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ABSTRACT
The characterisation of genes coding for a 235kDa rhoptry protein of the malarial
parasite Plasmodium yoelii

The highly virulent rodent malaria parasite, Plasmodium yoelii strain YM is
capable of invading both mature erythrocytes and reticulocytes throughout the course
of the infection. YM had been reported to have arisen abruptly from the avirulent P.
yoelii strain 17X which is reticulocyte-restricted for most of the course of infection. A
genetic cross between YM and an avirulent parasite strain derived from 17X indicated
that the two parasites differed only at a single genetic locus, which was considered to
confer the virulent phenotype.

Monoclonal antibodies directed at a complex of 235 kiloDalton (kDa) proteins,
present in the rhoptries of the pre-invasive P. yoelii merozoites had been reported to
convert a virulent YM infection into an avirulent, reticulocyte-restricted, 17X-like
disease. This indicated that the rhoptry protein complex might mediate virulence. DNA
clones encoding three different 235kDa rhoptry proteins had been isolated and
sequenced. )

In this thesis electrophoretic karyotypes were produced for P. yoelii strains YM
and 17X, and where possible individual chromosomes have been identified as
homologues of those of other malaria species by their hybridisation with specific DNA
probes. Four chromosomes of strain 17X were shown to migrate at appreciably
different rates from their YM homologues, indicating that they differed in size.

The genomic location of members of the 235kDa rhoptry protein gene family
and the gene copy number have been examined in both strains. A two-dimensional
Southern blot technique was used to visualise the restriction fragments containing
members of the rhoptry protein gene family derived from resolved chromosomes.
These blots permitted the localisation of the cloned rhoptry protein genes within
individual chromosomes. In strain YM the gene family was demonstrated to be present
on six chromosomes and to have an estimated minimum copy number of forty. On
individual chromosomes, the gene family members are organised in tandem arrays
which occur almoét exclusively in sub-telomeric locations. Two chromosomes have
rhoptry protein genes at each end.

A series of subclones derived from strain YM, which exhibited different levels
of virulence, were also examined. No differences were detected in the distribution of
the major loci for the rhoptry protein gene family in these parasite clones but a
difference was observed in the rhoptry complex proteins immunoprecipitated from one

of the clones using anti-rhoptry protein monoclonal antibodies.
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The major rhoptry protein gene loci which had been identified in YM were also
present in strain 17X, in additional two major loci were also detected in this parasite
which do not occur in YM. One of these loci was present on a chromosome (13 or 14)
which does not contain rhoptry protein genes in YM. Immunoprecipitation experiments
indicated that there was differential expression of the rhoptry protein genes in strains
YM and 17X.

Hybridisation with rhoptry protein gene probes demonstrated the presence of
homologous sequences on at least six chromosomes in another rodent malaria
parasite, P. berghei. The extent and the organisation of the gene family appeared to
be similar in P. yoelii and P. berghei. Initial experiments appeared to link a single
genetic locus of the gene family with reticulocyte-restriction in both species. However
analysis of the progeny of a genetic cross between virulent and avirulent parasites
indicated that this was not the case.

While all of the data collected supported a very close relationship between P.
yoelii strains YM and 17X, the fact that the strains had been demonstrated to differ at
more than one genetic locus, and possessed four differently sized chromosomes
indicated that YM could not have evolved directly from 17X as the result of an abrupt
mutation. No evidence was found to support the hypothesis that the rhoptry protein
complex is responsible for the virulent phenotype.
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CHAPTER 1 - INTRODUCTION
Malaria

Malaria infections are caused by protozoan parasites of the genus
Plasmodium, which multiply within the red blood cells of humans and other
vertebrates. The disease is transmitted by mosquitoes, which may be considered to
be the primary host of the parasite because sexual recombination occurs within the
insect, while only mitotic divisions occur within vertebrates. However the
consequences of infection are far more devastating to vertebrates. Each malaria
species has a very narrow host range; four species are infective to man. Plasmodium
falciparum is the species responsible for the most human deaths. While only an
estimated 1% of clinical attacks of falciparum malaria prove t_o be fatal, the sheer
nui'nbers of people infected by this parasite each year (Sturchler, 1989, estimated that
there were 245 million cases of falciparum malaria in 1986) mean that that malaria is a
significant cause of death in the developing world. As a result, P. falciparum has been
the most intensely studied, and is the best characterised of all of the malaria species.
P. vivax, while almost as prevalent as P. falciparum (Sturchler, 1989), is less lethal,
but produces a chronic disease with high levels of morbidity. P.ovale and P.malanae
are far less common.

