
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/146638

 

 

 

Please be advised that this information was generated on 2023-05-23 and may be subject to

change.

http://hdl.handle.net/2066/146638


_^м. ^ЧЙ 

G e n e 
d u г 

tifi^V\ h u m 
m a J a r ι a 
a s i t e 

i η g 

о f φ 
a π «β 

Koen Dechering 





Gene regulation during sexual development of the 
human malaria parasite Plasmodium falciparum 





Gene regulation during sexual 
development of the human malaria 
parasite Plasmodium falciparum 
een wetenschappelijke proeve op het gebied van de Natuurwetenschappen, 
Wiskunde en Informatica 

Proefschrift 

ter verkrijging van de graad van doctor aan de Katholieke Universiteit Nijmegen, 
volgens besluit van het College van Decanen in het openbaar te verdedigen op 
maandag 9 november 1998, des namiddags om 3 30 uur precies 

door Koen Jakob Dechering 
geboren 28 juli 1969 te Duiven 



promotor prof. dr. ir. H.G. Stunnenberg 

manuscript commissie dr. A.P. Waters (Rijks Universiteit Leiden), 
prof. dr. WJ. van Venrooij 

The studies presented m this thesis were performed at the Department of Molecular Biology of 
the Catholic University of Nijmegen under supervision of the late prof dr. R.N.H Komngs and 
prof. dr. ir. H.G. Stunnenberg 

The publication of this thesis was financially supported by GlaxoWellcome, Corning Costar and 
Biozym. 

Design and lay-out: Aagje Martens, with special thanks to Jan Boerman 
Printer: Universal Press, Veenendaal 

ISBN 90-9011954-X 



'I can't believe that1' said Alice. 
'Can't you?' the Queen said in a pitying tone. 'Try again: draw a long breath, and 
shut your eyes ' 
Alice laughed. 'There's no use trying', she said, 'One can't believe impossible things.' 
'I daresay you haven't had much practice,' said the Queen. 'When I was your age, 
I always did it for half-an-hour a day. Why, sometimes I've believed as many as six 
impossible things before breakfast.' 

L Carroll, Through the Looking-Glass. 
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Chapter 1 

General Introduction 
Parts of this chapter appear in Ρ Horrocks К J Dechenng and M Lanzer 1998 

Control of gene expression in Plasmodium falciparum Mol Biochem Parasitol in press 

It was an observation made by Sir Ronald Ross in 1897 that gave birth to the 
science-based approach in malaria control. Ross' discovery that a mosquito 
is responsible for the transmission of the disease laid the pivotal foundation 
from where researchers started aiming at an understanding of the life cycle of 
the malaria parasite, and at the development of intervention strategies These 
collaborative efforts culminated in large-scale malaria eradication programs, 
led by the World Health Organization in the 1950s Aiming at an eradication 
of the disease by elimination of the vector, Anopheles mosquitoes, massive 
spraying campaigns were initiated using pesticides such as DDT The initial 
results were promising and successful- malaria was eradicated or sharply 
reduced in many countries. 

Now, malaria is back and kills one person, often a child, every 12 seconds. 
The disease is estimated to kill between 1.5 and 2.7 million people every year, 
mainly in sub-Saharan Africa Another 300 to 500 million people carry the 
disease The parasites and mosquitoes have grown resistant to the commonly 
used antimalarial drugs and insecticides. Chloroqume, one of the few drugs 
affordable for widespread use, is no longer effective in most parts of the world 
In addition, the increased mobility of the world's population places more and 
more people at risk. 

The alarming situation of malaria has awakened the international community 
and breathed new life into the efforts aiming at a control of the disease. 
A prerequisite for success is a full understanding of the life cycle of the 
parasite. The epidemiology of malaria is complex, and the basic biology of the 
parasite is incompletely understood Therefore, new research initiatives are 
needed and have been initiated recently Molecular biologists are in the 
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process of developing the tools needed to study the biology of the parasite at 

the molecular level. In addition, a malaria genome project has been initiated, 

which aims at sequencing the complete 25 megabases genome of the malaria 

parasite (Dame et al., 1996). It is hoped for that these developments will 

accelerate progress in our understanding of the biology of the parasite and 

provide new drug- and vaccine-targets. 

The aim of the work presented in this thesis was to gain insight in the gene 

regulatory events that underlie development of the parasite in the human and 

mosquito host. In particular, the process of sexual differentiation has been 

studied, as this process is primarily responsible for the spread of the disease. 

Life cycle of the malaria parasite 

Malaria is caused by a protozoan parasite of the genus Plasmodium. Of the four 

Plasmodium species that infect man, Plasmodium falciparum causes the most 

severe form of malaria. It distinguishes itself from the other species by its 

Figure 1 
Life cycle of the human malaria parasite Plasmodium falciparum Infection in 
humans begins with the introduction of sporozoites in the blood stream by a bite of 
an infected Anopheles mosquito (a). The sporozoites invade hepatocytes in the liver 
(b) and are cleared from the circulation within 30 minutes. Within the hepatocyte, 
asexual multiplication leads to the accumulation of merozoites The hepatocyte 
bursts and releases its content in the blood stream Here, the merozoites invade red 
blood cells and initiate an asexual multiplication cycle (c). Immediately following 
infection, the cytoplasm of the parasite adapts a typical ring like structure (d) 
Trophic growth (e) and subsequent mitotic divisions lead to the production of up 
to 32 merozoites in a schizont (f), which bursts and releases the merozoites in the 
blood stream. The merozoites can reinitiate the erythrocytic asexual multiplication 
cycle (g) At high parasite densities, a sub-population of merozoites forgoes asexual 
multiplication and commits to sexual differentiation (h) Initially, sexually committed 
parasites adapt the typical post-invasion ring shape (ι) and cannot be morpho
logically discriminated from asexual parasites Sexual differentiation becomes 
apparent with the appearance of stage II gametocytes (j) that mature into female 
and male stage V gametocytes (k). The gametocytes are adapted to infect a 
mosquito Following the blood meal of the mosquito, the female gametocyte 
transforms in a macrogamete (I) The male gametocyte undergoes 3 rapid nuclear 
divisions and produces 8 microgametes (m) that fertilize (n) the macrogamete, 
which then transforms in an invasive ookinete (o). The ookinete traverses the 
midgut epithelium and forms an oocyst at the side of the basal lamina Subsequent 
sporogonie development (p) leads to the production of sporozoites that are released 
from the oocyst, accumulate in the salivary gland of the mosquito and are infectious 
upon a new bite (a) Parasites are haploid throughout the life cycle with the 
exception of the fertilized macrogamete (η) Meiotic division takes place after 
fertilization (n) at the onset of sporogonie development (o-p). 
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unique ability to alter the membrane of the infected erythrocyte in such a way 
that it becomes adherent to endothelial cells. The result is a lining of cerebral 
capillaries and venules with parasitized erythrocytes, leading to cerebral 
malaria and death (Miller era/., 1994). It is this deadly trait, and the fact that 
P. falciparum is the most widespread form of malaria, that has guided most 
research efforts in the direction of a control of P. falciparum rather than the 
other Plasmodium species. Accordingly, this thesis focuses on P. falciparum. 
An infection with P. falciparum starts with the injection of sporozoites in the 
bloodstream by a bite of an infected Anopheles mosquito (Fig. 1) The sporo
zoites are rapidly cleared by the liver from where intra-erythrocytic development 
starts. Merozoites released from bursting schizonts within liver parenchymal 
cells invade red blood cells and form multi-nucleated schizonts via a series 
of mitotic divisions. When the schizont contains 16-32 nuclei, it bursts and 
releases its content in the form of new merozoites in the blood-stream. These 
merozoites rapidly invade red blood cells and re-mitiate the asexual multi
plication cycle. Some merozoites, however, forgo asexual multiplication and 
commit to sexual differentiation, which ultimately leads to the formation of 
male and female gametocytes. These gametocytes can be taken up by a 
mosquito during a blood meal and then fertilize within the mosquito midgut. 
Subsequent sporogonie development eventually leads to the accumulation of 
new infectious sporozoites in the salivary glands of the mosquito. 

Blocking the cycle 

Given the widespread resistance against a variety of drugs, and the high costs 
associated with the use of drugs (Nosten and Van Vugt, 1996), a vaccine would 
be the ultimate antimalarial measure. However, most part of the parasite's life 
cycle takes place within the secure environment of the red blood cell, effec
tively separated from the host's immune factors. Yet, the sporozoites, mero
zoites and gametes are freed from the surrounding red blood cell membrane 
and might be vulnerable to attack by the immune system. It is for this reason 
that these stages have been the major subject of the research that aims at the 
development of a malaria vaccine. 

Numerous antigens present on the surface of sporozoites and merozoites have 
been described. Some of them have been proved to be promising vaccine 
candidates (reviewed in Howard and Pasloske, 1993; Pasloske and Howard, 
1994). Of these, only a few have been tested in human trials. Immunization 
of human volunteers with various recombinant vaccines based on the immuno
dominant tandem repeat unit of the circumsporozoite protein resulted in poor 
protection and low levels of antibody responses (Chauhan, 1996; Herrmgton 
D.A er al., 1987). These studies added to the growing awareness that a vaccine 
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against the hepatic stages should elicit both humoral and cellular responses in 
order to yield full protection (Ambroise-Thomas and Olliaro, 1996; Clark, 1987; 
Rodrigues ef al., 1993). A vaccine containing both В and T-cell epitopes of the 
circumsporozoite protein in combination with the hepatitis В surface antigen 
was well immunogenic but still far from 100 percent effective (Gordon et al., 
1995). However, subsequent trials showed that this vaccine was significantly 
more effective when administered with other adjuvantia. One particular formu
lation was shown to protect six out of seven human volunteers from becoming 
parasitaemic after challenge with the homologous strain of the parasite (Stoute 
ef al., 1997). It remains to be seen whether this vaccine will be effective 
against heterologous challenge in the anticipated field trials. 

The only vaccine that has been clinically tested on a large scale is the 
synthetic peptide vaccine Spf66. It consists of the N-termmal sequences of 
three merozoite antigens plus the repeat unit of the circumsporozoite protein 
(Patarroyo et al., 1988). Initial field trials with this formulation yielded 
promising results but subsequent, more carefully controlled studies showed 
that this vaccine is hardly effective (reviewed in Engers and Godal, 1998; 
Targett, 1997). 

Although there have been tremendous efforts in the development of a vaccine 
against the asexual blood and liver stages, which has provided a vast amount 
of data on the complex immunity against malaria, an effective vaccine is still 
not available. An alternative to the asexual stage vaccines is provided by the 
possibilities that exist for developing a vaccine against the sexual stages. It is 
possible to immunize the vertebrate host with gametocyte or gamete antigens. 
The antibodies against these antigens are carried along with the gametocytes 
into the mosquito midgut, where they then prevent fertilization and/or 
sporogonie development of the parasite (Carter and Chen, 1976; Gwadz, 1976; 
Roeffen ef al., 1995). Although the recipient of such a transmission-blocking 
vaccine would not directly profit from the vaccination, this kind of approach 
is thought to be very powerful in achieving an eradication of the disease in 
endemic areas where the rate of transmission is low (Kaslow ef al., 1992). 
Even when a full eradication is not achieved, a lowered rate of transmission 
might significantly reduce mortality and morbidity, as illustrated by the effects 
of bednet programs (D'Alessandro et al., 1995). Furthermore, in conjunction 
with a vaccine aimed at attacking the asexual parasites that are the cause of 
clinical malaria, a transmission blocking component could prevent the spread 
of vaccine-resistant mutants (Targett, 1997). 

Several features set the mosquito stages of the parasite apart from the blood 
stages, and the chances for successful development of a transmission blocking 
vaccine might be higher than for a blood stage vaccine for the following 
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reasons: I) The gametocytes ingested by a mosquito escape rapidly from the 
red blood cell and the parasite stages that develop subsequently within the 
mosquito midgut are extracellular. II) The midgut stages of the parasite are 
exposed to the immune reactivity in the blood meal for hours whereas sporo-
zoites and merozoites only reside freely in the blood stream for minutes. Ill) 
Whereas most asexual stage antigens are considerably polymorphic (McColl 
and Anders, 1997), the sexual stage antigens are highly conserved between 
geographically distinct P. falciparum isolates (Koeken et al., 1995; Moelans 
er al., 1991). IV) Antigenic variation, which has been reported for asexual 
stage antigens, is not exhibited by the sexual stage antigens (Biggs et al., 
1991; Deitsch et al., 1997; Roberts et ai, 1992). 

The feasibility of a transmission-blocking approach has been demonstrated 
by numerous experiments that have shown that monoclonal antibodies against 
surface proteins of the sexual stages can block transmission of the parasites 
(Kumar and Carter, 1984; Rener et ai, 1980; Vermeulen eí al, 1985) In 
addition, it has been demonstrated that naturally infected humans develop 
a transmission blocking immunity (Mulder et ai, 1994; Premawansa et al., 
1994; Roeffen et ai, 1996). 

Progress in the development of a transmission-blocking vaccine has been 
limited. A handful of sexual stage antigens has been described (reviewed in 
Alano, 1991). Of these, the gamete antigen Pfs25 seems a suitable vaccine 
candidate and a recombinant vaccine based on this antigen has been produced 
and tested in phase I safety and immunogemcity trials (Kaslow, 1996). This 
vaccine was shown to induce the production of antibodies in mice, which in 
turn potently blocked transmission in a mosquito feeder assay. However, the 
results of human trials were disappointing (Smden, 1997). The complex 
folding and tertiary structure of the other sexual stage antigens has impeded 
the production of effective recombinant forms, and a vaccine based on these 
antigens is still awaited for. 

The past years have seen an interest in alternative transmission-blocking 
approaches that focus on the parasite-vector interactions. The arrival of the 
blood meal m the mosquito midgut induces a multitude of mutual responses 
in both the parasite and the mosquito. Among the processes induced in the 
mosquito is the production of trypsins that help to digest the blood meal 
(Mueller et ai, 1993). These trypsins are in turn used by a parasite chitmase 
for its conversion to an active form Agents that block the action of either the 
chitmase or the trypsin can prevent the mosquito from becoming infected 
(Shahabuddm et ai, 1996; Shahabuddin et ai, 1993). Furthermore, naturally 
occurring strains of Anopheles that are non-susceptible to a malaria infection 
have been described (Warburg and Miller, 1991), and progress is being made 
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in the identification of the genes that are involved in this refractoriness 
(Collins, 1994; Zheng et al., 1997). Although there will be many obstacles 
of all kinds in driving parasite-inhibiting genes in wild mosquito populations, 
several studies have indicated that the introduction of genes m a population via 
'loaded' transposable elements or via transformed endosymbionts is feasible 
(Meister and Grigliatti, 1993; Turelli and Hoffman, 1991). 

Although the sexual stages of the parasite provide good targets for agents that 
block the spread of the disease, the developmental program underlying sexual 
development of the parasite is poorly understood. A better insight in this pro
gram is of vital importance for a breakthrough m the development of a trans
mission-blocking agent. The next sections will summarize the current state of 
knowledge, and indicate that molecular approaches might increase our level 
of understanding. 

Sexual differentiation of P. falciparum 

The benefits of sex are still poorly understood by evolutionary biologists When 
compared to asexual reproduction, sex has an intrinsic disadvantage, which 
originates from the cost of producing males. Organisms using amsogamous 
sexual reproduction are only able to transmit half of their genome to each 
descendent while parthenogenetic organisms transmit their entire genome 
(Maynard Smith, 1976). In addition, sex is costly in terms of time and energy 
used, and combinations of genes that function well together are broken up by 
recombination in transmission to the progeny (Crow, 1988). However, sex is not 
purely detrimental. Its selective advantage might be explained by its ability to 
stop or reverse the accumulation of deleterious mutations (Kondrashov, 1988). 
If mutations are on the average deleterious, asexually propagating organisms 
would accumulate mutations m a ratchet-like manner (this is referred to as 
Muller's ratchet (Muller, 1964; Chao, 1990)). Segregation and recombination 
during sexual reproduction can stop or slow Muller's ratchet. 

The continued persistence of sex by a large number of organisms suggests 
that it offers enough selective advantages to offset the costs. For P. falciparum, 
indications for the occurrence of sexual reproduction were first noticed by 
Laveran m 1881. He observed the dynamic process of the emergence of male 
gametes in the blood of a malaria infected patient (Laveran, 1881). It was 
McCallum, however, who appreciated the full meaning of this observation 
16 years later, and who subsequently observed the process of fertilization 
(McCallum, 1897). The genetic evidence for sexual reproduction of 
P. falciparum, i.e. the recombination of genotypes of different parasite lines, 
was provided by Walhker and coworkers (Walhker et al., 1987). They observed, 
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in a laboratory cross of two clones of P. falciparum, high frequencies of 

recombination. As mixed infections occur frequently in nature, they suggested 

that there is an enormous potential for the generation of genotypic diversity. 

Surprisingly, population genetic data have shown that this potential is not 

fully exploited by Ρ falciparum. Whereas random mating has been observed 

in some natural populations (Babiker et al., 1994; Ranford Cartwright etat., 

1993), other studies have shown that the genetic structure of P. falciparum 

populations deviates strongly from panmixia (Read et al., 1992; Rich er al., 

1997). A similar clonal population structure has been observed for other 

parasitic protozoa with a capability to undergo sexual reproduction (Tibayrenc 

ef a/., 1991; Tibayrenc ef ai, 1990). It has been suggested that the degree 

of inbreeding of P. falciparum varies with the intensity of transmission, and 

that self-fertilization might be favored in the maintenance of a multi-locus 

beneficial phenotype, like some drug-resistant phenotypes (Paul era/., 1995). 

Even m a clonal population structure, sexual reproduction would be beneficial 

because it allows meiotic recombmational repair of DNA damage (Bernstein 

et ai, 1987). Studies on the protozoan aliate Paramecium tetraurelia have 

demonstrated that DNA damage accumulates, and affects vitality, during 

mitotic growth. This process of clonal aging is reversed during the meiotic 

division (Gi I ley and Blackburn, 1994, Holmes and Holmes, 1986). A similar 

mechanism of senescence might operate in P. falciparum. In this organism, 

double-strand DNA breaks occurs frequently during mitotic growth, resulting 

in chromosome shortening and loss of vital traits (Ravetch, 1989). 

Recombmational repair during meiosis allows repair of double-strand breaks 

and constitutes a selective advantage of sex, irrespective of the advantage of 

outbreeding (Bernstein and Bernstein, 1997). 

Commitment to sexual differentiation 

Notwithstanding the continuing debate on the benefits of sex in general, and 

to P. falciparum in particular, sexual reproduction is an obligate part of the life 

cycle of malaria parasites. Sexual differentiation of Ρ falciparum is delineated 

by several developmental switches that lead to dramatic morphological changes 

of the parasite. First, a subset of parasites that originate from asexual multipli

cation commits to sexual development. The asexual stages are haploid, and sex 

differentiation is a phenotypic trait expressed from a single genotype (Alano and 

Carter, 1990). Therefore, a second switch determines the sex of the developing 

gametocyte. Third, transmission to the mosquito triggers gametogenesis, a 

dynamic process that leads to the creation of gametes from the male and 

female gametocytes. 
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Figure 2 
Models for commitment to sexual differentiation Model 1 merozoites are neutral 
prior to invasion of a red blood cell The commitment to either asexual or sexual 
development takes place during early growth of ring stage parasites Model 2 
commitment to asexual or sexual development is made during asexual growth, but 
only manifested in the next generation Schizonts produce either asexual or sexual 
merozoites (Figure courtesy of Louis Miller and Richard Carter) 



The point in the life cycle at which asexual parasites commit to sexual 

differentiation has been the subject of considerable speculation but little 

experimentation. Carter and Miller have proposed two models for sexual 

commitment of asexual parasites (Carter and Miller, 1979, Fig. 2) According 

to the first model, merozoites are released from a schizont and commit to a 

differentiation route only after re-invasion of a red blood cell. In the second 

model, the commitment takes place earlier, and the entire progeny of a single 

schizont undergoes either asexual or sexual development. These models have 

been addressed in two published studies. Inselburg developed a plaque assay 

that allows the analysis of the progeny of a single parasite (Inselburg, 1983). 

Infected erythrocytes were seeded as a monolayer and overlaid with uninfected 

red blood cells. The progeny of the infected red blood cells forms a readily 

identifiable cluster of parasites in the overlay. His results demonstrated that 

schizonts have a tendency to produce either asexual or sexual progeny 

However, the commitment was not absolute and schizonts that produced 

gametocytes also produced asexual parasites. In an extension of this work, 

Bruce et al. used monoclonal antibodies to identify asexual and sexual 

parasites, thus circumventing the troublesome morphological identification of 

asexual and sexual parasites (Bruce et al., 1990). In this work, a high degree 

of commitment to either asexual or sexual development was seen. However, 

considerable numbers of mixed plaques, i.e. plaques containing both asexual 

and sexual parasites, were observed. The authors argued that these mixed 

plaques arose from multiple infected erythrocytes, and not from a non-clonahty 

of the progeny. They then calculated the expected number of mixed plaques 

based on the number of double-infections in the parental culture, and 

compared these to the observed numbers. The observed number of mixed 

plaques exceeded in almost every case the expected number of mixed plaques. 

Statistical analysis of their data, which they failed to perform, shows that these 

deviations are highly significant (χ 2 analysis on the pooled data shows that 

χ2 = 35.6, ρ < 0.001). Therefore, the conclusion of their work should be that 

the progeny of a single schizont shows a high, but not absolute, degree of 

commitment to either asexual or sexual development. 

It has been suggested that the proportion of asexual parasites that commits 

to sexual differentiation is modulated by environmental factors (Carter and 

Miller, 1979). In vitro studies have shown that a key determinant in the rate 

of switching to sexual differentiation is the parasitaemia of the culture. At low 

parasitaemia, asexual growth is favored over sexual differentiation. When the 

density of asexual parasites rises, the rate of commitment to sexual different

iation increases (Bruce et al., 1990). A number of studies have addressed the 

nature of the factors that might be involved in the modulation of the conversion 

rate and have reported roles for cyclic adenosine monophosphate (cAMP), 

phorbol esters and corticosteroids (reviewed in Alano and Carter, 1990). 
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However, these studies were often contradictory and researchers failed to 

reproduce the work of others Support for a critical role of cAMP might come, 

perhaps rather unexpectedly, from observations on the base composition of the 

parasite's genome. Ρ falciparum is the organism with the A/T richest genome 

known so far (Musto et al, 1995) It has been proposed that some organisms 

have A/T rich genomes because of their high levels of cytosohc ATP (Pettigrew, 

1994). Leakage of this ATP into the nucleotide precursor pool used for DNA 

repair and replication establishes a mutational bias towards the incorporation 

of adenosine nucleotides. High cytosohc ATP levels may arise from high rates 

of aerobic metabolism, or from the use of cAMP as a signaling molecule. The 

slime mould Dictyostelium, which uses cAMP as an intercellular signaling 

molecule, provides an example of the latter category (Gerisch, 1987). Its 

cytoplasm has a high level of ATP and its genome is extremely A/T rich. Slime 

molds using signaling molecules other than cAMP have neither the same high 

levels of cytosohc ATP nor such A/T rich genomes (Dutta and Mandel, 1972) 

Thus, the high A/T content of the genome of Ρ falciparum may reflect the fact 

that this parasite uses cAMP as a regulator of sexual differentiation 

Clues to the nature of the signals required for the onset of sexual differentiation 

might come from the studies on cell cycle progression in other organisms In 

general, growth and differentiation of eukaryotic cells is regulated by a network 

of cychn-dependent kinases (cdk) that are conserved among all eukaryotes 

studied in this respect (Solomon, 1993). The progression through the cell cycle 

is especially well-studied in yeast In this organism, the meiotic and mitotic 

pathways are mutually exclusive, and the cdk's that are required for the onset 

of the S phase inhibit commitment to sexual differentiation (Woollard and 

Nurse, 1995). Although most of the components that regulate progression 

through the cell cycle remain to be discovered in Ρ falciparum, a few cdk-like 

molecules have been described (Doeng et al., 1995; Ross Macdonald et al, 

1994). Interestingly, the gene encoding the PfCRKl protein, which shows 

homology to the p58 G T A protein family of higher eukaryotes, is expressed during 

gametocytogenesis and not during asexual growth. p58 G T A -like proteins are 

known downregulators of cell proliferation (Bunnell et al., 1990; Kidd et al, 

1991) The expression pattern of the falciparum homologue and its homology 

to p58G T Ahave led to the speculation that it might be involved in maintaining 

or establishing the differentiated, non-dividing state of gametocytes (Doeng, 

1997; Doeng et al, 1995) This hypothesis was opposed by Kmnaird and 

Mottram (Kmnaird and Mottram, 1997) who argued that the observed up-

regulation of PfCRKl during gametocytogenesis might be due to the altered 

nutritional state of the cell due to the changes in the culture conditions 

associated with a high rate of commitment to gametocytogenesis. However, 

are not these observations in perfect agreement? Nutrient deprivation leading 

to sexual differentiation is exactly what is seen in yeast (Nielsen, 1993) The 
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alteration of the nutritional state of P. falciparum during rapid mitotic growth 
might provide the signal to commit to sexual differentiation, and explain why 
higher rates of commitment are seen with higher asexual parasitaemias. 

Gametogenesis 

Transmission of gametocytes to the mosquito triggers gametogenesis, the 
release of gametes from the male and female gametocytes It is a spectacularly 
dynamic process that is completed within 15 minutes. The extraordinary pace 
of the complex morphological and biochemical changes is without precedent 
among eukaryotes, and even 'makes bacteria appear sluggish' (Smden, 1983) 

Within the mosquito midgut, the gametocytes disrupt the surrounding mem
brane of the red blood cell. The female gametocyte subsequently adapts a 
typical round shape and forms an immobile macrogamete The formation of the 
male gametes is more complex The cytoplasmic and nuclear structures of the 
male gametocyte are reorganized and eight axonemes appear. Simultaneously, 
the genome undergoes three mitotic divisions and the combined processes 
result in the formation of eight motile gametes. The extraordinary pace of 
this process, it is completed within 15 minutes, have led Janse et al. to the 
prediction that the genome should contain an origin of replication every 9 6 
kilo-base-pairs (Janse et al., 1986). 

