearly the most abundant amongst the Plasmodium G-

actin binding proteins, which further emphasizes their importance. In accordance with 

previous data ADF2 mRNA exhibited the lowest expression levels (Schüler et al., 2005a). All 

G-actin binding proteins, including C-CAP, displayed a similar expression pattern. The 

highest expression is observed in merozoites, ookinetes and late liver stages, indicating a 

potential role during invasion, egress and motility. Interestingly, mRNA levels of all G-actin 

binding proteins decrease dramatically by 8 to 30 fold during sporozoite development. 

Profilin and ADF1 transcripts were previously detected in salivary gland sporozoites by RT-

PCR (Kursula et al., 2008; Schuler et al., 2005a). However, quantitative RT-PCR revealed a 

significant downregulation of mRNA in sporozoites, which was not found in previous studies 

by conventional RT-PCR.  

This findings suggests that Plasmodium downregulates the expression of the main G-actin 

binding proteins, profilin, ADF1 and C-CAP, in sporozoites. This result was very surprising, 

considering the exceptional motility of salivary gland sporozoites and the essentiality of 

ADF1 and profilin in blood stages. The absence of the profilin protein in midgut- and mature 

salivary- gland sporozoites was confirmed by western blot analysis. In contrast, the ADF1 

protein is detectable in sporozoites. However, transcriptional downregulation led to 

significantly less protein in sporozoites as compared to ookinetes. Because both transcripts are 
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expressed at similar levels, this raises the possibility of an additional control of gene 

expression, i.e. translational silencing of profilin but not of ADF1. The ADF2 protein was not 

detected in any of the observed stages, which is in agreement with the overall low mRNA 

levels.  

Localization of profilin and ADF1 by immuno fluorescence assays exhibited cytoplasmic 

distribution that is comparable to C-CAPmCherry. Analogous cytoplasmic localization for 

ADF1 and profilin has already been shown in T. gondii intracellular tachyzoites (Mehta and 

Sibley, ; Plattner et al., 2008) and P. falciparum merozoites (Wong et al.). These results are in 

good agreement with the G-actin sequestering function of both proteins, which is expected to 

mainly occur in the cytoplasm. Also, the fluorescence signal intensity reflects the respective 

expression and protein abundance pattern.  

Taken together, my results suggest that Plasmodium tightly regulates expression and protein 

abundance in sporozoites. Despite of mRNA downregulation, ADF1 was the only detected G-

actin binding protein in this stage. However, I cannot formally exclude very low profilin, 

ADF2 and C-CAP protein levels, due to the detection limit by western blot analysis. ELISA 

or proteomic analysis in sporozoite stages would complete my results. Due to the lack of a 

robust conditional knock out system in Plasmodium, genetic evaluation using a promoter 

exchange strategy may be necessary to specifically delete profilin and other G-actin binding 

proteins with exception of asexual stages. Further support for the absence of profilin in 

sporozoites comes from genetically engineered Plasmodium berghei parasites that express a 

fusion protein of T. gondii profilin with GFP under the profilin endogenous promoter. A 

prominent GFP signal was readily observed in blood stages, whereas no GFP signal was 

detected in sporozoites (Katja Müller, personnel communication). This observation further 

supports the notion that the profilin expression is downregulated and the protein is not 

abundant in sporozoites. 

4.7. The two states of profilin  

Interestingly, profilin exhibits a second distinct localization to the periphery of ookinete cells 

that can be visualized by a polyclonal  T. gondii profilin antibody. The T. gondii profilin 

antibody specifically recognizes P. berghei and P. falciparum profilin, as demonstrated by 

western blot. It thus appears that the antibody can distinguish between cytosolic and 

membrane-associated profilin in cells.  

