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Abstract

Theileria annulata is a protozoun parasite of cattle, that causes the disease tropical
theileriosis throughout sub-tropical regions of the Old World. Theileria parasites have the
ability to immortalisc the host leukocyte they infect causing clonal expansion and
dissemination of infceted leukocytes throughout the host. This property has allowed the
devclopment of an in vitro system for the culture of bovine cells infecled by Lhe
mactroschizont stage of the parasite. [n addition, differentiation of the parasite towards the
next life cycle stage, the merozoite, can be induced in culture. The signals that cause the
macroschizont (o differentiate into merozoites ave not fully understood, although it is
known that this event is associated with a major elevation In merozoite gene expression
(Shiels er af., 1994),

Recently a small famuly of parasilte genes that arc negatively regulated carly during
differentiation to thce merozoite were identified. One member, known us TashAdT2
contained predicted A'l' hook DNA binding motils and was shown to be locabsed to the
host cell nucleus. It has been postulated that the TashAT2 polypeptide may play a role in
the regulation of macroschizont or modulation ol host cell gene expression (Swan ef al.,
1999). The focus of this project was to characterise TasiAT/, a second member of the
TushAl gene family. To this end, the TashA7/ gene was sub-cloned and sequenced and
mapped o a region of the genome containing TushAT2 and a third TashAT gene, TashAT3,
The 1.4kb open reading {rame of TashAT/ was virtually identical to the five prime end of
TashAT3, mdicating that TashAT! or TashAT3 (TashATI/3) were derived from a recent
duplication cvent. The predicted amino acid sequence of TashAT7/3 contained four AT
ook motifs, a nuclear localisation signal and a signal scquence.

Northemn blot analysis revealed that TashA'l'l, TashAT2 and TashAT3 mRNA were down
regulated early, during differentiation to the merozoite i vitro. However, no down
rcgulation was observed lor any of the TashAT (ranscripts i a cell line that was severely
attenuated with respect io parasite differentiation. Sequence analysis of the upsiream
regions of TushA1l/3 identified a motif element (TashUM) located 43bp upstream of the
putalive transcription slart site of TashATi/3 that was highly related to a sequence
upstteam of TushAT2 and another, unrelated macroschizonl gene, Tashl. Preliminary
electromobility band shift analysis of TushUM revealed that it bound to a factor found in
host and parasite enriched nuclear extract, which appeared to decrease in abundance as the
parasilc differentiatcd towards merogony.

Antisera generated against 4 region of TashAT! failed to recognisc a TushATT1 polypeptide
hy Western biot analysis. However, a 180kDa polypeplide that was down regulated with
respect to merogony and co-localised o the host nucleus was specifically recognised. The
detected polypeptide was identified as TashAT3 on the basis of size, sequence tdentity and
predicted expression profile. inmunofluorescence analysis showed that the anti-TashAT!
antisera reacted against both the host nucleus and parasite. This reactivity was lost as the
parasite differentiated to the merozoite. The host reactivity was probably due to recognition
of TashAT3, whilc it could not be concluded that the parasite reactivity was directed
against TashATI.

Taken together, the results indicated that TashAT3 and possibly TashAT1 are additional
candidates for parasite encoded factors that are translocated to the host nucleus, bind to
DNA and alter host ccll gene expression. This medulation of gene expression could
directly or indirectly alter the phenotype of the host cell and be invelved in parasite
dependent regulation of leukocyte cell division.
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1. General Introduction

1.1 Introduction

‘I'ropical Theileriosis or Mediterranean Coast Fever is a debilitaling and frequently fatal
discase of callie and Asiatic buffulo caused by Theileria vnmidata, a tick borne, protozoan
parasite. Originally discovered by Dschunkowsky and Luhs (1904, cited by Norval et af.,
1992), Theileria annulata is a member of the apicomplexan phylum, or subphylum in some
classifications, which includes Plasmadium, Toxoplusina, Eimeria and Babesiu {Leving,
1988). so called because all of 1ts members possess an “apical complex™. There are thirty-
four specics ol Theilerie which mainly mfect cattle and ruminants, but are also known (o
ifect camels and horses. The most pathogenic species are Theiferia annulata and 10 a
greater extenl, Theileria parva, the cansalive agent ol Bast Coasl Fever. Both 77 annulata
and 7. parva pose a severe cecononie burden by constraint of livestock produclivity in

countries where these species are endemic.

Since its discovery, the classification of Therleric annuleta has often been changed by
taxonomists because of the initial poor understanding of the intracellular stages of this
parasite. Dschunkowsky and Luhs initially named 7. annulata Piroplusma anaulatunt,
from the pear shaped bodies observed, known as piroplasms, which were similar in general
form to Babesice piroplasms (Norval er «l, 1992). Later clectron micrograph studies by
Friedhoff and Schlotyscek (1968), Buttner (1967, cited by Norval ef af., 1992) and Jarrctt
and Brocklesby (19606} revealed that Theileria spp belonged to the phylum Apicomplexa
beeause they contained some organclles that formed an apical complex. A typical apical
complex consists of a polar ring and rhoptry, but may also include a conoid complex,
subpellicular tubules and micronemes and are formed during the budding process of the
parasite at some stage in its life cycle (Jura ¢z «f., 1983; Shaw and Tilney, 1992; Schein et
al., 1978). Levine (1973) discovered that Theileria contained a rcduced apical complex,
restricted to rhoptries and the polar ring. Piroplasma annulata was placed into the
Theileria genus with the discovery that this organism contained a schizont stage (Wenyon,

1926, cited by Norval et al., 1992),

The similarity between Babesia and Theileria within the sub-phylum Apicomplexa led to
suggestions that Theileria and Babesia were of the same genus. However, Levine (1973)

observed that 7heileric invades leukocytes, where it transforms mto an intracellular
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schizont stage, whereas Babesia exclusively mlects erythrocytes (Mchlhorn and Schein,
1984). Levine (1973) also showed there were structural differences between the apical
complex of the iwo species. Nevertheless, controversy over the speciation of some Babesia
spp remains since two species, namely Babesia microti and Babesia Equi, bolh have a
macroschizont stage in equine and rodent lymphoid cells respectively (Schein ef al., 1981;
Moltmann er @l 1983: Mehlhorn and Schein, 1984). Moreover, neither of these parasites
arc trans-ovarially transmiiled, a common [caturc of Bahesia (Norval e o, 1992). Current
classification of B. microti and B. equi based on PB-tubulin and rRNA analysis have not
resojved this issuc and it is possible that these species could form a new genus. A recent

classification of the Theileria species by [rvin (1987) is described below (see Table 1.1):

Sub Kingdom Protozoa, single cell cukaryotes

Phylum Apicomplexa: apical complex present at least in some slages;
reproduce sexually by syngamy

Class Sporozoea; sporogonic stage producing sporozoites

Sub Class Piroplasmia; piroform, rod shaped or amoeboid; parasites in
erythrocyles and some other cells

Order Piroplasmida; ascxual and sexual reproduction; ticks are vectors.

Family Theileriidae; schizont slages i lymphocyles

Genus Theileria; piroplasm stages in erylhrocyles lacks pigment

Species Theileria annulata

Table 1.1 Classification of Theileria annulata (taken from lrvin, 1987).

Theileria annulaia ts transmitted by the three main species of the xodid tick Hvalomma
(H. anatolicum anatelicim, Il excavatwm and H. detritum). T. aennulata causes the
syndrome known as tropical or Mediterrancan theileriosig; infections oceur in the asiatic
huftalo (Bos tawrus, Bos [ndicus) and the water buffalo (Bubaliy bubalisy but the parasite s
more pathogenic in exotic, taurine cattle (Ullenberg, 1981; Robinson, 1982). Five other
species of Theileria infect cattle, morecover, there arc many more Theileria spp that infeet
bovines and bovids (reviewed by Mehlhorn and Schein, 1984). Theileria parve is Ui most
pathogeme of the Theileria spp and is transmitted by ticks of the genus Rhipicephalus. T.
parva causcs Bast Coast Fever (ECF) and infeets the Cape buffalo, Waterbuck, Asialic
buffalo and cattle, but is particularly pathogenic to the latter (Maloo er af., 2001; Lawrence
et al., 1983; Stagg et al, 1983). Also of significance is Theileria sergenti, the major
infective Theileria spp of caltle in East Asia, although this spccics usually causcs milder
infections than 7. parva and 7. annulata. The remaining three, less pathogenic or benign
theileria spp ave Theileria mutans (Young et al., 1977); Theileria taurotragi and Theileria
velifera (Reviewed by Uilenberg, 1981), which exist mainly in Africa. However, the focus

of this study will be on 7. anmudata, with other Theileria specics mentioned as appropriate.
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1.2 Distribution and Economic Impact of Theileria

annulata

Theileria annuiata s disiribuled across the tropical and subtropical climatic zones of the
old world {(sec Fig. 1.1}. In the west it occurs in Portugal, Spain and Morocco and the range
extends easlwards along thc Mediterranean coasts of Europe and North Africa. This
parasite is also fonnd in South-East Curope, and is spread across the near East, middie East,

southern Russia . Siberia, India, China and the Far East (reviewed by Robinson, 1982).