The female and male gametes fertilize and produce, after a meiotic division, 
a motile ookinete, which penetrates the mosquito midgut epithelium. At the 
side of the basal lamina, the ookinete transforms in an oocyst, which produces 
sporozoites that migrate via the haemocoel to the salivary glands of the 
mosquito and are infectious to man upon a new bite 

The induction of gametogenesis is under strict control. The major signal 
involved in the triggering of the process is the reduction in temperature 
that accompanies the transmission of the gametocytes from man to the 
Poikilothermie mosquito (Ogwan'g et al, 1993). In addition, a factor in the 
mosquito midgut stimulates gametogenesis This factor, which is found in 
the midgut and head tissues, has historically been referred to as the mosquito 
exflagellation factor (Nijhout, 1979). Recently, this factor has been isolated 
and shown to consist of xanthurenic acid, which might act as a hgand to a 
plasma membrane receptor on the human erythrocyte (Billker et al., 1998, 
Garcia et al., 1997). 
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Genetic basis of sexual differentiation 

Genetic data have indicated that gametocytogenesis is a multifactorial process 
involving multiple chromosome loci Most of our knowledge of the genetic basis 
of sexual differentiation comes from mutant parasite lines that have lost the 
ability to undergo gametocytogenesis. The chromosomes of P. falciparum are 
remarkably polymorphic, and chromosome breakage followed by healing of the 
chromosome ends occur frequently in an in vitro culture, and perhaps m 
natural populations as well (de Brum et al ,1994; Hernandez Rivas et al., 1996; 
Lanzer étal., 1993; Lanzer étal., 1994; Scherf étal., 1992; Scherf and 
Mattel, 1992). Such a chromosome breakage that deletes a 0.3-megabase 
subtelomeric region of chromosome 9 results in an inability to produce gameto-
cytes (Alano et al, 1995; Day et al, 1993, Kemp étal., 1992). Chaiyaroj and 
coworkers (Chaiyaroj et al, 1994) have shown that parasites carrying a similar 
deletion were still able to undergo gametocytogenesis They proposed that 
these parasites had undergone a translocation prior to the deletion, with the 
translocated DNA carrying the information necessary for gametocytogenesis 
Furthermore, an internal rearrangement of chromosome 13 that results in 
aberrant transcription of the sexual stage specific gene pfg27/25 has been 
associated with a failure to produce gametocytes (Pologe, 1994). However, 
the polymorphisms of chromosome 13 are not predictive for the competence 
of gametocyte production as another study did not reveal a correlation between 
the two (Alano et al., 1996). There have been no attempts to characterize the 
polymorphic regions of chromosomes 9 and 13 m more detail, and the precise 
nature of the genetic background involved in commitment to sexual 
differentiation remains undiscovered. 

There is little data on the genetic basis of the determination of sex in 
Plasmodium As stated above, malaria parasites are haploid throughout the part 
of their life-cycle that takes place within the human body (Walliker et al.,1987), 
and cloned lines derived from a single haploid asexual parasite give rise to both 
female and male gametocytes (Bhasm and Trager, 1984, Trager et al., 1981) 
Together, these observations indicate that the parasite is homothallic and that 
the genetic constitution of male and female gametocytes might be identical. 
In agreement with this notion, a detailed comparative analysis of the karyotypes 
of the asexual and sexual stages failed to reveal any sex-specific chromosomes 
(Van der Ploeg et al., 1985). The molecular mechanisms of homothallism have 
been well characterized in different species of yeast, where the determination 
of the mating type is linked to the expression of master control genes that are 
translocated to an expression cassette m the mating type locus (Kelly ef al., 
1988; Oshima, 1993) There is no indication that a similar mechanism exists 
m Plasmodium. 
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To date, two sex-specific proteins of P. falciparum have been described. Alpha-

tubulm II is expressed solely in male gametocytes and gametes (Rawlmgs et 

al., 1992), whereas the expression of the Pf77 protein is restricted to female 

gametocytes (Baker et al, 1995). The analysis of a genetic cross of 

Ρ falciparum has shown that a defect in male gametocytogenesis exhibited 

by P. falciparum clone Dd2 is inherited as a single Mendehan trait that maps 

to chromosome 12 (Gurnet et al., 1996; Vaidya et al., 1995). This shows that 

the genetic information for male gametogenesis maps, at least partially, to the 

nuclear genome, and not to a cytoplasmic marker as has been shown for other 

unicellular eukaryotes (Sonneborn, 1977). Recently, the locus comprising the 

defect has been mapped to a 800 kb segment of chromosome 12, and efforts 

to narrow down this region are being undertaken (Guinet and Wellems, 1997). 

The identification of the genes in this locus would shed the first light on the 

details of the genetic components involved in sexual differentiation. 

Concluding remarks on sexual differentiation 

The 100 t h birthday of Ross' discovery that malaria is a vector-borne disease 

was recently celebrated in the joy of the advancements made m our compre

hension of malaria, but overshadowed by the awareness of our inability to 

control the disease. Increased research efforts are needed to achieve the 

ultimate goal: the eradication of malaria. 

Blocking the transmission of the parasite from man to the mosquito would 

be a powerful means to stop the spread of malaria. For this reason, sexual 

differentiation of P. falciparum has received much attention in various research 

programs. Not only have these efforts provided some vaccine candidates, they 

also have shed light on a fascinating part of the life cycle of P. falciparum. 

However, our understanding of the process of sexual differentiation is far 

from complete. The identification of loci known to be involved in sexual 

differentiation by positional cloning strategies and the analysis of the cychn 

dependent kinases that guide the parasite through the cell cycle might add to 

our understanding. Alternatively, the mechanisms underlying sexual differen

tiation might be elucidated by a molecular 'back to front' strategy. Such a 

strategy comprises the identification of genes that are exclusively expressed 

in the sexual stages, and a subsequent identification of the events that have 

led to their sexual-stage-specific expression. In other words: it investigates the 

cis- and trans-acting elements involved m the sexual stage specific expression 

of genes. Our knowledge of these elements is greatly lacking, but this field of 

study is now emerging. The next section will give an overview of what is 

currently known about transcriptional regulation in P. falciparum. 
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Regulation of gene expression 

The mechanisms of gene regulation m protozoan parasites have been the focus 
of intense scientific interest. Many infectious diseases, including malaria, 
African sleeping sickness, toxoplasmosis and leishmaniasis are caused by 
protozoan parasites. The morbidity and mortality caused by these parasites is 
frequently associated with the ability to establish a chronic infection in the 
presence of constant immune pressure. The parasites are able to do so because 
they have developed specific immune invasion strategies, including antigenic 
variation of surface proteins (Deitsch et al., 1997; Roberts et al., 1992). Gene 
regulatory processes play key roles in these pathogenic phenomena, as illus
trated by antigenic variation resulting from the switching between members 
of the VSG gene family in Trypanosomes (Pays et al, 1994), and from the 
switching of var gene expression in P. falciparum (Smith et al, 1995; Su étal., 
1995) Perhaps one of the more exciting outcomes of the study of mechanisms 
of gene regulation in protozoan parasites has been the discovery of transsphcing 
and RNA editing by kmetoplasts (Landweber and Gilbert, 1993; Pays, 1993) 
A better understanding of the mechanisms controlling gene expression in 
protozoan parasites is, therefore, of both medical and scientific interest 

The first indications that the expression of some P. falciparum genes is under 
strict developmental control came from the observations of developmental 
stage specific accumulations of protein and RNA molecules (reviewed in Lanzer 
et al, 1993). The direct evidence for differential transcriptional activities of 
genes was provided by nuclear run-on analysis of the kahrp, gbpl30 and 
pfg27/25 genes Шапо et al, 1996; Lanzer et al., 1992; Lanzer et al., 1992). 
The analysis of the gbpl30 and kahrp genes furthermore showed that their 
transcriptional activity is sensitive to inhibition by alpha-amamtm, which is 
indicative of eukaryotic RNA polymerase II transcription Earlier studies had 
already revealed that P. falciparum possesses a RNA polymerase II large 
subunit with close homology to that of other eukaryotes (Li et al, 1989). 

Genes transcribed by polymerase II typically contain a common core promoter 
that provides the recognition site for the basal transcription machinery, and 
gene-specific DNA elements that recruit regulatory proteins that modulate 
the transcriptional activity (Fig 3) Transcription proceeds in several phases: 
initiation, promoter clearance, elongation and termination Transcriptional 
activators and repressors might act, directly or indirectly, by modulating the 
rate of transcription initiation, elongation or both (Blair et al, 1996, Blau ef 
al., 1996). Typically, activators and repressors exhibit a modular structure 
consisting of a trans-acting domain and a DNA binding domain (Mitchell and 
Tjian, 1989). The trans-acting domain may influence the rate of transcription 
initiation by directly interacting with the basal transcription machinery. 
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Figure 3 
Model of a transcription pre-initiation complex assembled on a TATA+lnr* promoter 
A pre-initiation complex consists of the TATA-box binding protein (TBP) TBP 
associated factors (TAFs in the TFIID complex), general transcription factors (TFIIA, 
TFIIB, TFIIE TFIIF, TFIIH) and RNA polymerase II Following formation, the pre-
initiation complex is activated in an ATP dependent manner and becomes unstable 
The presence of nucleotides then results in initiation, promoter clearance and 
elongation Phosphorylation of the carboxy-termmal domain of the RNA polymerase II 
(CTD) is most probably required for promoter clearance Gene specific transcription 
factors (TF) might influence the stability or the rate of assembly of the pre-imtiation 
complex directly, or via the bridging activities of co-activators or co-repressors (CoF) 
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Alternatively, trans-acting factors might act more indirectly via the bridging 
activity of co-activators or co-repressors , via the modulation of the activity of a 
neighboring trans-acting factor, or via a so-called mediator complex (Bjorklund 
and Kim, 1996) The process of transcription cannot be seen separated from 
its template, the DNA The topology and the wrapping of DNA in chromatin 
imposes constraints on the transcriptional processes and add in an additional 
level of control A prerequisite m the function of any DNA-bmdmg protein is 
the formation of an open chromatin structure, which consists of DNA that is 
partially depleted from nucleosomes and allows the access of the trans-acting 
factor to the DNA (Gross, 1988). Originally, the unfolding of the chromatin and 
the subsequent action of trans-acting factors were seen as mechanistically 
distinct events. Recent discoveries, however, have shown that elements of the 
initiation complex might be directly involved in the remodeling of chromatin 
(Struhl, 1996; Wade era/., 1997). In addition, so-called architectural tran
scription factors have been described which modify the topology of the DNA in 
direct conjunction with the transcription machinery (Werner and Burley, 1997). 
These recent findings have led to a view in which the basal transcription 
machinery is seen as a specialized nucleosome in the chromatin template 
(Hoffman era/., 1997). 

Core promoters and basal transcription 

Transcription of a protein-encoding gene requires the precise positioning of a 
transcription pre-imtiation complex on the DNA template. In eukaryotes, this 
complex consists of the RNA polymerase II and a set of accessory proteins, 
TFIIA, TFIIB. TFIID, TFIIE, TFIIF, and TFIIH, termed the general tran
scription factors (Fig. 3; reviewed in Roeder, 1996). The assembly of the 
pre-imtiation complex may take place in a step-wise, sequential manner as 
has been observed in in vitro experiments (Zawel and Remberg, 1995). 
Alternatively, parts of the complex might be recruited as a holo-enzyme (Berk, 
1995; Koleske and Young, 1996). The rate of assembly and the stability of 
the pre-imtiation complex can be modulated by trans-acting factors, and this 
interplay adds to the determination of the transcriptional activity of a gene 

The nucleation of the pre-imtiation complex is mediated by DNA elements that 
constitute the core promoter of a gene. Eukaryotic promoters have two possible 
core elements: a TATA-box or an initiator element (Inr). These two structures 
can occur in all possible configurations. Thus, core promoters may contain both 
a TATA-box and an Inr (TATA+lnr+), either of the two (TATA+lnr or TATA lnr+), 
or in some instances, neither of the two (TATA-lnr; Novma and Roy, 1996) 
The recognition of one of the core elements by a DNA binding protein provides 
the foundation for the assembly of the pre-imtiation complex On TATA-
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containing promoters, this binding activity is provided by the TATA-box binding 
protein (TBP) in the TFIID complex. Promoters that lack a TATA-box still require 
TBP and TFIID for initiation of transcription (Pugh and Tjian, 1991), but the 
recruitment of the TFIID complex to the core promoter is mediated by a protein 
other than TBP. In the case of an Inr containing promoter, a protein that 
interacts directly with the Inr invokes the initial nucleation. Three models 
exist for this type of recognition: a) the Inr is recognized and bound by RNA 
polymerase II itself (Weis and Remberg, 1997), b) the Inr is bound by one 
or more TATA-box associated factors (TAFs) present in the TFIID complex 
(Martinez ef al., 1994), с) the assembly of the pre-imtiation complex is 
nucleated by specific Inr binding proteins (reviewed in Zawel and Remberg, 
1995; Novma and Roy, 1996). The mode of action of the formation of the 
pre-mitiation complex on promoters that lack both a TATA box and an Inr is 
unclear. It has been shown that these promoters often have multiple transcrip
tional start sites, suggesting that the initiation of transcription is imprecise 
(Geng and Johnson, 1993; Lu et al., 1995). Ince and Scotto (Ince and Scotto, 
1995) demonstrated that transcription from some of these TATA~lnr promoters 
is not random, but initiates in a defined transcription window. These promoters 
share a common element, termed MED - 1 , which stimulates transcription from 
downstream transcriptional start sites The precise mode of action of this 
element remains unresolved 

The place of assembly of the pre-mitiation complex determines the start site 
of transcription. In mammalian cells, transcription starts 25-30 nucleotides 
downstream of the TATA-box, or, alternatively, within the initiator region. 
In yeast, the selection of the start site is not as precise. In this organism, 
transcription often initiates at multiple sites within an initiation window that 
is located 30-100 nucleotides downstream of the TATA-box. RNA polymerase 
and associated factors apparently scan for thermodynamically favorable sites 
within the transcription window established by the TATA-box (Geng and 
Johnson, 1993). It has been demonstrated that the polymerase and the general 
transcription factor TFIIB are involved in the selection of the start site, but the 
precise nature of the sequence elements involved in the selection of the start 
site remain unresolved (Chen and Struhl, 1985, Leuther et al., 1996; Li et al., 
1994; Nagawa and Fmk, 1985). 

From the above, it can be concluded that the identification of the transcrip
tional start site of a gene is informative with respect to the localization of the 
core promoter, which is expected to he within 100 base-pairs of the start site. 
In P. falciparum, the isolation of DNA sequences located upstream of genes 
and a subsequent mapping of the start site of transcription has been trouble
some due to the extreme A/T richness of the DNA of the parasite (Lanzer ef al., 
1993). Nevertheless, a few transcriptional start sites have been mapped with 
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adequate accuracy. Single initiation sites have been reported for the genes 

gbpl30 (Lanzer et al., 1992), kahrp (Lanzer er ai, 1992), hsp86 (Su and 

Wellems, 1994), and cam (Crabb and Cowman, 1996), whereas multiple 

initiation sites have been reported for the genes msal (Myler, 1990), pena 

(Horrocks and Kilbey, 1996), and sera (Fox and Bzik, 1994) These studies 

have shown that the identification of core promoter elements on basis of 

sequence homology is ambiguous. On the one hand, the extreme A/T content 

of Ρ falciparum gene-flanking regions, which can exceed 90 percent (Hyde 

and Sims, 1987), precludes the assignment of a defined TATA-box. On the 

other hand, it is perhaps surprising to note that the majority of the 

P. falciparum genes analyzed in this respect do not contain a consensus TATA-

box within the region located 25-30 basepairs upstream of the transcription 

initiation site (Crabb and Cowman, 1996; Fox and Bzik, 1994; Lanzer et al., 

1992; Lanzer et al., 1992; Myler, 1990; see chapter 5 for an alignment 

of sequences and a full discussion). In addition, neither initiator-like nor 

MED-1-like elements have been identified in P. falciparum. These observations 

raise the question what kinds of core promoter elements are used by 

P. falciparum. As transcription often initiates at multiple sites, the selection 

of the transcription start site might resemble the, as yet undefined, mechanism 

used by mammalian TATA~lnr promoters. Alternatively, it might resemble 

the mechanism used in yeast However, if the latter would be true, it would 

be hard to envisage a defined role for a TATA-box in the establishment of the 

transcription window within the A/T rich P. falciparum DNA. 

The discussion on the possible role of a TATA-box in the transcription 

of P. falciparum genes was fuelled by the description of а Я falciparum homo
logue of the TBP (McAndrew era/, 1993). A typical eukaryotic TBP consists 
of two domains, a divergent ammo-terminus and a conserved carboxy-termmus 
(also called core domain) which in turn consists of two repeated elements 
of approximately 60 amino acids (Greenblatt, 1991). The Ρ falciparum TBP 

appears to share the same overall architecture, but with a very low level of 

identity at the amino acid level (Nikolov and Burley, 1994). Furthermore, 

hydropathy plots comparing the core domain of the P. falciparum TBP with 

those of other eukaryotes show a striking similarity (McAndrew et al., 1993). 

These observations have led to the proposal that the P. falciparum TBP may 

have adopted a conformation, reflected in similar hydropathy plots, which 

allows it to function as a TBP, but with an amino acid composition which 

facilitates interactions with core promoter elements within extremely A/T-nch 

sequences (Hyde et al, 1992; McAndrew er al., 1993). 
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Chromatin 

The chromatin structure is an important determinant in the transcriptional 

state of a gene. The recent years have seen the discovery of the components 

that actually link transcription and the remodeling of chromatin. These 

components can roughly be divided in two categories: those belonging to the 

SWI/SNF complex and those belonging to the histone acetyltransferases and 

de-acetylases. The latter modify the ammo-terminal tails of the histones m the 

nucleosome core particles, which alters the accessibility of DNA for transcrip

tion factors. Gene-specific modifications of the acetylation states of the nucle-

osomes can be achieved by transcriptional co-activators and co-repressors. The 

latter bridge between the sequence-specific trans-acting factors and the basal 

transcription machinery and for several of them it has been shown that they 

can modify the acetylation state of the histones directly (reviewed in Wade ef 

al., 1997). Histone acetyltransferases and deacetylases play a pivotal role in 

the life-cycle of Plasmodium. Agents that block the parasite's histone deace

tylases, leading to a hyperacetylation of the histones, have very potent anti

parasitic activities (Darkm-Ratray et al., 1996). However, the target enzymes 

for these agents remain to be described m more detail 

The SWI/SNF complex describes the second category of factors that rearrange 

chromatin. Presumably being an integral component of the polymerase II 

holoenzyme, this complex disrupts nucleosomal arrays m an ATP-dependent 

manner, thereby facilitating the access of other transcription factors to the DNA 

(Kadonaga, 1998; Struhl, 1996). The SWI/SNF proteins are highly conserved 

among all species studied in this respect and a homologue of the SNF-2 family 

has indeed been found in P. falciparum (Ji and Arnot, 1997), suggesting that 

the structure and dynamics of P. falciparum chromatin might resemble that 

of other eukaryotes. Further support for this notion came from the biochemical 

characterization of the histone core proteins in P. falciparum (Cary et al., 

1994; Longhurst and Holder, 1997) and from the identification of the genes 

that encode the histone core proteins H2A, H2B and H3 (Bennett ef al., 

1995; Creedon et al., 1992; Longhurst and Holder, 1995). In addition, limited 

micrococcal nuclease digestion of DNA revealed a nucleosomal organization 

typical for eukaryotes, with a phasing of the nucleosomes of 155 + 5 base-pairs 

(Lanzer et al, 1994; Lanzer et al., 1994). Hence, the P. falciparum 

nucleosome constitution and phasing conforms to that of other eukaryotes. 

Transcriptional activation in Ρ falciparum 

As a transfection system for P. falciparum has been lacking until very recently, 

the identification of cis-actmg elements, the DNA targets of trans-acting 
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factors, has mainly relied on comparison of P. falciparum gene-flanking 

sequences with known eukaryotic transcription factor binding sites. These 

types of analyses have revealed the occurrence of elements with homology 

to CCAAT elements (Horrocks and Κ11 bey, 1996; Su and Wellems, 1994), 

the SV40-enhancer (Lanzer et al., 1992), the OCT1 binding site (Horrocks 

and Kilbey, 1996), and the Spi consensus recognition site (Su and Wellems, 

1994) Electrophoretic mobility shift assays demonstrated that the SV40-

enhancer-hke element in the gbpl30 gene-flanking region interacts with a 

nuclear protein, indicating a potential functional role for this element in the 

transcription of the gbpl30 gene (Lanzer et al, 1992). Similar analyses 

revealed that a repeat element located in the kahrp upstream region interacts 

with a nuclear factor in a developmental stage specific manner that correlates 

with the transcriptional activity of the kahrp gene (Lanzer et al, 1992). The 

functional role of the elements present in the gbpl30 and kahrp genes has 

not been addressed experimentally yet. 

The long awaited transient transfection of Plasmodium was first demonstrated 

in 1993 using gametes of the avian malarial parasite P. gallinaceum 

(Goonewardene et al., 1993) Subsequently, in 1995, the first transient 

transfection of P. falciparum mtraerythrocytic parasites was reported (Wu et al., 

1995) Within this report was the first functional characterization of compo

nents from a Ρ falciparum transcriptional unit, clearly demonstrating that both 

upstream (promoter) and downstream (terminator) regulatory elements are 

necessary for efficient reporter gene expression. 

This first analysis of the structure of a P. falciparum promoter was relatively 

crude, with deletion constructs being prepared from convenient restriction 

endonuclease sites. More recent reports have made use of nested deletions 

generated by PCR to generate a range of deletions constructs with which to 

map functionally important regions (Crabb and Cowman, 1996; Horrocks and 

Kilbey, 1996) A number of elementary observations regarding the function of 

P. falciparum promoters have been made using such an experimental approach 

Two important milestones were the demonstration that physically mapped 

elements had a functional role, and the identification of enhancer elements. 

Using both RNase protection and primer extension two transcription start 

sites have been mapped for the pena gene between 970 and 1000 base-pairs 

upstream of the translation start site (Horrocks and Kilbey, 1996). Deletion 

or reversion of a region containing both these sites completely abrogated 

expression of a firefly luciferase reporter gene. Furthermore, deletion of 

sequences located 180 base-pairs upstream of the transcriptional start sites 

reduced expression of the reporter gene. Three important conclusions can 

be drawn from this work: 1) the initiation of transcription is not random but 

relies on defined DNA elements, deletion of these elements prevents any 
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transcriptional activity, 2) transcription mediated by these elements is 

directional, and 3) basal transcription can be stimulated by DNA elements 

distal from the transcriptional start site The latter observation was also made 

in studies of the Ρ falciparum dhfrartá cam promoters (Crabb and Cowman, 
1996). Both promoters contain sequence elements that in either orientation 
are capable of promoting efficient promoter activity. These elements do neither 
bear homology to each other, nor to any known eukaryotic transcription factor 
binding site. 

The first functional studies on P. falciparum promoters have established the 
basic principles of transcriptional initiation and regulation. Sequence elements 
up- and downstream of the genes are required for proper initiation and termi
nation of transcription, respectively. The P. falciparum promoters conform to 
the bipartite structure seen for all eukaryotic promoters initiation and the basal 
rate of transcription is defined by core promoter elements whereas sequences 
located more distally from the transcriptional start site activate transcription. 
Furthermore, progress has been made in the identification of the basal compo
nents of the transcription machinery and the chromatin template. However, 
the details of the transcriptional processes in P. falciparum remain unresolved 
The extreme A/T richness of the promoters makes the identification of core 
promoter elements on basis of sequence homology an ambiguous affair. 
Whenever homologous sequences were identified, they have not been tested 
in a functional assay, and the elements that were identified m a functional 
approach do not show any homology to known transcription factor binding sites 
and have not been analyzed in great detail More importantly, the molecular 
details of the switches underlying the developmental stage specific expression 
of genes remain totally unresolved. Obviously, the next challenge is to pinpoint 
the cis-actmg elements, identify the corresponding trans-acting factors and 
then relate these factors to the developmental biology of the parasite. 

Outline of this thesis 

The aim of the work described in this thesis was to increase our understanding 
of the process of sexual differentiation of P. falciparum via an elucidation of the 
transcriptional regulatory events that lead to the sexual stage specific expression 
of genes. Two molecular markers of the sexual differentiation process, which 
had been identified earlier, provided the starting point of this analysis. These 
markers, the Pfsl6 and Pfs25 proteins, were originally identified as promising 
candidates for a transmission blocking vaccine (Kaslow ef al., 1988; Moelans et 
al, 1991). In the context of this thesis, their value as specific markers for two 
of the important developmental switches that delineate sexual differentiation is 
of more importance then their antigenic properties. 
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The gene encoding Pfsl6 is expressed at the onset of gametocytogenesis, 
and its expression is diagnostic for parasites that have made the commitment 
to sexual differentiation. The Pfsl6 protein is an integral part of the parasito-
phorous vacuole membrane of gametocytes (Baker et al., 1994; Bruce et al., 
1994). Although originally identified as a candidate for a transmission blocking 
vaccine, antibodies against the protein do not block sporogonie development of 
the parasite within the mosquito midgut (Moelans et al, 1995). The functional 
role of the protein remains unknown 

The expression of Pfs25 is triggered immediately following the transmission 
of the gametocytes form man to mosquito, and marks gametogenesis of the 
parasite. The protein is characterized by several EGF-hke domains (Kaslow et 
al., 1988), and conserved among several Plasmodium species (Kaslow ef al, 
1989; Paton et al., 1993). It localizes to the membrane of gametes, zygotes 
and ookinetes, and antibodies against Pfs25 potently block transmission of 
the parasite (Barr et al., 1991; Duffy and Kaslow, 1997; Kaslow era/., 1994). 
It has been suggested that Pfs25 is involved in a receptor-hgand interaction 
required for invasion of the mosquito midgut (Vermeulen et al., 1985) 

The present work describes the mechanisms of the developmental stage specific 
expression of the pfsl6 and pfs25 genes. First, a detailed description of the 
timing of expression of the pfei6gene is given in chapter 2 The results pre
sented in this chapter show that the expression of pfsl6 is the earliest event 
in the sexual differentiation process described to date. Furthermore, they show 
that the regulation of the expression of the pfsl6 and pfs25 genes relies on a 
regulation of the transcriptional activities of the respective genes. This finding 
validated the hypothesis that the details of the developmental^ regulated 
expression of the pfsl6 and pfs25 genes might be elucidated by an analysis of 
the elements that control the transcriptional activities of these genes. Therefore, 
we set out to isolate and characterize the pfsl6 and pfs25 promoters, which is 
described in chapter 3. We have identified the core and enhancer regions of 
these promoters, and identified a transcription factor involved in the induction 
of transcription of the pfs25gene. Our data show that the pfsl6 and pfs25 
promoter regions are extremely A/T rich, which is in part accounted for by the 
presence of long homopolymeric (dA:dT) tracts. As such tracts have been repor
ted to possess important functional and structural features, we have analyzed 
their distribution in a systematic way, which is presented in chapter 4. Finally, 
chapter 5 gives a general discussion of the data presented in chapters 2-4. 
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Chapter 2 

Developmentally regulated 
expression of pfsl6, a marker 
for sexual differentiation of 
the human malaria parasite 
Plasmodium falciparum 
К J Dechenng J Thompson H J Dodemont W E l i n g a n d R N H Konings 1997 

Mol Biochem Parasitol 89 235 244. 