In higher eukaryotes profilin regulates the phospholipid metabolism by binding with high 

affinity to phosphatidy inositol phosphates PI(4,5)P2 and PI(3,4,5)P3 at the cell membrane and 
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inhibiting their cleavage into inositol trisphosphate (IP3) and diacylglycerol (DAG) by 

competing with phospholipase C1 (PLC) (Nishizuka, 1986). The profilin:: PIP2/3 complex 

interferes with the actin-binding and sequestering activity of profilin. The activation of PLC 

allows hydrolysis of the complex and releases profilin into the cytoplasm (Goldschmidt-

Clermont et al., 1991). In contrast, P. falciparum profilin does neither bind to PI(4,5)P2, nor 

PI(3,4,5)P3, but interacts selectively with their precursor molecules phosphoinisitol 

monophosphates (PIPs) and phophatidylic acid (PA) in vitro (Kursula et al., 2008). This 

binding specificity is likely conferred by the rudimentary structure of the non-conserved PIP 

binding residues (Kursula et al., 2008). Whether these results can be extrapolated to in vivo 

conditions remains to be seen, particularly since the phosphainositide profile changes during 

the intra-erythrocytic development of P. falciparum (Tawk et al.). It is conceivable, that the 

minidomain of P. falciparum profilin structure determines its function in the phospholipid-

metabolism and actin-binding capacity. One attractive hypothesis is that resting cells contain a 

high amount of profilin:: PIP complexes, associated with the plasma membrane and inhibiting 

fast spontaneous actin filament assembly. After activation of PLC and concomitant hydrolysis 

of PIP, profilin is released into the cytoplasm to promote actin polymerization, which in turn 

leads to initiation and/or reinforcement of motility. In intracellular T. gondii tachyzoites 

profilin localizes to the cytoplasm, confirming the findings by Plattner et al. (2008). The 

profilin localization in extracellular T. gondii tachyzoites, however, was not clear and needs to 

be re-examined (Plattner et al., 2008). It would therefore, be interesting to link the 

spatiotemporal regulation of profilin to motility in the parasite. Time lapse microscopy of 

moving parasites expressing labeled profilin, combined with inhibition of PLC activity could 

help to solve this question. 

4.8. Overexpression of C-CAP and profilin  

The unexpected absence of profilin and C-CAP in sporozoites, prompted me to test the 

influence of both proteins in these stages. Therefore, I separately placed both genes under the 

control of the circum sporozoite protein (CSP) promoter and generated stable integrations in 

clonal parasite lines. This strategy resulted in transgenic parasites expressing two copies of 

either C-CAP or profilin, under (i) the endogenous and (ii) the CSP promoter. Additional 

Flag-tagging of both proteins facilitated protein detection by western blot and localization by 

IFA. Furthermore, the Flag-tag will allow Co-IP experiments and the identification of 

interaction partners. Control parasites, which overexpress C-CAP or profilin under the 
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circumsporozoite- and trombospondin related sporozoite protein (CTRP) promoter in 

ookinetes, where analyzed in parallel. 

The introduction of a second copy of either C-CAP or profilin was well tolerated by the 

parasites, as revealed by the viability of clonal blood stages.  

4.8.1. Overexpression of C-CAP and profilin in ookinetes does not influence 

the parasite development in mosquitoes  

Ookinete-specific overexpression does not alter the cytoplasmic subcellular localization of the 

Flag-tagged C-CAP and profilin (Fig. 35). The activity of the CTRP promoter is strictly 

confined to ookinetes, as oocysts and sporozoites did not show any detectable Flag-signal. As 

predicted, phenotypic characterization displayed normal development of sporozoites, motility 

and infectivity. These results demonstrate that increasing the amount of C-CAP or profilin 

protein in stages where both proteins are highly abundant does not interfere with the parasite 

development. Furthermore, the parasites efficiently downregulate and degrade these proteins, 

as no residual Flag-signal was detected after ookinete stages. Whether protein overexpression 

has a minor influence on ookinete motility still needs to be examined. But the fact that 

ctrp_flag c-cap/profilin parasites yield similar amounts of midgut sporozoites, already 

excludes a major defect in ookinete motility. 

