Analysis of Cell Cycle Associated
Proteins from

Theileria annulata

Geoffrey Malcolm Ingram

PhD

Wellcome Unit of Molecular Parasitology
Anderson College

University of Glasgow

March 1997



34-

"tHS% $

* *
+',

*( )

6 + *(,
4

lllll_

, O .0'(
<

<3 = 1<






I would like to dedicate this thesis to my grand-parents, my mother and father and my

little brother Michael.

“What we are today comes from our thoughts of yesterday, and our present thoughts
build our life of tomorrow: our life is the creation of our mind”

The Dhammapada



Summary

The protozoan parasite, Theileria annulata, is a tick transmitted intracellular
pathogen of domestic cattle in tropical regions gf Africa and Asia. The parasite life cycle
within the bovine host involves proliferative phases within the host lymphocytes and
erythrocytes. As a means of characterising cdc2-related kinases (CRKs) involved in these
stages which would control the parasite division cycle, p13*°! affinity columns have been
used to show binding and activity of parasite proteins which are likely to have a role in
the cell cycle. Further experiments showed the existence of at least two p13™°! binding
kinases in 7. anmulata, together with possible substrate specificities of these
polypeptides. Another gene involved in replication and division has been isolated, namely
the large subunit of ribonucleotide reductase (R1) which encodes a unique N terminal
extension to the predicted amino acid sequence compared to higher eukaryotes. The role
of this extension is unknown but could serve in the allosteric regulation of the parasite
enzyme. It is also feasible that this region could be used as a target for peptidomimetic
inhibitors specific for the parasite enzyme. The R1 polypeptide immunolocalises to the
parasite nuclei whereas the host R1 remains in the cytoplasm.

Using anti-sera generated against a range of host and parasite cell cycle
associated proteins it was possible to gain a picture of changes occuring during the
intracellular differentiation of the parasite within the lymphocyte. These results show that
the intracellular differentiation initially involves both host and parasite cell cycles but
there is an early decline in the amounts of two polypeptide markers of the host cell cycle
whilst the parasite continues to undergo repeated nuclear division prior to the
differentiation into the merozoite stage. Attempts were made to synchronise infected
cells using aphidicolin and the effects of this drug on the expression of cell cycle

associated genes in 7. annulata was also examined.
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Chapter One

Introduction



1.1 Theileria annulata

The protozoan parasite Theileria annulata is the causative agent of tropical
theileriosis, a debilitating and frequently fatal disease of cattle. It has been estimated
that there are more than 250 million cattle across the Qobe that are at risk from this
disease (Tait & Hall, 1990). Endemic regions stretch from the Moroccan Atlantic coast
to the Pacific in a broad band encompassing Saharan North Africa, India, Byelorussia
and into China (Dolan, 1992).

1.1.2 History

Theileriosis was first described as tropical bovine piroplasmosis by
Dschunkowsky & Luhs in 1904 in Transcaucasia in southern Russia. The haemo-
protozoan parasite responsible was named Piroplasma annulatum by Bettencourt in
1907 (cited in Irvin, 1987).

Experimental evidence showing P. annulatum to be similar to the Theileria
parva parasite was published by Theiler in 1904 and the presence of a schizont stage
resulted in P. annulatum being re-assigned as Theileria and hence its name today as

Theileria annulata.

1.1.3 Classification of the Theileria Genus

Traditionally the taxonomic classification of protozoa depended upon criteria
such as ecology, morphology, pathology and immunology. With the advent of
molecular biology, more detailed studies at a genetic and biochemical level have
resolved long standing disputes over certain Theileria species and sub-species
designations.

1.1.4 Taxonomic Hierarchy



The currently accepted Theileria classification is as given below: (Levine,
1980).

Sub-kingdom Protozoa
Phylum Apicomplexa
Class Aconoidasida
Order Piroplasmorida
Family Theileriidae
Genus Theileria

1.1.5 Theilerial Parasites of Domestic Animals

There are six species of Theileria infectious for bovine hosts: T. annulata, T.
parva, T. sergenti, T. mutans, T. taurotragi and T. velifera (Irvin, 1987). Of the six,
the first two are the most serious pathogens. There are other Theileria species of
ruminants which are not pathogenic but which could confuse a correct diagnosis -

these are T. ovis, T. recondita and T.separata (Dolan, 1989, Papadopoulos et al.,
1996).

1.1.5.1 Theileria annulata

T. annulata causes tropical theileriosis in domestic cattle (Bos taurus and Bos
indicus) and Asian water buffalo (Bubalus bubalis). It has been shown that the host
range of T. annulata is limited to bovids since sporozoites were unable to infect
peripheral blood mononuclear cells (PBMs) from other mammals in an experimental
situation (Steuber, 1986).

The transmission vectors of T. annulata are ixodid ticks of the Hyalomma
species. The natural disease vector in the Middle East and India is H. anatolicum but
other vector species include H. asiaticum, H. detritum and H. dromedarii (Irvin,
1987). Ticks may feed on different hosts as adults, nymphs and larvae. H. anatolicum



is a three host tick, H. detritum is a two host tick whereby larvae zia.nd nymph feed from
the same host (Sergent et al., 1945). Ticks acquire 7. annulata infection during a
blood meal and transmit the parasite transtadially at the next stage of development
when feeding on another bovine host.

The disease is restricted to areas where the tidi( vectors can survive and an
endemic belt of tropical theileriosis ranges from Morocco to China. Indigenous cattle
in endemic areas (Bos indicus) are relatively resistant to theileriosis with the mortality
rate being less than 5% (Neitz, 1957). However, attempts to increase productivity and
vields in these indigenous cattle by cross breeding with European breeds (Bos taurus)
has led to increased mortality rates due to the higher susceptibility of these exotic and
crossbreeds to theileriosis. Indigenous animals in endemic areas are exposed early to
the parasite and if they survive then the immune protection is maintained through
constant challenge. For newly introduced animals in endemic areas, rates of mortality
reach up to 60% (Singh, 1991). There appears to be no inherent calf resistance and no
maternal transfer of factors mediating resistance from mother to progeny. The number
of animals at risk worldwide from theileriosis makes assessment of economic damage
very difficult. Moreover, cattle which recover from infection suffer diminished milk
yields, weight loss and fertility problems. This loss of productivity is a further
constraint to the growth of local economies in endemic areas. Estimated losses to the
Indian economy as a result of theileriosis is thought to be 10% of the livestock
contribution to the gross national product (GNP) which places the dollar value of this
loss in the range of tens of millions of dollars per annum (Singh, 1991).

1.1.5.2 Theileria parva

This species is the causative agent of East Coast Fever (ECF) in Bos faurus
and African buffalo (Syncerus caffer). It has a higher pathogenicity than 7. annulata
and is prevalent throughout Central and Eastern Africa. Transmission is by the three
host tick species, Rhipicephalus appendiculatus and R. zambeziensus.

Like T. annulata, exotic cattle have a higher susceptibility to T. parva than do

the cattle indigenous to endemic regions. However, indigenous cattle originating from



non - endemic areas are severely affected by ECF. Once infected, —rnortality rates can
be 80-100% for all age groups. Even for indigenous cattle in endemic areas the
mortality rates can be as high as 50% with calves accounting for most of this figure
(Irvin & Morrison, 1987).

Mukhebi et al. (1992) estimated the economical impact of ECF in 1989 to be of
the order of $168 million with 1.1 million cattle killed by ECF. It is probable that the
high rates of mortality stem from T. parva infecting T-cells which interferes with the
effector response in the immune system (Morrison ef al., 1987). The cause of death in
ECF is leucopenia.

Infections by 7. parva and 7. annulata can be distinguished morphologically
between piroplasm stages. In T. annulata the piroplasms are predominantly round and
oval shaped but in 7. parva piroplasms are rod and comma shaped (Melhorn & Schein,
1984). There is no clinical need for this distinction given the lack of geographical
overlap between these two species.

There is a trinomial nomenclature for the 3 subspecies of T. parva: - T.p.
parva (East Coast Fever), T.p. bovis (Rhodesian theileriosis) and T.p. lawrencei
(Corridor disease). From immunofluorescence using monoclonal antibodies generated
against sporozoite surface antigens the three subspecies are indistinguishable from one
another but the sporozoites differ in their ultrastructure (Fawcett, 1985).

1.1.5.3 Theileria sergenti

This species is endemic in areas of Eastern Asia and is transmitted by ticks of
the Haemophysalis genus. The pathogenicity of infection is much milder than either T.
annulata or T. parva. However when T. sergenti infection combines with other
haemoprotozoic infections, mild pyrexia and anaemia can develop resulting in a large
decrease in cattle productivity. It is the most common protozoan disease of grazing
cattle in Japan.

Until most recently the two other benign species of Theileria which cause
anaemia but not leucopenia have been linked taxonomically with 7. sergenti in a group
of T. sergenti/orientalis and T. buffeli. Based on differences in vector ticks at the sub



genus level, Fujisaki (1992) proposed that the classification uiple£ of T.
sergenti/orientalis/buffeli be divided into two groups - 7. sergenti and T.
orientalis/buffeli. This has been confirmed by two dimensional PAGE protein analysis
of piroplasm stages and by characterisation of genes encoding immunodominant

proteins (Fujisaki et al., 1994).
1.1.5.4. Theileria mutans

This species infects cattle (Bos taurus and B. indicus) and buffalo (Syncerus
caffer) in sub-Saharan Africa and also in the Caribbean (Uilenberg et al., 1983). Its
tick vector belongs to the Amblyomma genus and the infection caused is benign
theileriosis being only mildly pathogenic.
1.1.5.5. Theileria taurotragi

T. taurotragi infects cattle and other bovidae, being transmitted by ixodid ticks
of the Rhipicephalus genus. It also occurs naturally in antelopes (Taurotragus oryx)
(Stagg, 1983). It is widely found in Africa and can occasionally be pathogenic in cattle.
1.1.5.6. Theileria velifera

This is infectious for cattle and buffalo being transmitted by ticks of the

Amblyomma genus. It is found in sub-Saharan Africa and the Carribean and is

apathogenic.

1.1.5.7. Other species of Theileria



T. hirci (Dschunowsky & Uridschevich (1924), cited in Irvin 1987) infects
sheep and goats via the Hyalomma vector. It has a similar geographical distribution to
that of T. annulata and is highly pathogenic.

T camelensis infects camels but the vector and pathogenesis of the disease is
unknown. It is found in Africa and parts of the former USSR.

A previously unidentified species of Theileria has been reported (Ngumi ef al.,
1994). This parasite was isolated from cattle in Kenya and was shown to be
antigenically distinct from other Theileria species by use of species specific
monoclonal antibodies.

1.1.6 The Life Cycle of Theileria annulata

See Figure 1.1

1.1.6.1 Bovine Stages

Infection of the bovine host is initiated by an infected adult tick. Sporozoites
contained within the tick vector salivary glands are injected into the bovine host when
the tick begins to feed. Sporozoites then rapidly invade leucocytes (Jura et al., 1983).
Leucocytes susceptible to invasion by 7. annulata sporozoites are those displaying
major histocompatability complex (MHC) class I molecules - primarily B cells and
monocytes/ macrophages (Glass et al., 1989). '

After leucocyte invasion the parasite develops into a uninucleate trophozoite
stage which then undergoes a series of nuclear divisions to produce the multinucleated
schizont composed of parasite membrane containing an average of 15 - 20 nuclei. As
this development proceeds, the host cell divides in synchrony with the schizont by the
schizont attaching to the host spindle apparatus (Carrington et al., 1995). The
mechanism of this transformation has still to be fully elucidated and is discussed in
more detail in section 1.1.11. After a finite number of cell divisions the enlarged

macroschizont differentiates into microschizonts through the asexual stage of



merogony. Uninucleate merozoites are formed by nuclei migratiné to the perimeter of
the macroschizont and rhoptries appear in the schizont cytoplasm. The internal
organelles then associate with the nucleus in the order found in the mature merozoite.
Merozoites then bud out from the surface of the schizont and are liberated from the
infected cell by breakdown of the host cell plasma membrane (Shaw & Tilney, 1992).

Merozoites then invade erythrocytes and undergo a further 2 rounds of division
by schizogony to give the piroplasm stage (Conrad et al., 1985). It has been proposed
that piroplasms may be able to form merozoites which re-invade erythrocytes, as
happens in T. sergenti but this has not been confirmed in any experimental studies.
Piroplasms and infected erythrocytes are taken up by feeding ticks to complete the
bovine stages of the life cycle.

1.1.6.2. The Tick Vector Stages

Ingested erythrocytes containing piroplasms are lysed in the tick gut. A
proportion of the piroplasms undergo a sexual cycle (Cowdry & Ham, 1932, Melhorn
& Schein, 1984). The free piroplasms differentiate into ray bodies and spherical forms
which are the micro and macrogametes respectively. Syngamy of this pair forms a
zygote. This and the succeeding kinete are believed to be the only diploid stages during
the entire life cycle of the parasite. Morzaria et al. (1992) showed that recombinant
parasites of mixed parental genotypes can be obtained from ticks fed on animals
infected with two distinct parental stocks confirming sexual reproduction in 7. parva.
The motile kinete then passes through the haemolymph to the immature salivary gland
cells where it transforms into a sporoblast undergoing multiple rounds of division. This
stage remains dormant until the tick moults and resumes feeding (Schein et al., 1975).
The sporoblast then enlarges dramatically to give a multinucleate syncytium and
uninucleate sporozoites form by cytoplasmic fission (Fawcett, Buscher & Doxsey,
1982). The sporoblast is probably the stage where meiosis occurs. Measurements of
the DNA contents of the stages found in the tick gut showed that the gamete stages
had half the DNA content of the zygote. This implies that fusion of the gametes
occured in the gut of the tick, however in T. parva, the zygotes underwent a two step



meiotic division but a comparable division could not be detected in T. annulata (Gauer
et al., 1995). Sporozoites, merozoites and gametes are haploid while the multi-
nucleated macroschizonts are polyploid. The sporozoites are released into the salivary
gland and infection of the bovine host then occurs wiif:h the next blood meal (Purnell &
Joyner, 1968, Reid & Bell, 1984).

1.1.7. Pathogenesis

The progress of the disease is charted by the destruction of lymphoid cells (as a
result of parasite induced lymphopmﬁferaﬁoﬂ) and subsequent anaemia after the
development of the piroplasm stages (reviewed in Irvin & Morrison, 1987).

In experimentally infected animals, the first manifestation of the disease is a
swelling of the lymph nodes draining the site of sporozoite inoculation. As the
parasitised cells proliferate and the macroschizont infected cell expand in number there
is a marked fall in peripheral blood leucocytes (Preston et al., 1992). This coincides
with a fever of ~42°C occuring about 10 days after infection. By this point there is
extensive destruction of both infected and non-infected cells in the lymphoid tissue
which is probably linked to the expression of host matrix metalloproteinases in infected
cells (Baylis ez al., 1992) which has been postulated to aid the dissemination of
infected cells throughout the body (Adamson & Hall, 1996).

A second peak of fever after about 15 days can be correlated with the detection
of piroplasms in blood smears. Fatalities occur ~20 days post infection from severe
panleucopenia, anaemia and liver failure. Early autopsies showed several organs to be
penetrated by lymphoblastoid cells - particularly liver, spleen, lungs, kidneys and gut
(Sergent et al., 1945).

Total elimination of the parasite from surviving animals is rare, thus
maintaining a reservoir of infection. Low levels of parasitised erythrocytes are
detectable in recovered animals (Neitz, 1957) hence a reservoir of infection is
maintained. PCR is now the most sensitive means of determining the presence of the

parasite in carrier cattle (D’Olivera et al., 1995). Cattle used for these experiments



carried the infection for 12 and 15 months and could be shown, by PCR, to be
diagnosed specifically for 7. annulata even at parasitaemias as low as 0.00005%.

1.1.8. Chemotherapy and Control Measures

The three control measures currently available for tropical theileriosis are:-
a) Acaricides for tick vector control.
b) Chemotherapy
¢) Vaccination/Immunisation using attenuated cell lines

1.1.8.1. Tick Vector Control

Acaricides provide a means of controlling tick vector populations. Due to
expense and logistical problems they tend only to be used in areas suffering from a
heavy tick infestation. All cattle must be treated in a comprehensive acaricide dipping
programme. The disadvantage here is that if the programme is interrupted then cattle
are again exposed to ticks and hence the disease. Furthermore, because this means of
control does not provide natural immunity, cattle can become susceptible to theileriosis
at a lower level of parasite challenge. There are also risks of ticks developing
resistance to acaricides over long periods of treatment together with possible health
risks to personnel from exposure to the acaricides together with the residues found in
meat and milk (Drummond, 1976).

The major advantage of acaricides is that simultaneous control of all tick borne
diseases is achieved, hence different control measures for different diseases become

unnecessary.

1.1.8.2. Chemotherapy

Drugs currently available for the control of theileriosis include oxytetracyclin
(Terramycin, Pfizer), halofuginone (Terit, Hoechst), parvaquone (Clexon, Coopers



Animal Health), buparvaquone (Butalex, Coopers Pitman Moore)vand primaquin
phosphate.

Oxytetracyclin, by inhibition of protein synthesis, suppresses macroschizont
development if administered shortly after sporozoite innoculation. It preferentially
affects parasite protein synthesis, probably through 1ts effects on mitochondria. Host
protein synthesis is only affected after long periods of treatment and at high doses
(Spooner, 1990). It is ineffective against piroplasm or sporozoite stages and thus
cannot be given therapeutically at the peak of parasitaemia and fever. It has been
shown to be more effective against T. parva infections (Hashemi - Fesharki, 1992).