Abstract 

Sexual differentiation is essential for the transmission of Plasmodium 
to mosquitoes and, therefore, for the spread of malaria. The molecular 
mechanisms underlying sexual differentiation are poorly understood but may 
be elucidated by a detailed study of the regulation of expression of sexual stage 
specific genes. In the present work we describe the differential expression of 
the gene encoding the sexual stage specific protein Pfsl6. We have conducted 
a comparative analysis of pfsl6 promoter activity, RNA levels and rate of de 
novo protein synthesis during development of Plasmodium falciparum. 
Furthermore, we have determined the pattern of expression of pfsl6 transcripts 
at the single cell level by in situ hybridization. We show that the expression 
of pfsl6 is induced immediately following the invasion of a red blood cell in 
sexually committed ring stage parasites and continues throughout gameto-
cytogenesis and in macrogametes. The expression of pfsl6 is regulated at the 
level of transcription initiation, and modulated by a post-transcriptional process 
These results demonstrate that the expression of the pfsl6 gene is the earliest 
event in the sexual differentiation process of Ρ falciparum described to date 

Introduction 

Upon infection of a red blood cell, two options for further differentiation are 

available to a merozoite of the human malaria parasite Plasmodium falciparum 

It can re-initiate the asexual multiplication cycle from which it originated, or 

it can differentiate into a male or female gametocyte. The gametocytes are 

responsible for the transmission of the parasite to the mosquito host and, 
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therefore, for the spread of the disease. Little is known about the molecular 

events that trigger a merozoite to forgo asexual differentiation and undergo 

gametocytogenesis. The rate at which gametocytes appear in a Ρ falciparum 

culture is modulated by environmental factors such as the culture density 

(Carter and Miller, 1979). Several compounds, including cyclic adenosine 

monophosphate, phorbol esters and corticosteroids, have been reported to 

induce gametocytogenesis (reviewed in Alano and Carter, 1990). However, 

the mechanism of action of these compounds is unknown. At the genetic level, 

a number of observations have indicated that gametocytogenesis is a multi

factorial process involving several chromosomal loci. For example, the failure 

of cultured P. falciparum cell lines to undergo sexual differentiation has been 

linked to a subtelomeric deletion of chromosome 9 (Alano et al., 1995; Day 

er al., 1993). Conversely, in other mutants that do not produce gametocytes, 

chromosome 9 is still intact and rearrangements have occurred at other loci 

(Pologe, 1994). In addition, Gurnet et al. (Guinet et al., 1996) have recently 

described a P. falciparum mutant that is impaired in the production of male 

gametocytes and have linked the responsible mutation to chromosome 12. 

Sexual differentiation is marked by the synthesis of several parasite specific 

proteins. These include the antigens Pfsl6, Pfs25, Pfg27/25, Pfs48/45 and 

Pfs230, most of which originally have been characterized as important candi

dates for the development of a transmission blocking vaccine (reviewed in 

Alano, 1991). It is to be expected that a detailed study of the mechanisms 

underlying the stage specific expression of the genes encoding these proteins 

will deliver important information regarding the signals and mechanisms that 

trigger a merozoite to develop into a gametocyte. 

Here we report on the developmental^ regulated expression of pfsl6, a gene 

encoding an intrinsic component of the parasitophorous vacuole membrane 

of gametocytes (Baker era/., 1994; Bruce era/., 1994; Moelans ef a/., 1991). 

To examine the regulation of expression of this gene, pfsl6 transcription has 

been analyzed m situ and the changes in pfsl6 promoter activity, and Pfsl6 

RNA and antigen levels during gametocyte and macrogamete development have 

been studied. We show that the synthesis of pfsl6 mRNA is the earliest marker 

of the onset of gametocytogenesis described to date. Furthermore, we demon

strate that the expression of pfsl6 is regulated at the level of transcription, and 

modulated post-transcriptionally by a developmental-stage specific mechanism. 
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Materials and Methods 

Parasites 

Asexual ring and schizont stages of P. falciparum isolate NF54 were isolated 

from sorbitol synchronized cultures as described (Lambros and Vanderberg, 

1979). For the isolation of sexual stages, cultures producing gametocytes were 

treated with /V-acetyl-glucosamme to eliminate asexuals (Gupta et al., 1985). 

After 14 days of culture parasites were pelleted, mixed with fetal calf serum, 

and incubated for 1 hour at room temperature to allow activation of gameto-

genesis and the release of gametes. During this incubation, fertilization might 

occur (Kaslow era/., 1988). Subsequently, non-activated gametocytes and 

macrogametes were separated by Nycodenz density gradient centrifugaron 

(Ponnudurai et al., 1986; Vermeulen et al., 1985). During this step male 

gametes are lost. The qualities of the respective parasite fractions were ana

lyzed by microscopic examination of Giemsa stained thin smears and were as 

follows for the schizont and ring stage preparations: schizonts: 82% schizont, 

18% other (ring/trophozoite); rings: >95% ring stages, <5% trophozoites. For 

the sexual stages the purity typically was as follows: gametocytes. >95% stage 

ll-IV gametocytes (mainly stage IV according to the classification proposed by 

Hawking (Hawking et al., 1971)); gametes: 50-70% (fertilized) macrogametes, 

and 30-50% ghosts (lysed erythrocytes). To demonstrate that the macrogamete 

fraction was not contaminated with gametocytes, it was subjected to a suspen

sion immunofluorescence analysis with a mixture of Pfs25 and Pfs48/45 

specific fluorescem-isothiocyanate conjugated monoclonal antibodies. 

Simultaneously, nuclei were stained with 10 μg m l - 1 Hoechst 33258. After 

staining the preparations were analyzed by fluorescence microscopy on a 

Bio-Rad MRC600 confocal microscope. 

For the nuclear run-on experiments, Northern-blot analysis, and protein syn

thesis studies parasite preparations of comparable qualities have been used. 

RNA analysis 

Cytoplasmic RNA and nuclei were isolated via incubation of cells in lysis buffer 

(10 mM Tns.HCI, pH 7.4/10 mM NaCI/3 mM MgCI2/0.5% Nomdet P40) for 5 

mm on ice. Nuclei were pelleted, washed once with wash buffer (= lysis buffer 

without Nomdet P40), and stored in 50 mM Tns.HCI, pH 8.3/5 mM MgCI2/0.1 

mM EDTA/40% glycerol at -80°C until further use. To isolate the RNA from 

the cytoplasmic fraction, the supernatant was adjusted to 50 mM Tns.HCI, pH 

8.0/0.5% Na.sarcosyl/10 mM EDTA and extracted with phenol/chloroform/ 

isoamylalcohol. The RNA was subsequently ethanol precipitated and resus-

41 



pended m diethyl-pyrocarbonate treated H2O. Its concentration was 

subsequently determined spectrophotometrically. 

For Northern blot analysis, 3 μg of glyoxylated ring, schizont, gametocyte 

or macrogamete stage specific RNA was fractionated on a 1.5% agarose gel, 

transferred to nylon membrane (Hybond N+, Amersham), and probed with a 

nick-translated pfsl6 specific DNA probe (Moelans et al., 1991). 

For run-on analysis, 5 x l 0 6 nuclei were metabohcally labeled with [a-32P]-UTP 

and the newly synthesized RNA was isolated as described (Ausubel et al., 

1996) Unincorporated label was removed by repeated ethanol precipitation 

in the presence of 2M ammoniumacetate and the amount of incorporated label 

was determined via liquid scintillation counting. Equal amounts of radiolabeled 

RNA, isolated from nuclei of ring, schizont, gametocyte and macrogamete 

stages, were hybridized for 72 h at 42°C m 6xSSC (1 xSSC= 150 mM 

NaCI/15mM Na3citrate)/5xDenhardts/0.5% SDS/100 μg m h 1 yeast RNA and 

50% formamide, to pfsl6 and pfs25 DNA probes immobilized on Hybond N+ 

(Amersham) nylon membranes. After hybridization the filters were washed 

three times with 2xSSC/0.1% SDS for 15 mm at room temperature, once 

with 2xSSC containing 5 μg m h 1 RNAse A for 30 mm at 37°C and finally with 

0.2xSSC/0.1% SDS for 60 mm at 60°C. The filters were then subjected to 

autoradiography. A quantitative comparison of the expression levels between 

the different developmental stages was made by scanning the autoradiographs 

on a Molecular Analyst (Bio-Rad). 

In situ hybridization 

A template for the in vitro synthesis of a pfeiö-specific antisense RNA probe 
was generated by 2 rounds of amplification by the polymerase chain reaction 
protocol described in Baker et al. (Baker ef al., 1995). For the first round of 
amplification primer 1 (CCAACATGAATATTCGAAAG) was used in conjunction 
with primer 2 (GACTCACTATAGGGCGCGTTCTTCGTTTTTTTAAC). To 
generate a 420 bp product consisting of the coding region of gene pfsl6 and 
flanked at its З'-end by a promoter specific for T7 RNA polymerase, primer 1 
in conjunction with primer 3 (ACAAGCTTCTAATACGACTCACTATAGGGC) 
was used. A template for the in vitro synthesis of a 97 nucleotides long 
P. falciparum small subunit rRNA-specific antisense RNA probe, was generated 
by 2 rounds of PCR amplification using primer 4 (CTTAACCATAAACTATGCCG) 
in conjunction with primer 5 (GACTCACTATAGGGCGGTACTGAAGGAAGC) 
and primer 3 during the first and second rounds of amplification, respectively. 
In vitro transcription was carried out with phage T7 RNA polymerase (Promega) 
in the presence of digoxigemn or biotm-labeled UTP (Boehrmger-Mannheim) 
as described by the manufacturer. 
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Figure 1 
Suspension immunofluorescence assay on two typical preparations of Plasmodium 
falciparum macrogametes. The macrogamete fractions were incubated with a mixture 
of fluorescein isothiocyanate-conjugated anti-Pfs25 and anti-Pfs48/45 monoclonal 
antibodies and assayed by confocal fluorescence microscopy. Left panels: 
fluorescence images. Right panels: light transmission images. Panel A: macrogamete 
preparation A. In 48 percent of the cells the typical Plasmodium falciparum pigment 
(hemozoin) is clearly visible. As could be confirmed by staining with Hoechst 33258, 
the other cells are erythrocyte ghosts (not shown). Of the pigmented cells. 93 percent 
are recognized by the conjugated monoclonal antibodies. Occasionally a typical 
banana-shaped gametocyte is observed (indicated by an arrow) that shows no 
reaction with the monoclonals, indicating that the reaction is specific for mature 
macrogametes. Panel B: macrogamete preparation B. 68 percent of the cells are 
pigmented, the other 32% are ghosts. Of the pigmented cells, all are recognized by 
the conjugated monoclonal antibodies. 
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Blood films containing sexual-stage parasites were prepared for m situ hybri

dization as previously described (Baker era/., 1995; Thompson and Smden, 

1994). Hybridization was performed in the presence of 1-2 ng/ml of a 

digoxigenm-labeled antisense RNA probe specific for pfsl6, in conjunction 

with a biotm-labeled RNA probe complementary to P. falciparum rRNA. 

The probes were detected with a rhodamine-conjugated anti-digoxigenin 

antibody (Boehnnger-Mannheim) used at a concentration of 4 μg m l - 1 , and 

a fluorescein-conjugated anti-biotin antibody (Vector, UK) used at a concen

tration of 2 μg mh 1 , respectively. After hybridization, slides were mounted in 

Vector-shield and visualized with a Bio-Rad confocal laser scanning microscope. 

Labeling and immunoprecipitation of antigen Pfsl6 

Gametocytes and macrogametes purified from /V-acetyl-glucosamine treated 

cultures were metabolically labeled with a mixture of the [35S]-labeled amino 

acids methionine and cysteine (ICN) for 2 h as described (Kumar and Carter, 

1984). Cells were lysed in 50 mM Tns.HCI, pH 8.0/150 mM NaCI/1% Nomdet 

P40 supplemented with protease inhibitors (Complete, Boehrmger Mannheim). 

After the nuclei and cellular debris were pelleted, the Pfsl6 antigen was 

precipitated from the supernatant with polyclonal antiserum K36A (Moelans et 

al., 1991) and protein G (Streptococcus sp. suspension, Sigma) as described 

(Harlow and Lane, 1988). Precipitated proteins were analyzed by SDS/PAGE 

and visualized by fluorography. 

Results 

To study the developmental stage specific expression of a particular gene 

it generally is a prerequisite that these are performed on cells that are not 

contaminated by other developmental stages. In this study, therefore, we have 

taken extreme care in the synchronization and subsequent purification of the 

respective developmental stages of the parasite. Asexual parasites were isola

ted from sorbitol synchronized cultures, and sexual stages were isolated via 

Nycodenz gradient centrifugation from /V-acetyl-glucosamme treated cultures. 

Microscopic examination confirmed that the ring stage and gametocyte 

preparations were more than 95% pure, i.e. consisted for more than 95% of 

the desired developmental stage. The schizont fraction was less pure (82% 

schizonts), but, as schizonts are multinucleated cells that contain multiple 

merozoites, the purity of this fraction in terms of individual merozoites was 

also greater than 95%. The purity and quality of the macrogamete fractions 

was judged by staining the nuclei with Hoechst 33258 and by suspension 

immunofluorescence with a mixture of fluorescein isothiocyanate-conjugated 
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monoclonal antibodies specific for antigens Pfs25 and Pfs48/45. In an unfixed 

parasite preparation, a reaction with these monoclonals is restricted to those 

parasites that are not surrounded by a red blood cell membrane and that 

furthermore contain these antigens at their outer surface, i.e., mature macro-

gametes. Fluorescence microscopy showed that the macrogamete preparations 

typically consisted for 50-70% of nucleated cells all showing the typical 

malaria pigment, and for the remaining part of erythrocyte ghosts. As demon

strated in Figure 1, more than 95% of the nucleated and pigmented cells 

showed a reaction with the mixture of Pfs25 and Pfs48/45 specific monoclonal 

antibodies, thus providing compelling evidence that the vast majority of cells in 

the macrogamete preparations consisted of mature female gametes. 

To enable a quantitative comparison of promoter activity, RNA steady state 

level and de novo production of Pfsl6, in all experiments equivalent amounts 

of parasite RNA or protein of the different developmental stages were used. All 

experiments have been performed more than once, and the results of represen

tative examples are presented. 

Figure 2 
Northern blot analysis of the stage specific expression of pfsl6. 3 μg of P. falciparum 
RNA from ring stages (lane 1), schizonts (lane 2), gametocytes (lane 3) and 
macrogametes (lane 4) was fractionated, transferred to nylon membrane and probed 
with a pfsl6 cDNA probe. 
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Figure 3 
Visualization of developmental stage specific pfsl6 RNA expression by in situ 
hybridization. A) hybridization signals obtained with a small subunit A-type ribosomal 
RNA (SSU rRNA) probe. В) hybridization signals from a pfsl6 specific probe. 
1) young ring stage parasite (<24 h post infection) positive for pfsl6 and a schizont 
showing no pfsl6 signal. 2) ring stage parasite, trophozoite (24-48 h post infection) 
and stage I gametocyte (-40 h post infection). Only the stage I gametocyte stains with 
the pfsl6 probe. 3) stage III gametocyte hybridizing with the pfsl6 probe, negative 
schizont. 4) Mature gametocyte hybridizing to the pfsl6 probe, negative schizont. 
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Sexual-stage specific synthesis of pfsl6 RNA 

The Northern blot presented in Figure 2 demonstrates that pfsl6 RNA is 

exclusively synthesized in gametocytes and macrogametes Scanning of the 

autoradiograph revealed that the amount of pfsl6 RNA present in gametocytes 

is 2.5 times the amount present in macrogametes Prolonged exposure of the 

Northern blot revealed a weak hybridization signal in ring stage parasites (data 

not shown). This is consistent with the findings that a sub-population of the 

early ring stage parasites present in P. falciparum cultures have made the com

mitment to the sexual pathway (Bruce et al, 1990; Ponnudurai et al., 1986), 

and suggests that pfsl6 is expressed at the very onset of gametocytogenesis. 

In order to investigate the pattern of pfsl6 transcription in more detail, we 

have analyzed the expression of pfsl6 m situ at the individual cell level. 

In situ hybridizations were performed on infected blood films, containing 

parasites of all stages of asexual and sexual development, in the presence of a 

digoxigemn-labeled probe complementary to the pfsl6 transcript, and a biotm-

labeled probe which hybridizes with the small subumt of the Ρ falciparum 

A-type ribosomal RNA (SSU rRNA). The SSU rRNA-specific probe hybridizes 

with rRNA of all parasites and, therefore, allows visualization and identification 

of the various parasite stages (Fig. 3). Pfsl6 RNA is first detected in a sub-

population of young ring stage parasites (<24 hrs post infection) and thereafter 

in stage I gametocytes (Fig 3 1 and 3.2, respectively) and throughout gameto

cytogenesis (Fig 3 3 & 3.4) in both male and female gametocytes (data 

not shown). Pfsl6 RNA is absent in parasites that are undergoing asexual 

development (Fig. 3). The very faint staining of schizonts with the pfsl6 

probe (Fig. 3.1, 3.3 and 3.4) is due to a low background staining seen in all 

developmental stages. The fact that pfsl6 is expressed in a sub-population 

of young ring stage parasites and in all sexual stages, but never in ring stages 

that have developed into the readily identifiable asexual trophozoites (24 hrs 

post infection, (Gupta ef al., 1985)), leads us to the conclusion that ring stage 

parasites that express pfsl6 have made the commitment to the sexual differen

tiation route. Expression of the pfsl6 gene is, therefore, the earliest available 

marker of the commitment to sexual development. 

Regulation of expression of pfsl 6 

Several research groups have previously demonstrated that the Pfsl6 protein 

is present in gametocyte and gamete preparations of P. falciparum (Baker ef 

al., 1994; Bruce et al., 1994; Moelans et al., 1991). The results of immuno-

electronmicroscopy studies have led Moelans et al. (Moelans et al., 1991) first 

to the conclusion that Pfsl6 is attached to the surface of gametocytes and 
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Figure 4 
Comparative analysis 
of the rate of de novo 
Pfsl6 protein synthesis. 
Pfsl6 was immuno-
precipitated from 
metabolically labeled 
P. falciparum game-
tocytes and macroga-
metes. Lanes 1, 3, 4: 
gametocytes, lanes 2, 
5, 6: macrogametes. 
Lane 1, 2. total cell 
lysate, lane 3, 5: 
immunoprecipitation of 
Pfsl6 with antiserum 

-(8.4 K 3 6 A · L a n e 4> 6 : 

control reaction with 
non-immune serum. 
The predominant band 
visible in lane 2 is 
gamete specific and 
represents the Pfs25 
protein (Vermeulen er 
al., 1985). 

14.3 

• 

macrogametes. More detailed analyses performed by other workers (Baker ef 
al., 1994; Bruce et ai, 1994) have, however, indicated that this interpretation 
was not fully correct. In fact it was found that Pfsl6 is a component of the 
parasitophorous vacuole membrane and that the occurrence of Pfsl6 in gamete 
preparations primarily is caused by remains (whorls) of the parasitophorous 
vacuole membrane that still are attached to the female gamete. The latter 
observations do not, however, exclude the possibility that (female) gametes still 
have retained the capacity to synthesize (and secrete?) the Pfsl6 protein. An 
indication that this indeed might be the case is already given by the observa
tions that macrogamete preparations contain abundant amounts of pfsl6 
specific mRNA (Fig. 2&5; Moelans et al., 1991). To obtain an unambiguous 
answer to this issue, purified gametocytes and macrogametes were metaboli
cally labeled with the amino acids methionine and cysteine. Subsequently 
it was tested whether among the de novo synthesized proteins antigens were 
present that specifically reacted with Pfsl6 specific antibodies. From the 
results presented in Figure 4 it can be concluded that macrogametes are still 
capable of synthesizing Pfsl6. The levels of Pfsl6 synthesis that are observed 
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Figure 5 
Analysis of pfsl6 promoter activity by n n 9 
nuclear run-on. Nuclei of ring stages, 
schizonts, gametocytes and 
macrogametes were transcribed in the 
presence of [32P]-labeled UTP. The 
radiolabeled nascent RNA was SChizont 
hybridized to pfsl6 and pfs25 specific 
DNA fragments as indicated. 

gametocyte 

gamete 

in gametocytes and macrogametes correspond well with their cognate RNA 
levels, and do not indicate that there is a differential rate of translation of the 
transcript. 

In order to assess whether the pfsl6 transcripts present in the macrogametes 
are due to on-going transcription of the pfsl6gene or reflect an accumulated 
pool of pfsl6 RNA originating from the progenitor gametocytes, we have 
conducted a nuclear run-on analysis. To this end, nuclei were isolated from 
macrogametes and gametocytes, and for comparison also from asexual ring 
stages and schizonts, and incubated in the presence of [32P]-labeled UTP. 
Subsequently, the nascent radiolabeled RNA was isolated and hybridized to 
pfsl6and pfs25specific DNA probes. From the data presented in Figure 5 
it can be concluded that pfsl6 is transcribed both in gametocytes and 
macrogametes, but not in asexual ring and schizont stages. A quantitative 
comparison showed that the frequency of transcription of pfsl6 is slightly 
higher in macrogametes than in gametocytes. In contrast, the Northern analysis 
and immunoprecipitation experiments revealed that pfsl6 RNA levels and rate 
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of protein synthesis are lower in macrogametes than m gametocytes. These 
results demonstrate, therefore, that transcription of the pfsl6gene is 
developmental^ regulated and strongly suggest that a post transcriptional 
mechanism, possibly involving increased pfsl6 mRNA turn-over, operates 
in macrogametes to modulate the levels of pfsl6 mRNA and protein. 

The level of transcription of the control gene pfs25, that was studied in 
parallel, was found to be very low in gametocytes and to peak after the onset 
of gametogenesis (Fig. 5). These data are fully consistent with data published 
previously (Fries et al., 1990; Kaslow et al., 1988; Vermeulen étal., 1985). 

Discussion 

The data presented here demonstrate that pfsl6 is expressed within 24 hours 
following the invasion of a red blood cell in sexually committed ring stage 
parasites. The pfsl6gene is expressed throughout gametocytogenesis, in both 
female and male gametocytes, and in macrogametes. Furthermore, synthesis 
of pfsl6 RNA occurs in advance of expression of the second early sexual-stage 
specific gene, pfg27, which initiates at stage 11 of gametocytogenesis, (Lobo et 
al, 1994; J. Thompson, unpublished results). Our results show, therefore, that 
pisi6 expression is not only a marker for all stages of the sexual development 
of P. falciparum in the vertebrate host, but is also the earliest marker for sexual 
commitment identified to date. Bruce et al. recorded the expression of Pfsl6 at 
30-40 h post invasion (Bruce et al., 1994). The results presented here indicate 
that pfsl6 is expressed even earlier (<24 h post invasion) and indeed marks 
the very onset of gametocytogenesis. 

Previous reports that pfsl6 is expressed in asexual parasites (Alano et ai, 
1996; Moelans et al, 1991) are not confirmed by the results of our studies 
and are most likely due to incomplete synchronization of parasite cultures as 
already suggested by Moelans et al. (Moelans étal., 1991). We have shown 
that pfsl6 transcription initiates in sexually committed parasites immediately 
following the invasion of a red blood cell by a merozoite. As these sexually 
committed parasites are morphologically indistinguishable from early ring 
stages, we suggest that their presence accounts for the detection of pfsl6 
mRNA or protein in cultures which contain no identifiable gametocytes and 
have, therefore, been termed asexual. Lobo et al. have reported that some 
clones of P. falciparum which are defective in gametocytogenesis, express 
pfsl6 but not pfg27 (Lobo et al., 1994). In the light of our findings, we would 
also re-mterpret their results to suggest that these clones are not fully 'asexual' 
but show some degree of commitment to the sexual differentiation route as 
evinced by expression of pfsl6. They are not, however, able to proceed to stage 
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II of gametocytogenesis as they do not express the later sexual-stage marker, 
pfg27. 

The cellular localization of the Pfsl6 antigen has been subject of some 
dispute. From immuno-electron-miscroscopic studies Moelans et al. (Moelans 
ef al., 1991) have concluded that Pfsl6 is an integral component of the 
parasite membrane. Other investigators, however, have not been able to 
confirm this conclusion, but have obtained very convincing evidence that in 
gametocytes Pfsl6 is transported through the parasite membrane and subse
quently inserted in the parasitophorous vacuole membrane (Baker et al., 1994; 
Bruce et al., 1994). During gametogenesis part of the parasitophorous mem
brane remains, for reasons still unknown, attached to the parasite membrane 
and forms without doubt an important source of the Pfsl6 protein found in 
(female) gamete preparations (Baker et al., 1994; Bruce et al., 1994; Moelans 
ef al, 1991). Though gametes do not contain an (intact) parasitophorous 
membrane, the data presented here clearly demonstrate that gene pfsl6 is still 
transcriptionally active in macrogametes, and that at this developmental stage 
de novo synthesis of the Pfsl6 protein takes place Taking the biophysical and 
biochemical properties of the Pfsl6 protein into consideration (Moelans et al., 
1991; see above) we assume that it now is secreted by the parasite Whether 
this hypothesis indeed is correct and whether the protein now fulfills another 
biological function, or that the activity is residual and that the observed 
increased turn-over of the mRNA in macrogametes anticipates the silencing 
of the gene, is the subject of current investigations. 

The run-on data show that the transcription of pfsl6 is initiated early during 
gametocytogenesis and that the pfsl6 promoter remains active at least up to 
the stage of macrogametes. The appearance of the Pfsl6 protein directly 
reflects induction of the transcriptional activity of the pfsl6 gene. Although 
pfsl6 promoter activity does not decrease in macrogametes, however, pfsl6 
transcript levels and rate of protein synthesis are lower. This suggests that the 
abundance of pfsl6 products is modulated by a developmentally-regulated 
post-transcriptional mechanism. Differences in mRNA degradation rates 
during growth and differentiation of eukaryotic cells are a commonly observed 
phenomenon (Decker and Parker, 1994; Ross, 1995). The pfsl6 3' 
untranslated region contains motifs, including 11 copies of a nearly perfect 
dodecanucleotide repeat (our unpublished results) which may contribute to 
the differential degradation of the pfsl6 transcripts. 

The point in the life cycle at which sexual development is triggered is unknown. 
Carter and Miller (Carter and Miller, 1979) have proposed two models for a 
clonal origin of sexually differentiated parasites. According to the first model, 
merozoites are released from a schizont and commit to a differentiation route 
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only after re-invasion of a red blood cell In the second model, the commitment 

takes place earlier, and the entire progeny of a single schizont undergoes either 

asexual or sexual development. Experiments addressing these models favor the 

latter model but are not totally conclusive. Inselburg demonstrated that the 

progeny of a single schizont is to a great extent, but not completely, committed 

to one of the two available differentiation routes (Inselburg, 1983). In an 

extension of this work, Bruce et al observed a higher, but still not an absolute 

degree of commitment of the progeny of a single schizont (Bruce et al., 1990). 

Although pfsl6 proves to be the earliest expressed marker for sexual develop

ment known to date, the pfsl6 gene is not expressed in merozoites whilst they 

are still located within the schizont. This finding indicates, therefore, either 

that expression of the pfsl6gene first occurs after commitment has taken 

place, or that commitment coincides with the expression of pfsl6 but takes 

place only after re-invasion of a red blood cell by a merozoite The latter 

explanation favors the first model proposed by Carter and Miller. Detection 

of the presence of the pfsl6 transcript will be a valuable tool in the further 

evaluation of processes involved in the sexual commitment of a merozoite. 