Although the incidence of malaria was steadily decreasing up to the late
1960s, reported cases of malaria have now begun to rise due to a combination of
factors, the most significant being the emergence and spread of chloroquine
resistance (first reported by Kean et al., 1979, and Phillips et al., 1984). Drug
resistance, while spreading rapidly throughout a parasite population, has also been
demonstrated to arise independently in isolated foci, indicating the malaria parasite’s
capacity for rapid evolution (see below). The emergence of insecticide resistant
mosquitoes has also been a problem. Due to the high cost and length of time required
to develop any new anti-malarial drug, and the fact that resistance to any novel drug
is likely to develop rapidly, strategies other than the use of medicines to treat and
control malaria infections must be considered.

The genomic organisation and many aspects of the biology of Plasmodia are
not yet well characterised. Basic research on the parasite is essential if parasite
processes which differ from those of the host are to be identified and exploited as the
basis of novel intervention strategies.
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Life cycle of the malaria parasite

Plasmodia are obligate parasites, with a two host life-cycle (see Figure 1.1).
Infections are transmitted through the bite of a female anopheline mosquito,
introducing sporozoites into the circulation of a vertebrate which carries them to the
liver. Sporozoites possess specialised invasive organelles, typical of members of the
phylum Apicomplexa (see following section), which enable them to invade
hepatocytes and initiate the infection. Once inside a hepatocyte, each sporozoite
develops first into a trophozoite, and then through a series of mitotic divisions into a
multinucleate syncytium called a schizont. Segmentation of the schizont results in the
formation of a large number of invasive merozoites. Hepatocyte rupture releases
mature merozoites into the liver sinusoidal circulation. The parasites adhere on
contact with the surface of red blood cells. A complex series of molecular interactions
then follows which may culminate in erythrocyte invasion (see following section).
Inside the red blood cell, erythrocytic schizogony occurs giving rise to a new
population of invasive merozoites. Repetition of the erythrocytic cycle is the means by
which the parasite population expands within the host. With each cycle a proportion of
the merozoites developé along an alternative pathway giving rise to either male or
female gametocytes. Further development to produce viable gametes will not occur
unless the gametocytes are ingested by a mosquito taking a blood meal. Conditions in
the insect gut trigger gamete maturation and fertilisation can occur if both sexes of
gamete are present. Each gamete is haploid, the zygote resulting from fertilisation is
diploid. Each zygote transforms into' a motile ookinete which embeds into the insect gut
wall and develops into an oocyst. At some stage after fertilisation a meiotic division
occurs giving rise to haploid parasites. This division is the only point in the parasite
life-cycle when recombination can occur between homologous chromosomes,
because the parasite is haploid at all other times. Mitotic divisions give rise to a large
number of sporozoites within each oocyst, and when mature these burst out and
migrate to the salivary glands of the insect and are injected when the mosquito
takes its next blood meal. Each parasite has only a narrow range of susceptible host
organisms, for example the human malaria parasite P. falciparum is only able to infect
a few species of monkeys which share common blood cell antigenic determinants with
humans, and transmission to these hosts may not occur at all in the wild.

The characteristic pathology of malaria results from the erythrocytic cycle of
the parasite. As the merozoites emerge from the erythrocytes, parasite waste
products and red blood cell components are released into the circulation and these

trigger the release of cytokines, particularly tumour necrosis factor (TNF), which
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induces fever. P. falciparum and P. vivax each give rise to synchronous infections
where on the third day following erythrocyte invasion, a new batch of merozoites is
released. The characteristic ‘febrile paroxysms’ coincide with the emergence of the
parasites. In P. falciparum, late erythrocytic stages including schizonts are rarely
found in circulation, but sequester in the deep vascular capillary beds of organs such
as the liver, heart and brain. It may be that sequestration is a means to avoid immune
Clearance by the spleen, because mutant P. falciparum parasites which are unable to
sequester do not cause persistent infections (Berendt et al., 1990). Congestion of
blood vessels, and in particular those of the brain can have serious consequences for
the host, including coma and death. Sequestration is mediated through parasite
proteins expressed on the erythrocyte surface interacting with receptors present on
the endothelial cells which line capillaries, although the precise interactions of the
process have not yet been characterised. Severe anaemia resulting from depletion of
the host erythrocyte population is also dangerous, particularly in young children.