The distinbution and scasonal occuirence ol tropical theileriosis s closely related to the
distribution ol the transnutlng ffvalonima veclor and ils life cycle (reviewed by Robinson,
1982). These ficks undergo a 2-host cycle, whereby the nymph and larvae may feed on the
first host and the adult on a second host, or a 3-host cycle, where all three stages leed on a
fresh host. Studics by Flach and Ouhelli (1992} have shown that in Morocco, disease
transmission occurs entirely by ticks feeding on cattle in the summer; in the winter months
the parasite maintains itself as piroplasms in cattle or as zygoles in overwintered ticks.
Fuwther mfection of cattle then occurs whe infeeted nymphs develop into adults and feed
on the cattle in the spring Flach and Quhelli (1992). Pipano {1989b) also showed that
sporadic cases occur throughout the year in Isracl and North Alvica. Hyalomma ticks hide
in catile barns wherc they feed and develop on cattle (Pipano, [976): the warm and humid
conditions have been shown to Increase infectivity (Samish, 1977). However, extremes of
temperature have a detrimental effect on the development and infeclivity of 7% parve and
Babesia and is likely to alfect I annulara in a similar manner (Fricdhoff, 1988; Lewis,
1950; Lewis and Fotheringham, 1941; Young and Leiteh, 1981). This may explain why this
disease 1s hmited o the tropical and sub-tropical zones (Robinson, [982). Alternatively,
the geographical distribution of this disease may be linked to tick survival since the related
Babesiu species Is found in Northern Europe (Homer ef «f., 2000). Other factors which
influence infectivity rates are male to female tick ratio, as females have more “e” type
salivary cells than males, which are targeted by Theileria kinetes (Young et af., 1980).
Finally, the susceptibility of catile breeds to the disease is a major factor in the spread of
tropical theileriosis. In Africa, farming practices have increascd the distribution of the
disease, by the introduction of exotic, non resistant cattle breeds to endemic areas while
limiting calf cxposurc to ticks, thercby preveating the development of resistance to
subsequent parasite challenge (Robinson, 1982; Fivaz er af., 1989; Jahnke, 1982, cited by
Norval ef al., 1992).
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The true economiic impact ol discase caused by 7. annuluia is difficult {o assess but it has
been estimated that approximately 200-250 million cattle are at risk from tropical
theileriosis, mainly in developing countries (Dyer and Tait, 1987). However, the number of
caltle that have been infected by 7. annulara is probably underestimated, due o lack of
accurate data (Dyer and Tait, 1987). Affected cattle suffer from lymph node hyperplasia,
anaemia and death while chronic diseasc generates weight loss, infertility and low milk
yields. ‘The disease thus resulis in reduced productivity, which poscs a scvere economic
constraint in developing countries where cattle are an important source of nutrition,
fertiliser and tractive power. In addition tropical theileriosis halts the introduction of high
milk yield livestock, particularly in crossbreed, exotic or imported taurine breeds where
mortality rates are between 40-60%, hindering the improvement of local breeds (Brown,
1990). By conlrast, the indigenous fow milk yiekl caule have a mortality rate of
approximately 5%, and these cases arc mainly restricted 1o calves (reviewed by Diyer and
Tait, 1987). In India, where crossbreeding programmes have been established to incrcasc
milk produclivity these losses were estimated to be ULSF800 million or 10% of the gross

national product (Brown, 1990; Devandra, 1993).
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1.3 The Life cycle of Theileria

Theileria ammulata, like other protozoan parasites, has evolved a life cycle that imvolves
differentiation through a number of different life cycle formns that occur either in the bovine
host or the tick veclor. Differentiation enubles parasites to enter, survive and reproduce
within the host ccll and is fundamental to the long-term maintenance of the parasite
populations and their transmission. During the life cycle of T wnmmulara (Fig. 1.2), the
parasite undergoes sexual reproduction within the tick gut, and travels o the tick salivary
glands, where its undergoes asexual reproduction, known as sparogony. In the bovine hosi,
two lurther stages of asexual reproduction occur in the white blood cells and are known as
schizogony and merogony. Liberated merozoifes invade crythroeyics resulting in the
production of piroplasms. Infected crythrocyles are laken up by {ceding ticks, thus
completing the life cycle of the parasite in the bovine., The individual stages of the lifc

cyele of 7. amimrileria are described in move detail below.
1.3.1 Bovine Host

In the bovine, the developmental cycle of 70 gnnudata is inttiated when, an adult tick
(usually) takes its first bloodmeal and inoculales sporozoites derived from the salivary
glands into the bloodstrcam of the host. Shaw ef ¢f.. (1991) reported that sporozoitcs were
ovoid shaped, approximately 0.9um long and 0.8pum wide, and surrounded by a unit
membrane, which enclosed an apical complex consisting of several rhoptries and a polar
ring. Micronemes, conlaning enzymes were also observed in sporozoites. fm vitro
experiments demonstrated that 7. annulata sporozoites target Major Histocompatibility
complex (MHC) class II positive cells such as monhocvtes, macrophages ot cells of a B type
lincage (Glass et af., 1989; Spooncr ei «f., 1989; Campbell er al., 1994, Forsyth ef «l.,
1997, 1999). However, there was less evidence of B cell infection iaz vive as certain B cell
markers were lost upon infection with 7. annulata (Baldwin et «l., 1988). By conlrast 7.

parve infects MIIC 1 positive o/ T cells (Baldwin et «l., 1988; Morrison ¢t al., 1996).

Sporozoites contact and penetrate the monocyte in as little as 5 minutes, but usually within
1S minutes, post infection, and infect on average between 10 and 20 % of lymphocytes:
within a 60 minute interval, up to 15 sporozoites could infect each lymphocyte by in vitro
studies (Jura er al, 1983; Shaw ef el, 1991). Two subpopulations of spororoites were
found that werc internalised by receptor mediated endocytosis either at the basal end or

evenly distributed around the Iymphocyte (Jura et al., 1983). Curiously, Jura et «l. (1983)
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found thal 7. anmdaia sporozoites do not attach to the host cell membrane by their apical
complex, unlike other apicomplexans such as Plasmodium, Toxoplasma, Sarcocystis and
Eimeria (Mehlhom and Schein, 1984). In addition, /n witro studies with 7. parva
sporozoites showed that attachment involved the progressive binding of ligands on the
parasite fo receptors on the host plasma membrane to form a close attachment. This
“zippering” action continues until the entire sporozoite is enclosed and internalised by the
host plasma membrane (Fawcetl ef af., 1984; Jura ¢f al., 1983). Sporozoite enlry was found
to be passive, supported by the fact that internalisation can occur at 2°C {(Fawcell ef al.,
1986) and the host cell fails to develop pseudopodia (Fawcett ef al., 1984). In the case of T
paiva, sporozoite internalisation has been shown to be mediated by MHC class | receplors
on the host cell surface (Shaw ef al, 1995), however, 1t is not known if the same

mechanism applies to 7. annulaia sporozaites.

Within thirly micutes, the sporozoites undergo dedifferentiation: the mieronemes and
rhoptries discharge their contents, a 10-15nm thick “fuzzy™ layer appears on the sporozoite
surfacc and the host cell membrane is dissolved. In contrast to Plasmodium and
Toxoplasma, the use of the apicomplex to destroy the host cell membrane alter
internalisation means that Theileria is not encapsulated inside a parasitophorous vacuole
(Mehlhom and Schein, 1984). Thus, host lysozymes are unable to fuse with the vacuol
membrane and discharge their contents, so enabling the parasile to escape destruction 1u
this way (Fawcett ef «l, 1984). The final invasive sieps involve the {ormation of an
orderly, hammock-like network of host cell derived microtubules around the outer layer of
the former, dissolved host membranc that previously surrounded the sporozoite. (Shaw er
al., 1991; Fawcell ef al., 1982; Jura et «l, 1983; Williams and Dobbelacre, 1993).
Expcriments by Shaw ef af. {1991) revealed that events subsequent to the entry of the
sporozoite into the host cell are energy dependent, requiring the participation of live

sporozoites and host cells.