We are currently identifying the mechanisms that lead to the activation of 

transcription of the pfsl6gene in an attempt to identify the signals that lead 

to sexual differentiation of Ρ falciparum. 
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Abstract 

Transmission of malaria depends on the successful development of the sexual 
stages of the parasite within the midgut of the mosquito vector. The differentiation 
process leading to the production of the sexual stages is delineated by several 
developmental switches. Arresting the progression through this sexual differen
tiation pathway would effectively block the spread of the disease. The successful 
development of such transmission-blocking agents is hampered by the lack of 
a detailed understanding of the program of gene expression that governs sexual 
differentiation of the parasite. Here we describe the isolation and functional 
characterization of the P. falciparum pfsl6 and pfs25 promoters whose activation 
marks the developmental switches executed during the sexual differentiation 
process. We have studied the differential activation of the pfsl6 and pfs25 
promoters during intra erythrocytic development by transfection of Ρ falciparum, 

and during gametogenesis and early sporogonie development by transfection of the 

related malarial parasite P. gallmaceum. Our data indicate that the promoter of 

the pfsl6 gene is activated at the onset of gametocytogenesis whilst the activity of 

the pfs25 promoter is induced following the transition to the mosquito vector. Both 

promoters have unusual DNA compositions and are extremely A/T rich. We have 

identified the regions in the pfsl6 and pfs25 promoters that are essential for high 

transcriptional activity Furthermore, we have identified a DNA binding protein, 

termed PAF 1, which activates pfs25 transcription in the mosquito midgut. 

Introduction 

Plasmodium falciparum is one of the major debilitating and life threatening 

parasitic pathogens of man. Half of the world's population lives in areas endemic for 
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malaria and 2-3 million people are killed annually Despite years of intensive 

research, an effective vaccine is still not available and the parasite displays 

a growing resistance to the currently available drugs New ways of combating 

the disease should be identified and this will only be accomplished by a better 

understanding of the basic biology of the parasite 

The gene regulatory processes governing development of the parasite are poorly 

understood Classical genetic analysis of the parasite has been hampered by the 

difficulties encountered in the manipulation of the sexual cycle of the parasite, 

although a few genetic crosses have been performed and have provided some 

information on the mechanisms of cell cycle progression (Gurnet et al, 1996, 

Vaidyaefa/., 1995, Walliker et al, 1987, Wellems ef al, 1990) Recently, 

transfection protocols developed for other apicomplexan parasites have been 

successfully adapted to the Plasmodia and brought the exciting promise of a 

functional analysis of genes and their products (Crabb and Cowman, 1996, 

Goonewardene et al, 1993, van Dijk et al, 1995, Wu et al, 1995) In addi

tion, a detailed and functional analysis of the gene regulatory events underlying 

the development of the parasite may now become feasible Of particular 

interest are the molecular mechanisms underlying sexual differentiation of the 

parasite, as this process leads to the production of parasite stages that are 

Figure 1 
Life cycle of Ihe human malaria parásito Plasmodium falciparum Infection in 
humans begins with the introduction of sporozoites in the blood stream by a bite of 
an infected Anopheles mosquito (a) The sporozoites are cleared by the liver (b) 
from where cyclic asexual development initiates (c g) Merozoites invade red blood 
cells and transform into a ring stage parasite (d) Subsequent trophic growth (e) and 
mitotic divisions lead to the production of up to 32 merozoites in a schizont (f) 
which bursts and releases new merozoites in the blood stream The merozoites can 
either reinitiate the erythrocytic asexual multiplication cycle (g) or commit to sexual 
differentiation (h) Initially sexually committed parasites adapt the typical post 
invasion ring like shape (ι) and cannot be discriminated from asexual parasites on a 
morphological basis Sexual differentiation becomes morphologically apparent with 
the appearance of stage II gametocytes (j) that mature into female and male stage V 
gametocytes (k) The gametocytes are adapted to nfect mosquitoes Following the 
blood meal of a mosquito the female gametocyte transforms in a macrogamete (I) 
The male gametocyte undergoes 3 rapid nuclear divisions and produces 8 
microgametes (m) that fertilize (n) the macrogamete which then transforms m an 
invasive ookinete (o) This ookinete traverses the midgut epithelium and forms a 
oocyst at the side of the basal lamina Sporogonie development (p) subsequently 
leads to the production of sporozoites that are released from the oocyst accumulate 
in the salivary gland of the mosquito and are infectious upon a new bite (a) DNA 
synthesis occurs at the trans tion from ring stage parasite to schizont (d f) 
(Jacobberger eí al 1992) and at the transition from sexually committed ring stage 
parasite to gametocyte (ι j) (Janse et al 1988) Accordingly both transitions are 
inhibited by pyrimethamine (Chutmongkonkul et al 1992) Transcription of the 
pfsl6 gene is induced in sexually committed ring stages whereas the pfs25 gene is 
activated immediately following transmission (Dechering et al 1997) 
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equipped to invade the midgut of the mosquito vector. One approach to 

control malaria is to prevent sexual development of the parasite and so, the 

transmission to the mosquito (Alano and Carter, 1990; Kaslow et al., 1992). 

Research efforts directed towards such a goal will greatly benefit from a 

detailed understanding of the gene regulatory events underlying sexual 

development. 

The process of sexual differentiation is governed by several developmental 

switches that direct the parasite through a complex series of morphological 

changes (Fig.l). First, a sub-population of asexually reproducing parasites 

commits to sexual differentiation and undergoes gametocytogenesis, the 

formation of male and female sex cells. The sexually committed parasites are 

marked by the expression of the pfsl6 gene, which is the earliest event in the 

sexual differentiation process described to date (Dechermg era/., 1997, Lobo 

er al., 1994). A second developmental switch defines the sex of the developing 

gametocyte. The parasite is homothallic, as a clonal, haploid line of asexual 

parasites will give yield to both male and female gametocytes (Trager et al., 

1981) The next developmental switch is executed following transmission of 

mature gametocytes to the mosquito midgut Here, gametogenesis is induced 

The female gametocyte produces a single macrogamete whilst the male game

tocyte undergoes a spectacularly dynamic process, termed exflagellation, which 

leads to the production of eight microgametes Subsequent fertilization 

produces a motile zygote, termed ookinete, which penetrates the pentrophic 

membrane surrounding the blood meal and initiates sporogonie development at 

the side of the basal lamina of the epithelium. The processes of gametogenesis 

and fertilization are completed within the 15-20 minutes following the arrival 

of the gametocytes in the mosquito midgut (Alano and Carter, 1990). The onset 

of gametogenesis is marked by the induction of the pfs25 gene (Dechermg et 

al, 1997; Gouagna et al., 1998), which encodes a membrane protein contain

ing several EGF-like domains (Kaslow era/., 1988). It has been proposed that 

Pfs25 is involved in a receptor-hgand interaction required for invasion of the 

midgut epithelium (Vermeulen era/., 1985). Antibodies raised against Pfs25 

potently block transmission of P. falciparum to the mosquito, and the protein 

is a leading candidate for a transmission blocking vaccine (Kaslow et al., 1992; 

Kaslow era/., 1991). 

The significance of the pfsl6 and pfs25 genes as specific markers for two 

important developmental switches executed by the malaria parasite prompted 

us to investigate the transcriptional regulation of these genes in greater detail. 

Therefore, we have isolated and characterized the promoters of the 

P. falciparum pfsl6 and pfs25genes. To study the differential activities of 

these promoters during intra-erythrocytic development of the parasite, we have 

exploited transient transfections of Ρ falciparum (Wu et al., 1995, Crabb er al., 
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1996). In addition, we have studied the activities of the pfsl6 and pfs25 
promoters in the parasite stages that develop within the mosquito midgut using 
transfections of the related parasite P. gallinaceum. Our data show that both 
promoters exhibit unusual DNA compositions that are extremely biased towards 
A/T nucleotides. We have identified the regions in the pfsl6 and pfs25 
promoters that are essential for high transcriptional activity. Furthermore, we 
show that distinct mechanisms control the activities of these promoters during 
development of the parasite. The pfsl6 promoter is induced at the very onset 
of gametocytogenesis and remains active following transmission of the parasite 
to the mosquito midgut. The activity of the pfs25 promoter is restricted to the 
parasite stages that develop within the mosquito midgut. We show that the 
induction of the pfs25 gene partially relies on a DNA-binding protein, termed 
PAF-1, which activates pfs25 transcription within the mosquito midgut 

Materials and Methods 

Transfection vectors 

Transfection vectors pHRPCAT, pAO and pHLH were kindly provided by dr. Wu 
(Oxford University, Oxford, UK). Plasmids pHLH and pAO are as pHRPCAT and 
PS0CS2, respectively, that have been described previously (Wu eia/., 1995), 
with the exception that the cat reporter genes have been replaced by luciferase 
reporter genes. A general-purpose transfection vector was constructed by sub
stituting the hrp3 promoter from plasmid pHRPCAT with a Kpn\/Nsi\ restriction 
fragment containing the polylmker of pZERO (InVitrogen). The resulting 
plasmid was designated pCAT-L 

Isolation of the pfsl6 5' flanking sequences and 
pfsl6 plasmid construction 

Plasmodium falciparum NF54 genomic DNA was digested with fcoRI and 
additionally sheared by somcation to an average fragment size of 2 kbp. The 
fragment ends were made blunt-ended with T4 polymerase and introduced in 
a lambda ZAPII vector (Stratagene) with the aid of EcoRI linkers. The library 
was propagated in Escherichia coli XL-I Blue cells (Stratagene) and screened 
with a pfsl6-spec\hc cDNA probe (Moelans et al., 1991). Positive plaques 
were purified to homogeneity and plasmids were rescued from the phages by 
an in vivo excision protocol (Stratagene). A plasmid with an insert of 1461 
base pairs that hybridized to the pfsl6 probe was isolated. From this plasmid, 
the pfsl6 upstream region was amplified by the polymerase chain reaction 
(PCR) using primers PP16.5, ggctcgagCTACTGTACTTTTTTTGGAC and 
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PP16.6, GAACTTTCGAATATgCATGTTGG (lowercase indicates nucleotides 
not present in the pfsl6 sequence that introduce restriction sites) and 
introduced into a pGEM-T vector (Promega) to yield plasmid pK16 3. 

The pfsl6 upstream region was introduced in transfection vector pCAT-L by 
cloning a Xho\ISph\ fragment of рКІб.З in the EcoR4ISph\ digested pCAT-L 
vector after blunting of the Xho\ end with Klenow polymerase. The resulting 
plasmid was designated pCAT-L16.1. A series of 5' deletions of the pfsl6 
upstream region in plasmid pCAT-L16.1 was generated First, one of the two 
SamHI sites present in pCAT-L16.1 was eliminated by digesting the plasmid 
with Sma\/Xba\ and blunting of the fragment ends with Klenow polymerase. 
Religation of the plasmid then resulted in plasmid pCAT-Llö.lASmal/Xbal. 
Subsequently, this plasmid was digested with Kpn\ and SamHI. Exonuclease 
III and SI nuclease treatment followed by religation of the plasmids then 
generated a series of incrementing 5' deletions of the pfsl6 upstream region. 
3' deletion mutants of the pfsl6 promoter were generated by cloning the 
products of a partial Sspl/EcoRI digest of the pfsl6 promoter region of plasmid 
pCAT-L16.lASmal/Xbal in an EcoRI/fcoRV digested pCAT-L vector. 

Plasmid р Ш С І б . 1 , containing a luciferase reporter gene under control of the 
pfsl6 promoter, was generated by cloning a Nsi\/Hmd\\\ fragment containing 
the luciferase gene from plasmid pHLH in pCAT-L16.lASmal/XbalExo2. 

To visualize the developmental stage specific activity of the pfsl6 promoter, 
a Green Fluorescent Protein (GFP) reporter gene was introduced in plasmid 
р Ш С І б . 1 . To this end, a Xba\/Pst\ fragment of plasmid pKENGFPmut2 
(kind gift of Dr Cormack, Stanford University, Stanford, CA, USA; Cormack et 
al, 1996) containing the coding region of GFPmut2 was cloned in pBluescript 
KS- (Stratagene) and a Nsi\ restriction site was introduced in the gfp gene by 
PCR with GFP primer TATACATATGcatAAAGGAGAAG and M13 reverse 
primer AACAGCTATGACCATG. The PCR product was digested with Nsi\ and 
Hmd\\\ and inserted in the /Vs/I and Hmd\\\ sites of pl_UC16.1 

pfs25 plasmid construction 

The characterization of the pfs25 upstream region was based on plasmid 
pNF4.13, kindly donated by David Kaslow (National Institutes of Health, 
Bethesda, MD, USA). This plasmid is derived from a genomic library of 
P. falciparum clone 3D7 and contains a 3.5 kb genomic Hmd\\\ fragment of 
the pfs25 gene (Kaslow et al., 1988). The plasmid contains 1006 nucleotides 
upstream of the ATG startcodon, which were amplified by PCR with primers 
pp25.6 CTGTAAAGTTTATgCATTTTTAAAAG, and M13 reverse primer 
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AACAGCTATGACCATG and introduced in vector pGEM5ZF+ (Promega) to 

yield plasmid pK4. Subsequently, the pfs25 upstream region was introduced 

in transfection vector pCAT-L by introducing a Kpn\/Nsi\ fragment of plasmid 

pK4 into the Kpn\INsi\ restricted pCAT-L vector. The resulting plasmid was 

designated pCAT25.1. 

A luciferase gene was placed under control of the pfs25 flanking sequences 

by cloning a BamH\ restriction fragment of pPGS28LUC (Goonewardene era/., 

1993) in a BsaB\ restricted plasmid NF4.13. The latter plasmid was desig

nated pPFS25LUC and contains the luciferase gene inserted in frame with 

the coding region of the pfs25 gene. A series of 5' deletion mutants of this 

plasmid was generated by exonucleaselll/Sl nuclease treatment after 

restriction digestion with Kpn\ and Xho\. Mutations of a putative transcription 

factor binding site in plasmid PFS25LUC were generated using a Quickchange 

site directed mutagenesis kit (Stratagene). All plasmids were isolated by a 

standard alkaline lysis/CsCI gradient centrifugaron method and their integrity 

was confirmed by restriction mapping and sequence analysis. 

Sequence data have been submitted to the Genbank database under accession 

numbers AF034389 (pfsl6) and AF030628 {pfs25). 

Parasites and transfections 

P. falciparum blood stage parasites were maintained in asynchronous cultures 

as described (Ponnudurai era/., 1986). The asexual and sexual parasitaemias 

were determined according to (Carter and Miller, 1979), and blood stage 

parasites were transfected as described previously (Wu et al, 1995). As the 

mosquito stages of P. falciparum are neither transferable nor viable in an 

in vitro culture, we used Ρ gallinaceum parasites for the transfection of the 

mosquito stages. White leghorn chickens were inoculated with P. gallinaceum 

infected blood and at a parasitaemia of 50-80%, blood was withdrawn 

Gametogenesis was induced and gametes and zygotes were isolated and 

transfected as described (Goonewardene et al., 1993). Following transfection, 

cells were incubated in ookinete maturation medium (Kaushal et al., 1983). 

Plasmid pCAT-L served as a negative control in all transfections. Plasmid pAO 

was used as an internal standard in transfections of blood stage parasites. 

Plasmid p49.20, which contains a luciferase gene downstream of a truncated 

pgs28 promoter (Goonewardene et al., 1993), served a control in transfections 

of the mosquito stages. Cells were harvested 48 hours after transfection and 

reporter assays were as described previously (Goonewardene et al., 1993; Wu 

er al, 1995). Transfected parasites expressing the GFP reporter were visualized 

on a BioRad MRC600 confocal laser-scanning microscope. 
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Identification of the transcriptional start sites 

RNA of P. falciparum schizonts, gametocytes and gametes was isolated as 

described previously (Dechermg et al., 1997). RNAse protection assays were 

performed using a RPAII kit (Ambion). A 312 nucleotide fragment spanning 

nucleotides -294 to +17 with respect to the translational start site of the pfsl6 

gene was amplified by PCR using primers CCGTTAAATACTTTTTATACTG and 

GAACTTTCGAATATTCATGTTGG, cloned m a pGEM-T vector (Promega) and 

used as a template for the generation of a specific antisense RNA probe by a 

standard in vitro transcription procedure 2 fmol of probe were hybridized to 

1 μg of yeast or P. falciparum gametocyte, gamete or asexual stage RNA in 25 

mM PIPES pH 6.4/lmM CDTA/1 M NaCI for 100 mm at 65UC. The hybrids 

were then digested with a mixture of 2.5 units/ml RNAse A and 100 units/ml 

RNAse T l for 30 minutes at room temperature. The reaction was terminated 

and protected fragments were precipitated following the instructions of the 

manufacturer of the RPAII kit. Protected fragments were run along a sequencing 

reaction on an 8 M urea/ 6% acrylamide gel and visualized by autoradiography. 

A PCR strategy was used to specifically amplify the 5' end of the pfs25 mRNA, 

a method often referred to as RACE (rapid amplification of cDNA ends) follow

ing the instructions of the manufacturer of a 5'Amplifinder RACE kit (Clontech). 

cDNA was synthesized by reverse transcription from 10 pg of P. falciparum 

gamete RNA with gene-specific primer GCTAAGTTGAATGAAAAGG After 

ligation by T4 RNA ligase of an anchor sequence (GGAGACTTCCAAGGTC-

TTAGCTATCACTTAAGCAC) to the single stranded cDNA, the 5' end of 

the pfs25 RNA was amplified by PCR using gene-specific nested primer 

CTATATTGAAGTTTATAAAAACGAC and anchor primer CTGGTTCGGCC-

CACCTCTGAAGGTTCCAGAATCGATAG. The amplification products were 

digested with EcoRI, cloned in an EcoRi/Smai digested pBluescript SK- vector 

(Stratagene) and introduced into electro-competent E. coli SURE cells 

(Stratagene). Ten individual transformants were selected for sequence analysis 

Electrophoretic mobility shift assays (EMSA) 

Nuclear extracts were prepared from P. gallmaceum gametes following a 

slightly modified procedure as described previously (Hoppe-Seyler et al, 

1991). In brief, 2.IO 8 gametes were pelleted, washed once in PBS, and lysed 

in 1 ml of lysis buffer (10 mM HEPES pH 7.9/10 mM KCl/ 0.1 mM EDTA/0.1 

mM EGTA/0.5 mM PMSF/1 mM DTT/0.65% Nonidet P40) for 15 mm on 

ice. Nuclei were pelleted, washed once with wash buffer (as lysis buffer, the 

Nonidet P40 was omitted), and extracted in 100 μΙ of 20 mM HEPES 

pH7.9/420 mM NaCI/1 mM EDTA/1 mM EGTA/1 mM PMSF/1 mM DTT/25% 
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glycerol for 15 minutes. After clearing of the extract by centrifugaron, the 
supernatant was ahquoted and stored at -80°C. 

Probes for EMSAs were generated from Rsa\lSsp\lDra\ restriction digests of the 
pfs25 and pfsl6 upstream regions derived from plasmids pK4 and рКІб.З, 
respectively. The individual restriction fragments were supplemented with 
EcoRI linkers and introduced in an EcoRI digested pBluescnpt KS- vector 
(Stratagene). Fragments were excised from the vector with EcoRI, gel purified 
and labeled by filling in the overhanging ends with Klenow polymerase in the 
presence of [a32P]-dATP. 10 fmol of end-labeled probe was combined with 
1 μΙ of nuclear extract in 20 mM HEPES pH7 9/100 mM KCI/1 mM EDTA/1 

mM DTT/1 Mg poly(dA.dT).poly(dA.dT)/4% Ficoll for 15 mm at room 

temperature. Binding reactions were supplemented with specific competitor 

DNA fragments as indicated in the figure legends, and analyzed on a 6% 

Polyacrylamide gel in 0.25 χ TBE (1χΤΒΕ= 0 1 M Tris Base, 0.1 M Boric Acid, 

2 mM EDTA). 

Results 

Structure of the pfsl6 and pfs25 upstream regions 

To assess whether the developmental regulation of Pfsl6 and Pfs25 expression 

is mediated by DNA elements located upstream of their respective genes, and 

to enable a subsequent characterization of the elements controlling the expres

sion, we set out to isolate the pfsl6 and pfs25 upstream regions. For the pfsl6 

gene, a plasmid with a 1461 base pairs insert was obtained. Sequence analysis 

revealed that this plasmid contains 710 base pairs upstream of the ATG start 

codon of the pfsl6 gene. The sequence of the pfs25 5' flanking region was 

determined from a 3.5 kB genomic Hmd\\\ fragment which contains 1006 

nucleotides upstream of the ATG translational start codon. 

Inspection of the pfsl6 and pfs25 upstream regions reveals that both are 

extremely A/T rich (Fig. 2). The A/T content of the pfs25 upstream region is 

85 percent and reaches 90 percent in the pfsl6 5' flanking sequence In both 

promoters, the A/T richness is characterized by a striking abundance of long 

homopolymeric (dA dT) and alternating poly(dAdT) stretches. Further 

comparison of the two sequences did not reveal any other regions of homology. 

Comparison of the pfsl6 upstream region with sequences in the EPD database 

of eukaryotic promoter elements (Cavin et al., 1997) revealed two elements 

with homology to the binding site of the yeast MAToc2 transcription factor 

(Fig. 2a). This homeobox protein binds as a homodimer to two indirectly 

repeated half sites separated by a 13 nucleotide spacer (Wolberger eí al., 
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A)pfs16 

-710 CTACTGTACT TTTTTTGGAC ATCTATATAT ATATATATAT ATATATGCAT 

exo2-> 
-660 TTATATATAG TATGCCTTTT TATATATAA TAACTATTTT TTTTTTATTT 

-610 TAAAAAAAAC ATTAATGATA CACCTTAAAA TATAAAATTT TATATTATTT 
exo4-> 
-560 ATATATGTAG AAAATAAAAT AAATATATTT CAAATTAAAA AAAAAAAAAA 

-510 AAAAATTATA TTATATTACG TATATATATT ATATATATAA GCAAAAAAAA 
exo5-> 

-460 AAAAAAAAAT ATAAATTAAA AATATATGAA TTTAAAATTT AAAAAAAAAT 
exo6-> 

-410 TATATATATA AAAATAAATA AACTTTTTAT ATTAATTTAT AAAAAAATTA 

-3 60 TATTTCTTTT TTATATTTTA TATTAAAATT TACATACCAA ATTCTTCTTT 

-310 TCCATTCTAC ATATTTCCGT TAAATACTTT TTATACTGAA AATTTTATAT 
exo7-> 

-260 TTATAAAAAA AAAAAAATAA AATAAAATAA AATAAAATAA AAAAAAAAAA 
exo8-> I» CAT-L16.3<-_ 

-210 AAAAAAAATA TATATATATA TATATATTTA TATATAATAA AAAAAAAATA 

-160 TTTACATATA TATATTATAT TTTCCATAAA ATATAATTTC CACAATAGCT 
CAT-L16.2<-

-110 TTATTATCAT AGGATAATAT TCTTACATTT TATTTTTTTT TTTTATTTTA 

-60 TTTTTTTTAT TTTTTATTTT TTTTTCTTTT GCCATTTTTC TATTTATACT 

-10 TTCTTCCAAC АТС 

Figure 2. A) 
Nucleotide sequence of the pfsJ6 upstream region Numbering is with respect to the 
ATG translation initiation codon which appears italicized The transcription start site 
as determined by RNAse protection is indicated with an arrow The starting positions 
of deletion mutants used in transfection studies are indicated in bold and above the 
sequence Sequence elements with homology to the binding site of the yeast mating 
type alpha 2 homeobox transcription factor appear in bold and overlmed 
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В) pfs25 
exol-> 

-1006 GATATATTAA ATATGTTACA AAACTTTTTA AAAAAAAACA ТТААТАТАТГ 

-9 56 TTAAACAAGA TTACAAATTA AAGAAAACAT TATATCATGC AATGATTCAT 

-906 ATTGATAAAA ACTCCGATGA CGAAATAAAT CGTTTAAAGT TAATTTGGAA 
exo2-> 

-856 GGAAACTCCA TTTTTATATT TAATCATTCA AAAATTTCAT CTTAATAAAA 

-806 AATAACGGA TTGTTCTCAA TTCCTAAACA AAACATAATA AATAATAAAA 

-756 AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA AAAAGATACT TCTCTATGTA 

-706 CATATATATA TATATATATA TATATATATA TATATATATG TATGTATATC 

exo3-> 
-656 TCACAGAGCT TATAAATGTT GCTTGTGTAG AACATACGTT CCTTTTACTA 

-606 ACATAAAATA TCAAATCCAA AAAAATGTTC ATACACCAAT TCTTAGAGAA 
exo4-> 

-556 AAATCAATAA TTAAATATAT ATATATATAT ATATATATTG CACACACAAT 
exo5-> 

-506 TATTTTTATT ATTTTGTACA TACAAGGAAT AAAAAAATAA ТТТТТТТТТТ 

-4 56 ТТТТТТТТТТ TTTTTTTTCT GTACTGATAC TTATAGAGTT TGGCTAGATA 
exo6-> 

-406 TATAAGGAAT ATATATTTAC AAAAAAAAAA AAAAAAAAAA AGTTTTTTTT 

-3 56 TTAATAAATA TACAATAATC CGTTTATATA ATCATTGTAA ATAAATACAT 

-3 06 ATTATTAATT TTAATATTAT TTATATTTTC TATTTTATTA TTATTTTGTT 

-256 AATTTATAAA ATATTATTAT GTCGTTTTTA TAAACTTCAA TATAGATTTT 

-206 TATTTGTAAT TGTTTTTATT AGAATCTTAT TTTATTTCTT TGTTTTCTTC 

-156 AATTTATTCA TTTTTTTCGT TATCTTTTTT ТТТТТТТТТТ TTTTGTCTAA 

-106 TTATTTTTAT TTTATTTTTC TCATTTGTTA ATAAATTGTT GTGAAAACAA 

-56 AAAAACAAAA AAAAACAAAA AAAACTCATA CCTTATATTT TTTTATTGTT 

- 6 TTAAAAATG 

Figure 2. В) 
Nucleotide sequence of the pfs25 upstream region Numbering is with respect to the 
ATG translation initiation codon, which appears italicized Arrows indicate the 
positions of the transcription initiation sites The starting positions of deletion mutants 
of plasmid PFS25LUC are indicated in bold and above the sequence The AAGGAATA 
sequences that serve as the recognition sites for the PAF-1 transcription factor 
identified in this work appear underlined and in bold A CCAAT box appears in bold 
and overlmed 
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G А Τ С 
/ / / # # <f i / 

Figure 3 
Analysis of the transcription initiation site of the pfsl6 gene. RNAse protection was 
performed on RNA of the different developmental stages of P. falciparum and on 
yeast RNA as indicated. An arrow indicates the position of the major protected 
fragment. The letters G, A, Τ and С indicate the products of a sequencing reaction 
that was run along the protected fragments for size determination. Note that the 
sequence depicted in the figure does not contain a single cytosine base. 
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1991). The elements found in the pfsl6 upstream region have an analogous 
structure with the exception that the repeated sequences are in a direct 
orientation. The pfs25 upstream region contains numerous TATA -boxes, as 
does the pfsl6 upstream region, and a CAAT box (position -571, Fig. 2b). 
No additional elements that relate to sequences present in the EPD database 
were found in the pfsl6 and pfs25 upstream regions 

Determination of the transcription initiation 
sites of the pfsl 6 and pfs25 genes 

As an initial step in the characterization of the pfsl6 and pfs25 promoters, we 
mapped the transcription initiation sites of the respective genes. The initiation 
site of the pfsl6 gene was analyzed by RNAse protection As shown in Figure 
3, hybridization of a pfei 6-specific probe to RNA of gametocytes and gametes 
results in the protection of fragments that cluster in a discrete region that 
spans approximately 10 nucleotides and that is located 175 nucleotides up
stream of the ATG startcodon. The protected fragments most likely represent 
a single transcription initiation site as the observed minor heterogeneity is 
frequently associated with this type of experimental approach No protection of 
the probe was found when an RNA preparation of the schizont stages was used, 
which is m agreement with the observation that these stages do not express the 
pfsl6 mRNA (Dechermg et al., 1997). 