4.8.2. Ectopic overexpression in sporozoites abolished salivary gland 

invasion  

The ectopic overexpression of profilin and C-CAP under the CSP promoter was shown by 

IFA and confirmed by western blotting for profilin. Again, profilin localized to the cytosol of 

ookinetes. The ectopic expression in midgut sporozoites exhibited cytoplasmic distribution 

for both proteins as well. However, hemocoel sporozoites displayed a distinct peripheral 

localization of both proteins (Fig. 37). Transgenic parasites exhibited comparable numbers of 

midgut sporozoites in the case of profilin overexpression and less numbers for C-CAP 

overexpression. No sporozoites were found in the salivary glands of the mosquitoes and only 

low numbers of hemocoel sporozoites were counted. These results indicate that ectopic 

overexpression of C-CAP and profilin did not influence sporozoite differentiation per se, but 

that sporozoites are impaired in egress from the oocyst and unable to invade the salivary 

glands. Both observations strongly suggest a motility defect. Motility assays, however, were 

not yet conclusive at this stage. To further dissect the phenotype, live cell imaging 

documenting the behavior of hemocoel sporozoites should be performed in the future. 
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Infectivity can be tested in vitro by sporozoite infection of Huh7 cells or in vivo by infection 

experiments to mice. The CSP promoter is also active in early liver stages (Singh et al., 2007) 

and will drive subsequent ectopic expression of C-CAP and profilin. Whether the peripheral 

localization in hemocoel sporozoites explains impaired motility requires further 

investigations. It seems plausible that over saturation of profilin and C-CAP in sporozoites 

perturbs the equilibrium of actin-turnover and thereby interferes with fast motility. Profilin 

may bind to various PIP molecules at the membrane and probably inhibits actin filament 

polymerization. C-CAP saturation may also negatively influence actin polymerization via its 

sequestering activity. It would therefore be helpful to compare the actin localization in 

sporozoites of both mutants to corroborate actin-specific effects on the motility of these 

sporozoites.  

4.9. Conclusions and the “minimalistic model” for actin regulation 

in motile sporozoites 

This study examined the repertoire of G-actin binding proteins in Plasmodium and their 

contribution to parasite motility. In this regard the sporozoite stage apparently stands out in 

terms of gliding, invasion, and in terms of actin-regulation. ADF1, ADF2, profilin and C-CAP 

are most abundant at transcriptomic and proteomic levels in merozoites, ookinetes, and liver 

stage merozoites suggesting a role in invasion and motility. Surprisingly, my study 

demonstrated, that all G-actin binding proteins are tightly down regulated in sporozoites. 

Profilin is, irrespective of its importance for blood stages, not present in sporozoites. The 

second essential protein, ADF1, is the only detectable G-actin binding protein in this stage. 

ADF2 and C-Cap are also most likely not abundant, considering the low expression and the 

live cell imaging data. Furthermore, overexpression of profilin and C-CAP lead to complete 

disruption of salivary gland invasion, most likely due to interference with actin-dependent 

motility.      

The combined results strongly favor a hypothesis that places ADF1 as the major actin 

regulator in sporozoites. It has been shown, that ADF1 is necessary to achieve actin-

sequestering activity in Plasmodium and Toxoplasma, despite only minimal F-actin binding 

capacity (Mehta and Sibley, ; Wong et al.). ADF1 also promotes nucleotide exchange on actin 

(Schuler et al., 2005a) and ADF/cofilin is able to nucleate actin at high local concentrations 