Once the sporozoite has successfully established in the host, it transforms into a transitory
uninueleate, motle growing stage known as the trophiozoite within the next two hours (Jura
et al., 1983). Within three hours some parasites have developed a cylosome and by 18-24
hours, bundles of intranuclear, microtubules and spindic pole bodies have appeared,
forming an acentric microtubular spindle. Soon after, binary fission occurs ta form a
binucleate schizont, the first asexual multiplicalion to occur i the bovine host. By 72
hours the trophozoite has grown to 2um in diameter and undergone more nuclear divisions

to form a multinucleate schizont or macroschizont (Irvin ef al., 1982; Jura et al., 1983;
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Fawcell ef af., 1982, 1984). Multiple infection by sporozoites results in the development of

multiple macroschizonts, but these cells die out carly (Stagg ef af., 1981).

Shaw and Tilncy {1992) cbscrved that the average multinucleale macroschizont contains
15-20 nuclet within its syncitium and is separated from the host cytoplasm by a cell
membrane. The nuclei were surrounded by a puclcar membrane with peores slightly smaller
than the nuclear pores of the hosl. Very lew organelles were visible in the macroschizont
other than numerous, frec ribosomes and somc polysomes, randomly scattered
mitochondria and some membrane bound vesicles. The smooth and rough endoplasmic
reticulum and golyi apparatus appeared to be absent in the schizont cytoplasm by electron
microscopy (Shaw and Tilncy, 1992). The ribosomes obscrved in the sehizont were smaller
than those of the host although during the onscl of merogony, both host and parasite
ribosomes were comparable in size. Shaw and Tilney (1992) had postulated that the
ribosomes of the schizont may not be fully assembled and, 1t so, the parasitc may be

dependent on the host for all its metabolic and synthelic requirements,

Amongst the apicomplexan parasites, Thefleria macroschizonls have Lhe unique ability to
transform the host cell, inducing lymphoblastogenesis and clonal expansion of mfected
cells. Experiments have shown this process 1s reversible by treating infected cells with the
anti-theileriacidal drug, buparvagquone, demonstrating that the parasite is responsible for
this transformation (Dobbclacre ef ¢/., 1988). Studies by ‘I'sur and Adler (1963) and Brown
et al., (1973) showed that Theileria infecled cells can be cultured in vitro indefinitely. Once
transformed, the cell becomes enlaru'ged with cytoplasm and the growing macroschizont
begins nuclear division, Host cell division occurs at rapid, regular intervals resulting in up
to a 10 fold increase in infected cells over a period of three days or less in vivo (Jarrell ef
al., 1909; Radley er @i, 1974; Irvin e al., 1982). During the early stages ol infection and
within infected cultured cells, the schizonts have been shown to divide in synchrony with
host cell division in vitro due to the foreshortened or absent G; phase of the parasite
(Hulliger et al, 1964; lrvin et af., 1982). Studies by Hulliger et al. (1964), Stagg er al.
(1980), Vickerman and Irvin (1981) confirmed that synchronous host and parasite cellular
division was achieved by the macroschizont attaching to the host mitotic spindle apparatus
in prophase and metaphasc. After host division, each daughter cell receives at least one
schizont (Dyer and Tait, 1987) and recent studies by Kinnaird ef al. (1996, 2001) have
identified two cyclin dependent kinase genes TaCRK2 and TaCRK3 in 7. annulata and T.

parva that are likely to play a central role in all stages of parasite nuclear division.
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In vivo, the macroschizont continues to enlarge {up (o 6-10um in diameter) withm the host
cell until some undefined signal begins the process of merozoite formation which occurs in
a proportion of cells as observed by Shaw and Tilney, (1992), shown in Fig. 1.3. Here, the
enlarged macroschizont differentiates into a transitory form known as a microschizont, -
10 days post infection. During this process, several ultrastructural changes were detected:
these included an extensive elaboration of the nuclear envelope and the formation of an
cxternal coat on the surface of the schizont plasma membrane, that persists to cover the
maturc merozoite. Olher observed features are the reappearance of the rough and smooth
endoplasmic reticulum and golgi apparatus, the micronemes also become visible and the
free mitochondna start (o ussoctate with cach schizont nuelel (Fig. 1.3A, stage 2). lnitially.
the DNA becomes condensed in the schizont nuclet, which are artanged at the pertphery, so
that the schizont becomes rosette shaped (Fig, 1.3A, stages 2 and 3) . A polar ring and
rhoptrics, thought to play a role in nuclcar division, form in small clusters at the apical polc
of the schizont nuclct and the nucleus becomes attached to the schizont plasma membrancs
(Fig. 1.3A, stage 3). Beneath the outer plasma membrane of the schizont, tubular structures
emerge and connect the rhoptries and the nuclear envelope with the tnner schizont plasma
membrane in a inwardly projecting peg-like structure (Fig.1.3A and B, stage 4). These
structures are {hought to be implicated in merozoite budding. Soon after, merozoites bud
synchronously from the syncytial schizont, and are liberated by the breakdown of the host
cell plasia membrane (Fig. 1.3A: stages 5 and 6). 1t is nol known whether this breakdown
1s due to a specific parasite lnduced lysis or is a physical disruption causced by the large

numiber of merozoites within the host cell (Shaw and Tilney, 1992).

The merozoites released from the schizont as described by Shaw and Tilney (1992) are
pear shaped bodies of approximately 1-2pm in length and 0.6um in diameter; consisting of
onc ceeentric nueleus, approximately 3 to 0 rhoptries, | or 2 mitochondria, microspheres
and free ribosomes contained in the cytoplasm. Theiferia merozoites lack a fully formed
apical complex, in which a conoid or similar apical structure Js absent. Upon release into
the bloodstrearn, merozoites quickly infect the host crythrocytes. (Shaw and Tilncy, 1992;
Shaw et al. 1995) found the mechanism of entry by the merozoites into the crythrocytes
was similar to sporozoile invasion of the lymphocytes. Merozeites entered the erythrocyte
in any orientation by forming a continual close junction after imitial attachment to the
erythrocyte surface. This 1s followed by the progressive “zippering”™ of the (wo membranes
until the merozoite is completely internalised by endocytosis; a process which has been
postutated to occur by receptor mediated endocytosis as in Plasmodivim spp. (Kawamoto et

al.,1990). The encapsulated merozoite escapes from the swrrounding erythrocyte plasma
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membrane by discharging the contents of the rhoptnes.

The Theiferia parasitc, now known as a piroplasm lies [ree within the erythrocyte
cyfoplasm but is not attached to host microtubules, uniike the schizont stage. The
piroplasms are variable in size and may be spherical or corama shaped. The different forms
and sizes occur with different frequencies across the Theileria penera. In 7. annulaia both
forms occur in approximately equal frequencies, with the comma shaped lorms reaching up
o 2.5um in size. However, in 7. parva, 80% of piroplasms are comma shaped and are
typically 1.0-1.5pm in size. The comma-shaped forms have a simple cell membrane, a
small mount of cndoplasmic reticulum and are characterised by a double walled vacuole
and an ovoid shaped nucleus al opposile poles. The spherical forms are bounded by a
single cell membrane and contain mitochondria-like organelles. Dilferences hetween
Theileria and olhey rclated apicomplexan itraerythroeytic forms have been deseribed. For
example, it is thought that the metabolic processes of Thelleria spp are different to that of
Plausmodinm, as no pigmented restdual bodies are seen when 7Theileria piroplasms feed on
the crythrocytic cytoplasm. In certain Yheileria spp the host cytoplasm s crystallised, a
process thought o be due to partial digestion of haemoglobin (Young et af., 1978; vun

Vostenbosch et «f.. 1978; Fawcett er «f., 1987).

