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Abstract: 

The molecular genetics and potential function of two sporozoite surface 

antigens (SPAG-1 and SPAG-2) of Theileria annulata have been investigated 

using a variety of molecular and immunochernical techniques. Both of these 

antigens are candidates for inclusion in a subunit vaccine. In this thesis I will 

concentrate on the role of SPAG-1, since SPAG-2 only became available during 

the later stages of this research. 

I have been able to demonstrate that SPAG-1 is encoded by a single copy 

gene. Further, I have identified four SPAG-1 alleles using a PCR-based approach. 
The sequences of two different full-length SPAG-1 alleles were compared. The 

comparison of these revealed that the C- and N-termini are highly conserved and 

that the central region of the antigen gene is highly polymorphic. The 

implications for vaccine development and functional importance are discussed. 

I mapped the 5' end of the SPAG-1 mRNA in an attempt to identify the 

promoter region involved in the stage specific regulation of the gene. The 

comparison of the upstream regions of SPAG-1 and p67, the T. parva homologue, 

resulted in the identification of two palindromic, 6 bp long sequence motifs, 

which are conserved in the 5' region of both genes. They are situated in a highly 

conserved stretch near the predicted mRNA initiation site and one of these 

palindromic sequences is repeated. The function of these motifs is unknown. I 

provide evidence for the existence of a cryptic, 30 bp long, intron in the SPAG-1 

gene. 

I have been able to show that recombinant SPAG-1 and SPAG-2 bind to a 

subset of bovine peripheral blood mononuclear cells. Some of these cells are 
targets for sporozoite invasion. The importance of SPAG-1, SPAG-2 and the elastin 

receptor for sporozoite invasion is discussed. My results show that SPAG-1 also 
binds to BW cells which are also targets for sporozoite invasion. The SPAG-1 

receptor number on BW cells is presented. 
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Chapter 1 

Introduction and literature review, 

1.1. The Parasite. 

The protozoan parasite Thelleria annulata was first described by 

Dschunkowsky and Luhs (1904) and is the causative agent of tropical 

theileriosis or Mediterranean Coast fever. World-wide this parasite 

threatens an estimated 250 million cattle and is of major economical 
importance due to constraints in livestock production in endemic areas 
due to its disease. The eradication of this parasite is hindered by its 

ability to infect cells of the hosts' immune system and to infect several 
host species. 

1.1.2. The Phylum. 

Theileria annulata belongs to a group of tick-borne apicomplexan 
parasites which infect a variety of wild and domestic animals throughout 
the world. The genus Theileria contains a number of species, some of 
which infect cattle as shown in Table 1. The different species and their 
characteristics have been reviewed by Uilenberg (1981), Dolan (1989) 

and Morzaria and Nene (1990). 

Other apicomplexan parasites which are of major importance are 
Plasmodium, Eimeria, Babesla, Sarcocystis and Toxoplasma. AII 

apicomplexan parasites are characterised by possession of an apical 
complex during at least one of their life cycle stages and by exhibiting at 
least one intracellular stage within the mammalian host. For example, 
they invade either erythrocytes, leucocytes or hepatocytes. The closest 
related parasites to Theileria are those of the genus Babesia. These two 

genera can be distinguished by their morphology and their target cells 

since Babesia species only invade erythrocytes while Theileria species 

12 



u i 

1 

.W C) J4 Ec = -0 
%A ý: W-4 -a oý 

92 = it 
ie ", j, uj m en (D u 10 tu -0 . -: u 

ce Z ö\ -4 b. =0 v- 

b. 4) 
mZ . - 

r- 19 ei cý 
. lý u b. 

ý 
0 b. 4) 

Z 
U 4) 
Jz iz r 14. 

t) 
fj 
u2 IM 0= ce 

's t) M r4 «0 r. 
g 00 (L) 

.2w 
rý 

=x c4 uU ie en .-=r. -19 -14 , r- 6.. U r- 
m0= 

-mM 
.2 2 00 4) 

Z 
0 r. cy% M cy% = . 

c 
4« 0= LU = pj c 92 =U 

0 

0 0 
tu 

*r m<r. *0 cu 
4) 

:e 
6- 42 b. 
uu 4) rn ce 

, 
toj b. -u 4. ) 

tu iz 
JD u 

Co 

Z Z, 
> 

-*S < < 2u < 

> 
0 .u 

> 
UU . - 

92 > r 

u 

E.;; * < < 22 
U 

0 
m . - u bo 

_ , 95 'm C: 6 0 ce . - 
C. 
ý 

cm CU N. 0 -m te 0 In te *' . *ý = -Z to U 
0 u 10 *d 4) c- . = 

' U U a 

>U F- F- Z 
:2 r_ = U 

M. 5 tu 0 im c U 

Q 4 

4) r3 

b. 

ei 
u 

-Z 
b% U 

iz r- B: r- 
E E Z 

%) Q6 9: 4 %. ) E 
Z, 

4z 

t 

- 
n :x Z u C. ) tn '; u 

m 
b. :x 

:eý, 
bö 

&2 &. 
:x :x 

l' 
2 

:x :x 

2 

:x 93 .ý ge 
jz 
u 

r3 
%. lý ý- 

r %j 
ßý �eu 
%) 

ß. 
'm N e 

b. = 
1- 13 

Z, .ý% 3 

%, x: te :x 
) 

>I CZ cQ cz 
t3 -Z >, 

r4 
Ci 

gn r4 f3 
cn CQ c02 

-Z: 1 
1 F. ' F4 1 F4 1 14 1 F4 1 N; 1 F4 i E4 i E4 i 

00 

V 

10 

(A 

110 
L. 

w 
.C 

cc 

c 

.C 

X 

go 
k- 

13 



also invade leukocytes. Molecular biological techniques may soon play a 

more important role in the classification and the development of 

phylogenetic trees for apicomplexan parasites. The phylogenetic 

relationship between Theileria and other apicomplexan parasites has 

been established and is based on the sequence comparison of the small 

sub-unit ribosomal RNA molecules (Barta et al., 1991; Gajadhar et al., 
1991). The current classification of the Theileria genus is as follows: 

Subkingdom 

Phylum 
Class 

Subclass 

Order 
Family 
Genus 

Protozoa 
Apicomplexa 

Sporozoea 

Piroplasmia 

Piroplasmida 

Theileriidae 

Theileria 

Classification according to Irvin (1987) and Irvin and Morrison (1987). 

The distribution of the Theileria genus and their 
vectors. 

The genus Theileria is found across all continents but is less 

common in the Americas (Uilenbcrg, 1981). The economically more 
important species which infect cattle can be distinguished by the 

morphology of their piroplasms and schizonts, by serological 
differences detected by indirect fluorescent antibody tests (Kimber et al., 
1973), and differences in their geographical distribution. pathogenicity 

and vector species. There are five economically important Theileria 

species and due to differences in treatment and prevention of disease it 

is important to be able to distinguish between the species. T. parva is 

found in Eastern and Central Africa where it is transmitted by 

Rhipicephalus species ticks and is the cause of East Coast Fever. Corridor 

Disease and January disease. T. mutans is also found in Africa, is 

transmitted by ticks of the Amblyonima genus and causes Benign 

African thcileriosis I. In Africa one can also find T. taurotragi, which 

14 



Figure 1: The distribution of Theileria annulata. The parasite is endemic 
in the shaded areas of the map of the world. This figure was adapted from 
Neitz (1957). 



causes Benign African theileriosis II, and like T. parva, is transmitted by 

ticks of the Rhipicephalus genus. Diagnosis is made more difficult by 

another species, T. velifera, which is non-pathogenic but also occurs in 

Africa and is transmitted by ticks of the genus Amblyomma. The 

mammalian host for all these parasites is cattle, although some species 

also infect a variety of native mammals. In general, the symptoms of the 

disease are more profound in exotic and cross-bred cattle than in native 

breeds. This is a major constraint on the improvement of milk 

production in these countries. T. annulata the causative agent of 

tropical thcileriosis has a much wider distribution; it is found in 

Southern Europe, Northern Africa, Egypt to the Sudan, the Middle East, 

India, parts of the former Soviet Union and southern China. T. annulata 

is transmitted by ticks of the genus Hyalomma, and depending on the 

geographical location, different species are of importance. For example 

the most important tick vector in India is Hyalomma anatolicunt 

anatolicum, while in the former Soviet Union it is H. scupense and in 

North Africa it is H. detritum (Singh et al., 1986). A diagrammatic 

representation of the world wide distribution of T. annulata is shown in 

Figure 1. Another Theiteria species which infects cattle and is of 

economical importance is T. sergenti. The disease associated with this 

parasite is called Oriental theileriosis, and is found in the eastern part of 

the former Soviet Union, Japan, South Korea and eastern China. It is 

transmitted by ticks of the genus Haemaphysalis. Other Theileria species 

which are also of economical importance but do not infect cattle are T. 

hirci and T. camelensis. The former is transmitted by ticks of the genus 
Hyalomma and causes disease in sheep and goats while the latter infects 

camels but its arthropod host is unknown. These Theileria species, their 

tick vectors, distribution and the disease they cause are listed in Table I 

together with the relevant references. 

1.1.4. The life cycle. 

T. annulata has a complicated two-host life cycle which is typical 

of the whole Theileria genus. A simplified diagrammatic form is shown 

in Figure 2. It involves three main phases of multiplication. These are 

sporogony, after sexual reproduction in the invertebrate host, followed 

by two asexual phase s of multiplication in the vertebrate host: 

16 
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Figure 2: The life cycle of Theileria annulata. 1. Sporozoite in saliva of a 
feeding tick. 2. Sporozoite invading a leukocyte. 3. Macroschizont. 
4. Macroschizonts divide in synchrony with host cells. S. Merogony, release 
of merozoites. 6. Merozoite. 7. Merozoite invading an erythrocyte. 
8. Piroplasms. 9. Release of ovoid stages from blood masses in tick gut. 
10. Microgamete. 11 . Macrogamete. 12. Zygote. 13. Infected gut epithelial 
cell. 14. Kinete. 15. kinete invades salivary gland cell. 16. Asexual 
reproductionof kinete. 17. Sporoblast. 18. Release of sporozoites. (This 
figure is adapted from: Mehlhorn and Schein, 1984; Dolan, 1989; Tait and 
Hall, 1990). 
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schizogony and merogony. The life cycle of T. annulata has been studied 
by light and electron microscopy, and the following account is based on 

observations and descriptions by Uilenberg (1981), Fawcett et al. (1982), 

Mehlhom and Schein (1984), Tait and Hall (1990) and Morzaria and Nene 

(1990). 

T. annulata is transmitted from an infected tick of the Hyalomma 

genus to the vertebrate host (cattle Bos taurus or Bos indicus or 
domestic buffalo, Bubalis bubalis), when the tick is feeding. Most 

vertebrates can only be infected by ticks or by artificial inoculation 

since no transovarial transmission has been detected. During a blood 

meal an infected adult tick will inject saliva containing Theileria 

sporozoites into the blood stream of the bovine host. Once in the blood, 

the sporozoites rapidly invade their host cells. Generally, the target cells 
for T. annulata are leukocytes, such as B cells and macroPhages (Glass et 

al., 1989). The invasion process and the target cells are discussed in more 
detail in sections 1.7.2 and 1.7.3 respectively. 

The invasion process is very rapid, taking around three minutes 
in vitro (Jura, 1984). During the invasion process the sporozoite is 

enclosed by the host cell membrane. Subsequent to invasion this 

membrane is broken down, probably by secretions of the sporozoite, and 
finally the sporozoitc comes to lie in the cytoplasm where it develops 
into the trophozoite. This process is distinct from other apicomplexan 
parasites such as Einieria and Plasmodium, where the sporozoite is 

retained in a parasitophorous vacuole. The process from beginning of 
invasion until development of the trophozoite is completed within 30 

minutes in vitro (Jura et al., 1983). 

The trophozoite enlarges by ingesting the cytoplasm of the host 

cell, and undergoes repeated nuclear division which results in the 
formation of the macroschizont. The macroschizont then transforms and 
immortalises its host cell. The macroschizont can first be detected 

approximately three days after infection (Mehlhorn and Schein, 1984). A 
typical macroschizont contains six to eight nuclei, but in some cases 
many more have been observed (Kurtti et al., 1981). The process by 

which the macroschizont immortalises its host cell is only poorly 

understood, but elevated levels of some transcription factors (Ap-1, Jun, 
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NFI and NF-icB) have been found in infected cells (Baylis et al., 1995; 
Ivanov and Williams, 1991). Changes in phosphoprotein and protein 
kinase activities have also been detected (Dyer et al., 1992). Possible 

mechanisms for transformation of the host cell are discussed by Dyer 

and Tait (1987). The process of synchronous division of host cell and 
macroschizont is called schizogony. which is the first phase of asexual 
multiplication in the bovine host. 

The next phase of asexual multiplication for T. annulata in the 
bovine host is called merogony, and this phase follows schizogony. After 
8-10 days merozoites start to form from the nuclei at the periphery of the 

schizont. They appear "rosette-like" and are termed microschizonts; they 

can be seen under a light microscope. The merozoites develop rhoptries 

and an apical polar ring and they bud from the surface of the schizont 
in a synchronous manner (Shaw and Tilney, 1992). Free merozoites in 

the bloodstream of the bovine host contain a rhoptry complex, a 

mitochondrion, ribosomes and a nucleus. They are 1-2 pm long and their 

outer surface consists of a cell membrane and two closely apposed inner 

membranes (Mehlhorn and Schein, 1984). 

Once in the bloodstream, the -merozoites rapidly invade 
erythrocytes. In an infected cow up to 90% of all erythrocytes can be 
infected. The process of invasion of erythrocytes by merozoites is only 
poorly understood, but is thought to be mediated by ligand-receptor 
interactions as demonstrated in malaria (Kawamoto et al., 1990). After the 
invasion the erythrocyte membrane enveloping the merozoite is 
disintegrated, probably by secretions from the rhoptries, and the 
parasite differentiates into the piroplasm form. Two different forms of 
piroplasms have been observed: a) slender comma shaped forms or b) 

ovoid or spherical forms (Mehihorn and Schein, 1984). The frequency 
with which these two different forms are observed varies for different 
Theileria species, e. g. for T. annulata both forms occur in 

approximately equal numbers whereas in T. parva 80% of all piroplasms 
are comma shaped. 

It has been proposed that another cycle of division is linked to the 

comma-shaped piroplasms. These are thought to divide by binary fission 

and this nuclear division is associated with cellular division. As a result 



no multi-nucleate schizont-like stages can be observed. This process has 

been described in vitro by Conrad et al. (1985). and similar forms were 

also seen in infected cattle. The merozoites released from erythrocytes 

are identical to those released from schizont-infected lymphocytes and 

can re-infect erythrocytes. The relative importance of the two forms for 

the maintenance of infection is unknown. 

When a tick feeds on an infected host, piroplasms are taken up 
during the blood meal and so transmission between vertebrate and 
invertebrate hosts occurs. In the gut of the tick, the spherical 

piroplasms develop into microgametcs. These can be observed 2-4 days 

after the tick stops feeding (Mehlhorn and Schein, 1984). Larger 

gametes can also be found in the gut of the tick and these gametes are 

called macrogamctes. These two types of gametes fuse to form the zygote, 

which develops into a kinetc; this is a club-like, uninuclcate motile stage 

which in turn invades the gut epithelial cells of the tick. Shortly before 

the molting of the skin of the tick, kinetes of T. annulata can be 

observed to migrate in the haemolymph on their way to the salivary 

gland. 

Once a kinete reaches the salivary gland it infects salivary gland 
cells and is thought to lie dormant until the tick starts feeding 
(Mehlhorn and Schein, 1984). The kinetes are found in the cytoplasm of 
the gland cells where they undergo a series of differentiation and 
multiplication steps, after the tick starts to feed. Three to -five days after 
feeding is initiated the sporozoites are formed which, when transmitted 
to the bovine host, are infective and complete the life cycle of T. 

annulata. In total, about 50,000 sporozoites can be produced from a single 
infected salivary gland cell. 

20 



Tropical Theileriosis. 

1.2.1 The disease. 

Worldwide there are 250 million cattle at risk of tropical 

theileriosis. In endemic areas, indigenous cattle are usually infected as 

calves and tend to develop only mild symptoms and recover readily. After 

this recovery they exhibit protective immunity to further infections but 

are persistent carriers (Brown, 1990a). In recent years, attempts to 
increase the milk yield in Third World countries have resulted in the 

introduction of cross-bred and exotic cattle. These were found to be 

highly susceptible to tropical theileriosis and exhibit a mortality of 40-60 

%. Tropical theileriosis is therefore of great economical importance due 

to the constraints it places on the increase of milk production in 

endemic areas. 

The epidemiology of tropical theileriosis is described by Uilenberg 
(1981). In subtropical areas the disease has a seasonal character, and 

most cases are found during the summer months when the ticks by 

which the disease is transmitted are most active. As would be expected 
the seasonality of infection is less pronounced in the tropics. An 
important characteristic of the disease, which could make its eradication 
virtually impossible, is that exotic and cross-bred cattle, once recovered, 
remain healthy carriers. These animals thus act as a reservoir for future 
infections. Another reservoir host is the Asian water buffalo. which 
only experiences mild disease symptoms and also remains a carrier. 

The description below of the pathology of the disease is based on 
papers by Neitz (1957), Laiblin (1978), Uilenberg (1981). Mehlhorn and 
Schein (1984) and Tait and Hall (1990). The severity of the disease varies, 
depending on the susceptibility of the animal, the virulence of the 

parasite strain and the number of the sporozoites with which the animal 
is infected. In general, an infected animal develops a fever about 2 

weeks after the tick starts to feed. The onset of fever in mechanically- 
infected animals is usually delayed. 

The symptoms of a typical acute infection are as follows. Two days 

before the onset of the fever, (which is usually above 410C), schizonts 
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can be detected in the bloodstream of the infected animal. The fever is 

accompanied by swelling of the superficial lymph glands, closely 

followed by swelling of the regional lymph nodes draining the sites of 

infection. Other symptoms are the cessation of rumination, drooling 

from the mouth, swelling of the eyelids. accelerated pulse and breathing, 

general weakness, a reduction in milk production and diarrhoea. After 

prolonged infection, blood and mucus can be observed in the faeces. The 

red blood cell count also drops from 7 to 3 million cells per mm3. The 

animal becomes markedly emaciated. If the animal continues to feed and 

the erythrocyte count recovers then the animal has a good chance of 

recovering completely. If, however, the erythrocyte count does not 

recover this will lead to severe anaemia (an erythrocyte count of less 

than I million per mm3) and the animal will die, usually 8-15 days after 

the onset of the disease. 

It is not clear how disease progression is related to parasite 
development. However, the main pathogenic effects occur during the 

intra-lymphocytic stage i. e. schizogony, when the infected lymphocytes 

multiply. It has been suggested that these displace uninfected 
lymphocytes in the lymph node tissue and thereby induce symptoms 
similar to leucosis (leucocyte depletion). Haemolytic anaernia, which can 
be observed during the later stages of infection, occurs during 

merogony and it has been shown that up to 90 % of all erythrocytes can 
be infected. The severe anaernia is more likely to be due to phagocytosis 
of infected erythrocytes than to direct lysis of the infected cells by the 

parasite. Parasite induced auto-immune responses may be another cause 
of anaernia, as suggested by Uilenberg (1981). The symptoms for other 
Theileria species vary. For example in T. mutans, the pathogenesis is 

predominantly due to the erythrocytic stage, while in T. parva 

piroplasm replication is not found and haernolytic anaernia is uncommon 
(Morzaria and Nene, 1990). 

The disease is usually diagnosed by evaluation of the clinical 

symptoms. The diagnosis can be substantiated by detection of 

macroschizonts and/or piroplasms in Giemsa staincd blood or tissue 

smears. Other techniques arc being developed, especially for locations 

where more than one Theileria spccies is endemic. Such techniques 

could involve indirect immunofluorcscent antibody (IFA) tests and 
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enzyme-linked-immuno-sorbent-assays (ELISAs) against macroschizonts 
and piroplasms, or techniques based on Southern blotting or PCR 

(Allsopp et al., 1989; Katende et al., 1990; Ben Miled et al., 1994) 

1.2.2. The immune response of the bovine host. 

The immune responses of the bovine host to T. annulata infection 

have been reviewed by Hall (1988), Tait and Hall (1990) and Brown 
(1990). Protective immune responses against tropical theileriosis have 
been observed after an animal has overcome the infection following 

either natural or mechanical infection or immunisation with attenuated 

macroschizont-infected cell lines (described in section 1.3.4. ). The 
immunity, if not challenged subsequently through natural infection, 

lasts up to three years. The host's immune responses to the individual life 

stages of the parasite are discussed below. 

The sporozolle. 

Immunity against sporozoites is not essential for a protective 
immune response, since cattle infected with attenuated macroschizont- 
infected cell-lines develop a protective immune response which does not 
recognise the sporozoite stage (Brown et al., 1990). However, humoral 
immune responses against the sporozoite stage have been detected (Gray 
and Brown, 1981). They show that serum from immune cattle is capable 
of neutralising sporozoite infectivity of lymphocytes in vitro. This was 
confirmed by Preston and Brown (1985). Subsequently, monoclonal 
antibodies were raised against surface molecules from sporozoites and 
some of these were found to prevent sporozoite infection of lymphocytes 
in vitro (Williamson, 1988; Williamson et al., 1989). Two of these 

antibodies, IA7 and 41311, and the antigens they bind to will be discussed 

in section 1.4. These findings imply that if sufficiently high antibody 
titres were present in cattle they might prevent infection. Data to 

support this theory were obtained from an immunisation trial using a 

part of a recombinant sporozoite antigen expressed in the el loop of 
Hepatitis B core antigen (Boulter et al., 1995). 
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Similarly, immune responses against T. parva have also been 
found to be directed against the sporozoite stage. So far only humoral 
factors capable of neutralising sporozoite infectivity in vitro have been 
identified (Musoke et al., 1982; Dobbelaere et al., 1984; Musoke et al., 
1984). These immune responses in T. parva target p67 (Nene et al., 1992) 

and the 104 kDa microneme-rhoptry protein (lams et al.. 1990). The 

genes encoding both these proteins have been cloned and sequenced. 
Immunisation trials using recombinant p67 resulted in the protection of 
the majority of immunised cattle (Musoke et al., 1992; Musoke et al., 1993), 
indicating humoral immune responses against the sporozoite could be 

protective in vivo, although the neutralisation titre does not correlate 
with protection. 

The macroschizont. 

The macroschizont stage seems to be the most important target for 

protective immune responses, as immunisations of naive cattle with 
attenuated macroschizont-infected cell lines induce protective immunity 
(Hall, 1988; Brown et al., 1990). This immunity seems to be predominantly 
a cellular response employing a variety of lymphocyte sub-populations. 
while the humoral response, though observed, was not found to be of 
importance (Pipano, 1977). It was shown that cytotoxic cells directed 
against the macroschizont can be found in animals which recover, or 
have recovered, from tropical theileriosis whereas none were found in 
animals which died of the disease (Preston et al., 1983). Both cytotoxic T 
cells as well as NK cells were postulated to be involved in this immune 

response. Subsequently it has been shown that the immunological 

memory contains cytotoxic T cells which are directed against surface 
antigens of the macroschizont stage (Preston and Brown, 1988). They 

also found macrophage-mediated cytostasis to be of importance and this 

response could be observed consistently after both immunisation and 

challenge. 

Three origins of the antigens recognised by the immune system 
have been postulated (Hall, 1988): a) they could be parasite antigens 

which are expressed on the surface of the parasitised cell; b) they could 
be surface antigens of the host which have been altered by the parasite; 
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or c) they could be host antigens which are not normally expressed. 
Attempts have been made to isolate antigens from the surface of 

macroschizont-infected cell lines. The method chosen was to raise 

monoclonal antibodies against surface molecules of macroschizont 
infected cell lines (Shiels et al., 1986). One of these monoclonal 

antibodies, 4115, binds to a 95-120 kDa surface molecule of macroschizont 
infected lymphocytes (Shiels et al., 1989). 4H5 lyses macroschizont 
infected cells in a complement-dependent manner and suppresses 
infected cell proliferation (Preston et al., 1986). Unfortunately no data is 

available to indicate whether this antigen induces cell-mediated immune 

responses to the macroschizont stage, but it is worth studying this 

antigen further with regard to inclusion in a recombinant vaccine. 

In T. parva, it has been shown that the most important immune 

response against East Coast Fever is cellular (Morrison et aL, 1989). Some 

of the antigens recognised by the bovine immune system have been 
isolated and they are reviewed by Morrison et al. (1989). Both cytotoxic 
and T helper clones, which react with macroschizont-infected 
lymphocytes, have been derived from T. parva-infected animals (Brown 

et al., 1990). When these cytotoxic T cell clones were analysed they were 
found to be either parasite strain specific or cross-reactive. This 
indicates that the T cell epitopes seen by the cytotoxic T cell clones can 
be conserved but can also be polymorphic (Brown et al., 1990) 

The merozoitelpiroplasm. 

Serum from immune cattle does not appear to react with infected 
erythrocytes but a humoral response to merozoites and piroplasms was 
found (Shiels et al., 1989). The antigens recognised by the immune serum 
can be immuno-precipitated and seem to originate from the merozoite 
stage. The response of the bovine immune system to these antigens has 

not yet been elucidated. If the immune system can decrease the number 
of merozoites it might be able to reduce the anaernia associated with the 
disease and also reduce the piroplasm transmission to the tick. 

Until recently it was difficult to isolate sufficient numbers of 

merozoites to either study their invasion of erythrocytes or the effect of 
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the bovine immune system on their survival. However, merozoites have 

now been produced in vitro by culturing macroschizont-infected 
lymphocytes at 410C (Glascodine et al., 1990). Subsequently, a surface 

antigen of the merozoite and piroplasm stage was isolated (Dickson and 
Shiels, 1993). The role of this antigen, and its interaction with the bovine 

immune system, however, still remain to be investigated. 

The tick. 

Little is known about the bovine immune response to the tick 

vector of T. annulata. However, it may be important to investigate the 
immune responses to the tick; generally, ticks remain attached to their 

host for at least a week, which is sufficient time to allow the immune 

system to raise an adequate response. Innate and acquired immune 

responses to ixodid ticks, to which the Hyalomma genus belongs, have 

been described (Wakelin, 1984). 

It has been shown that tick bites induce an inflammatory reaction 

and in immune hosts elicit a rapid immune response which might 

prevent the tick from feeding and may even result in its death. The 
immune response of guinea pigs to the ixodid tick Amblyomma 
americanum was studied by Brown and Askenase (1983). They found an 
inflammatory response at the site of penetration of the mouth parts of 
the tick. Initially the bite site was infiltrated predominantly by 

neutrophils and after 3-5 days by basophils and eosinophils. The 

recruitment of basophils and eosinophils was induced by sensitised T 

cells and IgGI antibodies produced in response to A. americanum 
antigens. This immune response seemed to be typical for a number of 
ixodid ticks. If an immune response to ticks of the Hyalonima genus 

could be induced in cattle, which would prevent ticks from feeding, it 

could stop the transmission of T. annulata. 
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Treatment and Control. 

There are three main types of control for tropical theileriosis and 
East Coast fever: chemotherapy, vector control and vaccination. These 

control measures are reviewed by Uilenberg (1981), Irvin and Morrison 
(1987), Dolan (1989), Brown (1990), Morzaria and Nene (1990), Musisi 
(1990) and Tait and Hall (1990). The following account of present control 
measures for tropical theileriosis is based on these reviews. 

1.3.1. Treatment of Tropical Theileriosis. 

Chemotherapy has been used on a large scale to treat T. parva 
infection. It has also been used as a component in the immunisation of 
cattle using the "Infection and Treatment" method (see section 1.3.4. ). In 

T. annulata, on the other hand, chemotherapy has hardly been used, 

although it is very effective. This is due to high costs and the availability 

of attenuated cell line vaccines (see section 1.3.3. ) The earliest drug used 
was chlorotetracycline. During the last 15 years many new drugs have 
been tested, some of which were found to be promising. These drugs 

were tested by screening for anti-theilerial activity in in vitro cultures 
(Brown, 1989). These tests were followed by in vivo trials. Drugs which 
were found to be successful are: the anticoccidial drug halofuginone, a 
napthaquinone menoctone and the menoctone analogues parvaquone 
and buparvaquone. Menoctone and buparvaquone were found to be 
active against T. annulata and T. parva macroschizonts in culture 
(McHardy, 1978; McHardy et al., 1985). Subsequently, field trials have 

shown that buparvaquone is a highly effective therapeutic agent 
against both T. annulata and T. parva infection in cattle (McHardy, 
1991). Interestingly, drugs which are effective in the treatment of 
Babesia, Eimeria and Plasmodium were ineffective against Theileria 
(McHardy, 1978). It was postulated that these drugs, proguanil, 
diaveridine and chloroquine, fail to penetrate the infected lymphocyte. 
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Vector control. 

One of the methods used for controlling tropical theileriosis and 
East Coast fever is by minimising tick infestation. The current method 
for reducing the tick burden is by either spraying or dipping cattle in 

acaricides such as butocarb or ainitraz. The advantage of this method is 

that it disposes of all ticks regardless of which parasitic infection they 

carry. Therefore, one can reduce the incidence of Thelleria infection as 
well as other tick-borne diseases, e. g. heartwater and babesiosis by 
dipping cattle with acaricides. Dipping or spraying of cattle is usually 
done once a week since the acaricide residues are sufficient for about 
four days and sporozoite transmission only occurs three days after tick 
attachment (Urquhart et al., 1987). This method is more commonly used 
for the prevention of East Coast fever rather than tropical theileriosis. 

There are some disadvantages associated with this method. For 

example one will not be able to eradicate Theileria by spraying or 
dipping cattle in acaricides since there are other reservoir hosts. 
Therefore this method will only permit the disease to be kept under 
control. Further, it is a relatively expensive method for Third World 

countries if it is used on a large scale. For this technique to be effective, 
farms need to be highly organised and rigorous as any lapse in 
treatment could lead directly to outbreaks of infection. Another problem 
is the development of resistance of ticks to the acaricide over prolonged 
use. 

Other methods of controlling infection are the separation of 
infected cattle from uninfected susceptible cattle, and prevention of 
infected cattle moving into areas where the disease is otherwise not 
found. Cattle have been kept in zero grazing environments and thereby 
the cattle were isolated from infected stock, but this is a very expensive 
method and has been used only in very rare circumstances. In Morocco, 
it was found that some ticks behave as barn ticks and these hibernate in 

cracks in the walls of sheds in which the animals are kept. In these 

circumstances, spraying the sheds with acaricides proved effective. 
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Vaccination with attenuated macroschizont- 
infected cell lines. 

The use of attenuated macroschizont infected cell lines as vaccines 
is reviewed by Pipano (1981), Hall (1988) and Brown (1990). This method 
is very efficient and is widely used in the prevention of tropical 
theileriosis. The development of this method was possible after 

continuous cultures of macroschizont-infected cell lines had been 

established in vitro (Hulliger et al., 1964). These infected lymphocyte 

cell lines became attenuated during their prolonged culture in vitro. 
This means that if these cells are injected into cattle they are less 

virulent, producing milder clinical symptoms and a lower parasitaemia 

after increasing time in culture. A cell-line is fully attenuated when it 

no longer produces any piroplasms when injected into cattle. The 

attenuation of T. annulata infected leucocytes is achieved in between 

20-300 passages (2 months to over 2 years) in culture depending on the 
T. annulata isolate. The mechanisms involved in attenuation are not yet 

understood but generally, when attenuated, the parasites lose their 

ability to differentiate into piroplasms (Pipano, 1989) and in some cases 
changes in the expression of proteases occur (Baylis et al., 1992a). Once 

attenuation has been achieved, 106 - 107 infected cells are usually used 
per inoculation (Hall, 1988). Normally one immunisation is adequate to 
induce cross-protective immunity since the immunity is reinforced by 
subsequent tick challenges in the field. However, Friesian cattle usually 
require a second immunisation from a heterologous schizont stock of a 
lower passage culture to provide adequate protection (Pipano, 1981) 

The attenuated macroschizont vaccine was first developed in 
Israel over 20 years ago (Pipano, 1981) and has drastically reduced 
tropical theileriosis there (Brown, 1990). Subsequently, this vaccine has 

become established in India where it has also proved very effective 
(Singh, 1990). It is currently on trial in Iran, Russia, Morocco and 
Turkey (Hall, 1988). So far, it has not been possible to develop an 

attenuated vaccine for T. parva. It has been postulated that the reason 
for this is failure of transfer of schizonts into lymphocytes of the host 

itself (Dolan, 1989). Musisi (1990) suggested that the BoLA mis-match 
inhibits the development of immunity in T. parva but not in T. annulata. 
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Unfortunately, this method is not without its disadvantages. For 

example, a "cold chain" is required. This means that the macroschizont- 
infected cells need to be kept at 40C or frozen between the laboratory. 

where they were generated, and the site of the immunisation. This might 

pose a problem for immunisations in areas which are not easily 
accessible (Tait and Hall, 1990). Another potential problem might be the 
infection of the immunised cattle with other pathogens. As the 

macroschizont-infected cell lines were established from other animals, 
these could have been infected with other pathogens, or subsequently 
the cell cultures could be contaminated, i. e. in the laboratory. Another 

risk of vaccination with attenuated macroschizont-infected cell lines is 

that the parasite could become virulent again. This has not yet been 

detected but if it did happen it could result in the infection of susceptible 

cattle. Another drawback is that the immunisation of cattle with 

attenuated cell lines does not protect the cattle from becoming healthy 

carriers following subsequent tick challenges in the field (Tait and Hall, 

1990). This technique will therefore never eradicate tropical theileriosis. 

The infection and treatment method. 

The infection and treatment method is reviewed by Brown (1990) 
and Morzaria and Nene (1990). In this immunisation method, cattle are 
infected using either virulent sporozoites, from a cryo-preserved 
stabilate, or infected ticks and subsequently are treated with 
chemotherapeutic agents during the latent period. The drugs used tend 
to be tetracyclines and more recently buparvaquone. Simultaneous 

administration of drugs and parasites have also been tested. This resulted 
in reduced symptoms and cross-protective immunity was usually still 
found. This method is used on a large scale with T. parva in Burundi, 
Kenya, Malawi, Rwanda and Zambia since no attenuated macroschizont 

vaccines are available. This method is rarely used in T. annulata since it 

tends to be more expensive than attenuated cell vaccines. 

The main disadvantage of this method is the high cost of the 

chemotherapeutic drugs for Third World countries. There are other 

practical disadvantages, as this method needs to be administered by a 

qualified veterinarian and the cattle become carriers. There is also a 
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danger that the parasite may be passed on to uninfected cattle (Musisi, 
1990; Mozaria and Nene, 1990). This method also shares two disadvantages 

with the attenuated macroschizont vaccine, i. e. the "cold chain" and 
infection with other pathogens. Another problem is that the infection 

and treatment method fails to induce cross protective immunity. 

Therefore a "cocktail" of several parasite strains are included but as a 

result one might introduce parasite strains to regions where they were 

not originally found (Musisi, 1990). It is also expensive to titre a dose of 

stabilate as it has to be tested on cattle and there is a large error range 
attached to dose evaluation (Musisi, 1990). 

1.3.5. Recombinant sub-unit vaccines. 

There is no sub-unit vaccine available for the prevention of 
either tropical theileriosis or East Coast fever, but a large effort has been 

made to develop such vaccines. The target for such a vaccine is to induce 

cross-protective immunity, to be inexpensive so that people in the Third 
World can afford it, to be easy to administer (ideally in a single dose) and 
to have a long shelf life. It would have advantages over the other 
preventative measures, since a cold chain would not be necessary, the 
product would not be contaminated with other pathogens and it could not 
revert to virulence. 

So far a number of antigens of both T. annulata and T. parva 
have been isolated from several life cycle stages but small vaccination 
trials have only been conducted with three sporozoite antigens. p67, a 
sporozoite surface antigen of T. parva, was the first candidate to give 
some positive results. Most cattle immunised with p67 were protected 
against homologous challenge (Musoke et al., 1992; Musoke 1993). 
Similarly, positive results were obtained by Boulter ct al. (1995) using a 

part of the cloned gene encoding the surface antigen SPAG-1 of T. 

annulata (this antigen is discussed in more detail in section 1.4.1. ). 

Another trial using part of the SPAG-2 antigen (a different surface 

antigen of T. annulata sporozoite is discussed in section 1.4.2. ) did not 

result in any detectable protection (Knight personal communication). 
Some of these trials indicate that sporozoite antigens might induce 

protective immunity, but it seems that a sub-unit vaccine containing 
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antigens from all parasite life-cycle stages might be more effective. If 

the vaccine is solely based on the sporozoite stage, some sporozoites 

might escape the immune responses due to their rapid invasion of host 

cells. If a sporozoite manages to escape the immune response it has the 

potential to develop into a macroschizont and subsequently into 

thousands of merozoites. The inclusion of antigens from different life 

cycle stages in the multi-stage vaccine might help to overcome the 

parasites at later stages of the life cycle. This might also reduce the 

probability of selecting polymorphic parasite strains since variation 

must arise in more than one of the vaccine components. 

Sporozoite Antigens. 

So far only one sporozoite antigen of T. annulata has been cloned 
and sequenced completely, while another has been only partly cloned 
and sequenced. These two antigens have been studied in this thesis. The 

relevant background of both antigens is described below. 

1.4.1. The sporozoite surface aniigen SPAG-1. 

A panel of mouse monoclonal antibodies was raised against the 
sporozoite stage of T. annulata (Williamson, 1988). One of these 
antibodies, IA7, was found to block invasion of sporozoites into purified 
bovine peripheral blood mononuclear cells in vitro by 66% (Williamson. 
1988 and Williamson et al., 1989). IA7 was shown to react with the surface 
of sporozoites using an indirect fluorescent antibody test, and binds to a 

protein (called SPAG-1) which is only expressed at the sporozoite stage. 
This protein is completely absent during subsequent life cycle stages of 
the parasite (Williamson et al., 1989). The protein recognized by IA7 has 

a molecular weight of 104 kDa and is processed into forms on the mature 

sporozoitc with molecular masses of 85 kDa, 70 kDa. 63 kDa and 54 kDa, 

which are recognised by IA7 on Western blots (Williamson a al., 1989). 

IA7 was used to screen a %gtlI expression library containing genomic T. 

annulata Hisar DNA. A clone, called Xgtll-SRI, containing a 330 bp 

insert was isolated and sequenced (Williamson, 1989). SRI was used to 
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screen a cDNA library containing T. annulata Hisar DNA and a clone of 
2.8 kb was isolated and sequenced. This clone contained the full length 

SPAG-1 gene (Hall et al., 1992) whose sequence is shown in Figure 3. The 

SRI region maps to the C-terminus of SPAG-1. The IA7 epitope has been 

mapped to 16 amino acids within the first 45 amino acids of SRI (Boulter 

et al., 1994). SPAG-1 has been shown to be expressed on the surface of the 

sporozoite via immuno-gold electron microscopy (Knight 1993). 

Sequence comparison of the predicted SPAG-1 amino acid sequence to 

p67, a sporozoite surface antigen of T. parva, revealed an overall 
identity of 47% (Nene et al., 1992 and Katzer et al., 1994). Another 

interesting finding was that the predicted SPAG-1 amino acid sequence 

contains two blocks of repeats as shown diagrammatically in Figure 4a. 

SPAG-1 contains a total of 17 repeats of the PGVGV motif, which is 

identical to the repeats found in bovine elastin (Hall et al., 1992 and Hall, 

1994). Bovine clastin has 11 tandem repeats of this motif. An alignment 

of the first block of the Theileria repeats and the bovine sequence is 

shown in Figure 4b. It has been speculated that the importance of these 

repeats lies in the evasion of the hosts immune system. 