The transcriptional start sites of the pfs25 gene were analyzed by means 
of a rapid amplification of cDNA ends procedure (RACE) The sequences of 
the amplified products that were recovered were co-linear with the genomic 
sequence, and heterogeneous in their 5' ends. Figure 2b shows a compilation 
of the transcription initiation sites on basis of the 10 independent RACE 
products that were analyzed The initiation sites cluster in an 18 nucleotide 
region located 267 nucleotides upstream of the ATG translation initiation 
codon The majority of the RACE products (5 out of 10) were indicative for 
initiation at position -267 

The pfsl6 andpfs25 upstream regions contain 
differentially regulated promoters 

We assessed whether the extremely A/T rich pfsl 6 and pfs25 upstream regions 
contain functional promoters. To this end, these sequences were fused to cat 
reporter genes, the resulting plasmids were introduced into blood- and mosquito 
stage parasites by transfection, and CAT activities were determined. For the 
transfection of the blood-stages of the parasite, preparations of P. falciparum 
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Figure 4. A) 
Transfections of mosquito- and blood-stage parasites with pfsl6 pfs25 and hrp3 
promoter reporter constructs The figure shows CAT signals from Ρ gallinaceum 
mosquito and Ρ falciparum blood stage parasites transfected with the plasmids 
schematically depicted at the left side of the figure Arrows indicate the 
transcriptional start sites of the p M 6 and pfs25 genes, open circles represent the 
transcription termination signals provided by the hrp2 sequences The positions at 
which the unacetylated (N) and monoacetylated ( IM 3M) forms oí 
[14C]chloramphemcol migrate are indicated Plasmids p49 20 (P gallinaceum 
mosquito stage transfections) or pAO (P falciparum blood stage transfections) were 
co-transfected to affirm the success of the transfection and the numbers in 
parentheses indicate the relative luciferase activities induced by these Plasmids 

В 

pfs16 pfs25 

Figure 4. B) 
Comparison of the transcriptional activities of the pfsl6 and pfs25 promoters 
Ρ gallinaceum mosquito stage parasites were transfected with plasmids pCAT-L16 1 
and pCAT25 1 CAT activities were normalized to the lucilerase activity induced by 
со transfected plasmid p49 20 
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F i g u r e 5 

D e l e t i o n m a p p i n g of t h e pfsl6 a n d pfb25 p r o m o t e r s Ρ gallinaceum m o s q u i t o s t a g e 

p a r a s i t e s w e r e t r a n s i e c t e d w i t h t h e c o n s t r u c t s s c h e m a t i c a l l y d e p i c t e d at t h e b o t t o m 

s i d e of t h e f i g u r e V a l u e s a r e f r o m t h r e e i n d e p e n d e n t t r a n s f e c t i o n s w i t h e r r o r b a r s 

n d i c a t i n g t h e s t a n d a r d d e v i a t i o n s A ) D e l e t i o n m a p p i n g of t n e pfsl6 p r o m o t e r CAT 

a c t i v i t i e s w e r e n o r m a l i z e d t o t h e l u c i f e r a s e a c t i v i t y i n d u c e d by c o - l r a n s f e c t e d p l a s m i d 

p 4 9 2 0 B ) D e l e t i o n m a p p i n g of t h e pfs25 p r o m o t e r L u c i f e r a s e a c t i v i t i e s w e r e 

n o r m a l i z e d to t h e CAT a c t i v i t y of c o t r a n s t e c t e d pCAT-L16 \\Sma\IXba\ 
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were used whereas all transfections of mosquito stages were performed using 
P. gallinaceum parasites. As a control, we tested the activity of the histidine 
rich protein 3 gene (hrp3) promoter which has been described previously 
(Wu et al., 1995). The hrp3 promoter is equally active in P. falciparum and 
in P. gallinaceum blood stage parasites (B. Xiong, personal communication). 
The data presented in Figure 4a show that the three promoters show distinct 
patterns of transcriptional activities. Whereas the pfsl6 upstream sequence 
drives the expression of the cat reporter gene in both the mosquito- and blood-
stage preparations, the activity of the pfs25 promoter is restricted to mosquito 
stage parasites. Conversely, the activity of the hrp3 promoter peaks in blood-
stage parasites, but is not detectable in mosquito stages. A quantitative 
comparison of the activities of the pfsl6 and pfs25 promoters in mosquito 
stage parasites showed that the pfs25 promoter exhibits an activity that is 
approximately five-fold higher than the transcriptional activity of the pfsl6 
promoter. (Fig. 4b). Thus, the transcriptional activities of the pfsl6 and pfs25 
promoters are quantitatively and qualitatively distinct. The data suggest that 
activation of the pfs25 promoter marks the transition of the parasite to the 
mosquito midgut whereas transcription from the pfsl6 promoter is activated 
in the blood stages of the parasite. 

Deletion mapping of the pfsl 6 and pfs25 promoters 

To gain insight in the DNA elements involved in the expression of the pfsl6 
and pfs25 genes, plasmids in which the reporter genes were placed under 
the control of a series of truncated promoter fragments were transfected to 
P. gallinaceum mosquito stage parasites. The results plotted in Figure 5a show 
that with progressive 5' deletions of the pfsl6 promoter a gradual loss of the 
activity of the promoter is observed until position -388 is reached. The next 
incremental deletion up to position -247 does not affect the transcriptional 
activity. A further deletion up to position -209 shows a drop in activity from a 
starting 20% of the activity of the full-length promoter to a complete loss of 
activity. 

In addition to the 5' deletion mutants, a set of 3' deletion mutants was tested 
(Fig.5a). Deletion of the region between nucleotide +1 to -93 from the pfsl6 
promoter results in a dramatic drop in CAT activity to 14 percent of the activity 
of the full length promoter. An additional deletion up to nucleotide -162 does 
not further affect the CAT activity. The data indicate that the transcriptional 
activity of the pfsl6 promoter relies on different components. The -247 to +1 
region of the promoter is the shortest region tested here that drives transcrip
tion of the reporter gene. Deletion of the sequences between -247 and -209 
from this promoter abrogates its activity. The apparent importance of this 
region for high transcriptional activity, and its close proximity to the start site 
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of transcription suggest that this region constitutes the pfsl6 core promoter. 
The region immediately upstream of these sequences, from -247 to -388, 
is silent with respect to the modulation of the transcriptional activity. The 
sequences upstream of position -388 contribute to the overall efficacy of the 
promoter but do not contain dominant negative or positive transcriptional 
control elements. Finally, the results suggest the presence of an activator 
sequence in the region between nucleotide +1 and -93. However, as this region 
is located downstream of the transcriptional start site, its deletion affects the 
transcribed RNA. Hence, the observed lowered CAT activity may be due to a 
decreased stability or translation efficiency of the mRNA. 

The transfection data do not support a functional role for the two elements 
with homology to the DNA recognition site of the yeast mata2 repressor that 
are present in the pfsl6 promoter (Fig 2a). Deletion of either one of these 
elements does not affect the activity of the promoter (compare the transcrip
tional activities of ехоб and exo7 and of pCAT-L16.2 and pCAT-L16.3 in Fig. 
5a). In addition, mutations in the single MAT-hke element present in plasmid 
exo7 do not affect the transcriptional activity of this plasmid in transfections 
of blood- or mosquito stage parasites (data not shown). 

Mutational analysis of the pfs25 promoter was performed on truncated versions 
of plasmid pPFS25LUC. This plasmid contains a luciferase gene under control 
of the pfs25 promoter and pfs25-3' processing signals The structure of the 
deletion mutants is schematically depicted in Figure 5b together with the 
respective luciferase activities obtained after transfection of Ρ gallinaceum 

mosquito stage parasites. Deletion from position -1006 to -959 reduces the 

activity of the pfs25 promoter to 60 percent of the activity of the full-length 

promoter. Subsequent incrementing deletions up to position -542 marginally 

affect the transcriptional activity The most dramatic effects on the activity of 

the promoter are seen with next two incrementing deletions. First, deletion of 

the region between position -542 and -484 results in a ten-fold reduction of 

the activity of the promoter activity. Second, a further deletion up to position 

-386 fully abolishes the activity of the promoter. In conclusion, the region 

between -484 and +1 is the shortest region tested here that drives transcription 

of the reporter gene. Equipping this region with the region between -484 and 

-542 potently activates transcription. Finally, the regions upstream of position 

-542 contribute to an efficient activity of the pfs25 promoter. 

The pfs25 upstream region is the target of protem-DNA interactions 

To gam insight in the possible trans-acting factors that play a role in the 

regulation of transcription of the pfsl6 and pfs25 genes, a series of electro-

phoretic mobility shift experiments was performed. Restriction fragments 
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derived from the pfsl 6 and pfs25 upstream regions were scanned for 

the presence of binding sites for proteins present in a nuclear extract of 

Ρ gallmaceum gametes Pilot experiments failed to reveal any specific 

interactions between DNA binding proteins and the pfsl6 promoter. By 

contrast, 3 out of the 4 pfs25-specific probes tested yielded DNA-protein 

complexes when incubated with a nuclear extract, as shown in Figs 6a & b. 

Probe С forms a single complex, indicating a single interaction with a DNA-
binding protein. Probes В and D form multiple complexes, revealing a more 
complex set of interactions on these probes. A cross-competition experiment 
with probe С as the radiolabeled probe reveals that a 100-fold molar excess 
of probe В disrupts the interaction of probe С with the nuclear factor, whereas 
probes A and D cannot prevent the interaction between probe С and the 
nuclear factor (Fig. 6c). Furthermore, a 100-fold molar excess of probe С 
prevents the formation of a DNA-protein complex on probe B, whereas probes 
A and D have no effect on the complex formation (Fig. 6c). These observations 
suggest that the nuclear factor that binds to probe С does not have a preferen
ce for generally A/T rich DNA, but obeys to more specific sequence constraints 
that are shared by probe В Close inspection of the sequences of probes В and 
С reveals that they indeed share a DNA element, AAGGAATA, that is not found 
in probes A and D nor in other regions of the pfs25 promoter. 

AAGGAATA recruits a mosquito-stage-specific transcription factor 

To test whether the AAGGAATA element constitutes a functional promoter 
element, a mutant version of this element was tested in transfection studies 
and electrophoretic mobility shift assays. The data presented in Figure 7a show 
that oligonucleotide TFB25, which contains the AAGGAATA sequence, recruits 
a DNA-bmding protein when incubated with a nuclear extract derived from 
P. gallmaceum gametes. The interaction can be disrupted by the addition of a 
100-fold molar excess of the unlabeled oligonucleotide, but not by the addition 
of an oligonucleotide containing a mutated version of this sequence motif. 
Accordingly, oligonucleotide TFB25 can compete for the interaction between 
probe С and the DNA-bmding protein, whereas the mutant oligonucleotide 

Figure 6 
The pfs25 promoter is a target for DNA binding proteins A) Schematic representation 
oí the locations of the probes that were used in electrophoretic mobility shift assays 
B) Electrophoretic mobility shift assays with probes А, В С and D and a nuclear 
extract derived from Ρ gallmaceum gametes Competitions included molar excesses 
of unlabeled probes A B C and D as indicated The competition with probe 
D accidentally was with a 10 fold instead of the intended 100 fold molar excess 
C) Cross-competition assays Radiolabeled probes В and С were incubated with 
the nuclear extract Competitions included 100 fold molar excesses of probes 
А В. С and D as indicated 
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Figure 7 
The AAGGAATA elements ¡η the pfs25 promoter recruit a mosquito stage-specific 
DNA binding protein that activates transcription. 
A) Oligonucleotide II-B25 (АЛТТСАТ AAGGAATA I AG and its complement 
AATTCTATATTCCTTATG) was incubated with a nuclear extract derived from 
P. gallinaceum gametes (g), P. falciparum gametes (Pfg) or from an asynchronous 
P. falciparum blood-stage culture that contained both asexual parasites and gameto-
cytes (Pfb). Competitions included either a 100-fold molar excess of the unlabeled 
oligonucleotide TFB25, or a 100-fold molar excess of an oligonucleotide containing 
a mutant version of the putative binding site (MUT, AATTCATAAGGCCGCTAG and 
its complement AATTCTAGCGGCCTTATG). 
B) Control on the activity of the P. falciparum blood stage nuclear extract. 
Radiolabeled oligonucleotide KAHRP (Lanzer era/., 1992) was incubated with 
a nuclear extract of the blood stages of P. falciparum parasites. The unlabeled 
oligonucleotide was added as a competitor DNA as indicated. 
C) Radiolabeled probe С was incubated with a nuclear extract derived from 
P. gallinaceum gametes. A batch of nuclear extract different from that used in the 
experiments depicted in panel A was used which resulted in the formation of an 
additional non-specific complex, Indicated by an asterisk. Binding reactions were 
supplemented with specific competitor DNAs as indicated. 
D) Transfection of P. gallinaceum mosquito stage parasites with plasmid pPFS25LUC 
and a version of the plasmid in which the two AAGGAATA elements were mutated to 
AAGGCCGC (pPFS25-LUC-MUT). Plasmids were co-transfected with pCAT-L16.lASX 
and luciferase activities were normalized to CAT activities. Values are from three 
transfections, error bars indicate standard deviations. 
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cannot (Fig. 7c) These results indicate that AAGGAATA sequence serves as 
the recognition site for a DNA-binding protein, which we named PAF-1 
(prs25-activating factor 1, see below). 

We assessed whether PAF-1 is a developmental stage-specific protein. To 
this end, the radiolabeled oligonucleotide TFB25 was incubated with nuclear 
extracts derived from either P. gallmaceum gametes, P. falciparum gametes or 
from an asynchronous P. falciparum blood-stage parasite culture that contained 
both asexual parasites and gametocytes. The results shown in Figure 7a 
indicate that extracts derived from P. falciparum or P. gallmaceum gametes 
contain a DNA binding protein that specifically interacts with the TFB25 
oligonucleotide. In contrast, no PAF-1-like activity is present in the nuclear 
extract derived from P. falciparum blood-stage parasites. As a control on the 
activity of the blood-stage extract it was incubated with a radiolabeled KAHRP 
probe, which resulted m the formation of two DNA-protem complexes as 
described previously (Fig. 7b; Lanzer et al., 1992). We conclude that PAF-1 
is a mosquito stage-specific factor 

Finally, the two copies of the AAGGAATA element within the context of 
the full-length pfe?5-promoter were mutated, and the activity of the mutant 
promoter was compared to that of the wild-type promoter. Transfections of 
P. gallmaceum mosquito stage parasites showed that the activity of the 
promoter is significantly reduced by the mutations (Fig.7d). We conclude, 
therefore, that the AAGGAATA sequence comprises a cis-actmg element 
involved in the activation of the pfs25 promoter. The correlation between a 
decline m promoter activity and a decreased affinity for PAF-1 upon mutation 
of the AAGGAATA sequence indicate that PAF-1 is a transcriptional activator 
that is recruited to the promoter by the AAGGAATA sequence. 

The activity of the pfsl 6 promoter is restricted to the sexual stages 

At the onset of gametocytogenesis, biochemical differentiation precedes 
morphological differentiation. Initially, sexually committed ring stages are 
morphologically indistinguishable from asexual ring stage parasites (Lobo et al., 
1998; Fig. 1). However, they are marked by the induction of the transcriptional 
activity of the pfsl6 gene, which is the earliest event m the sexual differentia
tion process described to date (Dechermg ef al., 1997). Following the accumu
lation of the pfsl6 mRNA, the sexually committed ring stages transform in the 
readily recognizable stage II gametocytes (Hawking ef al., 1971). Our data 
indicate that the pfsl6 promoter can drive the expression of a reporter gene 
in transfection of an asynchronous culture of the blood stages of the parasite 
(Fig. 4a) Such a culture contains both asexual and sexual parasites, and the 
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experiment depicted in Figure 4a is not conclusive with respect to the question 
which of the sub-populations is responsible for the pfsi 6-dnven expression 
of the reporter gene. To corroborate and extent the notion that the activity of 
the pfsl6 gene is restricted to parasites undergoing sexual development, we 
analyzed the activity of the pfsl6 promoter in cultures undergoing sexual 
differentiation. Given the finding that the transcriptional activity of the hrp3 
gene is restricted to asexual parasites (Wellems and Howard, 1986) and that 
the hrp3 promoter is silent in the mosquito stages (Fig. 4a), the hrp3 promoter 
was used as a specific marker for the asexual population of parasites. Parasite 
cultures were transfected with hrp3 and pfsl6 promoter-reporter constructs 
and gametocytogenesis was induced by omitting the supply of fresh red blood 
cells (Ponnudurai et al., 1986). Figure 8a shows the parasitaemias during the 
course of the experiment together with the temporal activities of the hrp3 and 
pfsl6 promoters. The asexual parasitaemia initially rises, and eventually shows 
a slight decline. The high asexual parasitaemia at day 2 triggers gametocyto
genesis as demonstrated by the appearance of stage II gametocytes at day 4. 
The pattern of activity of the hrp3 promoter parallels the asexual parasitaemia 
and persists throughout the course of the experiment. The activity of the pfsl6 
promoter coincides with the appearance of sexually committed ring stage 
parasites in the culture. Thereafter, higher levels of reporter enzyme, driven 
by the pfsl6 promoter, accompany the increase in numbers of gametocytes. 

To assess whether the developing gametocytes are indeed responsible for the 
observed activity of the pfsl6 promoter, transfected cultures were treated with 
pyrimethamine, which eliminates asexual parasites and sexually committed 
ring stages, but leaves gametocytes that have passed developmental stage I 
unaffected (Ponnudurai et al., 1986). As a consequence, the activity of the 
pfsl6 promoter is slightly reduced but still persists at a high level (Fig. 8b). 
By contrast, the pyrimethamine treatment completely abrogates the asexual 
parasitaemia and the activity of the hrp3 promoter. The sharp contrast in the 
effect of pyrimethamine on the activities of the pfsl6 and hrp3 promoters 
clearly indicates that these reside in different sub-populations of the culture. 
The pyrimethamine treatment completely abolishes the /?rp3-dnven expression 
of the reporter gene, indicating that the activity of the hrp3 promoter is restric
ted to asexual parasites. The activity of the pfsl6 promoter persists at a high 
level, indicating that this promoter is active in the developing gametocytes. 

Transcriptional activity of the pfsl 6 promoter continues 
m the parasite stages that invade the mosquito midgut 

The functional roles of the Pfsl6 protein in the sexual differentiation process 
and the penetration of the mosquito midgut remain elusive. Moreover, data on 
the expression pattern of Pfsl6 are ambiguous. Some studies have reported 
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Figure 8 
Activities of the pfsl6 and /?лрЗ promoters during sexual differentiation of 
Ρ falciparum A) Asynchronous cultures of Ρ falciparum were transfected at day 
0 with Plasmids pHLH and pCAT L16 1 and reporter activities were followed in time 
The upper graph shows the activities of the pfsl6 and hrp3 promoters The lower 
graph shows the parasitaemia of the culture, discriminating between asexual 
parasites, gametocytes (get) and sexually committed ring stages (er) B) Cultures 
were transfected with plasmid pHLH or PLUC16 1 at day 0 and treated with 
pyrimethamine from day 4 to 7 Error bars indicate standard deviations calculated 
from three independent experiments 
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that Pfsl6 is synthesized by gametes and is present on the outer membrane 
of the gametes (Lobo eí al., 1994; Moelans et al., 1991). Other studies have, 
however, failed to detect the protein in the gametes and have shown that 
Pfsl6 apparently associated with the gamete membrane is in fact attached 
to remainders of the parasitophorous vacuole membrane of the gametocytes 
(Baker era/., 1994; Bruce et al., 1994). These remainders are, eventually, 
completely shed from the surface of the gamete Nuclear run-on analysis has 
shown that the pfsl6gene is transcriptionally active in gametes (Dechermg et 
al., 1997). Furthermore, our data show that the pfsl6 promoter is active in the 
parasite stages that develop within the mosquito midgut (Fig. 4). To specify the 
pattern of the activity of the pfsl6 promoter in the mosquito stages, we visua
lized this activity using the gene encoding the green fluorescent protein (GFP) 
of the jellyfish Aequorea victoria as a reporter. Figure 9 shows the GFP expres
sion pattern in the developing Ρ gallmaceum midgut stages The pfsl6 promo

ter drives GFP expression in both unfertilized gametes and in the developing 

and mature ookinetes. As the morphological differentiation of ookinetes 

preceded the appearance of the GFP signal, we conclude that the ookinetes are 

actively synthesizing the GFP protein, and do not show fluorescence as a result 

of an accumulated pool of GFP originating from the gametes. These results 

lend support to the notion that the pfsl6 gene is transcriptionally active m the 

mosquito stages of the parasite, and demonstrate that the pfsl6 promoter can 

drive the expression of foreign genes in the parasite stages that are involved in 

the invasion of the mosquito midgut epithelium. 

Discussion 

Sexual differentiation is an obligate part of the life cycle of malaria parasites. 

It requires a series of developmental decisions to be made as it progresses 

from the asexually replicating parasites in the blood stream of the vertebrate 

host to the highly specialized cells that invade the mosquito midgut. First, a 

sub-population of asexual parasites commits to sexual differentiation. Second, 

the sex of the developing gametocytes is determined. Lastly, gametogenesis is 

induced when the arrival of the gametocytes in the mosquito midgut is sensed. 

A complex network of gene-regulatory events governs the transitions through 

the sexual differentiation process, as indicated by developmental-stage specific 

expression of the pfsl6 and pfs25genes. This paper links the regulatory events 

operating on the pfsl6 and pfs25 promoters to two important developmental 

switches exhibited by the parasite. Activation of the pfsl6 promoter marks 

commitment to sexual differentiation, whereas the induction of the pfs25 

promoter is indicative for the transition to the mosquito midgut In addition, 

our data show that the hrp3geue, which is expressed in asexual parasites, is 

shut off when parasites commit to sexual differentiation. 
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A functional analysis of the mechanisms of gene expression underlying sexual 

development of the malaria parasite has for long been impeded by the lack of 

a transfection protocol and by the laborious culture of the sexual stages. 

Recently, transfection methods for the blood stages of Ρ falciparum have been 

described (Fidock and Wellems, 1997; Wu et al., 1995). However, the m vitro 

culture and transfection of the mosquito stages of P. falciparum is still not 

feasible. An alternative is offered by the avian malaria parasite P. gallmaceum, 

which has been proven to be a versatile model system for the study of sexual 

differentiation of malaria parasites (Goonewardene era/., 1993; Wirth, 1995). 

As P. falciparum and Ρ gallmaceum are very closely related, and are thought to 

have arisen by lateral transfer between the human and the avian host (Waters 

et al, 1993; Waters era/., 1991), one might assume that the elements that 

control gene expression are conserved and interchangeable. Functional conser

vation has been observed for the P. falciparum hrp3 promoter in P. gallmaceum 

(B. Xiong, personal communication), the P. falciparum hrp3 and the P. berghei 

dhfrpromoters in P. knowlesi (Well era/., 1997), for the Ρ chabaudi dhfr 

promoter in P. falciparum (Crabb and Cowman, 1996) and the Ρ falciparum 

hsp86 and pena promoters in P. gallmaceum (Fig. 3; К J. Dechering, unpub
lished results). P. gallmaceum possesses a close homologue of the Pfs25 
protein, termed Pgs25 (Kaslow era/., 1989). The regions flanking the pgs25 
gene have not been cloned yet and a direct comparison of the pfs25 and pgs25 
promoters awaits the isolation of the latter sequence. Nonetheless, the results 
presented here corroborate the notion that the factors required for basal and 
activated transcription indeed are conserved between the Plasmodium species. 
Accordingly, the PAF-1 DNA-bindmg activity was observed in nuclear extracts 
derived from both P. gallmaceum and P. falciparum gametes. 