Halofuginone also targets macroschizonts but is more effective than
oxytetracyclin at low dose rates. In an in vitro experiment, halofuginone was shown to
reduce the numbers of schizont infected cells from 82% to 42% at a concentration of
0.025ppm (Schein, 1986). In vivo trials of the drug resulted in the complete elimination
of schizonts four days post treatment (Schein & Voight, 1981).

Parvaquone and buparvaquone are both napthoquinone analogues of
menoctone. They are potent against macroschizonts and are effective also against
piroplasms. Parvaquone is more effective against T. parva infections (McHardy et al.,
1983), whereas buparvaquone is equally effective against both 7. annulata and T.
parva. It is believed to act as a specific inhibitor of the parasite mitochondrial electron
transport pathway (Fry et al., 1984). Large scale trials using buparvaquone and
parvaquone have shown the efficacy of these drugs with cure rates ranging from 85 -
100% from a single dose (McHardy, 1992).

However the expense of chemotherapy remains a stumbling block but treated
animals are often resistant to further infection. The drugs must be administered early in

the course of infection to be of use.

1.1.9. Immunisation
Two methods are currently used for immunising cattle against theileriosis:-

a) Infection and treatment
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b) Attenuated infected cell lines
1.1.9.1. Infection and Treatment

Tnfection is initiated by innoculation with sporozoites and concurrent
tetracycline therapy. This method is currently used against 7. parva (Radley et al.,
1975, Young et al.,1992). For T. annulata the use of buparvaquone together with
attenuated schizonts protects the cow against any likely tick exposure and provides
appreciable immunity, probably by allowing an immune response against the schizonts
to develop with the presence of the drug limiting any new infected cells developing
(Grewal, 1992).

1.1.9.2 Attenuated Cell Lines

Cell line vaccines have been used successfully for a number of years to
immunise cattle against theileriosis. The attenuated lines are derived from
macroschizont infected cell lines, which through repeated passage have lost virulence
(Pipano, 1981). By hybridisation with two polymorphic DNA probes Sutherland et al.
(1996) showed that after 50-100 passages, in vitro selection of particular parasite
genotypes occurs. This indicates clonal selection may contribute to loss of virulence.
The same authors showed that continued passage of cloned cell lines derived from a
virulent line led to the loss of reactivity with a monoclonal antibody which recognised
the parental virulent line. This indicates that alteration of parasite gene expression
takes place during attenuation, in addition to clonal selection.

Work by Baylis et al. (1992) showed that long-term cell culture caused a
reduction in metalloproteinase activity when compared to newly infected cells. One of
the attenuated cell lines (ODE) had reduced protease activity coupled with a decrease
in the ability to produce merozoites. This may suggest that the proteases are also
needed for merozoite production in addition to aiding the spread of infected cells. The
reduction of these proteins and differences in gene expression may contribute to the
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decreased pathogenesis seen with the attenuated vaccine lines which allows a
protective immune response to develop.

Schizont vaccines are cryopreserved prior to administration. The need for
refrigeration poses problems in endemic areas. One vaccine dose contains about 10°
cells and is enough to give immunity to both natural and artificially heterologous
infective challenges.

It has been much easier to immunise against 7. annulata than T. parva using
attenuated cell lines. This is probably because the transfer of macroschizonts from
infected cell line to host cells is more efficient in 7. annulata (Spooner et al., 1989).
Large scale vaccination programmes have been undertaken in many developing
countries with considerable success.

Total eradication of the disease probably will depend on a successful subunit
vaccine directed against the sporozoite stage as there is a known humoral immune
response against this stage of the parasite. However, more must be learnt about the
roles of the humoral and cell mediated immunity to the parasite before such an

approach would yield results.

1.1.10. The Immune Response to Theileria annulata

Knowledge of the basis of immunity to theileriosis would greatly aid a rational
approach to a subunit vaccine design. Some progress has been made on this front with
the expression of the major 30kDa surface antigen of the merozoite stage (D’Olivera et
al., 1996) which could form part of a live subunit vaccine. The two arms of the

immune system involved are the humoral and the cell mediated immune responses.
1.1.10.1 Humoral Immunity

Humoral immunity does not appear to play a primary role in immune
protection. Antibodies directed against the sporozoite, macroschizont and piroplasm

stages are produced but there is no evidence for immune sera reacting against the
surfaces of infected host cells - either infected monocytes or erythrocytes (Hall,1988).
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Recognition of the infected cell by sera would be the first step of antibody mediated
cellular lysis. Antibodies that neutralise the infectivity of sporozoites have been
detected in the serum of hyperimmunised cattle. This sporozoite neutralising activity
was mainly present in sera from immune animals after a primary challenge (Preston &
Brown, 1988). /

Work with sporozoites has led to certain antibodies being shown to be able to
block invasion (Williamson ef al., 1989). One antigen, SPAG-1 (sporozoite antigen 1),
was identified by an inhibitory MAb. Western blots using this MAD recognise a series
of polypeptides in sporozoite extracts which are thought to be the result of the
proteolytic processing of a single gene product. The gene encoding SPAG-1 was
found to contain regions with a high degree of homology to a bovine elastin repeat
sequence (Hall et al., 1992). Thus, it was proposed that sporozoites may be using
mimicry to bind to the bovine elastin receptors as a means of invading cells. However,
this region has since been found to be highly polymorphic (Katzer et al., 1994) and in
vitro sporozoite infection targeted elastin receptor positive and negative cell
populations with an equal frequency, thus making the elastin receptor an unlikely
binding ligand for the parasite (Campbell et a/., 1994). This molecule, though, is a
candidate for inclusion in a subunit vaccine and has been analysed to determine the

neutralising B- cell epitopes which lie towards the C- terminus (Boulter et al., 1994)

1.1.10.2 Cell Mediated Immunity

The finding that immunity to T. parva could be transferred by innoculation of T
cells from an immune calf into its naive twin (Emery, 1981) suggests that the
mechanisms responsible for protective immunity are cell mediated. Work by McKeever
et al. (1994) showed that the adoptive transfer of immunity was due to the CD8(+)
fraction of class I MHC restricted cytotoxic T lymphocytes that recognise schizont
infected cells. In T. annulata, Preston et al. (1983) showed there were two peaks of
cytotoxic cells generated after challenge. The first peak appeared two weeks into the
infection and was BoLA restricted (bovine MHC Class 1 antigens). The second peak,
four weeks after challenge was not genetically restricted and was likely to be Natural
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Killer (NK) cells. The second peak is associated with recovery from theileriosis since it
is not detected in lethal infections. Attempts have been made to further characterise the
BoLA restriction markers of the cytotoxic lymphocytes (reviewed in Morrison, 1996).
More recent work (Oliver & Williams, 1996) has shown that BoLA class I antigens are
modified on the cell surface of T. annulata u*ansforméd lymphoblastoid cells. This
could explain the long term persistance of the parasite by modification of presented
peptides thus providing a possible explanation for the avoidance of immune detection,
since infection is controlled by the MHC class I restricted cytotoxic T cell killing of the
infected cells.

Shiels et al. (1986) showed that one monoclonal antibody (4H5) recognised a
polypeptide on the surface of schizont infected lymphocyte and that this antibody could
mediate complement lysis of the infected cells (Preston ef al., 1986). It is unclear as to
whether this antigen is host or parasite derived, although recent work indicates it to be
host derived (C.Dando, unpublished work).

Mechanisms of immunity to the merozoite and piroplasm stages are still largely
unknown, although antibodies in immune serum strongly recognise antigens from these
stages such as the 30kDa merozoite surface antigen and the 117kDa rhoptry protein
antigen (Dickson & Shiels 1993). These antigens are of considerable interest since a
response to the merozoites would effectively limit the pathogenicity of the disease and
the response to piroplasms could block the transmission of the parasite. Work in
Plasmodium using a monoclonal against free gametes reduces the infectivity of the

parasite to the mosquito vector (Carter ez al., 1990).

1.1.11. Activation of the host cell upon infection

Much work has focused on the ability of Theileria infections to induce
lymphocytic proliferation in that infected monocytes can stimulate naive autologous T
cells to proliferate. It has been shown that different 7. annulata infected cell lines
expressed different but constant levels of MHC class II but that there was no
correlation between levels of MHC class II expression and levels of induced T cell
proliferation (Brown et al., 1995). Infected cells were shown to produce specific
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mRNAs for IL-1a, IL-1f3, IL-6, IL-10 and TNFa but not IL-2 or IL-4. One cloned
line was found not to produce TNFa mRNA. The degree of proliferation of T cells
stimulated by the infected cells paralled the amounts of IL-1a and IL-6 mRNA which
are T -cell stimulatory cytokines. .

However with T. parva infected cells, the mRNAs produced differ from the
above in that IL-2, IL-4 and IFNy mRNAs are produced together with IL-1c and IL-
10. It is believed that IL-1a production by either 7. parva or T. annulata infected cells
acts as a major signal for the induction of non-specific T cell proliferation (Brown et
al., 1995).

1.1.12. The Cell Cycle in Theileria annulata

There are several proliferative stages during the life cycle of Theileria that
undoubtably account for the pathogenesis seen during the course of the disease. These
stages must involve the parasite’s own cell cycle and in the bovine lymphocytes, it
involves the host cell cycle also. The cell cycle has been extensively studied in higher
eukaryotes and in yeasts but little is currently known about the cell cycle in protozoan
parasites in terms of the degree of conservation of constituent molecules or the

adaptions used to accommodate the complex parasite life cycles.

An introduction to the cell cycle follows and the aims of the project are given
at the end of the cell cycle introduction.
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Figure 1.1 The life cycle of Theileria annulata.

Diagram adapted from Tait & Hall, 1990. Infection starts upon inoculation
of sporozoites into the bovine host upon feeding by the tick. These
sporozoites then invade and transform leukocytes. The parasite then
develops into a macroschizont which breaks down into merozoites.
Merozoites invade erythrocytes and develop into piroplasms. This completes
the life cycle within the bovine host. There are two main stages within the

tick - gametogony and sporogony.
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1.2.1 The Eukaryotic Cell Cycle

The cell cycle is a series of events that are necessary for a cell to replicate its
DNA and then undergo mitosis. There are 4 stages to each cell cycle although
processes such as meiosis or embryonic cell division r;lay miss stages.
The 4 stages are :- S - replication of DNA
G2 - gap prior to mitosis
M - mitotic division

G1 - gap open to influence from external signals

Progress through the four stages is controlled by a family of serine/threonine
kinases known as the cyclin dependent kinases (CDKs). The first isolated and best
characterised CDK is p34°*? encoded by the cdc2 gene (Cell Division Cycle 2) named
from a temperature sensitive mutant of the fission yeast Schizosaccharomyces pombe
(Nurse & Bisset, 1981). Homologues of cdc2 have been cloned from the budding yeast
Saccharomyces cerevisiae (CDC28) and higher eukaryotes by exploiting the high
degree of conservation of this gene between species. For example the cloning of the
human p34°*? homologue was achieved by complementation of the S. pombe

temperature sensitive mutant (Lee & Nurse, 1987). p34°*“ s also known as CDK1 in
higher eukaryotes.

1.2.2. CDC2

The cdc2 gene of S. pombe encodes a 34kD serine/threonine kinase. Together
with cyclin B, p34°“? induces the G2 to M transition in response to a signal monitoring
the completion of DNA replication (reviewed by Forsberg & Nurse, 1991). Certain
residues conserved in other protein kinases are crucial for p34°*? function (Booher &
Beach, 1986). Threonine 167 (Thr 161 in higher eukaryotes) is phosphorylated for the
kinase to gain activity. Mutations at this site render the enzyme inactive and it cannot
bind cyclin partners stabily (reviewed in Krek & Nigg, 1992). The cyclins bind a
conserved PSTAIRE motif inducing a conformational change that allows Thr 161/167
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to be phosphorylated. A final step of activation occurs by the dephosphorylation of a
phosphorylated tyrosine residue Tyr 15 which is located in the ATP binding domain of
the kinase. This reaction is mediated by CDC25 phosphatase. Arrest of DNA
replication inhibits p34°? by preventing this dephosphorylation step (Enoch &
Nurse,1991). (

S. pombe has only one CDK - p34°*“ responsible for controlling progess
through the cell cycle. When p34°* is complexed with cyclin B the cell is in G2 and
enters M phase after the kinase is activated. When cyclin B is destroyed upon exit from
M phase, the yeast cells are then in G1 and can enter S phase once past the ‘start’
checkpoint. A temporal order is established due to a balance between the cyclin
binding partners of cdc2 and its state of activation (reviewed in Nurse, 1994).
Homologues of p34°* are present in all eukaryotes and some have been designated as
functional homologues. Figure 1.2 shows the conserved domains of cdc2- related
kinases compared with human cdc2 (Hscdc2). The Trypanosoma brucei TbCRK3 and
Theileria annulata ThaCRK2 have not been shown conclusively to be the cdc2
homologues in the protozoa but they are related to the CDK family based on the
homology in the domains illustrated.

1.2.3 Cell Cycle Regulation in Aspergillus is by two Protein Kinases

In Aspergillus nidulans a second class of cell-cycle regulated protein kinases is
required for progression into mitosis. These kinases are the NIMA kinases named from
the mutant phenotype “never in mitosis” (reviewed in Osmani & Ye, 1996). Both
cdec2/cyclin B and NIMA must be activated prior to mitosis in Aspergillus and both
kinases must be proteolytically destroyed before completion of mitosis. There are a
numbser of parallels between the NIMA and cdc2 kinases - their levels of the active
kinase complexes fluctuate during the cell cycle, peaking in G2 and being inactivated
upon mitotic exit. The regulation of these two kinases is very similar in order to
achieve identical patterns of activity during the cell cycle - being regulated by cell cycle
specific phosphorylation and being irreversibly inactivated during mitosis by
proteolysis. With the NIMA kinase, the whole protein is destroyed unlike the p34°*2
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kinase which is inactivated by the destruction of the cyclin B subunit. One mitosis
specific role of NIMA could be to promote chromatin condensation whilst the cdc2
complex induces spindle formation. A number of NIMA related kinases (nrk) have
been isolated in higher eukaryotes but the only identified functional homologue is from
Neurospora crassa, another filamentous ascomycete. Nrk genes have been isolated
from T. brucei (Gale & Parsons, 1993). Further work is needed to identify binding
partners of NIMA in order to fully understand how NIMA and cdc2 co-operate in
regulating the cell cycle in Aspergillus.

1.2.4. Other Members of the CDK family

In higher eukaryotes and certain protozoans there is a family of cyclin
dependent kinases. Evidence for these first came about from work done with
temperature sensitive cdc2 mutant mouse cell lines. These cells were found only to
arrest at the G2/M transition at the restrictive temperature. If the cells were
immunodepleted of p34°* they are unable to enter mitosis but showed no defect in
DNA replication. The G1 cyclins were found to co-immunoprecipitate with a 34kDa
protein which contained the PSTAIRE motif but differed from p34°“?, Using PCR, a
total of twelve cdc2-related cDNAs were isolated from human cells (Meyerson ef al.,
1992), two from Drosophila (Lehner & O’ Farrell, 1990), two from Xenopus (Paris et
al., 1991), three from T. brucei (Mottram & Smith, 1995) and two from Leishmania
mexicana (Mottram et al., 1993 & Mottram, pers. comm.). The twelve cdc2 related
genes are listed in Table 1.1 and three of these molecules were able to complement a
CDC28 deficient yeast mutant (CDK1-3). To date no protozoan CRK has been shown
to complement the CDC28 yeast mutant.

1.2.5. The Cyclin Family

These proteins serve as regulatory partners of the CDKs. Certain cyclins bind
specific CDKs but others such as cyclin D can bind multiple CDKs (see table 1.1). The
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cyclins are expressed at specific points of the cell cycle as shown in figure 1.4. Human
cells contain at least fourteen cyclins with eight partner CDKs isolated to date
(reviewed in Pines, 1996). Although the main role of the cyclin/CDK complex is in the
regulation of the cell cycle, some other roles have been defined outwith the cell cycle:
these include response to phosphate starvation in yeas;t (Kaffman et al.,1994) and
neurofilament phosphorylation in post-mitotic neurons (Lew ef al., 1992). There is
now evidence that the binding of an alternative cyclin partner can lead to the
expression of a different function. For example, expression of a specific subclass of
cyclin A (cyclin A1) is restricted to germ cells in mouse and is found associated with
cdc2/CDK2 indicating a probable functional role in meiosis (Sweeney et al., 1996).
Also the localisation of different cyclin subclasses suggests direction of different
functions - cyclin B1 is localised to microtubules whereas cyclin B2 associates with the
Golgi apparatus (Jackman et al., 1995). The mechanism of activation of the cyclin
dependent kinase subunit upon cyclin binding to the PSTAIRE box has been solved by
X-ray crystallography - cyclin binding induces a conformational change in the CDK
catalytic subunit which brings the bound ATP into the appropriate position to allow
catalysis of the phospho-transfer reaction to the substrate (Jeffrey et al., 1995).