There is disagrecment on how piroplasms divide: Mchlhorn and Schein (1984) claim that
comma-shaped piroplasms never divide by schizogony but by binary division. By contrast,
Conrad er al. (1985, 1986) and Fawcett er af. (1987) clatim that division occurs by
schizogony from the spherical lo a maltesc-cross [orm, Tt was postulated that the spherical
forms could be precursors of gametes (Mehlhorn and Schein, 1984). The production of
intra-erythrocytic merozoites, which arc identical to those released from the schizont stage
{(Conrad et af., 1985) lcads to the destruction of the host ccll. There is uncertainty whether
intra-erythrocylic tnerozoites from 7. parva re-infect erythrocytes, but this is thought to
happen in other Theileria spp (Courad er al, 1985). Transmission of the parasite from
bovine host lo invertebrate vector occurs when piroplasms in the bloodstream and infected
crythrocytes are taken up by feeding Avalomma ticks. In analogy to both Plasmodium and
Babesia it is likely that the infective form for the tick vector are the intra-erythrocytic

gametocytes (Mcehlhorn and Schein, 1984).
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1.3.2 The Invertebrate vector

Ingestion of parasitised crythrocytes by ticks of the Hyafomma species usually occur at the
larval and nymph stages on the first host before cngorging on a second host in the adult
stage (2 -host cycle), alternatively they may feed on a [resh host at all three stages (3-host
cycle), Following ingestion, lysis of the infecled erythrocytes occurs in the tick gut. Some
of the free piroplasm “gametocytes” proceed to the sexual stages of development and soen
develop ray bodies or “strablenkorper™ twoe to [our days post feeding by electron
micrograph studies where they were thought to be part of the scxual phasc of the Hle cycle
of Theileria spp. (Mchlhorn and Schein, 1976). Ray bodies are 8-12 pm in length and 0.8p
m in diameter, with thin twbular projections, an electron dense thorn-like structure and a
slender posterior pole bound by a unit membranc (Mchlhorn and Schein, 1984). They ave
formed from the developing avoid or spherical intra-crythrocyhic stages and ure considered
to be microgametes becausc after the fifth day aflter tick feeding, the ray bodies contain four
niuclel and thorn-tike structures, which cventually lead to the formation of a uninucleated
gamele stage, Within the tick gut, larger spherical stages of 4-Sum are also observed: these

are the macrogametes (Mehlhorn and Sclicin, 1984; Young er «/l., 1980).

After six days or less, depending on the temperature, the gametes undergo syngamy,
ultimately forming a spherical, diploid zygote and enter the gut epithelium where they grow
in clusters (Young and Leitch, 1981). The zygote is not enclosed in a parasitophorous
vacuole and it 1s likely that the zygotes enter the gul epithelinm through receptor-mediated
endocytosis {Walker, 1990; Mehlhorn and Schein, 1984). Liventually a motile, kinete
conlaining an apical complex develops from the zygote that is sinrounded by an inner
pellicular complex apart from the apical pole, where it forms a modified apical ring
{Mchlhorix and Schein, 1984). The liberation of kinctcs appears to be synchronous and may
be linked to the moulting stage of the developing tick {Young et al, 1980). Once the tick
has formed salivary glands, the kinetes travel to the salivary glands via the haemolymph
where they undergo sporogony, stimulated by tick feeding (Bhattacharyulu er af., 1975;
Singh er al., 1979; Samish and Pipano; 1978). The developing parasile differentiates into a
sporont thal becomes multinucleate, the micronemces disappear, while vacuoles and
mitochondria mcrease in number during sporogony (Fawcetl ef al., 1982, Fawcett et al.,
1985). The cytoplasmic and nuclear volume of the sporont grows when the tick feeds,
aided by labyrinth structures to increase the surface area of the syncylium, now known as a
sporoblast (IFawcell er af., 1982, 1985; Young ef al, 1983). Three or four days after tick

attaclhunent to the bovine, sporozoitcs are released from the sporoblast into the feeding
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lesion they associate with their target cells of the blood and lymphatic systems (Fawcclt ef

al., 1985; Walker, 1990), completing the life cycle of Theileria.
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Fig. 1.3: Diagrammatic seummary of the stages involved in merozoite
formation. A: Stages (1-6) of merogony. B: detail of budding merozoite
from stage 4 (pancl A), where R: Rhoptry complex; Mito: mitochondrion;
and N: nucleus (obtained from Shaw and Tilney, 1992).
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1.4 Pathogenesis of Tropical Theileriosis

The pathology of tropical Iheileriosis is variable within different bovine species, and is
parlicnlarly severe in exotic cattle breeds (reviewed by Robinson, 1982). Mortality ratcs
vary from 90% il introduced exotic breeds to 5% in indigenous breeds (Neitz, 1957, cited
by Dyer and Tait, 1987; Rafvi et al, 1965). However, the severity of the discasc 1s also
directly proportional to the number of sporozoites injected into the host by the tick and the
virulence of the parasitic stock (Uilenberg, 1981; Preston ef «f., 1992a). The discasc allcets
the fymphoid tissue and (e crythrocytes of the host, caused by the inwacellutar schizont
and the intracrythrocylic piroplasm stages, respectively. Subsequent to tick inoculation of
sporovoites, the lymph nodes swell, draining the site of lick attachment and become large
and hyperplastic (Srivastava and Sharma, [981). Schizont infected cells are then
disseminated throughout the lvmphotd system, including the spleen and thymus forming
tumour like masses (Forsvth et al., 1999; Fell e ol 1990). By day 7, schizont infecied
cells have spread to the non-tvimphoid tissue such as the liver, kidneys, lung, abomasum,
adrenal and pituitary glands, {inally reaching the brain and heart by day 12 and day 14,
respectively, post infection (Forsyth et af., 1999, Fell et al.. 1990). During the early stages
of infection, the animal suffers from a persistent fever of 41°C until death or recovery. The
lale stages of the disease are accompanied by merozoites and piroplasm infected cells,
which are removed by the liver and spleen, causing the scevere hacmolytic anaciia often
observed in scvere cascs of tropical thederiosis (Hooshunand-Rad, 1976; Uilenberg, 1981;
Barnctt, 1977}, The animal may alse suffer oedema ol the lungs at the terminal stages,
causing scvere respiratory distress (Neitz, 1957). Preston et «f. (1992b) has also reporied
rapid and severe leucopenia accompanied by lymphocytopenia. Other symptoms include,
malais¢ and dyspenea, jaundice, anorexia, diarrhoea often accompanied by blood and
mucus, swelling of the cvelids and discharge from the cyes and nose. In scvere cascs
ulceration of the abomasum is observed by post-mortcm cxamination (Robinson, [982;
Grootenhuis er af., 1980; Barnett, 1977). T ucute cases death usually occurs within 20 days
post infection, although in some cases pre-acute episodes may lead to death within 3-4 days
(Barnett, 1977; Robinson, 1982). Cattle that survive recover eventually, but in severe cases,
recovery is often incomplete and the animal remains debilitated, anorexic and

unproductive. These cattle remain as carricts of piroplasms ({rvin and Morrison, 1987).

Hall and co-workers (Bayhis ef «f, 1992, 1995; Somerville e/ al., 1998a) discovered that

matrix metalloproteases (MMPs) are expressed in 7. annufata infected cells in vitro and in
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vivo and may play a role in metastasis of the lymphoid cells, leading (0 diseuse symptoms
such as ulceration of the abomasum and digestion of conneclive tissue, [However, recent
studies have challenged the view that the clinical symptoms from an infection with 7.
annulata are primarily the result of uncontrolled proliferation of schizont infected
lymphoid cctls, in a similar fashion to 7. parva (Horsyth er ¢f., 1999). Further studies show
that ex-vive 1. annulare infected macrophage cells predominantly, produce a number of
cylokines in a cascade including tumowr necrosis factor alpha (TNF-o} and interferon
alpha-1 (1IFN-o) that trigger nitric oxide producing natural killer cells and macrophages
(Preston ef af., 1999). TNF-« was found to be activated by MMPs (Adamson and Hall,
1996), and when administered to cattle, produced similar symptoms to those ol a 7.
annwlata mlection, such as high fever, leucopenia, loss ol weight and condition (Beutler
and Cerami, 19806; Ulich er af., 1987). TNF-a is also known to suppress red blood cell
production, contributing to anaemia. Nitric oxide is thought to canse pathological lesions
(Visser ef «l., 1995). Thus, it is now thought hat tropical theileriosis is caused by
multiplying, metastasising schizont infected cells (Forsyth e af., 1999} which produce
cylokines that contribute to dissemination of the parasite and the clinical symploms of the

diseasc. (Torsyth ef af., 1999; Preston ef ¢l., 1999).
1.5 Diagnosis

Tropical theileriosis can be detected by the clinical symptoms of infccied bovines and by
Giemnsa stained blood smcars, which detect the mucroschizont and piroplasm stages. The
Indirect Fluorescence Anlibody Tesl (IFAT) utilised specilic antibodies generated against
Theilerta and has been used o distingwish different Theilerie spp (Burridge, 1971;
Morzaria et al., 1977; Buridge and Kimber, 1972, cited by Young and Leitch, 1981).
IFAT, using monoclonal antibodies can also be used to identify population diversity within
a species and a range of monoclonal antibodies raised against the macroschizont stage have
also been used for this purposc (Shiels ef af., 1986; Ben-Miled er af., 1994), However this

technique is labour intensive and inconvenient for mass screening.