The blocking data of the IA7 monoclonal antibody gave the first 
indication that SPAG-I is a candidate antigen for the inclusion is a sub- 
unit vaccine. Further support of the importance of this antigen as a sub- 
unit vaccine candidate was provided by data from a vaccination trial 
using the SRI region of SPAG-1. express ed in the el loop of the hepatitis 
B core antigen (Boulter et al., 1995). This trial indicated that SPAG-I 
induces protective immune responses against the parasite. 
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1 CrrTTAAAAAGGAC; TAACA71YZAATrrAAATTTCATTTTCCAACACTCAA(. r. ATCAATATTA'I*ACArTTTC7'GT7r-ACCATTCCGGCTA 90 
MNI1 11 FLLTIPAI 

91 7wl7T7rTATCTC; CAGCGGACAACA7X; CCTGCCGGAGAAAGTTCTA(: AACCTCTAAACCCACTCCCCTACTAACCCTAGAATCGGCCGTAA 180 

FVSGADKMPACES5RT3KPS 11 LVTLESAVT 

182 CACAACCTTCAAAGGACCCA7TCAAGACAATTA=CCrrG7'CAAAAGCAACAAAACTATGGAACTCAGCCCTATCAGTA7'CAGCTGACT 270 

QPSKDPFKT1SALSKATKVWKSAVSVSCDS 
271 CTAAGAC7rTACCTACTCCACTTTCGGAACCAA7'CATCACTCCATL: IIII CAAGAACCAGTAlt*TCAAGAACTTGAATTCCAATCAGATA 360 

KTVPTPVSEPMITRSF0EPVS0ELEFQSDT 
361 C7r. AAATTAATCAC; TCACCATCCGGT7CAGATCAGGA7r. AGGATCACCA7CACrATICAGGAGGAACkAGAAGACCATAAATCTACCTCAT 450 

EI N6E SCSCSDEDEDDDDDEEEEEDDKSTSS 
451 CTAAAAACOCAAAAGGCAGCCCA. AAAGCTCAGCCTGGACTATCTTCAACCACTACATCCTCACCAAGTCCAACATCTCCAACTACAACAT 540 

KNGKCSPKAQPGVSSSSTSSASPTSPTTTL 
542 TATCACAAACTGGATT=ACCAAG700TTCCCACGCTCAACAACATCCCGCTGTAOCTCMCCAGGAC7'1=C7rCCAGCACTAG= 630 

SQTGLGPSGSNAQQ DIP GVGVPGVGVPGVG VI 

631 TTCCAGGAC; TAGGMTTCCAGGACTAGC7'6=CCACG7r. TAGGTC7GCCAGGTGTAGGAGG7r-TTCCCGGAGTTGGCG71r-CACCAGGGG 720 

IP GVGVPGVGVPGVCVPGVCGVPGVGVAPGV 
721 TAGGTGTTCCAGGAGTIU; 'I'(; 'I-I'GCACCAGGTGTAGCTIGTTGGAGCTGATACTAGTGGATTGCCTGGAAGTGGTGGTCTTGGAGCAGGAG 

810 

IG VPGVCVAP0VCV GJA DSSGLPGSGCLCAGA 

811 CAAAGGCTGGGAAAGGTCAAGGATC7ýGGTCTACAGGGACCAGGAGC7WTGGAGTACTACC=TCTAC, =AGCAGCTTCTTCTTCTT 900 

KACKCQCSCLQGPGGV0V VIP CVG VIA ASSSS 

901 CACCAGGAAAACCTCCAGGACTAGGAGCAGGACTrATC-CCTGGAGTTCrTGTACCACCACAAGGAGGAGTAATAA7lr, =CGCCAGGAG 
- ý 

990 

VIR AQGGVIIGAPGV GVC PGKPP0VGACVM[; 
--- - -- -- ------------ --l & "r-4h h"IY'Ahr'lr-AKATrAr. ACACIUAAATTAATGACTCAGGTTCCA 1080 

AGVPGGKPGQPVSELELKSDTEI N"E SGSS 

1081 GTTCAGAAGGGGAAGACGATGACCA7r. AAGAAGAGGAAGAAGAAMTAAATCTACCTCATCTAAAGGAGCAC-GAGGAAAGGCTI=kAAAC 1170 

SEGEDDDDEEEEEENKSTSSKGAGGKAGKG 
1171 GTCAAGGATCTGTATCACCAGGAGGAGGATCCTCAGCAACTCAAACATCTCCAACTACAACACCACAATCTIGGCTTIGGCATCAAGTGGTT 1260 

Q0SVSPGGGSSASQTSPTTTPQSGLASSGS 
1261 CTCATIGCTCAACAAAGTCCTCAACAAGATCCAGCGCCTACTAAACCTACTWAGGAGGT=CCAGGAGTTIGGAGTTCCIWT'CTTGGCG - 

1350 
PG VGVPGVG Tj 

HAQQSPQQDPAPSKPSGGGVr 
1351 TTCCCGC7'GTTGGAGTACCAGGACTAGCAGTTGCGCCGGCA=GGMTMTACCTCGAGTAGGGGGTGCAACAACTTCTTCATCATCAA 1440 

1441 
IP GVGVPGVGVAPGVG V-v-P GVG GIA TTSSSST 

TTCAACTTCAACTTCAACTACTACTACTACTACAAC77CATCAGGAAAACCTTCAGACCAAGGAArCCATGGTACTTCTCCAAGAA CAA 2530 C 
TSTSTSTTTTTTTSSGKPSDQGSHGTSPRN 

1531 A7GCACTAACCAGACAAACTGACTCAATATCAGGACCCATACCATCACCAGGAGATCCAAGAGCAATTACTCGACAAATC; GGTGAACCAG 2620 

AVTRQTDSISGPIPSPGDPRAITGQMGEGE 
1621 AAAGGTT=GTACA=CCTGGGAGATTTTAAACCAAAACCAAMAGATATGAAGGACAAGGAACAGATICCAGTAAAACTAAXACAAT 1710 

RFAVQFLGDFKPKPRRYEGQGTDAVKLKQF 
1711 TCATTTTCGAAGAGGTCAAATCGCT=GCAAACCTTAATAAACCTTAAATTAGCAATTIGCXkACGACTTT'GTTGAAATCACTGAAAACT 1800 

1FEEVKSLVQTLINLKLAIANDFVEISEKL 
1801 TGAAAAAGAAhAATCAAAATTACGTACCGAAATTAAAGTTGTTAAAAGGAGAACAATT7r. ACACCAhACAGAAGGTACCCAACGTACTAA 1890 

KKKN0NYVPKLKLLKGEQFDTKQKVANVLY 
1891 AACOGTTCAATTCTCTGTACTTCGTATTTTTTATCAACCTTAACCTAGCGAAAGAAGTTAACAAACCOGJkAGMT7'OCCAGAATTTCTTT 1980 

CFNSLYFVFFMNLNLAKEVNKPEELAEFLW 
1981 GGAAACTAAATACAATCCCAGATAAAGTACvGAAGAGAATT7r-AGTTACCAATAGMAAAACTAAAGOTTCAGAGAAAAAGAAGGAATTAG 2070 

KLNTIPDKVGREFELAIEKTKGSEKKKELE 
2071 AAGAAGCATTTAATTCAATACOGTTAGOTTTCAAAATAGCACACTACGCAkCAAATGACATCCTCTCAAGTATAACAAATTCACTCTACT 2160 

EAFNSICLGFKIAQYATNDILSSITNSVYS 
2161 CCCTGATAAAACTAAAGAATTTTGGAGATICATTTTGTTACCGAACTAAGAAAGTCACTIGCAAATIGGTTCCACACCAAAAC-AACCTAAACC 2250 

LIKLKNF0DDFVTEVRKSLQMVPHQKNLNhC 
2251 GATCAGCATTTATAGTCAAAATCTCAGAAATAATCAACAAAAAAGGMCAGAAGATCAGGATCAAACATCAGGAACTC. G=AXkAGGAA 2340 

SAFIVKISEIINKKCTEDQDQTSGSGSKGT 
2341 CAGAAGr. AGGATCACTAAGCCC. GCAAGATTTGACAGAAGAAGAAG=GAAAGTTCT=IrýAACTAG7rAAGGAT'CTAAGCGAhGMC 2430 

EGCSLRGQDLTEEEVLKVLDELVKDVSEEH 
2431 AT'CT7WAATACCAGATTTAA071CACCCAACTAGCAGAACACCAAA7r. CAAAACCAGCCGAACTTGGACCTTCACTAGTGATACAAAATIG 2520 

VCIGDLSDPSSRTPNAKPAELGPSLV10NV 
2521 TACCGTCAGACCCCTCAAAAGTGACACCAACACAGCCTTCAXkTTTIGCCACAAGTACCAAEAACAGGGCCGGGG)LICGGGACGGATGGAA 2610 

PSDPSKVTPT0PSNLPQVPTTCPCNGTDCT 
2611 CAACAACAGGACCAGGT'GGAAACGGGGAA=GGCAAAGATT7K; AACCAAGGAC4U"GAAAGAAGGATTATTTCAAA. AGATCAAAAACA 2700 

ITGPGGNGECGKDLKECEKKECLFoKIY N__K 
2701 AACTCTTGGGCTCAGGATTCGAAC; TCGCAACTATTATTATACCAAMACAACAATCATATTCACCATAGTCCACTAAAACTAAAAACACA 2790 

LLGSGFEVASIIIPMTTIIFSIVH 
2791 ACTAACCACACTAATTTATAATATACAAAAAAAAA 2825 

Figure 3: cDNA sequence of T. annulata surface antigen (SPAG-1). 
Reproduced from Hall et al. (1992). The predicted amino acid sequence is 
shown below. The PGVGV repeats showing homology to elastin are boxed. The 
C-terminal region encoded by the insert of Igtll-SRI, used to isolate this 
clone, is underlined. Putative N-linked glycosylation sites are marked with 
arrowheads. 
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a) 

____ I 

0: [PGVGV]n: amino acids 179-236 and 424-456 

SR1 : amino acids 778-891 
I 

b) 

S 179 PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGGVPGVGVAPGVGVPGVGVAPGVGV 

E 335 PGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG. VPGVGV. PGVGVPGVGV. PGVGV 

Figure 4: Mimicry of bovine elastin by T. annulata surface antigen 
SPAG-1. a) Schematic representation of the structure of the SPAG-1 
polypeptide emphasizing the location of the elastin homologous regions and 
the SRI region. b) Sequence comparison between the most N terminal block 
of the SPAG-1 PGVGV repeats and bovine elastin. The VGVAPG regions are 
underlined. S denotes the SPAG-1 sequence and E denotes the bovine elastin 
sequence. 
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1.4.2. The sporozoite surface antigen SPAG-2. 

41311, another monoclonal antibody raised against T. annulata 
sporozoites, blocks the invasion of sporozoites into host cells by about 
100% (Williamson, 1988; Knight, 1993). The antigen, to which 4BII binds 
has a molecular weight of 17 kDa, as detected by Western blot analysis of 
mature sporozoite material. The antigen identified by 4BII was named 
SPAG-2 and like SPAG-1 it is also processed. The processed forms of 
SPAG-2 have molecular weights of 150,67 and 17-20 kDa as seen on 
Western blots (Knight, 1993). The 41311 antibody was used to screen a 
XgtII expression library containing genomic T. annulata DNA and a 
2, gtll clone containing a 980 bp insert was isolated. This clone was called 
Xgtll-KP8. KP8 was partially sequenced and cloned into pGEX-IXT and 
called pGEX-KP8 (Knight, 1993). 41311 reacts with the GST-KP8 fusion 

protein (expressed by pGEX-KP8) on Western blots (Knight, 1993) 

confirming that the sequence cloned codes for the parasite protein 

recognised by 41311. Unlike SPAG-1, SPAG-2 is not exclusively expressed 
during the sporozoite stage, but also during the macroschizont stage as 
shown by Northern blotting (Knight, 1993). No sequence homology 
between KP8 and any known gene could be detected when the gene 
banks were searched (Knight, personal communication). The remaining 
part of the SPAG-2 gene is currently being cloned and sequenced 
(Knight, personal communication). 

1.5. Antigenic Polymorphism. 

Parasites use four main techniques to evade the immune system of 
their vertebrate host (Borst, 1991): (1) invading cells or hiding in sites 
in the body where the immune system is less effective, (2) mimicry of 
host proteins, (3) suppressing the immune system of the host and (4) 

antigenic polymorphism. In Theileria all these mechanisms have been 

observed during some of the life-cycle stages in the vertebrate host and 
the importance of antigenic polymorphism. is discussed in more detail 
below. When a molecule is considered for inclusion in a sub-unit vaccine 
it is essential to understand the degree and nature of variation in its 

structure. Ideally the aim is to identify an immunologically important 
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region which is not polymorphic and will induce immune responses 
cross-protective against different strains of the parasite. 

Antigenic polymorphism in Plasmodium with 
relevance to vaccine development. 

People who overcome malaria infection are usually protected 
against homologous challenge but not against different parasite isolates. 
This observation has subsequently been linked to the existence of 
antigenic polymorphism among malaria parasites in natural populations 
(Langsley and Roth, 1987; Kemp et al., 1990). Antigenic polymorphism 
has been well documented, for example in two of the major malarial 
vaccine candidates, merozoite surface protein-I (MSP- 1) and 
cirumsporozoite protein (CSP) (Miller et al., 1993). Attempts to map the 
host's immune reSDonses to locations on known antigens have shown 
that the immune system tends to interact with polymorphic regions of 
these antigens (McCutchan et al., 1992; Mendis et al., 1991). Conserved 

and cross -protective epitopes prove difficult to find in malaria parasites 
probably due to immunological selection. For example, B-cell epitopes 
have been located in variant parts of the CSP antigen of Plasmodium 

vivax (Rosenberg et al., 1989), the MSP-I (Peterson et al., 1990; Tanabe et 
al., 1987) and MSA2 of P. falciparum (Peterson et al., 1990; Fenton et al., 
1990), the erythrocyte surface antigens of both P. falciparum (Marsh 

and Howard, 1986; Mendis et al., 1983) and P. vivax (Mendis et al., 1988) 

and the sexual stage antigens of P. vivax (Premawansa et al., 1990) and, 
to a lesser extent, of P. falciparunt (Petterson et al., 1987). Variation has 

also been observed in regions where T-cell epitopes are located in some 
of these antigens (Good et al., 1988a and 1988b; Lockyer et al., 1989; 
Guttinger et al., 1988; Suss et al., 1993). As a result it is very difficult, if 

not impossible, to find non-polymorphic T-cell or B-cell epitopes. 
Therefore, it will be necessary to devise a sub-unit vaccine which 
includes a cocktail of variants of polymorphic epitopes from as many 

strains as possible in order to induce protective immune response 

against a range of parasite strains. 
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The detection of polymorphism in Theileria. 

Polymorphisin in Theileria has been well documented and studied. 
The first documented evidence for strain variation of T. annulata is 
based on the results observed during the vaccination of calves by the 
infection and treatment method. It was shown that calves vaccinated by 
this method were protected against homologous challenges but were not 
protected against a heterologous challenge (Gill ct al., 1980). This 
indicates the existence of different parasite strains from distinct 
geographical areas. In T. parva the variation of geographically distinct 
stocks was characterised by raising monoclonal antibodies against 
macroschizonts from different stocks. Some monoclonal antibodies raised 
this way were specific for certain T. parva strains (Minami et al., 1983). 
This shows that different T. parva strains exist and these antibodies can 
be used to characterise parasite stocks found in the field. Subsequently, 

monoclonal antibodies were raised which demonstrate variation between 
T. annulata strains thus allowing strain typing (Shiels et al., 1986). 
Glucose phosphate isomerase polymorphisms have also been 
demonstrated in both T. annulata and T. parva (Melrose et al., 1984 and 
Wilkie et al., 1986). This is another method which can be employed in 
strain typing. 

More recent advances in molecular biology have allowed further 
characterisation of the polymorphism at the DNA level. These were first 
discovered by studying the melting point of DNA from different T. parva 
strains (Allsopp et al., 1988) and later by studying restriction fragment 
length polymorphism (RFLP) patterns (Allsopp et al., 1988, Morzaria et 
al., 1990 and Bishop et al., 1993). RFLPs were found to exist for T. annulata 
DNA digested with Eco RI and probed with the SRI fragment of SPAG-1 
(Williamson, 1988, Williamson et al., 1989, Knight, 1993 and Katzer et al., 
1994). PCR, is another technique which has also been used extensively in 

an attempt to detect and characterise polymorphic strains of T. annulata 
(Ben Miled et al., 1994). 

Further indications of polymorphism at the protein level were 
obtained by SDS-PAGE. The T. parva polymorphic immunodominant 

macroschizont antigen (PIM) was shown to have a size polymorphism 
(Toye et al., 1991). Subsequently, similar size polymorphisms were 
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observed in the T. parva immunodominant schizont surface antigen 
from different stocks using 2 dimensional SDS-PAGE followed by Western 

blotting (Sugimoto et al., 1992). This antigen is probably be the same as 
PIM. A protein size polymorphism was also detected for the major 

merozoite surface molecule in T. annulata. This protein was shown to 
have a molecular mass of 30-kDa in isolates from Ankara (Turkey) and a 

molecular mass of 32-kDa in isolates from Gharb (Morocco) (Dickson and 
Shiels 1993). This size difference on Western blots is probably due to 
differential glycosylation. The detection of size polymorphism is yet 

another technique which can be used for parasite strain typing but 

yields little information with relevance to vaccine development and 

none about the function of a protein. 

1.5.3. The study of polymorphism for treatment and 

vaccine purposes. 

So far the main emphasis of studying polymorphism was on the 
identification of all polymorphic parasite strains in a given 
geographical location. This would permit the selection of appropriate 
strains for the infection and treatment method for T. parva and also the 
selection of cross protective attenuated cell lines for vaccinations 
against T. annulata. So far no single technique has been able to detect 
all polymorphic parasite strains known and it is very unlikely that any 
one technique will ever be able to do so. It might be more successful to 
develop an infection and treatment method for T. parva which 
incorporates all parasite strains found in a given geographical location. 
A better alternative to either the infection and treatment method for T. 

parva and vaccination with attenuated cell lines for T. annulata is the 
development of subunit vaccines which consist of cross-protective 

epitopes from various life cycle stages of all known parasite strains for 

either T. annulata or T. parva . One might also be able to identify 

protective T-cell or B-cell epitopes which are identical for all Theileria 

species. 
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1.6. Stage-specific gene regulation. 

Stage specific gene regulation has been well documented and 
studied in protozoan parasites. Some of these stage-regulated genes 
encode molecules which are involved in cell adhesion and penetration as 
well as those which are involved in the evasion of the host defence 

mechanism (Parsons, 1990). Although many stage-regulated parasite 
genes have been isolated, we are just beginning to understand which 
mechanisms of gene regulation are of importance for protozoan 
parasites. The stages at which the expression of genes can be controlled 
are at the pre-transcriptional, transcriptional and post-transcriptional 
levels. Transcriptional regulation can either be constitutive. 
suppressible or inducible. Post-transcriptional regulation can be 

controlled by mRNA stability, mRNA splicing or by regulating 
translation. Transcriptional regulation is predicted to be the most 
economical mode of regulation (Latchman, 1990) and the expression of 
many genes has been found to involve this process; some examples will 
be described in the following sections. 

1.6.1. Stage specific gene regulation in trypanosomes. 

The best studied parasites with regard to gene regulation are the 
trypanosomes. One of the transcriptionally-regulated genes in these 
organisms encodes PARP (procyclic acidic repetitive protein)(Clayton et 
al., 1989). It's mRNA is a-amanitin resistant, indicating that it is 
transcribed by RNA polymerase I (Rudenko et al., 1989). A single 
stranded DNA binding site has been identified in its predicted promoter 
region (Brown and van der Ploeg, 1994). 

The VSG (variant surface glycoprotein) genes of trypanosomes 

are a well studied gene family and their transcriptional control involves 

gene rearrangements (Pays et al., 1989; Latchman. 1990). About 1000 VSG 

genes are known but only one VSG transcription initiation site has been 

identified. During the promastigote stage, this transcription initiation 

site is operating constitutively, but only one VSG gene is transcribed at a 

time and the others lie dormant. The switching of expression from one 

gene to another happens by duplication of one of the silent genes which 
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replaces the previously transcribed gene at the expression site (Pays ct 

al., 1989; Latchman, 1990). 

Po st-tran scrip tional gene regulation has also been demonstrated 

in trypanosomes. For example the expression of the phospho gl yce rate 
kinase isozyme is regulated by mRNA stability (Gibson et al.. 1988). The 
fructose biphosphate aldolase gene is also post-transcriptionally 
regulated. This was suggested since the enzyme is stage-specifically 

expressed but the mRNA is not stage-specifically transcribed; the factors 

involved still need to be identified (Vijayasarathy et al., 1990; Parsons, 

1990). 

In general, the regulation of trypanosome gene expression is well 

studied, whereas for a lot of other important parasites very little is 

known. The reason why so much more is known about gene regulation 
in trypanosomes is linked to the transfection systems which are 

available for these organisms. Once trypanosomes could be transformed, 

it became possible to study and isolate promoters, possible enhancers and 

other factors which might be involved in stage-specific gene regulation, 

such as regions responsible for mRNA stability. For example, 
transformation experiments have shed some light on the function of the 
PARP promoter (Rudenko et al., 1990; Lee and Ploeg, 1990) and the VSG 

promoter (Lee. 1995). 

1.6.2. Stage-specific gene regulation in Plasmodium. 

Stage-specific gene regulation is also well documented in 

Plasmodium but very little is known about the mechanisms involved in 

this process since a stable transformation system has only just been 

achieved (Wu et al., 1995). A whole array of Plasmodium genes have been 

cloned and some of them are known to be stage-specifically regulated. 
The most common stage for gene regulation is at the level of 

transcription. Table 2 contains ten Plasmodium genes all of which are 

stage-specifically regulated and involve some level of transcriptional 

control. More detailed stu dies might reveal that post-transcriptional 
levels of control are also effective at later stages after the initial 
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regulation of transcription. One known case is pfMSA-1, where the gene 
is transcribed during the erythrocytic stages (Myler, 1989) but the 

mRNA only accumulates during the late erythrocytic stages, as 
demonstrated in a comparison of Northern blot and nuclear run-on data 

(Lanzer et al., 1992). The py230 gene is the Plasmodium yoelii equivalent 

to the pfMSA-I gene of Plasmodium falciparum. Interestingly it has been 

shown that the pfMSA-I gene is post-transcription ally as well as 

transcriptionally regulated (Myler, 1989: Lanzer et al., 1992), while in 

the case of py230, transcriptional regulation is the only detected mode of 

regulation so far (Lewis, 1990). This shows that further levels of gene 

regulation might act at later stages which have not yet been identified. 

The process of stage-specific gene regulation in Plasmodium is 

being studied in order to gain a better understanding of parasite 

genetics. In the future this might lead to a form of treatment which is 

based entirely on a genetic approach by disrupting parasite specific 

gene expression. This might act by blocking developmental stages of the 

parasite by inhibiting unique, parasite-specific transcription factors. 

The first step towards an understanding of transcriptional regulation in 

Plasmodium was achieved by mapping the site for transcription 
initiation of the CS gene (Ruiz i Altaba et al., 1987). This gene is 

transcribed only during the sporozoite stage. Subsequently the site for 

transcription initiation has been mapped for another four Plasmodium 
genes: pfMSA-I (Myler, 1989). py230 (Lewis, 1990), GBP 130 (Lanzer et al., 
1990) and KAHRP (Lanzer et al., 1992). Interestingly, it has been noted 
that both KAHRP and GBP 130 have unique transcription initiation sites 
(Lanzer et al.. 1990; Lanzer et al., 1992) while CS, HRP II and pfMSA-I 
have multiple sites (Ruiz i Altaba et al.. 1987; Myler, 1989; Lewis, 1990). 

For the actin genes, pf-actin I and pf-actin 11, of Plasmodium falciparuni 

it has been shown that the sites for mRNA initiation are a maximum of 

1100 bp and 450 
' 
bp, respectively, 5' from the ATG start codon (Wesseling 

et al., 1989). The beginning of the mRNA has not yet been mapped to 

specific sequences since only 250 bp and 331 bp, respectively, of the 5' 

untranslated region has been cloned and sequenced for these genes. 

Once the transcription initiation sites for the five genes were 

mapped and the sequences of the 5' regions of these initiation sites were 

available, it became possible to search for putative transcription factor 
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binding sites. In eukaryotes it has been shown that promoter binding 

proteins usually bind within 100 bp of the transcription initiation site 
(Dynman & Tjian, 1985; Maniatis et al., 1987). In the 5' region of the 

multiple transcription initiation site of the py230 gene TATA boxes were 
found. The consensus sequence of a TATA box is TATA A/T A A/T 

(Corden et al., 1980) and has been shown to be the site responsible for 

binding by the transcription factor TFIID (Horikoshi et al., 1989). TFIID is 

responsible for transcription of genes by RNA polymerase 11 

(Buratowski et al., 1989; Pugh & Tjian 1992; Flores et al., 1992) but is also 

needed for the transcription of genes which do not contain a TATA box 

in their promoter region (Pugh & Tjian 1991). The TATA box binding 

protein (TBP) of Plasmodium falciparum has been cloned and sequenced 
(McAndrew et al., 1993). Although TATA boxes were found in the 5' 

regions of stage-specifically regulated genes in Plasmodium their role 
in stage-specific gene regulation is questionable as the genome of these 

parasites is highly A and T rich and the intergenic regions consists of 
90% A's and T's (Hyde and Sims, 1987). The TATA box motif has also been 

found in abundance in both constitutive and developmentally regulated 
genes, for example the cc-tubulin 1, the ct-tubulin II and 0-tubulin genes 
(Holloway et al., 1989; Holloway et al., 1990). 

When the 5' region of the transcription sites of the pfMSA-1 gene 
were searched for other motifs, recognized by other transcription 
factors, two immunoglobulin octamer (Oct-1) sequences were found but 

no CCAAT box (Lewis, 1990). The consensus sequences for Oct-I binding 

and the CCAAT box is shown in Table 3. Since two Oct-I sites were found 
in the region 5' of transcription initiation it has been suggested that Oct- 
I might be involved in transcriptional regulation of pfMSA-1 (Lewis, 
1990) but more evidence is needed to substantiate this theory. 

The 5' region of the GBP130 gene was also analysed and it was 
shown that the transcription initiation site maps to 980 bp upstream of 
the ATG codon (Lanzer et al., 1990). The GBP 130 gene is developmentally 

regulated as shown in Table 2 and transcripts of the gene are only found 
during the trophozoite stage (Lanzer et al., 1990). The region 5' to 

transcription initiation contains a region which is homologous to the 
SV40 enhancer sequence (Lanzer et al., 1992 and Weiher 1983). 

Subsequently it has been shown that nuclear extracts from the 
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Name of 
Sequence 

Name of DNA- 
Binding Protein 

DNA Sequence Relevant references 

ANTP TCAATTAAAT Treisman et al.. 1990 
API TGAG`TCG Lee et al., 1987 
AP2 CCQCAGGC Imajeawa et al., 1987 
bicoid TCTAATCCC Hanes and Brent, 1989 

CRE CREB t/g t/a CGTCA Yamamoto et al., 1988 
CCAATBOX NFI TGTGGC7NNNAGCCAA Santoro et al.. 1988; 

Mermod et al., 1989 
C/EBP A77GCGCAAT L; ndschultz et al., 1989 
ets CACrTMT Wasylyk et al., 1990 
FOS same sequence as API NeubeTs! et al., 1989 
Ftz TCAATTAAATGA Jaynes and O'Farrell. 

1988 
GRE Promoter Glucocorticoid GGTACANNNTGTWT Hollenberg and Evans, 

1988 
GRE 
Supressor 

ATYACNNNNTGATCW Godowski et al., 1988 

GAL4 TGTGGATATATG Carey et al., 1990 
GCN4 TGA RIc TCAT Hope and Struhl. 1986 

HSE CTNGAATNTTCTAGA Bienz and Pelham, 1986 
HSU2 0CM7CC0GGA Gaston and Fried, 1992 
H2TFI 7`GGGA7TCCCCA SinRh et aL, 1988 
JUN same sequence as API NeuberR et aL, 1989 
KROX-20 GCGG cIg GGCG Nardelli et al.. 1991 
NF-icB TGGGGATICCCCA Lenardo and Baltimore, 

1989 
myb cA AAC cA G Biedenkapp et al.. 1988 
myc CACGrG MurTe et al.. 1989 
Octl, Oct2 ATGCAAAT or ATTTGCAT Falkner et al., 1986: 

Latchman, 1990 
Octl+VP16 TAATG a/g AT O'Hare and Goding. 1988. 

Preston et al., 1998 
Oestrogen AGGTCANNNTGACCT Kumar and Chambon, 

198 
Pit-I ATGAATA t/a Ingraham et aL. 1988 
rel GTGGAGATGCYGGAATCCCCA Gilmore, 1990 

Serum 
Response 
Element 

GATGTCCATA77AGGACATC Norman et al., 1988 

spi-I GAGGAA Goebl. 1990 
SpI Box 0000000 Courey and Tjian, 1988. 

Kadonga et al., 1987 
TATA Box TFIID TATA t/a A t/a Corden et al., 1980 
Thyroid 
Response 
Element 

Thyroid 
hormone/ 
Retinoic acid 

TCAGG`rCATGACCMA Evans, 1988*, Umesono 
and Evans, 1989 

Table 3: Transcription factors and the DNA sequence motifs they 
bind to. 



erythrocytic stages of the parasite bind to this region (Lanzer et al., 
1993), indicating that it is very likely to be involved in the regulation of 

the gene. The 5' region prior to the transcriptional initiation site of the 
CS gene also has homology to the SV40 enhancer sequence (Lanzer et al., 
1992; Lanzer et al., 1993). A transformation system needs to be 

operational to determine whether these sequences or any other 

sequences, which are speculated to be promoter binding sites, are 
involved in stage specific gene regulation. The stable transformation of 
Plasmodium blood stages has only just been achieved (Wu et al., 1995) and 
this system will hopefully provide the required method to study the 
involvement of these sequence motifs in stage-specific gene regulation 
in Plasmodium . 

1.6.3. Stage-specific gene regulation in Theileria. 

Little is known about the process of stage specific gene regulation 
in Theileria. The first indication that some level of control of expression 

must occur in T. annulata is the existence of life-cycle stage specific 

antigens. The existence of stage specific antigens was first recognized by 

raising monoclonal antibodies against surface molecules of different 

parasite stages for vaccine development. Shiels et al. (1986) raised a 

panel of monoclonal antibodies against macroschizonts. It was shown 
that some of these mAbs reacted exclusively with schizonts, some reacted 

with schizonts, piroplasms and sporozoites, while others just reacted with 

schizonts and piroplasms or schizonts and sporozoites. It was therefore 

concluded that Theileria expresses life-cycle stage specific antigens. 
Subsequently, another four monoclonal antibodies were raised which 

were specific for macroschizonts and these did not react with 

piroplasms, kinetes or sporozoites (Shapiro et al., 1987). These 
immunological experiments showed that *stage specific gene expression 
occurred, but they yielded no information as to which level of regulation 
is of importance. 

More information about gene regulation in Theileria was obtained 

when the first genes were isolated and molecular biology techniques 

could be employed to study at which stage their gene regulation was 

controlled. So far three genes have been isolated which are transcribed 
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and expressed constitutively. Firstly the apocytochrome B gene of T. 

annulata (Megson et al., 1991) has been characterised. This gene is 

located on the 6.3 kb extrachromosomal DNA element (Hall et al., 1990). It 

is thought that this gene product might be a suitable target for the 

development of a treatment for tropical theileriosis, as its expression is 

thought to be essential for the parasite (Megson et al., 1991). The second 

constitutively expressed gene is the cysteine protease of T. annulata 
(Baylis et al., 1992) and the third is the hsp 70.1 gene of T. annulata 
(Mason et al., 1989). The latter has been shown to be transcribed during 

the sporozoite, schizont and piroplasm stages (Mason et al., 1989) but the 
level of expression is still further inducible. Although these genes are 

constitutively transcribed during the life-cycle stages in the bovine host 

very little is known about gene expression during the early life-cycle 

stages in the tick. If these stages were studied, it might become apparent 

that some genes which are constitutively expressed in the bovine host 

might not be transcribed at all during the stages in the tick, or at least 

not for all stages in the tick. 

So far, most Theileria genes isolated are stage-specifically 

expressed and all these genes are regulated to some extent at the 

transcriptional level. A list of these genes is shown in Table 4. Some of 

these genes are transcribed only during a single stage of the life cycle 

of the parasite, for example p67 (Nene et al., 1992). It is only transcribed 
during the sporozoite stage and ORF-1, an open reading frame which is 

located 5' to the p67 gene, is only transcribed during the schizont stage 

and not during the sporozoite nor the piroplasm stages (Nene et al., 
1992). The function of this gene is as yet unknown (Nene et al., 1992). 3' 

to the p67 gene is another open reading frame, ORF-2, which is 

transcribed during the sporozoite, schizont and piroplasm stages. Its 

function is unknown but it is another potential constitutively expressed 

gene (Nene et al., 1990). Interestingly the 117 kDa rhoptry protein of T. 

annulata is only found in merozoite rhoptries and not in those of the 

sporozoite, and the gene is transcribed 2 to 3 days prior to rhoptry 
formation. Afterwards, transcription is down regulated (McDonald, 

personal communication). These examples indicate that transcriptional 

control is very important for the development of Theileria but 

unfortunately very little is known about how these genes are regulated. 



Transcription initiation sites have been mapped for only one 
Theileria gene, the hsp 70.1 gene (Mason et al., 1989). The beginning of 

the mRNA was mapped to 215 bp 5' of the ATG start codon using the SI 

mapping technique. Two sequences which show high homology to the 
heat-shock element binding site consensus sequence, shown in Table 3, 

were found in the 5' region upstream of the transcription initiation site 
(Mason et al., 1989). Furthermore, a putative TATA box was found in the 5' 

region and polyadenylation signals were found in the 3' untranslated 
region. Since the hsp 70.1 gene is heat inducible it was speculated that 
these conserved promoter binding sequences are functional in 
Theileria. To date, no promoter binding proteins have been isolated in 
Theileria. 

Name of gene Stage where the gene 

product is found. 

References 

OP protein schizont, piroplasm Baylis et al., 1992 
PIM sporozoite, schizont Toye et al., 1991 
ORF-I schizont Nene et al., 1992 
SPAG-1 sporozoite Williamson et al., 1989 
SPAG-2 sporozoite, schizont Knight. 1993 

v67 
_ 

sporozoite Nene et al., 1992 
117 kDa rhoptry 
protein 

merozoite McDonald, pers. comm. 

30-32 kDa 

merozoite antigen 
merozoite, piroplasm Glascodine et al.. 1990 

Dickson and Shiels, 1993 

Table 4: A list or Theileria genes 

regulated and the level of 

which are stage specifically 

regulation involves some 
transcriptional regulation. 



1.7. Host cell recognition and invasion. 

In order to evade the immune responses of their host, a very 
successful strategy has been developed by a number Of Protozoan 
parasites; they become intracellular for one or more of their life-cycle 

stages (Bloom, 1979; Borst, 1991). The parasites have develop adaptive 
processes that allow host cell penetration and intracellular survival. 
Ideally, vaccine and treatment development should target the 
interception or destruction of the parasite before it becomes 
intracellular and thereby establishes an infection. Therefore, one needs 
to understand how the parasite interacts with host cells and how defence 

mechanisms function against them (Vanderberg and Stewart, 1990). 

Host cell recognition and invasion by malaria 

parasites. 

Plasmodium exhibits three invasive stages: a) the sporozoite 
invading hepatocytes in the vertebrate host, b) the merozoite whose 

target cell is the erythrocyte and c) the ookinete which infects the 

midgut endothelial cell of the mosquito vector (Sinden, 1985). The first 

two stages are of importance for the development of therapeutic and 

preventative treatments. The specificity of the recognition event and 
the speed of the invasion process implies that the invasion process is 

receptor-ligand m. ediated (Hadley et al., 1986). Further, it has been 

suggested that the invasion of Plasmodium is a multi-step process 

requiring a series of interactions involving several different host and 

parasite molecules (Mitchell et al., 1986). The current knowledge of the 

mechanisms of host recognition and invasion during hepatocyte and 

erythrocyte invasion are described below. 

Recognition of hepatocytes by Plasmodium sporozoites. 

When sporozoites are transmitted by their mosquito vector into 

their mammalian host they circulate through the blood stream until 
they reach the liver. Once there they have to penetrate or move between 

either Kupffer cells or endothelial cells, which line the lumen of the 
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hepatic sinusoid, in order to reach their target cells, the hepatocytes 

(Vanderberg and Stewart, 1990). The sporozoites are well adapted and as 

many as 95% of all injected sporozoites will reach and invade their target 

cells (Vanderberg, 1968). The CS protein has been proposed as a 
candidate ligand for the putative hepatic cell receptor (Nussenzweig and 
Nussenzweig, 1989). This antigen was proposed for three reasons: a) it is 

expressed on the surface of the infective (salivary gland) sporozoite 
(Yoshida et al., 1981) but is only present in small numbers on non- 
infective sporozoites from oocysts (Aikawa et al., 1981); b) the CS protein 
contains a region, region II, which bears a striking homology to a cell 
adhesion domain of thrombospondin (Prater et al., 1991; Tuszynski et al., 
1989) and to similar regions of several other proteins (Clarke et al., 1990; 
Hedstrom et al., 1990; Robson et al., 1988; Goundis and Reid, 1988); and c) 

sporozoite invasion of hepatocytes can be blocked by monoclonal 
antibodies which react with the CS protein (Potocnjak et al., 1980). Two 

other characteristics of the CS protein have been suggested as assisting 
in host cell invasion. The first is that the CS protein contains a Ca2+ 

binding region which interacts with the phospholipid membrane of host 

cells. It is thereby of critical function during attachment, invasion and 
the development of the malaria parasites in hepatic cells (Verdini et al., 
1991). The second observation is that the CS protein possess both 

positively and negatively charged sites which are accessible on the 

surface of the sporozoite, and are thought to be components of surface 
ligands during hepatocyte invasion (Mathews and Vanderberg, 1994). 
Conclusive evidence showing that the CS protein is involved in 

hepatocyte invasion was provided by Cerami and co-workers (1992). 
They showed that recombinant CSP of P. falciparum binds specifically to 
the membrane surface of hepatocytes and not to other cells. They also 
showed that the binding can be inhibited by synthetic peptides 
representing the evoluti onari ly-con served region 11 of the CS protein. 
Further, this region has been shown to be responsible for binding to the 
heperan sulfate proteoglycans on the surface of the hepatocytes (Cerami 

et al.. 1992; Panacake et al., 1992; Frevert et al., 1993; Frevert, 1994; Cerami 

et al., 1994). The binding domain has been found in CS proteins from all 
Plasmodium species as well as another sporozoite protein SSP2/TRAP 
(Rogers et al., 1992a; Rogers et al., 1992b; Wizel et al., 1994; Robson et al., 
1988). The SSP2/TRAP protein is located in the micronernes and the 

surface of the sporozoite stage and has been shown to bind to sulfated 



glycoconjugates on the surface hepatocytes (Miller et al., 1993). It has 
been proposed that the recognition and initiation of hepatocyte invasion 
is achieved by a cascade of receptor-ligand interaction. It is therefore 
likely that the CS protein and SSP2/TRAP act together with other 
sporozoite proteins during the invasion process (Hedstorm et al., 1990; 
Moelans, et al., 1991; Fidock et al., 1994a; Fidock et al., 1994b). 
Interestingly, the immunodominant microneme protein of Eimeria 

tenella has the same thrombospondin-related region as the CS protein 
and it has also been speculated that it is involved in host cell invasion 
(Clarke et al., 1990; Tomley et al., 1991). Another surface molecule of the 
sporozoite stage, CSP-2 has only just been isolated (Sina et al., 1995). 
Since monoclonal antibodies directed against this protein block the 
invasion of hepatocytes in vitro this might indicate that this protein is 

also involved in the invasion of host cells (Sina et al., 1995). 

Recognition of erythrocytes by merozoiles of PIasmodium. 

Over 40 years ago, it was suggested that the invasion of 

erythrocytes by merozoites is receptor-ligand mediated (McGhee, 1953). 

Although the process of merozoite attachment and invasion has been 

described in detail at the light microscope level (Dvorak et al., 1975) and 
by ultrastructural studies with the electron microscope (reviewed by 

Bannister and Dluzewski, 1990; Aikawa et al., 1978; Perkins, 1989), the 

molecules involved and their roles are still poorly understood. One of the 

main candidate ligands on the merozoite surface is the MSP-1 protein. 
This antigen is processed and the resulting polypeptides are found 

uniformly distributed across the surface of the merozoite (Holder et al., 
1987, McBride and Heidrich, 1987). Perkins and Rocco (1988) have 
demonstrated that this protein binds to erythrocytes and they speculated 
that the polypeptide binds to sialic acid on the erythrocyte surface. 
When the structure of MSP-1 was investigated, two epidermal growth 
factor (EGF) modules were found in the 19 kDa C-tcrminal region of the 

antigen (Blackman et al., 1991a). The 19 kDa polypeptide is linked to a 
GPI-anchor and remains on the surface of the merozoite during the 
invasion process (Blackman et al., 1990a; Blackman et al.. 1991b). 
Subsequently it has been shown that this cleavage is intrinsic to 

successful erythrocyte invasion and that this process is facilitated by a 

serine protease (Blackman et al., 1993). The proteolytic cleavage process 



of MSP-l by a serine protease has also been confirmed in vivo (Odea et 

al., 1995). Further evidence that this C-terminal region is involved in the 
invasion of erythrocytes was obtained by the use of antibodies in 

invasion blocking studies. A monoclonal antibody which binds to the 
first EGF module was shown to block merozoite binding to erythrocytes 
(Chappel & Holder, 1993: Su et al., 1993). Other monoclonal antibodies 

which react with the 19 kDa C-terminal fragment also block invasion 

(Blackman et al., 1990a; Cooper et al., 1992). Therefore, this C-terminal 

polypeptide seems important in the invasion process and the role of the 
EGF modules in this process needs to be evaluated further. Binding 

studies have revealed that the MSP-1 protein also binds to sugar residues 
found on the surface of erythrocytes (Qazi et al., 1994). 

It seems likely that the MSP-I protein is one of the first receptor- 
ligand interactions between the merozoite and the erythrocyte. This 

interaction might induce the next step in the cascade, i. e. the release of 
EBA-175 from the micronemes. EBA-175 was shown to belong to a family 

of microneme proteins (Camus and Hadley, 1985; Haynes et al., 1988; 
Wertheimer and Barnwell, 1989; Adams et al.. 1992; Peterson et al., 1995) 

which can bind to the sialic acid moiety on glycophorin A (Orlandi et al, 
1990; Klotz et al 1992; OrIandi et al., 1992; Sim et al., 1994). Sequence 

analysis of the microneme proteins of the above gene family reveals 
that these proteins are related and exhibit dimorphism (Klotz et al., 1992; 
Prickett et al., 1994). Similar to MSP-I, EBA-175 is proteolyticly cleaved 
during the invasion process into a 65-kDa fragment whose binding to 

erythrocytes is sialic acid independent (Kain et al., 1993). It is predicted 
that this cleavage process is involved in the formation of the moving 
junction between the merozoite and the erythrocyte membrane and 
thereby permitting membrane fusion with the host cell (Kain et al., 
1993). The region involved in the interaction with the host cell 

membrane has been mapped to a 42 amino acid peptide in the C-terminus 

of EBA-175 (Sim et al., 1994a; Sim et al., 1994b). It has been proposed that 
EBA-175 is the most important ligand for binding of merozoites to 

glycophorin A on erythrocytes (Sim, 1995). However, other evidence 

exists that P. falciparum can utilize other receptors. such as glycophorin 
B (Dolan et al., 1994). Therefore it seems likely that parasite has multiple 

genes with different erythrocyte-rcceptor specificities which can be 

switched on and off (Miller et al., 1994). 
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Another mcrozoite protein has been isolated and is called MCP-1 

(merozoite cap protein-1). This protein follows the distribution of the 

moving junction during the invasion of erythrocytes. Sequence 

conservation between this protein and bacterial and eukaryotic proteins 
has indicated that it has oxidereductase activity as well as another 
domain which may mediate interactions of MCP-1 with the cytoskeleton 
in erythrocytes (Hudson-Taylor, et al.. 1995). During this and later stages 
of the invasion process, other proteins will be released from the 

mcrozoite such as further erythrocyte membrane binding proteins 
(Elmoudni Ct al., 1993), serine-proteases and phospholipases 
(Braunbreton et al., 1994; Florent ct al., 1994), protein kinases (Ward et 

al., 1994) and various rhoptry proteins (Grellier ct al., 1994: Samyellowe 

et al.. 1995; Ndengele et al., 1995). 

A different receptor on the erythrocyte has been implicated in 

merozoite invasion of P. knowlesi and P. vivax. This is the Duffy blood 

group antigen (Miller et al., 1975; Miller et al., 1979; Barnwell et al., 1989). 
One line of evidence for this was provided by monoclonal antibodies 

raised against the Duffy blood group antigen, as they block merozoite 
invasion (Barnwell et al., 1989). When the invasion of P. falciparum 

merozoites was investigated it was shown that there was no correlation 
of the expression of the Duffy blood group antigen and susceptibility of 
target erythrocytes (Holder, 1994). It has been shown that the Duffy 
blood group antigen consists of the IL8 receptor and MGSA (melanoma 

growth stimulatory activity) receptor (Horuk ct al., 1993). Mutations in 

the MGSA receptors resulted in the loss of infectivity of the mutated cell 
lines (Hesselgesser et al., 1995). The family of Duffy blood group antigen 
binding proteins was isolated from P. knowlesi and P. vivax, was shown 
to contain homology to EBA-175 and their binding domain was mapped to 

a cystein-rich domain (Chitinis and Miller, 1994). This binding domain is 

hypervariable but this variability is limited (Tsuboi et al., 1994). 

Although different Plasmodium species might utilise different 

ligand-receptor interactions for both the initial and subsequent 
invasion steps the general principal is the same and the parasite 

proteins involved seem to be related. Therefore, for invasion to be 

successful a cascade of parasite and host cell protein-protein 



interactions has to take place and as a result the invading parasite 

manages to hide inside the host cell where it is protected from most of 

the hosts immune responses. 

1.7.2. Host cell attachment and invasion by Toxoplasma 

tachyzoites. 

Toxoplasnia tachyzoites exhibit a very broad host cell range. They 

can invade virtually all nucleated cell types from warm-blooded 
vertebrate hosts (Werk, 1985). The invasion event is not due to 

phagocytosis as previously thought but is an active process. During this 

process no host cell membrane ruffling, actin microfilament 

reorganisation or tyrosin phosphorylation of host proteins takes place 
(Morisaki et al., 1995). These effects have, however, been seen during 

phagocytosis (Morisaki et al., 1995). The notion that trachyzoites can 
invade host cells by phagocytosis was based on the observation that 

phagocytic cells take up Toxoplasma parasites and that the parasite can 

survive in these cells. This however, is due to some parasites escaping 
from the phagosome by a process analogous to invasion (Morisaki ct al., 
1995). The invasion process of tachyzoites is very similar to the invasion 

process of Plasniodium because a cascade of interactions between the 

parasite and the host cell has to take place. Initially the tachyzoite 
loosely attaches to the host cell and rearranges itself to bring the apical 

pole in close apposition to the membrane (Wong and Remington, 1993; 

Werk. 1989). These processes involve receptor-ligand interactions and 

are followed by the protrusion of the conoid. Then a moving junction is 

formed between the parasite and the host cell membrane which is 

accompanied by micronerne exocytosis. Rhoptry exocytosis is the next 

step and when the parasite is engulfed completely the prasitophorous 

vacuole is formed and transformed into an environment suitable for the 

parasite with the help from the dense granules (Joiner and Dubremetz, 
1993; Dubremetz and Schwartzman, 1993). The complete process is 

extremely fast lasting between 25 and 40 seconds (Morisaki et al., 1995). 

The attachment process of the tachyzoite to the host cell and the 
initiation of the invasion process involves an array of receptor-ligand 
interactions which have partly been identified. One of the these 



interactions is between parasite laminin and the laminin receptor on 
host cells (Furtado et al., 1992) and it was also shown that the parasite 
laminin interacts with the 01 integrin receptor and colagen type IV 

(Joiner et al.. 1990). Tachyzoite binding to host cells can be blocked by 

the addition of monoclonal antibodies against laminin and the cE6 chain 

of the integrin family (Furtado et al., 1992). Two further parasite 

proteins have been identified which interact with the host cell 

membrane. These are parasite lectin like molecules (Robert et al., 1991) 

and major parasite protein SAG-1. SAG-1 was shown to bind glycosylated 
host cell receptors (Minco a al., 1993; Grimwood& Smith, 1992) and 
therefore is important for parasite attachment. The importance of SAG-1 

was supported by data which shows that antibodies against SAG-1 but not 
SAG-2 block tachyzoite invasion. (Kasper &Mineo 1994). 

The first set of proteins which originate from organelles and are 

of importance during the invasion process are the microneme proteins. 
Three microneme proteins have been identified in Toxoplasma (MCII: 60 

kDa, MC12: 120 kDa, MC13: 90 kDa) but their role during the invasion 

process still needs to be identified (Achbarou et al., 1991) 

During the next stage the content of the rhoptries is released. The main 

components of these are lipids (Foussard et al., 1991) but at least two 

rhoptry proteins have been cloned and studied. The first is ROP-1 which 
has one acidic and one basic domain that may confer a large spectrum of 
binding capabilities (Schwartzman 1986; Ossorio et al., 1992). It has been 

suggested that this protein may facilitate parasite motility during 

invasion (Kasper and Mineo, 1994). The second rhoptry protein is ROP-2 

which is inserted into the parasitophorous vacuolc membrane and is 

thought to allow interactions of the parasite with the cytoplasm of the 
host cell (Beckers et al., 1994). It has been shown that when the 

parasitophorous vacuole membrane is formed it contains either 

channels or transporters which regulate the trafficking between the 

parasite vacuole and the cytoplasm (Schwab et al., 1994: Demelo et al., 
1992). 