The cyclins can be divided into two major classes - the mitotic cyclins and the
G1 or START cyclins. Both classes share a common cyclin box - a region of ~100
amino acids involved in binding to the CDK partner. This is shown in Figure 1.3. The
START cyclins include D and E and the mitotic cyclins are A and B1/B2. Cyclins A
and B are specifically destroyed at mitosis through ubiquitination of a partially
conserved ‘destruction box’ at the N-terminus. The START cyclins are inherently
unstable and rapidly turned over due to the presence of a conserved PEST sequence in
the C-terminal region of the proteins. However, yeast G1 cyclin destruction involves
ubiquitin. So the sequential destruction of cyclins could be achieved by the specific
induction of the ubiquitin turnover pathway at particular points of the cell cycle. More
recent work has shed light on the nature of cyclin turnover (Jackson 1996). There is a
family of proteins homologous to the yeast Cdc53 known as “cullins” which may be
responsible for the targeting of cell cycle regulators, including cyclins, for destruction
by ubiquitin-dependent proteolysis. Only the cyclin B/cdc2 complex has been defined
as the primary mitotic complex responsible for the phosphorylation of components of
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cellular architecture that are changed during mitosis (reviewed in Pines, 1995). Many
proteins which have been shown to be in vivo substrates for the p34°"°2 kinase contain
the substrate consensus sequence of S/T P X K/R (Kamijo et al., 1992). These include
many of the cytoskeletal proteins together with a number of protein kinases. Work
with Xenopus egg extracts showed that the dynamics ;>f spindle microtubules can be
regulated by p34°*2 kinase by phosphorylation of the microtubule associated protein
p220 (Verde et al., 1990). Immunofluorescence has shown some of the cellular p34°*
to be localised to the centrosome in Hela cells at the G2/M boundary which indicate a
possible role for p34°*? in chromatin condensation and contraction of the spindle poles
at mitosis (Bailly et al., 1989, Riabowol et al., 1989). The significance of histone H1
phosphorylation by the p34°* kinase may be induction of changes in nucleosome
packing allowing chromatin condensation but this has not been proven in vivo. The
finding of the p34°*? substrate consensus motif in many DNA binding proteins has led
to suggestions that the phosphorylation of the motif would abolish the DNA binding
abilities of these proteins allowing the chromatin condensation to proceed - members
of this group include the HMG (high mobility group) of transcription factors (Meijer et
al,, 1991).

1.2.6. External controls and CKIs

In all eukaryotic cells, once a point in late G1 is passed, known as START in
yeast, the cell cycle is closed to external influences such as mitogens which can control
the commitment to S phase (Pardee, 1989). In higher eukaryotes, key regulators which
link the cell cycle to external factors include the three D type cyclins which are
produced only as long as growth factor persists and are rapidly degraded once the
mitogenic stimulus stops (Matsushime ef al., 1991). The regulatory pathways
converging on G1/S border are as shown in figure 1.5.

Key regulators of G1 progression in mammalian cells are the three D-type cyclins
which assemble with CDK4 or CDK®6 and cyclin E which combines with CDK2 later in
G1(reviewed in Sherr, 1993). The three D type cyclins are induced in a cell lineage
specific manner as part of the delayed early response to mitogens. They persist
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throughout the cell cycle but are rapidly degraded if mitogenic signals cease. However,
this will only regulate the cell cycle if the cells are in G1.

Cyclin E is expressed periodically with maximal levels at the G1/S border -
associating in a complex with CDK2. Once cells enter S phase, cyclin E degrades and
CDK?2 associates with cyclin A. Like cdc2-cyclin B, both cyclin E - CDK2 and cyclin
D - CDK4 complexes undergo phosphorylation on a single threonine residue to
achieve activation. This phosphorylation is done by a CDK activating kinase (CAK)
which may be composed of cyclin H and CDK?7 (Fisher & Morgan, 1994), although
this remains a matter of controversy as the cyclin H/CDK?7 complex is also found
associated with transcription factor TFIIH and is believed to phosphorylate RNA
polymerase II and hence regulate transcription (Serizawa et al., 1995).

The D type cyclins alone can bind retinoblastoma protein, pRb, which is
believed to be an important point in the switch between proliferation and
differentiation. Rb may act in cell cycle arrest by sequestering positive regulators of the
cell cycle - transcription factors such as E2F. The cyclin D/CDK4 complex has been
shown to phosphorylate members of the E2F transcription factor family (Fagan et al.,
1994) which are believed to regulate the cell cycle linked transcription of proteins
required for S phase such as DNA polymerase o and ribonucleotide reductase.

1.2.7. Cyclin dependent kinase inhibitors

The cyclin dependent kinase inhibitors (CKIs) are a further class of control
molecules in the cell cycle. These proteins co- purify with the CDKSs isolated from
mammalian cells (Xiong et al., 1993). There are five distinct inhibitors which have
been well studied so far and their inhibitory effects on different CDK/cyclin complexes
is illustrated in figure 1.6.

The recent publication of the crystal structure of CDK2/cyclin A complexed
with the p27 inhibitory subunit has done much to clarify the mode of action of CDK
inhibitors (Russo et al.,1996). The amino terminal of p27 binds to cyclin A and the
carboxy region binds to the kinase small lobe, acting both to disrupt the conformation
and to block ATP binding within the active site.
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p21 is a universal CDK inhibitor in mammalian cells (Harper ez al.,1993). Its
expression is directly regulated by p53 and is part of p53 induced G1 checkpoint
control (reviewed in Sherr 1994). p53 is a tumour suppressor gene and levels of the
P53 protein transiently increase in response to DNA damage (Kastan et al., 1992)
acting as a transcription factor activating the transcription of genes involved in arrest
of the cell cycle such as p21. p21 forms a ternary complex with PCNA (proliferating
cell nuclear antigen), a subunit of DNA polymerase 8 and various CDK/cyclin
combinations. The exact significance of the PCNA/CDK/cyclin complex is unclear
although both p21 and p27 are implicated in linking mitogenic signals to the G1 phase
of the cell cycle (Xiong et al.,1993, Kato et al.,1994). Recently it has been shown that
specific removal of p27 by anti-sense DNA, prevented cell cycle arrest in response to
mitogen depletion (Coats et al., 1996).

The other main CKIs range from 15- 20kD and are specific inhibitors of CDK4.
These may be differentially expressed as a response to a variety of anti- proliferative

signals.

1.2.8. p13™

The sucl gene of Schizosaccharomyces pombe encodes a small protein p13
whose role in the cell cycle is still largely unknown. It was originally identified as a
gene capable of rescuing certain temperature sensitive mutants of cdc2 in S. pombe
(Hayles et al., 1986b), whereas deletion of sucl causes cells to arrest in mitosis
(Moreno et al.,1989). Homologous genes have been identified in budding yeast and
other eukaryotes including human (Richardson et al., 1990) and Leishmania (Mottram
& Grant, 1996). _

The ability of p13 to bind strongly with p34°* and p33°* in vitro (Arison et
al.,1988; Azzi et al, 1992; Brizuela et al., 1987; Draetta et al., 1987, Duncommun et
al., 1991; Hadwiger et al., 1989; Hayles et al., 1986a; Meijer et al., 1989) led to the
development of a rapid affinity purification technique for p34***/cyclin B complexes
from cell extracts (Labbe ez al., 1989; Pondaven et al., 1990). Although in vivo only a
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small porportion of the total cellular p34°‘* is found complexed v&;ith p13 (Brizuela ez
al.,1987).

Until quite recently the role of p13 in the cell cycle was largely undefined and
simply portrayed as an oscillating factor in the mathematical models put forward for
p34°%2 activation and turnover (Thron, 1992). Using ﬁuomscmtly labelled p13 protein
injected into stamen cells of Transcantia, Hepler et al., (1994) showed that the protein
is rapidly targeted to the nucleus. When the nuclear envelope breaks down the labelled
protein is dispersed throughout the cell with no evident specific association with
spindle elements. After division, pl3 reconcentrates in daughter nuclei. In S. pombe
p13 regulates two distinct forms of the mitotic cdc2 kinase, each binding different B
type cyclins (Basi & Draetta, 1995). They also showed that it is required for M phase
progression. Simon et al., (1995) have shown that transcript levels of CksksI (one
human homologue of sucl) are down regulated in certain cells after exposure to
transforming growth factor 3 (TGF-3) which may suggest a role in growth arrest
responses.

The structures of p13 and its human homologue, p9 ““*’, have been
determined (reviewed in Endicott & Nurse, 1995). The p9 protein can oligomerise to a
hexameric ring structure. It has been proposed that p9 can influence p34°* localisation
and activity by this oligomerisation process (Parge et al., 1993). However, p13 cannot
form a hexamer and exists either as a monomer or dimer. Recently the crystal structure
of human sucl homologue (Ckshs1) complexed with CDK2 has been determined
(Bourne et al.,1996) and combined with mutational analysis, it has been shown that
Ckshs1 only bound directly to the C-terminal large lobe of the kinase subunit. This
effectively extends the area of the active site cleft. The binding does not affect the
activity of the complex but possibly serves to target the CDK to regulatory molecules.

Recent work undertaken with the Xenopus sucl homologue, p9 (Patra &
Dunphy, 1996) suggests that the consequences of depleting egg extracts of p9 depends
on the stage of the cell cycle. In interphase extracts, depletion stops mitotic entry by
the failure of Cdc2/cyclin B complex to activate by tyrosine dephosphorylation.
Conversely, addition of recombinant p9 to extracts delays mitosis, again by inhibition
of tyrosine dephosphorylation. Mitotic extracts depleted of p9 fail to exit mitosis
because of a defect in cyclin B destruction. If these results are considered in the light of




the crystallographic data, then p9 could act as a “docking factor” for Cdc2 regulators
such as Cdc25.

1.2.9. Protozoan Cyclin Related Kinases

A number of cyclin related kinases (CRKs) have been isolated from protozoan
parasites - notably Trypanosoma brucei (Mottram & Smith, 1995), Leishmania
mexicana (Mottram et al., 1993), Plasmodium falciparum (Ross -MacDonald et al.,
1994), Theileria annulata and Theileria parva (Kinnaird et al., 1996).

In Trypanosoma brucei there is a family of cdc2 related protein kinases
(Tberk1-3). Therkl encodes a 34kDa protein which is 54% identical to human cdc2 at
the amino acid level. The putative cyclin binding region contains a PCTAIRE motif
instead of the PSTAIRE motif. 7hcrkZ encodes a 38kDa protein, with a 49% identity
and a PSTAVRE motif. Thcrk3 encodes a 35kDa protein with a 54% identity and a
PQTALRE motif. In Leishmania mexicana, two cdc2- related kinase genes have been
isolated, and additionally, an unidentified kinase has been identified which is capable of
binding to p13** but is distinct from either of the two CRKSs already cloned. The
presence of a family of cdc2 related kinases in Trypanosoma brucei and Leishmania
mexicana suggest that these proteins may have roles in controlling aspects of the cell
cycle linked to the differentiation of the parasite during its life cycle. In P. falciparum
the PfPKS5 gene is at present the closest cdc2 homologue isolated, with a sequence
identity at the amino acid level of 60%. (Ross-MacDonald et al.,1994). Work by
Graser et al (1996a) showed that, while this kinase was capable of undergoing auto-
phosphorylation ir vitro, in order to produce the fully active kinase, binding of another
protein, probably a cyclin was also necessary. In the slime mould Dictyostelium
discoideum genes encoding a polypeptide highly related to cdc2 and a less closely
related CRK with a PCTAIRE motif have been isolated (Michaelis & Weeks 1992,
1993). A possible D. discoideum cyclin B homologue has also been isolated (Luo et
al.,1995). Only the cdc2 like gene was able to complement a temperature sensitive
CDC28 mutant of S. cerevisiae although growth of the transformants was slow and
limited. Further work showed that the histone H1 kinase activity of the cdc2 like
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protein varied during the development of D. discoideum and the activity correlates
with the level of cyclin B protein. The level of cdc2 kinase activity was high in early
development coincident with a period of mitosis but this activity was not associated
with late development mitosis suggesting that another kinase may be involved. The
mRNA levels of cdc2 and cyclin B are co-ordinately regulated during growth and early
development and both mRNA species are reduced to undetectable levels during the
terminal stages of differentiation (Luo et al., 1995).

To date no protozoan CRK has been able to complement the S. pombe cdc2
temperature sensitive mutant that is the benchmark test for isolation of a functional
cdc2 homologue. This may reflect the divergence between the yeasts and the protozoa
or it may be that the functional cdc2 homologues have still to be isolated from these
parasites. One means of isolating a functional cdc2 homologue would be to clone a
parasite cDNA library in a yeast expression vector and select for complementation of a
yeast cdc2 mutant phenotype (Mottram 1994).

In Theileria only one gene that is highly related to cdc2 has been isolated -
ThaCRK2 (7. annulata) [ThpCRK2 (T. parva) (Kinnaird et al.,1996). The T. annulata
gene was isolated from a cDNA expression library screen using an anti-PSTAIRE
monoclonal antibody. Recently another related gene has been isolated by a degenerate
PCR approach, using oligonucleotides to conserved kinase domains. This gene,
ThaCRK3, is less related to p34°*“ than to ThaCRK2 but has sufficient conservation of
motifs to be classified as a member of the cdc2-related kinase family (Kinnaird et al.,
unpublished results).

There has been only one cyclin isolated from a protozoan parasite - CYC1
from T. brucei (Affranchino et al., 1993). It has a low homology to cyclins from higher
eukaryotes but antibodies raised to it can immunoprecipitate an active kinase complex

from T. brucei cell extracts.

1.2.10. ThaCRK2 and ThpCRK2

Monoclonal antisera raised against the highly conserved PSTAIRE region
recognised a polypeptide of 34kD in Western blots of piroplasm extracts while an
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antiserum specific for the C-terminus of mammalian cdc2 showed no reactivity in
piroplasm extracts thus indicating that there is at least one protein in Theileria
containing the PSTAIRE conserved motif but differing in the C-terminal region from
the host cdc2 (Kinnaird et al., 1996).

In order to isolate the gene encoding this molecule, a T. annulata cDNA
library, generated using RNA prepared from an in vitro infected lymphocyte culture
undergoing merogony was screened with a monoclonal anti-PSTAIRE antibody.
Independently, a related gene was cloned from T. parva by screening a genomic library
with the P.falciparum PfPK5 gene as a probe. These experiments led to the
characterisation of both the cDNA clone from 7. annulata (ThaCRK?2) and the
genomic clone from T.parva (ThpCRK?2) by sequence analysis.

ThaCRK2 and ThpCRK2 show a high degree of interspecies conservation -
98% at the amino acid level and 91% at the nucleotide level. All amino acid
substitutions are conservative and are located at the C-terminus which is the most
variable region in cdc2 homologues from other eukaryotes. ThCRK2 has a 75% amino
acid homology to the PfPK5 gene which suggests a functional conservation within the
apicomplexan genes. There are five introns in the ThpCRK2 gene with the insertion
points of four of these being identical to those in PfPK5, suggesting that the gene
structure has been conserved since the evolutionary divergence of the parasites. It is
possible that this single kinase is able to control karyokinesis and cytokinesis in
Theileria by differential regulation of its activity.

The sequence of ThaCRK2 suggests it to be the functional equivalent of cdc2
by virtue of the conservation of homology over certain blocks of sequence common to
the cdc2 kinase group. However, there are two regions in ThaCRK2 which differ
significantly from the higher eukaryotic cdc2 homologues - the first being a tripeptide
motif LQD in S. pombe, changed to LPA in Theileria. The second is the GDSEID
motif which appears as GISEQD in ThCRK2. This motif is the site of interaction of the
CAK (cdc2-activating kinase) which phosphorylates a conserved T167 residue. Thus,
whilst the PSTAIRE cyclin binding motif is conserved, regions implicated in the
control of kinase activity are not, suggesting the evolutionary divergence of the
structure of certain regulatory proteins (See Figure 1.2).. This probably explains the
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failure of the ThCRK2 gene to complement a yeast cdc2 mutant (Kinnaird ez al.,
1996).

1.2.11. Theileria induced lymphoproliferation

The lymphoproliferation induced by invasion by sporozoites has been well
documented but is poorly understood. Various theories to explain the clonal expansion
have been put forward. Dobbelaere ef al. (1988) proposed that 7. parva infected T
cells stimulate an autocrine loop by which infected cells secrete Interleukin-2 (IL-2). It
was later shown (Heussler et al., 1992) that nearly all 7. parva infected cell lines
express IL-2 mRNA and the I1-2 receptor (see section 1.1.11). The nature of the
primary stimulus from the parasite or its level of interaction in the host cell are
unknown.

Work with both T. annulata and T. parva showed that infected cells produce a
range of cytokine mRNAs (section 1.1.11) the products of which probably act to
induce the proliferation of non-specific T cells and possibly setting up autocrine loops
stimulating the expansion of the infected cell population. Components of host signal
transduction pathways have been cloned such as host casein kinase II (ole MoiYoi et
al.,1993) and a host metalloproteinase MMP9 (Baylis et al., 1995). Levels of RNA
and protein of both these molecules are specifically elevated in parasite infected cells. It
is believed that the elevated levels of secreted host matrix metalloproteinases play a
role in the pathology of the disease by allowing dissemination of infected cells
throughout the body (Adamson & Hall, 1996). Baylis et al. (1995) also showed that
there is up-regulation of the transcription factor AP-1 which may be involved in
regulation of MMP?9 transcription in infected cells. This is additionally significant given
that elevated levels of AP-1 are a response to mitogenic stimulation and there is
evidence for a role for this transcription factor in the GO/S and G1/S checkpoint
controls (Muller et al., 1993). But elevated levels of these and other factors in infected
cell lines may simply be a result of stimulated proliferation. Certainly these factors
contribute to the transformed cell phenotype but it is extremely difficult to pick out a
single likely candidate for the parasite produced molecule(s) which stimulates
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proliferation. Work by Carrington et al. (1996) using the toxin ricin, which specifically
inhibits host cell protein synthesis, shows there to be exchange of polypeptides
between the host and parasite within the infected cells.