A more convenient and sensitive test is the enzyme linked immunosorbent assay (ELISA)
developed by Voller et af, (1976) to detect antibodies ta Theileria infection. ELISA tests
have shown that piroplasm and schizont antigens could be used to detect 7. annuluia
spectlic antibodics (Manuja et al., 2000). Gubbels ef al. (2000) developed an ELISA iest

based on rccombinant antigens derived from two Tams-1 alleles that allowed the specific
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detection of 7 annwlata and not any other Theileria ov Babesia species, aside {rom T

parva which is geographically distinct [rom 7. ansulata.

DNA based techrigues have also been used both in the diagnosis of clinical cases and to
discriminate different Theileria spp and stocks. Polymerase Cham Reaction (PCR) based
techniques  have been successfufly used to detect parasite TINA sequences at low
concentrations in infected and carrier animals. For example, PCR techniques specifically
detect the 7. annulaia gene encoding the major merozoite surlace antigen, Zwms-/, from
inlected catlle blood (d"Qliviera et «l., 1995; Kirvar ef «/., 2000) and in vector ticks (Kirvar
et al.. 2000). Gubbels ef ¢l (1999) uscd reverse hine blotting (RLB) o simultanecusly
detect different species of bovine tick borne purasites from Babesia and Theileria
infected and camrier bovines. Meanwhile, DNA probes based on the large sub-unit
ribosomal RNA (LSU rRNA) revealed a variable region which could diseriminate two
closely related Thetleria specics (Bishop ef al., 1995). Ben-Miled er af. (1994} has been
able to distinguish five variants from 33 different Tunisian stocks of 1. annulate, using lwo

DNA probes.
1.6 Bovine Immune Response to T. annulata infection

Each stage of the 7. annulata lifc cycle presents the bovine immunc system with new
antigens, (o which the host responds by celi-mediated and/or humoral responses. which are
both thought lo play important roles in protection against tropical theileriosis. These
respotises llave been reviewed extensively (Brown, 1990; Tait and Hall, 1990; Hall, 1988;

Campbell and Spooner, 1999, Preston er al., 1999).
1.6.1 Humoral Response

When sporozoites are introduced into the bovine host, they arc briefly exposed to the
immune system, before invading the lymphocytes, so the sporozoite is the most likely stage
to be targeted by protective antibodies. The first indication that antibodies were generated
against 7. anaulata sporozoites came from studies by Gray und Brown (1981). This work
showed that sera taken from unimals previously infected with 7. annulata sporozoites
could neutralise sporozoite infeclivity of pertpheral blood mononuclear cells (PBMs) in
vitro. Yurther evidence that antibodies were responsible for neutralising sporozoite
invasion of PBMs was produced when monoclonal antibodies, such as 1A7 blocked

sporozoite invasion successfully. Moreover, IFAT tests with sporozoites, but not
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macroschizonts and piroplasms using mAB 1A7 were also positive (Williamson, 1988;
Williamson et al., 1989). In the bovine, it appears that diseasc severity is correlaled with
sporozoite dose as repeated challenge with live sporozoiles increased the peutralising
activity {Preston er «l., 1992a). This would support the postulation that viable sporozoites
are bricfly cxposed to the immune system and repeated exposwe would enhance the
humoral response. Preston and Brown (1985} suggested that antibodies derived from calf
serum infected with 7. cimulata could retard the growth of PBMs infccted with
tropbozoites. However, these findings have been revised and 1l has now been shown Lhal a
number ol cytokines arc likely to be responsible for growth inhibition of trophozoile
infected cells by infeeted call sernm (Preston er «f., 1992b). The discovery that mAB 1A7,
which recognises the sporozoile surface antigen (SPAG-1) could inhibit sporozoite
invasion has given rise (o a potential sub-unit vaccine. Indecd, a partial protective responsc
has been achicved in catile inoculated with rccombinant SPAG-1 antigen and with its
orthologues, p67, in 7. parva (Boulter et al., 1995, 1998; Boulter and Hall, 1999; Musoke,
1992).

Studies have shown thal protective immunity against the intraccllular macroschizont is
cell-mediated, and that this response is a major coutribution to the pathology of the disease
(reviewed by Tait and Hall, 1990). Antibodies to the schizont stage are detected in 7. parve
and 7. annulata infected animals (Wagner er af., 1974; Kachani and Spooner, 1992), but
these antibodics are not thought to contribute to protective immunity. Thus in the study of
Creemers {1982), sera of infected and recovered cattle did not recognise cell membrane
antigens of 7 .parva infected cell lines, nor was there evidence of antibodies directed
against parasite specific antigens on the surface ol infected cells. These results appear to be
supported by Pipano ez al. (1981}, who found that antibodies from recovering ammals were
directed against the parasite and not the macroschizonl infected cell. Furthermore, no
correlation was found between antibody titre and the degree of protection in this study.
Similarly, sera of infected bovines did not illicit a positive response to the surface of 7.
annulata nfected cells by IFAT (Shiels ef af., 1989) and serum transfer studies from
immune Lo naive caltle did not atford protective inumunity in the recipients (Muhammed et

al., 1973).

The merozoite stage of the life cycle, like the sporozoile stage 1s extracellular and could
therefore be a target for a protective humoral response. Certainly, piroplasm and merozorte
specific antibodies were delecled in recovering cattle (Ahmed ef «l., 1988). Studies on

differentiating macroschizont infected cells showed that there was a shift iz the antigen
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profile from macroschizont to the merozoile/piroplusm, whercby some macroschizont
antigeus disappeared while other merozoite antigens showed significant upregulated
production following the differentiation event (Cilascodine et al., 1990). One such antigen
was a surface polypeptide,Tams-1, for which there were initially two antigenic types
described: Tams-1 and Tams-2, with molecular weights of 30kDa and 32kDa, respectively
(Glascodine er «f., 1990; Dickson and Shiels, 1993). This antigen was shown 1o be
recognised by infected cattle sera and by a movoclonal antibody, mAb 5T, and was
located to the surface of merozoiles and prroplasms (Glascodie ef «f., 1990). Intcrestingly,
this molecule has bean shown to be polymorphic within different stocks of 7. annudata and
the predicted amino acid scquences of different allelic types consist of divergent N-linked
glycosylation sites that could play a role in evasion of the humoral immunc responsc
{Shiels er al., 1995; Kawzer er «f., 1998). Ahmed ef af. (1988) has also shown that cattle
immune scra specifically opsonisc [{ree merozoites and that complement induced lysis of
merozoiles can also occur. Therelfore, merozoites may be targeted directly by the host
antibodies. Richardson e af. (1998) and Preston ef af. (1999) have postulaled that nitric
oxide produced by macrophages in response fo schizoni inlection may also be responsible
for merozoite destruction. In contrast, studics on piroplasms revealed that that Lumune sera
from cattle did not recognise antigens on the surface of crythrocytes ([lall, 1988). it can be
postulated that there 18 no specific protective humoral response 1o the piroplasm i the
bovine, probably because this stage of the parasite is intracellular and proliferation and re-

uvasion ol erythrocytes by the parasite occurs at a low level (Persing and Conrad, 1995).

1.6.2 Cell Mediated Response

Previous studics (Pipano ef af..1981; Dhar and Gautam,1978; Creemers,1982; Imery,
1981; Emery ef o, 1981, 1982) had all concluded that the humoral response was not the
primary mechanism mvolved in protective immunity to 7. ansulata and 7. parva infection.
Tt is now believed that cell mediated immunity plays the major role in protection and in
pathology, in particular cytotoxic T-cclls, natural killer cells, helper T-cells and
macrophages. One of the first findings of a cell mediated response to Theileria infection
occurred when Emery (1981) transferred T-lymphocytes of the thoracic duct from a calf
immunised against 7. parva to its naive chimeric twin, resulting in protective immunity to
the recipienf. Direct evidence of cell mediated immunity was generaled by Emery et al
(1981), who found that cytotoxic cells capable of killing allogeneic infected lymphocytes
were present in the peripheral blood of infected cattle at the latter stages of mfection. Other

studies proposed that the immune response to 7. anaulaia infection appeared to be similar.
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Preston er al. (1983) showed the recovery from iropical theileriosis was accompanicd by
the disappearancc of macrophages from the lymph nodces and the appearance of cytotoxic
cells in the blood and lymphatic system. By contrast, in acule, fatal cases, no cytotoxic cells

were found, suggesting that the cytotoxic T cells involved had a protective role.