The pfsl6 and pfs25 promoters described here resemble typical eukaryotic 
polymerase ll-transcribed promoters. Sequences upstream and in the close 
vicinity of the pfsl6 and pfs25 genes dictate developmental stage specific 
transcription Transcription initiates in a narrow region and the rate of 
transcription initiation is modulated, at least in the case of the pfs25 promoter, 
by DNA binding proteins that bind close to the transcriptional start sites Yet, 
at the sequence level, the pfsl6 and pfs25 promoters bear little homologies to 
each other or to other known eukaryotic promoter sequences. Moreover, our 

Figure 9 
Green fluorescent protein expression driven by the pfsl6 promoter m Ρ gallmaceum 
mosquito midgut stages Left panels fluorescence images Right panels light-
transmission images Gametocytes ingested by a mosquito transform into gametes 
(A, female gamete) that fertilize and develop into invasive ookinetes (C) via the 
intermediate retort stages (B) Parasites that had successfully been transacted with 
Plasmid pGFP16 2 show a bright fluorescence signal (left panels) 
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data do not suggest an important functional role for the few elements that do 
bear a homology, such as the mata2-hke elements in the pfsl6 promoter and 
the CCAAT box in the pfs25 promoter. The deletion of either one of the 
mata2-hke elements does not affect the transcriptional activity of the pfsl6 
promoter Furthermore, a large deletion affecting the CCAAT box present in the 
pfs25 promoter has only a minor effect 

The most striking aspect of the sequences of the pfsl6 and pfs25 promoters is 
the extreme A/T richness and the occurrence of long homopolymeric stretches. 
The mutational analysis of the pfsl6 promoter shows that the region between 
positions -247 and -209, which consists purely of A/T residues, contributes 
highly to an efficient transcriptional activity. The sequence of this region 
comprises a repeated AAAAT element that has characteristics of a bent DNA 
sequence (Goodsell ef al., 1994; Koo et al, 1986). Bent helices are essential 
characteristic of some promoters (Cress and Nevms, 1996). Furthermore, pre-
bending of the DNA can enhance the affinity for several transcription factors 
such as the TATA-box binding protein (Parvm era/., 1995). It is not unlikely 
that the importance of the -247 to -209 region for efficient transcriptional 
activity originates from the structural features of this region rather than from 
the primary sequence 

Homopolymeric (dA:dT) stretches abound in the pfsl6 and pfs25 promoters. 
Such stretches adapt a rigid DNA structure which is characterized by a 
high level of propeller twist and the formation of bifurcated hydrogen bonds 
(Nelson et al., 1987). Homopolymeric (dA:dT) stretches have been shown to be 
functional elements of promoters of the slime mold Dictyostelium discoideum 
and of yeast (Hon and Firtel, 1994; Struhl, 1985). A yeast protein, datm, 
which binds to poly(dA:dT) tracts has been described as a repressor of tran
scription (Winter and Varshavsky, 1989). Furthermore, it has been demon
strated that poly(dA:dT) tracts can stimulate transcription by virtue of their 
intrinsic DNA structure, which locally distorts nucleosome structures and 
thereby increases the accessibility of DNA to other transcription factors 
(Iyer and Struhl, 1995). Poly(dA.dT) tracts occur commonly in Plasmodium 
noncoding regions (Alano et al., 1996; Robson and Jennings, 1991; Su and 
Wellems, 1994) and for the P. falciparum calmodulin and dihydrofolate 
reductase-thymidilate synthase promoters it has been shown that elements 
containing long homopolymeric (dA-dT) stretches can serve as enhancers 
(Crabb and Cowman, 1996) The deletion mapping analysis of the pfsl6 and 
pfs25 promoters does not point at a repressor function of poly(dA:dT) tracts, 
and precludes a datm-hke activity Instead, several deletions that eliminate 
homopolymeric (dA.dT) stretches actually lower the transcriptional activities of 
the pfsl6 and pfs25 promoters, indicating that the presence of these stretches 
might enhance the transcriptional activities of the pfsl6 and pfs25 promoters 
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Although we failed to identify specific cis- and trans-acting factors operating 
on the pfsl6 promoter, our data show that its mode of action is developmental 
stage specific The activity of the pfsl6 promoter persists during pyrimethamine 
treatment, demonstrating that the gametocytes are responsible for the observed 
activity of the pfsl6 promoter in transfections of blood-stage parasites. The 
prsJ6-dnven signal of the reporter gene appears at the time at which sexually 
committed ring stage parasites appear in the culture, indicating that the pfsl6 
promoter is induced at the very onset of sexual differentiation. Accordingly, 
elimination of the sexually committed ring stage parasites from the culture, 
a consequence of the pyrimethamine treatment, lowers the level at which the 
reporter enzyme accumulates. Our results indicate that the hrp3 promoter is 
silent during gametocytogenesis, as its activity is not observed under pyrime
thamine pressure These results extent the notion that the commitment to 
sexual differentiation involves the switching to an alternate program of gene 
expression (Alano and Carter, 1990) Asexual genes, such as the hrp3 gene are 
shut off during gametocytogenesis whereas specific sex-genes, such as pfsl6, 
are turned on The exact nature of the signal that triggers a parasite to commit 
to sexual development is unknown (Alano and Carter, 1990), although it is well 
documented that the parasite density is an important determinant (Bruce et al, 
1990, Carter and Miller, 1979). Our data substantiate the previous finding 
that the pfsl6 gene is activated at the very onset of the sexual differentiation 
process (Dechermg et al., 1997, Lobo et al., 1994), and indicate that the 
activation of this gene is immediately downstream of the trigger that activates 
gametocytogenesis. The early expression of Pfsl6 suggests that this protein 
plays an important role during gametocytogenesis 

Gametocytogenesis ultimately leads to the production of mature gametocytes, 
which circulate in the blood stream and remain infective to the mosquito for 
several weeks (Smalley and Smden, 1977) Once ingested by a mosquito, 
the entrance of the gametocytes in the midgut induces an array of mutual 
responses The drop in temperature following transmission to the Poikilother
mie mosquito activates gametocytes to produce male and female gametes, a 
process which is further enhanced by a specific factor in the mosquito midgut 
(Garcia era/., 1997), recently identified as xanthurenic acid (Billker et al, 
1998) In addition, the arrival of the parasites in the mosquito midgut triggers 
the immune response of the mosquito (Richman et al, 1996; Richman et al., 
1997), and induces the expression of mosquito trypsins that help to digest the 
blood meal (Mueller et al., 1993) The trypsins together with the immune 
factors provide a hostile environment to the parasite, and ookinetes that do not 
succeed in penetrating the midgut epithelium are rapidly degraded (Gouagna 
et al., 1998) The key to the escape route through the midgut epithelium is 
provided by the Pfs25 protein, which appears on the surface of the zygote 
within 30 minutes following the arrival of the blood meal m the midgut 
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(Gouagna et al, 1998). Antibodies against this protein completely block 
penetration of the epithelium, demonstrating an absolute requirement for this 
molecule (Vermeulen et al., 1985). The pfs25 promoter described here fulfills 
the need for an immediate expression of the Pfs25 protein. Our data indicate 
that the pfs25 promoter is silent during asexual growth and gametocytogenesis, 
but activated during gametogenesis. The activation relies in part on the DNA-
binding protein PAF-1 that is specific for the mosquito stages of the parasite. 
Hence, expression of PAF-1 is part of the response of the parasite to the 
dramatic change in environment following transmission. The recognition site 
for PAF-1 is not found in the pfsl6 promoter, indicating that the transcriptional 
activity of the pfsl6 gene in the mosquito midgut relies on mechanisms 
distinct from those operating on the pfs25 promoter. 

The data presented in this paper constitute the first detailed description of 
cis- and trans-acting elements in Plasmodium. Future analysis of the details 
of the transcriptional activation of the pfsl6 and pfs25 promoters will yield 
further insight in the mechanisms underlying the sexual differentiation process 
and might provide new targets for transmission-blocking agents. In addition, 
the promoters identified and characterized in this study allow the expression 
of foreign genes in the parasite stages that invade the mosquito midgut and 
hence, provide invaluable tools for the study of parasite-vector interactions. 
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Distinct frequency-distributions 
of homopolymeric DNA tracts in 
different genomes 
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Abstract 

The unusual base composition of the genome of the human malaria parasite 
Plasmodium falciparum prompted us to systematically investigate the occur
rence of homopolymeric DNA tracts in the P. falciparum genome and, for 
comparison, in the genomes of Homo sapiens, Saccharomyces cerevisiae, 
Caenorhabditis elegans, Arabidopsis thahana, Escherichia coll and 
Mycobacterium tuberculosis. Comparison of the observed frequencies with the 
frequencies as expected for random DNA revealed that homopolymeric (dA.dT) 
tracts occur well above chance in the eukaryotic genome. In the majority of 
these genomes, (dA:dT) tract overrepresentation proved to be an exponential 
function of the tract length. (dG.dC) tract overrepresentation was absent or 
less pronounced in both prokaryotic and eukaryotic genomes. On basis of 
our results we propose that homopolymeric (dA:dT) tracts are expanded via 
replication slippage. This slippage-mediated expansion does not operate on 
tracts with lengths below a critical threshold of 7-10 base pairs. 

Introduction 

The past decade has seen the initiation of a number of genome sequencing 
projects for organisms that are of interest as a model system or as a pathogen. 
An example of the latter category is the protozoan parasite Plasmodium 
falciparum, which is the mam cause of malaria in man and responsible for two 
million deaths annually. With the aim of the development of new drugs or a 
vaccine, the biology of the parasite has been the subject of intensive study. One 
of the unique features of the parasite is the extraordinary base composition of 
its genome, first revealed by the sequencing of genes and intergenic regions, 
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and confirmed later by data generated by the P. falciparum genome project. 
The overall A/T content of the parasite's genome is 81 percent, and can reach 
levels as high as 90 percent in non-coding regions (Hyde and Sims, 1987). 
P. falciparum possesses the G/C poorest genome known so far (Musto et al., 
1995). 

Visual inspection of P. falciparum intergemc sequences reveals the extensive 
occurrence of long homopolymeric (dA:dT) stretches. These stretches are of 
interest as they have unique structural and functional properties. Crystallog
raphy data have shown that homopolymeric (dA:dT) tracts adapt a rigid 
structure which is characterized by a high level of propeller twist and an 
increased base stacking. This allows the formation of additional non-Watson-
Crick, bifurcated hydrogen bonds (Nelson et al., 1987). Phasing of short 
(dA:dT) tracts within the helical repeat of normal S-DNA results in a macro
scopic curvature of the DNA (Crothers et al., 1990; Koo et al., 1986; Marmi 
et al., 1982). It has been proposed that all general-sequence ß-DNA gently 
writhes, with the net effect of all local bends being a straight helix. Introdu
ction of a straight (dA:dT) tract distorts the array of compensating writhes and 
results in a curvature of the DNA (Goodsell et al., 1994). This curvature can 
play a role in the modulation of the transcriptional activity of genes (Cress and 
Nevins, 1996), and enhance the affinity of the DNA for transcription factors 
such as the TATA-bmdmg protein (Parvm et al., 1995). Alternatively, (dA:dT) 
can modulate the access of transcription factors to the DNA via a local 
distortion of a nucleosome (Zhu and Thiele, 1996). In yeast, (dA:dT) tracts 
are functional promoter elements (Struhl, 1985). Their effects are mediated 
by a modulation of the nucleosomal occupancy of the DNA rather than by 
the direct recruitment of trans-acting factors (Iyer and Struhl, 1995). Finally, 
homopolymeric (dA:dT) stretches are part of scaffold associated regions (SARs) 
that are supposed to anchor the chromatin loops in the nucleus (Gasser and 
Laemlli, 1986; Kaes et al., 1989). The SARs are also the place of residence 
of topoisomerase II, which controls the topology of DNA during replication, 
recombination and transcription. It has been proposed that the curvature 
induced by the homopolymeric (dA:dT) tracts in the SAR defines the sequence 
characteristics preferred by topoisomerase II (Kaes and Laemmli, 1992, 
Miassod et al., 1997). 

Homopolymeric DNA tracts, or more generally, simple repetitive sequences, 
can give rise to slippage of the polymerase during replication. The internally 
repetitive DNA sequences allow the nascent strand to slip back or forward on 
the parental strand with one or more repeat units, resulting in an expansion or 
contraction of the new DNA strand (Levmson and Gutman, 1987). It has been 
proposed that slipped strand replication is a major force in the evolution of 
genes (Hancock, 1993; Treier et al., 1989) and genomes (Hancock, 1995) and 
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it is supposed to be implicated in a large number of human genetic diseases 
(Bates and Lehrach, 1994, Richards and Sutherland, 1994). In addition to 
replication slippage, processes like unequal crossing over, mutation and selec
tion affect the persistence of simple sequences. The distribution of simple 
sequences in the genome thus reflects an equilibrium between various muta
tional and selective forces (Walsh, 1987). It is generally believed, however, that 
the initial variations in sequence lengths are provoked by replication slippage, 
and that this process provides the raw material upon which the other mecha
nisms act (Hancock, 1996, Levmson and Gutman, 1987; Tautz et al., 1986). 

The functional and structural significance of homopolymeric (dA:dT) stretches 
together with initial observations that they are enriched in the genome of 
P. falciparum prompted us to investigate their occurrence m a systematic 
way. For comparison, we analyzed the occurrence of homopolymeric (dG:dC) 
stretches in the P. falciparum genome, and the occurrence of (dA:dT) 
and (dG:dC) tracts in the genomes of 6 other species [Homo sapiens, 
Saccharomyces cerevisiae, Caenorhabditis elegans, Arabidopsis thahana, 
Escherichia coli and Mycobacterium tuberculosis), which are widely ranged 
across the evolutionary spectrum. 

Materials and Methods 

Analysis of P. falciparum genomic sequences was performed on 17 contigs 
(#7289, #7290, #7292, #7294, #7296, #7297, #7299, #7300, #7302, 
#7316, #7327, #7355, #7404, #7455, #7535, #7623, #7651) obtained 
from the Institute for Genomic Research (ftp://ftp.tigr org), and compiled 
from the sequence data of chromosome 2 of stram 3D7 of P. falciparum 
For the analysis of the human genome, 10 contigs (BK992D9, DJ121G13, 
DJ211D12, DJ30P20, DJ431A14, DJ106H8, D J 1 7 0 A 2 1 , DJ272J12, 
DJ389A20, DJ79C4) from sequence data of chromosomes 1, 6, 20, 22 and 
X were obtained from the Sanger Center (ftp://ftp.sanger.ac.uk). Sequences of 
С elegansand A. thalianawere obtained from the EMBL nucleotide library 
(C. elegans-. CEY105C5, CEY106G6, A. Thahana-. ATFCAO; ATFCA1, 
ATFCA2; ATFCA3; ATFCA4; ATFCA5; ATFCA6; ATFCA7; ATFCA8) 
Analysis of the S saccharomyces, E. coli K12 and M. tuberculosis H37Rv 
genomes was on the completed genomic sequences obtained from 
ftp://genome-ftp.Stanford edu, ftp.//ftp genetics.wisc.edu; and 
ftp://ftp.sanger.ac.uk, respectively. 

To investigate the occurrence of homopolymeric (dA:dT) stretches in different 
P. falciparum genome regions, sequences with well-defined features with 
respect to the organization into intron, exon and flanking sequences were 
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selected from the EMBL database, release 52. Sequences encoding structural 
RNA or originating from plastids or mitochondria were omitted. A total number 
of 241 unique sequences were selected with a total length of 608 kb. Using a 
small Tel script, the sequences were dissected in gene-flanking, coding, and 
intron according to the tables of features accompanying the sequences. 

The basic characteristics of all sequences analyzed are presented in Table 1. 
Sequence analysis was performed on a Silicon Graphics Challenge running Irix 
5.3 using the GCG package (Devereux et al., 1984) version 8.1. The expected 
frequency of finding a homopolymeric non-overlapping (dA:dT) tract of length 
/V in either orientation was calculated according to the following equation: 

/г=(/ ч Г) ч (і-/0' + (ДГ)ч(і-ДЛ' 

Note that this equation calculates the frequency of a non-overlapping (dA:dT) 
tract and takes into account the frequencies of the two adjacent nucleotides. 

Organism 

Ρ falciparum 

Η sapiens 

S cerevisiae 

С elegans 

A thahana 

M tuberculosis 

E coli 

P. falciparum genome 

compartment 

gene-f lanking 

coding 

intron 

Genome size 

2 5x10? 

3 4x103 

1 3 x l 0 7 

8 OxlO7 

1 0x108 

4 4x106 

4 6x106 

number ol sequences 

analyzed 

228 

225 

118 

number ol contigs 

analyzed 

17 

10 

16 

2 

9 

1 

1 

number ol base pairs 

analyzed 

123,193 

356.382 

24,055 

number of base pairs 

analyzed 

967,532 

1,711,657 

13 119,303 

1,482,646 

1,840,460 

4,411,522 

4 639 221 

A/T content (%) 

82 6 

71,1 

86,6 

A/T content (%) 

8 0 0 

57 1 

6 1 7 

6 6 7 

6 4 1 

34 4 

4 9 2 

Table 1. 
Summary and basic characteristics of the sequence data analyzed in this study 
The estimated sizes of the genomes of Ρ falciparum, Η sapiens, С elegans and 
A thaliana were taken from (Weber, 1988), (Cavalier Smith, 1985), (Hodgkin et al , 
1995) and (Schmidt et al , 1995), respectively The A/T content was determined 
from the sequence data 
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Results 

The P. falciparum genome is enriched for 
short (dG:dC) tracts and long (dA:dT) tracts 

The malaria genome project, which was established in 1996 and ultimately 
aims at sequencing all the 2.5xl0 7 nucleotides of the genome, is in full 
progress and has already provided a wealth of sequence information (Dame et 
al., 1996). As chromosome 2 was the first chromosome for which a complete 
contig map was established in yeast artificial chromosomes (Lanzer ef al., 
1993), most progress has been made in sequencing this chromosome. To date, 
this has resulted in 21,807 individual sequence reads that can be assembled 
into 17 contigs that cover 967 kb of chromosome 2. As the estimated size of 
chromosome 2 is 1.03 Mb (Lanzer et al., 1993), the contigs encompass 94 
percent of the chromosome and can be considered representative for its DNA 
sequence. The overall A/T content of the chromosome 2 contigs is 80 percent 
(Table 1), which corresponds well to the numbers that have been reported 

trad length 

2 

3 

4 

5 

6 

7 

8 

9 

10 

number 
ol IracLs 

158,165 

68.736 

16,658 

7,856 

3,522 

1,766 

976 

544 

358 

(dA.dT) 

observed 
relative 

frequency 

0 1635 

0 0710 

0 0172 

0 0081 

0 0036 

0 0018 

0 0010 

0 0006 

0 0004 

expected 
relative 

frequency 

0 1152 

0 0461 

0 0184 

0 0074 

0 0030 

0 0 0 1 2 

0 0005 

0 0002 

0 0001 

obs/exp 

1 4 

1 5 

0 9 

1 1 

1 2 

1 5 

2 1 

3 0 

4 9 

number 
ol tracts 

21.702 

2,903 

510 

129 

35 

12 

9 

6 

0 

(rJG:rJC) 

observed 
relative 

frequency 

0 0224 

0 0030 

0 0005 

0 0001 

3 6 1 0 b 

1 2 10 ь 

9 3 I O 5 

6 2 I O 6 

0 

expecled 
relative 

frequency 

0 0162 

0 0016 

0 0002 

1 7 10 r> 

1 7 10«· 

1 7 10 7 

1 8 1 0 8 

1 9 10 9 

1 9 10 1° 

obs/exp 

1 5 

2 4 

5 1 

15 0 

53 6 

228 2 

971 4 

2691 3 

0 

Table 2. 
Occurrence of homopolymeric tracts in Ρ falciparum chromosome 2 The table lists 
the number oí non overlapping homopolymeric (dA dT) and (dG dC) tracts of lengths 
N for 2<N<10 as found in 17 contigs spanning 967,532 nucleotides of chromosome 
2 The observed and expected relative frequencies of occurrence are given together 
with the ratio of the observed to the expected frequencies (overrepresenlation) 
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previously for the Ρ falciparum genome (McCutchan et al., 1984, Pollack et 

al., 1982). We determined the numbers of non-overlapping homopolymenc 

(dA-dT) and (dG:dC) tracts present in either orientation in the chromosome 

2 contigs. Table 2 shows the numbers of tracts for 2</V<10. The results show 

that all (dG:dC) tracts appear at higher frequencies than is expected on basis 

of a random distribution of nucleotides. However, (dG:dC) tracts longer than 9 

nucleotides are not observed. (dA:dT) tracts of 2 or 3 nucleotides are slightly 

overrepresented whilst tracts of 4 nucleotides show a minor underrepresenta-

tion. (dA:dT) tracts with lengths of 5-9 nucleotides are overrepresented, but 

to a lesser extent than (dG:dC) tracts of similar lengths. Standard χ2 analysis 

revealed that in all cases the deviations of the observed frequencies from the 

expected frequencies are statistically significant at p<0 001 (not shown). 

Whereas (dA:dT) tracts <10 nucleotides appear at frequencies that are close 

to expectation in the P. falciparum genome, the occurrence of tracts >10 bp 

deviates strongly from expectation. Figure la shows the relative frequency 

of occurrence as a function of the tract length for the non-overlapping 

homopolymenc DNA tracts found in the chromosome 2 contigs. Interestingly, 

the frequency distribution of (dA.dT) tracts >12 bp can be fit by a single 

semi-logarithmic function that exhibits a far greater dependence on /Vthan the 

function that describes the expected frequencies. (dA:dT) tracts with lengths 

of up to 47 bp are observed, which would be very unlikely to occur at a random 

distribution of nucleotides. The contribution of homopolymenc (dA-dT) tracts 

to the genome is considerable, as the sum of the lengths of all stretches >7 bp 

is 44,506 bp, which accounts for nearly 5 percent of the sequences encom

passed by the chromosome 2 contigs. In conclusion, the P. falciparum genome 

as represented by the chromosome 2 contigs is highly enriched for short 

(dG:dC) tracts and for long (dA:dT) tracts. 

Enrichment for (dA dT) tracts is restricted to non-coding DNA 

The P. falciparum genome is compartmentalized in coding and non-coding 

regions that vary in their base-compositions (Hyde and Sims, 1987). As these 

regions are subject to different functional constraints, it is likely that the 

occurrence of homopolymenc DNA tracts will vary between these regions. 

We, therefore, analyzed the occurrence of homopolymenc stretches in the 

different regions of the P. falciparum genome. 241 sequences were selected 

from the EMBL database and the number of tracts in the coding, intron and 

gene-flanking regions of the P. falciparum genome was scored. Table 1 

summarizes the basic features of the data we have analyzed. The coding 

regions have an A/T content of 7 1 % whereas the A/T content reaches 83% 

in the gene-flanking regions and 87% in the introns. 
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Figure 1 
Frequency distributions of homopolymenc tracts m the Ρ falciparum genome The 
figure shows the frequency distributions of homopolymenc runs as observed in 
A) chromosomal B) gene flanking C) intron and D) protein encoding DNA of 
Ρ falciparum 
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Figures lb-d show the length dependent occurrence of homopolymeric 
stretches in the different genome regions. Short (dG:dC) tracts show a minor 
overrepresentation in the introns while higher levels of overrepresentation are 
seen in the gene-flanking and coding sequences. (dG:dC) runs >9 bp are 
absent. In accordance with the analysis of the chromosome 2 contigs, short 
(dA:dT) tracts of /V<10 bp appear at frequencies close to expectation in all 
regions. However, dramatic differences between the genomic regions become 
apparent for (dA:dT) tracts > 10 bp. Whereas the coding regions are hmitedly 
enriched for (dA:dT) tracts >10 nucleotides, these tracts appear at frequencies 
well above chance in the non-coding regions. In the latter regions, the 
frequency distributions of (dA:dT) tracts show a characteristic bipartite pattern 
very similar to that observed for the chromosome 2 contigs. These results 
indicate that the enrichment for long (dA:dT) tracts as seen in the analysis of 
the chromosome 2 contigs can be largely attributed to the gene-flanking and 
intron sequences. To support this notion, we plotted the regions occupied by 
homopolymeric tracts together with a prediction of open reading frames along 
a 20,000 bp region of chromosome 2 (Fig. 2). In this representation it can be 
seen that long homopolymeric (dA-dT) tracts and open reading frames indeed 
appear in a mutually exclusive pattern. 

(dA:dT) tract enrichment is a general eukaryotic phenomenon 

At a random distribution of nucleotides, homopolymeric (dA:dT) stretches 
would occur relatively frequently in an A/T rich genome whereas (dG:dC) tracts 
may be virtually absent. In the P. falciparum genome, for instance, (dA:dT) 
tracts of 8 bp are expected to occur once every 2000 nucleotides whereas 
(dG:dC) tracts of similar length are expected to occur only once every 5.6xl07 

nucleotides (Table 2). It is conceivable that the overrepresentation of (dA:dT) 
tracts in the P. falciparum genome is provoked by the intrinsic high frequency 
of randomly occurring tracts, which may serve as the substrate for slippage-
mediated expansion. If such a process would operate with equal efficiency on 
A/T rich and G/C rich DNA, it would lead to (dA:dT) tract enrichment in an A/T 
rich genome, and (dG:dC) tract enrichment in a G/C rich genome. In this view, 
in a genome with an A/T to G/C ratio of 1, homopolymeric (dG:dC) tract 
overrepresentation should equal (dA:dT) tract overrepresentation. To address 
this hypothesis, we analyzed the occurrence of homopolymeric tracts in several 
genomes with varying A/T contents. 

In contrast to the prediction, in none of the genomes analyzed a high overre
presentation of (dG:dC) tracts is observed (Fig. 3). Instead, the occurrence of 
(dG:dC) tracts is close to expectation (S. cerevisiae, A. thaliana), shows an 
underrepresentation (E. coli, M. tuberculosis) or a relatively minor overrepre-
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sentation (P. falciparum, H. sapiens, С. elegans). These results show that a 
higher G/C content does not lead to a dramatic increase in the overrepresen-
tation of (dG:dC) tracts, and might indicate that replication slippage operates 
less efficiently on G/C rich DNA. 

The analysis of the various genomes furthermore shows that the patterns of 
occurrence of (dA:dT) tracts are clearly distinct between prokaryotes and 
eukaryotes (Fig. 3). In the two prokaryotes we have analyzed, (dA:dT) tracts 
appear at frequencies close to expectation. In eukaryotes, poly(dA:dT) tracts 
are generally overrepresented following a characteristic bipartite pattern. The 
frequency distribution of (dA:dT) tracts in the genomes of P. falciparum, 
H. sapiens, S. cerevisiae and A. thaliana can be fitted by two exponential 
functions that break in the 8-12 bp region. A strikingly divergent pattern of 
(dA:dT) tract overrepresentation is provided by С elegans. In this organism, 
the curve that fits the observed frequencies shows a slight bulge in the 8-10 bp 
region, but then continues parallel to the curve that represents the distribution 
of the expected frequencies. Furthermore, (dA:dT) tracts >14 bp were not 
observed in the С elegans genome whereas in all other eukaryotes tracts reach 
lengths of over 25 bp. 

Overrepresentation of (dA-.dT) tracts is an exponential function 
of the tract length 

In contrast to the situation in С elegans, where tracts >10 bp appear at 
frequencies that are at a steady 15-fold above expectation, the overrepre
sentation of (dA:dT) tracts in the genomes of the other eukaryotes is an 
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Figure 2 
Homopolymenc (dA dT) tracts cluster m the non coding regions of the Ρ falciparum 
genome The figure shows the distribution of homopolymenc (dA dT) Iracfs (vertical 
bars) along a representative 20 kbp region of chromosome 2, together with a predic
tion of open reading frames (open boxes) Arrows indicate the directions of the open 
reading frames 
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Length dependent occurrence of homopolymeric tracts in different eukaryotic and 
prokaryotic genomes 
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exponential function of the tract length. This can best be seen in Figure 4, 
where the ratio of the observed to the expected frequency is plotted against 
the tract length In the genomes of P. falciparum, H. sapiens, S. cerevisiae and 
A. thahana, longer tracts are more strongly overrepresented then shorter tracts. 
The overrepresentation of tracts >10 bp can be fitted by a single exponential 
function that depends on the tract length Interestingly, these functions are 
very similar for the different genomes, suggesting a shared mechanism for the 
accumulation and maintenance of (dA:dT) tracts. 

Discussion 

The data presented here show that the eukaryotic genome is enriched for 
homopolymeric (dA:dT) tracts. With the exception of С elegans, the occurrence 
of (dA:dT) tracts shows a bipartite pattern that can be described by two expo
nential functions. First, short tracts of 2</V<7 occur at frequencies that are 
close to the predicted values. Second, tracts of /V>10 show a length dependent 
overrepresentation and can reach lengths of over 30 nucleotides that are up to 
101 2-fold overrepresented. By contrast, (dG:dC) tracts are not or only weakly 
overrepresented. In the few instances that enrichment for (dG:dC) tracts is 
seen, the overrepresentation cannot be described by a simple exponential 
function (not shown) and never exceeds 104-fold over chance. The detailed 
analysis of the P. falciparum genome shows that overrepresentation of (dA:dT) 
tracts is largely restricted to non-coding DNA. 

Slipped strand mispairing during replication rather than unequal crossing 
over is seen as the major force in the generation of length variation of simple 
sequence repeats (Levmson and Gutman, 1987; Tautz era/., 1986), and this 
process can also account for the variation in length of homopolymeric runs, 
which are the simplest forms of simple sequence repeats (Hancock, 1995, 
Newfeld ef al., 1994). The driving force in the expansion of homopolymeric 
tracts might originate from a biased action of the slippage process or from 
specific retention of expanded tracts (Levmson and Gutman, 1987). In either 
case, the process has a self-accelerating component, as expanded tracts 
increase the likelihood for additional slippage events, which in turn lead to 
additional expansion. 