Once intiated, host and parasite cell cycles appear to become synchronised in
that host/parasite nuclear and cytoplasmic division must be linked to ensure even
distribution of the parasite to daughter cells. This suggests that there must be some
form of intracellular communication between host and parsite. In vivo, there seems to
largely be a finite number of divisions before the development of the piroplasm stages
after ~14 days. It may be that in vivo most infected cells don’t achieve the balance of
cell division seen with transformed cell lines grown in vitro. As the schizont enlarges
during differentiation then the synchrony between host and parasite is lost as
populations show a range of schizont sizes. The disruption of synchrony between the
host cell division and the schizont nuclear division marks a switch in differentiation of
the parasite to the merozoite stage (Shiels et al., 1992) but it is not known if nuclear
division is synchronous within a macroschizont.

Thus differentiation and also the use of the inhibitor colchicine which inhibits
host but not parasite microtubule formation (Carrington et al., 1995) demonstrates that
schizont nuclear division can occur independently of host cell division. How this occurs
is still a matter of speculation. In P. falciparum, it has been proposed that schizonts
contain a ready pool of cyclins for activating all stages of the cell cycle and that the cell
cycle is regulated independently in each nucleus (Leete & Rubin, 1996). A key factor
in this is that each schizont nuclear membrane remains intact during division which
would confine cyclin degradation to the nucleus and thus not deplete a cytoplasmic
supply common to all nuclei. If the levels of cyclin remain high then the nuclei can
continue with another round of division. Immunofluorescence could be used to confirm

the existance of a cytoplasmic pool once suitable antibodies become available.

1.2.12 Project Aims

The fundamental mechanisms governing the cell cycle are likely to be similar in
parasites to those elucidated in both higher and lower eukaryotes but there will
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probably be novel aspects to the cell cycle in Theileria. There are several questions
linking the cell cycle to gaps in our knowledge of the life cycle of the parasite. For
instance, how is the parasite cell cycle linked to the transformation of the host
leucocyte? What regulates the observed synchrony given that the lengths of the cell
cycle stages of host and parasite are likely to be diffefent? What causes the host cell
division to cease as the parasite switches from division to differentiation inside the
lymphocyte?

Knowledge of the specific interactions underlying growth and division of
Theileria will lead to a better understanding of the interaction between host and

parasite and may eventually offer up new targets for specific therapeutic agents.
Specifically the project aims were;

1. Kinases are highly likely to be involved in different life cycle events such as control
of control of stage regulation and entry into the cell cycle from the GO state (reviewed
in Pines, 1996). As a means of characterising the kinases involved in different life cycle

stages of 7. annulata, yeast p13™

was used as a means of affinity purifying cdc2-
related kinases from these stages. This approach would also lead to a means of
establishing kinase activity and possibly, substrate specificity in the life cycle.

2. The interaction with the host cell cycle is important for the intralymphocytic stage of
the parasite and this interaction changes as the parasite switches to differentiation.
With a range of markers against both host and parasite molecules involved in the cell
cycle it was possible to examine the changes occuring in both host and parasite cell
cycles during the intralymphocytic stage.

3. Isolation and characterisation of other parasite genes encoding proteins associated
with nuclear division and their possible means of regulation. These proteins are also
possible targets for chemotherapeutics and the feasibility of these were considered for

T. annulata.
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Figure 1.2 Conserved domains of cdc2 related kinases.

This figure shows conserved domains of cdc2- related kinases
compared with human cdc2 (Hscdc2). Dashes represent conserved residues
and * indicates residues which undergo phosphorylation. Key - Tb -
Trypanosoma brucei, Dd -Dictyostelium discoidium, Sp -
Schizosaccharomyces pombe and Th - Theileria. The Th\CRK2 and
TbCRK3 are discussed in section 1.2.9,
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Figure 1.3 Members of the cyclin family

The mammalian cyclins A to H are shown together with the budding yeast
Cln (G1 cyclins). The CDK7/Cyclin H complex is the CDK activating
kinase CAK which phosphorylates a specific threonine residue (T161 in
human cdc2, T160 in CDK2) which is phosphorylated in all active kinases.
TFIIH contains the RNA polymerase II C-terminal domain kinase which has

a role in transcription.

This diagram is adapted from Pines (1996).
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Figure 1.4 Periodicity of cyclin expression.

As shown in figure 1.3, cyclins are active at certain stages of the cell
cycle. This figure shows the periodicity of cyclin expression - cyclin E is
specifically synthesised and destroyed around the G1/S border. Cyclins A
and B peak in G2 and M phase respectively. Cyclin D is synthesised in G1
and levels remain high throughout the rest of the cell cycle.
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Figure 1.5 External controls influencing G1/S checkpoint.

This diagrams shows the interplay between various components of the
cell cycle during the G1/S transition. The cycle is open to the influence of
external factors at this point and the signalling pathway between these
factors and the CDK complexes is shown.

The CDK7/Cyclin H complex is the CDK activating kinase CAK which
phosphorylates a specific threonine residue (T161 in human cdc2, T160 in
CDK?2) which is phosphorylated in all active kinases. p27 is a CDK inhibitor
that acts upon the CDK4/cyclin D complex by preventing its
phosphorylation by CAK (reviewed in Pines 1996).

TGF-B is transforming growth factor beta.

cAMP - cyclic adenosine monophosphate

This diagram is adapted from Sherr (1994).
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Figure 1.6 Cyclin kinase inhibitor subunits (CKI)
This figure shows cyclin dependent kinase inhibitor complexes,

together with the stage of the cell cycle when active. p21 is active at all

stages and appears to be a ‘universal CDK inhibitor’.
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Major Cyclin - Cdk Cell Cycle Complexes

Cell Cycle Stage  cyclin-Cdk complex inhibitors

- pl5 pl6 pl8 p21 p27

Gl cyclin D -Cdk4/Cdk6 + + + + +

G1/S cyclin E - Cdk2 - - - + +

S cyclin A - Cdk2 - - - + -
G2/M cyclin B - Cdc2



Table 1.1 CDKSs and their activating cyclins with other cdc2-related
cDNAs.

This table is from Pines & Hunter, 1995. For each CDK it shows the
conservation of the PSTAIRE motif together with known cyclin partners.
For some CDKs cyclin partners or stages of the cell cycle when active

are unknown - this is indicated by N/D.
Key:
X1 - Xenopus laevis

Dm - Drosophila melogaster

Hs - Homo sapiens
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CDK

cdc2Hs (CDK1)
cdc2X1

cdc2Dm
CDK2Hs
CDK2Xx1
Cdc2cDm

CDK3
CDK4(PSKJ3)
CDK5(PSSLARE)
CDKG6(PLISTRE)
PCTAIRE 1-3
CHED(PITAIRE)
CDK7

p58-GTA

PSTAIRE epitope  Associated Cyclins
EGVPSTAIREISLLKE A,B
EGVPSTAIREISLLKE A,B
EGVPSTAIREISLLKE A,B
EGVPSTAIREISLLKE A,D,E
EGVPSTAIREISLLKE E
EGVPSTAIREISLLKE E
EGVPSTAIREISLLKE N/D
GGLPV/ISTAIREVALLRR D
EGVPSSALREICLLKE D
EGMPLISTREVAVLRH D
EGAPCTAIREVSLLKD N/D
EGFPITAIREIKILRQ N/D
DGINRTALREEIKLLQE H
EGFPITSLREINTILK N/D

Cell Cycle Stage

G2-M
G2-M
G2-M
G1-S,S
G1-S, S
G1-S, S
N/D
G1-S, §?
G1-S, S?
N/D
N/D
N/D
N/D
N/D

%]1dentity to human CRK1

100
87
72
65

57
66

57 .
47
51-55
42
40
32



Chapter Two

Materials & Methods



2.1 Cell Lines

BL20 is a bovine B cell lymphosarcoma cell line (Morzaria ez al.,1982). A
T.annulata (Ankara) macroschizont infected cell line (TaA2) was isolated from an
infected animal’s peripheral blood mononuclear cells. A clone of this line, selected for
its enhanced differentiation phenotype, is known as D7 (Shiels et al.,1992).

Cell lines were maintained by culturing at 37°C with 5% CO, air in RPMI 1640
(Gibco-BRL) supplemented with 20% heat inactivated foetal calf serum (Gibco-BRL),
8ugml™ streptomycin, 8U ml" penicillin, 0.6p.gml™ amphotericin B (ICN Flow), 0.05%
NAHCO3 and 10puM [ mercaptoethanol (Bfown, 1987). Cells were passaged by a five
fold dilution every 48 hours.

2.2 Induction of in vitro differentiation

Differentiation of the D7 cell line was induced by shifting the culture

temperature from 37°C to 41°C. The cell number was counted with a haemocytometer
and adjusted to 1.5x10° cells ml™ by dilution into fresh medium before induction and

every 48 hours post induction.

2.3  Giemsa staining of induced cultures

Morphological examination of cultures at 41°C was carried out by light
microscopy of Giemsa stained cytospin preparations. A SOul sample was spun at 1500
rev min” (240g) for 5 minutes in a Shandon cytospin 2. The slides were then air dried
and fixed in methanol for 30 minutes before staining in Gurr's improved R66 Giemsa

stain (BDH) (4% solution in water).

2.4  pl13* Purification
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Two methods of purification were used:

1. p13*" was prepared from an overproducing strain of E. coli (a gift of P. Nurse) by
gel filtration on a Sephadex G100 column (Pharmacia). Fractions were analysed on a
15% SDS Page gel and the purest fractions pooled. These were concentrated by
ammonium sulphate precipitation to 75% saturation and extensively dialysed against
50mM Tris pHS.0.

Final purification was by ion exchange fast protein liquid chromatography
(FPLC) on a Q-Sepharose column (Pharmacia). p13™' was eluted with a continuous
salt gradient of 0-500mM NaCl. Purified p13 was then coupled to an amino link gel
(Pierce) according to the manufacturer’s instructions. Unreacted sites on the gel beads
were blocked with 1M Tris pH8.0. The concentration of coupling was 4mg of p13 to
1ml of gel.

2. The sucl gene was re-cloned into the pQE60 expression vector (Qiagen) which
contains the sequence for a multiple Histidine tag at the 5' end of the cloning site thus
allowing for an affinity purification of the expressed protein on nickel agarose (Ni-
NTA, Qiagen). An overproducing strain of E. coli (a gift of Dr. K. Grant) was lysed by
sonication and the supernatant was applied to an Ni-NTA column. The affinity bound
protein was eluted in a 0-500mM imidazole gradient and fractions analysed on a 15%
SDS-PAGE gel. The purest fractions were pooled and concentrated using a Centricon
10 filtration unit (Amicon) and dialysed against 50mM NaPO, pH8.0, 300mM NaCl to
remove imidazole. Purified p13 was then coupled to an amino link gel (Pierce)
according to the manufacturer’s instructions. Unreacted sites on the gel beads were
blocked with 1M Tris pH8.0. The concentration of coupling was 5mg of p13 to 1ml of
gel.

2.5  Cell Lysis
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Native protein extracts of uninfected host lymphocytes (BL20) and Theileria
annulata piroplasms were prepared by resuspending cell pellets stored at -70 °C (BL20
cell pellets were obtained by centrifugation of 100ml cell cultures (1.5 x 10 cells/ml)
at 3000rpm and removing the supernatant) in lysis buffer (SOmM MOPS pH7.2,
100mM NaCl, 10mM EDTA, 1mM EGTA, 1mM sodium orthovanadate, 10mM NaF,
1% Triton X100) with protease inhibitors (1mM 1,10 phenanthroline, SmM pepstatin
A, 10mM leupeptin, 10mM phenylmethylsulfonyl fluoride) and incubating at 4°C for
30 min prior to centrifuging at 12000x g for 30 min. The supernatants were used for
kinase assays and Western blotting.

Macroschizonts were prepared from Theileria infected lymphocyte line D7 at
day 5 of differentiation using the Bio-nebuliser (Hoeffer). Pelleted cells were re-
suspended in PBS at a concentration of 1x10°mi™ and passed through the nebuliser
twice at a constant pressure of 20psi. The suspension was then centrifuged at 1000g
through a 20% Percoll gradient (Pharmacia). The visible fractions from the Percoll
gradient were checked for host cell contamination using cytospin preparations which
were Giesma stained and examined by light microscopy at x1000. The preparation was
found to contain traces of host nuclei and some intact cells. Macroschizont (schizont)
protein extracts were prepared as described above.

Extracts were assayed for protein concentration (BioRad) and volumes

adjusted to give equal protein loadings for affinity preparations of protein kinases.

2.6  Affinity Chromatography

50u1 of p13*<! and Tris- agarose coupled beads were added to a 2ml column
(Pierce) and washed with 500p of lysis buffer. 500.1g of each protein extract was
added to the p13 and Tris agarose beads and incubated at 4°C for 3 hours with mixing
by rotation. The beads were then washed with 5x1ml of lysis buffer (supplemented
with 10% glycerol) and 1x kinase assay buffer (KAB - see section 2.7) and re-
suspended in 20l of SDS-PAGE sample buffer or KAB.

Each set of agarose beads was then split 75/25 by volume for Western blotting

and kinase assays respectively.-



2.7 Histone H1 Kinase Assays

The beads were washed in 1x kinase assay buffer (SOmM MOPS pH7.2, 20mM
MgCl,,10mM EGTA) and preincubated in 25ul of KAB at 30°C for 10 mins. 20pl of
kinase assay mix (KAM - Sug histone H1 (Boehringer), 2.5uM ATP, 50nCi YATP
(5000Ci/mmol) in KAB) was added and the mixture incubated at 30°C for 20 mins.
The reaction was stopped by the addition of 20l of 4x SDS sample buffer. Samples
were then boiled and centrifuged prior to loading 251l of supernatant onto a 12.5%
SDS- PAGE gel. After electrophoresis gels were stained in Coomassie Brillant Blue R-
250 and destained in 30% methanol, 10% acetic acid and dried in an 'Easi-Breeze' Gel

Drier (Hoeffer). The dried gel was then exposed to X-ray film (Fuji) at -70°C.

2.8  Electrophoresis of Protein Gels
2.8.1 SDS-Polyacrylamide Gel Electrophoresis

Denaturing polyacrylamide gel electrophoresis of proteins was performed
according to the method of Laemmli (1970). The ratio of acrylamide:bis-acrylamide
was 29:1 and was purchased ready mixed from Anachem. Polymerisation was
catalysed by addition of 0.05% ammonium persulphate and 0.03% TEMED. Resolving
gels were either 12.5% or 8% acrylamide in 375mM Tris-HCI (pH8.8), 0.1% SDS.
Stacking gels were 4% acrylamide in 125mM Tris-HCI (pH6.8), 0.1% SDS. Gels were
run at a constant voltage of 100V for 2-3 hours (mini-gels) or at 55V (~15 hours) for
large gels until the dye front reached the bottom of the resolving gel. The
electrophoresis buffer was 25mM Tris, 192mM glycine (pH 8.3), 0.1% SDS.

2.8.2 Tricine SDS Gels
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In some circumstances it was more appropriate to use the Tricine SDS method
of Schagger and von Jagow (1987). Here the gel buffer was 3M Tris-HCl (pH 8.45),
0.3% SDS. The anode buffer was 0.2M Tris-HCl (pH 8.9). The cathode buffer was
0.1M Tris, 0.1M Tricine, 0.1% SDS with the pH being adjusted to 8.25 by addition of
Tricine. The running conditions are identical to those stated for the SDS-PAGE

electrophoresis.

In both cases a glycerol/SDS sample buffer was added to the samples prior to
loading on the gels. The sample buffer is composed of 50% glycerol, 5%SDS, 50mM
Tris-HCl (pH 6.8) and 0.01% bromophenol blue. A minimum of 0.25 volume of the
sample buffer was added to the samples prior to heating at 90°C for 5 minutes prior to
loading. Low molecular weight markers (Sigma ) were prepared as detailed in the

manufacturer’s instructions.

2.9  Western Blotting

Protein gels were blotted onto Hybond C membranes (Amersham). The
blotting protocol was essentially that described by Towbin et al. (1979). The gel was
laid over 3MM paper then covered with Hybond C paper prior to more 3MM paper
being overlaid. The cassette was then immersed in an electroblot holder (Bio-Rad)
with the Hybond C paper facing the anode of the tank. The transfer buffer was 25mM
Tris, 192mM Glycine and 20% methanol and the transfer took place at 4°C. For small
gels, the Mini-Protean system (Bio-Rad) was electrophoresed at 0.28A for 3 hours and
the large gel blotter (gels of 9cm by 14cm) overnight at 0.1A. After transfer the
Hybond membrane was stained in Ponceau S stain (0.2% Ponceau S (Sigma) in 3%
trichloroacetic acid) to assess efficiency of transfer and equal loading of protein. The
blots were pre-incubated in block buffer (5% low fat, dried milk, 10% horse serum in
TBST (Tris buffered saline with Tween (100mM Tris-HCI pH?7.5, 0.9% NaCl, 0.05%
Tween 20)) for 1 hour at room temperature. Primary antibodies were diluted in
blocking buffer to a working dilution and incubated with the blot for 3 hours at room
temperature. The blots were rinsed twice then washed twice in TBS-Tween for 20
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with the secondary antibodies (Horse radish peroxidase conjugates (Sigma)) prior to

signal development with the ECL system (Amersham).