Data showed that the PBMs of naive cattle infected with 7 annulaia showed cytotoxic
aclivity in two peaks: the cells of the first peak occwred one to two weeks post infection
and were bovine leukocyte anligen (BoLA) (MHC class 1) restricted, similar te cytotoxic T-
cells. The second peak occurred three to four weeks post infection and did not show
genetic restriction in all animals (Preston et af., 1983). The presence of cylotoxic celis m
the blood was concomitant with the disappearance of schizont infected cells. This study
also indicated that these cytotoxic responses were protective as they were always associated
with recovering cattle and almost never present in calves that died as a resull of the disecasc.,
Similar results were also obtained in a tater study by Chaudhri and Subramanian (1992)
who found that cattle which recovered from a inoculation with a virulent Fheileria stock of
sporozoites responded with a single wave of cytotoxic cells, that had the ability to kill
autologous schizont infected cells. Calves thal did notl survive, showed a weak cytotoxic

responsc or none at all.

[nnes ez al (1989} demonstrated that different T cell responscs were elicited depending on
whelther the animal was infected with autologous or allogoneic infected celis. Here, cattle
inoculated with allogeneic T. anmulata infecied cells only showed mild clintcal symptoms,
whereas animals infected with autologous infeeted cclls had severe symplons. ‘The animals
infected with the allogencic infeeted cell line developed a strong cytotoxic response Lo the
allogeneic MHC antigens of the inoculated cell line by day 9. A second response was
directed against the recipients own parasite infeoted cells afler three weeks. However, the
autologous group showed lillle cyloloxic response thal was only MHC restricted after
nearly three weeks. Bolth groups showed Bol A resiricted and non-restricted responses
against parasile antigens. When challenged with a heterologous sporozoite stock, both
groups of catile were immune and developed a cyloloxic response. This suggests that MHC
molecules are important in sliciting proteclive cell mediated immunity to different parasite

types.

The non-BoLA restricted responses obscrved by Inncs e al. (1989) and Preston et of.
(1993) were thought to be natural killer (NK) cells, which have been implicated in other

protozoan infections. In sublethal infections, NK cells have been shown to produce a
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number of cytokines that produce a synevgistic cascade that leads to the activation of NK
cells and macrophages to combat the infection (Preston ¢ af., 1993, 1999). NK cells trigger
the relcase of eytokines such as IFN v, to stimulate macrophages that i turn produce TNF-
o and [FN-ci. This in turn, stimulates NK cells and induces production of nitric oxide {NQO)
by macrophages which destroy schizont-infected cells (Preston ef al., 1993; 1999; Visser e/
al., 1995; Richardson et «f., 1998). The adaptive immune system is also triggered by
schizont infected cells and is thought 1o play a co-opcrative role by activaling macrophage
anti-microbial activity, via CD4 " cclls and generating cytotoxic CD8 T cells (Preston e
al., 1999). In fatally infected cattle, it is thought that cxcessive amounts of TNF-¢, which
could account for most of the disease symptoms in 7. enmmulate and it other refated
protozoan infections, results in death. Indeed, abnormally high levels of [I‘'N-y and matrix
metalloproteinases, which enhance levels ol TNF-w, were found in fatally infected animals

(Campbell er o/, 1997, 1998; Adamson and Hall, 1997).

Evidence cxists to show that schizont infected cells also promote an inapprepriate immune
response in animals that fail to rccover [rom a primary mlection. For example, TL-2,
thought o be stimulated by 7. parva infection, stimulates the proliferation of
macroschizont infected cells (Campbell and Spooner, 1999}, Other studies [ound that 1L.-2
reccptors and MHC class 1T molecules were expressed on the surface of CD4" and CD8™ T
cells from natve cattle infected with 7% annulata, and was shown Lo induce the proliferation
of awtologous, resting T cells in viiro, resulting in a [atlure to mount a proper, protective T-
cell response (Campbell ez af., 1995, 1997; Campbell and Spooner, 1999), Furthermore, in
vivo, it has been postulated that infected macrophages present antigens o CD4" T cclls,
which are inappropriately activaied in large numbers witlun the medulla and not the
paracortex- the normal region for priming T cclls, This would result in the proliferation of
large nwmbers of polyclonal 1L-2R T cells, which leave the lymph node and abolish an
effective immune response against macroschizont infected cells (Campbell and Spooner,

1999},
1.7 Control Measures
Currently, there are three control measures against tropical theileriosis and involve tick

control, chemotherapy and host vaccination. Different measures that arc currently being

used or under developient are discussed below:
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1.7.1 Tick Control

Conventional tick control measures have centred on the use of anti-tick agents known as
acaricides, such as amitraz and butocarb, in the form of dips, sprays, impregnated ear tags,
slow release rumen boluses and “pour-ons™ in cattle (Chizyuka and Mulilo. 1990; Musisi.
1990; Urquhart er al, 1987; dc Castro and Newson, 1993). However acaricides are
expensive, cause environmental dumage and can result 1n residual contamination of milk
and meat (Drummond ef /., 1976). Furthermore, continuous use leads acaracide resistance
in ticks and loss of tick-immunity in cattle, making them more susceptible to mfection.
Improvements have been made to cattle housing by the design ol new livestock sheds and
barns which discourage or eliminate fick settlement and reduce tick infestation levels
(Pipano, 1989a). The maintenance of exotic, high viclding cattle have led to the practice of
confinemenl wilh regular acaracide (reatment and Lick free feed. However, this solution is
very labour intensive, expensive and often lails leading to infection of some, many or all

cattle (Lawrence, 1990).
1.7.2 Chemotherapy

This method of treatment is morc widely uscd in the control of 7. parva and 7. sergenti
infections compared with 7 annulata infections. The most effective anti-theileriacidal
drugs are the hydroxynapthoquinones, parvaquene and buparvaquone (McHardy and
Morgan, 1985; Tait and Hall, 1990; Hagiwara et «/, 1993). These drugs arc thought o
disrupt the cytochrome be| complex of the electron transport chain of the parasite (1{all and
Baylis, 1993). Buparvaquone has been found to have greater anti-theileriacidal activity than
parvaquone (Hashemi-Fesharki, 1991), but parvaquone is active against all 7%eileria stages
whereas buparvacuone only acts against the schizont and piroplasm. Other drugs that have
had some success are the coceidiostat Halofuginone, which, like buparvaquone, acts on the
schizont stage of the life cycle, and is cheap (Schein and Voigt, 1979). However, this dimg
is no longer used because it has a narrow therapeutic range. Antibiotics have been found to
reduce the level of parasilosis, such as the ionophorous antibiotic monensin, but tus drug
has not been used due to adverse side effects (McHardy and Rae, 1982). Oxytetracyclines
has been shown to reducc macroschizont development iz vitro (Spooner 1990) and has
been used with some success in “Infection and treatment”™ vaccinalion programmes (see
section 1.7.3) but was found to be unsuccessful in acute infections (Singh et al., 1993). The
major drawback to chemothcrapy is that it can prevent the development of imununity in the

animal. Moreover, drug frealment programmes dare expensive, and may eventually lead o
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parasite resistance.

1.7.3 Host Vaccination

Chemotherapeutic agents have been used in “Infection and {reatment™ programmes 10
vaccinate cattle against Theileria. Long-acting oxytetracyclines have been used for T
parva, whereas buparvaquonc ts prelerred for 70 anmudata. Infeclion and treatment involves
the dehberale inoculation of sporozoites into callle [ollowed by drug freatment at a
predetermined and critical time so that bovine immunity is activated after the sporozoiles
are cstublished in the host’s lymphocyles, bul before clinical symploms appear (Mozaria
and Nene, 1990). Such treatment resulls in solid immunity to homogeneous and sometimes
heterogencous challenge, but have not been used widely, duc to the large expenscs
involved. Morsaver, piroplasms remain in infeclive carvier aminals, winch assist in the

spread of the disease (Tait and Hall, 1990).