Finally there is another group of proteins which play an 
important role during the later stages of the invasion process. These are 

the proteins released from the dense granules and they are thought to be 
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responsible for the remodelling of the parasitophorous vacuole. Five of 

these proteins have been cloned and sequenced but the function of all 
rive needs to be further studied. GRA-1 is a 24 kDa soluble calcium 
binding protein (Ccsbron-Delauw et al., 1989; Sibley et al., 1995). while 

the function of the second protein GRA-2 is not yet known. However, it is 

soluble and has a molecular mass of 28.5 kDa (Prince et al., 1989; Mercier 

et al., 1993). The third, GRA-3, is a soluble 30 kDa protein which is 

thought to interact with the parasitophorous vacuole membrane 
(Bermudcs ct al., 1994; Ossorio et al., 1994). Both the function of GRA-4 (40 

kDa) and GRA-5 (21 kDa) is not known but both proteins contain a 

transmembrane domain which might allow interactions of the parasite 

with the host cell (Mevelec et al., 1992; Lecordier et al., 1993). 

1.7.3. The process or host cell recognition and invasion 

by Thelleria sporozoites. 

Host cell recognition and invasion by Theileria sporozoites is only 

poorly understood. It became possible to study this process after the 
infection and transformation of host cells by Theiteria parva sporozoites 

was achieved in vitro (Brown et al., 1971) and the first insight into the 
invasion process was based on observations by electron microscopy 
(Fawcett et al., 1982). It was shown that the interaction of the sporozoite 
with the membrane occurs in two steps (Webster et al., 1985) as 
illustrated in Figure 5. First, the sporozoite loosely binds in any 
orientation to the surface of the host cell. This interaction is either 
terminated and the sporozoite is released or the parasite becomes more 
closely attached, leading to invasion (Webster et al., 1985). The 

membrane of the sporozoite comes into very close apposition with the 

membrane of the host cell. 'Zippering up' of the membranes then occurs 
and the sporozoite sinks into the host cell until the rim of the 
invagination pocket closes and fuses over the parasite (Fawcett et al., 
1982). This process of internalisation is very fast, taking less than three 

minutes (Shaw et al., 1991). The invasion process is ligand-receptor 

mediated and it was thought that the sporozoite enters by passive 
endocytosis (Fawcett et al., 1984). It has been demonstrated that a surface 
antigen, p67 of T. parva, which is thought to be a candidate for host cell 
recognition and invasion is shed from the sporozoite during the 
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invasion process (Dobbelaere et aL, 1985). During the entry process of 

the host cell by the sporozoite the micronemes and rhoptries discharge 

their contents and the enveloping host cell membrane is lysed (Fawcett 

et al., 1984 and Shaw et al., 1991). Thus the parasite comes to lie free in 

the cytoplasm. 

The initial findings for T. parva attachment and invasion were 
largely confirmed for T. annulata (Jura et al., 1983). However conflicting 

results were obtained for the two species regarding the energy 

requirements of the sporozoite during the invasion process. In contrast 
to Fawcett's conclusion with T. parva, the process of invasion by T. 

annulata sporozoites is an active process. It is initiated by the sporozoite 

and involves either proteins or glycoproteins as receptors on the host 

cell (Jura, 1984). Although it is theoretically possible that the sporozoites 

of T. annulata and T. parva use very different methods for host cell 
invasion, this is thought to be very unlikely. The issue was resolved 

much later when the entry of T. parva sporozoites into bovine 

lymphocytes was re-examined. It was shown that whilst the initial 

interaction with the host cell is a chance event independent of 

temperature (Shaw et al., 1991), all subsequent stages of invasion are 

temperature dependent, requiring the participation of live, intact 

sporozoites and host cells. The process involves some rearrangement of 
the host cell surface membrane and cytoskeleton (Shaw et al., 1991). As 

yet none of the receptors involved in the invasion process of T. annulata 

are known, but in T. parva there is evidence that the MHC class I 

molecules is essential in the process of sporozoite entry into bovine 

leucocytes (Shaw et al., 1995). 
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a) 

Leucocyte 

b) 

Leucocyte 

c) 

Leucocyte 

Figure S: Diagrammatical representation of the invasion of a 
leucocyle by a Thelleria sporozoite. Panel a) shows the initial loose 
interaction of the sporozoile surface coat with the surface of leucocytes 
(arrow). Panels b) and 0 show the entry of the sporozoite into the leucocyte: 
the parasite and lymphocyte membrane are in close apposition; as the entry 
progresses, the sporozoite plasmalemma is 'zippering up' with the 
membrane of the lymphocyte. 



1.7.4. Identification Or target cells for invasion by 

Theileria sporozoites. 

The method of in vitro infection and transformation of host cells 
by Theileria sporozoites (Brown et al., 1971) has also allowed us to study 
and charactcrisc the target host cells for sporozoitc invasion and 
transformation. The first indication that T. parva sporozoites infect a 
specific population of leucocytes was obtained when Stagg ct al. (1981) 
found that the sporozoites only bind to and invade 25% of purified 
leucocytes. Later it was shown that T cells arc the likely target for T. 

parva sporozoites since the transformed cell lines express T cell markers 
as defined by specific monoclonal antibodies (Pinder ct al., 1981). Similar 

results to Stagg et al. (1981) were also observed for T. annulata (Jura et 
al., 1983). Thus T. annulata sporozoites commonly bind to only 10% - 20% 
(but occasionally up to 40%) of purified lcucocytes (Jura et al., 1983). 
There were indications that there might be different target populations 

within lcucocytes, since sporozoites bind to some cells only at one pole, 
but evenly across the surface of other cells (Jura et al., 1983). It was also 

shown that Thelleria sporozoitcs arc spccies-spccific in the host cell 
invasion and transformation process. T. parva infects and transforms 

only peripheral blood leucocytcs of cattle (ic Bos taurus and Bos indicus) 

and buffalo (Syncerus caffer) (Stagg et al., 1983) while T. annulata 
infects cells from a wider host range. T. annulata infects peripheral 
blood leucocytes from the Bovidae family ie. cattle (Bos taurus) and 
buffalo (both Syncerus caffer and Bubalus bubalis), goats (Capra hircus) 

and sheep (Ovis aries) (Steuber ct al.. 1986). However, T. annulata does 

not transform peripheral blood leucocytcs from buffalo in vitro 
although these cells can be infected by T. annulata sporozoitcs (Steuber 

et al., 1986 and Chaudhri and Subramanian 1992). 

The identification of cells infected by Theileria sporozoites has 
been made more difficult since it has become apparent that when the 

parasite transforms a leucocyte it changes the phenotype of the cell 
(Stagg et al., 1981). The changes include an increase in the amount of 
cytoplasm and alterations in the surface of the parasitised cell. The 

composition of the surface molecules changes so that for example, aT 
cell infected with T. parva, which did not express any MHC class 11 

molecule prior to infection. expresses this marker once the cell is 
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transformed (Morrison et al., 1986 and Lalor et al., 1986). Therefore, to 
identify target cells for Theileria invasion, one cannot rely on the 

phenotype of the transformed cells as this might give misleading results. 
The target cells for T. parva invasion were investigated by attempts to 
infect subpopulations of sorted peripheral blood mononuclear cells in 

vitro. The identified target cells are T cells, B cells and Null cells while 

neither monocytes nor neutrophils could be infected (Baldwin et al., 
1988). Other targets for T. parva sporozoites include eosinoPhils and 
fibroblasts (Morrison ct al.. 1986). It was also observed that. generally, 

all transformed B cells lose the expression of their surface 
immunoglobulin. Further. the transformed cells started to express T cell 

markers such as CD2 and CD8 (if they did not express them already 
(Baldwin et al., 1988)). The up-regulation of CD8 expression was also seen 

after sorted CD4+ CD8- cells were infected in vitro (Emery et al., 1988). 

Conrad et al. (1989) observed that genotypically distinct T. parva 

parasites induce different levels of expression of CD6, CD8 and Null cell 

markers after the transformation of a cloned host cell line. It has also 
been observed that cells after infection by T. annulata have an altered 

membrane composition. This includes increased MHC class 11 expression 
(Glass and Spooner, 1990) and expression of parasite specific antigens 
(Shiels et al., 1986 and Shiels et al., 1989). 

When the target cells for T. annulata sporozoites were compared 

to those of T. parva it became apparent that both parasites infect and 

transform different cell types as shown in Table 5 (Spooner ct al., 1988, 

Glass ct al., 1989 and Spooner ct al., 1989). Thus T. annulata sporozoitcs 

preferentially infect MHC class II positive cells, whilst T cells were only 
infected at a very low frequency. In complete contrast, T. parva 

preferentially infects T cells and does not infect monocytcs at all, 

although the lattcr are the main target for T. annulata. Furthermore, B 

cells arc infected much more efficiently by T. annulata than T. parva 

(Glass ct al., 1989 and Spooner et al., 1989). In summary the main targets 

for T. annulata infection arc MHC class II positive cells, macrophagcs, 

monocytes and B cells. It is questionable whether T cells arc a target for 

the in vivo infection by T. annulata sporozoites, since they can be 

infected only at a very low frequency in vitro, and if infected they 

rapidly lose their T cell markers such as CD4, CD8 (Inncs et al., 1989, 

Spooner 1988). However, some evidence obtained from in vivo derived T. 
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annulata infected cell lines indicates that the sporozoites might infect a 

wider range of cells in vivo, than in vitro, since one such cell line 

expressed CD2, CD3 and the y/8 T cell receptor indicating that this cell 
line is of T cell origin. But it did not express the other T cell markers CD4 

or CD8 (Howard et al., 1993). 

T. annulata T. parva. 

MHC class If+ cclis + 

MHC class 11- cells ii 

Monocytes .. --- 
B cclis ++ + 
T cells +I- iii 

Macrophapes + +/- 

Fibroblasts + + 

Table 5: Comparison of target cells for sporozoite invasion by T 

annulata and T. parva. 



Objectives of my work. 

The aim of this thesis is to further the understanding of the 
functional and practical importance of the sporozoite antigens SPAG-1 

and SPAG-2. Unfortunately not the whole SPAG-2 gene is available as 
discussed in section 1.4.2. and the part of the gene which had been 

cloned was made available only during the latter stages of my D. Phil. 
Therefore, most of my work concentrates on SPAG-1. 

When I started my D. Phil, some preliminary evidence was shown 
for the existence of polymorphism in the SPAG-1 gene (Dr. R. Hall, 

personal communication). Therefore one of my objectives was to first 

confirm that SPAG-1 shows antigenic polymorphism and then to 

establish the degree of polymorphism. A full length cDNA sequence of 
SPAG-1 was available and a genomic SPAG-1 clone also existed, but only a 
very limited amount of sequence data was available for this clone. My 

primary objective was to sequence the genomic clone of SPAG-I and to 

establish the level of polymorphism between the cDNA and genomic 
copy of SPAG-1. It was predicted that this sequence comparison might 
reveal important information for future vaccine development. 

The next objective was to establish the degree of polymorphism of 
SPAG-1 at the DNA and protein levels between and within isolates. A 
SPAG-1 polymorphism was detected previously by RFLP analysis of 
piroplasm DNA digested with Eco RI and probed with the SRI region of 
SPAG-1 (Williamson, 1988; see section 1.5-2. ). To characterise this 

polymorphism a PCR based cloning and sequencing approach was 
chosen. The template DNA investigated was isolated from cloned 

macroschizont-infected cell lines which originated from two 
independent parasite isolates: one from Hisar and the other from 

Ankara. 

SPAG-1 is a stage specifically regulated gene which is only 
expressed during sporozoite development (Williamson et al.. 1989). A 

genomic SPAG-1 clone was available which contained the 5' untranslated 
region of approximately I kb. Therefore, one of my objectives was to map 
the mRNA initiation site in an attempt to locate the promoter region 
involved in the stage specific regulation of SPAG-1 transcription. 



Further, attempts were made to isolaie DNA binding proteins which are 
involved in this regulation process, as this might reveal novel 

transcription factors in Theileria as well as novel DNA binding sites. 

Hall and co-workers (1992) observed three VGVAPG hexa-peptides 

within the predicted SPAG-I amino acid sequence. This hexa-peptide is 

also found in bovine clastin and there it was identified to be the region 
to which the elastin receptor binds (Mecham ct al., 1989). This 

observation and the fact that IA7. a monoclonal antibody against SPAG-1. 

blocks invasion of sporozoites into host cells, led to the theory that 
SPAG-I might be a ligand on the sporozoite (Hall et al., 1992). It was 
further proposed that SPAG-I binds to the elastin receptor on the host 

cell surface during the recognition event of host cell invasion (Hall et 

al., 1992). Therefore, my aims were to show that recombinant SPAG-1 and 

subsequently SPAG-2 are ligands which arc involved in host cell 
invasion. The approach chosen was to use recombinant parasite proteins 
in binding assays in an attempt to show that these two antigens bind 

specifically to putative host cells. Another of my objectives was to 
investigate the role of the elastin receptor for SPAG-I binding and its 

involvement in host cell invasion. 
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Chapter 2 

Materials and Methods 

Materials. 

2.1.1. Buffers. 

The abbreviations given for the buffers listed in this section are 

used throughout the thesis. Unless otherwise stated, all buffers were 

made up in ultrapure water prepared by reverse osmosis and 
deionisation using the Purity-Labwater water purifier. 

0.5 M EDTA pH 8.0 
Disodium ethelenediaminetetra-acetate. 2H20 was made up to 0.5 M 

and the pH was adjusted to 8.0 with NaOH pellets. 

10 x PBS (phosphate buffered saline) was as follows: 
1.5 M NaCI 
160 mM Na2HP04.2H20 
40 mM NaH2PO4. H20 
The pH was adjusted to 7.3 with HCI. 

Ix TE comprises: 
10 mM Tris base 

I mM EDTA. diluted from the 0.5 M EDTA pH 8.0 stock, pH was 

adjusted to 7.5 with HCI. 

1.5 M Tris-HCI, pH 6.8 
1.5 M Tris base was made up in H20 and the pH was adjusted to 6.8 

with HCI. 

IM Tris-HCI, pH 7.5 

1M Tris base was made up in H20 and the pH was adjusted to 7.5 

with HCI. 
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IM Tris-HCI, pH8.0 
IM Tris base was made up in H20 and the pH was adjusted to 8.0 

with HCI. 

1.5 M Tris-HCI, pH 8.8 
1.5 M Tris base was made up in H20 and the pH was adjusted to 8.8 

with HCI. 

Competent cell buffer 1 

30 mM KCOOH 
50 mM MnC12 

100 mM KCI 
10 mM CaC12.2H20 

15 % (v/v) glycerol 

Competent cell buffer Il 

10 mM Na-MOPS, pH 7.0 
75 mM CaC12.6H20 

10 mM KCI 

15 % (v/v) glycerol 

Bacterial culture media. 

All bacterial culture media were made up using deionised water 

and were sterilised by autoclaving for 20 minutes at 15 lb/square inch. 

1200C. The following media were used: 

Luria-Bertani (LB) medium 
10 g NaCI 
5g Bacto yeast extracts 
10 g Bacto-tryptone 

per litre 
When growing E. coli for the preparation of recombinant 
proteins, MgS04 and glucose was added to 10 mM and 0.2% 

respectively before use. 
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Ampicillin stock 
100 mg ml-I ampicillin (sodium salt) was made up in H20, filter 

sterilized and stored at -200C. Amplicillin was added to culture 

media at a final concentration of 100 pg ml-I when E. coli 
harbouring recombinant plasmids carrying amplicillin 

resistance genes were grown. 

LB agar 
15 g Difco Agar was added per litre of LB medium prior to 

autoclaving. 

TYM medium 
2% Bacto tryptone 
0.5 % Yeast extracts 
0.1 M NaCl 
10 MM M9SO4.7H20 

X-gal stock 
20 mg ml-I 5-bromo-4-chloro-3-indolyl-p-D-galactoside was made 
up in dimethy1formamide and it was stored at -200C wrapped in 

aluminium foil. 

IM IPTG stock 
238 mg ml-I isopropylthio-P-D-galactoside was made up in H20, 

filter sterilized and stored at -200C. 

2.1.3. Solutions for extracting Plasmid DNA. 

Solution I 
50 mM glucose 
25 mM Tris-HCI pH 8.0, diluted from the IM stock 
10 mM EDTA, diluted from the IM stock 

sterilized by autoclaving. 
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Solution II 

0.2 M NaOH 
I% SDS 

filter sterilized. 

Solution III 
5M potassium acetate 
pH adjusted to 4.5 with CH3COOH and sterilized by autoclaving. 

Chloroform/isoamyl alcohol (IAA) 

I part IAA was equilibrated with 24 parts chloroform. 

Phenol 

Distilled aqua phenol (Applegen) was equilibrated with TE buffer 

and stored a 40C in a dark bottle. 

Phenol/chloro form 

50 % equilibrated phenol and 50 % chloroform/IAA were mixed 

and stored at 40C. 

2.1.4. Solutions for restriction digests. 

React buffer I 

500 mM Tris-HCI, pH 8.0 

100 MM M902 

React buffer II 

500 mM Tris-HCI, pH 8.0 

100 MM M902 

500 mM NaCl 

React buffer III 
500 mM Tris-HCI, pH 8.0 

100 MM MgC12 

IM NaCl 
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React buffer IV 
200 mM Tris-HCI, pH 7.4 

50 mM M902 

500 mM KCI 

Solutions for agarose gel electrophoresis. 

Ethidiurn bromide stock solution 
This was made up in H20 at 10 mg ml-I and stored protected from 

light. 

Low and high melting point electrophoresis agarose were purchased 
from BRL. 

Molecular weight markers 
I kb ladder (BRL), fragment sizes from 75 bp-12.2 kb 

These were made up according to manufacturer's instructions. 

10 x TBE 

0.9 M Tris base 
0.9 M Boric acid 
20 mM EDTA (diluted from the 0.5 M EDTA pH 8.0 stock solution) 
This solution was made up in H20. 

2.1.6. Solutions for preparing GST fusion proteins. 

MTPBS 

150 mM NaCI 
16 mM Na2HP04 

4 mM NaH2PO4 

Sterilized by autoclaving, and stored at 40C. 

MTPBS, I% Triton 

5 ml Triton X-100 were added to 500 ml MTPBS. 
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MTPBS, NaCl 

3.15 M NaCl 
16 mM Na2HP04 
4 mM NaH2PO4 

Sterilized by autoclaving, and stored at 40C. 

IM1,10-Phenan-throline 

IM1,10-phenanthroline monohydrate was made up in ethanol 

and stored at -200C. 

100 mM PMSF 

100 mM PMSF was dissolved in DMSO and stored at 40C. 

DNase I stock 
10 mg ml-l DNase I was made up in H20, filter sterilized and stored 

at - 200C. 

Elution buffer 

50 mM Tris-HCI pH 8.0, diluted from IM stock 
0.15 % reduced-glutathione 
Made up immediately before use. 

Reaction buffer for Factor Xa 

20 mM Tris-HCI pH 8.0. diluted from the IM stock 
100 mM NaCI 
2 mM CaC12 

Made up immediately before use. 

Solutions for SDS polyacrylamide gel 
electrophoresis. 

30 % Acrylamide 
30 % (w/v) acrylamide was made up in H20, deionized, filtered and 

stored in a dark bottle at 40C. 
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I% Bisacrylamide 
I% (w/v) bisacrylamide was made up in H20, deionized, filtered 

and stored in a dark bottle at 40C. 

25 % APS 
25 % (w/v) ammonium persulfate was made in H20, and stored at 

-200C. 

Coomassie blue R250 stain 
0.5 mg ml-I Coomassie blue R250 powder was dissolved in 30 % 

methanol, 10 % acetic acid in H20. 

3x Sample buffer 
6% SDS 
3% glycerol 
0.05 % bromophenol blue 
1.5 % 2-mercaptoethanol 
187 mM Tris-HCl. pH 6.8. diluted from the 1.5 M stock solution 
This was made in H20 and stored at RT. 

5x Gel running buffer 
7.7 M glycine 
IM Tris base 
2% SDS 
40 mM EDTA 
This was made up in H20. 

Destaining solution 
30 % methanol 
10 % acetic acid 
This was made in H20. 

Molecular weight markers 
BDH high molecular weight markers were used, They have a 
molecular weight of 200 kDa, 116 kDa, 97 kDa, 77 kDa, 55kDa and 43 
kDa. The low molecular weight markers were obtained from Sigma 

and they have a molecular weight of 66 kDa, 45 kDa, 36 kDa, 29 kDa, 

24 kDa, 20 kDa and 14 kDa. 
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Solutions for Western blotting. 

Transfer buffer 
192 mM glycine 
25 mM Tris base 
20 % methanol 
Made up immediately before use in H20. 

10 x TS 

20 mM Tris-base 

150 mM NaCl 

10 x TS/Triton 

0.5 % Triton X-100 in 10 x TS. 

Blocking buffer 

5% non-fat skimmed milk powder in Ix TS. 

NBT 
5% nitro blue tetrazolium in 70 %d imethyl form amide. 

BCIP 
5% bromochloroindolyl in 100 % dimethylformamide. 

A-P buffer 
100 mM NaCl 

5 InM M902 

100 mM Tris base 

pH was adjusted to 9.5 with HCI, autoclaved and stored at 40C. 

2.1.9. Solutions for biotinylation and flow 
cytometry. 

10 % NMS 
10 % normal mouse serum was made up in Ix Dulbecco's PBS 
(Gibco). 
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Biotinylation buffer 

3 mg ml-I protein, which will be biotinylated 

I mg ml-I NHS Biotin 

10 % DMSO 
0.1 M sodium hydrogen carbonate 
This was made up in H20. 

FITC 

The stock bought from Vector Laboratories was used at a 1/100 

dilution in Ix Dulbecco's PBS (Gibco). 

S treptav idi n/Phycoerythrin 
10 gg ml-I R-Phycoerythrin StrePtavidin (Vector Laboratories) 

was made up in Ix Dulbecco's PBS (Gibco). 

Protein dilutions 

x tig Protein 

0.5% BSA 

These were made in Ix Dulbecco's PBS (Gibco) and stored at -200C. 

2.1.10. Solutions for protein iodination and binding 
assays. 

TBS 

20 mM Tris base 

500 mM NaCI 

This was made up in H20 and the pH was adjusted to 7.5 with HCL 

lodogen/chloroform 

I mg ml-I iodogen (Pierce) was dissolved in chloroform. 

Binding buffer 
500 tig ml-I Bovine serum albumin (BSA) 
2 MM M902 

2 mM CaC12 

5 mM glucose 
Made up in TBS, immediately before use. 
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Solutions for Southern blotting. 

Depurination solution 
0.25 M HCI. 

Denaturing solution 
1.5 M NaCl 

0.5 M NaOH 

Neutralizing solution 
IM Tris base 

1.5 M NaCl 

pH adjusted to 8.0 with HCI. 

Hybridisation buffer 

7% SDS in 125 mM phosphate bufffer, pH 7.5 

Wash buffer 

0.2 % SSC 

0.1 % SDS 

2.1.14. Solutions for RNA extractions and primer 
extensions. 

H20, DEPC treated 
0.1 % DEPC (v/v) in H20 

This was left overnight and then autoclaved to remove remaining 
DEPC 

4M Guanidium isothiocyanate 
4M guanidium isothiocyanate was made up in H20 and stored at 

-200C. 

0.5 M EDTA, DEPC treated 

The EDTA was made as described in 2.1.1. but before autoclaving it 

was treated with DEPC. 
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4M NaCOOH, pH 6.0, DEPC treated 
4M NaCOOH was made up in H20, the pH was adjusted to 6.0 with 
NaOli pellets, and then DEPC treated and autoclaved. 

3M NaCOOH pH 6.2, DEPC treated 
3M NaCOOH was made up in H20, the pH was adjusted to 6.2 with 

NaOH pellets, then was DEPC treated and autoclaved. 

10 x One Phor ALL buffer (Pharmacia) 

100 mM Tris-acetate pH 7.5 

100 mM Magnesium acetate 
500 mM Potassium acetate 

3 mM ADP 
3 mM ADP was made up in DEPC treated H20. 

0.5 M PIPES, DEPC treated 
0.5 M PIPES in H20, DEPC treated and autoclaved. 

3M NaCl, DEPC treated 
3M NaCl in H20, DEPC treated and autoclaved. 

Hybridisation buffer 

40 mM PIPES, pH 6.4, diluted from 0.5 M DEPC treated stock 
I mM EDTA pH 8.0, diluted from 0.5 M DEPC treated stock 
0.4 M NaCl, diluted from the 3M DEPC treated stock 
Made up in formamide. giving a final concentration of 79 % 

formamide. 

0.1 M DTT 

0.1 M DTT was made in DEPC treated H20 and stored at -200C 

5x Super Script buffer (Gibco BRL) 

250 mM Tris-HCI, pH 8.3 

375 mM KCI 

15 mM MgC12 
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10 mM dNTP stock 
2.5 mM dATP 

2.5 mM dCT? 

2.5 mM dGTP 

2.5 mM dTrP 
in DEPC treated H20, stored at -200C. 

TE, DEPC treated 
This was prepared as described in 2.1.1 but before autoclaving it 

was DEPC treated. 

RNase A (DNasc free) 
20 mg ml-I stocks were made in H20, boiled for 15 minutes to 

destroy DNases and stored at -200C. 

x Loading dye (Pharmacia) 

0.3 % Bromophenol blue 
0.3 % Xylene cyanol FF 
10 mM EDTA, pH 7.5 
97.5 % deionized formarnide 

2.1.15. Solutions for working with bacteriophage X. 

SM phage dilution buffer 

0.1 M NaCl 
8 mM MgS04 

50 mM Tris-HCI, pH 7.5, diluted from the IM stock 
0.001 % gelatin 
Sterilized by autoclaving. 

TNE-50 
10 mM Tris-HCI (pH 7.5) 

50 mM NaCI 

I mM EDTA 

I mM DTT 

Made up immediately just before use. 
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SW-block 
2.5 % (w/v) dried milk powder 
25 mM Hepcs (pH 8.0) 

I mM DTr 

10 % (v/v) glycerol 
50 mM NaCI 

I mM EDTA 

Made up immediately just before use. 

Top agarose 
0.7 % agarose in LB medium, and was sterilized by autoclaving. 
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2.2. Methods. 

2.2.1. Tissue culture. 

Culture of macroschizont infected cell lines from stocks 

cryopreserved in liquid nitrogen. 

Vials containing cryopreserved macroschizont cell lines were 
thawed at 37 OC. The contents were added to 10 ml prewarmed culture 

medium (see section 2.1.11. ) and the cells were pelleted at RT, 1100x g for 

5 minutes. The cells were then resuspended in 5 ml culture medium, 

checked under a bifocal invertal optical microscope and incubated in a 
50 cm3 tissue culture flask in an incubator at 37 OC in 5% C02. The next 

day another 5 ml of culture medium were added. The method for 

culturing macroschizonts was adapted from Brown et al. (1987). 
Generally the cultures were passaged three times a week by diluting the 

cultures down to 2x 105 cells ml-I with TBL medium. 

Cloning of macroschizont-infected cell lines by limiting 
dilution. 

The method for cloning macroschizont infected cell lines was 
adapted from Wathanga (1984) and Williamson (1988). Cells from an 
exponentially growing culture were diluted to an estimated 10 cells in 10 

ml conditioned culture medium (see section 2.1.11. ). The 10 ml of medium 

containing the cells was mixed and 100 pl aliquots were plated out in 96 

well tissue culture plates. The plates were checked to see whether any of 
the wells contained more than one cell per well, and any that did were 
discarded. The cells were allowed to grow up and then the process was 
repeated. Finally. the resulting cloned macroschizont cultures were 
expanded up to 10 ml cultures and treated as described above. 
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Cell lines. 

The cloned cell lines used in this thesis and their origins are listed 
in Table 6. All cloned cell lines with the exception of TaHBL3b were 
kindly given to me by Duncan Brown of the CTVM in Edinburgh. Other 

cell lines used were BU as described by Theilen et al. (1968), TaHBL3 
(Baylis et al., 1992), TaH BL20 and Tall 46 (Shiels et al., 1986). 

Table 6 Origins of cloned macroschizont cell lines 

Cloned macroschizont 

cell line 

Origin of cell line 

TaA 46A Wathang a (1984) 

TaA 139134 Wilkie (pers. comm. ) / Williamson (1988) 

TaA 139137 Wilkie (Pcrs. comm. ) 

TaA 139E3 Wilkie (pers. comm. ) 

TaA 139115 Wilkie (pers. comm. ) / Williamson (1988) 

TaA 46.2 Wathan ga (1984) 

TaH 46.2 Wathan ga (1984) 

TaH 46.3 Wathan ga (1984) 

TaH 46.4 Wathan ga (1984) 

TaA 139D6 Wilkie (pers. comm. ) 

TaA 46.3 Wathan ga (1984) 

TaHBL3b Katzer 

2.2.2. Preparation of DNA. 

Plasmid mini preparation. 

This method was taken from Sambrook et al. (1989). 5ml bacterial 

overnight cultures were spun down for 10 minutes at 1000 g. The 

resulting cell pellet was resuspended in 100 gl of cold solution I (see 

section 2.1.3). 200 gl of freshly made solution 11 (see section 2.1.3) was 
added and the solution was mixed, before 150 gl of solution III (see 

section 2.1.3) was added. This was mixed again and spun down (10,000x g 
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for 10 minutes). The DNA was extracted from the supernatant by phenol 

and phenol/chi o ro form extraction and was precipitated with ethanol. 
The DNA pellet was resuspended in TE. 

Wizard minipreps. 

The Wizard DNA Miniprep kit was purchased from Promega and 
the DNA extraction was conducted according to the manufacturer's 
instructions. For this method a 1.5 ml bacterial overnight culture was 

used to extract DNA, The cells were lysed using the buffers provided and 
the DNA was bound to a DNA binding resin, provided by the kit. The resin 

was purified on Wizard Miniprep columns and the DNA was eluted with 
TE which had been heated to 550C. 

Preparation of single stranded M13. 

An overnight E. coli culture was diluted (1/100) with fresh 2x TY 

medium (1.5 ml -5 ml total volume). This culture was inoculated with a 

single plaque of bacteriophage M13 using a sterile wooden cocktail stick. 
This culture was grown for 5 hours at 37 OC. After the incubation 1.5 ml 

of the culture were spun down in an Eppendorf centrifuge (10,000x g for 

10 minutes) and the supernatant was recentrifuged in order to pellet all 
bacterial cells. 200 gI of 20 % PEG/2.5 M NaCI was added to the 

supernatant, mixed and incubated for 15 minutes at RT to precipitate the 
M13 phage. The phage were spun down by centrifugation. Single 

stranded DNA was isolated by phenol/chloroform extraction, ethanol 

precipitated and resuspended in 20 gI TE. 

Genomic DNA preparations. 

For DNA preparations, macroschizont cultures were grown up in 

100 ml of TBL medium (see 2.1.11. ) to a cell density of 2.0 x, 106 cells per 

ml (2 x. 108 cells in total). The cells were spun down for 10 minutes at 
500x g, washed twice in PBS and once in Ix SSC. The cells were spun 
down again and resuspended in 4 ml Ix SSC, 4 ml TNE and I ml 10 % 

sarkosyl. The suspension was mixed gently, Proteinase K was added to a 
final concentration of 100 ng/pl and was incubated for 2 hours at 550C. 

Following this incubation, the lysate was extracted once with phenol, 
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once with phcnol/chloroform and once with chloroform, in order to 

remove any protein and other contaminants. The aqueous layer was 
dialysed against several changes of TE buffer at 40C. Finally, the DNA 

concentration was estimated by measuring the optical density (OD) at 260 

n m. 

Piroplasm DNA. 

T. annulata piroplasm DNA extracted from cultures which 

originated from field isolates from Ankara, Turkey (Schein et al., 1975) 

and Hisar, Morocco (Gill et al., 1976) was kindly given to me by Dr. R. 

Hall. 

2.2.3. Electrophoresis and Southern blotting. 

Restriction digests. 

All restriction digests were carried out using the manufacturer's 

restriction enzymes (BRL), the appropriate buffer and recommended 

temperature. Plasmid DNA was digested for an average of two hours 

while genomic DNA was left to digest overnight. 

Agarose gel electrophoresis. 

DNA digested by restriction endonucleases was analysed by 

agarose gel electrophoresis as described by Sambrook et al. (1989) in TBE 
buffer (see section 2.1.5). Plasmid DNA was electrophoresed for a period 
of 1-4 hours, while cut genomic DNA was run out at a low voltage over 
night. Generally I gg plasmid DNA. 8-10 gg macroschizont cell line DNA 

or 2 tig piroplasm DNA was loaded per track. Molecular weight markers, 
described in section 2.1.5, were also loaded to allow the estimation of size 
of the DNA fragments. The DNA samples were diluted in type III gel 
loading buffer (Sambrook et al., 1989). Ethidium bromide at I tLg ml-1, 
was included in the gel so that the DNA could be visualised on a UV 
transiluminator. 

81 



Recovery of DNA fragments from low melting point agarose 
gels. 

DNA fragments were run out on agarose gels made with low 

melting point agarose. The required fragment was cut out of the gel and 
the agarose was melted with 3 volumes of H20 at 65 OC. This was then 

phenol/chloroform extracted until all the agarose had been removed. 
Finally the DNA fragment was precipitated with ethanol. 

DNA recovery from agarose gels via Geneclean. 

The Gcneclcan 11 kit, purchased from BIO 101, was also used, 
following the manufacturer's instructions, to purify DNA fragments 

from agarosc gels. In this method the band was cxised from an agarose 

gel, 3 volumes of Nal stock solution was added and the agarose was 
dissolved at 500C for up to I hour. Glassmilk was then added to the 

suspension and incubated, with occasional mixing, at RT for up to 

another hour allowing the DNA to bind to the glassmilk. The 

glassmilk/DNA complex was washed three times with New wash and 
finally the DNA was eluted from the glassmilk using TE (see section 
2.1.1), warmed to 500C. 

Random prime-labelling. 

DNA fragments for making labelled probes were cut out of low 

melting point agarose gels, melted in 3 volumes of H20 and made single 

stranded by boiling for 5 minutes. Approximately 25 ng of DNA were 
labelled with 50 pCi cE32P dCTP using the Random Priming DNA Labelling 

Kit (Boehringe 
, 
r-Mannheirn Pharmaceuticals) according to the 

manufacturer's instructions. After labelling, the reaction mix was run 

through a spin column, as described by Sambrook et al. (1989), to 
separate the labelled probe from unincorporated radioactive nucleotides. 
Before use, the probe was boiled at 950C for 5 minutes to make the DNA 

single stranded. 
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Southern blotting. 

This method was adapted from the standard Southern blotting 

method (Sambrook et al., 1989 and Southern, 1975). After electrophoresis 

the gel was incubated for 15 minutes in the depurination solution (see 

section 2.1.13. ). followed by 20 minutes in denaturing solution (see 

section 2.1.13. ) and finally 30 minutes in neutralizing solution (see 

section 2.1.13. ). After a brief wash in H20 the DNA was transferred from 

the gel onto a nylon membrane (Hybond N, Amersham) overnight as 
described by Southern (1975). The membrane was washed in 2x SSC and 
then the DNA was fixed to the membrane by UV cross-linking for 7 

minutes. 

Once the DNA was fixed to the membrane, the membrane was 

prehybridised in hybridisation buffer (see section 2.1.13. ) for I hour at 
650C. The probe prepared as discussed previously, was boiled and then 

added to the hybridisation buffer. This was followed by overnight 
incubation at 650C with constant agitation. The membrane was then 

washed once with wash buffer (see section 2.1.13. ) at RT, followed by 2-3 

further washes at 650C. The excess fluid was removed and the membrane 

was exposed to Kodak X-OMAT S film for several days in a film cassette 
containing an intensifying screen at -700C. Finally the film was 
developed in a Kodak X-OMAT Developer. 

2.2.4. Molecular cloning techniques. 

Competent cells. 

20 ml of TYM broth were inoculated with the E. coli strain tgI recO 
and the bacteria were grown overnight. The culture was then diluted 

with 100 ml of warm TYM broth and the cells were grown until an OD of 
0.5-0.9 at 600 nm. The culture was diluted again with 500 ml of warm TYM 

and was grown until an OD of 0.6 at 600 nm. The culture was then rapidly 
chilled and the bacteria were harvested by centrifugation. The cells 
were resuspended in 100 ml of cold competent cell buffer I and were left 
for 5 minutes. The cells were collected again by centrifugation and 
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resuspended in 20 ml of cold competent cell buffer 11. Aliquots of 0.5 ml 

were pipetted into pre-chilled microfuge tubes and frozen in liquid 

nitrogen. These aliquots were stored for up to 2 month at -700C. 

Oligonucleotide primers. 

Table 7 shows all oligonucleotide primers used both for PCR 

cloning and generation of PCR fragments as well as oligonucleotide 

primers used for sequencing. 

Name of 
primer 

Sequence of primer 
5' to 3' 

Origin of 
Sequence 

Position on 
Sequence 

420_ ctgccaattcttccggtttg SPAG-1, cDNA 1919-1900 
646 ggagtagacttggcctag SPAG-1, cDNA 344-326 
647_ cttgctgaggatcctcctcc SPAG-1, cDNA 1158-1139 
710 ccaaggaagccatggtacttc SPAG-1, cDNA 1450-1470 
711 gaagaagttttgaaagttttg 

-g 
SPAG-1, cDNA 2667-2688 

815 ggtctacagggaccaggagiz SPAG-1, cDNA 784-804 
932_ gtggactatgctgaatatgatt SPAG-1, cDNA 2722-2700 
FKI gtataatattcat cgttgagtgttgg SPAG-1, cDNA -13 to +13 
vGEX For gcatggcctttgcaggg vGEX Vector 855-871 
pGEX Rev gtcagaggttttcaccg pGEX Vector 1014-988 
Sp6 gatttaggtgacactatag pGEM-T 143-126 
77 taatacga tcactataggg pGEM-T 2987-3 
Y2 gtgtaccaggaggaaaggc SPAG-1, cDNA 945-963 
Y3 gcggacaagatgcctgcggg SPAG-1, cDNA 53-83 
Yll ccagatacaaaaatgaccgg SPAG-1, cDNA 31-33 
Y50 aatattatctcaaaacgagtgtg SPAG-1, gDNA -371 to -347 
Y51 cagctgtataagaccgtjztttagtc SPAG-1, gDNA -241 to -263 
Y82 ggatcctcgagagatagcgccaag SPAG-2, cDNA 4-27 
Y83 gaattctactatccgaagttccctg SPAG-2, cDNA 367-353 
Y84 gaattccaaattggctccccttgttg 

I SPAG-2, cDNA 667-651 

Table 7: The oligonucleotide Primers used for sequencing and cloning. 
The name of the primers, their sequence, the origin of their sequence and 
the position they map to are listed. 
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Transformation. 

In general 1/3 of a ligation mix was used to transform 200 gl of 
competent E. coli strain tgI recO. The ligation mi x and freshly thawed 

cells were mixed and incubated on ice for 30 minutes. Then 400 gl of LB 

was added to the suspension, mixed and the cells heat shocked for 2 

minutes at 420C. After hcat-shocking. the cells were incubated for 1 hour 

at 37 OC and aliquots of 40 gl, 75 jil, 150 ILI and 300 gI were plated o nto LB 

agar plates containing ampicillin. 

DNA amplification by polymerase chain reaction (PCR). 

The primers used for PCR are listed in the above table. In all cases 

the PCR reaction mix was made up to 50 gI containing 50 ILmoles of each 

primer, 100 ng genomic DNA, 10 ttM dNTP. 3 units of Taq XL and Ix Taq 

Buffer (Northumbria Biologicals Ltd). The reaction mix was incubated at 
960C for 5 minutes and this was followed by 30 cycles of I minute at 940C, 

I min at 60()C and 2 minutes at 700C after which the reaction was left at 
700C for 10 minutes. The PCR products were separated by agarose gel 

electrophoresis, from which fragments were purified using the 

Geneclean method (see above for method). 

PCR cloning into pGEM-T. 

The PCR products were electrophoresed on agarose gels, the 

required DNA fragments were cut out, purified via Geneclean and cloned 
into pGEM-T (Promega) following the manufacturer's instructions. 

PCR cloning into pGEX-2T. 

PCR fragments were first cloned into pGEM-T (as above) and were 

sequenced to check for PCR errors. Correct fragments were cut out of 

pGEM-T using convenient Ban; HI and Eco RI restriction sites. The DNA 

fragment was purified from an agarose gel using Geneclean (as above). 
The purified fragment was ligated overnight into a Bani HI / Eco RI 

digested pGEX-2T vector with a 3: 1 insert to vector ratio. 1/3 of the 
ligation mix was used to transform E. coli. 
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2.2.5. DNA sequencing. 

T7 DNA polymerase sequencing of double-stranded and single- 
stranded DNA. 

Sequencing was carried out using the dideoxy chain termination 

method of Sanger and co-workers (1977). A T7 DNA sequencing kit 

(Pharmacia) was used for all sequencing reactions. Double stranded DNA 

was prepared using the Wizard Miniprep method (see section 2.2.2. ), 

denatured with NaOH and ethanol precipitated. The primer was annealed 

to the denatured DNA at 370C. Single stranded DNA was prepared from 

M13 as discussed in section 2.2.2. and the primer was annealed to the DNA 

at 650C. The remaining sequencing reactions were conducted according 
to the manufacturer's instructions using 35S dATP. 2.5 pl of the reaction 

was loaded onto 6% acrylamide, 0.5 x TBE non-gradient gels (Sambrook et 

al., 1989). 

The gels were fixed in 20 % ethanol, 20 % acetic acid for 30 

minutes before being dried down onto 3MM paper at 80 OC for 2 hours. 

Finally the gels were exposed to Kodak X-OMAT S film in a film cassette at 
RT for 24 hours. 

2.2.6. Preparation of recombinant proteins. 

Expression of GST-fusion proteins. 

100 ml overnight cultures of E. coli tglrecO containing pGEX 

plasmids were grown up in LB medium (see section 2.1.2. ) and diluted by 

adding I litre of prewarmed LB. The cells were allowed to grow for 2 

hours before protein expression was induced by adding IPTG to a final 

concentration of IpM. The culture was then grown for another 2 hours 

at 370C. The cells were then collected by centrifugation, resuspended in 

MTPBS/Triton (see section 2.1.6. ), containing 10 MM 1,10- 

phenanthroline, 10 mM PMSF and 10 gg DNase 1. The cells were lyscd by 

sonication and insoluble proteins and cell debris were removed by 
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centrifugation. The supernatant was passed through a glutathione 4B 

Sephadex column (Pharmacia) in order to affinity purify the fusion 

protein. The column was washed several times with MTPBS/Triton and 

with MTPBS. Finally the bound fusion protein was eluted with the elution 
buffer (see section 2.1.6. ). The eluted protein was collected in I ml 
fractions and subsequently visualised on SDS-PAGE (using a method 

adapted from Laemmli (1970)). The fractions containing protein were 

pooled and the protein concentration was estimated via the Bradford 

assay. 

Bradford assay. 

The protein concentration was estimated via the Bradford assay 
(Bradford, 1976), by mixing diluted protein, as well a s known bovine 

serum albumin (BSA) standards, with Bradford reagent. These solutions 

were kept at RT for 15 minutes and then their OD was measured at 595 

nm. The readings of the protein standards were converted into a 

standard curve which was used to estimate the protein concentration of 

the sample in question. 

Thrombin cleavage. 

After the protein concentration was estimated, the fusion protein 

was cleaved using thrombin to separate the parasite protein from its GST 

fusion partner. The protein was dialysed against Ix PBS (see 2.1.1. ) 

containing 2.5 mM CaC12.2 gg thrombin (Sigma) was added for every mg 

of fusion protein (Knight, 1993). The reaction mix was incubated for 2 

hours at RT. The cleaved protein was then purified by running the 

reaction mix through a glutathione 4B sepharose column (Pharmacia) to 
bind the GST and the run-through was collected. The run-through was 

poured over the same regenerated column twice more, to make sure that 

all the uncleaved protein, as well as the GST, was removed. The cleaved 

recombinant protein was then requantified and dialysed against the 

required buffer for biotinylation or iodination as necessary. 
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Factor Xa cleavage 

For Factor Xa cleavage the OST fusion protein was dialysed against 

the appropriate reaction buffer (see section 2.1.6. ). 5-10 mg of fusion 

protein were incubated with 50 pg activated Factor X for up to 12 hours at 

RT. The cleaved protein was purified using the same method as described 

in Thrombin cleavage (see above). 

2.2.7. Protein analysis. 

SDS-polyacrylamide gel electrophorsis. 