2.10 Immunoprecipitation

Immunoprecipitation of the ThaCRK2 polypeptide from piroplasm extracts was
as follows; piroplasm extracts were lysed as in section 2.5 and the supernatant
incubated with 10pl of affinity purified anti-ThaCRK2 antiserum (a gift of Dr. J.
Kinnaird) at 4°C for 1 hour on a rocker. Then 40ul of a 50% slurry of Protein A-
sepharose (Pierce) was then added and incubated for a further hour at 4°C. The Protein
A-antibody-antigen complex was then collected by centrifugation at 12000g for 20
seconds in a microfuge and re-suspended in 10mM Tris HCI (pH 7.5), 0.1% NP-40 for
20 minutes at at 4°C. The centrifugation and wash steps were repeated twice and the
final sepharose pellet re-suspended in 3011l of SDS-PAGE sample buffer, boiled for 5
minutes then centrifuged briefly prior to analysis on an SDS-PAGE gel.

2.11 Growth of bacterial strains

Unless otherwise stated, all liquid cultures were grown at 37°C with vigorous
shaking. Appropriate antibiotic selections for £. coli strains transformed with plasmid
were: E. coli strain XL-1 Blue (Stratagene) - 100pg/ml ampicillin with 12.Sug/ml |
tetracycline.
2.12 Isolation of Plasmid DNA from E.coli

Small scale plasmid DNA purifications were performed using the Wizard Mini

Prep kit (Promega) in accordance with the manufacturers protocol. For large scale

preparations a Midi Prep kit (Qiagen) was used. For both these protocols, a stationary
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phase culture was harvested by centrifugation at 12000g for 10minutes at 4°C. The
pellets were then treated according to the kit instructions.

2.13 Lambda Phage Manipulations

The host bacteria PLK-17 (Stratagene) were first grown overnight in L-broth
supplemented with 0.2% maltose and 20mM MgSO.. The cells were then pelleted by
centrifugation (5000g for 5 minutes at 4°C) and resuspended in 0.5 volume of sterile
cold 10mM MgSO.. The suspension was diluted if the Absorbance reading at 600nm
was greater than 2 (i.e. >1.6 x 10° cells/ml). These plating bacteria were stored at 4°C
and were viable for up to 3 weeks.

For determining the titre of the A library used for screening, serial 10-fold
dilutions of the phage stock were prepared in phage buffer (50mM Tris-HCL (pH7.5),
0.1M NaCl, 8mM MgSO,, 0.01% gelatin). 100ul aliquots of each dilution were added
to 100l of plating bacteria and the samples were incubated at 37°C for 20 minutes.
3mls of top agarose (heated to 45 °C) was then added and the mixture poured onto
bottom agar plates. After cooling the plates were inverted and incubated overnight at
37°C. The plaques were counted and the titre determined from appropriate dilutions.

2.14 Library Screening

A AZAP cDNA library made from D7 total RNA was prepared by Dr. Kinnaird
and plated at a density of 20000 plaques per large petri dish (12cm diameter) as
described in section 2.13. Filter lifts of plaques were taken by allowing the filters to
rest on the plaques for 1 minute. Alignment marks were made through the filter paper
and the agarose using a needle. The filters were then removed with the plaque side up
onto a pad of 3MM paper soaked in denaturation solution (1.5M NaCl, 0.5M NaOH)
for 5 minutes. Next the filters were transferred to another pad soaked in neutralising
solution (1.5M NaCl, 0.5M Tris-HCl (pH7.2)) for 5 minutes. This step was repeated

with another pad soaked in the same solution. Finally the filters were washed in 2x
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SSC (standard saline citrate, 1xSSC is 0.15M NaCl, 0.15M trisodium citrate, pH 7.0),
transferred to dry 3MM paper and allowed to dry in air, colony side up. The filters
were fixed using a UV transilluminator (Stratagene). The filters were hybridised to a
radiolabelled DNA probe. Positive plaques hybridising to radiolabelled probes were
cored from the plate using a sterile toothpick into SM buffer containing a drop of
chloroform. Phage was allowed to diffuse out for 2-3 hours prior to replating a 10
and 10™* dilution for a further round of screening. The process of filter lifts and
hybridisations was repeated until all the plaques on a filter gave a positive signal with
the radiolabelled probe. A single plaque was picked and the phage subjected to the in
vivo excision protocol (Stratagene). This allows excision and re-circularisation of a
pBluescript phagemid containing the insert by use of a ‘helper phage’ which initiates
and terminates DNA replication from helper phage sequences inserted in the
bacteriophage A. Positive clones can then be identified as colonies on a plate
containing ampicillin.

For large scale preparations of lambda phage DNA, the liquid lysate method
was used (Sambrook ez al., 1989) with an equal multiplicity of infection for phage:
bacteria and the DNA was isolated and purified using the Promega Magic Lambda

Prep kit (Promega Corporation) according to the manufacturer’s protocol.

2.15 Restriction Digests of DNA

Restriction endonuclease digests of plasmid DNA were done according to the
procedures recommended by the manufacturer using the buffers supplied and the
optimal temperature for activity of the enzyme. The reaction was terminated by heat
inactivation of the enzymes at 70°C for 15 minutes or by the addition of agarose

loading dye (0.025% bromophenol blue, 25% Ficoll, 50mM EDTA).

2.16 Agarose Gel Electrophoresis
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DNA was visualised on horizontal agarose gels. Usually 1% gels were cast
with 100ngml™ ethidium bromide and run in 1XTBE (0.09M Tris-HCI, 0.09M Boric
acid, 2.5mM Na,EDTA pHS.0) at a voltage of 10Vem™ for 2 hours. Visualisation of
DNA was on a UV transilluminator (302nm) and images were captured on a Gel-

Imager system (Appligene) and stored on disk.

2.17 Recovery of DNA from Agarose Gels

DNA fragments were excised from agarose gels using a clean scapel blade and
processed using the Qiaquick spin Kit (Qiagen). The fragment was eluted from the
DNA binding column in 50pl TE (10mM Tris-HCI, ImM EDTA, pH8.0) and stored at
-20°C.

2.18 Quantification of Nucleic Acid

Concentration and purity of nucleic acid was determined on a
spectrophotometer (Beckman) by measuring absorbance through a pathlength of 1cm
@ 260nm and 280nm. An absorbance of 1 at 260nm is equivalent to a solution
concentration of 50ugmi” of double stranded DNA. The ratio of A260/A280 indicates
purity of the DNA preparation with a ratio of 1.8 being optimal.

2.19 Ligations

Ligations were performed in a final volume of less than 15ul in 1x T4 DNA
ligase buffer (Promega) and 1-2 units of T4 DNA ligase (Promega). Generally, 25ng of
vector DNA were used in each ligation, the amount of insert DNA used varied with
the molar concentration of free ends in the reaction. Ligations were performed

overnight at 16°C.
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2.20 Transformations

Routinely, transformations were performed using 50pl of E.coli XL-1 blue
supercompetent cells (Stratagene) and 25-100ng of ligated DNA according to the
manufacturer’s protocol. The transformed cells were selected using the antibiotic
resistance marker carried by the plasmid (Amp"). Where applicable, blue / white colony
selection was also used to select transformants with plasmids containing inserts and for
this, the agar media was also supplemented with 0.004% X-gal and 34uM IPTG (final
concentrations).

Vectors used included pBluescript (Stratagene), pTZ19R and pGEXS-2 (both
Pharmacia) and pTAG vector (R&D systems).

2.21 Southern Blotting

Capillary transfer of DNA from agarose gel to membrane (Amersham Hybond
N) was as described in Sambrook ez al. (1989). Agarose gels were washed twice in
denaturing solution (0.5M NaOH, 1.5M NaCl) for 15 minutes per wash then twice
again in neutralising solution (0.SM Tris-HCI pH 7.5, 3M NaCl). The gel was then
placed on a platform of 3MM paper which had its ends immersed in 20xSSC. Hybond
N membrane, cut to the same size as the gel was then laid on top and this was then
covered with 3MM paper soaked in 2xSSC then paper towels and a weight. The
transfer was allowed to proceed overnight. Blots were dried in air for an hour before

cross-linking using a UV transilluminator.

2.22 Northern Blotting
RNA was electrophoresed through denaturing formaldehyde 1% agarose gels

as described in Sambrook et a/ (1989). 10ug of total RNA was loaded per track. RNA
standards (Gibco BRL) and an identical set of RNA samples were cut off and stained
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in eithidium bromide after electrophoresis. The remainder of the gel was soaked for 15
minutes in transfer buffer (15mM NaH,PO,, 10mM Na,HPO, pH 6.5) then transferred
onto a Hybond N membrane overnight as described for Southern blotting except that

the filter was not rinsed prior to cross-linking on a UV transilluminator.

2.23 Probe Labelling and Hybridisation

DNA probes were labelled by the random priming method (Feinberg &
Vogelstein, 1983) using the Prime It IT kit (Stratagene). Unincorporated radioactivity
was removed by purifying the probes on the NucTrap column (Stratagene) according
to the manufacturer’s instructions. Blots were pre-hybridised in 0.5M sodium
phosphate buffer pH 7.0, 0.5 % SDS (Church & Gilbert, 1984) at 65°C for 30 minutes
using a rotating bottle in a hybridisation oven (Hybaid). This solution was replaced
with a fresh solution containing the denatured labelled probe and hybridisation was
allowed to proceed overnight at 65°C. The blots were then washed twice in 40mM
sodium phosphate pH7.0.5% SDS for 10 minutes at 65°C then twice in 40mM sodium
phosphate pH7.0.5% SDS for 10 minutes at 65°C before being wrapped in Saranwrap
and exposed to X-ray film (Fuji). For re-probing the blots were placed in boiling 0.1%
SDS solution allowed to cool in this solution to room temperature. Filters were

exposed to X-ray film overnight to check that the probe had been properly removed.

2.24 DNA Sequencing

Sequencing was performed on both strands. Sequencing methods included the
chain termination method of Sanger (Sanger e al., 1977) with Sequenase kits

(USB/Amersham) and (a-33S) dATP (Dupont UK Ltd.) on a 6% gel run in a BaseAce
apparatus (Stratagene); automated sequencing used the LiCor sequencer (LiCor

Corp.) with samples prepared using the Fluoro Sequenase kit (CamBio) which uses
fluorescently end-labelled primers; alternatively an ABI373 sequencer was used with
samples prepared with the ABI Sequenase 2.0 kit on a Geneamp 2000 PCR machine
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GTGTAGGAGTA
CAAGGT3

8 3’GCTGTGGGAC | anti 1949-1979
TGGGATAAACT
TAAGGCAGAS’

9 5’ATTACAGAAG ; sense 2092-2114
GGTGTTGAGTG
G3’

10 5’CTTCAATATC | sense 2477-2496
ACAGGCTGGC3’

11 3’GCTTCATGTG anti 2698-2716
CTCATCGTS’

2.25 Production of Antisera

Antibody against fusion proteins was produced in New Zealand white rabbits
kept at Biological Services, Veterinary School, University of Glasgow. Standard
immunisation protocols were followed (Harlow & Lane, 1988). Briefly, the GST-
fusion protein in PBS at a concentration of 1mg/ml was mixed with an equal volume of
a suspension of Alum (Pierce) added drop-wise with stirring for 30 minutes. Two
rabbits were immunised with 500ug protein each and boosted after four weeks with
250pg protein, again in Alum. Test bleeds were assayed by Western blotting and
boosting continued every three weeks until a satisfactory immune response was
detected.

Commercial antisera used included:

The mammalian and avian specific anti HSP 60 antibody (Boehringer) is a monoclonal
antibody recognising an epitope between amino acid residues 383-447 of the human
HSP-60. It is reactive with both the constitutive and inducible forms of HSP-60
(manufacturer’s data sheet).
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The higher eukaryote specific anti-ribonucleotide reductase large subunit antibody
(Biomedtek, Umea) is a mouse monoclonal antibody recognising an unmapped epitope
from partially purified calf thymus R1 (manufacturer’s data sheet).

Other antisera used are described in the results section.

2.26 Polymerase Chain Reaction
A: Rapid screening of bacterial transformants for plasmids with inserts
For colony screening of transformants plasmid DNA was used as template with

T3 and T7 primers or other primers specific for the plasmid used in the ligation

reaction. The reagents used as listed below:

Reagents Final Concentration
Taq Polymerase 10X buffer (Promega) 1X
Taq DNA polymerase 1 unit/25ul
Acetylated BSA 100pg/ml
Magnesium Chloride 1.5mM
dNTP’s (Promega) 200uM
Primers 4ng/ul

25l of the reaction mixture was added to 0.5ml Eppendorf tubes and a sterile
toothpick used to touch the colony on the transformation plates. The pick was then
dipped into the reaction mixture before the mixture was overlaid with a drop of
mineral oil and amplified over 25 cycles of 94°C for 30 seconds, 55°C for 30 seconds

and 72°C for 2 minutes.

B: PCR amplification of the suc/ homologue from 7. annulata

DNA was amplified from piroplasm genomic DNA and cDNA and
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the following conditions were used. These were based on those used to amplify the
human p13 homologue CksHs1 (Richardson et al., 1990) and modified by Mottram &
Grant (1996) to clone the homologue from L. mexicana.

For both these protocols, degenerate oligonucleotides were designed against

3suc1

conserved regions of pl as shown in figure 3.1.

For attempts to amplify the Theileria homologue two different reaction buffers were
tried, both using the same primers as used for the cloning of the L. mexicana
homologue. The primers are:

5’primer - AGAGCTCGAGTAYMGNCAYGTNATGYTNCC

3’primer - GAGGAATTCAANARNARDATRTGNGGYTCNGG

(N=G+A+T+C, Y=T+C, M=A+C, R=A+G and D=G+T+A , Xho! and EcoRI
restriction sites are underlined). The 5’ primer was 1000 fold degenerate and the 3’
primer was 12000 fold degenerate for the cloning of the L. mexicana homologue.
The buffers were:

1. 11.1X buffer - 45mM Tris HCI (pH 8.8), 11mM ammonium sulphate, 4.5mM
MgCl,, 6.7mM (3 mercaptoethanol, 4.4uM EDTA (pH 8.0), 1mM each of dATP,
dCTP, dGTP and dTTP, 1 unit of Tag polymerase and 113ug/ml BSA.

2. The standard reaction buffer of Richardson et al. (1990) and Mottram & Grant
(1996) of 50mM KCl, 10mM Tris-HCI (pH 8.3), 1.5mM MgCl,, 0.01% gelatin,
0.2mM each of dATP, dCTP, dGTP and dTTP, 0.0025 units of Taq DNA polymerase,
10ug of primers and 5ug of template cDNA were used and the PCR parameters were
40 cycles of 94°C for 1 minute, 45 °C for 2 minutes and 72 °C for 3 minutes. The
results of the PCR amplification are discussed in chapter 3 together with the various

parameters tried.

2.27 5’ Rapid Amplification of cDNA Ends (5° RACE)

5’ RACE was performed using the GibcoBRL 5’ RACE kit (GibcoBRL)
according to the manufacturer’s protocol with 1ug of total piroplasm RNA as
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template. In brief, first strand cDNA was prepared from the total RNA using a gene
specific primer for the large subunit of ribonucleotide reductase (TaR1). The resulting
cDNA was dC-tailed using terminal deoxynucleotide transferase and the product,
subsequently amplified by nested PCR. The nested PCR used another primer specific
to for the TaR1 gene together with the Anchor Primer supplied with the kit, which
annealed to the dC-tailed region of the cDNA. These primers are listed below. The
PCR product was cloned into the pTAG vector using the A overhangs generated by

the reaction.

Primers

S5PRIME RACE 1 - 5 AGCGATAACTTCCTGATGCG 3’ (antisense to position 289
- 308 of the TaR1 cDNA sequence.)

5PRIME RACE 2 - 5" AAATCGTGGTCCTCATAGCC 3’ (antisense to position 127
- 146 of the TaR1 cDNA sequence.)

The protocol used was identical to that supplied by the manufacturer.

2.28 Indirect Immunofluorescence Microscopy

BL20 and D7 cells were cytospun onto poly-L-lysine coated slides and fixed in
4% formaldehyde in PBS for 10 minutes at room temperature before being
permeabilised in 0.25% Triton X100 in PBS for a further 10 minutes. The cells were
then preblocked in RPMI 1640 medium for 30 minutes in a humidified chamber at
room temperature. The primary antibody at a dilution of 1/200 in RPMI 1640 was
applied to the cytospin preparation and incubated for 3 hours, again in a humidified
chamber. The slides were then washed with several changes in 0.1% NP-40 in PBS
over 5 minutes. The FITC conjugated secondary antibody (Sigma) was diluted 1/500
in RPMI 1640 and incubated with the cells for a further hour. The slides were then
washed again in 0.1% NP-40 before being mounted in DABCO (1,4-
diazabicyclo[2.2.2 Joctane (Sigma)) in 50% glycerol and viewed with a Zeiss Axioplan

fluorescent microscope with an MC100 Spot camera attachment. Nuclei were localised
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by staining with 1ugml™ DAPI (4,6-diamino-2-phenylindole dihydrochloride), Imgml™
p-phenylene-diamine in DABCO/glycerol mountant.