Two observations from the data presented here stand out First, the overre
presentation of (dA dT) tracts > 10 bp in the genomes of P. falciparum, 
H. sapiens, S. cerevisiae and A. thahana is an exponential function of the tract 
length. Such a distribution is consistent with models in which replication 
slippage is responsible for the expansion of homopolymeric DNA tracts 
(Tachida and hzuka, 1992; Walsh, 1987). Interestingly, tracts < 7 bp appear at 
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Figure 4 
Overrepresentation of (dA dT) 
tracts is an exponential 
function of the tract length in 
the genomes of Ρ falciparum 
Η sapiens S cerevisiae and 
A thaliana, but not in the 
С elegans genome Over 
representation of (dA dT) 
tracts, expressed as the ratio 
between the observed and 
the expected frequency of 
occurrence, is plotted against 
the tract length 

frequencies close to expectation, indicating that they are immune to slippage 
mediated expansion. This suggests that there is a critical threshold that deter
mines whether a homopolymeric tract can be subjected to slippage-mediated 
expansion. A length < 7 bp is below the threshold for expansion. By contrast, 
the lengths of (dA:dT) tracts >10 bp are above the threshold and these tracts 
accumulate in the genome as a result of slippage-mediated expansion. A 
threshold value identical to that observed here can be determined from the 
data presented in a study of the length-dependent occurrence of homopoly
meric (dA:dT) tracts in the Dictyostelium discoideum genome (Marx et al., 
1993), and from data on the length dependent occurrence of DNA repeats 
in a variety of genomes (Cox and Mirkin, 1997). We conclude, therefore, that 
irrespective of the organism and of the nature of the repeat element, the 
minimum length requirement for a simple sequence repeat to undergo 
expansion by replication slippage is 7-10 bp 

Our data indicate that for the majority of the eukaryotic genomes, the 
expansion of (dA:dT) tracts >10 bp can be described by a single exponential 
function, which is very similar for the different genomes. A striking exception 
is provided by С elegans where the frequency distribution of (dA:dT) tracts is 
clearly distinct from that of the other eukaryotes Although the curve that fits 
the length dependent occurrence of (dA:dT) tracts in the С elegans genome 
does change its slope slightly in the 8-10 bp region, it differs drastically from 
the curves seen for the other eukaryotes. The reason for this is unclear. The 
overall level of sequence simplicity in С elegans is similar to that seen in other 
eukaryotes (Hancock, 1995), indicating that the mechanisms responsible for 
the generation and maintenance of simple sequence repeats operate with 
comparable efficiency in С elegans. Therefore, the distinct pattern of (dA:dT) 

iraci length 
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tract overrepresentation most probably results from distinct selective forces. 
The nature of these forces remains unresolved. 

A second important observation made here is that the frequency distribution 
of (dG:dC) tracts is very different between the various eukaryotic genomes. 
Some genomes are enriched for (dG:dC) tracts, whereas other genomes exhibit 
an underrepresentation. The A/T rich P. falciparum genome is enriched for 
(dG:dC) stretches < 9 bp. As the lengths of the vast majority of these stretches 
are below the threshold for slippage, expansion of (dG:dC) tracts by replication 
slippage is precluded, and the overrepresentation of short (dG:dC) tracts 
most probably has evolved by other mechanisms. The genomes of the other 
eukaryotes studied here are more G/C rich, and will, by chance, have higher 
densities of (dG.dC) tracts. These stretches provide the substrate for slippage-
induced expansion. Yet, overrepresentation of (dG:dC) tracts is absent or, 
in cases where it is observed, does not reach the high level seen for (dA:dT) 
tracts. This indicates that (dG:dC) tracts are less efficiently expanded by 
slipped strand replication. This might not be surprising, slippage during 
replication requires the local melting of a DNA duplex, and the greater stability 
of (dG:dC) duplexes in comparison to (dA:dT) duplexes might prevent slippage 
of polymeric (dG:dC) tracts. Accordingly, it has been shown that the efficiency 
of in vitro slippage synthesis of simple sequence DNA using short primers 
is dependent on the A/T content of the primers. Whereas A/T rich primers 
mediate slippage synthesis at a high rate, primers consisting purely of G/C 
nucleotides poorly generate simple sequence repeats (Schlotterer and Tautz, 
1992). Thus, the low enrichment for (dG:dC) tracts in the eukaryotic genome 
most likely indicates that they are less efficiently expanded by slippage-like 
events. 

Superimposed on the results of slipped strand replication are the actions of 
unequal crossing-over, mutation, gene conversion and selection that all act 
on the persistence of simple sequence DNA (Walsh, 1987). As coding regions 
are subject to strong selection, the ways in which slippage-derived sequences 
accumulate in them are more restricted than they are in non-coding regions 
(Hancock, 1995). Accordingly, we found that homopolymeric tracts are less 
strongly overrepresented in the P. falciparum coding than in the non-coding 
regions. Furthermore, overrepresentation of homopolymeric tracts is absent 
in prokaryotes. This is consistent with the view that prokaryotes possess a 
streamlined genome, which allows for rapid replication and cell division 
(Blattner et al., 1997; Levinson and Gutman, 1987). It is not clear whether 
the homopolymeric (dA:dT) tracts in the non-coding regions of the eukaryotic 
genome are also under selective pressure or represent junk DNA. Such junk, or 
'selfish' DNA, is evolutionary neutral and does not affect the phenotype of its 
host (Doolittle and Sapienza, 1980; Orgel and Crick, 1980). As selfish DNA is 
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not under control of selective forces, it can only accumulate by virtue of a 
biased action of the replication machinery or by an ability to self-replicate as, 
for instance, is seen for transposons. Replication slippage itself might not be 
biased towards the generation of duplications. In experimental contexts, simple 
sequence repeats subjected to slippage events are unstable and acquire 
deletions rather than insertions (Farber et al., 1994; Henderson and Petes, 
1992; Leach, 1994; Tran et al., 1995; Wells and Smden, 1993). Thus, 
selective rather than stochastic principles might underlie the overrepresen-
tation of homopolymeric runs. Selective advantages of homopolymeric (dA:dT) 
runs might originate from their structure forming abilities. Since one of the 
canonical features of the structure-forming ability of a DNA sequence is its 
length-dependence (Vologodskn, 1992), any selective advantage given by 
the structure-forming ability of a (dA:dT) tract should be reflected in a length-
dependent enrichment (Cox and Mirkm, 1997). Our results show that m the 
P. falciparum, H. sapiens, S. cerevisiae and A. thahana genomes, tracts >10 
nucleotides show an overrepresentation that is an exponential function of the 
tract length. Longer tracts are up to a bill ion-fold overrepresented whereas 
short tracts only show a minor overrepresentation. This strongly suggests that 
the structure-forming abilities of (dA:dT) tracts offer selective advantages that 
lead to their overrepresentation. The precise nature of this selective advantage 
remains unclear but might originate from a functional role of (dA:dT) tracts in 
the modulation of transcription and/or in the organization of the chromatin 
structure. Several yeast promoters have been described in which the intrinsic 
structure of a homopolymeric (dA:dT) stretch constitutes a functional promoter 
element and contributes to efficient transcriptional activity (Lue et al., 1989; 
Struhl, 1985). The modulation of the transcriptional activity is achieved via 
a local distortion of the DNA-nucleosome complex close to the binding site of 
a transcription factor, which enhances the accessibility of the DNA for the 
transcription factor (Iyer and Struhl, 1995; Zhu and Thiele, 1996). Other clear 
functions of (dA:dT) tracts are seen in the organization of the chromatin by 
the nuclear scaffold. These structures help chromosome condensation and are 
inhabited by topoisomerase II, which co-localizes with (dA:dT) stretches in the 
nuclear scaffold (Saitoh et al., 1995). In addition, it has been demonstrated 
that topoisomerase II has a preference for sequences containing (dA:dT) 
stretches (Kaes and Laemmh, 1992; Miassod et al., 1997). 

All functional roles of homopolymeric (dA:dT) tracts reported in the literature 
relate to the structural organization of chromatin in the nucleus. Would that 
explain their overrepresentation in eukaryotes, or are they just byproducts of 
DNA metabolism in eukaryotic cells and represent selfish DNA? Regardless of 
a possible functional role, their presence will have an impact on the structure 
and organization of the DNA. Our analysis shows that (dA:dT) tracts make up a 
considerable 5 percent of the P. falciparum genome. In this organism, (dA:dT) 
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tracts have been implicated in intrachromosomal recombination events that 

contribute to antigenic variation (Pologe et al., 1990). Although the exact 

nature of the principles that lead to an overrepresentation of (dA:dT) tracts 

may be hard to resolve, having long homopolymeric stretches in the genome 

obviously has important biological consequences. 
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Chapter 5 

General discussion 
Parts of this chapter appear in Ρ Horrocks, К J Dechering and M Lanzer 1998 Control 

of gene expression in Plasmodium falciparum Mol Biochem Parasitol in press 

The life cycle of the malaria parasite Plasmodium falciparum depends on two 
distinct host organisms: humans and mosquitoes. Within the red blood cells 
of the human host, parasites replicate asexually, giving yield to multinucleated 
schizonts. These schizonts burst and release merozoites, which rapidly invade 
new red blood cells. Two options for further development are then available to 
a merozoite: it can reinitiate asexual multiplication, or will commit to sexual 
differentiation During the latter process, which requires 8 days to complete, 
the parasite undergoes dramatic morphological changes and eventually 
transforms in a male or female gametocyte. Dormant in the bloodstream, the 
gametocytes are rapidly activated following transmission to the mosquito and 
form gametes that fuse and exchange genetic material within the mosquito 
midgut. Sexual differentiation is an obligate part of the life cycle of malaria 
parasites and has a tremendous potential for generating genotypic and 
antigenic diversity (Walhker et al., 1987). A drug or vaccine successful in 
blocking the process of sexual differentiation would effectively stop the spread 
of malaria and might lead to an eradication of the disease (Kaslow et al., 1992; 
Targett, 1997). 

Sexual differentiation is associated with the stage 
specific expression of genes 

The morphological changes associated with sexual differentiation impose 
specific demands on the cellular machinery, which is reflected in a modified 
pattern of gene expression. The level of expression of several putative cell cycle 
regulators is modulated during gametocytogenesis (Doerig et al., 1995; Sultan 
et al., 1994), whilst the reorganization of the cytoplasmic structures requires 

109 



an altered pattern of expression of the actm and tubulin genes (Delves et ai, 
1990, Rawlings étal., 1992; Wesseling étal., 1989; Wesselmg étal., 1989). 
In addition, a set of unique, sexual stage specific genes is activated during 
gametocytogenesis. The earliest of the molecular events identified to date is 
the expression of the pfsl6 gene, which marks sexually committed ring stage 
parasites immediately following invasion of a red blood cell by a merozoite 
(Chapter 2). The early expression of this gene indicates that biochemical 
differentiation precedes morphological differentiation, as the sexual stage 
specific morphological features can only be detected about 2 days following 
invasion (Sinden, 1983). 

As gametocytogenesis proceeds, a number of genes is expressed in a sequential 
fashion. At stage II of gametocytogenesis, the transcription of the pfg27l25 
gene, which encodes a cytoplasmic protein of unknown function, is induced 
(Alano et ai, 1991; Lobo et al., 1994). Subsequently, a set of genes is tran
scribed whose products are probably not essential for gametocytogenesis, but 
prepare the gametocytes for their specialized function in the mosquito midgut. 
Scherf and coworkers proposed that the Pf 11-1 protein, expressed in gameto
cytes, is required for the lysis of the red blood cell membrane in the mosquito 
midgut (Scherf er al., 1992). Furthermore, the expression of the Pfs48/45 
and Pfs230 proteins is induced during late gametocytogenesis. Their proposed 
functional role in the fertilization process in the mosquito midgut is inferred 
from the fact that antibodies against these proteins block sporogonie 
development (Rener et ai, 1983; Vermeulen et ai, 1985). 

Transmission to the mosquito midgut again induces the expression of a specific 
set of genes. The pfs25 gene, which encodes the major surface antigen of 
gametes and ookinetes, is strongly up-regulated within minutes following 
the transition to the mosquito (Gouagna et ai, 1998; Gouagna et ai, 1998, 
Chapter 2). The Pfs25 protein is possibly involved in a receptor-hgand 
interaction required for invasion of the midgut epithelium (Vermeulen er ai, 
1985). Sporogonie development following fertilization is associated with the 
expression of the genes that encode the circumsporozoite protein (CS) and the 
thrombospondin-related anonymous protein (TRAP) Targeted gene disruption 
of the cs gene has indicated that the CS protein is required for sporozoite 
formation (Ménard er ai, 1997) By contrast, disruption of the trap gene does 
not block sporogonie development, but reduces the mfectivity of sporozoites 
(Sultan era/., 1997). 

A unique and intriguing aspect of the biology of malarial parasites is the 
occurrence of stage specific ribosome populations, characterized by a 
differential pattern of transcription of several ribosomal RNA (rRNA) genes 
(Waters, 1994). The asexual blood stage parasites transcribe A-type (from 
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Asexual) rRNA genes, while the mosquito stage parasites transcribe S-type 

(from Sporozoite) rRNA genes (McCutchan et al., 1995). Whereas this 

generally applies to all Plasmodia, some species-specific differences exist. 

In the rodent malaria parasite P. berghei, the S-type rRNA genes display a 

transient burst of transcription in the blood stages, and are continuously 

transcribed during sporogonie development. The S-type transcripts are, 

however, not detected during gametocytogenesis (Waters ef a/., 1997). By 

contrast, P. falciparum gametocytes accumulate an S-type precursor prior 

to transmission to the mosquito, and the gene remains transcribed during 

sporogonie development in the mosquito (Waters et al., 1989) Finally, a 

third type of rRNA, the O-type (from Oocyst), has been detected in P. vivax 

(McCutchan et al., 1995). Whether the distinct ribosomes are involved in the 

translation of distinct messenger RNA molecules remains to be discovered 

The sequential expression of a variety of genes during gametocytogenesis 

and sporogonie development clearly indicates that a defined developmental 

program of gene expression underlies the morphological changes exhibited 

by the parasite. The molecular details of this developmental program remain 

largely unknown, mainly because the tools with which to investigate these 

processes have been lacking for years. The study of the DNA elements that 

might control the stage specific expression of genes has been hampered by 

the lack of a transfection protocol, and by the extreme A/T richness of the 

parasite's genome, which prevents the propagation of cloned genomic regions 

in bacterial hosts. The latter problem is most pronounced for the gene flanking 

regions, which are more A/T rich than the coding regions, and are enriched for 

long homopolymeric (dA:dT) stretches (Hyde and Sims, 1987; Chapter 4). 

However, since the early 1990's several experimental innovations have greatly 

facilitated the study of gene regulation in Ρ falciparum. First and foremost, the 

development of both transient and stable transfection protocols constituted a 

major breakthrough, but also the adaptation of the more standard techniques 

such as YAC technology, RNase protection and electrophoretic gel shift assays 

to this parasite system has been invaluable for progress in this field of study 

(Wu et al., 1995; Lanzer et al., 1993; Lanzer et al., 1992, Chapter 3). 

P. falciparum genes are transcriptionally regulated 

Gene regulation is atypical in many parasitic protozoa. Kinetoplastida, like 

Leishmania and Trypanosoma species, transcribe genes in the form of long 

polycistronic RNA precursors, which are processed into mature RNAs via trans-

sphcing (Pays ef al., 1994). The level of expression of genes is determined by 

the stability of the transcript rather than by the rate of transcriptional initiation 

(Charest et al., 1996; Curotto de Lafaille et al., 1992; Flinn and Smith, 1992). 
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Due to the extendedness of the transcription units and the rapid processing of 

the transcripts, information with respect to the transcriptional start sites and 

the locations and nature of the cis-acting elements is extremely limited for the 

Kmetoplastida Some data was provided by the study of the VSG and procyclm 

encoding genes of trypanosomes The promoters of these genes are unusual 

in that they seem to be transcribed by a class I RNA polymerase (Pays et al., 

1994). No common elements were identified in these promoters (Zomerdijk 

eia/., 1991). 

There is no evidence for polycistronic transcription, trans-splicing or extensive 

post-transcriptional regulation of gene expression within the phylum of the 

Apicomplexa (e.g. Toxoplasma spp and Plasmodium spp.). Isolation and se

quence analysis of the 5' ends of the Ρ falciparum pfs25, hsp86, and sera 

mRNA molecules has indicated that these transcripts are cohnear with the 

genomic sequence, ruling out the possibility that these transcripts receive a 

trans-spliced leader sequence (Su et al, 1994; Fox et al., 1994; Chapter 3). 

Furthermore, nuclear run on studies have indicated that the differential expres

sion of pfsl6 and pfs25genes is regulated mainly at the level of initiation of 

transcription (Chapter 3), as seems to be the case for all differentially 

expressed P. falciparum genes (Lanzer et al., 1993). 

A preliminary assessment of the elements that control transcription in 

P. falciparum was provided by a study of the hrp3 and hsp86 promoters in 

transient transfections of the blood stages of the parasite (Wu et al., 1995). 

This study established that sequences both upstream and downstream of these 

genes are required for proper expression. Following this report, other studies 

have described a handful of promoter sequences that are able to drive the 

expression of heterologous reporter genes in transient or stable transfections 

of the Plasmodia (Crabb and Cowman, 1996; Goonewardene ef al., 1993; 

Horrocks and Κ11 bey, 1996; van Dijk et al, 1995). None of these studies has, 

however, addressed the question of how the stage specific expression of genes 

is achieved. 

Stage specific transcription depends on defined 

cis- and trans-acting elements 

The data presented in Chapter 3 of this thesis provide the first experimental 

evidence for developmental stage specific patterns of transcription being 

attributed to specific promoters. This chapter presents a comparative analysis 

of the activities of the histidme rich protein 3 (hrp3), pfsl6 and pfs25 

promoters during asexual and sexual development of the parasite. Transfection 

assays showed that the pfsl6 promoter drives the expression of a reporter gene 
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from sexually committed ring stage parasites through to the early sporogonie 
stages that develop within the mosquito midgut, whereas the activity of the 
pfs25 promoter is restricted solely to the early sporogonie stages. Conversely, 
the activity of the hrp3 promoter is limited to blood stage parasites that do 
not undergo sexual differentiation. These observations demonstrate that the 
sequences immediately upstream of the hrp3, pfsl6, and pfs25genes are 
responsible for the developmental stage specific expression of the respective 
genes. The analysis of the pfsl6 promoter showed that as little as 631 base 
pairs are required for sexual stage specific gene expression (Chapter 3), 
indicating that the cis-acting information is rather compact. 

The notion that defined cis-acting elements mediate the developmental stage 
specific expression of P. falciparum genes was substantiated and extended by 
a detailed analysis of the pfs25 promoter. Electrophoretic mobility shift assays 
identified a DNA-bmdmg protein with an affinity for AAGGAATA sequences, 
the latter being present twice in the pfs25 promoter (Chapter 3). Mutation 
of these sequences results in a loss of binding and a reduction of the transcrip
tional activity of the pfs25 promoter. The DNA binding protein, evidently 
involved in the activation of transcription of the pfs25 gene, was termed Pfs25 
Activating Factor 1, or PAF-1. Interestingly, PAF-1 is present in nuclear 
extracts of the mosquito stages of the parasite, but not detectable in blood 
stage extracts, indicating that the induction of transcription of the pfs25 gene 
in the mosquito stage parasites is associated with the expression of specific 
activator proteins. The identification of PAF-1 and its cognate binding site 
provided the first evidence that the stage specific activation of transcription 
in Plasmodium relies on an interplay between cis- and trans-acting factors. 

Transcription of the pfsl6 and pfs25 genes marks the induction 

of gametocytogenesis and gametogenesis, respectively 

The exact nature of the signals that modulate the rate at which asexual 
parasites switch to sexual development is unknown. Originally, a critical role 
for cyclic 3', 5'-adenosme monophosphate (cAMP) in the induction of 
gametocytogenesis was reported Kaushal and coworkers showed that addition 
of ImM cAMP to a static parasite culture results in a conversion of nearly 
100% of the ring stage parasites to gametocytes (Kaushal et al., 1980). Other 
studies have reported a less pronounced effect of cAMP (Alano and Carter, 
1990). Nonetheless, the addition of cAMP resulted in an elevated conversion 
rate m all of these studies cAMP-mediated control of growth and differen
tiation is common to many protozoa (De Castro and Luz, 1993), and cAMP 
signaling might be part of the response of P. falciparum to the conditions that 
promote sexual differentiation. The activation of the pfsl6gene is the earliest 
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event in the sexual differentiation pathway identified to date (Chapter 2&3) 
and a further elucidation of the mechanisms that underlie the activation of this 
gene is likely to unravel the signaling pathway involved in the commitment to 
sexual differentiation. 

Gametocytes circulate in the bloodstream of the vertebrate host, arrested at 
the Go phase of the cell cycle. When transmitted to the mosquito, they rapidly 
undergo gametogenesis. Under in vitro conditions, the induction of gameto-
genesis requires two stimuli: a rise in pH and a reduction in temperature. 
In vivo, however, the pH within the mosquito midgut is very similar to the pH 
within the human host. It has been demonstrated that in vivo the second 
inducer is a mosquito-derived factor (Nijhout, 1979). Recently, this factor has 
been isolated and was identified as xanthurenic acid (Billker et al., 1998; 
Garcia er al., 1997). This molecule acts as the 'ignition key' for gametogenesis 
(Carter and Ranford-Cartwright, 1998) Within 30 minutes following ignition, 
the Pfs25 protein appears on the surface of macrogametes/zygotes (Gouagna 
et al., 1998; Gouagna et al., 1998). The rapid expression of the Pfs25 protein 
relies on an induction of the transcriptional activity of the pfs25gene 
(Chapters 2&3). The data presented in Chapter 3 indicate that an efficient 
transcriptional activity of the pfs25 gene depends on the binding of the PAF-1 
transcription factor to the pfs25 promoter This factor is present in mosquito 
stage parasites, but could not be detected in blood stage parasites (Chapter 3) 
It is, therefore, likely that PAF-1 is downstream of the xanthurenic acid signal 
and constitutes an intermediate in the xanthurenic acid induced signaling 
pathway. 

P. falciparum core promoters 

The isolation and characterization of the pfsl 6 and pfs25 upstream regions 
added two promoters to the list of P. falciparum promoters that have been 
analyzed in adequate detail with respect to the localization of the transcrip
tional start site. Although being small, this collection of promoters might hint 
at the core promoter elements used in the initiation of transcription. Analysis 
of the available data shows that the regions surrounding the transcriptional 
start sites of P. falciparum genes are extremely A/T rich. Whereas the average 
A/T content of gene flanking regions is 83 percent (Chapter 4), the putative 
core promoters have on the average an A/T content of >90 percent (Table 1). 
This extreme A/T richness seems to preclude the assignment of a functional 
role to a defined TATA-box, especially when we consider the possibility that 
non-consensus TATA-boxes may also bind the TATA-bmdmg protein (Wobbe 
and Struhl, 1990) It is surprising to note, however, that the majority of the 
P. falciparum genes for which the transcriptional start site has been determined 
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does not contain a consensus TATA-box within the region located 25-30 base 

pairs upstream of the transcriptional initiation site (Table 1) Exceptions are 

provided by the hsp86, pena and pfsl6 promoters that contain TATA-boxes in 

the immediate vicinity of the preferred -30 position The other promoters lack 

TATA-boxes at -30, but may contain consensus TATA elements more upstream 

Analyses of promoters of the Apicomplexan parasite Toxoplasma gondii have 

indicated that a TATA-box is not a conserved promoter element in this parasite 

(Bohne et al, 1997, Burg et al, 1988, Soldati, 1996) Conversely, a repeated 

A/TGAGACG element, located in the immediate vicinity of the transcriptional 

start site, has been identified as a critical element of many Τ gondii promoters 

(Mercier et al, 1996) The detailed analysis of this element within the context 

of the Τ gondii sagl gene revealed that it acts as a selector of the transcrip

tional start site (Soldati and Boothroyd, 1995) No such elements have been 

identified in P. falciparum, indicating that the mechanism of selection of the 

transcriptional start site in Ρ falciparum is distinct from that found in Τ gondii 

Moreover, neither visual inspection nor computer analysis of the sequences 

aligned in Table 1 identifies a single sequence element common to all 

Ρ falciparum promoters Yet, several transfection studies have shown that 
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Table 1 
Alignment of putative Ρ falciparum core promoters The sequences and locations of 
the transcriptional start sites were taken from Lanzer et al 1992a (gbpl30) Lanzer 
et al 1992b (kahrp) Su and Wellems, 1994 (hsp86) FoxandBzik 1994 (sera) 
Crabb and Cowman 1996 (cam) Horrocks and Kilbey 1996 (pena) Myler 1990 
(msal) Chapter 3 {pfsl6& pfs25) In cases where multiple initiations sites were 
reported the start site confirmed by both RNAse protection and primer extension was 
taken (pena gpl95) or alternatively the start site located most 5 of the ATG 
translation initiation codon of the gene (sera pfs25) The sequence of a consensus 
ТАТА+ІПГ+ core promoter is shown in row 10 TATA boxes that have a perfect match 
with the consensus sequence TATAWAWN where N is any base and W an A or Τ (Juo 
et al 1996) appear underlined The pfs25 promoter is the single promoter that 
matches the consensus Inr sequence YYA+1NWYY where Y is С or Τ N is any base 
and W an A or Τ (Javahery et al 1994) The 30 to 25 region the obligate position 
for a functional TATA box in higher eukaryotes is indicated with a box 
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deletion of the sequences comprising the transcriptional start site abrogates 

transcriptional activity of the promoter (Horrocks ef al., 1996; P. Horrocks, 

personal communication). Such deletions do not result in transcription from an 

alternate (cryptic) transcriptional initiation site, indicating that transcriptional 

initiation requires specific sequence elements. As yet, the nature of these 

sequences remains unresolved. 

P. falciparum promoters have a modular structure 

An overview of the available data shows that the overall architecture of 

Plasmodium promoters is very similar to that of promoters of higher eukaryotes 

(Fig 1). Transcription is directional, starts at a defined position or in a narrow 

window, and promoters have a modular structure. The sequences in the 

immediate vicinity of the transcriptional start site are essential for transcrip

tional activity, whereas regions located more upstream contribute to an efficient 

activity of the promoter. This bipartite structure resembles the organization of 

promoters of higher eukaryotes, which usually contain a core promoter region 

and more distally located regulatory elements (Kornberg, 1996; Novma and 

Roy, 1996). At the primary sequence level, both a mutual comparison of 

P. falciparum promoters and a comparison with other eukaryotic promoters 

identifies few common sequence elements. OCT-1 boxes have been reported 

for the pena promoter (Horrocks and Κ11 bey, 1996), and CAAT-boxes appear in 

the pena, hsp86, and pfs25 promoters (Horrocks ef al., 1996; Su et al, 1994; 

Chapter 3). These elements have, however, not been studied in much detail 

and their functional role remains elusive. 

A striking feature of all P. falciparum promoters is the occurrence of long 

homopolymeric (dA:dT) tracts. The proposition that these stretches might be 

functional promoter elements, inferred from the reported functional role of 

these tracts in other systems, was first put forward in two published papers 

(Alano et al, 1996; Crabb and Cowman, 1996). A detailed analysis of the 

frequency distribution of homopolymeric DNA tracts revealed that the 

P. falciparum intergemc regions are highly enriched for long homopolymeric 

(dA:dT) tracts (Chapter 4). This phenomenon is, however, not restricted to 

malaria parasites, but observed in a variety of eukaryotic genomes. Although 

this observation does not rule out the possibility that these tracts are functional 

promoter elements, it shows that (dA:dT) tract overrepresentation is not a 

specific adapted feature of P. falciparum. 