The method for SDS-PAGE was adapted from Laemmli (1970). The 

mini Protean II gel apparatus from BioRad was used. A resolving gel was 

poured first consisting generally of 10 % acrylamide and 0.13 % 

bisacrylamide in a 3.75 M Tris-HCI pH 8.8 buffer and polymerized with 

0.05 % TEMED and 0.05 % APS. The stacking gel consisted of 5% 

acrylamide, 0.135 % bisacrylamide, 125 mM Tris-HCI pH 6.8, polymerised 

with 0.05 %APS and 0.1 % TEMED. Protein samples were diluted in Loading 

dye (see 2.1.7. ) and before application to the gel, and were heated for 5 

minutes at 95oC. Generally, the gels were run at 200V for a period of 

about 45 minutes. The gels could then either be stained in Coomassie blue 

stain and destained in destaining solution (see 2.1.7. ). or were used for 

Western blotting. 

Western blotting. 

The method for Western blotting was adapted from Hunt and Hall 

(1993) and Towbin et al. (1979). Protein bands (0.5-1 gg) from SDS-PAGE 

gels were transferred onto nitrocellulose membrane (Sartorius) using a 

BioRad Protean 11 Western blotting apparatus. The SDS-PAGE gel was 

placed on the nitrocellulose membrane and placed in the Western 

blotting tank with transfer buffer (see section 2.1.8. ). The protein was 

usually transfered for 75 minutes at 150 mA. The membrane was blocked 

in blocking buffer (see section 2.1.8. ) for 30 minutes and was then 

incubated for I hour in primary antibody diluted in blocking buffer. The 
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antibody dilution chosen was according to Knight (1983). After this 
incubation the membrane was washed once in Ix TS/Triton and three 

times in Ix TS. The membrane was then incubated in the secondary 

antibody diluted in blocking buffer for a further hour. The membrane 

was then washed as before and bands reacting with the antibodies were 
detected using in A-P buffer with 0.06 % NBT and 0.03 % BCIP (see section 
2.1.8. ). 

2.2.8. Flow cytometry. 

Preparation of PBM cells. 

Bovine peripheral blood mononuclear cells (PBM) were prepared 
from fresh heparinised blood from calves. 10 ml of blood was mixed with 

an equal volume of Dulbecco's PBS and placed on a 10 ml histopaque 1086 
(Sigma) bed. This was centrifuged at 1500x g for 30 minutes at RT to 
separate the PBM cells. After the spin,, the PBM were pipetted off the 
histopaque/PBS interphase. They were then washed three times in 
Dulbecco's PBS and counted using a haernocytometer. 

Single colour Flow cytometry. 

PBM cells were prepared as above and 2x 105 cells were used per 
reaction. The cells were plated out in 96 well microtitre plates and were 
pelleted by centrifugation for 2 minutes. The cells were then 

resuspended in a volume of 25 gI containing either a diluted biotinylated 

antibody or a biotinylated protein. They were incubated at 40C for I hour, 

washed three times in Dulbecco's PBS, and incubated in 25 gl of 1/100 

diluted phycoerythrin streptavidin for 15 minutes. The cells were then 

washed twice in Dulbecco's PBS and analysed using a Becton and 
Dickinson FACScan flow cytometer. 
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Two colour Flow cytometry. 

The method for 2-colour flow cytometry was adapted from Sopp et 

al. (1991). PBM cells were prepared as above and 2x 105 cells were used 

per reaction. The cells were plated out in 96 well microtitre plates and 
were pelleted by centrifugation for 2 minutes. The cells were 
resuspended and incubated in 25gl of diluted monoclonal antibodies for 

30 minutes at RT. The cells were washed 3 times in Dulbecco's PBS and 
incubated for 30 minutes in 1/100 diluted FITC-conjugatcd secondary 
antibody. After this incubation the cells were washed again in 
Dulbecco's PBS and incubated in I% normal mouse serum for 15 minutes. 
This was followed by another wash and the cells were then incubated in 

either biotinylated proteins or biotinylated antibodies (30 minutes at RT). 

The cells were washed three times again and incubated in 1/100 diluted 

phycoerythrin strcptavidin for 15 minutes. Then they were washed once 

more and analysed using a Becton and Dickinson FACScan flow 

cytometer. 

2.2.9. lodination and 1251 labelled protein binding 
assay. 

Iodination of proteins. 

This method was adapted from Sambrook et al. (1989) and Wrenn et 
al. (1988). 20 til of I mg/ml iodogen (Pierce) in chloroform was pipetted 
into an eppendorf microcentrifuge tube which had been washed 
previously in ethanol. The iodogen was dried in an air stream. In a well 
ventilated fume hood, 40 ttl of protein at a concentration of I mg/ml was 
added to this iodogen covered tube, together with 10 pI 0.3 M phosphate 
buffer, pH 6.8, and 500 gCi of Na-I125. This was incubated for 10 minutes 
at RT. Then 750 pl of TBS was added to the reaction and the mixture was 
loaded on an equilibrated PD-10 G-25 (Sephadex) column (Pharmacia). 
The eppendorf tube was rinsed once more with 750 pl TBS which was also 
added to the column. The column was allowed to run dry before 5 ml of 
TBS was added to it. Fractions of I ml were collected and checked for 

radiation using a Geiger counter. The fractions containing most 
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radiation were pooled and their protein content as well as the success of 
the iodination reaction were tested by running a fraction of the sample 

onto a SDS PAGE gel. 

Binding assay. 

BU cells were grown in 100 ml cultures which were kept growing 

exponentially. These cells were harvested by centrifugation and were 

washed three times in Dulbecco's PBS. The cell number was estimated by 

counting a proportion on a haemocytometer. On average 4x 105 cells 

were used per reaction. These were incubated with a dilution series of 
iodinated protein. Each reaction with a given protein concentration was 

performed in triplicate and another identical triplicate was set up with a 
fifty-fold excess of unlabelled protein as a competitor. The cells were 
incubated for I hour at RT. The cells were then washed three times with 
TBS and tranferred to a fresh eppendorf tube. The cells were then spun 
down and a count of emitting gamma radiation was taken using a ^I 

radiation counter. 

2.2.10. Sporozoite RNA extraction. 

Extraction of RNA from infected-tick salivary glands. 

The salivary glands of T. annulata infected ticks, which had been 

fed for two days on the ears of laboratory rabbits, were dissected by 

Lesley Bell-Sakyi. These salivary glands were homogenised in a sterile 
homogeniser containing 4 ml of 4M Guanidiurn isothiocynate (see 

section 2.1.14. ) and ethanol precipitated. The RNA, DNA and protein was 

pelleted by centrifugation. and the pellet was dissolved in 5 ml of 50 mM 
EDTA (DEPC treated). This was followed by a phenol/chloroform 

extraction including 2 back extractions with 2.5 ml 50 mM EDTA (DEPC 

treated). 30 ml of 4M NaCOOH pH 6.0 was added and the solution was 
incubated overnight at 40C, to precipitate the RNA. The RNA was pelleted 
by centrifugation and the very small pellet was dried and resuspended in 

100 pI H20 (DEPC treated). The RNA was then quantified as described 

below. 

91 



RNA Quantification. 

The RNA was diluted 1/100 in DEPC-treated H20 and OD readings 

were taken against a blank containing DEPC-treated H20 at 260 and 280 

nm. The RNA concentration was calculated knowing that I OD unit at 260 

nrn equals 40 gg ml-I RNA and the purity of the RNA sample was 
determined by the 260/280 nrn ratio. 

2.2.11. Sl intron mapping. 

The B am HI / Acc I fragment of the gH3.4 allele (position 1201 - 
2179 on the genomic SPAG-1 sequence) was cloned into M13 mp18 and 
M13 mpl9. The two resulting vectors were grown up (as described in 

section 2.2.2. ) with the addition of 120 til inorganic 32phosphate 

(IOmCi/ml orthophosphoric acid). The resulting radioactively labelled 

single-stranded M13 DNA was extracted as described in section 2.2.2.50 Pg 

of RNA, extracted from infected-tick salivary glands (see section 2.2.10. ) 

was added to 2 gl of the single-stranded M13 DNA. The RNA and the DNA 

were denatured in formamide and resuspended in hybridisation buffer 

and annealed at 50 OC for 14 hours. The RNA-DNA hybrid was ethanol 

precipitated and resuspended in SI-buffer. 600 units of SI nuclease were 
added to the suspension and incubated for 45 minutes at 37 OC to digest 

any single stranded DNA or RNA. After this incubation the suspension 
was phenol/chloroform extracted and the resulting RNA-DNA hybrid 

was ethanol precipitated and resuspended in loading dye. The product 
was denatured by heating to 950C for 5 minutes and run out on a6% 
sequencing gel and visualised by autoradiography. 

2.2.12. Primer extension. 

Endlabelling of primer. 

This method has been adapted from Sambrook et al. (1989). 0.5 Pg 

of double stranded oligonucleotide were labelled in Ix One-Phor-All 

Buffer in the presence of 10 units of T4 polynucleotide kinase, 300 4M 
ADP and 50 ILCi y-32P ATP, in a final volume of 10 gl. This reaction mix 
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was incubated for I hour at 370C after which the unincorporated 

radioactive nucleotides were separated from the labelled primer using 

sephadex spin columns (Sambrook et al., 1989). 

Primer extension. 

This method was also adapted from Sambrook et al. (1989). 30 pg of 
infected tick salivary gland RNA and 1% of the endlabelled 

oligonucleotide were precipitated together in the presence of ethanol 

and sodium acetate. The pelleted RNA and primer were dried briefly and 

resuspended in hybridisation buffer (see secetion 2.1.14. ). The 

hybridisation buffer was heated to 850C for 10 minutes and the primer 

was annealed to the RNA overnight at 370C. The annealed primer and 
RNA were precipitated in ethanol, and then the primer was extended 

using reverse transcriptase in the appropriate buffer in the presence of 
RNA Guard, I mM dNTP and 10 mM DTT. The remaining RNA was digested 

with RNase I which was DNase free. The solution was then phenol/ 

chloroform extracted and the DNA was precipi tated in ethanol. The DNA 

was collected by centrifugation, air dried and resuspended in 10 PI of Ix 

loading dye. Half of the extended primer was run out on a6% 

sequencing gel. 

2.2.12. %gt1I library screening. 

Plating out bacteriophage L 

Bacterial strain Y1090R- was grown up overnight in LB medium 
containing 0.2 % maltose, 10 InM MgS04 and 50 gg ml-I ampicillin. The 

bacteria were harvested by centrifugation and resuspended in 1/4 of the 
volume of the overnight culture Of 10 InM MgS04. The bacteria could 
then be stored at 40C for up to a week. LB plates containing ampicillin 
(50gg ml-1) were dried and prewarmed to 370C. Top agarose was melted 
and cooled to 420C. Plating bacteria and phage were mixed and incubated 
for 20 minutes at 370C. Then the phage and bacteria were mixed with 3 ml 

of top agar and poured onto the LB plates. The plates were incubated 

overnight at 420C. 
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Preparation of filters for library screening. 

Plating bacteria were prepared as above. 21 cm x 21 cm sterile 

plates containing 250 ml LB agar containing ampicillin were used for 

library screening. It was aimed to plate out 5x 104 phage per plate with 
1.5 ml of plating cells. These were incubated for 20 minutes at 370C and 

were plated out with 30 ml of top agarose. The plates were left at RT for 5 

minutes to allow the top agar to set and were then incubated for 3 to 4 

hours at 420C. In the meantime, nitrocellulose membrane (Sartorius), 

measuring 20 cm x 20 cm, was soaked in 10 mM IPTG for 30 minutes and 
then dried. Once the phage plaques became visible on the LB plate, the 

membrane was placed on top of the top agarose. The phage were then 
left to grow up overnight. The following morning the filter was removed 
from the plate and was ready to be screened. 

Filter screening for DNA binding proteins. 

The method for screening the filters was adapted from Latchman 

(1993) and Singh et al. (1990). The filter was blocked in 500 ml of SW- 

block for I hour. Then the filter was incubated with 100 ml of TNE-50 

containing an endlabelled double stranded DNA probe and non-specific 
competitor DNA. The filter was incubated at RT for I hour and was then 

washed in 3 to 4 washes of TNE-50, after which the filter was exposed to 
X-Ray film. 
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Chapter 3 

Sequence comparison of SPAG-1 
alleles: practical and functional 

importance. 

3.1 Introduction. 

It has been proposed that SPAG-I might function in evasion of the 
host's immune system and as a ligand for host-cell recognition (Hall et 

al., 1992). Due to selection pressure, sequences specifying structures 
involved in invasion of host cells by parasites will tend to be conserved. 
Structures mediating immune evasion could also be conserved in some 

situations e. g. where they are involved in molecular mimicry, or at the 

other extreme selection may produce extreme antigenic polymorphism. 
When such polymorphism occurs in immunologically relevant antigens, 
it poses a serious problem for the development of vaccines based on 

these molecules. This situation is widespread amongst infectious agents 
(Mendis et al., 1991). With the above considerations in mind I have 

obtained and compared the sequences of SPAG-I alleles and identified 

polymorphic and conserved regions. The implications of the results of 

this analysis for the function of SPAG-1 and for vaccine development are 
discussed in this chapter. 

The sequence analysis of SPAG-1 with respect to 
functional importance. 

The regions of SPAG-1 which may be involved in the invasion 

process of host cells, and those that are required for maintaining the 

conformation, and processing of the protein would be expected to be 

conserved among T. annulata strains. Other regions which are involved 
in the expression of the molecule on the surface of the sporozoite and its 

membrane anchor regions are expected to be conserved between species 
in related proteins, such as p67 of T. parva (Nene et al., 1992). Therefore I 
decided to study SPAG-1 sequences from different isolates in order to 
identify conserved regions of this molecule. The sequences of these 
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regions, if homologous to previously described motifs, might help to 

elucidate their function and that of the SPAG-1 protein. These results 

might provide further support for the theory that SPAG-1 is involved in 

the process of host cell recognition and invasion. Nevertheless these 

results will indicate a) whether more than one SPAG-1 allele exists, b) 

the extent of the SPAG-1 polymorphism and c) which parts of the protein 

are most conserved. 

3.1-2. Sequence analysis of SPAG-1 with respect to 

vaccine development. 

The identification of variable and constant parts of SPAG-1 will be 

of importance for the future development of sub-unit vaccines against T. 

annulata because SPAG-1 is a candidate for inclusion in a sub-unit 

vaccine against tropical theileriosis. Determining the variablility of 

particular sequences will permit the inclusion of the optimal 

recombinant SPAG-1 components, so that a future vaccine could consist 

of constant, cross-protective regions of the protein and possibly a 

cocktail of all identified polymorphic regions. Although a single variant 

of one of the polymorphic regions will not induce cross-protective 
immune responses, it might nonetheless contain essential B cell and/or 
T cell epitopes for the induction of strain specific immune responses. 

3.2 Results 

Allelic RFLP analysis demonstrates that SPAG-1 is 

a single copy gene. 

Previous data demonstrated that the SRI fragment hybridised to 3 

EcoRI restriction fragments (3.4,4.8 and 6.0 kb) in piroplasm DNA 

(Williamson et al., 1989). These data are confirmed and extended in the 
Southern blots shown in Figure 6. It can be seen that the piroplasm DNA 

of Ankara origin displays three bands, one at 3.4-kb, one at 4.8-kb and 

one at 6.0-kb (Figure 6. lanes I and 18). The DNA of Hisar origin shows 
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Figure 6: Southern blot analysis of the SPAG-1 associated RFLPs. 
Genomic DNA was digested with Eco RI and the blot was probed with the 
SPAG-1 insert derived from Xgtll-SRI (Williamson et al., 1989). Lane 3 
contains 15 gg DNA from uninfected BU cells, lanes 1 and 18 contain 2 Ag 
and 20 jig piroplasm DNA extracted from Ta Ankara, respectively and lanes 
2 and 17 contain an equal amount of Ta Hisar stocks piroplasm DNA. Lanes 
4-16 contain 15 gg of DNA extracted from the following cell lines: TaA 
139D4 (lane 4), TaH 46.2 (lane 5), TaA 139D6 (lane 6), TaHBL3b (lane 7), 
TaA 46A (lane 8), TaA 139D7 (lane 9), TaA 139E3 (lane 10), TaA 46.2 (lane 
11), TaA 139E5 (lane 12), TaA 46.3 (lane 13), TaHBL3 (lane 14), TaHBL20 
(lane 15) and Tal-146 (lane 16). The bars mark the segregating RFLPs and 
give their sizes in kb- 
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only 2 bands, one at 3.4-kb and one at 6.0-kb (Figure 6, lanes 2 and 17) 

whereas Williamson et al. (1989) found that the 4.8 kb band was weakly 

visible in the Hisar piroplasm DNA. The presence of the 4.8-kb fragment 

appears to fluctuate during passage of the Hisar stock. This observation 

alone suggests that the multiple bands result from mixtures of distinct 

parasite stocks. 

To ascertain whether SPAG-1 is encoded by a single copy gene, an 
RFLP analysis was performed on DNA extracted from cloned 

macroschizont-infccted cell lines (Table 8). In preliminary experiments 
I found that none of the available 11 clones contained the 6.0 kb EcoRI 

RFLP. I therefore isolated a twelfth clone called TaHBL3b from the 

TaHBL3 line (Table 8. see Materials and Methods for details). The 

extracted DNA was digested with Eco RI and subjected to Southern 

blotting with the SRI probe. The result of this analysis is shown in 

Figure 6. Uninfected BL3, a bovine negative control (lane 3), shows, as 

expected, no band which indicates that the SRI probe does not hybridise 

to bovine DNA. Lanes 4 to 13 contain the DNA of different cloned 

macroschizont-infectcd cell lines and in each track only a single band is 

visible. Each band co-migrates with one of the RFLPs found in the 

piroplasm DNA and each of the RFLP types is represented i. e. 3.4 kb in 

tracks 4,5,8-10,12,13; 4.8 kb in tracks 6 and 11; and 6.0 kb in track 7. 

Thus these RFLPs segregate clonally and this provides strong evidence 
that the SPAG-1 gene exists as a single copy. Each of the three restriction 
fragments behaves as alternative formý of a gene at a single locus and 

therefore I will henceforth adopt the term allele. The different alleles 

are named according to their isolate name and the restriction fragment 

size. Thus the alleles from the Hisar and Ankara isolates are prefixed by 

an H and an A respectively e. g. 113.4 is the Hisar allele marked by the 3.4 

kb EcoRI fragment. A summary of the 12 cloned lines, their RFLP type 

and their allele designation is provided in Table 8. 
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Table 8 Cloned macroschizont infected cell lines, SPAG-1 
alleles and Eco RI-SRI fragments they contain. 

Cloned macroschizont 
cell line 

Size of Eco RI-SRI 
fragments 

Allele 

TaA 46A 3.4 kb A 3.4 
TaA 139D4 3.4 kb A 3.4 
TaA 139D7 3.4 kb A 3.4 
TaA 139E3 3.4 kb A 3.4 
TaA 139E5 3.4 kb A 3.4 
TaA 46.2 3.4 kb A 3.4 
TaH 46.2 3.4 kb H 3.4 
TaH 46.3 3.4 kb H 3.4 
TaH 46.4 3.4 kb H 3.4 
aA 139D6 4.8 kb A 4.8 
TaA 46.3 4.8 kb A 4.8 
TaHBL3b 6.0 kb H 6.0 

TaA and TaH denote T. annulata Ankara and Hisar, respectively. 

3.2.2. Sequence analysis of a genomic copy (allele gH3.4) of 
SPAG-1. 

Since the above data demonstrate that there is polymorphism at 
the DNA level associated with the SPAG-1 locus, I decided to establish to 

what extent this was reflected in sequence variation of the structural 
gene. Therefore two pUC18 plasmids, containing a partially sequenced 
SPAG-1 genomic clone, were kindly given to me by Dr. R. Hall. The 
inserts of these plasmids originated from a phage clone which was 
isolated from a XEMBL3 library containing genomic Ta Hisar piroplasm 
DNA (Katzer et al., 1994). The phage clone contains a 13 kb insert which 
hybridises to the SRI probe (Williamson et al., 1989). One plasmid 
(pSPAG3.4) contains a 3.4-kb EcoRl fragment, which hybridises to the 
SRI probe on Southern blotting. The other plasmid (pSPAGI. 4) contains a 
1.4-kb EcoRI fragment, which is located adjacent to the 3.4-kb fragment 
in the original ). EMBL3 clone and codes for the 5' region of the SPAG-1 

gene (Figure 7). 

A panel of 182 ml3mpl8 clones containing random fragments 

(average size 300 bp) generated by sonicating pSPAG3.4 was also made 

available by Dr. R. Hall. The sequencing of these clones was at a very 

preliminary stage of analysis when I received them. The limited 
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information that was available indicated that this genomic SPAG-I clone 
is not identical to the published SPAG-I cDNA sequence (Hall et al., 1992). 

For case of description these different copies will be referred to 
hereafter as gH3.4 (Zenomic H_isar 3.4 kb EcoRI RFLP) and cH (P-D NA 

from fl: isar). Compilation of my data from the 3.4 kb genomic fragment 

demonstrated that the first 297 bases of the coding sequence were 
lacking as deduced by comparison with the cH sequence. I subsequently 

obtained this information from a 600 bp Hind III-Eco RI fragment of 

pSPAGIA (see Figure 7). This was sub-cloned into ml3mpl8/19 and 

sequenced. The genomic SPAG-1 sequence data to this point was 

assembled using the GelAssenible programme of the UWGCG computer 

package (Devereux, 1989). A diagram of the alignment of 23 of the 

sequences (thin arrows) obtained from the m13 clones is shown in 

Figure 8. The thin arrows depicted in this figure represent only those 

sequences which provide all the essential information that could be 

derived from the analysis at this stage. For the sake of clarity the other 

162 m13 clones which duplicated and consolidated this sequence 
information are not included in this diagram. Figure 8a shows the 

sequence information obtained in the 5' to 3' orientation and Figure 8b 

shows the sequence information obtained in the 3' to 5' orientation. In 

three locations sequences were only obtained in one direction and these 

are marked as shaded boxes (Figure 8). These sequence gaps were filled 

by double stranded DNA sequencing using specially designed 

oligonucleotides (Y2, Y3 and Y4j. The sequence obtained with these 

primers is shown in Figure 8 by the thicker arrows. The final DNA 

sequence and its predicted amino acid sequence is shown in Figure 9. 
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Figure 7: A diagrammatic representation of the sub-cloning gH3.4 
into plasmid pSPAG1.4 and pSPAG3.4. A) shows a representation of 
the genomic SPAG-I fragment from the original EMBL3 clone; B) shows how 
the SPAG-1 gene was subcloned in two fragments, one was 1.4 kb and the 
other 3.4 kb in length; Q depicts the final pUC plasmids. pSPAGIA and 
pSPAG3A, containing the genomic SPAG-I allele gH3.4. 
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Figure 8: Diagrammatic representation or the SPAG-1 gH3.4 sequence 
obtained for each DNA orientation. The large bar with SPAG-1 
written in it represents the SPAG-1 gene. The internal Eco RI site is 
marked. The thin arrows represent the sequence information obtained for 
the ml3mplg clones named at the left hand site. The boxed in areas 
represent region for which sequence information was obtained using one of 
the two DNA strands. The darker arrows represent the sequence obtained by 
double stranded DNA sequencing with SPAG-1 specific oligonucleotides. 
The name of the oligonucleotides used is written next to the beginning of the 
sequence. A) The sequence information for the 5' to 3' DNA orientation. B) 
The sequence information for the 3' to 5' DNA orientation. 
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I CTTAMC7TAGGAr-TAACA7=AAAT7rAAATrTCATTTTCCAAAACTCAACGATCAACATTTrACACT7TCTGTT'GACCATTCCGGTCA 90 
MNILHFLLTIPV1 

91 77T=TATC7CGAGCGGACAAGAMCCTGCGGGAGAAAGTTCTAGA6ACCTCTAAACCCAGTCCCCTAGTAACCCTAGAATCAGCGGTAA 280 
FVSGADKMPAGESSRTSKPSPLVTLESAVT 

181 CACAACC7TCAAAAGACCCA71CMGACAATTAGMCC7M7tAAAAGCA6ACA&MGTA7'GGAAGTICAGCGGTATCAGTATCAGG7GACT 270 
QPSKDPFKTISALSKATKVWKSAVSVSGDS 

271 CTAAGACTGTTICCTACTCCAGTTTCGGAACCAATTATTACTCGATCT7TrCAAGAACCAGTATt"rCAAGAACTMAATTCCAATCAGATA 360 
KTVPTPVSEPIITRSF9EPVSQELEFQSDT 

361 C7GAAATTAATGACTCAGGATCCGGTTCAGA7GAGGA7r. ACGATGACGA7r. A=AGGAGGAAGAAGAAGACGATIGGATCCGGC7'CATCTA 450 
EINESGSGSDEDDDDDEEEEEEDDGSGSSK 

451 AAGGTGCAAAArGAAGCCCAAAAGCTCAGGC7GCAGTA7t"rlrAAGCAGTACATCCACAGCAhGTCCAACATCTCCAACTACAACATCAT 540 
GAKGSPKA0AAVSSSSTSTASPTSPTTTSS 

541 CACAACCMGCTTOWATCMG7r-GTTCACACGG7r-AACAAGTTCCAGGTGTAGGMTTCCAGGTGTAGGAGMCAGG7'GTAGGAGTTC 630 
QPGLGSSGSHGQQVPGVGVPGVGVPGVGVP 

631 CAG=TAGGAGTTICCAGGTGTA=G7TCCAGG7GTAGGAGTTCCAG=TAGGAOT7'CCCGGTGTAGGTICTTCCCGG7r. TAGGTGTTC 720 
GVGVPGVGVPGVGVPGVGVPGVGVPGVGVP 

721 CAGGGGTAGGCGTTCCAGGGGTAGGCGTACCAGGOGTTGGAGCTGTACCMGhGTGGGGGGGCT7GGAGATGATAGTAG7r. CATMCCTG 810 
GVGVPGVGVPGVGAVPGVGGLGDDSSALPG 

811 GAAG7'GGTW7t"17WAGCAGGAGCAAAGGCTGGGAAAGGTCCAGGATCTC-=ACAGGGACCAGGAGGTGT=ACCAGGAGTACC7r. 900 
SCCLGAGAKAGKGPGSGLQGPGGVGPGVPG 

901 GTGTAGGMATGCAGC i-i'C-i-i'Ci-itT7"rACCAGGAAAACCTCCAGG7'GTAGGAGTTCC7r. GAGCACTAGAACCTGGATTACCAGGAGCAG 990 
VCDAASSSLPGXPPGVGVPGAVEPGLP0AA 

991 CAGG7'CTACCAGGAGGAAAGGCAGGAAAATCGAATAAATCT7CCGACCCTGAATTAGA7TTTGGAGATGAATCMA7r. GGTCAGGATCCG 1080 
GVPGGKAGKSNKSSDPELDFGDESDGSGSG 

1081 GTTCACCAGGGGACCACGATICACAA7r. ACGA7GAAGAGGAAGAAGACGATAAATCTACCTCATCTAAAGGACCAGGAGCAAArGC7'GGGA 1170 
SAGDDDDNDDEEEEDDKSTSSKGAGAKAGK 

1171 AAr. GTCAAGGATC7r&TA7r-ACCAGGAGGAr. GATCCTCAGCAAGTCAAACATCTTCAACTACAhCAT'r-ATCACAATC7GGCTTGrCACCAA 1260 
GQGSVSPGGGSSASQTSSTTTSSQSGLAPS 

1261 GTGG77CTCACCCTCAACkAGTTCCTCAhCAAGATCCAGCGCTTACTCAACCTAGTGGArGAGGM7GCCCGGAGTTGGAGTTCCCGGAG 1350 
GSHPQQVPQQDPALS0PSGGGVPGVGVPGV 

1351 TTGGAGTTCCTGGAGTTGGAGTTCC7GGAGTTGGAOTTCCTGGAG7TGGAGTACCCGG7G77GGGGG7r. CAACAACTTCATCATCATCAA 1440 
GVPGVGVPGVGVPGVGVPGVGGATTSSSST 

1441 CAACTTCAACTACTACTACTACTACAACA7r-ATC771CACC7GGAAAACC7TCAAACCAAGGAAGCCATGGTAC7TC7CCAAGAAAGCTAG 2530 
TSTTTTTTTSSSPGKPSNQGSHGTSPRKLV 

1531 TAACCAGACAAAC7r. ACTCMTATCAGGACCCATACCATCACCAGGAGATCCAAGAGCAATTAC7GGACAAA7=7=TTATATTCAA 1620 
TRQTDSISGPIPSPGDPRAITG0MGLLYSS 

1621 GTAAATCTTTTGTAGGTCAAGCAGAAAGGTT7GCMCACAGTTCT7r. GGAGATTTTAAACCAAhACCAAGGAGATAMAAGGACAAGAAA 1710 
KSFVGECERFAA0FLGDFKPKPRRYEGQET 

1711 CAGATGCAGTAAAACTAAAACAATTCA7TTTMAAGAGGTCAAATCGCTGGTGCAAACGTTAATAAACC7rAAATTAGCAATTGCAAACG 1800 
DAVKLKQFIFEEVKSLVQTLINLKLAIAND 

1801 ACT7TGTTIGAAATCAGTCkAAAGTTGAAAAAGAAAAATCAAAATTACGTACOGAAATTAhAGMýG7TAAAAGGAGAACAATTTGACACCA 1890 
FVEISEKLKKKN0NYVPKLKLLKGE0FDTK 

1891 AACAGAAGGTAGCCAACGTGCTAAAGGGGTTCAATrCTCTGTACTTCGTAT7=A7ý. AACCTTAACCTAGCGAAAGAAGTAAACAAAC 1980 
QKVANVLKGFNSLYFV F-F MNLNLAKEVNKP 

2981 CGGAAGAATTGGCAGAA7TTCTTTGGAAACTAAATACAATCCCAGATAAAGTAGGAAGAGAATr=GTTAGCAATAGAAAAAACTAAAG 2070 
EELAEFLWKLNTIPDKVGREFELAIEKTKG 

2071 GTTCAGAGAAAAAGAAGGAA77AGAAGAACCATTTAAT7CAATAGGGTTAr-G7"ITCAAAATAGCACAGTACGCAACAAATGACATCCTCT 2160 
SEKXKELEEAFNSIGLGFKIAQYATNDILS 

2161 CAAGTATAACAhATrCAGTCTAC7CCC7r. ATAA)LACTAAAGAA7'1"rlr. GAGATGATrTTATTACCGAAGTAAGA. AAGTCGC7GCAAATCG 2250 
SITNSVYSLIKLKNFGDDFITEVRKSLQMV 

2251 TTCCACACCAAAAGAACCTAAACGGATCAGCGTTTATAGTCAAAATt"XAGAAATAATCAACAAAA&AGGAACAGAAGATGAGGATCAAA 2340 
PHQKNLNGSAFIVKISEIINKKGTEDEDQT 

2341 CATCAGGAAG7CGGTCAAAAGGGACAGAAGGAGTATCACTAAGGGGGCAAGATTTGACAGAAGAAGAAGTr=AAA07'17=GA7rAAC 2430 
SGSGSKGTEGVSLRGQDLTEEEVLKVLDEL 

2431 TAG7r. AAGGATGTAAGCGAAGAACAGG7T=AATAGGAGATTrAAGTGACCCGAATAGCAGAACACCAAATGCAAAACCAGCCGAACT7G 2520 
VKDVSEEQVGIGDLSDPNSRTPNAKPAELG 

2521 GACCTTCACTAGTIGATACAAAATIGTACCATCAGACCC=AAAAGMACACCAACACAGCCTTCAAATT7r. CCACAAGTACCAACAACAG 2610 
PSLVIQNVPSDPSKVTPTQPSNLPQVPTTG 

2611 GGCCGGGGAACGGGACGGA7rGAACAACAACAGGACCAGGTGGAAACGGGGAAGGAGGCAAAGAT=AAC-GAAGGAGAAAAGAAAGMG 2700 
PGNGTDGTTTGPGGNGEGGKDLKEGEKKEG 

2701 GATTATTTCAAAAGATCAAAAACAAACTCTTG=CTCAGGA7TCGAAG7r-ACAAGTATTATGATACCAATGACAACAATCATATrCAGTA 2790 
LFQKIKNKLLGSGFEVTSIMIPMTTIIFS1 

2791 TAG7CCACTAAAACTAAAAACACAACTAACCACACTAATTTATAATATACACAATAAAT 2849 
VH* 

Figure 9: DNA sequence of the gH3.4 allele of SPAG-1. The predicted 
amino acid sequence is shown below. 
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3.2.3. The comparison of the cDNA (cH) and genomic 
(gH3.4) sequence of SPAG-1. 

The amino acid sequences predicted from the gH3.4 and cH copies 

of the SPAG-1 gene are compared in Figure 10a. These sequences are 

clearly different due to multiple point mutations, deletions and/or 
insertions. Therefore it is apparent, unless one invokes unusual post- 
transcriptional processing mechanisms, that the cH sequence is not the 

product of the RNA transcript of the gH3.4 gene. There is evidence, 

presented in chapter 4. consistent with one of the gaps (marked as a 

series of asterisks in Figure 10a) being an intron. The extent of the 

polymorphism is shown diagrammatically in Figure 10b. Overall, the 
degree of identity is 92% with the most conserved regions lying in the C 

terminal half (97% identity) and the N terminal quarter (92% identity). 

The second quarter of the molecule is the most variable region and can 
be divided into three sub-regions with values of 81%, 60% and 86% 

identity. 

A number of features highlighted in the original cH sequence 
(Hall et al., 1992) are conserved. Thus the two blocks of striking PGVGV 

pentapeptide elastin repeats (Raju and Anwar, 1987) are present; as are 
the glutamate/aspartate (D/E) and the threonine/serine rich (T/S) 

motifs. Interestingly the VGVAPG hexapeptide, which is identical to the 

elastin receptor ligand (Mecham et al., 1989), found three times in the cH 

sequence, is absent from the gH3.4 sequence (see Discussion and Chapter 

5). The putative N terminal signal peptide (amino acids 1-18) and C 

terminal membrane anchor are well conserved, howerver. 
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qH3.4 HNI UfFLLTI PVI EVSGADKMPAGESSRTSKPSPLVTLESAVTIQPSKDPFKTISALSKATKVWKSAVSVSGDSKTVPTPVSEPI I TRSFQ 

cH 1 NNI INFLLTI PAT FVSr. ADKMPACESSRTSKPS PLVTLESAV7'QPSKDPFKTI SALSKATKVWKSAVSVSGDSKTVPTPVSEPM I TRSFQ 90 

EPVSQELEFQSDTEINESGSGSDED. DMDEEEEEEDDCSGSSXGAKGSPKAGAAVSSSSTSTASPTS P777SSOPGLCSSGSHGQQVPG 
IIII IIIIIII I III IIIIIII IIIIIII 111111111 11 111 MI 11 11 

92 EPVS; QELEFQSDTEINESGSCSDEDEDMDDEEEEEDDKSTSSYNGKGSPKAQPGVSSSSTSSASPTSPMLS07rýLoGPSGSHAQQDPG 180 

VGVPGVGVPGVGVPGVGVPGVC; VPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGAVPGVGCL4CDDSSALPGSGGL, GAGAKAGKGPGS 

281 VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVG .... CVPG. YMMý.. ýj! gVCVPGZIY=V. GVGADSSGLPGSGCLGAGAKAGKCQGS 261 

GLQCPGGVGPCVPGVGDAASSSLPGKPPGVG .......... VPGAVEPGLPGAAGVPGGXAGKSNKSSDPELDFCDESDGSGSCSAGDDD 

262 GLQGPGGVG. VVPGVGVAASSSSPGKPPCVGACVMPGVGMOGGVIIGAPC; VAGVPGGKMP. VSQEI. ELKSDTEINESGSSSEGEDD 349 

DNDDEEEEDDKSTSSKGAGAKAGXGQGSVSPGGOSSASOTSSTTTSSQSGLAPSGSHPQVPQQDPALSQPSGGGVPGVGVPGVGVPGVG 

350 D. DEEEEEENKSTSSKGAGGKAGKGOGSVSPGOGSSASOTSP7TT. PQSGLASSGSHAQQSPOODPAPSKPSGGGVPGVCVPGVGVPGVG 437 

VPGVGV. P(; VG. VPGVGGA7TSSSST.. TS-&77"=SSSPGKPSNOGSHGTSPRKLVTROTDSISGPIPSPGDPRAI7WMGLLYSSKS 

438 VPGYGYJ=VGVVPGVGGAT7SSSSTTSTSTSTT77=SSGKPSDQGSHGTSPRNAVTR07DSISGPIPSPGDPRAITGOMl******* Sig 

FVGEGERFAAQFLoGDFKPKPRRYEGOETDAVKLKQFIFEEVKSLVQTLINLKLAIJkNDFVEISEKLKKKNONYVPKLKLLKGEQFDTKQK 

S20 **GECERFAVQFLoGDFKPKPRRYEGQGTDAVKLKOFIFEEVKSLVOTLINLKLAIANDFVEISEKLKKKNONYVPKLKLLKGEQFDI'KQK 607 

VANVLKGFNSLYFVFFMNLNLAKEVNKPEELAEFLWKLNTIPDKVGREFELAIEKTKGSEKKKELIZAFNSIGIoGFKIAQYATNDILSSI 

608 VANVLKGFNSLYFVFFMNLNLAKEVNKPEELAEFLWYLNTIPDKVGREFELAIEKTKGSEKKKELEEAFNSIGLGFKIAQYA7NDILSSI 697 

7NSVYSLIKLMFGDDFITEVRXSWMVPHOKNLNGSAFIVKISEIINKKGTEDEDOTSGSGSKGTEGVSLRGODLTEEEVLKVLDELVK 

698 7NSVYSLIKLKNFGDDFVTEVRKSWMVPHQMLNGSAFIVKISEIINKKGTEDQDQTSGSGSKGTEGGSLRGQDLTEEEVLKVLDELVK 787 

DVSEEQVGIGDLSDPNSRTPNAKPAEL4GPSLVIQNVPSDPSKVTP7'QPSNLPQVPMPGNGTDGTT7'CPGGNGEGGKDLJ(ECEKKEGLF 

788 DVSEEHVGIGDLSDPSSRTPNAKPAEL4CPSLVIQNVPSDPSKVTP7VPSNLPQVPI"MPGNGTDGTTTIGPr. GNGEGGKDLKECF-KKEGLF $77 

QKIKNKLLGSGFEVTSINIPMTTIIFSIVHI 

878 QKIKNKLL4CSGFEVASIIIPMTTIIFSIVH* 907 

Figure 10: Comparison of SPAG-1 protein sequences, derived from the 
DNA sequences of alleles gH3.4 and cH. a) The polypeptide 
sequences are compared using the GAP programme on the UWGCG analysis 
software package (Devereux, 1989). The VGVAPG motifs in cH are 
underlined and the region spanned by the putative intron (see chapter 4) is 
shown with asterisks. b) Schematic representation of the comparison shown 
in Figure 10a. The figures above the blocks represent the percentage 
identity over each segment calculated by scoring a gap as one change. The 
numbers below designate the amino acid residues at the boundaries of the 
sequence blocks based on the cH molecule shown in Figure 10a. 
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3.2.4. Further analysis of variable and constant regions 
of SPAG-1 alleles. 

The above sequence analysis of the cH and the gH3.4 alleles 
identified a highly polymorphic region towards the second quarter of 
the SPAG-1 molecule (Figure 10b). The C-terminus containing the IA7 

epitope (Williamson ct al., 1989; Boulter et al., 1994) is highly conserved 
between these two alleles (see Figure 10b). Therefore a PCR based 

strategy was adopted to study the extent of sequence variation and 

conservation across these regions. The template DNA used for these PCR 

reactions was extracted from the macroschizont-infected cell line clones 

containing the identified segregating Eco RI RFLPs (see Table 8). 

3.2.4.1. Sequence analysis of the most polymorphic region 

of SPAG-1. 

A DNA fragment of about 1860 bp (positions 53-1919 according to 

the cH sequence, Hall et al 1992), containing the polymorphic region, 

was amplified by PCR using primers 420 and Y3 (Materials & Methods and 
Figure 11) from the DNA of all 12 available cell line clones (see Table 8). 

Figure 12 shows a representative gel of four of these PCR products. The 

relevant bands were purified by Geneclean and cloned into pGEM-T. DNA 

minipreps were prepared using the Wizard reagents (Promega) and 

clones containing inserts were identified by agarose gel electrophoresis. 
A representative gel containingithe DNA of 11 such pGEM-T clones and a 

negative control is shown in Figure 13. The scries of clones generated in 

this way are called "series V clones, as depicted in Figure 11. Using these 

clones as templates, I sequenced the most polymorphic region from bases 

850 to 1107 (corresponding to amino acids 284 to 369 of SPAG-1). The 

primers used for sequencing are 815, Y2 and 647 as shown in Figure 11. 

Since Taq polymerase is error-prone, I sequenced three independent 

pGEM-T clones from each PCR reaction. 

The sequence comparison of all "series V clones, based upon 12 

cloned macroschizont cell lines, revealed 4 DNA sequences which are 
highly polymorphic. These four different sequences, as well as the cH 

sequence and the gH3.4 sequence are shown in Figure 14a and their 

corresponding translated amino acid sequences are shown in Figure l4b. 
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Figure 11: Schematic representation of 
sequencing strategy. The location of 
series I and series 2 fragments is shown 
used for sequencing are shown by the 
precise details for each primer see Table 
section 2.2.4. 

The PCR based cloning and 
the primers used to generate the 
by the boxed arrows. whilst those 
smaller, underlined arrows. For 
6 in the Materials and Methods 
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Figure 12: Agarose gel with PCR products, stained with ethidium 
bromide. The PCR products, shown in lanes 1-5, were obtained using the 
primers 420 and Y3 and the following cloned macroschizont-infected cell 
line DNA as template: no DNA (lane 1), TaA 46A (lane 2), TaA 139D7 (lane 
3). TaA 139E3 (lane 4) and TaA 139E5 (lane 5). 

4.8 Kb 

3.0 Kb 

Figure 13: Agarose gel with DNA from pGEM-T clones, stained with 
ethidium bromide. DNA of three putative pGEM-T clones was extracted, 
using the Wizard miniprep method, for the PCR products of the following 

parasite clones : TaA 46A (lane 1-3), TaA 139D7 (lane 4-6 ), TaA 139E3 
(lane 7-9) and TaA 139E5 (lane 10-12). The pGEM-T clone in lane 6 has no 
insert. The bars mark the si ze of the bands in kb. 
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a) 
cH CCAGGAAAACCTCCAGGAGTAGGAGCAGGAGTTATGCCTGGAGTTGGTGTACGAGCA 
A 3.4 --------------------------------------------------------- 
A 4.8 ---------- A ---------------------------------------------- 
gH 3.4 
H 3.4 
H 6.0 ---------- A --- T-C ----------------------------------- A ---- 

cH CAAGGAGGACTAATAATTGGTGCGCCAGGACTAWAGGTGTG ......... CCA ... 
A 3.4 --------------------------------------------------------- 
A 4.8 ------------------------------- C --------- A ............... 
gH 3.4 -CT ---- C ---- GA-CC --- ATTA ------- C --------- A ............... 
H 3.4 -CT ---- C ---- GA-CC --- ATTA ------- C --------- A ............... 
H6.0 --------- C --------------------- C ---- A-A ... TCTGGATTA---AGG 

CH ............... GGAGGAAAGCCAGGACAACCA ... GTATCTCAAGAACTTGAA 
A 3.4 --------------------------------------------------------- 
A 4.8 ........................ G ----- A--T-GAATAA ---- TCC--C-C ---- 
gH 3.4 ........................ G ----- A--T-GAATAA ---- TCC--C-C ---- 
H 3.4 ----- A--T-GAATAA ---- TCC--C-C ---- 
H6.0 AGGAGCAGGTGTACC--GA ----- G-----A--T--AAAAA ---- TT --- C-C ---- 

cH CTGAAATCAGACACTGAAATTAATGAGTCAGGTTCCAGTTCAGAAGGGGAAGACGAT 
A 3.4 --------------------------------------------------------- 
A 4.6 T-A... -T--GAGA ---- TC-G ---- C ----- A ---------- G ------ C ---- T- 
gH 3.4 T-AG-T-TT-GAGA ---- TC-G --- G ------ A --- G ------ C ------ C ------ 
H 3.4 T-AG-T-TT-GAGA ---- TC-G --- G ------ A --- G ------ C ------ C ------ 
H6.0 TCAG-T-TT-GAGA ---- TC-G ---- C ----- A ---------- G ------ C ------ 

cH GAC ... GATGAAGAAGAGGAAGAAGAAAATAAATCTACCTCATCTAAAGGAGCAGGAGGA 
A 3.4 ------------------------------------------------------------ 
A 4.8 --- AAT--C--T -------------- CG -------------------------------- 
gH 3.4 --- AAT--C--T -------------- CG -------------------------------- 
H 3.4 --- AAT--C--T -------------- CG -------------------------------- 
H6.0 ----------------- A--C --------------------------------------- 

Figure 14: Comparison of the SPAG-1 alleles over the most 
polymorphic region (bases 850-1107, amino acids 284-369). 
PCR derived sequences are shown for each allele from series 1. Templates 
were derived from the same macroschizont clones as used in Figure 6. In 
addition the same region from alleles cH and gH3.4 is presented for further 
comparison. The data are given in (a) as the DNA sequence and in (b) as the 
derived peptide sequence. All alignments are made to the cH sequence and - 
represents identity, . represents a gap and any substitutions are shown by 
the relevant letter. 
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b) 

CH PGKPPGVGAGVMPGVGVRAQGGVIIGAPGVAGV ... P ...... GGKPG 
* 3.4 ------------------------------------------------ 
* 4.8 ---H ------------------------- 
gH 3.4 
H 3.4 ------------ 
H6.0 ---H-A ----------- QAQ--L ------ A-R. SGL-RRSRCT-R-A- 

CH OP. VSQ==YrEINESGSSSEGEDDD. SSKGAGG 
* 3.4 ----------------------------- * ------------------ 
* 4.8 KSNK-SDP--. IZD-SDD ----- G-D-V-N-D ---- M ---------- 
gH 3.4 KSNK-SDP--DFGI)-SDG --- G-A-D---N-D ---- M --------- A 
H 3.4 KSNK-SDP--DFGD-SDG --- G-A-D --- N-D ---- M --------- A 
H6.0 KSKK-LDP-SDFGD-SDD ----- G-D -------- D ------------- 
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Six cloned macroschizont cell lines of Ankara origin with the 3.4-kb Eco 

RI fragments all possessed the same sequence which therefore defines 

the A3.4 allele (Figure 14a and Table 8). Interestingly and unexpectedly 

this A3.4 allele matches the cH sequence totally over this stretch (see 

Discussion). The 3 cell line clones of Hisar origin with the 3.4-kb Eco RI 

fragment were identical to each other but distinct from A3.4 and thus 
define the allele H3.4 (Figure 14a and Table 8). The sequence of H3.4 is 

identical as expected to gH3.4, Two cloned macroschizont-infected cell 
lines of Ankara origin with the 4.8-kb Eco RI fragment are identical to 

each other and different to any other sequence and thus define the A4.8 

allele (Figure 14a and Table 8). The sequence derived from the only 

cloned macroschizont-infected cell line of Hisar origin with an 6.0-kb 

Eco RI RFLP is named H6.0 and is also shown in Figure 14a. 