An alternative method of fixation was tested using acetone at -20°C for 5
minutes followed by air-drying of the slides before incubating with the antibodies.

2.29 5-Bromo-2-deoxyuridine (BrdU) Incorporation

Cells were pelleted by brief centrifugation (at 300g for 5 minutes) and re-
suspended in medium containing BrdU (Boehringer, final concentration of 10uM) at
2x10%/ml for 60 minutes at 37°C. The cells were then again pelleted, washed three
times in PBS then re-suspended in PBS with 5% albumin, cytospun onto poly-L-lysine
slides and air-dried. The slides were fixed in 70% ethanol/50mM glycine pH2.0 at -
20°C for 20 minutes. Slides were then washed three times in PBS before being
incubated with a 1:10 dilution of the anti-BrdU antibody solution (Boehringer) for 30
minutes at 37°C (containing nuclease). Slides were washed again before incubating
with anti-mouse IgG FITC conjugate for 30 minutes at 37°C. The slides were washed
in PBS before mounting in DABCO/glycerol/DAPI to visualise nuclei using a Zeiss
Axioplan fluorescent microscope with an MC100 spot camera attachment.
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3.1.1 Introduction

As described in section 1.2.8 of the introduction, p13*“’ encodes a small protein
whose exact role in the cell cycle has remained largely undefined. Very recent work with
the Xenopus p13 homologue suggests it acts to regulate both the activity of cdc2/cyclin
B at the G2/M boundary and inactivation of this complex at the metaphase/anaphase
transition via degradation of cyclin B (Patra & Dunphy, 1996). The X-ray structure of a
human p13 homologue complexed with CDK2 has also recently been defined (Bourne ef
al., 1996) and this analysis led to the theory that p13 and its homologues may serve to
direct CDKSs to substrates or CDK regulatory proteins. Homologues have been identified
from a variety of organisms (see Figure 3.1). The product of the S. pombe sucl gene is

sucl

commonly referred to as p13 or p13™°" while the gene encoding this protein is referred to
as sucl.

The ability of p13 to bind strongly with p34°* and p33°°** (Arison et al., 1988;
Azzi et al., 1992; Brizuela et al., 1987; Draetta ef al., 1987, Ducommun ef al., 1991,
Hadwiger ef al., 1989; Hayles et al., 1986; Meijer et al., 1989) allows rapid affinity
purification of the p34°*%/cyclin B complex from cell extracts (Labbe et al., 1989;
Pondaven et al., 1990). CDK3 was shown to bind p13*“’ only weakly (Meyerson e al.,
1992).

Another protein, p15, has been isolated from starfish (Azzi ef al., 1994) and this
was shown to be capable of binding CDK4 and CDKS but incapable of binding p34°4
and CDK2. This p15 protein shows common properties with p13, particularly by being
cross-reactive with anti-p13™“’ and anti-p9“**™ antibodies and its ability to form stable
complexes with CDK kinases which hint at it being another member of a possibly large
family of p13 related proteins.

One cdc2-related kinase has been identified in 7heileria, ThaCRK2 (Kinnaird e?
al., 1996). Given that no other cdc2 like kinases had been isolated as part of that work
via library screening and PCR, it is possible that Theileria only uses a single cdc2-like
kinase for the control of its cell cycle, a situation analogous to that found in S.
cerevisiae. However, more recently another cdc2-related kinase has been isolated from
Theileria (ThaCRK3) but this is not highly related to p34°*? (Kinnaird, Logan &
Langsley, in preparation).

54



The aim of the work reported in this chapter was to more fully characterise the
cdc2-related protein kinases of Theileria annulata, by utilising recombinant p13™’ as a
means of affinity purifying and assaying kinases from different life cycle stages. While the
genes encoding two CRKSs have been characterised from the parasite, nothing is known
about their enzyme activities, substrate specificies and interaction with other molecules.
In the bovine life cycle stages of the parasite, each stage involves nuclear division.
Initially the uninucleate trophozoite replicates its nuclei three to four fold to produce the
multinucleate macroschizont which then continues to replicate in concert with the host
cell but maintaining the nuclear number at ~10-15 parasite nuclei per cell. When
differentiation to the merozoite is induced, a phase of rapid parasite division starts,
leading to a schizont with over 500 nuclei which occupies much of the host cell.
Merozoites are produced from this multinucleate schizont by budding of the membrane
leading to uninucleate merozoites which then invade the erythrocytes and undergo a
further two rounds of nuclear division to yield the piroplasm. It is not known how these
complex series of nuclear divisions are regulated and whether different stages of the
parasite life cycle regulate mitosis via different cell cycle associated kinases.

In order to address this question, an affinity purification based approach was
undertaken to define the number and substrate specificity of cell cycle associated kinases
present in the piroplasm stage using recombinant p13-sepharose chromatography and
biochemical characterisation. As the affinity for p13 was low, experiments were
undertaken to isolate the Theileria homologue of the sucl gene, the product of which
would show a higher affinity for Theileria CRKs.

3sucl

3.1.2 Expression and purification of p1

The yeast sucl gene was a gift of Prof. P. Nurse. The full length sucl gene was
cloned into the pQE60 vector (Qiagen) and the plasmid used to transform M15[pREP4]
E. coli (Qiagen) by Dr. K. Grant. Transformed cells were then induced to express p13
protein by induction with IPTG as detailed in chapter 2. The main method of purification

3suc]

of recombinant p1 was by use of a Nickel-nitrilo-triacetic acid (Ni-NTA) agarose
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column (Qiagen) via fast performance liquid chromatography (FPLC) with bound protein
being eluted by an imidazole gradient.

Figure 3.2 shows stages of the induction and purification of p13. Panel A shows
the cell supernatants after sonication and centrifugation. The supernatant (Lane 2) was
then applied to the Ni-NTA column and fractions containing the purified p13 were eluted
over the range of 200-300mM imidazole as shown in Panel B. The purified fractions
were then pooled and dialysed (Panel C) prior to concentrating and cross-linking to
Amino-link beads (Pierce) at a concentration of Smg/ml. Control beads were prepared in
an identical fashion by linking a 1M Tris pH7.4 solution in place of p13 according to the
manufacturer’s protocol.

3.1.3 Bovine CDK specifically binds to p13

Firstly it was necessary to show, as a positive control, that the p13 sepharose
beads were capable of affinity purifying an active kinase complex from uninfected bovine
cells (BL20). This was also carried out to standardise conditions of binding and washing
which were then used in assays performed with parasite material. As mentioned in
section 3.1 previous work had shown that in higher eukaryotes p34°*? and p34°** were
specifically bound to p13™’ and that the resulting complex was an active kinase.

Native extracts of BL20 cells were prepared and used in p13 binding assays
followed by detection of the eluted polypeptides by Western blotting (figure 3.3). When
specifically bound proteins were eluted from the p13-sepharose following extensive
washing, there was a significant concentration of a 34kDa anti-PSTAIRE reactive
polypeptide(s) (Panel A, lane 3). This concentration effect is not observed with the Tris
coupled sepharose (lane 4). Similarly there is no depletion effect observed with the
control beads (lane 2) compared to the p13 sepharose flow-through (lane 1). Panel B
shows an identical immunoblot probed with a vertebrate specific cdc2 polyclonal
antibody (Gibco). This antibody was raised against the C-terminal region of human
p34°*?. Again, there is significant concentration of a 34kDa anti-cdc2 reactive
polypeptide(s) with the p13 sepharose (lane 3). There is no specific binding of
polypeptide(s) to the Tris-coupled sepharose (lane 4). It is difficult to distinguish
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whether there has been a depletion of the reactive protein from the p13-sepharose flow-
through lane (lane 1) because of a warping effect caused by overloading of the gel (lanes
1 & 2) based on Coomassie blue staining of the gels after transfer.

This result shows that the buffers and conditions used for lysis and binding are
satisfactory for the extraction and purification of bovine CDK proteins. On the 12.5%
acrylamide gel used for these blots it is not possible to resolve the small (<2kDa) size
difference between the p34°* and CDK2. However, this is seen in Figure 3.10 (Panel A,
Lane 3) (8% acrylamide gel). Both bands are reactive with anti-PSTAIRE antibodies as
they both contain this conserved motif. The next step was to show that the specific
protein(s) bound to the p13 sepharose possessed kinase activity.

3.1.4 Purification of macroschizonts

As bovine cdc2 and CDK2 bind p13 it was necessary to purify macroschizonts to
analyse parasite kinase binding to p13 in the infected lymphocyte stage of the life cycle.
Macroschizonts were prepared by nebulisation of a differentiating D7 culture (5 days at
41°C ) as the schizonts are larger at this point. The purified schizont material was stained
by Giesma stain to assess host contamination. Figure 3.4 shows the material obtained
with the nebulisation protocol. Panel B shows the host material fraction of the Percoll
gradient after centrifugation, it contains intact schizonts indicating that the conditions
used for nebulisation are satisfactory but that the Percoll gradient centrifugation has not
separated the host and parasite material. Frdm Panel C, which represents a higher band in
the Percoll gradient, it can be seen that the schizont preparation used for the kinase
assays in section 3.1.5 still contains host material and cell debris which would
contaminate any assays undertaken with this material. The exact levels of contamination
could be examined by immunoblotting of the schizont material but this was not done

given the low yields of protein obtained.

3.1.5 An active kinase specifically binds to p13 sepharose from bovine and

piroplasm extracts.
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As the purified piroplasms were found to be free of significant host contamination
and at least one parasite CRK was present in this stage, it was decided to base further

experiments on piroplasm material.

3.1.8 Sypro orange stain detects p13 bound protein.

The binding experiments were repeated, eluting the bound protein in a small
volume to maximise protein loading on an 8% SDS-PAGE gel. Figure 3.8 shows the
binding of specific proteins from both bovine and piroplasm extracts to p13. The
molecular weight markers are indicated on the right hand side of the figure. Sypro-
orange is a protein stain which is as sensitive as silver staining (detection limit 2-5 ng of
protein) and gels treated with Sypro-orange can be immunoblotted after staining which is
not possible with silver stained gels.

With piroplasm extracts, elution after p13 binding (Lane 1) showed a 45kDa
polypeptide was most clearly detected by the staining. The intensity of staining of this
band suggests that this polypeptide is considerably concentrated by the p13-sepharose
purification which hints at a high affinity interaction between yeast p13™“ and the 45kDa
molecule. This could be the ThaCRK3 kinase which has a predicted size of 45kDa. There
are also some lower molecular weight polypeptides of approximately 31, 33 and 37kDa
visible in the piroplasm eluate (Lanes 1) which would be in the correct size range for the
CRK/CDK proteins. There are also higher molecular weight polypeptides of 70-80 and
>100kDa. The 70kDa polypeptide is also present in BL20 cells and could be due to the
presence of residual bovine serum albumin which was used to pre-block the p13-
sepharose prior to binding. The >100kDa protein stains very strongly and is specific to
piroplasms suggesting, again, a high affinity reaction. With bovine protein bound to p13
sepharose and eluted there is a band visible band at about 50kDa together with some
minor polypeptide bands at around 34kDa which may be the cdc2/CDK2 proteins. Since
p13 will bind the CRK/CDK protein complex, it is possible that some of the higher
molecular weight polypeptides seen may represent components of this complex such as

cyclins. This experiment was repeated with the gel western blotted after staining.
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3.1.9 Immunoblotting with Sypro stained gel.

An identical set of experiments was undertaken to those in section 3.1.8 with the
gel being immunoblotted after staining. The protein extract that was applied to the p13
column, the material eluted after binding to the column and the non-p13 bound material
(flow-through) from both BL20 and piroplasms were run out on the gel. Both extracts
applied to the column gave a heavy staining pattern (Lanes 1 & 4) while the non-bound
material (tracks 3 & 6) show a prominent polypeptide at ~68kDa arising from the bovine
serum albumin (BSA) used to pre-block the p13 column.

There are a number of proteins visible in the track containing piroplasm eluate from p13
sepharose (Lane 5) with the strongest being 45kDa similar to the profile seen in figure
3.8. The 35kDa polypeptide is also clearly visible.

Panel B shows an immunoblot of the stained gel in Panel A. Lane order is as
above. There are two distinct proteins of molecular weights of 33 & 34 kDa reactive
with the anti-PSTAIRE antiserum present in the BL20 p13 sepharose eluate (Lane 2)
which probably represent bovine CDK2 and p34°“. There is a concentration of bovine
CDK seen in the BL20 eluate compared to the flow-through (Lanes 2 & 3). There is a
fainter reactive polypeptide of 32kDa in piroplasm p13 sepharose eluate (Lane 5)
showing again a PSTAIRE reactive protein binding to p13 from piroplasm extracts. The
signal intensity of the 32kDa reactive protein is similar between the eluate and flow-
through, despite the flow-through lane being higher in total protein. This indicates that
the 32kDa protein is being concentrated to some extent by the p13 beads. Because the
supernatant and flow-through lanes are so disproportionately loaded in both cases, it is
not possible to assess the efficiency of depletion of CRKs from the supernatant by the
p13 beads. Blotting a Sypro stained gel seems to reduce the signal strength from the
immunoblot and so, the experiment was repeated using the same protein extracts for

probing with the anti-ThaCRK2 antiserum but without staining the gel prior to blotting.

3.1.10 ThaCRK2 may bind p13 with a low affinity.
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The immunoblotting was repeated using piroplasm and bovine supernatants
prepared in section 3.1.9 to detect binding of parasite ThaCRK2 to p13 sepharose (figure
3.10).

Panel A shows the immunoblot profile with the anti PSTAIRE antiserum. There are two
distinct bovine proteins of moleular weights 33 & 34 kDa, running as a doublet which
are specifically binding to p13 and reacting with the anti-PSTAIRE antiserum - these are
likely to be p34°*? and CDK2 (Lane 3) (These are as seen in figure 3.9 Panel B lane 2).
A parasite protein specifically concentrated by pl13 binding also reacts with this antibody
(Lane 1). The piroplasm supernatant also has PSTAIRE reactive polypeptides which
look to be running as a doublet (Lane 2). There are other higher molecular weight
polypeptides recognised by this serum which cross-react with the polyclonal anti-
PSTAIRE serum. This blot was then stripped and re-probed with the anti-ThaCRK2
antiserum and the results are shown in Panel B. The lane order is as above. Again there is
no cross reactivity with bovine protein (Lane 3). The antiserum shows strong reactivity
with the 34kDa ThaCRK2 in the piroplasm supernatant track (Lane 2) but only faint
reactivity visible after p13 binding and elution (Lane 1). This shows there may be a very
weak interaction between ThaCRK?2 and p13 and confirms the preliminary results shown
in figure 3.8. Comparing the relative reactivities between lanes 1 & 2 using either the
anti-PSTAIRE antibody (Panel A) or the anti-ThaCRK2 antibody (Panel B) suggests that
there are, at least, two polypeptides in piroplasms with a PSTAIRE like motif. The
difference in reactivities between lanes 1 & 2 with the anti-PSTAIRE antibody (Panel A)
is less than the difference between the weak reactivity with anti-ThaCRK2 in lane 1 and
in lane 2 (Panel B).Though it is difficult to be quantitative, anti-ThaCRK?2 reactivity
appears to be ~10 fold less than the supernatant (Panel B, lane 2). This suggested that
there may be more than one anti-PSTAIRE reactive protein contributing to the signal
with anti-PSTAIRE antibody. The 45kDa protein which was shown by Sypro staining to
bind strongly to p13 is not reactive with anti-ThaCRK2 but may be slightly reactive with
anti-PSTAIRE (Panel A, lane 1, arrowed).

Since there may be two parasite proteins capable of binding to p13, it was
decided to immunoprecipitate the ThaCRK2 protein from piroplasm extracts to produce
a depleted supernatant which was then used for binding assays.
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3.1.11 Immunoprecipitation of ThaCRK2 from piroplasm extracts.

The anti-ThaCRK2 antiserum was used to immunodeplete piroplasm extracts of
the CRK2 protein which had been shown to bind p13, albeit very weakly. Figure 3.11
shows the immunoprecipitation of the extract.
Lane 1 shows the reactivity of supernatant with the antibody prior to immunodepletion.
There is no binding of ThaCRK2 to the Protein A sepharose (lane 2) as all reactivity
remains in the supernatant from the control incubation of supernatant with Protein A
sepharose only (lane 3). Lane 4 shows the supernatant from the immunoprecipitation
reaction which has been nearly totally depleted of ThaCRK2. There is specific
immunoprecipitation of ThaCRK2 by the anti-ThaCRK2 antisera (Lane 5). The

immunodepleted supernatant (Lane 4) was then bound to p13 as previously described.