The most common and effective form of vaccination against 7. annulate s he alienuated
live vaccine. Attenuation occurs through long term, i vitrn cullure of macroschizoni
infected lymphocytes, and resulls in a foss of pathogenicity of the parasite {Brown, ]1990).
Initially, the parasite loscs its ability to produce merozoites and thus piroplasms in most
cases (Pipano, 1989a), but afler prolonged cullure, also loses its virulence or infectivily

(Pipano and Tsur, 19606}

‘The mechanisims of attenuation we unclear; research on the related apicomplexan parasile
Plasmodium berghei have shown that loss of virulence is associated with genome
rearrangements (Janse er «f., 1992). Studies by Hall ef ol {1999) have not been able to
demonstrate large, genomic rearrangements in aticnuated 77 anmlaia cell lines, although
Preston e /. (2001) found that alterations to host cell surface antigens were linked ta
permanent changes in the parasite genome. A second possibility for attenuation is the
sclection of avirulent subpopulations: this has been demonswated in Babesia bovis
(Cowman et al., 1984; Carson er af., 1990) und in T. annuiata. In the latter case, Melrose
(1984) demonstrated that only single tsotypes of the enzyme glucose phosphate 1somerase
(GPI) were found after continuous in vitro culture of infected cell lines that originally
contained a number of GPI isotypes. However, this theory does not completely account for
attenuation of Theileria infected cells lines, since studies by Preston ez ol (2001) have
shown that cell lines continue to decline in virulence over long periods of in vifro culture,

which was not caused by preferential growth of particular host cell types. This has led to
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the suggestion thal attenuation in T, anrwulata is achicved by alteration of gene expression,
resulting in specific  alterations to both parasite and host polvpeptide production
(Sutherland et al., 1996, Shiels et al, 1998, tall ¢ «l., 1999; Owa et al., 200f). This
theory has boen supported by studies (hat show thal long term in vitro culture is
accompanicd by the loss of parasite induced expression of host metalloproteinases
(MM Ps), previously shown to be associated with the pathogenesis of tropical theileriosis
(Adamson et al., 2000ab; Hall e/ ¢l.,1999; Somerville ef /., 1998h). Hall ef af. (1999) also
demonstrated that loss of MM expression is a stable transferable trait, implying that this
process occurs al the genelic tevel of the parasite. {1 has been suggested that virulence 1s
causced by the interaction of a number of parasite sub-populations, which, under long term
culturc conditions becomes simplified, reducing the complexity of virulence factors below

a threshold value (Hall er al., 1999},

Vaccination with attenuated macroschizont tafected cells have been shown to be 95-100%
efficient at providing mmumity to heterologous challenge in catde (Brown, [990).
Immunity is tested by challenge from live, infecied ticks or with sporozoite stabilates,
which have given a range of results from mild symptoms (Gill ef al.. 1976; Ouhcelli et al.,
1989) to death in some cases (Ozkok and Pipano, 1981; Shukla and Sharma, 1991, Adalar
et af., 1992). Complele atlenuation 15 achieved when cultured schizonts no longer cause
clinicaf symptoms in the animal, usnally alter 60-250 passages 1n culture, with 10%-10°
infected cells per animal, depending on lhe 1solate (Pipano, 1995). So far, there is no
evidence of a reversion to virulence in attenuated ccli lines. Furthermeore, vaccines can be
preserved in liquid nitrogen for a considerable time period withoutl significant loss in
viability (Wathanga e al, 1986). However, protection from subsequent infection after
initial immunisation has been reported to decline with time (Tsur ef ¢f., 1964, Sergent ef
al., 1945). 't here have been a number of wide ranging estimates for the length of protection
from 3.5 vears (Zablotsky, 1983, cited by Pipano, 1995) to 6 months (Beniwal ef «l., 2000).
These conflicting estimates may be explained by immunogenic differences belween
different 7. annutata isolates (Bamet, 1963; Adler and Ellenbogen, 1935, cited by Pipano,
1995). In contrast to 7. annulata, it has not been paossible to generate a live attenuated
vaceine for control of 7. parva infections (Dolan er «l., 1984; Morrison et al., 1981). It is
thought that this is duc to an inability of 7. parva schizonts to transfer to cclls ol recipient
animals, thus, failing to remove the histocompatiability barrier against recognition of
infected cells by cytotoxic CD8" cells (Musoke et a/., 1996; Uilenberg, 1999; Boulter and
Hall, 1999). Although this mcthod of vaccination is cilcctive and chcap the main

limitations of live atienuated vaccines are storage and delivery: the vaceine has a shelf-life
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ol approximately | week at 20°C or 1 month at 4°C and there are difficulties in

transporting frozen, vaccine to remaote regions.

To counteract the difficultics associated with live attenuated vaccmation, efforts have also
heen made to develop a sub-unit vaccine against Theileria parasites, Recent identification
of candidate Theileria antigens, such as Tams-1 and SPAG-1 have generaled some
promising results, The sporazoite and merozoile stages are the only cxtracellufar stages of
the parasitc and are, therefore, logical targets for selection ol antigen sub-units to develop
vaccines. In the sporozoite, studies have concentrated on SPAG-(, because the monoclonal
antibody, 1A7, generaled against this molecule was shown to be able to abrogate
sporozoile infectivity in vitiro (Willlamson, 1988). Frurther characterisation of Lthis moelecule
identified several immunodominant sites, at the N and C terminus, including the epitope
recogniscd by JA7, which were found on this antigen when [fragments of SPAG-1 were
reacted against a range of bovine immune sera (Boulter, 1996; Knight ef ¢/, 1996). In
addition, SPAG-1 contains C- terminal epitopes, distinct from the mapped 1A7 epitope,
capable of ncutralising sporozoite infectivity (Williamson, 1988, Williamson er «f., 1989,
Hall and Baylis, 1993; Boulter, 1996; Boulter ef «/., 1994, 1995). Partial protection has
been achieved in vivo using rccombinant SPAG-1 {Boulter, et «f., 1995, 1998, Boulter and
1Tall, 1999). In 1. parva, a SPAG-1 homologue called p67 has been found and has shown
to he cross-reactive with SPAG-1. Parts of the C- terminal domain of SPAG-1 and p67 are
similar enough to form a common epitope. Musoke e «f. (1992} found that vaccination
with recombinant p67 provided protection in 6 out of 9 culves against 7, parva sporozoites.
However, there 1s evidence that SPAG-1 and p67 could be used to provide immunity
against 7. pwrva and 7. annulata sporozoites: mAb 1A7 has been shown to neutralise 7.
parva sporozoite infectivity with 100% efficiency (Knight er al., 1996; Kalzer er al., 1994).
Other vaccination trials have shown cross protection against heterologous challenge when
cattle immunised with either SPAG-1 or p67 are challenged with 7. parva or 7. annulaia
sporozoites, respectively (Bouller er «l., 1998, Boulier and Iall, 1999; TIall er al., 2000).
Interestingly, a strong T-ccll response to the N-terminus of SPAG-1 has also been observed
in the presence of IL-2 in immune animals suggesting that sub-unil vaccines elicit both

cell-mediated and humoral responses (Boulter and Hall, 1999).

Studies on the antigenic determinants of the merozoite stage of 7. annulata initially
identified a 30kDa surface molccule, Tams-1 (Glascodine ef «l., 1990), which has been
shown to exhibit cxicnsive amino acid and antigenic diversity (Dicksan and Shiels, 1993;

Katzer et al., 1998; Gubbels et «l, 2000). This molcculc has been shown to display
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significant antigenic diversity particularly at putative glycosylation sites located in regions
of amino acid hypervariability (Shiels er @/, 1995), suggestive ol an immune cvasion
strategy. Over 40 predicted anmuino acid variants of Tams-1 have been identified and
evidence for selection ol novel antigenic types following passage through ticks has recently
been reported (Gubbels et «l, 2001). The level of diversity makes Tams-1 a difficult
candidate for a sub- unit vaccine. However, studies by Ahmed e/ «f. (1988) demonstrated
that bovine antibodies could specifically lysc merozoites. It is likely, however, that the best
candidates for inclusion in a sub-unit vaccine are antigens encoded by the macroschizonl.
Theoretically, these antigens are probably processed and presented as peptides on the
surface of the inlected leukocyte, n association wilh the class | MMC molecules. Such
antigens could include macroschizont surface polypephides or proleins secreted by the
parasite into the host cell cnvironment. Although the polymorphic immunodominant
macroschizont antigen (PIM) of 7% parva (Katende ez @/, 1998) has been used successfully
(o identify antibodies againsl 7. parva, o protective schizont antigen has not heen identified
to date. Future efforts to improve vaccines should focus on an effective antigen delivery
system, and these are likely to be based on inoculation of recombinant organisms capable
of intracyloplasmuc growth that express and produce Theileriv antigen genes. Such a
system has been successful in inducing a cytotoxic T- ccll response against P. faleiparim
using recombinant Sa/monella typhonnrium (Aggarwal ef «f., 1990). To date development
of DNA vaccines tor 7heiferia has been limited. Imals wilh a recombinant Tams-1 1INA
vaccine have showed that two thirds of cattle were protected using this techmique, although

no antibodics were detected {(d’Oliviera ef af., 1997).