Because of the pathology associated with the erythrocytic stages of malaria
parasites, there is much interest in characterising the mechanism by which malaria
parasites enter erythrocs;tes. If this process could be blocked, there could be no
further expansion of the parasite population ih the host following hepatic schizogony
the symptoms of malaria infections would not develop. In addition sexual stages

would not be produced and so transmission could not occur.

Malarial merozoites

Merozoites are oval cells approximately 1.5um long and 1.0um in diameter,
although the size does vary with species. The apex of each merozoite is more pointed
and contains a system of organelles common to the invasive stages of all members of
te phylum Apicomplexa. These are also present in the sporozoites, the other
extacellular invasive stage of Plasmodia within vertebrates. Most prominent are two
typas of gland, the rhoptries and the micronemes. Rhoptries are paired, sac-shaped
glaads which converge into a single duct. The micronemes are narrower, more
funerous, and do not appear to converge (see Figure 1.2). Rhoptries and
niconemes have been demonstrated to contain complex mixtures of many proteins,
&énc the rhoptries following certain staining procedures, also appear to contain ‘whorls’
«f either lipid or a lipid and protein mixture (Mitchell and Bannister, 1988). The
thaacteristic conoid shape of the apex of the merozoite is maintained by the
fresence of concentric circles of protein material, termed the polar rings. Each

neiozoite contains a nucleus and a single mitochondrion, and also numerous
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membrane bound vesicles known as the dense granules. A thick fuzzy coat covers

the pellicle of the merozoite which may be composed of glycoprotein.

invasion of erythrocytes by malarial merozoites.

Merozoites are only able to exist freely in circulation for at most a few minutes,
after which they lose their capacity for invasion. The process by which the parasite
gains entry into the erythrocyte is not completely understood, but is known to consist
of multiple stages. Dvorak et al. (1975) used video microscopy, to examine
erythrocyte invasion by P. knowlesi and a drawing of the different stages of invasion
observed is reproduced in Figure 1.3.

The initial interaction between the parasite and a potential host cell involves an
association between the erythrocyte surface and any part of the outer coating of the
merozoite. Even brief contact between the two cells is sufficient for attachment to
occur. The basis of the attachment is not known but the erythrocyte membrane
becomes deformed and enfolds around the merozoite which sinks into a depression
formed on the blood cell surface. This type of interaction is reversible and merozoites
can be seen to detach fr'om one erythrocyte and subsequently attach to, and invade,
a second cell. As contact between the membranes of the merozoite and the
erythrocyte increases, the membranes become more closely associated. The parasite
then manoeuvres itself so that its apex is directly apposed to the red cell plasma
membrane, and a tight junction forms between the tip of the merozoite and the
erythrocyte plasma membrane. At this point the attachment process ceases to be
reversible and the merozoite becomes committed to invading the cell. The next
sequence of events occurs in such rapid succession that the precise order of each
stage is not known. Immediately after tight junction formation, the contents of the
rhoptries (and possibly the micronemes) are discharged and the parasite moves
forwards into the blood cell, entering a membrane lined compartment. The tight
junction travels backwards over the surface of the parasite and seals the erythrocyte
membrane behind. During the process of invasion the material covering the merozoite
membrane is sloughed off, possibly to prevent antibodies bound to the merozoite from
being internalised with the parasite. (Dvorak et al., 1975). The signal which induces
the discharge of the contents of the apical glands is not known but this is presumed to
be the result of a signal transduction event (Coppel, 1992). The origin of the
parasitophorous vacuole membrane (PVM) formed at invasion, and which completely
encloses the internalised merozoite is not entirely clear. The surface of this membrane

is not identical to the erythrocyte plasmalemma in freeze-fracture sections, so it
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