3.1.12 Immunodepletion removes ThaCRK2 from extracts but kinase

activity remains

Immunodepleted and non-depleted extracts were then incubated with p13™*' and
p12°*!, the recombinant polypeptide product of L. mexicana homologue of the sucl
gene (a gift of Dr. K. Grant, Mottram & Grant, 1996). It was postulated that the
Theileria CRKs may have a higher specific affinity for p12®*' since it is from another
protozoan. Specifically bound proteins were eluted from the beads and assayed by
Western blotting. Figure 3.12 (Panel A) shows the resulting immunoblot probed with the
anti-ThaCRK2 sera. Comparison of the flow-throughs from p12 and p13 binding to
immunodepleted (lanes 5&7) and nondepleted extracts (lanes 6&8) showed a significant
reduction in the levels of ThaCRK2 by the antibody. From this, it is possible to conclude
that the immunoprecipitation has removed most of the ThaCRK2 from the extract.
However, in the case of the depleted extract flow through after binding to p12-sepharose
(Lane 5), there is a larger amount of ThaCRK2 present than in corresponding flow-
through from p13. Any remaining ThaCRK2 in the depleted extracts has not bound
either p13 or p12 to any detectable extent (Lanes 3 & 4). With non-depleted extract
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eluates, there is possibly better binding of ThaCRK2 to p13 than to p12 though the
difference in antibody reactivity is very small (Lanes 1 & 2).

This blot was then stripped and reprobed with a monoclonal antibody (5E1)
raised against a predominant 30kDa protein present on both the merozoite surface and
the piroplasm which showed that the difference in reactivity between non-depleted and
depleted tracks (Lanes 8 & 7 and Lanes 6 & 5 ) was not simply due to protein loading.
This is shown in Panel B. This also shows that the washing conditions are sufficiently
rigorous to remove all traces of the 30kDa protein in the eluates. Since the reactive band
is of equal intensity in lanes 5-8, it is possible to say that the decrease in reactivity of the
anti-ThaCRK2 sera (Panel A) in the immunodepleted extracts is specific and that all
samples had similar amounts of total piroplasm protein. The next step was to determine if
the immunodepleted extracts still contained protein(s) capable of binding p13 and p12
sepharose which had kinase activity.

3.1.13 Immunodepleted piroplasm extract retains kinase activity.

The immunodepleted extracts were bound to p13 and p12 sepharose and assayed
for kinase activity as described in section 3.1.6. The same three substrates were used to
determine if there were any differences in substrate specificity between the depleted and
non-depleted extracts after binding to p12 and p13 (figure 3.13).

Using ThaCRK2 depleted extracts, in the absence of added substrate there is a
phosphorylated polypeptide of 45kDa (Panel A, lanes 1 & 5). With non depleted extract,
there are 3 distinct phosphorylated proteins of 60, 45 and 35kDa (Panel B, lanes 1 & 5,)
which undergo a heavier phosphorylation in the presence of p13 sepharose again
indicating that an active ThaCRK2 may bind to p13 sepharose. Casein is heavily
phosphorylated by the immunodepleted extracts bound to p13 (Panel A, Lane 2) butto a
lesser extent by the p12 bound kinase (Panel A, Lane 6). Histone is equally
phosphorylated by p13 and p12 bound kinase but less well phosphorylated with
immunodepleted extract (Panel A, Lanes 3 & 7) when compared to the phosphorylation
of histone by non-depleted extract (Panel B, Lanes 3 & 7). This may suggest the histone
is a better substrate for the ThaCRK2 kinase. This could not be concluded from figure
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3.6. Again, as seen in a previous assay (figure 3.6), there is poor phosphorylation of
myosin light chains with both p13 and p12 bound kinases when added as an exogenous
substrate. The absence of any decrease in casein phosphorylation by p13 bound protein
from depleted extracts suggests the presence of another kinase with affinity for p13 and
substrate specificity directed towards casein. It seems that p13 has a higher affinity than
p12 for the unidentified parasite CRK polypeptide(s) as while similarly, there is no
difference in the level of casein phosphorylation by p12 bound protein between
immunodepleted and non-depleted extracts, it is much less than with p13. It could be that
the unknown kinase does not phosphorylate histone at all as there was residual
ThaCRK?2 left in the extract after immunodepletion. Though this did not bind detectably
bind to p13 or p12 (figure 3.12) there could be sufficient binding to account for the small
amount of histone phosphorylation by the depleted extracts. There is definitely binding of
ThaCRK?2 since immunodepletion shows it clearly contributes to the phosphorylation of
histone and no substrate phosphorylation profile. It is possible that the ThaCRK2
polypeptide can undergo auto-phosphorylation in the absence of exogenous substrate
(Panel B, lane 1) or be phosphorylated by the other kinases bound to p13 as band Z
corresponds to the size of ThaCRK2. The latter may be more likely as the non-depleted
extracts bound to p12 show only very weak phosphorylation of Z. The 35kDa labelled
polypeptide (Z) is removed upon immunodepletion of the extracts suggesting it is either
phosphorylated by ThaCRK2 or is ThaCRK2 (Panel A, lane 1). A summary of the
binding affinities and phosphorylation pattems is given in Table 3.1. Though it is not
possible to be completely quantitative with this type of experiment, there appears to be a
slightly higher level of casein phosphorylation in the immunodepleted p13 bound sample.
This may reflect a degree of competition for the p13 binding sites by unidentified kinase
and ThaCRK2. Thus when the majority of ThaCRK2 is removed, the p13 sepharose can
bind more of the other kinase(s) hence a higher phosphorylation of casein. Also, the fact
that the endogenous kinase activity in the absence of substrate is higher in non-depleted
p13 bound protein suggests ThaCRK2 itself may have higher affinity for p13 than p12.
To determine if another PSTAIRE reactive protein was present in the ThaCRK2
immunodepleted extracts another set of immunoblots were undertaken using these
supernatants and post-binding flow-through samples. These are shown in figure 3.14.
Panel A shows the blot probed with the anti-ThaCRK2 antibody. Only the non-depleted
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extracts react (lanes 1, 3 & 5). Panel B shows an identical blot probed with the
polyclonal anti-PSTAIRE antiserum. In this case, there is reactivity in the ThaCRK2
depleted samples (lanes 2, 4 & 6). This indicates that although the immunodepletion has
removed the majority of the ThaCRK2 reactivity, there remaihs another PSTAIRE
reactive protein in these depleted extracts. A further binding experiment would need to
be done with this depleted extract to prove that this PSTAIRE reactive protein was
capable of binding p13 although the data from the kinase assays on the immunodepleted
material suggests that it is capable of binding.

It is probable that ThaCRK2 would exhibit a higher affinity for the Theileria
p13™“ homologue. In order to clone and sequence the Theileria sucl homologue,
primers were designed using conserved regions of suc! homologues from a range of

species and PCR amplification undertaken.

3.1.14 PCR for sucl homologue in Theileria annulata

The oligonucleotide primers chosen were those used to clone the L. mexicana
sucl homologue -(a gift of Dr. J. Mottram): The location of the primers within the gene
sequence is shown in figure 3.1 (shaded region). The primers had the following

sequences:

5’primer - AGAGCTCGAGTAYMGNCAYGTNATGYTNCC
3’primer - GAGGAATTCAANARNARDATRTGNGGYTCNGG

The 5’primer corresponds to a perfectly conserved amino acid sequence
EYRHVMLP and the 3’primer encodes PEPHILLF as seen in figure 3.1.
(N=G+A+T+C, Y=T+C, M=A+C, R=A+G and D=G+T+A , Xho! and EcoR1 restriction
sites are underlined). The 5’ primer was 1000 fold degenerate and the 3’ primer was
12000 fold degenerate. This is considerably smaller than the degeneracies of similar
primers used to clone CksHs! from human cDNA (Richardson et al., 1990).

Figure 3.15 shows results of a PCR reaction using parameters cited in Mottram
and Grant (1996) for the cloning of the L.mexicana homologue. A variety of different

annealing conditions and PCR reagent concentrations were tried to amplify a homologue
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from Theileria. These are given in Table 3.2 together with PCR reagent conditions used
to clone the human and Leishmania homologues. Lane 3 shows the positive control used
which was the pQE plasmid containing the full length sucl gene as template, this gives a
predominant band of ~200 bps, the predicted size of the yeast PCR product. Two bands
of 230 and 180bps were amongst a series obtained with Theileria genomic DNA These
two fragments which were in the predicted size range were excised from the gel, purified
and cloned into the pCR vector (Invitrogen) and sequenced using T7 and SP6 primers.
The 180bp fragment was found to have high homology to a well conserved region of the
large subunit of ribonucleotide reductase (chapter 4). The 230bp fragment had no
significant homology to any protein sequences in the databases in any of the six reading
frames. The lack of other regions well conserved between different suc/ homologues
makes the design of other primers for PCR difficult (shown in Figure 3.1) and the failure
of PCR to amplify a Theileria homologue suggests that it may be sufficiently different in
these regions to prevent amplification. Now that more Theileria genes have been
sequenced, a statistical analysis of codon bias could be carried out which could allow
codon bias for Theileria to be incorporated into the primers.

However this approach would not work if the Theileria homologue is not
conserved in amino acid sequence in these regions and other means of isolating the
Theileria homologue would be to screen a Theileria expression library with antiserum
raised against p13*™“’ . However, this was not considered a viable option as a Western
blot of host and parasite extracts reacted with antiserum generated against recombinant
yeast p13 did not detect any polypeptide of the expected molecular weight range either
in bovine or parasite extracts as shown in figure 3.16. The p13 protein is detectable in S.
pombe extracts used as a positive control (lanes 7 & 8). This result suggests that most of
the immunogenic epitopes are not conserved across species. Interestingly though this
serum does cross-react with a macroschizont specific polypeptide of 28kDa and a
piroplasm specific polypeptide of 45kDa, but it is highly unlikely that these polypeptides
represent the suc! homologue. It would be of interest to determine if the reactive
polypeptides seen in the piroplasm extracts could be blocked by pre-incubating the serum
with p13. Another approach would be to undertake a low stringency heterologous library
screen with a L. mexicana or S. pombe probe. The failure of the PCR approach and the

difficulties associated with a library screen led to abandoning the cloning of the sucl
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homologue in Theileria and to concentrate on the large subunit of ribonucleotide
reductase since it is an essential enzyme in the DNA replication machinery and by its
nature closely linked to the cell cycle.
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3.2 Discussion and Conclusions

The work presented in this chapter focuses on the existence of at least two
p13*“/ binding proteins with kinase activity that are present in piroplasm stage extracts of
Theileria annulata. Prior immunodepletion of the ThaCRK2 from piroplasm extracts
gave a reduction in histone phosphorylation significantly using p13 and slightly less with
p12 bound proteins. This indicates that one of the proteins capable of binding p13™“ is
ThaCRK2. This gene was isolated using a monoclonal anti PSTAIRE antibody (Kinnaird
et al.,, 1996). The reactivity profile of this anti-serum on Western blots shows a
predominant polypeptide of 34 kDa in piroplasm extracts and at least two polypeptides
in infected lymphocytes, probably representing the bovine p34°** and p32°**
homologues (Kinnaird ez al., 1996). Both the bovine p34°* and p32°** are capable of
binding to p13 (Figure 3.9 Panel B) and both presumably bind as part of an active kinase
complex although it is not possible to discriminate between their relative activities in any
of the assays undertaken. This binding shows that the p13 beads functioned as a specific
affinity tag for cdc2-related kinases in the experiments performed in this chapter. The
anti-ThaCRK?2 reactivity of the p13 eluated material is very weak whilst the anti-
PSTAIRE reactivity is considerably stronger. As prior depletion of ThaCRK2 suggests
the presence of more than one p13 binding kinase it is likely that one other bound kinase,
at least, also has anti-PSTAIRE reactivity (figure 3.14). However because different anti-
sera have different titres and the anti-ThaCRK2 reactivity is consistently weaker than
anti-PSTAIRE polyclonal antiserum it is not possible to conclusively identify another
kinase with anti-PSTAIRE reactivity binding and eluting from p13 beads (figure 3.10).
However work by Kinnaird ef al., (1996) who undertook immunoscreening of a cDNA
expression library with an anti-PSTAIRE monoclonal antibody, led to the identification
of a large number of reactive cDNA clones from the late stages of differentiation to
extracellular merozoites, all of which were ThaCRK2. If the second kinase was
expressed at much lower levels than ThaCRK2 at this stage then library screening may
not readily isolate this gene. Additionally, as the anti-PSTAIRE monoclonal can react
with other kinases which have a degree of divergence in the PSTAIRE region (Meyerson
et al., 1992, Mottram & Smith 1995) such as PCTAIRE etc., it suggests that other
kinases in Theileria could be divergent in the PSTAIRE motif. Also
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immunoprecipitation from piroplasm extracts with anti-ThaCRK2 antibody removed the
vast majority of polypeptide reactive with the anti-PSTAIRE monoclonal antibody
(Kinnaird et al., 1996). There are two alternative interpretations for this result: firstly,
incomplete clearance of ThaCRK2 from the extract and secondly, the presence of
another protein of exactly the same molecular weight that is weakly reactive with the
anti-PSTAIRE monoclonal sera. The evidence presented here for the existence of
another PSTAIRE reactive protein is based upon use of a polyclonal antibody but it is
difficult to know why the corresponding gene was not isolated during the library screen
with the monoclonal antibody. One difference is that the library was made from D7
differentiating cells and the experiments here used piroplasm extracts so it is possible that
there could be differential expression of the kinases in different life cycle stages.
Although both the PSTAIRE antibodies were raised against the same peptide, it is
possible that they recognise different epitopes. Unfortunately, our stock of monoclonal
anti-PSTAIRE is finished so it is not possible to repeat the experiment presented in
figure 3.14 for comparison with this serum.

Another cdc2-related kinase (ThaCRK3) has recently been cloned from 7.
annulata (Kinnaird, Logan & Langsley, unpublished). This gene has the sequence
HFTTLRE in the region corresponding to PSTAIRE, suggesting that it will bind a very
different class of cyclin partner. Similarly to the expression of ThaCRK2, the gene is
expressed in all intracellular bovine stages of the parasite. As a species specific antiserum
is currently being generated it will be interesting to determine the affinity of ThaCRK3
for p13. However, based on the current literature regarding regions involved i p13
interaction, it is possible to make a prediction. The binding affinity for ThaCRK2 seems
to be very low or highly unstable as judged by the low reactivity of the specific anti-sera
against piroplasm stage p13 bound eluates compared to that of p13 eluates from BL20
extracts but the slight increase in p13 bound casein kinase activity in ThaCRK2 depleted
extracts suggests ThaCRK2 does compete, to some extent, with the unknown kinase for
p13 binding (section 3.10/3.11). There may be a number of reasons for weak binding -
the first would be that the interaction between ThaCRK2 and p13 is unstable and easily
removed by the washing procedure, designed to reduce non-specific binding.
Alternatively, only a small amount of ThaCRK2 could be available for binding to p13.
This could be due to a competitive effect between the yeast p13 and the Theileria p13°™
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homologue in the piroplasm extracts. The association of ThaCRK2, if already bound to
the Theileria p13 homologue would not be easily disrupted by the presence of
exogenous pl3, especially if this has a lower specific affinity for parasite CRK relative to
the parasite p13™“ homologue. The consequence of this scenario is that most, if not all
of the parasite CRK would be present in the flow-through fractions of the binding assays,
being unavailable for binding to p13-sepharose. This could be easily determined if the
parasite p13™” homologue had been isolated and could be used as an affinity tag.
Binding affinities can be partly predicted by examining differences in the primary
structure of ThaCRK?2 and cdc2. As mentioned before, the binding affinity between p13
and ThaCRK3 is unknown and cannot be assessed due to the specific antiserum not
being yet available. However, its structure is considered here in parallel with ThaCRK2
for its likely binding affinity for p13. A number of papers have studied the interactions
between the cdc2 protein and its partners using an analysis of mutant phenotypes.
Ducommun et al. (1991) used an alanine scanning mutagenesis method to look at the
interaction between yeast p13™’ and human cdc2, although use of the human suc
homologue p9™"™**' gave similar results. This paper showed that there are several clusters
of mutations on the p34°*” protein, including sites directly involved in catalytic activity
that determine p13*™ binding,

Figure 3.17 shows a pileup of ThaCRK2/3 with human and S. pombe p34°*, Regions
known to be involved in the p13 binding are highlighted in bold. These were present in
both small and large lobes of cdc2. Marcote et al, (1993) defined these clusters more
precisely by looking at the effects of single substitutions within some of these clusters.
The rationale behind this is that gross changes involving several amino acids may have
multiple effects and indeed he says that in general, single replacements tended to have
less severe effects on binding. Specifically:

a) Within the cluster K?GRHK? (II), replacement of H* by Ala had the largest effect on
p13 binding in the assay (50% of wildtype). This residue is not conserved in ThaCRK2
(N) or in ThaCRK3 (D). The acidic residue in ThaCRK3 will considerably change the
structure but being charged could still undergo bond formation albeit with a different
residue. Neither are conservative substitutions and it is not possible to predict the effects
on binding but although these might not be as severe as replacement with Ala. However

the importance of this region is emphasised by analysis of charged — Ala clusters on
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either side, E*- E'” and K* - E* both of which had virtually no effect on binding in the in

Vifro assay.

b). In the cluster K’ ELRH® (IV) replacement of H* had the largest effect on binding of
p13 (reduced to 20%). This residue is conserved in both Theileria kinases.

c). In the cluster R'® - D'*® (VII), which is not generally well conserved in Theileria,
two specific replacements were analysed, R'** and D'**, R**® — Ala had almost no effect
on binding but D'*® — Ala reduced binding to 20% of wildtype levels. This residue is
conserved in Theileria and is conserved in the cAMP dependent protein kinase in which,
as shown from the crystal structure (Knighton ez al., 1993) it forms a bond with the
backbone of the catalytic region. Similarly the residue E'”* in the cluster R'7° - E' is
predicted to form an internal ionic bond with R*”* in the cluster D*’' -R*”* (XTII).
Mutation of any of these three residues is likely to disrupt the conformation of the large
lobe and thus indirectly affect p13 binding. As these residues are conserved in ThaCRK2
and ThaCRK3 it suggests that the conformation may not be that different and that
binding affinity to yeast p13 may depend on direct interaction with specific residues.