3.2.4.2. Sequence analysis of the C-terminal constant 

region of SPAG-1. 

The C-terminal constant region of SPAG-1 was amplified by PCR 

using DNA obtained from the cloned cell lines, TaA 139D4, TaH 46.2, TaA 

139D6 and TaHBL3b. These cell lines were selected as they represent the 
four different sequence variants identified in section 3.2.4.1. The PCR 

primers used were Y2 and 932 (Table 7) and the fragments of about 1780 
bp generated were cloned into pGEM-T giving rise to the 'series 2' clones 
(see Figure 11). Three independent pGEM-T clones for each of the cell 
line clones were sequenced using the primers 711 and 932 (Table 7 and 
Figure 11). 

The region of the "series 2" clones which was sequenced 

corresponds to most of the original SRI region. The observed DNA 

sequences and the predicted amino acid sequences are shown in Figures 

15a and 15b respectively. The comparison of the "series 2" clones 

revealed that this region is highly conserved with very few base pair 

changes which resulted in even fewer amino acid changes. Again four 

distinct sequences can be seen, where cH is identical to A 3.4, gH3.4 is 

identical to H 3.4, and A 4.8 and H 6.0 are different to any other sequence. 
Thus the analyses of the polymorphic and SRI regions are in agreement 
in that they indicate the existence of at least 4 SPAG-1 alleles. 
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a) 

cH ATAGGAGATTTAAGTGACCCAACTAGCAGAACACCAAATGCAAAACCAGCCGAACTT 
A 3.4 --------------------------------------------------------- 
A 4.8 --------------------------------------------------------- 
9H 3.4 -------------------- G-A ---------------------------------- 
H 3.4 -------------------- G-A ---------------------------------- 
H6.0 --------------------------------------------------------- 
p67 C-C ----- C --------------- G-A --- T--T-... C-A--G--A-C--TC --- C 

cH GGACCTTCACTAGTGATACAAAATGTACCGTCAGACCCCTCAAAAGTGACACCAACA 
A 3.4 --------------------------------------------------------- 
A 4.8 ------------------------------------ T -------------------- 
gH 3.4 ----------------------------- A --------------------------- 
H 3.4 ----------------------------- A --------------------------- 
H6.0 ------------------------------------ T -------------------- 
p67 ----------- T--A---ACTG --- G--AAG --- CA---A --- T --- AT-T ------ 

cH CACCCTTCAAATTTGCCACAAGTACCAACAACAGGGCCGGGGAACGGGACGGATGGA 
A 3.4 --------------------------------------------------------- 
A 4.8 --------------------------------------------------------- 
9H 3.4 --------------------------------------------------------- 
H 3.4 --------------------------------------------------------- 
H6.0 ------------------------------ T ---- A --------------------- 
p67 GG---CA --- TAGCAG-TGG--G-GA-CA-C--CCTTC ...... A-CTC-TA ----- 

cH ACAACAACAGGACCAGGTGGAAACGGGGAAGGAGGCAAAGATTTGAAGGAAGGAGAA 
A 3.4 --------------------------------------------------------- 
A 4.8 --------------------------------------------------------- 
gH 3.4 --------------------------------------------------------- 
H 3.4 --------------------------------------------------------- 
H6.0 --------------------------------------------------------- 
p67 --CG ---- G--G ................... C---A-C-C-ACCTG --- A ------ G 

cH AAGAAAGAAGGATTATTTCAAAAGATCAAAAACAAACTCTTGGGCTCAGGA7"rCGAAGTC 
A 3.4 ------------------------------------------------------------ 
A 4.8 ------------------------------------------------------------ 
gH 3.4 ------------------------------------------------------------ 
H 3.4 ------------------------------------------------------------ 
H6.0 ----------------------------------------------------------- A 
p67 -------------- GA-A--G --- C ---- G--A ------ C ---- G--T ------------ 

Figure 15: Comparison of the SPAG-1 alleles over the most constant 
region (bases 2419-2706, amino acids 806-902). PCR derived 
sequences are shown for each allele from series 2. Templates were derived 
from the same macroschizont clones as used in Figure 6. In addition the 
same region from alleles cH and gH3.4 and the p67 gene of T. parva is 
presented for further comparison. The data are given in (a) as the DNA 
sequence and in (b) as the derived peptide sequence. The 16 amino acids 
containing the IA7 epitope (Boulter et al., 1994) are underlined. All 
alignments are made to the cH sequence and - represents identity, 
represents a gap and any substitutions are shown by the relevant letter. 
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b) 

CH 
A 3.4 
A 4.8 
gH 3.4 
H 3.4 
H6.0 
p67 

CH 
A 3.4 
A 4.8 
gH 3.4 
H 3.4 
H6.0 
p67 

IGDLSDPSSRT. EN&IM=raESIL)ELQNVPSDPSKVTPrQPSNLPQVPT 

------------------------------- s ---------------- 
N ---------------------------------------- 
N ---------------------------------------- 

------------------------------- s ---------------- 
L ------- G-SS. ERQPS ------- TDGQAG-TI-S--G-TIAAGGEQ 

TGPGNGTDGTMPGGNGEGGKDLYEGEKKF, GLFQKIKNKLL-GSGFEV 
------------------------------------------------ 
------------------------------------------------ 
------------------------------------------------ 
------------------------------------------------ 
s ----------------------------------------------- 
PPSAPN.. --A --- A-TQPEG..... -------I--L-K --------- 
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3.2.5. Comparison of SPAG-1 with the p67 antigen of 
Thelleria parva: implications for the structure 
of the 1A7 epitope. 

The sequence comparison of SPAG-1 and p67 (Nene et al., 1992) 

reveals that overall they are 47 % identical at the amino acid level 

(Figurel6). Interestingly. the least similar region between these two 

antigens corresponds to the most polymorphic region within the SPAG-1 

alleles. The most conserved parts are located at the N terminus (49% 

identity) and the C terminus (56% identity) again correlating well with 
the interallelic SPAG-1 comparison. The elastin repeat motif, PGVGV, 

only occurs once in p67 whereas as previously noted it is extensively 

repeated in SPAG-1. 

The SRI homologous regions of SPAG-1 and p67 are compared in 

Figure 15. The 16 amino acid sequence containing the neutralising IA7 

epitope (Boulter et al., 1994) is shown underlined. All alleles of SPAG-1 

share this sequence but p67 has only 8 identical amino acids of which 

seven consecutive. This and the further observation that IA7 and p67 

weakly cross react (Knight, 1993) indicate that the IA7 epitope is at least 

partially located in these shared residues. 

3.2.6. The EcoRI RFLP pattern is based on the loss of an 
internal EcoRI site. 

It was shown that both the sequences of cH and gH3.4 contain the 
internal EcoRl site but both sequences were matched to the 3.4 kb EcoRl 

RFLP band. as cH is identical to A 3.4 and gH3.4 is identical to H 3.4. Both A 

3.4 and H 3.4 have an EcoRI RFLP band of 3.4 kb on a Southern blot 

probed with SRI. No information was available about the internal EcoRI 

site of A 4.8 and H 6.0 and whether the EcoRI RFLP is located in the 

coding region of the SPAG-1 gene. Therefore the "series V clones for the 

cell line clones TaA 139D4. TaH 46.2, TaA 139D6 and TaHBL3b were 
sequenced using the primers Y 3 and 646. The resulting sequence 
information is shown in Figure 17a and the predicted amino acid 
sequence is shown in Figure 17b. The EcoRI site is underlined in the cH 
sequence. It can be seen that cH, gH3.4, A 3.4 and H 3.4 have an intact 
EcoRI site while no EcoRI site is present at this site for A 4.8 and H 6.0. 
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49% 25% 56% 

OVERALL IDENTITY 47% 

Figure 16: Schematic representation of the comparison of the cH 
allele of SPAG-1 and p67 of T. parva. The figures above the blocks 
represent the % identity over each segment calculated by scoring a gap as 
one change. The numbers below designate the amino acid residues at the 
boundaries of the sequence blocks based on the cH molecule shown in Figure 
10. 
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Therefore it can be concluded that the EcoRl RFLP pattern of 4.8-kb, seen 
in A 4.8, is due to a lack of the internal EcoRI site and that H 6.0 lacks this 

as well as a further Eco RI site outside the coding region of SPAG-1. The 

predicted amino acid sequence for this region shown in Figure l7b 

clearly shows that the change of the EcoRl site at DNA level also affects 

the predicted amino acid sequence. Therefore, the EcoRI RFLP is in this 

case a marker for polymorphism of the SPAG-1 gene at both the DNA and 

protein level. 

277 312 93 104 

cH GTATCTCAAGAAC772A=CAATCAGATACTGAA VSQEL. EF-QSDTE 

A 3.4 ------------------------------------ ------------ 

A 4.8 --------------- ===5: -=-QA --- T --- CC ----- ------ LKLCP- 

gH3.4 ------------------------------------ ------------ 

H 3.4 --------------- ---------------- ------------ 

H 6.0 -------- T--TGC- .. --T--GAGA --- T --HDA-L. LGDD 

Figure 17a Figure 17b 

Figure 17. Comparison of the SPAG-1 alleles across the internal Eeo 
RI site. (a) Sequence comparison at DNA level (bases 277-312); the Eco RI 
site is underlined. (b) Sequence comparison at amino acid level (amino acids 
93-104); the amino acids encoded by the bases involved in the Eco RI site 
are underlined. 

117 



3.3 Discussion. 

3.3.1. SPAG-1 is a single copy gene. 

It has previously been shown that the piroplasm stocks of T. 

annulata contain a mixture of parasite strains (Wilkie et al., 1986). 1 have 
been able to confirm this by RFLP analysis. Further I provided evidence 
that the RFLPs behave as alternative forms of the same gene at a single 
locus and thus they behave as alleles. My data provides strong evidence 
in favour of there being one SPAG-1 gene per haploid genome. 

3.3.2. Implications of the cDNA and genomic SPAG-1 

sequence comparison. 

I completed the sequencing of a genomic SPAG-1 clone and 

compared this to the cH allele (see Figure 10a). This comparison clearly 
indicates that these two sequences represent two different SPAG-1 

alleles. Further, the comparison of their predicted amino acid sequence 

shows that the two protein sequences are 92% identical (see Figure 10b). 

More interestingly, the C-terminal half and the N-terminal segment of 

the molecule are most conserved (97% identity and 92% identity 

respectively). The polymorphism is greatest in the central region of the 
molecule (only 60% identity). The variation is due to multiple 
gaps/insertions and amino acid substitutions. The presence of conserved 
and polymorphic parts are important for the elucidation of the 

molecules function as well as for sub-unit vaccine development. These 
implications are discussed below. 

Both alleles contain the PGVGV repeats which are homologous to 
the repeats found in bovine elastin (Raju and Anwar, 1987). 
Interestingly, unlike the cDNA allele cH, the gH3.4 allele product does 

not contain any VGVAPG motifs which considerably weakens the 
hypothesis that this represents a ligand for host cell recognition (Hall ct 
al., 1992). The lack of the VGVAPG motifs in one allele and a lack of 
correlation between cells expressing the elastin receptor and their 

susceptibility to infection by sporozoites (Campbell et al., 1994) indicate 

that the elastin receptor is an unlikely candidate receptor for host cell 
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recognition. This suggests that the main function of the VGVAPG and the 

PGVGV motifs is most likely attributed to mimicry of the host and thereby 

the process of immune evasion (Hall et al., 1992: Hall, 1994). 

3.3.3. Implications of the sequence comparison of the 

four SPAG-1 alleles. 

A number of conclusions can be drawn from the sequence 

analysis across the most polymorphic region of SPAG-1 from 12 

macroschizont-infected cloned cell lines. First of all it is clear that at 
least 4 distinct SPAG-1 alleles exist. These are A3.4 (this is identical to cH), 
H3.4 (which is identical to gH3.4), A4.8 and H6.0. The second observation 

is that the 3.4-kb RFLP is composed of two distinct alleles, A3.4 and H3.4. 

Unfortunately no cloned macroschizont cell lines were available of Hisar 

origin with an 4.8-kb EcoRI restriction fragment or of Ankara origin 

with an 6.0-kb EcoRl restriction fragment. These would indicate the 

degree of polymorphim between the two isolates. Interestingly, the 

sequence of the Ta Hisar cH allele is identical to the Ta Ankara allele A3.4 

over all regions investigated. Since the cDNA is of T. annulata Hisar 

origin (Hall et al., 1992) this observation implies that the Hisar stock also 

contains the A3.4 allele but tests to confirm this are still required. 

3.3.4. Implications for vaccine development. 

The finding that the C terminal and N terminal regions of SPAG-1 

are the most conserved regions is important information from the point 

of view of sub-unit vaccine design. This is reinforced by the recent 

epitope mapping studies which have located neutralising determinants 

recognised by bovine sera between residues 784 and 892 of the molecule 
(Boulter et al., 1994). Therefore, it can be predicted that these regions of 

the protein are likely, if included in a sub-unit vaccine, to induce cross 

protective immune responses. It is also of considerable interest that the 

most conserved region between T. parva p67 and SPAG-I is in the C- 

terminal half of the molecule with 56% identity over amino acids 504-907 

(Nene et al., 1992) as depicted in Figure 16. In addition the sequence 
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comparison of the four SPAG-1 alleles and p67 showed that a continuous 

stretch of 7 out of 16 residues containing the IA7 epitope is conserved 
between SPAG-1 and p67. Since the monoclonal antibody IA7 reacts 

weakly with recombinant p67 (Knight, 1993) it can be concluded that the 

epitope is at least partially located in these shared residues. This 

indicates that the IA7 epitope is a cross reacting neutralising epitope for 

all isolated SPAG-I alleles. This raises the idea of a common vaccine to T. 

annulata and T. parva designed on homologous regions in the C- 

terminus. 

In the future these results might assume more importance once 

more information about immunodominant structures on SPAG-1 is 

accrued. When T cell epitopes are located it will be possible to assign 

some form of rating to them, according to their general usefulness 
depending upon whether they locate to polymorphic or conserved 

segments. Further studies investigating the optimal sub-unit vaccine 
delivery system must be conducted to form a basis for the rational design 

of future vaccine constructs. 

3.3.6. Implications for the functional importance of 
SPAG-1. 

The comparison of the the cH and gH3.4 allele indicated that the 

region towards the middle of the SPAG-1 molecule is highly polymorphic 

with only 60% identity at the amino acid level. While both the C terminus 

and the N terminus are highly conserved, 97% and 92% identity 

respectively between the two alleles. This might indicate that these 

regions are conserved for functional purposes. Since the 1A7 epitope is 
located in the C terminus of SPAG-1 and IA7 blocks invasion of 
sporozoites into host cells in vitro as well as the fact that the C terminus 
is highly conserved might indicate that this part of SPAG-1 is involved 

either in the recognition event or in the subsequent invasion events 
into host cells. The predicted C-terminal membrane anchor (Hall et al., 
1992) is highly conserved with only two conservative changes. The N 

terminus might be conserved for other purposes such as to facilitate the 

processing and folding of the protein and the predicted leader peptide 
(Hall et al., 1992) encoded by the first 18 amino acids is also found in 

120 



gH3.4 with only two conservative changes. Although the middle part of 
the protein is highly polymorphic, it might still have a very important 

function, but this does not involve sequence conservation. The middle 

part of SPAG-I is most likely to be involved in the immune evasion 

process. This might also explain the finding of the PGVGV repeats which 
are conserved between gH3.4 and cH. as these mimic the host's own 
elastin molecule which has 11 such repeats. It was shown by Boulter 

(personal communication) that cattle infected with T. annulata or 

vaccinated with SPAG-I do not develop antibodies against the PGVGV 

repeat structure. It can therefore be postulated that the elastin-like 

repeats make the molecule less immunogenic. 
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Chapter 4 

Regulation of the expression of 
SPAG-1. 

Introduction. 

The expression of the SPAG-1 gene is stage- specific ally regulated. 

mRNA transcription is initiated when an infected tick starts feeding on 
its bovine host. No SPAG-1 mRNA is detectable in any of the later life 

cycle stages of the parasite (Williamson et al., 1989). Since a clone was 

available containing the 5' DNA sequence of SPAG-1 it was thought that 

this gene might make a good candidate to study transcriptional 

regulation during the sporozoite stage in Theileria. 

4.2. Results. 

4.2.1. Sequencing of the 5' untranslated region of SPAG-1. 

A pUC 18 clone containing a 1437 bp insert, containing the first 
297 bp of the SPAG-1 gH3.4 allele and 1140 bp of the 5' untranslated 
region of SPAG-1 was given to me by Dr. R. Hall. The origin of this clone 
and the sequencing strategy of the SPAG-1 component is described in 

chapter 3. In order to investigate how SPAG-1 is regulated I decided to 

sequence the 5' region of SPAG-I to identify sequences that might be 
involved in the stage-spccific gene regulation of this gene. The insert of 
the pUC 18 clone was cut out of the vector and cut with Hind III which 
revealed two fragments. The first of these is 601 bp long and contains the 
first 297 bp of the SPAG-1 gH3.4 allele. and the other fragment of 836 bp 
in length as depicted in Figure 7 in chapter 3. Both these fragments were 
cloned into M13 mpl8 and M13 mpl9 for single stranded DNA sequence 
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1437 bp insert of 
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5' to 3' Sequence 
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information 

1 836 1141 1437 
S' Sequence of SPAG-1 SPAG-1 

Eco Ill Hind III Eco RI 
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b- 
a- 

750 1437 

412 1437 

Figure IS: Diagrammatic representation of the sequencing 
Information for the S' untranslated region of SPAG-1. The thin 
arrows represent the length and position of individual sequencing reactions 
and their names are on the left hand side of the figure. The block in the 
middle of the figure represents the insert of a pUC 18 clone containing the 
first 114i bp of the 5' untranslated region of SPAG-1 and the first 297 bp 
of the SPAG-1 gene. The large arrows at the bottom of the figure represent 
the sequence information obtained for each of the two DNA orientations. 
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analysis. The process of the sequence analysis is summarised in Figure 

18. The first part of the figure shows the result of individual sequence 

reactions of the M13 clones and also the resulting three sequences using 

specific primers (Y3, Y50 and Y51) and double-stranded template DNA. 

The sequence was aligned using the UWGCG (Devereux, 1989) package on 
the SERC facility at the Daresbury laboratory. The summary of sequence 
information obtained for both DNA orientations is shown at the bottom of 
this figure. In the 5' to 3' DNA orientation there is a sequencing gap of 
175 bases towards the middle of the 5' untranslated region. In the 3' to 5' 

DNA orientation there is a sequencing gap of 411 bases which are the 

most 5' bases of the pUC 18 clone. The resulting DNA sequence is shown 
in Figure 19 and the ATG start codon as well as the Hind III site are 
highlighted. 

4.2.2. Sequence comparison of p67 and gH3.4. 

The 5' sequence of the gH3.4 allele of SPAG-1 was compared to the 
5' sequence of p67, the T. parva homologue of SPAG-1, and this 

comparison is depicted in Figure 20. This comparison revealed that the 5' 

untranslated region of both genes is 75.6% identical. It is noteworthy 

that the level of identity in the 5' untranslated region between p67 and 
SPAG-1 is higher than in the coding region, since the level of identity at 
DNA level between the two genes is 52%. Since these two regions are so 
highly conserved it might be an indication that these regions have 

regulatory functions. Both genes are transcribed in a stage-specific 

manner. both during sporozoite development, and therefore it can be 

assumed that the DNA sequences for regulation of their expression are 

conserved. However, since the whole of the upstream region is very 

conserved it is not possible to pinpoint particular regions which might 
be involved in gene regulation. It has been proposed, since the genome 

of Theileria is very A/T rich, that regulatory elements might contain a 
higher percentage of Gs and C's. One of the larger stretches which is 

conserved between p67 and SPAG-1 also contains a higher than average 
percentage of G's and Cs. It is located 490 to 535 bp upstream from the the 
ATG start codon. This region contains two interesting features 1) a 

sequence, GCTAGC, which is repeated twice and 2) GAGCTC. Both 

sequences are palindromic. Since both these sequences are G/C rich and 
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1 AAAAGGAAGAGTTCATTTAAACTGTCAACCTCCATCTCGCTACAATGTAAACTTATAGAA 

61 ATAACCAAGTGTTCA7'GACATATAAAAATATTTTAGAAACTTAAAAGACATATCCGAATr 

121 CGTTGGAATCTAGAACGCTAATCAATGTTATTTTTACTAAAATTTGTAACATTTAATCTC 

181 ATACCTAATATCAACTTCAWTAAACATAGGATTCACTTCAATAATTACAGTTATAGAAT 

241 GAATAATTAACCAAAATTIGATTTCTATAAAATAAATATTTAACTATTTAGATTAGATTTT 

3 01 CCAATTTATOGTTGTr. TTCACAAAAGGCATATCATAACATITT7rCTAACGGCGAAAAAA 

3 61 TTATTAAAAAATTATAAAACTAAAGTTT7TAATGAAATATATGAATAATATGTAATTAAA 

421 GTATAATTATGGTTAATTAGACTTTTAGA7TCAAATTTATTAAATTGTGTGTAATCCTAT 

481 ACTTAAAAATCTCA77TTTTGAATAATTCAAATTCTACATTTAAATTCATATTATATATC 

541 TTAATTTAGATATATAAATGATGAGTTTAAGTGAAAATTGAGGGGAATTTAATATIGCGAT 

601 AGATrAATTOTTTGGCTAGCAGAATGAGCTCAAATAAAGAGCTAGCCAATGTCATTAAAG 

661 CTCCAATAAACCCAAGATTAGACTCGTTCACTAGATATACTAATAAAATCCATCATTATT 

721 TTTG71GCATTTATCATCGAGTTATTTTCACAAAAAATTATACTAACACACAACTGTATAA 
Y51 

781 CACCGTGTTTAGTCTTTTTCCTTAAATTTGCTACCTATATCTGTAAAACAJEýýTIG 
ft- 
10 

841 TTTTACAAATTACTATAAAAAACAAATAAAACAAAAACACACTCGTTTTGAGATAATTTT 

901 CTTAATAACAAGTOTTTTAAAAAGGTAGGACTTTATCACCTAAAAGCAGAATAGTCTCAA 

961 ATGCATTGAGATTAGAGGCTCCCTCATAATTGACTAAAAATGTTATATTACACAGCTTTT 

1021 TATTCGATTAATTTATAACAATTATTTATAAATATTACTTATCGAGATAGTTTCTTTAAA 

1081 ACTTCATCTTATGCTTAGGAGTAACATTGAAATTTAAATTTCATTTTCCAAAACTCAACG 

1141 [ýCATTTTACACTTTCTGTTGACCATTCCGGTCA71rMTATCTGGAGCGGACAAG 

rKI 
1201 ATGCCTGCGGGAGAAAGTTCTAGAACCTCTAAACCCAGTCCCCTAGTAACCCTAGAATCA 

1261 GCGGTAACACAACCTTCAAAAGACCCATTCAAGACAATTAGTGCCTTGTCAAAAGCAACA 

1321 AAAGTATGGAAGTCAGCGGTATCAGTATCAGGTGACTCTAAGACTGTTCCTACTCCAGTT 

1381 TCGGAACCAATTATTACTCGATCTTTTCAAGAACCAGTATCTCAAGAACTTGAATTC 

Figure 19: The sequence of 1141 bp of the 51 untranslated region of 
SPAG-1 and the first 297 bp of the SPAG-1 gene. The ATG start 
codon is boxed and the Hind III restriction site for sub-cloning the two 
fragments for sequencing is circled. The arrows represent primers which 
have been used for primer extension analysis and sequencing. The arrow 
heads are at the 3' end of the primers and the name of each primer is 
written at the 5' end of the arrow. 
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Figure 20: Sequence comparison of The S' untranslated sequence of 
SPAG-1 of T. annulata and p67 of T. parra. 11-13.4 represents the 
SPAG-I sequence. where g stands for jenornic DNA. 11 Indicates that this 
DNA is of Hisar origin and the 3A shows that this allele has a 3A kb Eco RI 
restriction fragment associated with it. The p67 marks the DNA sequence of 
the T. parva sequence. The figures at the end of each row represents the 
sequence position with reference to the ATO turt codon. A line indicates 
that the bases compared are identical and a space indicates that they are 
different and a dot represents a sequence Sap. There ate two GCTAGC 
sequences which are boxed and one GAGCTC sequence which 13 circled. 
these sequences are palindromic and conserved between SPAG-1 and p67 
and their significance is discussed in the text. 



gH3.4 AAAAGGAAGAGTTCATTTAAACTGTCAACCTCCATCTCGCTACAATGTAAACTTATAGAAATAACCAAGTGTTCA -1053 
III IIIIIIIIIIIIII 11111 11 11111111 1 1111111111111 HIM 11 11 

p67 AAAGGGAiGAGTTCAII-rTGAACTGCCAGCCTCCATCGCAATACAATGTAAACTCATAGAATCTACTCTAAAATGA -1071 

gH3.4 TGACATATAAAAATATTTTAGAAACTTAA; LAGACATATCCGAATTCGTTGGAATCTAGAACGCTAATCAATGTTA -978 

p67 CCAAATCTAAACATATTTTAGAAACTTAAAAGACATATTCGTCTTCGTTGGAGTTTAGAACGCTAAATATTGAAA -996 

gH3.4 TTTTTACTAAAATTTGTAACATTTAA ......... TCTCATACCTAATATGAACTTCATGTAAACATAGGATTCA -912 
III III I IIIIIIIIIII III I IIIIIIIIII III IIIIIIII II IIII 

p67 TTTACACTCACATTTGTAACATATAAATCACATAATTTCATACCTAAAATGTGCTTCATGTTATTACTCAATTCT -921 

gH3.4 CTTCAATAATTACAGTTATAGAATGAATAATTAACCAAAATTGATTTCTATAAAhTAAATA = AACTATTTAG -838 
1 111111111 11111 111 111 11111 111111 1 HIM I 1111111111 11 11111 1 

p67 AATTCATAATTACATTTATATAATTAATTATTAATTAAAATTCAATTCTAT. ATATAAATATTTTAATTATTTGG -847 

gH3.4 ATTAGATTTTC. GAATTTATGGTTGTGTTCACAAAAGGCATATCATAACATTTTTTC. TAACGGCGAAAAILATTA -765 
.1 11 111 11111 11 11 11 1111 11 11 11 1111111 1111 111111 1 

p67 GCCATATATTCCGAATT. ATAAACGTATTAACAATGGATGTGCCACAGCGTTTTTTCATGAATGAGTAAAAATAA -773 

gH3.4 TTAAAAAATTATAAAACTAAAGTTTTTAATGAAA. -TATATGAATAATATGTAATTAAAGTATAATTATGGTTAA -692 
IIIIIII I IIIII IIIIIIIIIIII III IIIIIIIIII 111 11 1111 Hill I 1111 11 

p67 TTAAAAACGTGTAAAATCAAAGTTTTTAATAAAAATviiLýATIGAAT'AT'LATACAAATAAACTATAAATTT-GGT'AAA -fs 9a 

gH3.4 TTAGACTTTTA-GATTCAAATTTATTAAATTGTGTGTAATCCTATACTTAAAAATCTCA. TTTTTTCAATAATTC -619 
III III III IIII 11111111 11 1111111 1 111 1 111111 111 111111 11 1 111 

p67 TTAAACTATTATGATTACAATTTATTCAAGTGTGTGTTAACCTCTGGTTAAA. ATTTTTAATTTTTTTAAAATTTC -623 

gH3.4 AAATTCTACATTTAAATTCATATTATATATGTT. AATTTAGATATATAAATGATGAGTTTAAGTGAAAATTGAGG -545 
1 1111 1 111 11 1111 1111 11 1 11 1 1111 1 11111111111111 111 

p67 AG. TTCTTTAACTAhTTTTATATAAA; LATAGATCAAAATCTAT. GAAAAATCAGATTTTTAAGTGAAAATT. AGG -551 

CA 

gH3.4 GGAATTTAA. TATGCGATAGATTAATTGTTTMGAA TAAAGA3CTA TGTCATTA -471 

CT 

i 

GGAAATTGAGCAA-kTCGTAAhTTAATTGTTT GAA 

rTGC; 

TATGA p67 

rAA... 

AAACG 

III! 
G AA -476 L 

gH3.4 AAGCTCCAATAAACCCAAGATTAGACTCGTTCACTAGATATACTAATAAAATCCATCATTATT. TTTGTGCATTT -397 
III IIIIII IIIIII 11111 11 1111 1111 111111111 11 1 11 11 11111111111 

p67 AAGGGGCAATAACCCCAAGGTýTAGAGTCATTCAGTAGAAhTACTAATACGATTAAGCAAATTTATTTGTGCATTT -401 

gH3.4 ATCATCGAGTTATTTTCACAAAAAATTATACTAACACACAACTGTATAAGACCGTGTTT. AGTC. TTTTTCCTTA -324 
1 11 11 Hill I 111 1111 1 lill III1 111111 11 11 1111 HIM III 

p67 ACTGTCAAATCATTTTGATAAATAATTGTTTTAACCTATAGCCCTGTAAGACTGTATTCAAGTCATTTTTCGTTA -326 

gH3.4 AAT'. PTGCTACCT)k. TATCTGTJLkUCACP. AGCTTATGTTTTACJL2LATTA%CTATA. A-Z-a. AACAAATAJLILPCAAAA. A. CA -249 
111111 11 111 111111111 11 11 1111111111 11111 1111 1111111 lill III 

p67 AATTTGTCACATTTTTATGTAAAACAGAAACTCATGTTTTACACATTACCGTAAATAACAAATTAAACCAAAGTG -251 

gH3.4 CACTCGTTTTGAGATAATTTTCTTAATAACAAGTGTTTTAAAAAGGTAGGAC = ATCACCTAAAAGCAGAATAG -189 

p67 TACTCGTTTTGAGATAATTTTCTTATTAACAAGTGTTTCAAAAAGGTAGGACTTAATTAGTTAAGACCAGATTTA -191 

gH3.4 TCTCAAATGCATTGAGATTAGAGdCTCCCTGATAATTGACTAAA ...... AATGTTATATTACACAGCTTTTTAT -120 
IIIIIIII I IIIIIIII 1 11 111 11 1 11 1 1111111 111 1 1111111 

p67 TCTCAAATTCTCTGAGATTAAGCGGTCTTGGATTATAAAGTAGAATCACTAATGTTA ... TACGAA.. TTTTTAT -121 

9H3.4 TCGATTAA. TTTATAACAATTATTTATAAATATTACTTATCGAGATAGTTTCTTTAAAACTTCATCTTATGCTTA -47 
11 1111 HIM 

p67 TCACTTAATTTTATATAAATTATTTATAAATATCACCTATCAAACTAATTTCTTTACACCTTCATCCTATGCTTA -47 

gH3.4 GGAGTAACATTOAAATTTAAATTTCATTTTCCAAAACTCAACGATG 

p67 GGTGTAACATTGAhATTTGAATTTCACTTTCCGACACTGAACGATG 
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are conserved between the two species they are candidate sequences 

which might be involved in the transcriptional regulation of both SPAG- 

I and p67. 

4.2.3. Sequence comparison of the 5' untranslated region 

of 4 alleles of SPAG-1. 

In chapter 3, four cloned macroschizont infected cell lines were 
identified which contain 4 different SPAG-1 alleles. DNA from these cell 
line clones was used to PCR amplify a 374 bp fragment which maps to the 

position of -350 to +24 of the gH3.4 sequence. The primers used for this 

analysis are YI I and Y51 and are shown in Figure 19. The PCR products 

were cloned into pGEM-T and sequenced. The sequence comparison over 
the first 350 bp upstream of the ATG start codon are shown in Figure 21. 

The 5' region of H3.4 is identical to that of gH3.4 which is in accordance 

with the results shown in chapter 3, but of interest is that the upstream 

sequence of alleles A4.8 and H6.0 is also identical. Only the upstream 

region of A3.4 is different from that of the other alleles by 8 bases. This 

sequence comparison indicates that the upstream region of the 4 alleles 
is highly conserved, probably for gene regulatory purposes. Since this 

region is conserved at such a high level no DNA sequence motifs could 
be identified which might be involved in the transcriptional regulation 

of SPAG-1. 

4.2.4. Mapping the beginning of the SPAG-1 mRNA. 

To gain more information about the stage-specific regulation of 
SPAG-1, the beginning of the mRNA transcript of SPAG-1 was mapped 
using the primer extension method. For this method two primers were 
designed which are located around the ATG start codon. The first primer, 
FKI, maps to position bp 13 to -13 and the second primer Yll maps to bp 
46 to 24, as shown in Figure 19. These primers were end-labelled with 
32P, annealed to mRNA extracted from infected tick salivary glands and 
were reverse transcribed. The products were separated by acrylamide 
gel electrophoresis and visualised by autoradiography. The result is 

shown in Figure 22. The samples were run adjacent to 32p labelled 100 bp 
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gH3.4 -350 A=TTTTTCCTTAAATTTGCTACCTATATCTGTAAAACACAAGCTrATGT7rTACAAAT 
A3.4 ------------------------------------------------------------ 
A4.8 ------------------------------------------------------------ 
H3.4 ------------------------------------------------------------ 
H6.0 ------------------------------------------------------------ 

gH3.4 -291 TACTATAAAAAACAAATAAAACAAAAACACACTCOTTTTGAGATAATII'=AATAACA 
A3.4 ------------------------------------------------------------ 
A4.8 ------------------------------------------------------------ 
H3.4 ------------------------------------------------------------ 
H6.0 ------------------------------------------------------------ 

gH3.4 -231 AGTGTTTTAAAAAGGTAGGACTTTATCACCTAAAACCAGAkTAGTCTCAAATIC; CA7rGAG 
A3.4 ------------------------------------------------------- c ---- 
A4.8 ------------------------------------------------------------ 
H3.4 ------------------------------------------------------------ 
H6.0 ------------------------------------------------------------ 

gH3.4 -171 ATTAGAGGCTCCCTGATAATTGACTAAAAATGTTATATTACACAGCTTTTTATTCOATTA 
A3.4 -C --------------------------------------- G ------------------ 
A4.8 ------------------------------------------------------------ 
H3.4 ------------------------------------------------------------ 
H6.0 ------------------------------------------------------------ 

gH3.4 -117 ATTTATAACAATTATTTATAAATATTACTTATCGAGATA=TCT7rAAAACTTCATCTT 
A3.4 ---------------------- A ---------- T ------------------------ C- 
A4.8 ------------------------------------------------------------ 
H3.4 ------------------------------------------------------------ 
H6.0 ------------------------------------------------------------ 

gH3.4 -58 ATGCTTAGGAGTAACATTGAAATTTAAATTTCATTTTCCAAAACTCAACG = 
A3.4 ------------------- G --------------------- C ----------- 
A4.8 ----------------------------------------------------- 
H3.4 ----------------------------------------------------- 
H6.0 ----------------------------------------------------- 

Figure 21: Sequence comparison of the first 350 bp of the 51 
untranslated sequence of SPAG-1 from 4 different alleles. gH3.4 
indicates the DNA sequence from Figure 19. A3.4. A4.8, H3.4 and H6.0 
represent the 5' DNA sequence obtained from four cloned macroschizont 
cell lines, representing 4 different SPAG-1 alleles. The number represents 
the DNA position with reference to the ATG start codon. A line indicates 
that the base at a given position is identical to the gH3.4 sequence and if a 
base is different the appropriate base is given. The ATG start codon is 
underlined. 
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12 3 

ý 330 bp 

ý 300 bp 

Figure 22: Autoradiograph of the primer extension analysis. Lane I 
shows one band representing the primer extension product using primer 
FKI. Lane 2 contains molecular weight markers and lane 3 is the primer 
extension product using primer Yll. The bars next to lanes indicate the 
size of the observed bands in bp. 
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markers, to allow an estimation of size of the resulting bands. For each of 

the reverse transcription reactions there is only one band visible. The 

size of the band for the reaction containing the primer FKI is about 290 

bp and the band for the reaction containing the primer YI I has a size of 

about 330 bp. Taking into account the starting position of each primer, 
the beginning of the mRNA for SPAG-1 was mapped to aC at 278 bp 5' of 

the ATG start codon. The transcription initiation site is highlighted by an 

arrow in Figure 23. 

4.2.5. Putative promoter binding sites in the S' 

untranslated region of SPAG-1. 

Once the beginning of the mRNA for SPAG-1 was mapped it 

became of interest to look for putative DNA binding sites of proteins 

which might be involved in the regulation of SPAG-I expression. The 5' 

untranslated region of SPAG-1 was searched for an array of DNA 

sequences which have been shown to be DNA binding sites of proteins 

and which are involved in the regulation of transcription in other 

organisms. A list of these sequences and their DNA binding proteins with 

relevant references is shown in Table 3. Three of these sequences were 
found in the 5' untranslated region of SPAG-1. A total of 8 TATA boxes 

were found in the region investigated. The presence of these is not very 

surprising due to the A/T richness of the Theileria genome, but of 
interest is the finding of the sequence, CAACTG. This sequence in 

chicken has been shown to be the site to which the Myb oncogene 

product can bind (Biedenkapp et al., 1988) and it has been shown that the 
Myb protein is a transcriptional activator which functions by binding to 

this sequence (Weston and Bishop, 1989). Another two identical 

sequences, ATGAATAA, were also found in the 5' untranscribed region of 
SPAG-1. ATGAATAA has been shown to be the site to which Pit-I binds 

(Ingraham et al., 1988). The Pit-1 sequence is found in two genes which 

are expressed specifically in the anterior pituitary gland and it has been 

shown that the Pit-1 protein binds to this sequence (Ingraham et al.. 
1988). Subsequently, transformation experiments showed that the Pit-1 

sequence is an effective promoter sequence in pituitary cells (Esholtz et 

al., 1990). The 5' sequence of p67 was searched for the existence of these 
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-1140 AAAAGGAAGAGTTCATTTAAACTGTCAACCTCCATCTCGCTACAATGTAAACTTATAGAA 

-1080 ATAACCAAGTGTTCATGAC) TATTTTAGAAACTTAAAAGACATATCCGAATT 

-1020 CGTTGGAATCTAGAACGCTAATCAATGTTATTTTTACTAAAATTTGTAACATTTAATCTC 

-960 ATACCTAATATGAACTTCATGTAAACATAGGATTCACTTCAATAATTACAGTTATAGAAT 

-900 GAATAATTAACCAAAATTGA 3OQrAAATATTTAACTATTTAGATTAGATTTT 

-840 CGAATTTATGGTTGTGTTCACAAAAGGCATATcATAAcATTTTTTcTAACGGCGAAAAAA 

-780 TTATTA)LkAAATýTAAAG==AATGAAATA TAATTAAA 

-720 GTATAATTATGGTTAATTAGACTTTTAGATTCAAATTTATTAAATTGTGTGTAATCCTAT 

-660 ACTTAAAAATCTCA rTGAATAATTCAAATTCTACATTTAAATTCATAI =ATNr: A3G 

-600 TTAATTTAGPO]ý ATGAGTTTAAGTGAAAATTGAGGGGAATTTAATATGCGAT 

-540 AGATTAATTGTTTGGCTAGCAGAATGAGCTCAAATAAAGAGCTAGCCAATGTCATTAAAG 

-480 CTCCAATAAACCCAAGATTAGACTCGTTCACTAGATATACTAATAAAATCCATCATTATT 

-420 TTTGTGCATTTATCATCGAGTTATTTTCACAAAAAATTATACTAACACA<C: AACýTG ATAA 

----=ýGCTACCTATATCTGTAAAACACAAGCTTATG -360 GAC C GT GTTTA GT C17171,77-17C CT17. r 

-300 TTTTACAAATTA TAT CAAATAAAACAAAAACACACTCGTTTTGAGATAATTTT 

-240 CTTAATAACAAGTGTTTTAAAAAGGTAGGACTTTATCACCTAAAAGCAGAATAGTCTCAA 

-180 ATGCATTGAGATTAGAGGCTCCCTGATAATTGACTAAAAATGTTATATTACACAGCTTTT 

-120 TATTCGATTAATTTATAACAATTA7"3 A=T)UkAýTTACTTATCGAGATAGTTTCTTTAAA 

-60 ACTTCATCTTATGCTTAGGAGTAACATTGAAATTTAAATTTCATTTTCCAAAACTCAACG 

+1 
ý CATTTTACACTTTCTGTTGACCATTCCGGTCATTTTTGTATCTGGAGCGGACAAG 

Figure 23: Sequence motifs In the S' untranslated region of SPAG-1. 
The 5' untranslated region of SPAG-1 gH3.4 is shown. The numbers 
represent the sequence position with reference to the ATG start codon. The 
ATG start codon is in a thick lined box. The transcription initiation site is 
marked by an arrow head. 8 sequences which fulfil the criteria of a TATA 
box are boxed with thin lines. The sequence which is in accordance to the 
consensus sequence of the Myb binding site is circled and two sequences 
identical to the consensus sequence for a Pit-1 binding site are underlined 
with a thick line. The two sequences which are underlined with a thin line 
and the sequence which is underlined with a medium thickness line were 
identified in a sequence comparison of 5' region of p67 and SPAG-1, their 
significance is discussed in the text. 
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sequence motifs. None of the Pit-I sequences were intact nor was the 
Myb binding site and only one of the eight TATA boxes was conserved 
between p67 and SPAG-1. This TATA box lies between the transcription 

initiation site and the ATG start codon, therefore it is unlikely to be 

involved in the regulation of SPAG-1 expression. 

Attempts to isolate DNA binding proteins that bind to the first 371 

bases of the 5' untranslated region of SPAG-1 by screening a %gtll 

expression library containing T. annulata genomic DNA failed. 

Therefore no novel or known DNA binding proteins were identified 

which bind to the 5' untranslated region of SPAG-1 and which could be 

involved in the regulation of SPAG-1 transcription. The regulatory 

mechanism of SPAG-1 and p67 transcription therefore remains 

unknown. 

4.2.6. Evidence for an intron in SPAG-1. 

When the SPAG-1 sequence, gH3.4, which is derived from a 

genomic T. annulata Hisar DNA stock, was compared to the published 

cDNA sequence, cH, of SPAG-1 in the previous chapter, a putative intron 

was recognized and marked as such in Figure 7. The putative intron is 

based on the observation of a sequence gap of 30 bp in the cH sequence 
in the comparison between the two sequences. The presence of these 30 

bp in the gH3.4 could of course be explained by an insertion in the gH3.4 

sequence or a deletion in the cH sequence. As the length of this 

sequence difference is a multiple of 3 base pairs, it does not interrupt the 

open reading frame, even if it is an intron. If this sequence difference is 

due to an intron, it is therefore a cryptic intron. It was decided to 
investigate further whether this sequence difference is due to a cryptic 
intron. 