(Andrianantoandro and Pollard, 2006). Considering the narrow space between the IMC and 

the plasma membrane of about 20nm, where the motor machinery, the anchoring proteins, and 

the F-actin turnover are located, it seems particularly efficient to employ few multifunctional 
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proteins instead of many specialized proteins. ADF1 in Plasmodium seems to exhibit all 

essential functions necessary for enhancing actin turnover in the absence of competing 

proteins like profilin. High ADF1 concentrations at the local force traction sides of the gliding 

sporozoite promote filament nucleation at the barbed end of the actin filament. Formin 

activity for nucleation cannot be excluded, but no data are available for sporozoites. The short 

actin filaments are stabilized by the capping protein (Ganter et al., 2009) and thereby ensure 

the movement of the myosin motor protein along the filament. Severing and depolymerization 

at the pointed end as well as the nucleotide exchange on actin can again be facilitated by 

ADF1. According to this model, phosphorylated ADF/cofilin promotes chemotaxis by 

activation of Phospholipase D1 (PDL1) (Han et al., 2007; Lehman et al., 2006), which could 

be one mechanism that directs sporozoites through their final destination in the liver. This 

“minimalistic model” can explain the central aspects for efficient actin-regulation in 

sporozoites that leads to fast and long-lasting motility. 

Actin regulation in the other motile and invasive stages appears to involve a broader spectrum 

of G-actin binding proteins and resembles other apicomplexan parasites, such as T. gondii 

more closely. 

 

 

Figure 40: The “minimalistic model” for actin regulation in sporozoites.  

The actin-depolymerizing factor (ADF1) as the main player of actin turnover. 1) At high 
concentrations ADF1 facilitates actin filament nucleation, perhaps supported by formin. 2) Short actin 
stubs are stabilized by the capping protein (CP), to facilitate the power stroke of MyosinA (MyoA). 3) 
ADF1 can interact with F-actin and promote severing into short actin fragments and ADP-actin 
monomers. 4) ADF1 enhances nucleotide exchange on actin to replenish the ATP-actin pool for 
further rounds of polymerization.  
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6. Appendix 

6.1. Short report 

The circum sporozoite protein (CSP) is already expressed in ookinetes 

The CSP protein plays crucial roles in sporozoite development and maturation (Menard et al., 

1997; Thathy et al., 2002). It furthermore is suggested that this protein interacts with and 

targets both, the mosquito salivary glands and the mammalian liver cells (Amino et al., 2008; 

Frevert et al., 2005; Mota et al., 2001; Singh et al., 2007). Thus far it was reported, that CSP 

protein expression starts at day 6 of oocyst development and first appears at the inner 

membrane of the oocyst capsule, where it is important for the sporozoite formation and 

maturation.   

During this study the CSP protein was widely used as loading control for sporozoite and 

ookinete stages in western blot analysis. Consistently, the CSP protein was detected already in 

ookinetes as a single band with a specific molecular mass of 52 kDa (Fig. 41 and Fig. 37, 32, 

30), which represents the premature, non-cleaved CSP protein (Coppi et al., ; Yoshida et al., 

1981). Later, in sporozoite stages the CSP protein matures by proteolytical cleavage and is 

detected as a double band with molecular sizes of 52 and 44 kDa by western blot analysis 

(Fig. 40).  

 

Figure 41. The circumsporozoite protein (CSP) is expressed in ookinetes. 

Samples from ookinetes (ook) and migut- (mg) and salivary gland- (sg) sporozoites were separated in 
a 15 % SDS-PAGE, blotted on PVDF membrane and detected by -PbCSP antibody in western blot 
analysis. Molecular sizes (kDa) are indicated at the left. The premature CSP is detected with 52 kDa 
(arrow).   
 

The localization and function of the premature CSP protein in ookinetes, is not known thus far. 

Interestingly, previous data reveal CSP mRNA expression and the presence of the premature protein in 

blood stages (Sabine Engelmann, dissertation 2005) and was also discussed by (Natarajan et al., 

2001). Since the CSP is important for infection and one of the major vaccine candidates, it is 
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important to understand the process that leads to the cleavage and protein maturation in sporozoite 

stages. The contributing protease remains to be identified. My results suggest the use of correlative 

proteomics between ookinetes and sporozoites may therefore be helpful to identify the CSP-processing 

maturase.  

 

 

 

 

 

 