However effects of other differences on conformation cannot be ruled out.

d). In the cluster R** - R**® (XI) replacement of R*** by Ala had a major effect on p13
binding. This residue is predicted to have a surface location in the large lobe and directly
interact with p13. This region is quite well conserved in both ThaCRK2 and 3 and is
therefore unlikely to affect binding to p13.

e).Certain residues in p34°** have been predicted to be involved in binding of p13™*' by
Endicott (1994) from a structural model which was based on analysis of yeast mutant
phenotypes combined with the X-ray crystal structure of the cAMP dependent protein
kinase (Knighton, ibid). These p34°** mutants can be rescued by over-expression of
p13™°! . The homologous wildtype residues in all 6 mutant alleles are conserved in
ThaCRK2 and 3 (Figure 3.17 indicated by A). However, other residues as yet
unidentified are probably also important in either direct binding of p13 or indirectly
through tertiary structure.
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f). A region represented by a deletion of 20 amino acids, S*** - H*>* (XII), was
characterised by Ducommun (1993) as abolishing 90% of the binding of human cdc2 to
yeast p13. However, Alanine scanning mutagenesis of the small cluster K*** -K** within
this region had no effect on binding, suggesting that some of the other residues within
the deletion are more important but it is equally possible that such a large deletion could
have a disruptive effect on the conformation of the protein. This region has not been
extensively analysed although in the crystal structure of the inactive form of human
CDK2 some of the residues are predicted to have a surface location (de Bondt ez al.,
1993) and therefore is likely to be a site of interaction with another protein. The region
of this deletion is part of a 25 amino acid insertion that is not present in the cAMP
dependent protein kinase but is typical of cdc2-related kinases. Because of this it was not
been modelled in the 3-dimensional structure proposed by Marcote. While deletion of 20
amino acids suggests that it may be a point of p13 binding, a yeast mutant with a three
amino acid deletion (L**°-D** in S.pombe) contained within this insertion, had a
dominant lethal phenotype when over-expressed causing cells prematurely enter mitosis
without completing S phase. This led to the proposal that while the activity of the kinase
was unaffected, it was likely that the mutant failed to interact with a negative regulator of
mitosis , perhaps a CDK inhibitor (Labib ef al., 1995, Endicott ef al., 1994). This region
is quite divergent in ThaCRK2 (19%, identical, 28% similar) and slightly less so in
ThaCRK3 (29% identical, 35% similar), whereas S. pombe p34°*? and human cdc2 are
over 50% identical, 57% similar. Given the possible importance of this area in p13
binding either through its effect on the conformation of the large lobe or direct
interaction with p13, it seems possible that the degree of divergence in the 7heileria
CRK’s may affect their affinities for yeast p13. In summary, on the basis of available
information, this latter region and the chuster K** -K** containing the important H*
residue contain the differences most likely to influence p13 binding.

Very recently, the X ray crystal structure of human CDK2 complexed with a
human p13 homologue, p9°*"!, has been published (Bourne ef al.,1996). This has shed
considerable light on the interaction of the two proteins and points to a possible role for
p13 like molecules. The strong conservation amongst eukaryotes of key residues defined
by the structure of the CDK2/ Ckshs1 complex suggested that the interaction will be
very similar for other closely related CDKSs and p13 homologues. The results of this
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study also pin point certain residues which are not well conserved in the two Theileria
kinases, again suggesting the affinity for yeast p13 is not optimal. The crystal stucture
showed that Ckshs1 binds directly or “interfaces” with two domains in the C terminal
lobe of CDK2. It does not appear to interface at all with the N-terminal lobe in which a
small region of charged residues was implicated in p13 binding by the mutagenesis
approaches of Ducommun (1991) and Marcote (1993) described above. In order to
reconcile the apparently conflicting data the authors suggest that certain mutations in the
N- terminus may have a conformational effect on the structure of the kinase which
indirectly affects sub-unit binding. The domains in the CDK C-terminus extend over the
residues G*° - L***in human cdc2 (figure 3.17 region X) and residues $*** - P**° (XIII),
part of the 25 amino acid insertion unique to cdc2-related kinase and which forms a loop
structure. These regions have already been described as being divergent in ThaCRK2 and
ThaCRKS3 (here and Kinnnaird et al., 1996). Specifically, within the region covering the
20 amino acid deletion described by Ducommun which is within the interfacing 25 amino
acid loop sequence, Boumne ef al. (1996) identified a conserved aromatic P residue which
had been mutated in S.cerevisae CDC28 to L. This mutant is defective in p13 binding but
still retains kinase activity. This residue is not conserved in either ThaCRK2 or 3
suggesting that this would abolish p13 binding. However the results presented here show
that ThaCRK?2 at least binds to p13 and thus possibly other substitutions may modify or
stabilise the binding to some extent. To confirm cross species conservation several
mutants of CksHs1 were created in the CDK2 contact region, all of which were defective
in their yeast cdc2 binding affinities compared to the wild type CksHsl.

The side of CksHs1 away from the side that interfaces with CDK2 is also
conserved between species and is positioned in the CDK2 catalytic cleft in such a way as
to extend the surface area of the cleft. On this basis it is proposed that p13 like proteins
function to target CDK’s to substrates or kinase regulatory proteins.

Given the failure to PCR the suc/ homologue of Theileria it is possible that the
Theileria homologue differs quite extensively in the regions used to design primers. Thus
other approaches would need to be employed to isolate the suc/ homologue. It would
then be of interest to determine if ThaCRK2 and ThaCRK3 would exhibit a higher
binding affinity to the homologue compared to yeast p13 and I would suspect that they

75



quite probably will. This would perhaps also be the easiest way to determining the
identity of the second kinase or kinases whose existence is suggested by the lack of
reduction in casein kinase activity in piroplasm extracts immunodepleted of ThaCRK?2
prior to pl3 binding. One of these may be ThaCRK3 as analysis of protein sequence
suggests it may bind p13. This will be confirmed with a specific antiserum. However, a
45kDa protein from piroplasm extracts was shown to bind strongly to p13 sepharose.
This did not react with the anti-PSTAIRE antiserum. Rather interestingly, the predicted
molecular weight of ThaCRK3 is 46kDa and it does not react with anti-PSTAIRE
antiserum (Logan & Kinnaird, unpublished).

Work undertaken with Paramecium tetraurelia shows parallels with the findings
here. Using an anti-PSTAIRE anti-serum it was shown that there were two polypeptides
of 34 and 36kDa which were recognised by this antibody (Tang et al.,1994). Both
polypeptides exhibited different binding affinities for p13 sepharose with the 36kDa
molecule possessing the higher binding affinity. Neither of these two molecules were
recognised by sera against the C-terminal region of the human p34°*? suggesting that
there is divergence in this region. When the putative p34°*® was cloned by PCR from P.
tetraurelia it was shown to contain longer N and C-termini than the S. pombe
polypeptide. Overall the homology between this homologue and other cdc2 proteins is
only of the order of 50% at the amino acid level (Tang et al., 1995). This protein was
shown to be the 34kDa anti-PSTAIRE antibody reactive protein described in the earlier
paper which did not show appreciable p13 binding. There is the possibility this gene from
P. tetraurelia may not be the cdc2 homologue given that it is no more identical to human
cdc2 than it is to cdk3 and that human cdk3 had been shown to bind to p13 very weakly
(Meyerson et al., 1992). The authors state that the p13 binding sites as defined by
Ducommun (1991) and Marcote (1993) are not conserved in the P. tetraurelia
polypeptide. It is believed that this protein from P. tetfraurelia possesses histone H1
kinase activity as a monomer although this may be an in vitro effect.(Tang et al., 1994).
Similarily work in L. me}cicana showed the existence of at least two cdcZ2 related kinases,
crkl and crk3 (Mottram et al., 1993 and unpublished) together with another kinase
capable of binding to p13 sepharose but which is distinct from either the crk and crk3
genes already isolated. Specific anti-serum raised against the crk1 polypeptide showed
that this molecule bound weakly to p13 sepharose and although being able to bind the
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Leishmania homologue p12 with a higher affinity, it was not responsible for the majority
of the histone H1 kinase activity precipitable from the p12 sepharose (Mottram & Grant,
1996).

With respect to the second p13 bound kinase activity in Theileria identified by
this work, a number of conclusions can be drawn about its identity on the basis of
experiments detailed in this chapter. It has a relatively higher specific affinity for yeast
p13 than Leishmania p12 and is more specific for casein as a substrate than histone.
Although these substrates indicate a bias of different kinases, they are common substrates
in kinase assays and, in many cases, the exact physiological substrate of the CDK'’s are
unclear. It is probably reactive with a polyclonal anti-PSTAIRE serum (figs 3.10 & 3.14)
suggesting that it possesses this conserved domain which, in turn, suggests that it is a
member of a conserved cdc2-related kinase family. This result also suggests that it has
similar molecular mass to ThaCRK2 and a mass typical for cdc2-related protein kinases.
However, it must differ at the C-terminal region from the ThaCRK2 kinase since it does
not cross react with the anti-ThaCRK2 sera. Further work would be productive in
determining the identity of this kinase. One step would be to screen an expression library
with the polyclonal PSTAIRE serum. It may also be feasible to isolate sufficient
quantities of the protein by p13 purification and subsequent gel filtration for
microsequencing allowing design of oligonucleotides and cloning via PCR amplification,
using the PSTAIRE region to design the second oligonucleotide primer. In addition,
given the high affinity of p13 for CDKs it may be possible to screen an expression library
with recombinant Histidine tagged p13 with the ‘p13 binding plaques’ being detected by
an antibody to the Histidine tag or to p13 assuming that the cDNA can express and fold
properly in the bacterial expression system.The presence of phosphorylated proteins
identified by SDS-PAGE following kinase assay in the absence of substrate suggests that
bound kinases may autophosphorylate but other molecules in the CDK complex such as
CKIs can be phosphorylated by the CDK to which they are bound (Morgan et al., 1995).

Work by Tamaru and Okada ( 1996) showed there to be two major kinases
associated with p13 in mature rat brain. These were characterised by an in situ SDS-
PAGE gel kinase assay showing the sizes of the kinases to be 45 and 100kDa. The

smaller kinase was purified to near homogenity and was shown not to cross-react with
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anti-PSTAIRE sera. Its preferred substrates are histone H1 and myelin basic protein but
there was poor phosphorylation of caseins and neurofilaments. It does not appear to
need regulatory subunits for activity as it is active in a monomeric form. p45 is a possible
member of the large family of proline-directed kinases. This work raises the possibility
that there may be a range of kinases capable of binding to p13 which share little or no
features of the CDK’s.

In conclusion, there are at least two kinases in Theileria annulata which have
different binding affinities for p13, possibly based either on differences in tertiary
structure of the proteins or in specific residues that interact with p13. One of these is
ThaCRK2 which is capable of binding to p13 as a part of an active kinase complex.
ThaCRK?2 is PSTAIRE reactive and was identified as binding through the use of a
specific antiserum. Another anti-PSTAIRE polyclonal reactive kinase can also bind. This
kinase may also be capable of undergoing autophosphorylation. A 45kDa polypeptide
was identified by Sypro orange staining as binding to p13. This was not significantly anti-
PSTAIRE reactive. It is possible that ThaCRK3, which has a predicted mass of 46kDa
and does not detectably react with anti-PSTAIRE antiserum on Western blots (Kinnaird
et al.,unpublished), could bind to p13. Further work should perhaps concentrate on the
isolation of the second anti-PSTAIRE reactive kinase as a potential member of the cyclin
related kinase family in Theileria annulata.

A strong histone specific kinase activity was present in piroplasms which is
probably mainly due to the ThaCRK2. However, histone is a substrate commonly used in
in vitro assays and may not reflect true substrate specificity. As 7. annulata piroplasms
show only limited division (Conrad ef al., 1985) and expression of genes known to be
associated with DNA replication is low in the population as a whole (Chapter 6) it may
be that this kinase activity fulfils a role not associated with nuclear division, such as
organisation of the piroplasm for subsequent development in the tick into gametes.

Attempts to isolate the Theileria sucl homologue with a view to developing a

more specific assay system were unsuccessful suggesting that it may be quite divergent.
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Figure 3.1 Alignment of sucl homologues

Figure courtesy of Dr. J. Mottram. Key Ckslhs, Cks2hs - human 9
CKS1 and p9 “*%2, Patsuc - Patella vulgata p9°*S!, Cksphy - Physarum
polycelphalum p9*S!, LmmCKS1 - L. mexicana p12%%!, Cksl - S.
cerevisiae p18“*%! and sucl - S. pombe p13™’.

Shaded blocks indicate highly conserved regions used for primer
design.
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Figure 3.2 Expression and purification of p13.

Recombinant clones containing the sucl gene within the pQE60
vector (Qiagen) were induced with 1mM IPTG for 5 hours at 37°C,
harvested and resuspended in sonication buffer (SOmM sodium phosphate
buffer pH8.0, 300mM NaCl). The solution was then treated with lysozyme
(1mg/ml) at 37°C for 15 minutes prior to a freeze/ thaw cycle at -80°C
followed by sonication. Cellular debris was cleared by centrifugation at
40000g. The cleared supernatant was applied to a Ni-NTA agarose column
at 0.2ml/min. The column was washed in sonication buffer at a flow rate of
0.5ml/min, then with wash buffer (S50mM sodium phosphate buffer pH6.0,
300mM NaCl, 10% glycerol) at the same rate. Bound protein was eluted
from the column using a linear gradient of 0 to 500mM imidazole in wash
buffer. Fractions containing purified p13 protein were pooled and dialysed
against 50mM sodium phosphate buffer pH6.0, 300mM NaCl and
concentrated using a Centricon-10 filter prior to coupling to Aminolink

beads (Pierce) at a concentration of Smg/ml.

Panel A is a 15% SDS-PAGE gel showing the high speed centrifugation
pellet and supernatant fractions after sonication and application of
supernatant to the Ni-NTA column. Lane 1 is the pellet fraction. Lane 2 is
the supernatant fraction and lane 3 is the supernatant after passing through
the column.

Panel B shows aliquots of fractions eluted from the column analysed by 15%
SDS-PAGE gel.

Panel C shows the pooled protein from fractions 18-28 after dialysis prior to
concentration with the Centricon 10 filter. Tracks 1&2 show purified p13

protein.
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Figure 3.3 Affinity purification of bovine CDK on p13-sepharose.

Cell extracts from BL20 cells were incubated with control and p13 beads
and washed as detailed in chapter 2.. The extracts were then separated on a
12.5% acrylamide gel, blotted onto Hybond N membrane and probed with
sera as listed below. Signal development was carried out by

chemiluminscence using the ECL detection system (Amersham).

Panel A shows a Western blot of extracts and p13 affinity purified protein
using an anti-PSTAIRE monoclonal antibody.

Panel B shows a Western blot as in (A) only using an anti human cdc2 C-
terminal polyclonal antibody (Gibco). The sizes are as shown on the right of

the panels.

Key:

Lane 1 Flow through after p13 binding.
Lane 2 Flow through after Tris binding.
Lane 3 Eluate from p13 sepharose beads.

Lane 4 Eluate from Tris sepharose beads.
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Figure 3.4 Purification of macroschizonts

A differentiating D7 culture (5 days at 41°C) was lysed by
nebulisation and centrifuged through a Percoll gradient. The fractions were

examined by Giesma staining to assess levels of purity.

Panel A shows the intact cells prior to nebulisation.
Panel B shows the host material after centrifugation.

Panel C shows the parasite material after centrifugation.

Key:
hn  host nucleus
ms macroschizont

Magnification is X1000 with the scale bar representing 10pum.

82






Figure 3.5. Histone H1 kinase assay of p13 sepharose and Tris
sepharose bound protein from BL20, purified macroschizont and

piroplasm extracts.

Cell extracts from BL20, macroschizonts isolated by nebulisation of D7
cells and piroplasm stage extracts were incubated with control and p13
beads. Kinase activity bound to beads, as assayed by the ability to
phosphorylate histone H1, was detected after SDS/PAGE electrophoresis
and autoradiography. Macroschizont preparation and purity of preparation is

detailed in section 3.1 4.

Key:

Lane 1 BL20 p13 bound protein.

Lane 2 BL20 Tris bound protein.

Lane 3 Macroschizont p13 bound protein.
Lane 4 Macroschizont Tris bound protein.
Lane 5 Piroplasm p13 bound protein.

Lane 6 Piroplasm Tris bound protein.
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Figure 3.6 Kinase assay with p13 sepharose bound protein from

piroplasm extracts using a variety of substrates.

Equivalent volumes of piroplasm p13 bound extracts were assyed for kinase
activity in the presence of various substrates. Kinase activity was detected

by SDS/PAGE and autoradiography as before.

Key:

Lane 1 No exogenous substrate added.

Lane 2 o casein as the exogenous substrate.

Lane 3 Histone as the exogenous substrate.

Lane 4 Myosin light chains as the exogenous substrates.

Arrows indicate bands X, Y and Z which are referred to in the text.
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