Four different SPAG-1 alleles were identified in chapter 3 and one 

of these, allele A3.4, was shown to be identical to the published cDNA 

sequence, cH, over the two regions investigated. The pGEM-T clone, a 

series I clone from chapter 3. containing genomic DNA for the A3.4 

allele was sequenced across the region containing the putative intron 
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using site specific primers, 420 and 710. The sequence of the putative 
intron from the A3.4 allele was aligned to the cH sequence and is shown 
in Figure 24. The series I pGEM-T clones for the other 3 alleles were also 

sequenced across the putative intron and their sequences are also shown 
in Figure 24. It can clearly be seen that all sequences, based on genomic 
DNA, contain the sequence of the putative intron and that cH does not 

contain this sequence. A3.4 is identical to cH in all sequence comparisons 

made so far apart from the presence of the putative cryptic intron. It 

therefore provides strong supporting evidence that the 30 bp comprises 

a cryptic intron. Interestingly, this intron is found in all 4 alleles and 

they are identical. This sequence conservation indicates that most bases 

in this short cryptic intron are probably needed for the excision of the 

intron during mRNA processing. 

cH 1595 GGACAAATGGI ...................... a ....... IGTGAAGGAGA 1614 

gH3.4 1596 GGACAAATGGIgtttgttatattcaagtaaatcttttgtagiGTGAAGGAGA 1645 

A3.4 GGACAAATGGIgtttgttatattcaagtaaatcttttgtagiGTGAAGGAGA 

A3.8 GGACAAATGGIgtttgttatattcaagtaaatcttttgtagIGTGAAGGAGA 

H3.4 GGACAAATGGIgtttgttatattcaagtaaatcttttgtagIGTCAAGGAGA 

H6.0 CCACAAATGGIgtttgttatattcaagtaaatcttttgtagiGTGAAGGAGA 

Figure 24: The SPAG-1 intron. A sequence comparison of the cDNA sequence 
cH of SPAG-1 and the corresponding sequence from 4 SPAG-1 alleles (A3.4, 
A4.8, H3.4 and H6.0) and the genomic SPAG-1 sequence gH3.4. The dots 
represent sequence gaps in the cDNA sequence and the sequence in lower 
case letters represents the sequence of the intron. The line indicates the 
start and the end of the intron. The numbers represent the position of the 
beginning and the end of the sequence shown in the cDNA and the genomic 
sequence respectively. 
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4.2.7. Confirmation of intron by Sl mapping. 

To provide more supporting evidence that the 30 bp are a cryptic 
intron, the method of SI mapping was chosen. A Baml-ll-Accl fragment 

of the pUC 18 plasmid, described in chapter 3, containing most of the 

genomic copy of the gH3.4 SPAG-1 gene was cloned into M13 mp18 and 
M13 mp19. Both these clones were grown in the presence of organic 32p 

in an otherwise normal overnight culture. Subsequently, the single 
stranded DNA was extracted for both M13 clones. The M13 inserts map to 
the position 1201 to 2179 on the gH3.4 sequence and the putative intron 

maps to the position 1606-1635. The single stranded DNA was then 

annealed to sporozoite mRNA extracted from infected tick salivary 

glands. The RNA-DNA hybrid was treated with the SI nuclease which 
digests single stranded DNA and single stranded RNA but not RNA-DNA 
hybrids. The products were denatured and separated on a 6% 

polyacrylamide sequencing gel next to a labelled marker track and the 

results were visualised by auto radiography. A picture of the 

autoradiograph is shown in Figure 25. 

In Figure 25 it can clearly be seen that there are 2 bands in the 

track containing the S1 treated RNA-M13 mpl8 hybrids while no bands 

were observed in the track containing the negative control. S1 treated 
RNA-M13 mpl9 hybrids. If no intron was present in the DNA fragment 

one would expect only a single band but two bands indicate the presence 
of one intron. If one subtracts the total size of the two bands from the 

size of the initial DNA fragment one gets an estimated intron size of 
about 30 bp which coincides with the predicted intron size from the 

sequence comparison described above. Furthermore, by matching the 

sizes of the bands with the starting and finishing position of the initial 
DNA fragment one can predict the position of the intron to be in either 
of two sites. From this the intron is either at position 1606-1635 or at 
1744-1773. The first of these is in accordance with the predicted intron 
found by sequence comparison of the cDNA and genomic DNA sequence 
of SPAG-1 as well as the predicted position from the DNA sequences of the 
macroschizont clones. 
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Figure 25: Autoradiograph of the SI nuclease intron mapping 
experiment. Lane I contains molecular weight markers. lane 2 contains 
the product of SI nuclease treated DNA-RNA hybrid and lane 3 contains the 
negative control. The bars next to lane I and 3 represent the molecular 
weight of the observed bands in bp. 
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4.2.8. Comparison of the SPAG-1 intron to other 
Thelleria introns. 

In total only three introns have been identified in Theileria. The 

reason for this is that only a few genes have been cloned and fully 

sequenced and in most cases the sequence information is based only on a 

cDNA sequence, and introns would not therefore have been detected. Two 
further genes have been analysed for introns, the lisp 70.1 gene (Mason 

et al., 1989) and the cysteine protease gene of T. annulata (Baylis et al., 
1992) and it has been shown that neither contain introns. The sequence 

of the SPAG-I intron has been aligned to the intron sequences of the two 

other identified Theileria introns, from the p67 gene (Nene et al., 1992) 

and the cysteine protease intron of T. parva (Nene et al.. 1990). The 

sequence comparison can be seen in Figure 26. All three introns are 

short, varying from 28 to 32 bp. The comparison of these three introns 

allow the prediction of a short consensus sequence for the recognition 

and excision of introns in Theileria. The predicted consensus sequence 
is Gigttngtt ... ttntagIG. To verify this prediction more introns need to 
be identified in Theileria genes and these also need to be aligned to the 

existing sequences. 

SPAG-1 

T. p. p67 

T. p. cysteine protease 

Consensus 

AAATGGIgtttgttatattcaagta. aat. cttttgtagIGTGAAG 

--TCA-1 --------- t--. g----. t--. ggg--t--- I-CA-TA 

a ---- c-ca--ct--at--ta a 1----T- 

Gigttngtt ttntagIG 

Figure 26: Sequence comparison of introns found in Theileria. The 
sequence in capital letters represents the coding sequence flanking the 
intron, the bar marks the start and end of the intron and the sequence of the 
intron is written in lower case letters. The . represents a gap, the - 
represents identical bases, T. a. and T. p. represent T. annulata and T. parva 
respectively. 
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4.3. Discussion 

4.3.1. Stage-specific regulation of SPAG-1. 

It has been shown that SPAG-I is transcriptionally regulated and 
is only expressed during sporozoite development when an infected tick is 
feeding on its host (Williamson et al., 1989). The SPAG-I gene provides an 
opportunity for investigation of stage-specific gene regulation in the 

sporozoite stage of Theileria, since this gene is under tight stage-specific 
transcriptional control and no factors involved in regulation are known. 
Studying the 5' untranslated region of SPAG-1 was thought to be likely to 

reveal the identity of one or more of these factors. 

The sequence comparison between the first 350 bases of the 5' 

untranslated region of the four SPAG-1 alleles did not reveal any motifs 

which might be involved in the transcriptional regulation of SPAG-1. 

The region analysed contains only about 60 bases upstream of the 

transcription initiation site since this has subsequently been mapped to 

position -278. 

Both SPAG-1 and p67 are under transcriptional control and are 

expressed during the same life cycle stage, therefore it can be 

hypothesised that homologous transcription factors are involved in the 

regulation of both. If homologous transcription factors are involved, 

then the DNA sequences they bind to must also be conserved in the 5' 

untranslated region of both genes. The comparison of the 5' sequences of 

the two genes led to the identification of two G/C rich, palindromic 

sequences. The sequences are GCTAGC and GAGCAC. Unfortunately these 

sequences have not been identified previously to be sites which are 
involved in protein-DNA interactions. Therefore one can only speculate 
that these sequences might be involved in the stage specific regulation 

of SPAG-I and p67. Further experiments are needed to investigate the 

role of these sequence motifs in the regulation of both genes. 

It was thought to be likely that by identifying the site for 

transcriptional initiation in SPAG-1 one might gain more information 

about the process of stage specific transcriptional regulation during the 

sporozoite stage. The site of transcriptional initiation was mapped to 277 
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bases 5' of the ATG start codon and is in accordance with the 
transcription initiation site consensus sequence Py Py CA Py Py Py Py 
Py (Cordcn et al., 1980). The immediate 5' region to the initiation site does 

not bear any homology to other known promoter binding sites. A search 
for sequence motifs, which in other organisms have been shown to be 

sites recognized by transcription factors resulted in the identification of 
only one conserved TATA box between SPAG-1 and p67. As this TATA box 
is located between the transcription initiation site and the ATG start 
codon, it seems unlikely that even this motif is involved in the 

regulatory process. 

Other TATA boxes are however present in the p67 5' untranslated 

region which are absent in SPAG-1. Since the genome of Theileria is A/T 

rich it is not surprising that such sequences would occur frequently and 
because of this it is very unlikely that any of these are involved in stage 

specific gene regulation. Similarly there are 7 TATA boxes. two Pit-I and 

one Myb binding sites in SPAG-1 which are not conserved in p67. It 

therefore seems likely that none of these sites are of importance for the 

regulation of SPAG-1 unless p67 and SPAG-1 employ different 

transcription factors for the regulation of the two genes. This seems 

unlikely since these genes are closely related. This leaves only the two 

sequence motifs GCTAGC and GAGCTC as putative regulatory sequences. 

In Plasmodium, a sequence comparison of the 5' region of the CS 

gene and that of the GBP130 gene revealed that these sequences contain 

a region which is related to the SV40 enhancer region (Lanzer ct al., 
1990; Lanzer ct al., 1992). When the 5' region of the SPAG-I gene was 
searched for this sequence no region with significant homology could 
be found. 

It can be concluded that it is most likely that one or more novel 
transcription factors are involved in the regulation of SPAG-I 

transcription. To identify which parts of the upstream region of the 
SPAG-1 gene are of importance in its regulation, one would ideally 

perform transfection studies with a range of deletions of the 5' 

untranslatcd region of SPAG-1 linked to a reporter gcnc. Unfortunately 

no transfection system is yet available for Thelleria. Another possible 

way to identify binding regions is to use nuclear extracts from 

138 



sporozoites and conduct band shift assays to identify specific sequences 
to which these nuclear extracts bind. The limitation of these experiments 
is the supply of sporozoite material. To determine whether the two 
motifs, GCTAGC and GAGCTC, identified by sequence comparison of the 5' 

region of p67 and SPAG-1. are transcription factor binding sitcs. these 
could be used to screen an expression library to isolate sequence specific 
DNA binding proteins. The disadvantage of this approach is that if no 
proteins arc isolated, no conclusion can be drawn from the experiments 
since the transcription factor may need processing, folding or 
polyadenylation to make it functional. Even if a protein which can bind 

to a certain motif has been isolated it does not provide evidence that it is 

actually a transcription factor. Ultimately, one has to rely on a 
transfection system to provide this evidence. Since stable transformation 
has been achieved in Plasmodium (Wu ct al., 1995), it might not be much 
longer until stable transformation of Theileria will be achieved. 

4.3.2. The SPAG-1 intron. 

In this thesis I provide three independent pieces of evidence for 

the existence of a single, 30bp long, cryptic intron in the SPAG-I 

sequence. The intron was mapped to the position 1616 to 1635 on the 

genomic DNA sequen ce gH3.4. The first indication for the existence of 

the intron is based on a sequence comparison of the published cDNA 

sequence of SPAG-I to the gH3.4 sequence of SPAG- 1. One of these 

experiments is the SI nuclease mapping. The result of this indicates that 

the intron is not just only present in the gH3.4 allele but also in the H6.0 

allele and if there is an H4.8 allele then also in this allele. The reason for 

this is based on th e observation that there was no full-length band 

visible in Figure 25, therefore one can conclude that all SPAG-I RNA 

species from this mixed parasite stock contain an intron at the predicted 

position. 

Analysis of the flanking regions of the only three introns so far 

identified in Theiteria resulted in a consensus sequence which is in 

accordance of that for other eukaryotes but is still more elaborate than 
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that of Perlman et al. (1984). The consensus sequence is in accordance 
with the GT-AG rule for splice sites found in introns isolated in 
Plasmodium (Ravctch et al., 1984; Wcsseling ct al.. 1989; Adams et al., 
1992). Therefore it can be concluded that it is unlikely that novel factors 

are involved in intron splicing in the apicomplexan parasites Thelleria 

and Plasmodium. 
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Chapter 5 

Binding studies 
sporozoi*te 

5.1 Introduction. 

with recombinant 
antigens. 

In order to develop vaccines or treatments for tropical thcileriosis 

which are sporozoite based, it is of great importance to understand what 
interactions occur between the sporozoite and host cells and how the 

parasite invades a host cell. Thus by studying the function of sporozoite 

antigens one might provide some information which could be used in 

the prevention of host cell invasion. 

Are SPAG-1 and SPAG-2 ligands for host cell 
recognition/invasion? 

The first indication that SPAG-1 and SPAG-2 might play a role in 

the process of host cell recognition and invasion is based on the 

observation that sporozoitc entry into host cells can be blocked In vitro 
if the parasite is incubated with either of the monoclonal antibodies IA7 

or 4B11 prior to invasion (Williamson, 1988). There are two possible 
explanations as to how the monoclonal antibodies could block the 
invasion of the sporozoite into the host cell: 1) the effect is purely steric 
in the sense that the sporozoite surface is covered by so many antibodies 
that it prevents its membrane binding closely to the host cell surface 
and thus inhibits the invasion process or 2) the antibody binds directly 

to the molecule involved in the binding process, either directly at the 
binding site or very close to it and thus blocks invasion. The observation 
that other monoclonal antibodies reacting with the middle region of 
SPAG-1 do not block the invasion process (Williamson, 1988) seems to 
indicate that SPAG-1 is directly involved in either the recognition or the 
invasion process. Bovine serum raised against the C-tcrminus of SPAG-1. 
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but which does not react with the IA7 epitope. also inhibits sporozoite 
invasion of host cells (Boulter et al.. 1994). This observation indicates 

that, if SPAG-1 is involved in the process of host cell recognition or 
invasion, its C terminus is important. A similar experimental approach. 

using monoclonal antibodies to block invasion, has highlighted the 
importance of the MHC class I molecule on the host cell surface in the 
invasion of T. parva sporozoites (Shaw et al., 1991). 

Further support for the theory that SPAG-1 is a ligand for host cell 

recognition was based on the fact that there are three VGVAPG peptides 
in the predicted arnino acid sequence of the SPAG-1 cH allcle (Hall ct al., 
1992 and Hall, 1994), at least before the results of chapter 3 were 

obtained. The VGVAPG peptide is also found in bovine clastin (Raju and 
Anwar, 1987). in which it has been identified as the ligand which binds 

specifically to the clastin receptor (Blood et al.. 1988; Mecham ct al., 1989; 

Robert ct al., 1989). This therefore led to the speculation that the 

sporozoite might recognise a host cell via the VGVAPG peptide in the 
SPAG-1 molecule (Hall et al., 1992). Interestingly, the clastin receptor 
has been found on macrophages (Huard et al.. 1986) and monocytes 
(Senior ct al., 1984; Blood et al., 1988; Mecham ct al., 1989) which arc the 

main target cells for T. annulata sporozoitcs (Glass ct al.. 1989 and 

Spooner et al., 1989), and the receptor is also found on fibroblasts (Hinck 

et al., 1988 and Wrenn et al., 1988) which can also be infected by T. 

annulata (Brown and Gray. 1981 and Morrison ct al.. 1986). However the 

suggested role of the VGVAPG motif was largely invalidated once the 

gH3.4 sequence was obtained and found not to contain it (Katzcr ct al., 
1994; chapter 3). 

SPAG-1 is stage-specifically regulated (Williamson ct al.. 1989). Its 

mRNA is only transcribed during the early stages of sporozoitc 
development and transcription stops once the sporozoite is mature. In 

the mature sporozoite the processed SPAG-1 is found on the surface 
(Williamson ct al., 1989 and Knight, 1993). Unfortunately nothing is 

known about the fate of SPAG-1 either during the entry process of once 

the entry process has been completed. The T. parva homologuc, p67, has 

been shown to be shed from the sporozoitc surface during the invasion 

process (Dobbelaere ct al., 1985). But one can speculate that a gene 

which is under such tight regulation and is expressed on the surface of 
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the sporozoite might function in host cell recognition or invasion. Little 

is known about SPAG-2; as stated above, it has only been partially 

sequenced and one can only speculate about its function. But since the 

monoclonal antibody 4BII. which reacts with SPAG-2. blocks the 
invasion of sporozoitcs into host cells, this antigen might also be 

involved in the process of host cell recognition and/or invasion. 

To investigate whether either SPAG-1 or SPAG-2 are involved in 

the recognition of host cells one has to ascertain if either molecule binds 

specifically to cells which can be invaded by T. annulata sporozoitcs but 

not to those which are not a target for invasion. In order to study 

whether SPAG-1 or SPAG-2 are involved in host cell recognition or 
invasion, recombinant proteins have been expressed and employed in 

binding studies. 

5.2 Results 

5.2.1. Cloning and sequence data for SPAG-1 and the 

SPAG-2 constructs. 

To study the involvement of the SPAG molecules in the proccss of 
host cell recognition and invasion, recombinant protein was expresscd 
in bacteria using the pGEX expression system (Smith and Johnson. 1988). 

The advantage of this system is that large quantities of protein can be 

expressed and easily purified. A furthcr advantage for thcse particular 

studies was that the two genes coding for SPAG-1 and SPAG-2 were 

already cloned into this vector system for a different purpose. 

The pGEX-2.7 plasmid clone was kindly given to me by Dr. Hall. 

This plasmid contains a 2667 bp insert derived from the SPAG-1 gcnc. 

pGEX-2.7 was cloned by introducing an artificial Eco RV site. via site 
directed mutagcnesis, into the cDNA sequence of the SPAG-1 gene. The 

gene was then cut with Eco RV and Eco RI and cloned into a Sma I- Eco 

RI cut pGEX-3X vector (Boulter et al.. 1994). The resulting gcnc product 
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lacks the first 19 amino acids of SPAG-1 and the twentieth has been 
mutated from lysine to isoleucine but is otherwise the complete protein. 
The first 18 amino acids which arc not encoded by the pGEX-2.7 construct 
are predicted to be a signal peptide (Hall ct al.. 1992). The junctions of 
this construct have been sequenced in order to confirm the validity or 
the construct (Boulter et al., 1994). 

Four plasmids containing parts of the SPAG-2 gene were given to 

me by Dr. Knight. These plasmid constructs are presented 
diagrammatically in Figure 27. The first plasmid contains the KPS insert. 

which is the original SPAG-2 fragment (Knight a al.. 1993). cloned into 

pGEX-IXT. KP8 is not the full length gene for SPAG-2 since it consists 

only of 980 bp while the whole gene product is predicted to be 150 kDa. 
The second plasmid contains the Hinc 11 fragment of SPAG-2. called KP27 

and is cloned into Bluescript SK+. This fragment maps to the middle of 
KP8 and is 515 bp long but due to the cloning procedure has lost its 

flanking restriction sites. The third plasmid contains the Eco RI - Xba I 
fragment (1314) of KP8 and is cloned into pGEM 5Zf+. This fragment 

consists of the first 900 bp of KP8. Finally the last plasmid given to me 

contains the last 260 bp of KP8 (M). and was made from a deletion of KP8. 

and is cloned into pGEM 5Zf+- 

At the time when KP8 was given to me, it had not been fully 

sequenced and only the first 252 bp were available (Knight, 1993). As a 

priority I thus decided to sequence completely KP8 using double stranded 
DNA from the four plasmids as templates. The sequence information 

obtained from these plasmids is shown diagrammatically in Figurc 28. 

Apart from 95 bases within the Hinc 11 fragment the KP8 5' to 3' DNA 

strand was sequenced fully. Four hundred and seventy-eight bases were 

obtained from the 3' to 5' DNA direction. These overlapped with the 

sequence from the 5' to 3' direction. The KP8 sequence I obtained was 

compared to the KP8 sequence obtained subsequently on both strands by 

Dr. Knight at the University of Glasgow. The finaliscd DNA sequence 
based upon both sets of data and its predicted amino acid sequencc is 

shown in Figure 29. At the same time as the sequence information of KP8 

was obtained the junctions of the KP8 insert in pGEX-1)LT were 

sequenced. The sequence information of the junctions of the KP8 Insert 
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PJ Hipc 11 HIPC I Xba I Eco Fj 

pGEX-KP8 I P"'Y82 Y83 "Oll 

lost, site losteAe 
Bluescript-KP27 

Eýq Rl Yba I 
pGEM-B14 Ii 

lost git e Erp FU 
pGEM-A9 I -- I 

pGEX-C350 
B r- HI RI 

Figure 27: Diagrammatic representation of the SPAG-2 constructs. The 
name and vector for each of the constructs is shown at the left. KP-8 in pGEX 
is the largest isolated fragment of the SPAG-2 gene. Some of lit restriction 
sites are marked. The other SPAG-2 constructs are shown according to their 
position, and their flanking restriction sites are shown. 1ost site' Indicates 
that these restriction sites were lost during the cloning event. The arrows. 
marked either Y82 or Y83. indicate the location of the primers used to PCR 
amplify the DNA fragment which was used to clone pOEX-C350. 
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RI 

pGEX-KP8 

Sequence go from KP8 Sequence 
from KP27 Sequence 

from KP27 

I Ma I Eco FU 

3C-41-ir-I V-4-- 

frtxn B 14 
Sequence me 

Sequence f"xn KP8 
Do 

from A9 

Sequence 
5' to 3' 
Sequence 
3' to 5' 

Figure 28: Diagrammatic representation of the SPAG-2 sequence data. 
KP-8 represents the largest isolated fragment of SPAG-2. The thin artows 
beneath indicate the length and orientation of the zcqucnce information 
obtained from the construct mentioned to its left. The dark afrows 
summarise the total sequence information obtained for each orientation. 
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GAATTCOOCTCGAGAOATAOCOCCAAGAAAACkAOTOACCATOACACAAAACAAACTAAA 
ZYOSRDSAMITS DUSTIN 29 

61 CACCATAOAGAAAOAGAOTACAAATACAATAACAAACATCAT&ATICCAAACATTACCAA 
DHRZRZYXTNNZ DONS 9 DT I 

121 TOCATCOACTCTOAACCAATCAAGOCAOTAOTCOAAAACOCAOTTATAOAACCATITC&C 
cIDazAIIAvvIRATIaA70 

181 AAGTGCCTOTCAGAAAAAATTAACGGTGAAGAAACATOTCTAACAGACTCACTAAACCOA 
XCL2ZIX1022TCLTVSV91 

241 GAOTACACTTTTGATAAAAATOACACAACACTAAGCTATCAOCAOCAAAGTCAACITTAT 
XTTTDINDTTL2T01Q8QLT 

301 TCCCOTGATTATCTCCAAAGACTCACAAATOACCAAAATAACCAGOGAACTTCGOATATO 
SRDYL0RLTN0QV It 00T2DX 

361 AACCOATATCOAAAAAATOATTTTAAACAAAATAATCAAAATCATACCCATGG? CTAAA& 
NRY0RVDrKZNVIX 1) TXaLg 

421 CCATTTGAAAAAGATTTCTCAAACOTGOACAATCOAGAATATTCTA&ACATAAAACACTlr 
P FZKDFSWVXNRZTS &CITY 

461 CAAAGCAATAACTTTGAOTTTAAACOGAAOATAATTTCAAATTCAACACCATACOCAAAC 
E SXNFZYKOKX I SYS TATAN 

541 ACACAAGAAAACCCATATOTAACTOATCATATCAOCCAOAATGTQTATCAOCACAT? TC4 
T0ENPYVTDXX80VVTII18 

601 TATOAGAATAAAACTOATCAATTTGATAOTGAATCOTTTAATTTTCAATTCAACAACCOO 
YZNKTDZYD2Z2YNr0FN10 

661 AOCCAATTTGAATACAATTTTGATOCAOTTGATTTOTTTTCAAATAQAGACCAAACAGA? 
S0r2TNTD0VDLrSVAD0TD 

721 AOTTTATTCTACCCAGATOAAGAACAATTCAATAOTTTGAATAATAATOTAOCTCTAAC& 
SLTYPDZXQrxsLXXNVAVI 

781 CATOACTTCOCCOTOGGAGAAATOTATCATAACCAACAACAACATAACTTCTCOCAACAG 
DD7AV0ZXTDKIQQDVpSg0 

841 TTOACCAACCAACATOATAAATCGOAACTCTTATOCTCACAAACOTTTGAACOAAATGAT 
LTN0DDK2RLLC2QTyXaV0 

901 CTAGATCATAAAAATTTTGATCAAACATACACACTTOGAAACTOTTTCOCCAATTTCACT 
LDDxurDQTYTLONC YAW FT 

961 CGAGCCGCTCGAGCCOkATTC 981 
RAARAZ7 

x 
Figure 29: DNA sequence of SPAG-2 (KPS). 

sequence is shown below. The sequence shown 
sequence information obtained by Dr. Knight 

The predicted amino, acid 
i Is b4scd on the comparison of 
and F Kauct. 
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in the pGEX vector confirmed that the predicted opco madint frame is 
intact. Furthermore, by sequencing pGEX-KP8 using double strandcd DNNA 
the validity of the construct was confirmed. 

Finally, another SPAG-2 construct was created for ciprcstion In 

the pGEX system using a PCR approach. This construct Is called pGEX-C350 
and was created to determine which part of SPAG-2 hatbouts the IiSand 

responsible for binding to peripheral blood mononucicar WIS. The 
locations of the primers used to PCR amplify bases 10 to 361 of the Kill 

sequence are shown in Figure 27 and the sequence of the pfimcf, is 

shown in Table 7 in the Material and Methods section. Bases 10 to 361 of 
KP8 were amplified by PCR. cloned into pGENI-T. checked by squcDclal. 

cut out of pGEM-T via Bam HI and Eco RI digestion (these restriction silts 
were built into the primers) and cloned Into pGEX-2T. The junctions of 
the resulting expression plasmid pGEX-C350 were sequenced In order to 

confirm that the plasmid contains the correct Insert and that the 

predicted open reading frame is intact. 

5.2.2. Expression or SPAG-1 and the SPAG-2 conitructs. 

The three pGEX expression plasmids pGEX-2.7. pGEX-KPS and pGEX. 
C350 were expressed in Escherichia C011. producing three GST fusion 

proteins, GST-SPAG-l. GST-KP8 and GST-C350 respectively. The fusion 

proteins were purified on Slutathione 413 sepharosc columns and %cre 
analysed by electrophoresis on SDS polyacrylimide gels. Gels shoAing 
the fusion proteins are shown in Figure 30. The GST-SPAG-I fusion 

protein has an apparent molecular mass of 145 kD3 although the 
expected size is only 112.8 kDa (Boulter ct al.. 1994). The GST-SIAG-2 

protein expressed by pGEX-KP8 has a molecular mass of 58 kD3 and the 
product of pOEX-C350 consisting of GST and the first 116 amino acids of 
the known SPAG-2, has a molecular mass of 41 kDa. It can be seen that all 
three constructs produce one major protein product. as vizuAliscd by SDS 
PAGE, at a size slightly larger thin expected and they also contain 
smaller protein bands which may be degradation products. In all lancs 

there is another protein band visible at about 70 kDa which I 
due to bacterial contaminantion. 
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1 

ý 145 KDa 

ý 58 KDa 

ý 41 KDa 

ý 26 KDa 

Figure 30: Coornassie stained SDS-PAGE gel of the GST-SPAG proteins. 
SPAG-1 and the two SPAG-2 fragments were expressed using the pGEX 
expression system and the purified proteins are shown. GST in lane 1, GST- 
SPAG-1 in lane 2, GST-KP8 in lane 3 and the GST-C350 in lane 4. The bars 
mark the size of the fusion proteins in kDa. 
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The validity of the protein construct GST-SPAG-l was confirmed 
by Western blotting. A nitrocellulose membrane to which the GST-SPAG- 
I fusion protein was transferred from SDS PAGE gels was probed with the 
monoclonal antibodies 1A7 (Williamson, 1988). BA4 (Wrenn et al.. 1986) 

and as a negative control with 1Ell (anti Thelleria annulata 
macroschizont antibody (Shiels et al., 1986)). 1A7 reacts with SPAG-1 and 
therefore is a positive control. BA4 is an anti-clastin antibody which has 
been shown to react with the peptide VGVAPG; as this pcptidc is found 
three times in the predicted SPAG-1 amino acid sequence, BA4 Is another 
positive control for the GST-SPAG-l fusion protein. The Western blots of 
GST-SPAG-l probed with IA7, BA4 and 11111 (negative control) are shown 
in Figure 31.1A7 and BA4 both react with GST-SPAG-1 as predicted. and 
lEll does not react with GST-SPAG-l; it can therefore be concludcd the 
pGEX-2.7 vector expresses the correct protein. These results are in 

accordance with those of Boulter ct al. (1994). Of note is that 1A7 reacts 
with some of the smaller SPAG-1 products. This is surprising. since it 

would expected that if these products arc due to degradation this would 
occur from the C terminus as the GST moiety must be present because of 
the purification procedure. One possible explanation is that SPAG-1 

oligomerizes through its C terminal region and that N terminally deleted 

GST fusion proteins co-purify via association with intact molecules 
(Boulter et al., 1994). Another possible explanation for some of the 

observed fragments, although extremely unlikely is that SPAG-1 is 
internally processed, so that N terminal and central regions of this 

molecule are deleted, leaving the GST moiety and the C terminal region of 
SPAG-1. 

The validity of the pGEX-C350 construct was confirmed by 

sequencing the whole clone and its junctions. The sequence of the 5' 
junction of the pGEX-C350 clone is shown in Figure 32a and matches that 

obtained by Knight (1993). The expressed fusion protein has a molecular 
weight of 41 kDa as would be expected from the DNA sequence. The 

sequence identity of pGEX-KP8 was also confirmed by sequencing the 5' 
junction, as shown in Figure 32b. This sequence matches that of Knight 
(1993 and personal communication) and it has been shown that the 

pGEX-KP8 fusion protein product reacts with 4BII (Knight, 1993). 
Therefore I believe that both pGEX-KP8 and pGEX-C350 express the 
correct fusion proteins as predicted. 

150 



A) B) C) 

1 

ý 145 KDa 

Figure 31: Western blot of GST-SPAG-1. GST (lane 1) and GST-SPAG-I (lane 
2) were run onto PAGE gels, transferred onto a nitrocellulose blots and 
probed with monoclonal antibodies IA7 in (a), BA4 in (b) and with IEII as 
negative control in (c). The bar marks the size of the fusion protein in kDa. 
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a) 

pGEX-C350 CTG GTT CCQ CGT OCA TICC TCG AGA GAT ACC CCC AAC AAA 

UP UPU UUUPU UPU UU 

SR 

b) 

pGEX-KP8 CTO CTT CCQ CCT CCA TCC CCC GAA TTC COC TCC AGA 

LVPRCSPZ7CSR 

Figure 32: Sequence data of the junctions of the SPAG-2 clones in 
the pGEX vector system. The top sequences represent the DNA 
sequence of the vectors and inserts. The sequences below are the predicted 
amino acid sequences. The sequence of the vectors is underlined and the 
bold sequences shows the restriction sites used in cloning these fragments. 
(a) The 5' junction of the C350 insert in pGEX-2T. validating the expected 
open reading frame. The double underlined sequence represents the 
sequence of the primer Y82. (b) The 5' junction of the KP8 insert in pGEX- 
IXT, validating the expected open reading frame. 

5.2.3. Cleavage of SPAG-1 and the SPAG-2 constructs. 

The recombinant expressed fusion proteins were cleaved from 

their fusion partner, GST, for further studies. The protein samples 

needed to be as free from GST as possible, so that the results obtained in 

subsequent studies could be attributed fully to the parasite protein 

rather than leaving doubts about the involvement of GST. 

The method for cleaving the three fusion proteins was adapted 
from Knight (1993) and is described in 2.2.6. To cleave GST-SPAG-l. 

activated factor Xa was used while thrombin was used to cleave the SPAG. 

2 fusion protein constructs. The method for separating the cleaved 

protein from GST and any remaining unclcavcd protein was improved 

from that of Smith and Johnson (1988) so that the cleaved protein is run 
through a glutathione 4B scpharose column three times. The Figure 33 

shows a coomassie stained SDS-PAGE gcl. showing the GST-KP8 fusion 

protein in lane 2. In lane 3 is the cleaved protein with cleaved fusion 
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1 

WAN. 

4w 

ý 58 

ý 36 

ý 26 

Figure 33: Coomassie stained SDS-PAGE gels or the cleaved SPAG-2 
during different stages of purification. The GST control is shown in 
lane 1, the GST-SPAG-2 fusion protein (lane 2), the cleavage product (lane 
3), cleaved SPAG-2 after the first purification step (lane 4), cleaved SPAG-2 
after the second purification step (lane 5), cleaved SPAG-2 after the third 
purification step (lane 6). 
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partner, lane 4 shows the protein after the first purification step. I=t S 

shows the protein after the second purification step and finally laze 6 

shows the protein after the third purification step. From this It is CjCjJr 
that there is still some cleaved GST present after the first putificjilsoz 

step and although none is visible after the second ptifific3tion step a 
third purification step was used to be absolutely sure that them is t* GST 

or uncleaved protein present in the final sample. All thrcc plotciA 

constructs were purified with this adapted method after cleavage. 7LC 

purified cleaved SPAG-1. KP8 and C350 were run Out onto SDS PAGE gcl% 

next to their uncleaved partners to check the purity and the Valid$,, 01 
the constructs. A SDS-PAGE gel containing the three constructs tOth 

cleaved and uncleaved is shown in Figure 34. 

5.2.4. Do SPAG-1 and SPAG-2 bind to host ctill? 

To test whether SPAG-1 and SPAG-2 arc involved in the ptoccls Of 
host cell recognition two different types of binding studies %cic 
conducted to ascertain whether cithcr molecule binds spccifically to C'CII 

types which can be infected by T. annulara Sporozoites. The first bindiol 

assay involved the binding of biotinylated protein to putificd tvvinc 

peripheral blood mononuclear cells. The degree of binding 

determined by flow cytometry. 

First, the three purified and cleaved proteins were l3bellcd , i1h a 

biotin as described in 2.2.7. Successful biotinylation was confiMcj ýy 

Western blotting. To do this, the proteins were run onto SDS-IIAGE gets. 

transferred to a nitrocellulose membrane and probed with E-ittrjIvidjac 

(Sigma), which binds to the biotin of the blotinylated protein. 
Extravidine is visualised using the alkaline phosphatlic delectiva 

method as described in 2.2.7. A Western blot confirming the SOCCCIsful 
biotinylation of the three proteins can be seen in Figure 35. Once it h&j 

been shown that all three molecules were biolinylated. they Could then 
be used in the binding studies. Peripheral blood mononuclcat cell, were 
purified from the blood of Friesian calves. Aliquots of 51 lcýS of it. t te, 
cells were incubated with a dilution series of either of be three 

molecules or biotinylated GST which was used as a negative control, After 
30 minutes incubation and three washes, a strcptavidin phycoet)Iblia 
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ý 145 kDa 

46b. ý 

1 2 3 456 

ý1 19 kDa 

ý 58 kDa 

41kDa 

36 kDa 

19 kDa 

Figure 34: Coomassie stained SDS-PAGE gels of the cleaved SPAG 
proteins. GST-SPAG-1 is shown in lane I and the cleaved SPAG-1 in lane 
2, GST-KP8 in lane 3 and the cleaved KP8 in lane 4 while GST-C350 is shown 
in lane 5 and the cleaved purified C350 is shown in lane 6. The bars mark 
the size of the proteins in kDa. 
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a) b) 

1 

um ý11 
t 
t-, 44 ý 36 

ý 19 

Figure 35: Western blot of biotinylated protein detected with 
Extravidine. The labelling of the protein with biotin was checked by 
western blotting using Extravidine as a detection agent. (a) Biotinylated 
cleaved SPAG-1 is shown and the size of the largest fragment is 119 kDa. (b) 
Biotinylated cleaved KP8 is shown in lane I and the biotinylated cleaved 
C350 is shown in lane 2. The bars mark the size of the proteins in kDa. 
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conjugate was bound to the biotinylated protein and was detected using a 
Facscan flow cytometer. The results for the binding of the SPAG-1 

dilution series is shown in Figure 36a, that of the GST dilution series in 

Figure 36b, the KP8 dilution series in Figure 36c, and the dilution series 

of C350 is shown in Figure 36d. From these results it can be deduced that 

all three sporozoite molecules bind to a sub-population of the bovine 

PBM cells since for these three proteins there is a two-peak histogram 

present in which the peak nearest to the Y-axis represents the cell 

population which is negative for protein binding and the peak further 

away from the Y-axis represents the cells which are positive for protein 
binding. The binding of the GST dilution series is different in the sense 
that no clear two-peak histogram could be observed. Furthermore, there 
is almost no binding observed at a protein concentration of 250 ng and 
125 ng, although a clear positive and negative cell population could still 
be seen for the three SPAG protein constructs at these concentrations. It 

can therefore be concluded that GST does not bind specifically to a sub- 

population of peripheral blood mononuclear cells. This experiment 

using the SPAG constructs indicates that all three molecules bind 

specifically to some of the PBM cells but not to all of them. The results of 

the dilution series for all three recombinant protein preparations 
indicated that a working concentration of 500 ng of protein results in a 

good separation of positive and negative cells. This working dilution was 
therefore adopted for further two-colour flow cytometry. 
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Figure 36: Single colour flow cytometry using a dilution series of 
blotinylated proteins and PBM cells. A method to establish the best 
protein concentration for two colour flow cytometry. (A) The dilution series of 
biotinylated cleaved SPAG-1 on PBM cells. Reagent control. cells incubated 

without protein or primary antibody (panel 1). positive control, anti MHC class 
Il antibody (panel 2), 1.25 pg SPAG-I (panel 3), 500 ng SPAG-1 (panel 4), 250 ng 
SPAG-1 (panel 5). 125 ng SPAG-1 (panel 6). 25 ng SPAG-1 (panel 7) and 12.5 ng 
SPAG-I (panel 8). (B) The dilution series of biotinylated GST on PBM cells. 
Reagent control (panel 1). positive control, anti MHC class 11 antibody (panel 2), 
1.25 pg GST (panel 3). 500 ng GST (panel 4), 250 ng GST (panel 5) and 125 ng GST 
(panel 6). (C) Mie dilution series for biotinylated cleaved KPS on PBM cells. 71e 
reagent control (panel 1). positive control, anti MHC class 11 antibody (panel 2). 
1.25 pg KP8 (panel 3). 500 ng KP8 (panel 4), 250 ng KP8 (panel 5). 125 ng KP8 
(panel 6). 25 ng KP8 (panel 7) and 12.5 ng KP8 (panel 8). (D) 7le dilution series 
for biotinylated cleaved C350 on PBM cells. The reagent control (panel 1), 
positive control, anti MHC class 11 antibody (panel 2). 1.25 pg C350 (panel 3). 
500 ng C350 (panel 4). 250 ng C350 (panel 5). 125 ng C350 (panel 6). 25 ng C350 
(panel 7) and 12.5 ng C350 (panel 8). 
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5.2.5. Which are the target cells for SPAG-1 and SPAG-2 
binding? 

The previous results do not indicate to which cell types the three 

sporozoite protein preparations bind. Two-colour flow cytometry has 

therefore been used to identify these sub-population of cells. Aliquots of 
bovine PBM cells were stained with a panel of monoclonal antibodies. 
These antibodies react with surface molecules of specific PBM 

subpopulations (such as B cells, T cells, and monocytes) as listed in Table 

9. Each of the three biotinylated protein constructs was then incubated 

with these PBM cells. The binding of the monoclonal antibodies was 

visualised using the flow cytometer with green fluorescence while the 

protein binding was visualised by red fluorescence. The binding results 
for the three proteins is shown in Figures 37-39. Each of the squares 

represents one of the initial PBM aliquots. The X-axis reflects the 
binding of the monoclonal antibodies and the Y-axis represents the 

binding of the protein. The results for SPAG-1 binding are shown in 

Figure 37, the results for KP8 in Figure 38 and those for C350 are shown 
in Figure 39. 

Two-colour flow cytometry using biotinylated cleaved SPAG-1 and 

a panel of 6 monoclonal antibodies, as described in Table 9, shows that 
SPAG-1 strongly binds to a subpopulation of 50% of peripheral blood 

mononuclear cells as shown in Figure 37A. In the next panels, Figure 
37B-F. it is shown that SPAG-I binds to 76% of CD2 positive T cells, 44% of 

y/8 T cells, 19% of B cells, 27% of monocytes and 27% of MHC class 11 

positive cells. 

Name of antibody Target molecule Target cell type 
CC15 wCI y/S T cells 
CC21 WC3 B cells 
CC42 CD2 T cells 
CC94 CD Ilb mainly 

_ 
Monocytes 

ILA 19 MHC class I all PBM cells 
ILA 21 MHC class 11 Monocytes and B cells 

Table 9: Monoclonal antibodies used in the 2 colour flow cytometry., 
The table lists the monoclonal antibodies used, the surface molecules they react 
with and the cell types on which those molecules are found. 
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Figure 37: Two colour flow cytomelry of PBM cells using blotinylated 
cleaved SPAG-1 and a panel of monoclonal antibodies. 500 ng SPAG-1 
were used for each of the results shown in panel A-F and of a series of 
monoclonal antibodies. Panel A shows the result for ELA-19, anti MHC class 1; 
CC 42, anti CD2 (T cells) in (B): CC15. anti WCI (y/8 T cells) in (C); CC21, anti 
WC3 (B cells) in (D); CC94, anti CD11b (mainly monocytes) in (E) and ILA-21 
anti MHC class H in M. 
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Figure 38: Two colour flow cytometry of PBM cells using blOtinylated 
cleaved KPS and a panel of monoclonal antibodies. 500 ng KP8 were 
used for each reaction of panel C-H. Panel A shows the cell population 
investigated. The reagent control is shown in (B). A combination of KP8 and one 
of a series of monoclonal antibodies were used for panels C-H. ILA-19 anti MHC 
class I in (C); CC42. anti CD2 (T cells) in (D): CC15, anti WCI (y/6 T cells) in (E); 
CC21, anti WC3 (B cells) in (F); CC94, anti CD11b (mainly monocytes) in (G) and 
ELA-21 anti MHC class 11 in M. 
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-Figure 39: Two colour flow cytometry of PBM cells using the blotinylated 
cleaved 3SO and a panel of monoclonal antibodies. 500 ng of C350 were 
used for each reaction of panel C-H. Panel A shows the cell population 
investigated. The reagent control is shown in (B). A combination of C350 and one 
of a series of monoclonal antibodies were used for panels C-H. ILA-19 anti MHC 
class I in (C) CC42, anti CD2 (T cells) in (D); CC15, anti WCI (y/S T cells) in (E); 
CC21. anti WC3 (B cells) in (F); CC94, anti CD11b (mainly monocytes) in (G) and ELA-21 anti MHC class 11 in M. 
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From Figure 38 and Figure 39 it becomes apparent that KP8 and 
C350 behave in an identical manner, and that the binding results of the 

SPAG-2 constructs are different to those of SPAG-1. It can be seen in 

Figure 38 that KP8 binds to approximately 2.4% of CD2 positive T cells, 5% 

of y/S T cells, 16% of B cells, 22% of monocytes, 10% of MHC class 11 

positive cells and 7% of MHC class I positive cells. For C350 the figures 

are as follow: 5% of T cells, 5% of y/S T cells, 25% of B cells, 23% of 

monocytes, 12% of MHC class II positive cells and 8% of MHC class I 

positive cells. Interestingly the total number of cells to which both KP8 

and C350 bind reduces dramatically if the cells were incubated with CC21, 

CC94, ILA-19 or with ILA-21 before the cells were incubated with the 

recombinant proteins. This might indicate that these cell populations 

contain the target cells for SPAG-2 binding but that competition with 

these monoclonal antibodies prevents the SPAG-2 molecule from 

binding. 

In summary it can be concluded that both SPAG-2 constructs 
behave in a very similar manner to each other and that the main targets 

for SPAG-2 binding are B cells and monocytes, while only a very small 

number of T cells were bound by SPAG-2, which is of considerable 
interest since B cells and monocytes are the target for T. annulata 

sporozoite invasion. SPAG-1, on the other hand, binds a large proportion 

of T cells, which are very unlikely to be the target for sporozoite 
invasion. SPAG-1 also binds to B cells and monocytes. 