The pfsl6 and pfs25 promoters conform to the modular structure seen for most 

Ρ falciparum promoters Both promoters contain essential regions, regions that 

are needed for efficient transcriptional activity, and regions that are apparently 

116 



I i\ s \ 4 pena 

пгрЗ* 

ЛЧК-Л'М.^ГГТ ++ hsp86 

Е^О_ШІ Ili Ч—l· 
gbp130 

I—OHI cam 

ЕЕ cfAifr 

I I I h4ETl·-! pfe76 

Е З М ^ - l · pfe25 

-200 bp 

•
absolute η necessary for • poly(dA:dT) f transcription 

requirement for LI efficient I (>10nt) I initiation site req 
transcriptional transcriptional 
activity activity 

repeated [ïïl PAF-1 binding *no nucleotide 
sequence site sequence 

available 

Figure 1 
Overview of Ρ falciparum promoters that have been analyzed in functional assays 
Data were taken from Horrocks and Κι I bey, 1996 [pena), Wu et al , 1995 (hrp3 and 
hsp86); Horrocks, personal communication igbpl30), Crabb and Cowman, 1996 
{cam and dhfr). Chapter 3 [pfsl6 and pfs25) 
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neutral with respect to the modulation of the transcriptional activity (Fig. 1; 
Chapter 3). Within the pfs25 promoter, two copies of the binding site for the 
PAF-1 activator protein are required for an efficient transcriptional activity 
(Chapter 3). Interestingly, the PAF-1 recognition site is also present in the 
hsp86 and cam promoters (Fig 1). This is in agreement with the observation 
that the hsp86 promoter is transcriptionally active following transmission to 
the mosquito (Chapter 3). The developmental stage specific pattern of activity 
of the cam promoter has not been addressed 

Conclusions and future prospects 

This thesis describes the course of the transcriptional activities of the pfsl6 
and pfs25 genes during sexual differentiation of the human malaria parasite 
P. falciparum. Our data show that transcription of the pfsl6 gene is induced 
at the onset of gametocytogenesis in sexually committed ring stage parasites, 
and continues throughout gametocytogenesis and early sporogonie develop
ment within the mosquito midgut. The induction of the transcriptional activity 
of the pfs25gene, immediately following transmission to the mosquito, marks 
the emergence of gametes from the gametocytes. We have shown that the tran
scriptional activities of the pfsl6and pfs25genes rely on distinct cis-acting 
elements that are located in the immediate vicinity of the respective genes 
In addition, we have identified a trans-acting factor, PAF-1, which is critical 
for activation of transcription of the pfs25 gene. Finally, we analyzed the 
occurrence of homopolymeric (dA:dT) tracts, presumed promoter elements in 
P. falciparum, and have shown that enrichment for (dA:dT) tracts is a general 
eukaryotic phenomenon. 

The pattern of expression of the pfsl6 gene suggests a requirement for this 
molecule during early gametocytogenesis. An obvious question relates to the 
function of the Pfsl6 protein. One approach to gam insight in the functional 
role of the Pfsl6 protein would be the generation of a mutant parasite with a 
disrupted or deleted pfei6gene. In general, the genes expressed during sexual 
differentiation are suitable targets for transfection based gene disruption. 
Transfectants can be selected during asexual growth while the phenotype can 
be assessed following induction of sexual differentiation. In this way, it is 
possible to target essential 'sexual' genes while this would be impossible for 
essential 'asexual' genes. Stable transformation of malaria parasites was first 
described for the rodent parasite P. berghei (van Dijk et al., 1995), followed by 
reports on the stable transfection of P. falciparum (Crabb and Cowman, 1996; 
Wu et al., 1996). Both approaches made use of a selectable marker in the form 
of a modified dihydrofolate-reductase {dhfr) gene, which confers resistance to 
the antimalarial drug pyrimethamine (Cowman et al., 1988; van Dijk et al., 
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1994). For the pfsl6 gene, both gene replacement and insertion vectors 
based on the sequences described in Chapter 3, and supplemented with a 
dhfr selection cassette, have been designed (B. Xiong and K.J. Dechermg, 
unpublished results). Transfection of these plasmidsto P. falciparum, and 
subsequent selection for pyrimethamine resistant parasites has, however, been 
unsuccessful. Whereas control experiments indicated that a plasmid containing 
the dhfr expression cassette readily confers pyrimethamine resistance to trans-
fected parasites, transfection of the pfsiö-based integration and gene replace
ment vectors containing an identical selection cassette did not give rise to a 
drug resistant population (K.J. Dechermg, unpublished results). The reason 
for this remains unclear. 

This thesis provides the first detailed analysis of cis- and trans-acting elements 
in Plasmodium, and relates aspects of the gene regulatory program of the 
parasite to two developmental switches executed during sexual development. 
Further analysis of the events leading to the induction of expression of the 
pfsl6 and pfs25genes will provide important insight in the mechanisms of 
sexual differentiation, and might identify new targets for transmission blocking 
agents. Recently, progress has been made in the identification of mosquito 
'refractory' genes (Collins and Besansky, 1994; Zheng era/., 1997), and 
the generation of genetically transformed mosquitoes that are refractory to 
a malaria infection is an exciting new headway in malaria control. The pfsl6 
and pfs25 promoters will be invaluable tools for a further investigation of 
parasite-vector interactions. Furthermore, the biochemical approaches 
described in this thesis might be deployed in the study of the gene regulatory 
mechanisms that underlie pathogenic properties of the parasite, such as 
antigenic variation and cytoadherence. 
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Summary 

Plasmodium falciparum is one of the major debilitating and life threatening 

parasitic pathogens of man. Half of the world's population lives in areas 

endemic for malaria and 2-3 million people are killed annually. Despite years 

of intensive research, an effective antimalarial vaccine is still not available, 

and the parasite displays a growing resistance to the currently available drugs. 

New ways of combating the disease should be identified and this will only be 

accomplished by a better understanding of the basic biology of the parasite. 

The biology of P. falciparum is fascinating, as the parasite has evolved to cycle 

between a human and a mosquito host Within human red blood cells, parasites 

multiply asexually When the parasite densities in the bloodstream rise, game-

tocytogenesis is triggered. The latter process comprises the formation of male 

and female sex cells and allows transmission to the mosquito. Following a 

blood meal, gametocytes are rapidly activated within the mosquito midgut and 

form gametes that fuse and form a motile zygote that penetrates the epithelium 

of the mosquito midgut wall. Subsequent sporogonie development leads to 

the production of parasite forms that are infectious to a human being upon a 

new bite. 

The production of gametocytes, by sexual differentiation of intra-erythrocytic 

parasites, is primarily responsible for the transmission of the parasite to the 

mosquito. Arresting sexual development of the parasite would effectively 

prevent the spread of the disease. The successful development of such trans

mission-blocking agents is hampered by the lack of a detailed understanding 

of the process of sexual differentiation It has become evident, however, that 

sexual development is marked by the stage specific expression of a number of 

proteins The elucidation of the underlying program of gene expression would 

provide insight in the signals that trigger sexual development. 

This thesis describes and partially identifies the mechanisms responsible for 

the sexual stage specific expression of two proteins First, chapter 1 gives an 

introduction to malaria, sexual differentiation of malaria parasites, and to 

mechanisms of gene regulation. Subsequently, it introduces the key molecules 

of this thesis: the Ρ falciparum Pfsl6 and Pfs25 proteins, which are specific 

markers for two developmental switches executed by the parasite. The Pfsl6 

protein marks commitment to sexual differentiation in the human host, 

whereas the Pfs25 protein is expressed at the onset of gametogenesis within 

the mosquito midgut. Chapter 2 describes the differential expression of the 

gene encoding the sexual stage specific protein Pfsl6. A comparative analysis 
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of the activity of the pfsl6 promoter, pfsl6 RNA levels and rate of de novo 

Pfsl6 protein synthesis during development of Plasmodium falciparum was 

conducted Furthermore, the pattern of expression of pfsl6 transcripts was 

determined at the single cell level by in situ hybridization. The outcome of 

these studies showed that transcription of the pfsl6 gene is induced 

immediately following the invasion of a red blood cell by a sexually committed 

ring stage parasite, and indicates that the appearance of the pfsl6 mRNA is 

the earliest event in the sexual differentiation process described to date. 

Transcription of the pfsl6 gene continues throughout gametocytogenesis and 

during gametogenesis. By contrast, transcription of the pfs25 gene, which was 

studied in parallel, is virtually absent in gametocytes but strongly upregulated 

at the onset of gametogenesis. From the data presented in Chapter 2 it is 

concluded that transcription of the pfsl6gene marks commitment to gameto

cytogenesis whereas the induction of the transcriptional activity of the pfs25 

gene is characteristic of the emergence of gametes 

The significance of the pfsl6 and pfs25 genes as specific markers for two 

important developmental switches executed by the malaria parasite prompted 

us to investigate the transcriptional regulation of these genes in greater detail. 

Therefore, we have isolated and characterized the promoters of the 

Ρ falciparum pfsl6 and pfs25genes. The data presented m Chapter 3 show 

that both promoters exhibit unusual DNA compositions that are extremely 

biased towards A/T nucleotides The regions in the pfsl 6 and pfs25 promoters 

that are essential for high transcriptional activity were identified. Transfection 

studies showed that distinct mechanisms control the activities of these promo

ters during development of the parasite The pfsl6 promoter is induced at the 

very onset of gametocytogenesis and remains active following transmission 

of the parasite to the mosquito midgut The activity of the pfs25 promoter is 

restricted to the parasite stages that develop within the mosquito midgut We 

show that the induction of the pfs25gene partially relies on a DNA-bindmg 

protein, termed Pfs25 activating factor 1 (PAF-1), which activates pfs25 

transcription within the mosquito midgut 

The nucleotide sequences of both the pfsl6 and the pfs25 promoter are 

characterized by the presence of multiple long homopolymeric (dA.dT) tracts. 

As such tracts play important structural and functional roles in other 

organisms, we have analyzed their presence in the Ρ falciparum genome in a 

systematic way. For comparison, we have analyzed the frequency distribution of 

homopolymeric DNA tracts in the genomes of 6 other species {Homo sapiens, 

Saccharomyces cerevisiae, Caenorhabditis elegans, Arabidopsis thaliana, 

Escherichia coli and Mycobacterium tuberculosis), which are widely ranged 

across the evolutionary spectrum. Chapter 4 shows that homopolymeric (dA:dT) 

tracts occur at frequencies well above chance in all eukaryotic genomes 
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studied. In the majority of these genomes, (dA:dT) tract overrepresentation 
proves to be an exponential function of the tract length. By contrast, (dG:dC) 
tract overrepresentation was absent or less pronounced in both prokaryotic and 
eukaryotic genomes. The data presented in Chapter 4 show that overrepresen
tation of (dA:dT) tracts is not a feature specific for P. falciparum, but a general 
property of the eukaryotic genome. We propose that homopolymeric (dA:dT) 
tracts are expanded via replication slippage. Our results indicate that this 
slippage-mediated expansion does not operate on tracts with lengths below 
a critical threshold of 7-10 base pairs. 

The analysis of the mechanisms of gene regulation in P. falciparum is an 
emerging field of study. The isolation and functional characterization of 
the pfsl6 and pfs25 promoters contributed significantly to our level of 
understanding of transcriptional control in P. falciparum. To date, a total of 
eight P. falciparum promoters have been analyzed in more or less detail in 
functional assays. Chapter 5 investigates the similarities between the various 
P. falciparum promoters, and between P. falciparum promoters and 
'conventional' eukaryotic promoters. 



Samenvatting 

Waar gaat dit proefschrift over? 

Deze samenvatting is een vereenvoudigde weergave van hetgeen in dit 
proefschrift staat beschreven. Voor een gedetailleerde wetenschappelijke 
samenvatting wordt verwezen naar de Engelstalige samenvatting. 

Malaria is een dodelijke en wijdverbreide infectieziekte. De helft van de wereld
bevolking leeft in gebieden waar malaria voorkomt, en jaarlijks sterven twee 
tot drie miljoen mensen, meest kinderen, als gevolg van een malaria-infectie 
Ondanks jaren van wetenschappelijk onderzoek is er nog steeds geen malaria-
vaccin beschikbaar. Bovendien is de malariaparasiet resistent geworden tegen 
veel van de bestaande geneesmiddelen, waardoor deze onbruikbaar zijn 
geworden. Er is dringend behoefte aan nieuwe geneesmiddelen en een vaccin. 
Een succesvolle ontwikkeling van deze middelen is afhankelijk van een beter 
begrip van de biologie van de malariaparasiet. 

Malaria wordt veroorzaakt door eencellige micro-organismen, waarvan de soort 
Plasmodium falciparum de meest levensbedreigende is. De biologie van dit 
organisme is fascinerend, daar de parasiet is aangepast om te overleven binnen 
twee zeer verschillende gastheren: mensen en muggen (zie afbeelding 1 in 
hoofdstuk 1). In de mens bevindt de parasiet zich in rode bloedcellen. 
Hierbinnen vermeerdert de parasiet zich ongeslachtelijk. Door middel van 
'klonen' ontstaan er binnen korte tijd zeer veel parasieten in het bloed. Deze 
hoge dichtheid van parasieten zet een differentiatieproces in gang: parasieten 
oorspronkelijk ontstaan vanuit ongeslachtelijke voortplanting gaan zich 
ontwikkelen tot mannelijke en vrouwelijke geslachtscellen De geslachtscel, 
of gametocyt, is de enige vorm van de parasiet die mfectieus is voor de mug. 
Wanneer zo'n mug een bloedmaal neemt, worden ook de gametocyten opge
zogen. Aangekomen in de muggenmaag gaan de gametocyten razendsnel 
sperma- en eicellen vormen. De spermacellen bevruchten de eicellen waarna 
de bevruchte eicel zich nestelt in de bekleding van de muggenmaagwand. Hier 
ontstaan nieuwe vormen van de parasiet die zich ophopen in de speekselklieren 
van de mug. Wanneer de mug opnieuw een mens steekt, komt de parasiet in de 
bloedbaan van de mens terecht en dit leidt tot een malaria-infectie. 

Het proces van sexuele differentiatie is direct verantwoordelijk voor de trans
missie van de parasiet van de mens naar de mug, en dus voor verspreiding 
van malaria. Een vaccin of geneesmiddel dat in staat zou zijn om sexuele 
differentiatie te blokkeren zou de verspreiding van malaria tegen gaan, en bij 

127 



wijdverbreid en langdurig gebruik de ziekte kunnen uitroeien. De ontwikkeling 
van dit soort middelen wordt bemoeilijkt door het gebrek aan kennis van het 
proces van sexuele differentiatie van malariaparasieten. 

De geslachtelijke stadia van de parasiet onderscheiden zich van de ongeslach
telijke stadia doordat ze een ander 'jasje' aan hebben. Zo'n jasje bestaat uit 
verschillende eiwitten, en in de geslachtelijke stadia vinden we eiwitten die 
we met aantreffen in de ongeslachtelijke stadia. Wanneer we nu meer inzicht 
zouden kunnen verkrijgen in de mechanismen die verantwoordelijk zijn voor 
de specifieke aanwezigheid van bepaalde eiwitten in de geslachtelijke stadia, 
dan zouden we tegelijkertijd meer inzicht verkrijgen in het proces van sexuele 
differentiatie. 

Eiwitten worden 'afgelezen' van een gen, dat als het ware de matrijs voor een 
eiwit vormt. Een gen bestaat uit DNA, en de volgorde van de bouwstenen 
van het DNA bepaalt de volgorde van de bouwstenen waaruit eiwitten zijn 
opgebouwd. De vertaalslag wordt gemaakt via een intermediair, het RNA. Dus, 
genen produceren RNA (dit proces noemen we transcriptie) en vervolgens wordt 
dat RNA vertaald naar eiwit (dit proces noemen we translatie). In het algemeen 
bepaalt de hoeveelheid RNA de hoeveelheid eiwit die wordt gemaakt. Is er veel 
RNA aanwezig, dan wordt er veel eiwit geproduceerd, is er geen RNA, dan 
kan er ook geen eiwit gemaakt worden. De hoeveelheid RNA wordt op haar 
beurt bepaald door de activiteit van een gen. Een actief gen heeft een hoge 
transcriptionele activiteit en maakt veel RNA, terwijl een inactief gen geen 
RNA produceert. 

Dit proefschrift beschrijft de mechanismen die ten grondslag liggen aan de 
sexueel stadium specifieke aanmaak van twee eiwitten van de malariaparasiet: 
het Pfsl6 en het Pfs25 eiwit. Synthese van het Pfsl6 eiwit markeert gameto-
cyten in een vroeg stadium van ontwikkeling, terwijl de aanmaak van het Pfs25 
eiwit is voorbehouden aan de gameten die ontstaan in de muggenmaag. 
Hoofdstuk 2 beschrijft de stadium-specifieke aanmaak van het Pfsl6 eiwit 
in detail, en onderzoekt of de aan- of afwezigheid van het Pfsl6 eiwit berust 
op een aan- of afwezigheid van het pfsl6 RNA. Uit de resultaten blijkt dat de 
aanwezigheid van het Pfsl6 eiwit voornamelijk wordt geregeld op transcrip-
tioneel niveau, en met op translationeel niveau. Dat betekent dat de hoeveel
heid Pfsl6 eiwit direct is gekoppeld aan de activiteit van het pfsl6gen. Een 
uitzondering hierop wordt gevormd door de situatie in de gameten. Het lijkt dat 
hier het gen actief is, terwijl het RNA wordt afgebroken, zodat er toch weinig 
Pfslö eiwit wordt gevormd. De resultaten beschreven in hoofdstuk 2 laten 
tevens zien dat het pfsl6 gen al heel vroeg tijdens sexuele ontwikkeling wordt 
aangeschakeld. Wanneer we kijken in een vroeg stadium van ontwikkeling, 
dan is de aanwezigheid van het pfsl6 RNA in feite het enige verschil tussen 
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geslachtelijke en ongeslachtelijke stadia van de parasiet. 

Hoofdstuk 2 beschrijft tevens het patroon van de activiteit van het pfs25 gen. 
Dit gen is inactief in een vroeg stadium van de ontwikkeling van de geslachte
lijke stadia, maar wordt plotsklaps geactiveerd wanneer gametocyten worden 
opgezogen door een mug en in de muggenmaag belanden. Ook de hoeveelheid 
Pfs25 eiwit wordt geregeld op transcriptioneel niveau. 

Uit hoofdstuk 2 blijkt dat het aanschakelen van de pfsl6en pfs25genen 
kenmerkend is voor twee belangrijke stappen in de ontwikkeling van de malaria 
parasiet. Het aanschakelen van het pfsl6 gen valt samen met de keuze van een 
parasiet om zich geslachtelijk te gaan voortplanten, terwijl het aanschakelen 
van het pfs25 gen samenvalt met de productie van gameten in de muggen-
maag. Wanneer we zouden kunnen achterhalen welke factoren van invloed zijn 
op het aanschakelen van de pfsl6en pfs25genen dan zouden we belangrijke 
informatie verkrijgen over de omstandigheden die de sexuele ontwikkeling van 
de parasiet in gang zetten. 

Het aan- en uitschakelen van genen wordt in het algemeen geregeld via de 
stukken DNA die een gen flankeren. Het stuk DNA dat 'voor' het gen ligt bevat 
een promoter: hier start transcriptie, de synthese van RNA. Bovendien regelt de 
promoter de hoeveelheid RNA die wordt gemaakt. Hiertoe binden zich tal van 
eiwitten aan het DNA om vervolgens het proces van transcriptie te beïnvloeden 
(zie afbeelding 3 in hoofdstuk 1). Om inzicht te verkrijgen in de pfsl6 en 
pfs25 promotoren werden de stukken DNA die deze genen flankeren geïsoleerd, 
hetgeen staat beschreven in hoofdstuk 3. Vervolgens werden deze stukken DNA 
gekoppeld aan een zogenaamd reportergen waarvan we de activiteit makkelijk 
kunnen meten. Wanneer deze artificiële stukken DNA werden geïntroduceerd 
in de verschillende ontwikkelingsstadia van de parasiet bleek dat de activiteit 
van de promotoren overeenkomt met het patroon van de activiteit van het 
bijbehorende gen. De pfsl6 promoter maakt RNA in een vroeg stadium van de 
geslachtelijke ontwikkeling, terwijl de pfs25 promoter wordt aangeschakeld in 
de muggenmaag. Bindingsstudies met kleine stukjes DNA en eiwitten uit de 
celkernen van de verschillende ontwikkelingsstadia lieten vervolgens zien dat 
de transcriptionele activiteit van het pfs25gen mede wordt bepaald door het 
binden van een specifiek eiwit aan het promoter DNA. Dit eiwit komt voor in 
de gameten, maar niet in de andere ontwikkelingsstadia van de parasiet. Het 
aanschakelen van het pfs25gen wordt waarschijnlijk voorafgegaan door de 
aanmaak van eiwitten die transcriptie activeren. 

De resultaten beschreven in hoofdstuk 3 laten zien dat de activiteit van de 
pfslöen pfs25 genen wordt gereguleerd door een interactie tussen DNA-
bmdende eiwitten en de promoter-regio's van deze genen. Een dergelijk 
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mechanisme is niet nieuw, we kennen het van andere (hogere) organismen. 
Het is echter voor het eerst dat dit in zulk detail is beschreven voor malaria-
parasieten. Ongewoon is de samenstelling van de pfsl6 en pfs25 promotoren. 
Terwijl DNA opgebouwd wordt uit vier bouwstenen, die afgekort worden als 
A, G, С en T, bevatten de pfsl6 en pfs25 promotoren voornamelijk A en Τ 

bouwstenen Verder vinden we gebieden in deze promotoren die bestaan uit 

lange aaneenschakelingen van één enkele bouwsteen. Omdat zulke homo-
polymere DNA strengen unieke eigenschappen bezitten, en in sommige 
organismen een functie vervullen in de regulatie van genexpressie, is de 
aanwezigheid van deze homopolymere stukken in detail onderzocht. Hiertoe 
werd gebruik gemaakt van de gegevens die beschikbaar zijn gekomen uit het 
malaria genoom projekt. Dit projekt richt zich er op om het gehele genoom 
van de malariaparasiet in kaart te brengen. Tot nu toe is de volgorde van zo'n 
2 miljoen bouwstenen, van de in totaal 20 miljoen, in kaart gebracht. Dat 
maakt het mogelijk om voor grote stukken DNA de samenstelling te bekijken 

Hoofdstuk 4 laat zien dat homopolymere stukken van A en Τ vaker in het 

malariagenoom voorkomen dan verwacht kan worden op grond van simpele 

kansberekening. Ze ontstaan waarschijnlijk door een foutje van het enzym dat 

DNA kopieert bij een celdeling. Daar het DNA van de malariaparasiet een heel 

hoog A/T gehalte heeft, zou het makkelijk aanleiding kunnen geven tot deze 

foutjes. Echter, het blijkt dat organismen met een laag A/T gehalte een zelfde 

verrijking voor homopolymere stukken DNA laten zien. Dit betekent dat een 

genoom met lange homopolymere stukken DNA evolutionair gezien voordelig 

is, óf dat de aanwezigheid van deze stukken een bijprodukt is van het DNA 
metabolisme van een cel, en dat ze geen voordeel bieden maar slechts 
getolereerd worden in het genoom. Hoofdstuk 4 bespreekt beide mogelijkheden. 
De resultaten beschreven in dit hoofdstuk maken het mogelijk om uitspraken te 
doen over het mechanisme van foutjes maken tijdens DNA replicatie. Uit de 
beschreven resultaten kan worden geconcludeerd dat homopolymere stukken 
van meer dan 7 A's of T's op een rij verlengd worden door slippen van het DNA 
polymerase tijdens replicatie. Stukken met minder dan 7 A's of T's, of stukken 
met uitsluitend G's of Cs zijn immuun voor dit proces. 

De resultaten van het onderzoek beschreven m dit proefschrift verschaffen 
meer inzicht in het proces van genregulatie in malariaparasieten Het blijkt dat 
de malariaparasiet zowel verschilt van, als overeenkomsten vertoont met andere 
eencellige parasitaire organismen en hogere eukaryote (celkern bevattende) 
organismen. Hoofdstuk 5 onderzoekt deze verschillen en overeenkomsten. Het 
is opvallend dat de grove organisatie-structuur van de Plasmodium falciparum 
promotoren gelijk is aan die van hogere eukaryote organismen, terwijl de 
volgorde van de bouwstenen van het DNA sterk afwijkend is. Het blijkt moeilijk 
om stukken DNA die identiek zijn in alle promotoren, zogenaamde consensus 
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sequenties, te vinden. Vervolgonderzoek zal meer inzicht kunnen verschaffen 
in de details van de regulatie van genexpressie in malanaparasieten Dat is niet 
alleen belangrijk om het proces van sexuele differentiatie beter te gaan 
begrijpen, maar kan ook bijdragen aan het verder ophelderen van de ziekte
verwekkende eigenschappen van de parasiet. De methoden beschreven in dit 
proefschrift vormen belangrijke hulpmiddelen m dit onderzoek. 
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Stellingen behorend bij het proefschrift 

Gene regulation during sexual 
development of the human malaria 
parasite Plasmodium falciparum 

Koen Dechermg 

Nijmegen, 9 november 1998 





Het pfsl6 RNA is een vroege marker voor sexuele differentiatie van Ρ falciparum. 

(dit proefschrift) 

Het hoge АЯ gehalte van P. falciparum DNA wordt mogelijk veroorzaakt door een 
mutationele bias die in stand wordt gehouden door een hoog cytoplasmatisch cAMP 
gehalte, (dit proefschrift) 

Slippen van het DNA polymerase op een simple sequence repeat kan alleen plaats 
vinden wanneer de simple sequence repeat een lengte heeft van 7 nucleotiden of 
meer. (dit proefschrift) 

Er van uitgaande dat de soorten zijn ontstaan zoals Darwin dat beschrijft in zijn 
boek 'The origin of species' is er maar een conclusie mogelijk: het ei was er eerder 
dan de kip. 

Het laten zweven van klauwpadden boven een supermagneet is zeer tegennatuurlijk 
daar deze beestjes een veel te groot genoom hebben om goed te kunnen vliegen, 
(zie ook: Geim, A.K., Carmona, H.A., Maan, J.C., Mam, P.C. (1997) Molecular 
magnetism takes off. Physics World 4, p28; Hughes, A.L en Hughes, M.K. (1995) 
Small genomes for better flyers. Nature 377, p391) 

BIJ malanaparasieten gaat de liefde letterlijk door de (muggen)maag. 

Het verschil tussen gekte en genialiteit wordt bepaald door de mate waarin men 
succes heeft. (Jonathan Pryce als Elliot Carver in de film 'Tomorrow Never Dies') 

Elke saxofonist klinkt zoals hij gebekt is. 

Het stopzetten van ontwikkelingshulp met als argument dat veel van die hulp verkeerd 
terecht komt is kortzichtig. Beter zou zijn om de hulp te verdubbelen: er zal dan twee 
maal zo veel goed terecht komen. 

Wetenschap perfektioneert de illusie die we werkelijkheid noemen. 