5.2.6. SPAG-1 binds to BW cells, but SPAG-2 does not. 

It would be of interest to find out whether either of the SPAG 

molecules bind specifically to a cell line which is known to be 

susceptible to invasion by T. annulata sporozoites, and BW is such a cell 
line. Flow cytometry has therefore been employed to test whether 
recombinant SPAG-1 and KP8 bind specifically to these cells. The 

concentration of the recombinant proteins was chosen to be the same as 
for the two-colour flow cytometry in the above experiment (500 ng). The 

result for SPAG-1 binding is shown in Figure 40. Here it can be seen 

clearly that. at a concentration of SPAG-1 which revealed specific 
binding to a subpopulation of PBM cells, almost all BW cells are positive 
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Figure 40: One colour flow cytometry of BW cells using biotinylated 
cleaved SPAG-1. The combination of 500 ng cleaved SPAG-1 and BU cells 
are shown in (a) and the reagent control is shown in (b). 
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for SPAG-1 binding. This is clear evidence that recombinant SPAG-1 

binds specifically to cells which can be invaded by T. annulata 

sporozoites. This observation indicates that the SPAG-1 molecule might 
be of importance in recognising BW cells as host cells. On the other 
hand KP8 did not bind to BU cells at this concentration. This indicates 

that SPAG-2 or at least the KP8 part of SPAG-2 has no importance in 

recognising BW cells as host cells. 

5.2.7. BU cells do not express the elastin receptor. 

It has been proposed that the elastin receptor might be one of the 

target receptors on the surface of host cells to which SPAG-1 binds. 

Through this binding the host cell would be specifically recognised and 
the invasion process of the T. annulata sporozoite be initiated. It is 

therefore of interest to find out whether the BW cell line, which can be 

invaded by T. annulata sporozoites, express the elastin receptor. If these 

cells expresses the elastin receptor it would support the theory that both 

SPAG-I and the elastin receptor are -involved in the recognition or 
invasion process of host cells. On the other hand, if the BU cells do not 

express the elastin receptor it will show- that the clastin receptor is 

probably not of importance for the invasion of BL3 cells, and that SPAG- 

I binds to these cells via a different receptor. 

Single-colour flow cytometry has been employed to study whether 
BCZ, an anti-clastin receptor antibody (Mecham ct al., 1989), binds to BW 

cells. The antibody concentration was chosen to be the same as for 

antibodies used in the two-colour flow cytometry and the negative 

control was TRTI, a mouse monoclonal antibody, which reacts with a 

surface molecule of a turkey virus (Howard. personal communication). 
The flow cytometry result is shown in Figure 41. It can clearly be seen 
that neither of the two monoclonal antibodies bind to BU cells. It can 
therefore be concluded that BL3 cells do not express the elastin receptor. 
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5.2.8. How many SPAG-1 receptors are there on BU 

cells? 

Once it had been established that SPAG-I binds specifically to BL3 

cells, it led to the question of how many receptors for SPAG-1 binding 

are expressed on the surface of each BW cell. In order to answer this 

question, a different binding assay was used. SPAG-1 and KP8 were 
labelled with 1251. An autoradiograph of an SDS-PAGE gel containing 
both labelled SPAG-1 and KP8 is shown in Figure 42, confirming that the 
proteins were labelled successfully. The labelled protein was incubated 

with an aliquot of BW cells for 30 minutes at room temperature. A 

control reaction was performed with a 50-fold excess of unlabelled 

protein included in addition to the 1251-labelled protein. Each sample 

point was done in triplicate in order to reduce the potential for error. 
After incubation the unbound protein was washed off and a count of the 

gamma radiation emitted from the cells was determined. The samples 

with the 50-fold excess of unlabelled protein give a value for non- 
specific binding and if this is subtracted from the total binding observed 
for each given protein concentration it gives the level of specific 
binding. 

The results for SPAG-I binding are shown in Figure 43. Figure 43a 

shows three plots, where the the top graph represents the total counts 
read for each protein concentration, as shown on the X-axis. The bottom 

graph reflects the non-spccific binding and the solid line (centre) 

shows the specific binding which was calculated by subtracting the 
values used to plot the bottom graph from those of the top graph. In the 
graphs in Figure 43b the counts were converted into ng of SPAG-I bound 

to the BU cells and again the dark graph in the middle reflects the 

specific binding of SPAG-I to the BU cells. Finally the graph 
representing the specific binding in ng, from Figure 43b, was converted 
into molecules of SPAG-1 bound specifically to each BU cell in each 
reaction. From the observed plateau in the graph of Figure 43c. one can 
estimate that 70,000 to 75,000 SPAG-1 molecules bind to each BU cell. 
Assuming that only one SPAG-I molecule binds to each receptor, there 
are 70,000 to 75,000 SPAG-1 receptors on each BU cell. 
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When the binding assay was repeated using 1251 labelled KP8, no 

specific binding by this molecule could be detected. The readings 

obtained were almost as low as the experimental background level and 

the same readings were obtained with a 50 fold excess of unlabelled KP8. 

These results are not shown and I conclude that 1251 labelled 

recombinant KP8 does not bind to BU cells. This result is in accordance 

with the binding data of biotinylated KP8 and BU cell binding using 
flow cytometry. 

5.3. Discussion 

5.3.1. Confirmation of the validity of the protein 

constructs. 

Ideally experiments would have been conducted using live 

sporozoites of T. annulata to study the process of host cell recognition 

and invasion. but the laboratory in York has no license to keep the 

sporozoitc stage and only a very limited supply of sporozoites is available 

at the CTVM in Edinburgh. Recombinant proteins were therefore the 
basis for my investigations of the role of SPAG-1 and SPAG-2 in the 

process of host cell recognition and invasion by sporozoites. 
Recombinant proteins, expressed in a prokaryotic expression system, 

present an obvious limitation since the proteins may not be folded 

correctly, nor are they processed or glycosylated. Therefore the 

molecules are only likely to be successful in demonstrating binding to 

host cells if linear regions are responsible for the binding process. The 

work presented here demonstrates specific binding of the recombinant 

proteins showing that linear binding regions may indeed be responsible 
for the ligand receptor interaction. This has previously been shown to 
be the case for the CSP-I protein of Plasmodium falciparum in which 

the recombinant protein. and subsequently peptides derived from it, 

bind specifically to host cells (Ccrami et al., 1992). 
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5.3.2. Are SPAG-1 and SPAG-2 involved in host cell 

recognition and invasion? 

Binding assays using recombinant SPAG-I revealed that SPAG-I 

binds specifically to a large population of T cells, but more interestingly, 

to a sub-population of monocytes and B cells. Monocytes and B cells are 
the main target cells for the sporozoites of T. annulata (Spooner et al., 
1989 and Glass et al., 1989). It has been argued that T cells are not invaded 

by T. annulata sporozoites, but it has been shown that they can be 

invaded at a low frequency in vitro (Spooner et al., 1989). Another 

observation was that T cells transformed by T. annulata sporozoites lose 

their T cell surface markers rapidly (Innes et al., 1989). It is therefore 
difficult to assess which cells are infected and transformed in vivo by T. 

annulata sporozoites. Some evidence has been found suggesting that T 

cells might be a target for T. annulata sporozoites in vivo since an 
in vivo-derived transformed cell line was obtained which expressed 

three different T cell markers (Howard ct al.. 1993). Although these 

results give no clear evidence that SPAG-I binds to cells which can be 

invaded by T. annulata sporozoites, there is some correlation of SPAG-I 

binding to definite target such as B cells and monocytes. However, 

SPAG-I also binds to T cells and one can only speculate whether these are 
the target cells for the invasion of T. annulata sporozoites in vivo. The 

observation that SPAG-I binds to some cells that are target for invasion 

and the fact that it is expressed only on the surface of the sporozoite 

stage, in addition to the blocking data, make SPAG-I a serious candidate 
for involvement in the host cell invasion process. 

Recombinant KP8 binds to a low proportion of cells, some 
monocytes and B cells, which have been shown to be the main target for 
T. annulata sporozoite invasion (Spooner et al.. 1989 and Glass et al., 
1989) and only to a small number of T cells. The role of T cells as putative 
targets is still questionable. This demonstration of selective binding to 
the main target cell types for T. annulata sporozoite invasion gives 
support to the theory that SPAG-2 is also involved in the process of host 

cell recognition and invasion. SPAG-2, however. binds to such low 

numbers of target cells that it is unlikely that this antigen is soley 
responsible for the recognition of target cells. Another very interesting 
finding is that C350 reacts in an almost identical manner to the 
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recombinant KP8. This indicates that the region which is responsible for 

SPAG-2 binding must be located within the first 116 amino acids of SPAG- 

2, as only this region of the protein is common to the two constructs. 

The results of the binding assay using SPAG-1 and BU cells are of 

particular interest. These give direct evidence that SPAG-1 binds 

specifically to a cell line which can be invaded by T. annulata 

sporozoites. This further supports the theory that SPAG-1 is involved in 

the process of host cell recognition and invasion. The observation that 
KP8 does not bind to BL3 cells may indicate that the sporozoite might 

express several different ligands which are involved in the invasion 

process of different cells. This result does not rule out SPAG-2 as a ligand 

for host cell recognition and invasion, especially since the binding 

results obtained by KP8 on peripheral blood mononuclear cells indicate 

that SPAG-2 binding shows a closer correlation to target cells than that 

of SPAG-1. Taking into account the blocking data and binding data for 

both molecules it seems likely that neither of the SPAG molecules alone 
is sufficient for the sporozoite to identify a host cell. It seems far more 
likely that both molecules play a part in the recognition and invasion 

process, but that there are probably other molecules on the surface of 

the sporozoite which are also involved. Therefore I would propose that a 

combination of surface molecules of the sporozoitc have to bind to a 

putative host cell in order to initiate the invasion process. 

5.3.3. Is the elastin receptor involved in the process of 
host cell recognition? 

The finding that SPAG-1 contains three VGVAPG motifs (Hall et al., 
1992) gave rise to the theory that SPAG-I might bind to the elastin 
receptor on host cells to initiate invasion by the parasite. Bovine elastin 
contains VGVAPG in its amino acid sequence and the elastin receptor 
binds to this peptide. My work provided no further evidence that the 
elastin receptor is involved in sporozoite invasion. In contrast, evidence 
was found to suggest that the elastin receptor is very unlikely to be 
involved in the invasion process. The first indication that the elastin 
receptor and the VGVAPG molecule of SPAG-1 are not involved in host 
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cell recognition is based on the finding that BU cells which can be 

infected by T. annulata sporozoites do not express the elastin receptor 
but recombinant SPAG-1 still binds to them. The binding m echanism 

must therefore involve a different receptor on the surface of the BU 

cell. This, of course, is not conclusive evidence that the elastin receptor 
is not involved; it mi ght indicate that sporozoites utilise different 

receptors on the surface of different cell types for invasion. 

Further evidence suggesting that the elastin receptor is not 
involved in host cell invasion is based on an observation that PBM cells 

sorted into a population which is negative for the expression of the 

elastin receptor could be infected by T. annulata sporozoites equally well 

as PBM cells which express the receptor (Campbell et al., 1994). More 

evidence that the elastin receptor is unimportant for the invasion of 
host cell is derived from infection studies in which the monoclonal 

antibodies BCZ (anti-elastin receptor (Mecharn et al., 1989)) and BA4 (anti 

VGVAPG (Wrenn et al., 1986)), as well as an excess of elastin peptides, 
failed to block invasion of sporozoites into host cells in vitro (Brown, 

personal communication). Finally, in chapter 3.1 have shown that one 

of the SPAG-1 alleles does not contain the elastin receptor ligand 

VGVAPG. I therefore conclude that the elastin receptor is not involved in 

SPAG-I binding. It is far more likely that the purpose of the elastin 

repeats, including VGVAPG, found in SPAG-I is centred around the 

evasion of the host immune response (Hall, 1994). 

5.3.4. Future work and unanswered questions. 

Although I have been able to provide evidence to support the 
theory that SPAG-1 and SPAG-2 are involved in the process of host cell 
recognition and invasion, there are still many unanswered questions 

which might be investigated in the future. These investigations could 
provide a better understanding of the involvement of these molecules 
during host cell recognition and invasion of bovine cells by T. annulata 
sporozoites. For example it has been shown that both IA7 and 41311 block 
invasion of sporozoites into host cells. but how exactly do they achieve 
this? Do they prevent the sporozoite from attaching to the host cell, or 
can the sporozoite still bind to host cells but the invasion process is 
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blocked at a later stage? Further questions which are of interest are; how 

and when are the proteins processed. how many of the processed SPAG-1 

and SPAG-2 products are expressed on the surface of the sporozoite and 

what happens to SPAG-1 after the sporozoite has entered the host cell. To 

answer these questions a plentiful supply of live sporozoites is needed. 
The answers might reveal which parts of the SPAG molecules are 
involved and further elucidate the mechanism of invasion. Recombinant 

constructs of various parts of the SPAG-1 molecule might be employed in 

binding studies to map the region of the protein which is involved. 

Another major area of research lies in the cloning and 
sequencing of the full length SPAG-2 gene, which I believe is currently 
being addressed by Dr. Knight. This might yield more information about 
the involvement of SPAG-2 in the invasion process through homology to 

other molecules. Other major areas to follow up are the identification of 
further molecules expressed on the sporozoite surface which might also 
be involved in the invasion process. and molecules which are expressed 
by the target cell and allow sporozoite invasion. Such sporozoite 

molecules might be included in future sub-unit vaccines which could be 

developed to protect against tropical theileriosis. Information gained 

about the ligand-reccptor interactions which are involved in the 
invasion process might, in future, yield the basis for the development of 

preventative treatments which inhibit sporozoites from binding and 
invading host cells. 
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Chapter 6. 

General Discussion. 

The work described in this D. Phil thesis is aimed to further the 

understanding of the biology and practical applications of SPAG-1 in 

particular and. to a lesser extent, SPAG-2. The three main areas of study 

attempt to elucidate: a) information about SPAG-1 which is of importance 

for sub-unit vaccine development, b) the process of stage-specific 

regulation of the expression of the SPAG-1 gene and c) the involvement 

of the SPAG molecules during host cell invasion. The results obtained in 

these areas are discussed below. 

6.1. SPAG-1 and sub-unit vaccine development. 

It has been suggested that SPAG-1 is a candidate for the inclusion 

in a sub-unit vaccine (Hall et al., 1992). This prediction is based on two 

observations. The first is that the monoclonal antibody IA7 blocks 

sporozoite invasion into host cells in vitro (Williamson ct al., 1989). The 
IA7 epitopc has subsequently been mapped to the SRI region of SPAG-1 

(Bouitcr et al.. 1994). Secondly. a trial using recombinant SRI indicated 

that vaccination with SPAG-I induces partial immunity in cattle in vivo 
(Bouitcr et al., 1995). Further support for the potential of SPAG-I as a 

vaccine component is gained from its homology to p67, a sporozoite 

antigen of T. parva. I have shown that p67 and SPAG-1 are 47 % identical 

at the protein level and that they share parts of the IA7 epitope. p67 has 

also shown promising results in vaccination trials providing partial and 
full protection from T. parva infection. The high homology between 

these two antigens may allow the development of a combined T. annulata 
and T. parva vaccine. 
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If SPAG-I is to be included as a component in a sub-unit vaccine, 
then it is important to know as much about the protein as possible. It has 

been shown that the SPAG-I gene is linked to an EcoRl RFLP (Williamson 

et al., 1989), but the extent of the SPAG-I polymorphism was not known. 

My studies identified the existence of four polymorphic SPAG-I alleles 
from two distinct geographical isolates. Analysis of the protein sequence 

revealed that the C- and N-termini are highly conserved (92 and 97 % 

identity respectively) and that the central region of the antigen is 

highly polymorphic. This finding suggests that SPAG-I sub-unit vaccine 
components should encompass the conserved N- and C-terminal regions 

as well as a cocktail of sequences from the polymorphic region of the 

middle of SPAG-1. The inclusion of this SPAG-1 cocktail would increase 

the probability of inducing cross-protective responses in the immunised 

cattle. It might also be important to eliminate the elastin repeats from 

the vaccine components. This is because they might induce auto-immune 

responses of the host, although to date, no humoral auto-immune 

responses against these regions have been reported either in immunised 

or naturally infected cattle (Boulter, personal communication). 

The immunogenicitY of the SPAG-1 antigen still need further 

characterisation as only one protective B-cell epitope has been found in 
SPAG-1. To optimise the SPAG-I component in a sub-unit vaccine it is 

necessary to identify more B-cell and T-cell epitopes. A recent 
vaccination trial using recombinant SPAG-I has indicated that there is at 
least one T-cell suppressor cpitope located in the SRI region of SPAG-I 
(Boulter et al.. 1995). It is thus important to locate such suppressor 
epitopes in order to eliminate these from the sub-unit vaccine 
components. Furthermore, it is also of importance to identify protective 
T-cell epitopes from polymorphic SPAG-I antigens in order to optimise 
the vaccine components and thus to maximise the immune responses. 
Another important area for further study is the optimisation of the 
vaccine delivery system. This includes research on antigen expression 
systems as well as adjuvants. 
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6.2. Stage-specific regulation of the SPAG-1 gene. 

It has been shown that SPAG-1 is only found during the sporozoite 
stage of the T. annulata life cycle (Williamson, 1988). It was also shown 
that SPAG-1 expression is regulated at the transcriptional level 
(Williamson et al., 1989). This finding is based on Northern blot analysis 
of RNA extracted from infected tick salivary gland, macroschizonts and 
piroplasms. SPAG-I specific mRNA was only observed during sporozoite 
development. 

In order to investigate the mechanism of transcriptional 

regulation of the SPAG-I gene. the 5' region of the gene was sequenced 

and subsequently the beginning of the mRNA was mapped. The analysis 

of the 5' region of the mRNA initiation site of SPAG-1 and the 

homologous region of p67 showed that no conserved sites for known 

transcription factors are present. But the analysis revealed two 

palindromic nucleic acid sequences, 6 bp in length, which were 

conserved. The function of these sequences is unknown but it can be 

speculated that they might be involved in the stage-specific 

transcription initiation of both SPAG-I and p67. To prove this theory one 

would have to conduct band-shift assays. Attempts to isolate DNA binding 

proteins which bind to the 5' untranslated region of SPAG-1 failed. If the 
band-shift assays reveal the involvement of this region, attempts could 
be made to isolate transcription factors from sporozoite material using 

affinity columns. 

The analysis of the mRNA, using Sl nuclease, confirmed the 

existence of a 30 bp cryptic intron in the gcnomic SPAG-1 gene 
sequence. The existence of this intron was predicted during the 
comparison of the two full length SPAG-1 gene sequences, cH and gH3.4. 
The Sl nuclease analysis confirmed the existence of the intron as well as 
its position. The intron also follows the GT-AG rule for intron splice sites 
found in cukaryotes (Pcrlman ct al., 1984). 
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6.3. Functional importance of the SPAG molecules. 

It has been suggested that SPAG-1 and SPAG-2 are ligands which 
are involved in host cell invasion (Hall et al., 1992; Knight, 1993). These 

suggestions are based on results from sporozoite inhibition assays. For 
SPAG-1, these assays indicate that the C-terminus is of importance 
during sporozoite invasion of host cells. Further data indicating the 
importance of the C-terminus are presented in chapter 3. Sequence 

analysis of four SPAG-1 genes has indicated that the C-terminus is 
highly conserved in the alleles investigated, while the middle part of the 

gene and its predicted amino acid sequence are highly polymorphic. 
This indicates that the C-terminus is probably conserved for functional 

purposes such as host cell invasion. The polymorphism of the middle 
region suggests that the antigen is under selection pressure to change. A 

possible explanation for the polymorphism is the evasion of the immune 

responses of the bovine host. It is probable that the PGVGV elastin-like 

repeats, which are found in the four alleles investigated, have the same 
function, i. e. immune evasion (Hall, 1994). 

The sporozoite inhibition assays however do not indicate during 

which stage of the invasion process SPAG-1 is involved, and even less is 
known about the role of SPAG-2. The results of my binding studies using 
recombinant SPAG molecules have shown that both SPAG-1 and SPAG-2 
bind specifically to a sub-population of bovine peripheral blood 

mononuclear cells. Neither, however, showed enough specificity to 

recognise only cells which have been identified as targets for T. 

annulata sporozoites. I would thus predict that both antigens are 
involved in the process of host cell invasion. Further, I suggest that both 

antigens, and possibly other sporozoite antigens which have not yet 
been isolated, act together in the recognition of a host cell and are 
subsequently involved in the invasion process. The process of host cell 
recognition and invasion needs to be further investigated in order to 
substantiate this prediction. For example, more data is needed about the 
fate of SPAG-1 during the invasion process, i. e. is it shed during invasion 
like p67 in T. parva, and which regions of SPAG-1 are involved in the 
invasion process? 
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Another very important area of research is the identification and 

isolation of receptors on the host cell to which the sporozoite ligands 

bind during the invasion process. The elastin receptor has been 

suggested to fulfil this role as SPAG-1 contains three VGVAPG 

hexapeptides (Hall et al., 1992). Data presented in this thesis, however, 

suggest that the elastin receptor is not of importance during sporozoite 
invasion. The evidence for this is two-fold. Firstly, the genomic SPAG-1 

allele, gH3.4, does not contain any VGVAPG hexapeptides. Since SPAG-1 is 

a single copy gcne, sporozoites expressing the gH3.4 SPAG-1 allele would 

not be able to invade host cells as they do not express the amino acid 

sequence recognised by the elastin receptor. 

The second line of evidence is based on flow cytometry data using 
BU cells and the anti-elastin receptor antibody BCZ. BU cells are targets 

for sporozoite invasion in vitro (Baylis et al., 1992b), but my data shows 

that these cells do not express the elastin receptor. The two sets of data, 

therefore. suggest that the elastin receptor cannot be the sole receptor 
for sporozoite invasion. but does not prove that the receptor is not 
involved in the invasion process at all. However, there is evidence 

suggesting that the elastin receptor is not involved, provided 
independently by Campbell et al. (1994) and Wilkie (personal 

communication). Campbell and co-workers sorted bovine peripheral 
blood mononuclear cells into two populations; one that expresses the 

elastin receptor and one that does not. Both these populations could be 

infected by sporozoites equally well. The second set of experiments by 

Wilkie showed that sporozoite invasion of host cells could not be blocked 

by the addition of the anti-elastin receptor antibody. BCZ, nor with BA4, 

the anti-VGVAPG antibody (Wilkie, personal communication). 

These four independent experiments show that the elastin 

receptor is not of importance in sporozoite invasion of host cells. This 

means, therefore. that no host cell receptor for the invasion of host cells 
by T. annulata sporozoites has been identified. 

In contrast, the MHC class I molecule has been shown to be 

involved during the invasion process of T. parva (Shaw et al., 1991; Shaw 

et al., 1995). However, the MHC class I molecule is found on every blood 
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cell and therefore cannot be responsible for specificity of T. parva 

sporozoites for T cell invasion. As a result, it seems more likely that the 

MHC class I molecule is involved in the invasion process subsequent to 

host cell recognition. 
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SUMMARY 

SPAG-1 is a surface antigen on Theileria annulata 
sporo: oiles that is a candidate both for inclusion in a sub- 
unit vaccine and as a ligandfor host cell recognition. We 
have pinpointed major neutralizing epitopes to the C 
terminus. To facilitate this we expressed SPAG-1 as a 
series of defined fragments in the pGEX system. These 
constructs were validated by sequencing and by their 
spectrum of reactivity with monoclonal antibody (MoAb) 
BA4. This MoAb recognizes the elastin motif VGVAPG, 
that is predicted to occur three times in the N terminal hay, 
of SPA G-1. The recombinant proteins were then tested by 
Western blotting with a neutralizing MoAb (]A 7) and tivo 
neutralizing bovine sera (IOT and 34A). The results 
demonstrate that IA7 and the bovine sera react with 
determinants unique to the C terminus. We mapped the 
neutralizing determinant recognized by MoAb ]A 7 to a 16 
residue sequence (residues 807-822) using synthetic pep- 
tides. Interestingly the bovine sera do not recognize the ]A 7 
epitope. The potential role ofihe C terminus as a ligandfor 
host cell recognition and the implications for sub-unit 
vaccine production are discussed. 

Keywords Theileria annulata, sporowite, surface antigen, 
ligand, sub-unit vaccine. recombinant protein 
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INTRODUCTION 

Control of tropical theilcriosis relies principally upon 
vaccination with attenuated macroschizont infected cell 
lines (Pipano 1989, Singh 1990). Other methods such as 
chemotherapy and tick control arc available but require 
strict management and surveillance and thus tend to be 
more expensive (Brown 1990). A significant drawback to 
the use of the attenuated vaccine is the requirement for a 
cold chain between the points of production and delivery. 
Other potential complications of using a live vaccine 
include the possibility of reversion to virulence and 
contamination with other pathogens (Tait & Hall 1990). 
These disadvantages would not exist if an effective. one 
shot sub-unit vaccine was developed. To this end we have 
been characterizing a sporozoite surface antigen, SPAG- 
1, which has been shown to carry neutralizing epitopcs 
(Williamson et al. 1989). We have fully characterized the 
gcne for this antigen and have observed that it contains 
regions homologous to repetitive structures present in 
bovine clastin (Hall et aL 1992). We have argued that 
SPAG-I is both a potential ligand for host cell recogni- 
tion and a sub-unit vaccine candidate (Hall et aL 1992). 
The analogous molecule in Theileria parra (p67) has 
recently been demonstrated to be partially protective 
(Musoke el al. 1992). We are interested in precisely 
determining the structure of the neutralizing cpitopes on 
SPAG-I with a view to designing synthetic vaccine 
components and investigating host cell recognition and 
invasion. In this paper we present data that locate 
neutralizing epitopcs in this molecule towards the C 
terminal region. 

MATERIAL AND METHODS 

SPAG-1 expression constructs in pGEX 
The pGEX system (Smith & Johnson 1988) was used to 
express various sub-fragments derived from the SPAG- I 
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Table I Summary of the derivation of the constructs used in this analysis. The relevant fragments were generated by digestion with the 
appropriate restriction enzymes shown. For case of interpretation reference to Figure la should be made. In each case the pGEX vector 
chosen was that predicted to maintain the appropriate open reading frame. 

Construct Amino acids Fragment Bases Vector 

2-7 20-907 EcoRV-EcoRl (partial) 58-2724 Smal-Ecolkl cut pGEX-3X 
HB 20-108 BamHl 58-326 BamHl cut pGEX-3X 
0-4 20-97 EcoRl cut 2-7. discard 

fragment & religate 58-293 pGEX-3X 
2-4 109-907 Bamffl-Ecolkl (partial) 326-2724 BamHI-EcoRl cut pGEX-2T 
0.8 109-381 BamHl 326-1145 BamHl cut pGEX-2T 
EA 109-262 Accl-EcoRII cut 0.8, 

discard fragment, 
endfill & religate 326-787 pGEX-2T 

BN 109-169 Bamffl-NIOV cut 0.8 
(partial), discard fragment. 
endfill & religate 326-508 pGEX-2T 

N6 382-632 Bamffl-Hpal 1145-1897 Baml-II-Smal cut pGEX-2T 
NE 382-486 Ncol-EcoRl' cut N6, 

discard fragment, 
endfill & religate 1145-1459 pGEX-2T 

N22 726-907 NlaIV-EcoRl 2175-2724 Smal-EcoRl cut pGEX-2T 
St 726-784 Spel cut N2, discard 2175-2354 

818-907 fragment & religate 2453-2724 pGEX-2T 
SE 726-784 Spel-Ecolkil cut SI, 

discard fragment. 
endfill & religate 2175-2354 pGEX-2T 

SRI 784-892 EcoRl fragment from 
;. gtll-SRII 2175-2679 EcoRl cut pGEX-IN 

I The EcoRI site used in these manipulations is derived from the polylinker in the vector. 
2 Construct N2 did not produce any detectable fusion protein but it is shown in the table as it was the precursor to construct S I. 
3 This fragment is derived from the original SPAG-1 clone described by Williamson (Williamson et aL 1989) and the EcoR] sites are artificial. 

cDNA (Hall et al. 1992). The strategy employed to make 
each of the 12 constructs is outlined in Table I and the 
actual configuration of each construct is shown in Figure 
Ia. The Table and Figure are self explanatory except for 
construct 2-7 in which an EcoRV site was introduced by 
site-directed mutagcnesis (Kunkel, Roberts & Zakour 
1987) using the oligonucleotide shown below: 

47 71 

SPAG-1 CTGGAGCGGACAAGATGCCTGCGGG 

OLIGO CTGGAGCGGATATCATGCCTGCGGG 

Cloning into the Smal site of pGEX-3X resulted in a 
construct, the fusion protein product of which lacks only 
the first 19 amino acids of SPAG-1 and in which the 
twentieth has been mutated from lysine to isoleucine. The 
junctions of all constructs plus the internal deletion in SI 
(Figure I a) were confirmed by sequencing. 

Antibodies and Immunizations 
MoAbs IA7 (anti-SPAG-1) and BA4 (anti-elastin 
VGVAPG) have been described previously (Wrenn et al. 

1986, Williamson et al. 1989, Hall et al. 1992). Bovine 
antisera (10T and 34A) were raised against recombinant 
SRI-P galactosidase fusion protein. The original SRI 
fusion protein (corresponding to amino acids 784-892) 
expressed in Agt II was purified as described (Williamson 
1988, Williamson et al. 1989) by clectroelution and 
inoculated intra-muscularly into calves I OT and 34A on 
three occasions. On days 0 and 56 the calves received 
50 pg in Freunds complete adjuvant and then on day 84 
they received a further 50 pg in Freunds incomplete 
adjuvant. The serum used in this work was taken on day 
94. 

Purification of fusion proteins and Western blots 

Fusion proteins were Purified on glutathione-Sepharose 
4B (Pharmacia. Milton Keynes, Bucks, UK) from lysates 
of Escherichia coli prepared by a modified version of a 
published procedure (Smith & Johnson 1988). Routinely 
a 100 ml overnight culture was diluted into I litre fresh 
medium (LB+0-2% glucosc+100 jug ml-I ampicillin) 
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Figure I Details of the constructs used in this analysis. (a) Schematic representation of the pGEX-SPAG- I constructs. The black bars 
represent the expressed portions of SPAG- I for each construct whose name is given opposite down the left side. The GST partner present 
in all cases is not shown. The line at the top is a simplified restriction of the cDNA clone of SPAG- I (Hall et al. 1992) from w hich all these 
constructs except SRI arc derived (see note 3 Table I ). The sites shown are those used to derive the constructs and are as follows: 
H. HindIll. V, an artificial EcoRV site. E, E(oR]. B. BaniHI , A. A(cL Nc. Nuol 

, Hp, HpaL N. Nla]Vý S. Spel. (b) Coomassie stained 
SDS-PAGIE gels (12 51-) of the proteins expressed from the constructs shown in (a). The tracks are labelled with the construct name. Size 
marker tracks are labelled M, The size markers are labelled with their M, in kilodaltons. 
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and grown for 2-2-5 h at 37cC. Induction with I mm 
IPTG was followed by growth at 3TC for 2 h. Cultures 
were harvested by centrifugation (2660 g. 4'C). Pellets 
were resuspended in 10 ml ice cold MTPBS (150 mm 
NaCl. 16 mm Na2HP04,4 mm NaH2PO4) and made I% in 
Triton-X 100,0- 1 mm in MgC12 and the following protease 
inhibitors added: PMSF (0-1 mm), 1,10 phenanthroline 
(10, um). The suspension was sonicated 5xI min on ice at 
maximum amplitude (approx 7 microns) on an MSE 
sonicator. The lysate was clarified (10 min, 17 540 g, 4'C) 
and the supernatant applied to a2 ml glutathione- 
Scpharose 4B column which was run according to the 
manufacturer's instructions (Pharmacia). Concentra- 
tions of cluted fusion proteins were estimated using the 
Bradford assay (Bradford 1976) and quality was assessed 
by SDS-PAGE (Anderson, Baum & Gesteland 1973). For 
Western blot analysis 0-5-1 ug of fusion protein were 
loaded per track and, following clectrophoresis, the gels 
were processed as described (Harlow & Lane 1988). 
Alkaline phosphatase-IgG conjugate was used as the 
detection system and the substrate consisted of 0-0033% 
nitro blue tetrazolium (prepared in 70% dimethyl forma- 
mide) plus 0-0 16% bromochloroindolyl phosphate (pre- 
pared in 100% dimethyl formamidc) in 10 mis 100 mm 
NaCl, 5 mm MgC].,, 100 mm Tris pH 9-5. Sera and 
monoclonals were used at the concentrations shown in 
the legends to the figures. 

Peptides 

Custom made peptides were purchased from the Depart- 
ment of Biotechnology, Biochemistry and Molecular 
Biology, University of Sheffield. The following peptides 
were made: Peptide C, amino acids 801-822, 
DPSSRTPNAKPAELGPSLVIQNC; Peptide B. amino 
acids 804-822, SRTPNAKPAELGPSLVIQNC. Peptidc 
A. amino acids 807-822. PNAKPAELGPSLVIQNC. 
The C terminal cysteine in all cases is added to facilitate 
coupling to BSA and does not form part of the SPAG-1 
sequence. A control peptide, 191, whose sequence is 
LEVDDNEDERLMPSHSC was kindly provided by Dr 
Arthur Moir, University of Sheffield. 

Dot blots 

10 jug of peptide or fusion Protein were spotted onto 
nitrocellulose filters and lcft to dry for at least I h. The 
filters were then blocked in TS-milk (5% Marvel in 0.15 m 
NaCl, 20 mm Tris-CI pH 8-0) for 30 min at room 
temperature (RT). The primary MoAb was added (con- 
ccntration shown in figure legend) in TS-milk (0-02% 

Parasite Immunology 

Table 2 Comparison or the expectcd size with the actual size or 
the longest product from each construct. 

Expected size' Actual size 
Construct (kDa) (kDa) 

2-7 112-8 145 
HB 32-6 37-5 
0-4 31-3 35 
2-4 103-3 130 
0.8 47-9 63 
EA 36-8 49 
BN 29-1 36 
N6 48-9 50 
NE 32-5 44 
sl 38-7 46 
SE 29-3 36 
SRI 34-1 45 

1 The expected size was deduced by adding the M, of GST in our gel 
system (namely 23 kDa-see Figure I b) to the size calculated from 
the sequence for each expressed fragment of SPAG-1. 

azide) and incubated overnight. The filter was washed (5 
min per wash) once in TS, four times in TS-0-05% Triton 
MOO and incubated with goat anti-mouse peroxidase 
conjugate (1/1000 dilution in TS-milk; Sigma) for 2h at 
room temperature. The blots were washed as before and 
developed using 4-chloro-l-napthol as the substrate (for 
details see Harlow & Lane 1988). 

Sporozoite neutralization tests 

These assays were performed as described (Williamson et 
al. 1989). 

RESULTS 

Expression of SPAG-1 as GST fusions 

We have generated a series of constructs of SPAG-1 in the 
pGEX series of vectors (Smith & Johnson 1988. Pharma- 
cia), which are shown diagramatically in Figure Ia (see 
also Table 1). The longest of these, 2-7. is almost full 
length lacking only the first 19 amino acids. It was 
constructed by creating an artificial EcoRV site as 
detailed (Table I and Materials and Methods). The 
remaining constructs except SRI were all produced using 
conveniently located restriction sites (see Figure la and 
Table 1). SRI was generated by inserting the EcoRl 
fragment derived from the original ; gt II clone (William- 
son et ah 1989) into pGEX-IN. We have verified that 
these constructs contain the expected in frame inserts by 
double stranded sequencing across the junctions at both 
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Figure 2 Immunoblot analysis. (a) Western blot of all the 
constructs with MoAb BA4 (anti VG'v'APG). The filter v%as 
probed with ascites diluted 1 '1000. The tracks are labelled %%ith 
the construct name. (b) Western blot of all the constructs probed 
with IA7 ascites diluted 1 11000. (c) Dot blots probed %%ith (i) BA4 
and 0i) IA7 ascites at 1 /1000 dilution. A. B and C are synthetic 
pepticles from 807-822.804 822 and 801-822 respecti%cl). 191 is 
an unrelated control peptidc. 2-7 and SRI are protein clem ed 
from constructs of those names. (d) Western blot obtained %kith 
bovine anti-serum I OT raised against the P galactosidase-SR I 
fusion protein. The blot was probed at a dilution of 1 750 
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Table 3 Sporozoite neutralization assays. This table shows the 
results of sporozoite in Oro inhibition assays with selected 
antibodies used in this study. Sporozoites were from the Ta Hisar 
stock (Gill. Bhattacharyula & Kaur 1976) 

Median % 
Scra infection % Inhibition 

IOT day 0 13-8 0 
10T day 94 0 100 
34T day 0 14-0 0 
34T day 94 0-5 96 

Ile sera were used undiluted. Median % schizont infected cells 
developing in cultures containing test and control antibodies are 
given from which % inhibitions for test antibodies were derived as 
described previously (Williamson et at. 1989). The differences 
between the control and test median % infection values were shown 
to be statistically significant (P < 0.00 1) using the Mann-Whitney U 
test for nonparametric statistics (Siegel 1956). 

ends (data not shown). The affinity purified expressed 
products from all of these constructs were characterized 
by SDS-PAGE and the results are shown in Figure I b. All 
of the constructs produce proteins of larger size than 
predicted by the sequence (see Table 2 for comparison of 
actual and expected values). In our earlier studies with 
SPAG-1 a similar phenomenon was observed and we 
suggested that the apparent increase in size may be due to 
unusual structural features resulting from the anomalous 
amino acid composition of the molecule (Williamson et 
aL 1989, Hall el aL 1992). It is noteworthy that the 
recloned SRI fragment appears to produce a GST fusion 
protein II kD higher than expected, which is the same 
difference that was apparent for the original P galactosi- 
dase fusion protein (Williamson et aL 1989). In addition 
there is consistently a range of smaller products which 
vary both qualitatively and quantitatively from construct 
to construct. Whether these are a result of degradation 
and/or internal initiation has not been determined. 

MoAb BA4 (anti-VGVAPG) reacts as predicted with the 
constructs 

Figure 2a illustrates the reactivity profile or the series of 
constructs with anti VGVAPG monoclonal BA4 (Wrenn 
et aL 1986). Clearly those constructs which are positive 
(NE. N6/EA, 0-8,2-4 and 2-7) are those that we would 
expect as predicted by the location of the VGVAPG motif 
in the sequence (Figure la and Hall et aL 1992). This 
reactivity profile clearly validates the nature of these 
constructs. 

Parasile Immunolog 

Locating the I A7 DeutraUzing deteminant 

We also reacted the expressed constructs with MoAb IA 
which we already know recognizes a determinant locatet 
towards the C terminus present in construct SRI (Hall i 
al. 1992). This MoAb reacted only with constructs tha 
span the SRI region (2-4,2-7, and SRI) and did not reac 
with any of the constructs containing upstream region 
(Figure 2b). This strongly suggests that the I A7 epitope i 
located uniquely within the SRI region. Interestingly, th 
construct SI is not recognized by M oAb I A7 (Figure 2b', 
SI spans SRI except that it lacks residues 784-818 (Figur 
la). This immediately suggests that the IA7 epitope lies i- 
the stretch of residues running from 784-818. We there 
fore synthesized three overlapping peptides from withi- 
this region: a 22 mer from 801-822, a 19 mer from 804 
822 and a 16 mer 807-822 and tested these in dot blots 
These peptides reacted strongly with IA7 but not at a' 
with a control antibody (BA4) as shown in Figure 2c. Ii 
addition a control peptide did not react with eithe 
antibody. These results have been confirmed by ELIS/ 
using the same peptides coupled to BSA (not shown, ' 
Thus we conclude that the IA7 determinant reside 
somewhere within the stretch of 16 amino acids compris 
ing residues 807-822. That this determinant is neutraliz 
ing has been reported previously (Williamson et al. 1989' , Of note is the fact that M oAb I A7 recognizes some of th 
smaller products of constructs 2-7 and 2.4. This i 
unqpected since simplistically, one would expect tha 
any product which bound to the affinity matrix mus 
contain an intact N terminal GST moiety. Therefore an: 
smaller products should be degraded from the C termina 
end and lose IA7 reactivity. However. it is formall: 
possible that SPAG- I oligomerizes through its C termina 
region and that N terminally deleted GST fusion protein 
could co-purify via association with intact molecules 
This however remains to be determined. 

Bovine anti-sera against P-gal SRI neutralizes sporozoit( 
Infectivity but do not recognize the IA7 determinant 
We wished to know whether the IA7 epitope wa 
recognized by the bovine immune system. Therefore tw( 
bovine antisera (I OT & 34A) that were raised against tht 
SRI region (expressed as a P-gal fusion protein in A gt II 
were assayed. Both sera gave identical results. Th( 
Western blot using serum I OT is shown in Figure 2d and i 
can be clearly seen that all the constructs recognized b: 
IA7 arc also recognized by IOT. In addition there is i 
reaction with construct SI demonstrating that the scrurr 
reacts with determinants distinct from the IA7 epitope 
Interestingly the sera IOT and 34A do not recognize tht 
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peptides that arc recognized by MoAb I A7 and thus do 

not overlap in specificity at all with this monoclonal (data 
not shown). However these bovine sera do neutralize 
infectivity of sporozoites very efficiently as demonstrated 
in Table 3 indicating that the bovine does recognize 
neutralizing epitopes in the SRI region of SPAG-1. 

DISCUSSION 

We have mapped the neutralizing determinant on SPAG- 
I recognized by M oAb I A7 to 16 amino acids resolution. 
This determinant lies within the sequence PNAK- 
PAELGPSLVIQN which is located towards the C termi- 
nus, from residues 807-822. In addition we have demon- 
strated that the bovine can recognize different 
neutralizing determinants in the C terminus which do not 
overlap with the IA7 epitope. Within the limits of 
the resolution of these experiments we can say that the 
determinants are unique to the C terminus since the 
constructs that do not contain the SRI region do not react 
with either IA7 or the bovine sera. Furthermore the 
sequence containing the I A7 determinant is not repeated 
elsewhere in the molecule. 

These observations are important since they implicate 
the C terminus as an immunologically relevant region 
that can be recognized by the bovine immune response. 
This has implications for sub-unit vaccine design. It 
should be stressed however that these data do not exclude 
the possibility that immunologically relevant determi- 
nants may be located elsewhere in the molecule and 
indeed experiments are currently underway to test this. It 
is also possible to infer from these data that SPAG-1 
carries a ligand(s) for host cell recognition in the C 
terminal SRI region. 

It is interesting that neutralizing epitopes reside close to 
the C terminus which one would imagine may be 
inaccessible to an immunoglobulin molecule because or 
its postulated proximity to the membrane. However, the 
answer to this may lie in the fact that SPAG- I is processed 
from the N terminus (Williamson et aL 1989, Hall el aL 
1992) and this might reveal functional C terminal struc- 
turcs such as ligands. This situation is similar to that 
found with the major merozoite surface protein (M SP. 1) 
of Plasmodium falciparum (Blackman et aL 199 1). The 
MSP-I precursor molecule of 190 Kd is extensively 
processed to ultimately retain a 19 Kd C terminal 
fragment which is thought to be the ligand for red cell 
recognition since neutralizing monoclonals recognize this 
structure. Also relevant to this discussion arc the recent 
results concerning the circumsporozoite protein of P. 
falciparum that demonstrate that the C terminally located 

Characterization of SPAG-1 

conserved domain called region 11 carries ligands for the 
surface of hepatocytes (Cerami et al. 1992). 

Logically the next phase of this work is to define the full 
spectrum of B and T epitopes in SPAG-1. Both these 
objectives can be approached using the array of con- 
structs described in this manuscript to indicate, broadly, 
their location. Attempts will be made to generate sera and 
T cell clones directed against the full length 2-7 construct 
(probably with the GST cleaved off by factor Xa) and 
then dissecting the response obtained using the series of 
constructs described in the present analysis. Fine tuning 
will need to be achieved using synthetic peptides designed 
with the aid of predictive algorithms (Margalit et al. 1987, 
Rothbard & Taylor 1988). Data on the degree and nature 
of SPAG-1 polymorphism as well as immune response 
variation in the bovine will also need to be assessed. 
Ultimately we would hope to utilize this knowledge to 
define a non-variable T cell helper determinant(s) which 
was not influenced by host immune response gene 
variation. This structure, if obtained would be coupled to 
the C terminal B epitopic region we have defined in this 
paper and which we know to be relatively invariant 
(unpublished observations) and vaccination trials pur- 
sued. Whilst the experience with the CSP of malaria (for 
review see Romero 1992) indicates that we must be 
cautious about the proposal that SPAG-1 could alone 
form the basis of a synthetic sub-unit vaccine against 
tropical theileriosis we believe it offers potential because: 
a) it is a defined neutralizing antigen which can be 
manipulated to advance our knowledge orthe parameters 
affecting the bovine immune response and b) it remains a 
serious candidate for inclusion in a multi-component, 
multistage sub-unit vaccine especially in the light of the 
encouraging results obtained recently for Theileria pan-a 
(Musoke et al. 1992). The work we describe here lays the 
groundwork for future investigations of both SPAG-1 
and other potential components in the search for a non- 
living vaccine against tropical thcilcriosis. 
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Abstract 

SPAG-1, a Theileria annulata sporozoite surface antigen, is a vaccine candidate. Data is presented, based on the clonal 
segregation of SPAG-I associated RFLPs, showing that this antigen is encoded by a single copy gene. We have cloned and 
sequenced a full-length genomic copy of the SPAG-1 gene and a comparison of this with a previously published SPAG-1 
cDNA sequence demonstrates a high degree of polymorphism. We infer that these sequences represent two distinct allelic 
SPAG-1 variants. The deduced polypeptides show an overall identity of 92% with the most variable stretch (60c, "c identity) 
occurring towards the middle of the molecule. The N and C termini are more conserved with identities of 92% and 971, -c 
respectively. The clastin receptor ligand, VGVAPG, present 3 times in the protein sequence derived from the cDNA is not 
found in that deduced from the genomic copy. Evidence for 2 further SPAG-1 alleles was obtained from PCR based 
sequences using macToschizont clones containing different SPAG-I associated RFLPs. In summary we have shown the 
existence of at kast 4 highly polymorphic SPAG-1 alleles. The implications of such polymorphism between and within 
distinct geographical isolates for the development of a SPAG-I based subunit vaccine is discussed. 

Keywords: Theileria; Sporozoite; Antigen; Polymorphism; Vaccine 

1. Introduction 

AbbreViations: RFLP, restriction fragment length polymor- 
Dhism.; 

Note: Nucleotide sequence data reported in this paper have 
xcn submitted to the GenBankTm database with the accession 
iumbers X78186-X78194. 

* Corresponding author. Tel: 0904432864; Fax: 0904432860; 
S-mail: frhlCavax. york. ac. uk 

Antigenic polymorphism is a common theme 
amongst infectious agents and has serious implica- 
tions for vaccine development. It is essential when 
considering molecules as candidates for inclusion in 
a sub-unit vaccine that an understanding of the na- 
ture and degree of variation in their structure is 
achieved. Ideally the aim is to define an immunolog- 
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iCally relevant region which is not polymorphic. 
However, in many cases, the immunodominant pro- 
tective epitopes exhibit variation, presumably as a 
result of immunological selection. For example, in 
the malaria parasite, two of the major vaccine candi- 
dates, MSP-1 and CSP, show sequence variations 
which occur in regions Tecognised by T cells [1-61. 
Tlis constrains the use of these regions in a vaccine 
formulation since all the different variants may be 
requited in the final preparation. The problem is 
further compounded by immune response variation 
determined by MHC polymorphism in the host. This 
means that the ideal epitope must be non-polymor- 
phic and universally recognised. 

Ilere are several reports of antigenic polymor- 
phism in Theileria. Tbus, Shiels et al. [7] generated a 
panel of monoclonal antibodies against T. annulata 
macroschizonts which revealed diversity between and 
within isolates. A similar approach has been em- 
ployed for T. parva by Minami et al. [8]. The 
structural bases for the observed polymorphisms has 
not been fully established in either case. However a 
panel described by Minami et al. has been shown to 
be directed against a single antigen designated as 
polymorphic immunodominant maCTOschizont (PIM) 
antigen which is also expressed in the sporozoite 
[9,101. Variant forms of this molecule Migrate with 
different apparent Ms and, since the molecule is not 
glycosylated then it is presumed that the size differ- 
ences are reflected in the amino acid sequence. 
Diversity has also been described in an immunodom- 

inant 30-32-kDa T. annulata merozoite/piroplasm 
antigen, the underlying basis for which is probably 
differential glycosylation [11). 

We have been studying a sporozoite antigen, 
SPAG-1, defined by a neutralising monoclonal anti- 
body (IA7) as a vaccine candidate [121. To date we 
have sequenced and expressed a cDNA clone encod- 
ing the complete polypeptide and, we have located 
the neutralising epitope defined by IA7 within a 
linear sequence of 16 amino acids at the C terminus 
[13,141. Other neutralising epitopes recognised by 
immune bovine sera are distinct, but also locate to a 
nearby position in the C terminus. In addition to 
attempting to localise potentially protective B and T 
cell epitopes it is important to define if they are 
encoded by conserved regions of the molecule, and 
therefore we examine variation in the SPAG-1 gene 
in this paper. Previously, we identified 3 RFLPs of 
SPAG-1, but the underlying genetic basis for this 
variation was unknown [12]. The present study 
demonstrates that the RFLPs segregate indepen- 
dently in a variety of cloned lines, derived from 2 
geographically distinct isolates, and thus behave as 
allelic variants. To define in detail the level and 
nature of the polymorphism, marked by these RFLPs, 
we have analysed the complete sequence of 2 alleles 
and partial sequences of 2 further alleles. These 
comparisons reveal a highly polymorphic region to- 
wards the middle of the molecule (amino acid 
residues 284-369) and a much more conserved 
stretch towards the C terminus (residues 806-902). 

Table I 
Origin of cloned macroschizont infected cell lines and the SPAG-1 alleles and EcoRl RFLPs they contain 
Cloned macroschizont 
cell line 

Size of EcoRl 
RFLJI 

Allcle Origin 

T&A 46A 3.4 kb A3.4 Wathanga (M. Sc. Thesis, Edinburgh, 1984) 
Ta. A 139134 3.4 kb A3.4 Wilkie (pcrs. comm. ) Williamson (Ph. D. Thesis, Edinburgh. 1988) 
TaA 139D7 3.4 kb A3.4 Wilkie (pers. comm. ) 
TaA 139E3 3.4 kb A3.4 Wilkie (pers. comm. ) 
TaA 139E5 3.4 kb A3.4 Wilkie (pers. comm. ) Williamson (Ph. D Thesis, Edinburg. 198, S) 
TaA 46.2 3.4 kb A3.4 Wathanga (M. Sc. Thesis, Edinburgh, 1988) 
TaH 46.2 3.4 kb H3.4 Wathanga (M. Sc. Thesis, Edinburgh, 1984) 
TaH 46.3 3.4 kb H3.4 Wathanga (M. Sc. Thesis, Edinburgh, 1984) 
TaH 46.4 3.4 kb H3.4 Wathanga (M. Sc. Thesis, Edinburgh, 1984) 
TaA 139136 4.8 kb A4.8 Wilkie (pers. comm. ) / Williamson (Ph. D. Thesis, Edinburgh. 1984) 
TaA 46.3 4.8 kb A4.8 Wathanga (M. Sc. Thesis, Edinburgh, 1984) 
TaHBL3b 6.0 kb H6.0 Katzcr 

TaA and TaH denote T. annulata Ankara and Hissar, respectively 
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71c implications of these findings are discussed 
particularly with respect to vaccine design. 

2. Materials and methods 

Parasite material, DNA extraction and Southern 
blotting. Piroplasms of the T. annulata Hissar (Ta 
Hissar) [15) and T. annulata Ankara (Ta Ankara) 
[161 stocks were harvested from infected calf blood 
as described previously 112). The macroschizont-in- 
fected cloned lines used in this study are listed in 
Table I and were cultured as described by Brown et 
al. [17]. The Ta Hissar series (except TaHBL3b) 
were cloned by limiting dilution from the parental 
cell line TaH46 to give clones TaH46.2, TaH46.3 
and TaH46.4 and have been described previously by 
Wathanga (M. Sc. Thesis, University of Edinburgh, 
1994). Clone TaHBL3b was similarly derived by 
cloning the Ta Hissar infected lymphosarcoma BL3 
[181 cell line TaHBL3 [191. Ile Ta Ankara clones 
TaA139-D4, TaA139-D6, TaA139-D7, TaA139-E3, 
TaA139-E5 were produced by end point titration of 
sporozoites into peripheral blood mononucleat cells 
of calf 139 (Wilkie, personal communication; 
Williamson, S. M., Ph. D. Thesis, University of Edin- 
burgh, 1988). Clones TaA46. A, TaA46.2 and 
TaA46.3 ate derived from calf 46 by limiting dilu- 
tion from infected cell lines as described by Wathanga 
(M. Sc. Thesis, University of Edinburgh, 1984). DNA 
extraction and Southern blotting were performed by 
standard methods [20]. 

Construction of genomic library and sequencing of 
selected clones. A genomic library of Ta Hissar 
piroplasm DNA was created in AEMBL3 essentially 
as described [211. Briefly 300 ; Lg of piroplasm DNA 
were partially digested with the restriction enzyme 
Sau3A, size selected (10-20 kb) on a sodium chlo- 
ride gradient (25 to 5%) and inserted into the BarnHI 
site of the replacement vector AEMBL3. The phage 
were packaged and propagated an 0359 to yield a 
primary library of 200000 clones. 25000 clones 
were screened with the original SPAG-1 AgtII-SR1 
insert [12] and several positives isolated. One clone 
with an insert of 13 kb contains an internal 3.4-kb 
EcoRl fragment that hybridised to the SRI probe. 

Tablc 2 
Sequcnce and location of the oligonuclcotidc primer% 
Namcof Sequcncc of primcr Po%ition according to 
primcr 5' to 3' cDNA Scquencc 
420 clgccaattcttccggtttg 1919-1900 
647 cttgctgaggatcctcctcc 1159-1139 
711 gaagaagttttgaaagttttgg 2667-2699 
815 ggtctacagggaccaggagg 784- 804 
932 gtggactatgctgaatatgatt 2722-2700 
Y2 gigtaccaggaggaaaggc 945- 963 
Y3 gcggacaagatgcctgcggg 53- 83 

This was sub-cloned into pUC18 and the plasmid 
sonicated and random fragments (average size 300 
bp) were size-selccted and Tecloned into ml3mpl8 
for shotgun sequencing using the dideoxy method 
[221. To complete the sequence at the 5' end of the 
gene an adjacent EcoRl fragment of 1.4 kb was 
sub-cloned from the AEMBL3 clone and sequenced 
by using specially designed oligonucleotides. The 
EcoRI site between the two fragments was se- 
quenced across using a PCR fragment derived from a 
Ta Hissar macroschizont clone segregating for the 
3.4-kb RFLP as a template. The complete sequence 
was further confirmed by using a series of oligonu- 
cleotides as directional primers spanning the whole 
open reading frame. 

PCR, sub-cloning and double stranded sequencing. 
The primers used in this study are listed in Table 2 
and their location is shown diagrammatically in Fig. 
3A. Two series of PCR products containing the 
central polymorphic region and the constant C termi- 
nal region were amplified and are referred to as 
series I and series 2 respectively. The template DNA 
for each of the alleles was prepared from the follow- 
ing clones: Ta Ankara 139-D4, allele A3.4. Ta 
Ankara 139-D6, allele A4.8. Ta Hissar 46.2. allele 
H3.4; Ta Hissar TBL3b, allele H6.0. PrimersY3 and 
420 were used to amplify series I and the primers 
Y2 and 932 were used to amplify series 2 (Fig. 3A). 
In all cases the PCR reaction mix was made up to 50 
A] containing 50 AM of each primer, 100 ng ge- 
nomic DNA, 10 AM dNTP. 3 units of Taq XL and 
IX Taq Buffer supplied by Northumbria Biologicals 
Ltd. The reaction mix was incubated at 96*C for 5 
min and this was followed by 30 cycles of I min at 
940C, I min at 600C and 2 min at 70*C after which 
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the reaction was left at 70*C for 10 min. Then the 
PCR products were purified from an agatose gel 
using a Gene Clean Kit (Bio 101) according to the 
manufacturers instructions. 

The PCR products were ligated into pGEM-T 
(Promega) and transformed into E. coli strain TGI 

rec 0. Plasmid DNA for double stranded sequencing 
was prepared for the different clones using the Wiz- 

ard Miniptcp Kit (Promega) following the manufac- 
WICTS' instructions. Double stranded sequencing re- 
actions were performed using a 77 sequencing kit 
(Pharmacia) according to the manufacturers' instruc- 

tions. Primers 815, Y2 and 647 were used for se- 
quencing the polymorphic region in the series I 

clones and 711 and 932 were used for sequencing 
the constant region in the series 2 clones (Table 2, 
Fig. 3A). To minimise effors arising from Taq poly- 
merase infidelity the sequence of 3 independent 

cloned PCR products was obtained for each RFLP 

type. We observed an error rate of 0.22% and in 

those cases where there were discrepancies we have 

presented the consensus sequence based on a two out 
of three match. For three of the RFLP markets other 
cloned macroschizont lines exist (five for 3.4-kb 
Ankara stock, two for 3.4-kb Hissat stock and one 
for 4.8-kb Ankara stock, see Table 1) and sequence 
analysis of a cloned PCR product for each was also 
obtained over the polymorphic region only. Primers 

were purchased from the Department of Biotechnol- 

ogy, Biochemistry and Molecular Biology, Univer- 

sity of Sheffield. All sequence analysis was per- 
formed using the UWGCG 123] package on the 
SERC facility at the Darcsbury Laboratory. 

tention that the stocks used here are mixtures [24]. 
To resolve whether our data are the result of multiple 
genes per genome Or Mixtures containing indepen- 
dently segregating alleles, we studied DNA extracted 
from the macroschizont-infected cloned cell lines 
shown in Table 1. We observed that each clone 
contains only one of the three RFLP types as sum- 
marised in Table I and illustrated by Southern blot 
data for each RFLP in Fig. 1. Each of the 3 RFLPs 
behave as alternative forms of a gene at a single 
locus and thus we have adopted the term allele. We 
consider that the above data provide strong evidence 
in favour of there being one SPAG-1 gene per 
haploid genome. 

We have sequenced a complete genomic copy of 
SPAG-1 and the derived amino acid sequence is 
presented in Fig. 2A labelled gH3.4 (see below). 
This information is obtained from a clone isolated 
from a partial Sau3A genomic DNA (Ta Hissar) 
library constructed in AEMBL3. This clone was 

6.0 ý6 
4.8 %W 

%NWF 

3.4 -l 

3. Results and discussion 

Previously we had identified three EcoRl frag- 
ments of 3.4,4.8 and 6.0 kb released from pitoplasm 
DNA that hybridise with the 330 bp insert derived 
from the original SPAG-1 clone AgtlI-SRI [121. 
These data are confirmed by our current results 
except that the Original faint band of 4.8 kb in the Ta 
Hissar stock is no longer present (Fig. 1, lanes I and 
2). This observation alone suggests that the multiple 
bands result from mixtures of at least three parasite 
populations. Previous data ftom glucose phosphate 
isomerase isoenzyme studies also supports the con- 

1 ^4 34567 
Fig. 1. Southern blot analysis demonstrating the clonal segregation 
of the SPAG-1 associated RFLPs. Genomic DNA %%a,. digested 
with EcoRl and the blot was probed with the SPAG-1 insert 
derived from AgtIl-SRI 1121 Lanes I and 2 contain 2 jug 
piroplasm DNA extracted from the Ta Ankara and Ta Hissat 
stocks respectively. Lanes 3-6 contain 15 jAg of DNA extracted 
from the following cell lines (see Table 1): Uninfected BL3 (lane 
3). clone TaA 139-134 (lane 4). clone TaH 46.2 Uanc 15). clone 
T&A 139-136 (lane 6) and clone TaHBUh (lane 7). Thc tiars mark 
the segregating RFLPs and give their sizes in kb. 
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1.4 MIL. HFLLT I PV I F'VSGADKMPAGESSRTSKPSPLVTLF-SAVTQPSYDPFKT I SALSKAT)(VWYSAVSVSGE)SY TV PTPVSEF II TRSF. ý 

I MN II HFLLTIPA I F'VSGADKMPAGESSRTSKPSPLVTLF-SAV7QPSKDPFKTISALSKAT)(VWYSAVSVSGDSYTVPTPVSEPM'TF. SFýý 

EPVSQELEFQSDTZ I NE. SGSGSDED. DDDDEEEEEEDDGSGSSKGAKGSPKAQkAVSSSSTSTASPTSP7rTSSQPCLCSSGSH-, ýýýý'. IP' , 
IIII IIIIIII I III IIIIIII IIIIIII I; HIIII1 11 111 IfIl -I 

91 EPVSQELEFQSDTEI NESGSGSDEDEI)DDDDEEEEEDDKSTSSKNGKGSPKAQPGVSSSSTSSASPTSP=LSQTGLGPSGSHA;, -e:, PS le- 

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGV PCVGVPGVGAVPGVGG LGDDS SA LPGSrGLGAGA KAS Y 

lei VGVPGVC; VPGVGVPGVGVPGVGVPGVGVPGVG .... GVPGVGVA .... PGVGVPGYQYArý&V. GVGADSSGLPGSGGLGAGAY. Aý, Y,; ýSS iEl 

GLQGPGGVGPC; VPGVGDAASSSLPGKPPGVG .......... VPGAVEPCLPGAAGVPGGYAGYSNKSSDPELDFGDESDGSGSGSAr,:,:, '- 

262 GLQGPC; GVG. VVPGVGVAASSSSPGKPPGVGAGVMPGVGVRAQGGVI I GAPGVAGVPGGKPGQP. VSQELELKSDTE I NESGSSSEI. E:, Z) --- 4 

CNDDEEEEDDKSTSSKGAGAKAGKGQGSVSPGGGSSASQTSSTTTSSOSGLAPSGSHPQQVPQQDPALSOPSGGCVPr, VC; VPGVGVK', ". 
IIIMIII IIIWIIIIIIIIIIIIIII II IIIII 111) 11 111111 1 I II 

35' 
I I 

D. DEEEEEENKSTSSKGAGGKAGKGQGSVSPGGGSSASQTSPTA-T. PQSG LAS SGSHAQQS PQQDPA PSK PSGGGVPGVGV PG'. 'G*., PG; ' , 437 

VPGVGV - PGVG. VPGVGGA-TSSSST. TS, -rr=SSSPGKPSNQGSHGTSPRKLVTRQTDSISGPIPSPGDPRAITGQMSLLYSSYS 
111 111 1 1111 111111111 

430 
1 1 111111 1111 IIIIIIIIIIWI 

VPG%'C'. VAPrVGVVPGVGGATI'SSSSTTSTSTST'r-rT7-SSGKPSDQGSHGTSPRNAVTRQTDSI SGPIPSPGDPRATGOM' 1-9 

FVGEGERFAAQFLGDFKPKPRRYEGQETDAVYLKQFI FEEVKS'-VQTLINLKLAIANE)FVEI SEKLKKYNQNYVPKLYLLYGE; FL, ", "Y' Y 

520 **GECERFAVQFLGDFKPKPRRYEGQGTDAV)(LKQFIFEEVKSLVQTLINLKLAIANDFVEI SEKLKKK. WNYVPKLKLLYGEVF:,. "ý". Y 

VANVLKGFNSLYFVFFMNLNLAY, EVNXPEELAEFLWKLNTI PDKVGREFELAI EI(TKGSEYKKELEEAFNS lGLGFK: AýYA7NZ, -, LS 

608 VANVLKGFNS LY FvT FKNLN LAKEVNK PEE LAEF LWK LNT I PDKVGREFELAI EKTKGSEKKKELEEAFNSI GLGFYAQYAr. J: ' I LsS 1 (9- 

. N'SVYSLIKL)C4FGDDFITEVF%KSLQMVPHQKNLNGSAFIVKI SEI INYI<GTEDEDQTSGSGSKGTEGVSLRGQDLTEEEVI-YVLZ---*. 'I' I 

f9e ". NSVYSLIKLKNFC: )DFV-TVRESL. QMVPHQKNLNGSAFIVKISEIINKKGTEDQDýTSGSGSKGTEGGSLRGQDLTEEEVLKV.:, E:. '; F -1 E- 

VVSEEQVGIGDLSDPNSRTPNAKPAELGPSLVIQNVPSDPSKVTPnPSNLPQ). 'Pl*: IGPGNGTDG7MPGGNGEý'GKDLKEGEYY. E:; *-F 

'788 DVSEEHVCIGDLSDPSSR7PNAKFAELGPSLVIQNVPSDPSKV-, PnPSNLPQVP7-GPGNGTDG7'rTG PGGNGEGGKDLYEGEYKES: -F E-- 

QKIKNKLLGSý; FEVTSIMIPK-'T: IFSIVH* 

e715 QKIYNKLLGSGFEVASIIIPMTT:: FSIVH* 907 

B 
92 X 81 % 60 X 06 x 97 X 

OVERALL IDENTITY 92 Fe 
2. Comparison of SPAG-1 protein sequences, derived from the DNA sequences of alleles gH3.4 and M. (A) The polýpcptide 

icrices are compared using the GAP programme on the UWGCG analysis software package (231. Ilic VGVAPG motifs in cH ate 
: rlined and the region spanned by the putative intron is shown marked with asterisks. (B) Schematic representation of the comparison 
ivn in (A) The figures above the blocks represent the % identily over each segment calculated by scoring a gap as one change. Tbc 
ibers below designate the amino acid residues at the boundaries of the sequence blocks and are based on the cH molecule as shown in 
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shown to contain a 3.4-kb EcoRl fragment that 
hybridised with the SPAG-1 330 bp Agt1I-SRl in- 
sert (data not shown). Thus, we define this as a 
3.4-kb Ta Hissar allele and give it the designation 
gH3.4 (the g is to indicate that it is the sequence 
derived from a genomic clone). When compared to 
the amino acid sequence derived from the published 
cDNA sequence, extensive variation is apparent (Fig. 
2A and B) [13]. This cDNA, which is derived from a 
Ta Hissar library [131, is quite clearly not the product 
of gH3.4 and we designate it as a separate allele, cH. 
Overall, the two protein sequences are 92% identical, 
with the C terminal half of the molecule being most 
homologous (residues 504-907,97% identity). The 
N-terminal segment from residues 1-212 is also 
highly similar (92% identity, including 2 changes in 
the putative signal peptide). These identity values are 
generated by counting an insertion or a deletion as 
one change. The polymorphism is greater between 
residues 213-504 in the second quarter of the 
molecule and is most extensive between amino acids 
284 and 369 showing an identity of only 60%. The 
variation is due to multiple gaps/insertions and 

A 
V2 ON- 

amino acid substitutions. One apparent area of varia- 
tion is probably spurious and likely to be due to the 
presence of a short in-frame intron of 30 bases 
(supporting data not shown). When decoded these 
specify the 10 extra amino acids GLLYSSKSPV 
which appear in the gH3.4 sequence starting at 
residue 487 with the corresponding gap in the cH 
sequence being denoted by asterisks in Fig. 2A. 
Interestingly, unlike the cDNA allele cH, the gH3.4 
allele product does not contain any VGVAPG motifs 
which considerably weakens our previous hypothesis 
that this represents a ligand for host cell recognition 
[13). This is supported by other data demonstrating 
that cells sorted with a monoclonal antibody to the 
elastin receptor exhibit no correlation with their sus- 
ceptibility to infection by sporozoites (J. Campbell 
unpublished, manuscript submitted). Other features 
such as the elastin PGVGV repeats, the D/E and the 
T/S regions described previously in the cH allele 
product are also present in the gH3.4 polypeptide 
[131. 

To further monitor the extent of SPAG-I poly- 
morphism we sequenced the most variable region 

1-00420 1-40932 

PCR 

ILLP-y ý2 

SERIES I CLONES 

, igia 647 

SE; IiES 2 CLONES 
932 

Fig. 3. Comparison of SPAG-1 alicics over the most polymorphic region and the constant C terminal region. (A) Schematic representation 
of the PCR based strategy used to generate the sub-clones sequenced in this analysis. The location of the primers used to generate the series 
I and series 2 fragments is shown by the boxed arrows, whilst those used for sequencing arc shown by the smaller. underlined arrows. For 

precise details of each primer see Table 2. (B) Comparison of the SPAG-1 sequences over the most polymorphic region (bases 850-1107. 
amino acids 294-369). PCR derived sequences are shown for each allele from series 1. Templates were derived from the same 
macroschizont clones as used in Fig. 1. In addition the same region from alleles cH and gH3.4 is presented for further comparison. Thc data 
are given in G) as the DNA sequence and in GO as the derived pcptidc sequence. (C) As in B except that comparison is between the series 2 
sequences from the C terminal constant region (bases 2419-2706, amino acids 806-902). In addition the analogous sequence of the T. 
parva p67 antigen is presented for comparison. The 16 amino acids containing the IA7 cpitope [141 are underlined. All alignmcnis are made 
to the cH sequence and - represents identity.. represents a gap and any substitutions arc shown by the relevant letter. 
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M 
CH CCAGGAAAACCTCCAGGAC; TAGGASCAGGAG-TA7WCTGGASTT=WACGAGCACXAC-GACrAGTAATAATTGGTrCGCCAOrA,;, GrA-., - 
A 3.4 ------------------------------------------------------------------------------------------------ 
A 4.8 ---------- A ----------------------------------------------------------------------------- c ------- 
9H 3.4 ....................................................... rr-CT ---- C ---- CJ%-CC --- A77A ------- C ------- 
H 3.4 ....................................................... TT-CT----C ---- GA-CC --- ATTA ------- C ------- 
H 6.0 ---------- A --- T-C ----------------------------------- A ------------- C --------------------- c ---- A-A 

cm = ......... CCA .................. GGAGGAAAGCCAGGACAACCA ... Gý. 7ATCTCAAGAACTTGAACTGAUTC'AGA'-A-ýýGgýUTT 
A 3.4 ------------------------------------------------------------------------------------------------ 
A 4.8 --A ....................................... G ----- A--T-GAATAA ---- TCC--C-C ---- T-A... -T--GAGA ---- TC- 
gH 3.4 --A ....................................... G ----- A--T-GAATAA ---- TCC--C-C ---- T-AG-T-TT-r. AGA----r. - 
m 3.4 --A ....................................... G ----- A--T-GAATAA ---- TCC--C-C ---- T-AG-T-T-GAGA ---- TC- 
K 6.0 ... TCTUGATTA --- AGGAGGAGCAGGTGTACC--GA ----- ---- TT --- C-C ---- TCAG-T-TT-GAGA ------ Z- 

cm AATGAGTCAGGTTCCAGI7CAGAAGGGGAAGACGATGAC ... GATGAAGAAGAGGAAGUGAAAATAAATCTACCTCATCTAMGGAI.; CAZr. Alý 
A 3.4 ------------------------------------------------------------------------------------------------- 
A 4. a G ---- C ----- A ---------- G ------ C ---- T ---- AAT--C--T -------------- CG -------------------------------- 
qm 3.4 G --- G ------ A --- G ------ C ------ C --------- AAT--C--T -------------- CG. ----------------------------- Z- 
m 3.4 G --- G ------ A --- G ------ C ------ C --------- AAT--C--T -------------- CG ------------------------------ Z- 
H 6.0 G ---- C ----- A ---------- G ------ C ----------------------- A-_C --------------------------------------- 

Uil 

264 
CH PGKPPCVGArVMPGVG%IRAQ=n IGAPGVAC; V ... P ...... GGKPGOF. VS, ýELELF. SWEIZMSGSSSEC; E=. DEE=. YS7ESV; Aý:; 
A 3.4 ------------------------------------------------------------------------------------------------ 
A 4.8 --- H ------------------------- A ................ A-McM-SDP--. L4G: )-S: )D ----- G-D-V-N-r, ----= --------- : 
gm 3.4 .................. VP-A-EP-L--A ................ A-KSNK-SDP--t)FG: )-SDG --- G-A-D --- N-D ---- :: ----------- 
H 3.4 .................. VIP-A-EP-L--A ................ A-KSNK-SDP--DFG: )-SDG---G-A-r, ---N-D ---- ZD --------- A 
H 6.0 --- H-A ----------- QAQ--L ------ A-1k. SG--PJýSRCT-R-A-KSKK-LX)P-SDFGD-S: )D ----- G-r -------- D ------------- 

U) 

cH ATAGGAGATTTAhGTGACCCAAGTAGCAGAACACCAA]kTGCAAAAC, ^AGCCGAAC7-, WA-, C-TIACTAG-. GATACAkkA-. j-. A--CI: 7: A: A.:. -: 
A 3.4 ------------------------------------------------------------------------------------------------ 
A Ce ------------------------------------------------------------------------------------------------ 
9H 3.4 -------------------- G-A --------------------------------------------------------------- A ......... 
H 3.4 -------------------- G-A --------------------------------------------------------------- A --------- 
H 6.0 ---------------------------------------------------------------------------------------------- 
P67 C-C ----- C --------------- G-A --- T--T-... C-A--G--A-C--TC --- C ----------- T--A --- ACCT3 --- G--;,; 4 --- !; --- 

CH -. CMXAGTGACACCAACACAGCCTTCAAATTMCACMGTACCAACAACAGGGCCOGGGAA, -GGGA, -GGATGGAACAACAACAC; 5;, ý'CAý, -;:. A 
A 3.4 ------------------------------------------------------------------------------------------------ 
A 4.6 ------------------------------------------------------------------------------------------------ 
9H 3.4 ------------------------------------------------------------------------------------------------ 
N 3.4 ------------------------------------------------------------------------------------------------ 
H 6.0 ------------------------------------------------ T ---- A ------------------------------------------ 
P67 A --- T --- AT-T ------ GG --- CA --- TAGCAG-TIGG--G-GA-CA-C--CC". "X ...... A-CTC-TA ------- CG ---- G--G ......... 

CH AACGGGGAAGGAGGCAkAGATMAAGGAAGGAGAAkA. GAAAGAAGGArTATTTCAAAAGA-, CAAk-NACAAACTCTTGGG, -. CAa3; ý-, aAA7,7, - 
A 3.4 ------------------------------------------------------------------------------------------------ 
A 4.5 ------------------------------------------------------------------------------------------------ 
9H 3.4 ------------------------------------------------------------------------------------------------ 
N 3.4 ------------------------------------------------------------------------------------------------ 
H 6.0 ----------------------------------------------------------------------------------------------- A 
PV .......... C --- A-C-C-ACCTG --- A ------ G -------------- GA-A--G --- C ---- G--A ------ C ---- G--T ------------ 

Iii) 

CH IGI)LSI)PSSRT=EEhr; C&E! L=VPSDPSKWPTQPSN-PQVPrMPCNGTDGT-, T%-, PGGNGEG=LYME3(KEGLF, ' IKIM"KL: 4 SZZFE7 
A 3.4 ------------------------------------------------------------------------------------------------ 
A 4.8 ------------------------------- S ---------------------------------------------------------------- 
9H 3.4 ------- N ---------------------------------------------------------------------------------------- 
H 3.4 ------- N ---------------------------------------------------------------------------------------- 
H 6.0 ------------------------------- S ---------------- S ----------------------------------------------- 
p67 L ------- G-SS. EROPS ------- TDGQAG-TI-S--G-TIAAGGEOPPSAPN.. --A --- A-TQPEG ............ 1--L-Y --------- 

Fig. 3 (continucd). 

from bases 850 to 1107 corresponding to amino ated as outlined schematically in Fig. 3A (see Mate- 
acids 284 to 369 (Fig. 2B). For this we used the rials and methods for details). Template DNA for the 
cloned series I PCR genomic DNA fragments cre- PCR was extracted from the cloned macroschizont 



8 F. Katzer et al. IMolecular and Biochemical Parasitology 67 (1994) 1-10 

infected cell lines (TaA139-D4, TaA139-D6, 
TaH46.2, TaHBL3b) carrying different EcoRl 
RFLPs (see Fig. 1). Ile comparison of these DNA 
sequences along with the homologous regions of 
alleles cH and gH3.4 is shown in Fig. 3B (i); a 
comparison based on the translated sequences is 
shown in Fig. 3B GO. A number of conclusions can 
be drawn. First, it is clear that there are 4 different 
sequences revealed by this analysis, namely A3.4 
(which is identical to cH), H3.4 (which is identical to 
gH3.4), A4.8 and H6.0. Of considerable interest is 
the observation that the 3.4-kb RFLP is composed of 
two distinct sequences. One of these corresponds to 
the allele A3.4 carried by clone TaA139-D4 which is 
also found in the other 5 Ankara clones carrying the 
3.4-kb RFLP as shown in Table 1 (sequence data not 
shown). The other corresponds to allele H3.4 found 
in clone TaH46.2 and another two Hissar clones 
(Table 1). Of note is that the allele gH3.4 is identical 
as expected to the PCR derived sequence for allele 
H3.4. Interestingly, the sequence of the Ta HissaT cH 
allele is identical to the Ta Ankara allele A3.4 over 
this variable region. It is also identical at the C 
terminus (see below). This strongly suggests that 
alleles A3.4 and cH are completely identical, al- 
though further sequence analysis of the complete 
A3.4 aflele is required to confirm this. Since the 
cDNA is of Ta Hissar origin [13] this observation 
implies that the Ta Hissar stock also contains the 
A3.4 allele and tests to confirm this using specific 
oligonucleotides are underway. Finally, it is notewor- 
thy that the H6.0 and A4.8 alleles are distinct over 
this same variable region and thus the RFLPs are 
markers of more extensive genetic polymorphism. 
The highest degree of variation over the region of 
sequence compared in Fig. 3B is observed between 
alleles A3.4 and H3.4 showing 78% and 60% idcn- 
tity at the DNA and protein levels respectively. We 
do not have any Ta Ankara macroschizont clones 
segregating for the A6.0 fragment and so comparison 
with the H6.0 cannot be made. Similarly information 
is also lacking for the H4.8 fragment and thus the 
comparison with A4.8 is not possible. Therefore we 
have data which demonstrates the existence of at 
least 4 alleles of SPAG-1. 

We PCR amplified and cloned the series 2 frag- 
ments, of 288 bp from the 3' end of SPAG-1, 
between bases 2419 and 2706. To do this we used 

DNA extracted from each of the mactoschizont 
clones TaA139-D4, TaA139-D6, TaH46.2 and 
TaHBI_3b (Materials and Methods and Fig. 3A). The 
DNA sequences corresponding to most of the origi- 
nal SRI region were derived and are compared in 
Fig. 3C W whilst the corresponding amino acid 
sequences are displayed in Fig. 3C 60 [ 12,131. Three 
independent clones were analysed for each allele. 
This sequence was clearly highly conserved in all 4 
variants with only a total of 3 differences at the 
protein level between the most divergent alleles H3.4 
and H6.0 (Fig. 3C GO). Interestingly there is no 
variation observed in the region spanning the 16 
amino acids to which the IA7 neutralising epitope 
was localised (shown underlined in Fig. 3C (ii)) [141. 
Also shown for comparison is the sequence for this 
region of the Theileria parva sporozoite antigen p67 
[251. A continuous stretch of 7 out of the 16 residues 
containing the 1A7 epitopc are conserved between 
SPAG-1 and p67. Since monoclonal antibody 1A7 
reacts weakly with recombinant p67 (Knight. P. A., 
Ph. D. Thesis, University of Glasgow, 1993), it can 
be concluded that the epitope is at least partially 
located in these shared residues. 

The finding that the C terminal half of SPAG-1 is 
the most conserved region is useful information from 
the point of view of sub-unit vaccine design. This is 

enhanced by our recent epitope mapping studies 
which have located neutralising determinants recog- 
niscd by bovine immune sera between residues 784 
and 892 of the molecule [14]. It is also of consider- 
able interest that the most conserved region between 
the T. parva p67 and SPAG-1 is the C terminal half 
of the molecule with 56% identitv over amino acids 
504-907 [251. This raises the nýtion of a common 
vaccine to these two parasites designed on homolo- 
gous regions in the C terminus. It is also interesting 
that the N-terminus is reasonably well conserved and 
that the region of most variation (including two large 

gaps) corresponds to the same area that exhibits most 
polymorphism within SPAG-1. These data May S119- 
gest that the N and C termini are conserved for 
functional reasons such as host cell invasion. 

The definition of constant and variable regions 
will assume more relevance once more information 
about the immunodominant structures on SPAG-1 is 
accrued. When we locate T cell epitopes we will be 
able to assign some form of rating according to their 
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general usefulness depending upon whether they lo- 
cate to polymorphic or conserved segments. Using 
our current knowledge we are expressing the C 
terminus as hepatitis antigen recombinants [26] and 
in Salmonella vectors [271 in order to see if we can 
obtain a delivery system which will give effective 
immunity. 7"his work forms the basis for the rational 
design of all future vaccine constructs based on the 
SPAG-1 antigen. 
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ABSTRACT: 

SPAG-I and SPAG-2, Theileria annulata sporozoite surface antigens, am vaccine candidates. 
Data is presented showing that SPAG- I is a single copy gene. We compare a full length genomic 
copy of the SPAG- I gene with a previously published SPAG- I cDNA sequence demonstrating 
a high degree of polymorphism. We infer that these sequences represent two distinct allelic 
SPAG-I variants. The deduced polypeptides show an overall identity of 92% with the most 
variable stretch (601A identity) occurring towards the middle of the molecule. The N and C 
termini are more conserved with identities of 92% and 97% respectively. Evidence of two 
further SPAG- I alleles was obtained from PCR based sequences using macroschizont clones. 
In total we have shown the existence of at least 4 highly polymorphic SPAG-I alleles. 
Flowcytometry studies using recombinant biotinylated SPAG-I and SPAG-2 have been 
conducted. These have shown that SPAG- I binds specifically to subpopulations of T cells, B 
cells and monocytes, while SPAG-2 binds specifically to a subpopulation of monocytes but not 
to B cells nor T cells. 

INTRODUCTION: 

Antigenic polymorphism is a common theme amongst infectious agents and has serious 
implications for vaccine development. Therefore it is essential when considering molecules as 
candidates for the inclusion in a sub-unit vaccine that an understanding of the nature and the 
degree of variation in their structure is achieved. Ideally the aim is to define an immunologically 
relevant region which is not polymorphic. It is also important to understand the function of the 
surface antigens of intracellular parasites, as this might reveal new strategies for intervention 
in, for example, the process of host cell recognition and/or invasion. 

Three sporozoite surface antigens of Theilerid annulata have been identified so far and their 
genes have been at least partly cloned and sequenced. SPAG- I was the first of these antigens 
which was studied. It is defined by a neutralising monoclonal antibody (IA7) as a vaccine 
candidate (Williamson et al., 1989). To date we have sequenced a full length cDNA clone and 
a genomic clone coding for SPAG- 1. The cDNA clone encoding the complete polypeptide was 
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expressed and, we have located the neutralising epitopc defined by I A7 within a linear sequence 
of 16 amino acids at the C terminus (Hall 1992 et al.. Boulter et al., 1994). The C terminal 100 
amino acids was expressed in the eI loop of the Hepatitis core antigen and used in a vaccination 
trial (Boulter et al.. accompanying manuscript). SPAG-2 and SPAG-3 were both identified via 
the neutralising monoclonal antibody 4B 11. A cDNA coding for SPAG-2 has been isolated and 
sequenced. The C terminal 330 amino acids were expressed as a GST fusion protein and used 
in a vaccination trial (Knight, pers. comm. ). 

The present study investigates the extent of allel ic variants of SPAG- I between and within two 
geographically distinct isolates, as well as the ability of expressed recombinant SPAG- I and 
SPAG-2 to bind to specific subpopulations of bovine peripheral blood mononuclear cells. 

RESULTS : 

Previously we had identified three EcoRl fragments of 3.4,4.8 and 6.0 kb released from 
piroplasm DNA that hybridize with the 330 bp insert derived from the original SPAG-1 clone 
Tgt II -SRI (Williamson et al., 1989). These data are confirmed by our current results except 
that the original faint band of 4.8kb in the Ta Hissar stock is no longer present (Fig. 1, lanes I 
and 2). This observation suggests that the multiple bands result from mixtures, of at least, three 
parasite populations. By Southern blot analysis of DNA extracted from 12 macroschizont- 
infected cloned cell lines we observed that each clone contains only one of the three RFLP 
types observed in piroplasm DNA (Fig. I). We conclude that each of the 3 RFLPs behave as 
alternative forms of a single copy gene and thus we adopt the term allele. 

A complete genomic copy of the SPAG-1 gene was sequenced and we defined this the 
3.4kb Ta Hisar allele. as it contains the 3.4-kb EcoRl RFLP seen in Fig. 1, and give it the 
designation of gH3A When compared to the amino acid sequence derived from the published 
cDNA sequence. extensive variation is apparent (Fig. 2) therefore this cDNA is clearly not the 
product of gH3.4 and we designate it as a separate allele. cH. Overall, the two protein sequences 
are 92% identical. with the C terminal half of the molecule being most homologous (residues 
504-907.97% identity). The N terminal segment from residue 1-212 is also highly similar 
(92%). The polymorphism is greater between residues 213-504 and is most extensive between 
amino acid 284 and 369 showing an identity of only 60%. 

To further study the extent of SPAG- I polymorphism we sequenced the most variable 
DNA region corresponding to amino acids 284 to 369 from PCR products using DNA from 
cloned macroschizont infected cell lines as templates. The cell lines used were the same as 
shown in Fig. 1. The comparison of the predicted amino acid sequences along with the same 
regions derived from alleles cH and gH3.4 are shown in Fig. 3a. From this comparison it can 
clearly be seen that there are 4 distinct SPAG- I alleles namely AM (which is identical to cH), 
H3.4 (which is identical to gH3.4), A4.8 and H6.0. Of considerable interest is the observation 
that the 3.4kb RFLP is composed of two distinct sequences. 
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The sequence comparison of the same macroschizont cell line clones across the C terminal 

region also reveals the same pattern of 4 alleles but it is also apparent that this region is highly 

conserved across the 4 alleles (Fig. 3b). Interestingly there is no variation observed in the 

region spanning the 16 amino acids to which the I A7 epitope was located (shown underlined 
in Fig. 3b (Boulter et al., 1994)). a continuous stretch of 7 out of the 16 residues containing the 
I A7 epitope are conserved between SPAG-1 and p67. Since monoclonal antibody I A7 reacts 
weakly with recombinant p67 (Knight 1993), it can be concluded that the epitope is at least 

partly located in these shared residues. 

The definition of constant and variable regions will assume more relevance for sub-unit 

vaccine development once more information about immunodominant structures of SPAG- I is 

accrued. 

Two colour flowcytometry using biotinylated recombinant SPAG-1. SPAG-2 and 
monoclonal antibodies. speci fic for a panel of bovine peripheral blood mononucl ear cells surface 
antigens, was conducted. SPAG- I binds to 76% of CD2 positive cells. 44% of gammaldelta T 

cells, 19% of B cells and 27% of monocytes while SPAG-2 does not bind to T cells nor B cells 
but binds specifically to a subpopulation of monocytes. Therefore SPAG- I binds to a variety of 
cells including T cells which are not readily infected by T annulata . Interestingly SPAG- I 
binds to a subpopulation of B cells and monocytes (targets of T annulato (Spooner et al., 1989)) 

as well as to CD2 positive cells. The CD2 molecule is expressed on T annulata infected cells 
indicating that these cells might also be targets for T annulata infection (Howard et al., 1993). 
SPAG-2 shows a high specificity to monocytes (targets for T annulata infection (Spooner et 
al.. 1989)). Neither SPAG- I nor SPAG-2 in their own rights could explain the specificity found 
in the process of host cell recognition and invasion although the SPAG-2 data is very encouraging. 
it is likely that SPAG-1 and SPAG-2 are involved in this process to some extent but that there 
are other molecules which also interact with the host cell to facilitate the process of recognition 
and invasion. 
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Fig. 1. Southern Blot analysis demonstrating the clonal segregation of the SPAG- I associated 
RFLPs. Genomic DNA was digested with EcoRI and the blot was probed with the SPAG-I 
insertderived fromTgtI I-SRI (Hall ctal.. 1992). Lanes I and2 contain piroplasm DNAextracted 
from Ta Ankara and Ta Hissar stocks respectively. Lanes 3-6 contain DNA of the following 
cell lines: Uninfected BU (lane 3), clone TaA 139-134 (lane 4). clone TaH 46.2 (lane 5), clone 
TaA 139-D6 (lane 6) and clone TaHBL3b (lane 7). The bars mark the sizes of the RFLPs in kb- 
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COMPARISON OF SPAG-1 ALLELES gH 3.4 AND cH 

92% 81% 60% 96% 97% 

OVERALL IDENTITY 92 % 

Fig. 2. Schematic representation of the comparison of SPAG- I protein sequences derived from 
the DNA sequences of alleles gH3.4 and cH. The figures above the blocks represent the % 
identivy over each segment calculated by scoring a gap as one change. The numbers below 
designate the amino acid residues at the boundaries of the sequence block and are based on the 
cH molecule. 
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Figure 3b. 

ig. 3. Comparison of SPAG-I alleles over the most polymorphic region and the constant C 
erminal region. (a) Comparison of the SPAG-I predicted amino acid sequence over the most 
olymotphic region (residues 284-369). The PCR based sequences are derived from the same 
toned macroschizont infected cell lines as shown in Fig. 1. In addition the same region from 
Ileles cH and gH3A is presented for further comparison. (b) As in a except that the comparison 
s between sequences derived from the C terminal constant region (amino acid 806-902). In 
ddition the analogous sequence of the T parva p67 antigen is presented for comparison. The 
6 amino acids containing the I A7 epitope (Boulter et al., 1994) are underlined. All alignments 
re made to the cH sequence and - represents identity, represents a gap and any substitutions 
re shown by the relevant letter. 
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