In sunmmnary, the main priorities for recombinant vaccine development are to [ind protective
antigens expressed by muacroschizont infected cells and development of an effective
antigen delivery system that, possibly, mimics the presentation of the native molecule to

the immunc system.
1.8 Stage Differentiation in T. annulata

The development of stage differentiation in apicomplcxan parasites such as Theileria
enables the parasile {o establish and mulliply within hosts, and transimit itsell between
hosts. Stage differentiation is accompanied by sigmficant changes to the parasite
polypcptide profile, brought about by altered control of gene expression (Shiels et al.,
1992, 1994, 1997, Carrington ef af,, 1995). Ultimately, this rcsulis in the shut down of

genes encoding the structural and metabolic polypeptides specific to the macroschizont
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stage while Inilialing production of merozoite polypeptides. Most of the research on
differentiation in Theileria has centred on the produchion of merozoiles (merogony} as
macroschizont infected cells can be cultured and induced to undergo differentiation to the
mcrozoite in vitre (Brown, 1990, Shiels ef «f., 1992). Much effort has been applied to
delining agents that can trigger differentiation from one life cycle to another in protozoans,
in general, and this research has identified a nwmber of signals. Thesc include alterations in
lemperature (Hulliger, 1965; Soste er «l., 1994, Van der Ploeg, 1985), pll (Socte er al.,
1994; Zilberstein ef af., 1991), agents that act on the signalling pathways, such as cAMP,
(Heath et al., 1990) nitric oxide (Bohne et «l., 1994), and intermediates of the TCA cycle
(Brun and Schonenberger, 1981, cited by Fox, 1997). However, the most common inducer
of differentiation tn protoroan parasiles is an alteration of temperature in vifro that may
mimic temperature fluctuations that may occur in vivo as the parasites are lransmilied (o

andd from their warm blooded hosts,

[t has been proposed that the mduction of parasite differentiation at an efevated lemperature
is directly linked to clevated levels of heat shock proteins (hsps), which could switch on
genes expressed by the next hfe cycle stage (Van der Plocg ef af, 1985; Polla, 1991;
Wiesgigl and Clos, 2001; Weiss ef al., 1998). Hsps are common in parasiles that transler
from poikilothermic vector to a homeothermic mammal, such as Trypanosoma brucei (Van
der Ploeg ef «f., 1985) and are regulated by alterations in temperature. Mason ez af, (1989)
isolated the 7 annulaia heat shock protein 70 (hsp70) polypeptide and demonstrated vp-
regulation at the mRNA level when infected celts were placed at 41°C. lowever, in a
subsequent study, there was no detectable difference in hsp70 mRNA levels al 41°C
belween a cell line that differentiates well compared to a cell line that is severely attenuated
for the differentiation process. It was concluded that hsp70 gene expression was not
directly involved in regulating differentiation (Shiels ef @, 1998). This is supported by
studies in other protozoan parasites, that show no link between hsp expression and the

ability of a cell to differcntiate (Shapira et al., 1988; Zilbertstein ef al., 1991).

When particular 2heileria inlceted cell lines are maintained at an elevated temperature of
41°C, the schizont [ails to divide in synchrony with the host cell (asynchronous division),
and, after approximately 5 days, merozoite production occurs in a sub-population of cells
until the majority of cells produce merozoites and the culture is no longer viable (Hulliger
et al., 1966; Shicls et al., 1992). Since Theileria infection induces a fever of 41°C in
infected cattle, it was thought that an elevation of temperature directly initiates parasite

differentiation. However, larret el al. (1969) [ound no correlation between the onset of




R.F. Stern, 2003 Chapter 1,28
fever and merogony. An altemative hypothests ol differentiation based on a mitotic clock
was proposed by Temple and Raff (1986) and proposed that differentiation to the
merozoite and the appearance of piroplasms in vivo occurred afler a set number of mitatic

divisions undergone by the infected leukocyle.

Studies by Shiels er af. (1992) showed that when 1nfected cells were placed at 41°C and
then replaced at 37°C for variuble Lime periods differentiation was reversible during the
carly stages of the process (up to 4 days), bul was irreversible after a certain time period al
41°C. Shiels e al. (1992} also measured the rates of infected ccll growth and
differentiation. These paramcters were compared in two cell lines, onc with a diminished
ability to differentiate (diminished) and the other with an enhanced ability to differentiate
{enhancex). Differentiation in the enbanced cell line was characterised hy an increase in
schizont size and nuclear number after two days at 41°C and was followed by a decrease in
host cell division, alter day 2 until it eventually stopped. Flowever the parasite continued to
undergo nuclecar division, and, as the parasile is dependent on host mitosis to undergo
ccllular division, the parasile size and nuclear number increased significantly, resulting in
an enlarged macroschizont within the host (Hulliger et af., 1960, Shiels ef ¢l 1992). Thus
the ability to differentiate did not appear to be linked to a fixed number of mitotic divisions
but was associated with an increase in parasite size or condition relative to host cell
division, In contrast, in cells with a diminished ability to differentiate, the level ol hosl cell
proliferation was clevated, whilst that of the parasile was lower at all time points tested (at
37°C) and the disruption between parasite and host cell division was markedly reduced
when placed at 41°C (Shiels ef «f., 1992). In this case it would take longer for the parasite
to reach a predetermined state for diffcrentiation, resulting in its diminished phenotype. It
was concluded that disruption in the synchrony belween parasite und host cell divigion was

a factor that predeternuned differentiation.

Further studies by Shiels er @l (1994) investigating the molecular changes during
differentiation to the merozoite, revealed thul down tegulation of a macroschizont
polypeptides was temporally linked to the up-regulation of merozoite polypeptides,
including the merozoite swrface polypeptide, Tams-1. The expression of Tams-1
polypeptide was first detected very early at day 2, and its corresponding mRNA at day 0
and its signal increased to day 8. This indicated that gene products present at high levels in
the merozoite were also expressed at low levels in the preceding macroschizont stage. The
expression of Tams-1, as detected by the mAb SE1 by IFAT waus found to be reversible

the majority of infected cells placed alternalely atl 37°C and 41°C during the initial
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(reversible) phasc of diffcrentiation. However, some cells stained intensely with SEI, and
these were postulated to be cells that had become committed to differentiale. Thus, the
asynchironous nature of merogony in 7. awnnulata has led to the suggestion that
differentiation is a stochastic process which depended upon merozoile factors reaching a

critical level before the parasile commits to differentiation 1o the merozoite,

Further evidence of a stoichtometric modcl for differentiation involving changes to parasite
growth and cellular division was provided when infected cells were treated with agents to
distupt parasite protein synthesis (a measure ol growth) and host DNA syuthesis (a
measurc ol host cell division) {Shicls e «f., 1997). The drugs respectively caused changes
fo the rate of parasite growth comparcd division, and ths in turn, altered the timing of
macroschizont differentiation to the merozoite. Shiels er «f. (1997) specifically found that
pre-treatment with a DNA synthesis inhibitor resulied in mcreased levels of parasite
differentiation in the ccll population after commitment. Conversely, pre-treatment ol
infected cells with a parasite protcin synthesis  inhibilor postponed the onsel of
differentiation in a quantitative manner, Levels ol Tams-1 were found to be dircetly
proportional to the drug-altered dilTerentiation evenls. These observation led to the
proposal that increased levels of polypeptide synthesis relative to DNA syniliesis provides
an initial signal for the parasitc to undergo mcrogony (Shiels ef «f., 1998). These
observations led to the postulation of a model that proposcs that the commitment to
differentiate is brought aboul by a guantitalive increase in levels of polypeptide growth
factors present in the preceding macroschizont that regulate merozoite genc expression
relative to the levels of the nucleic acid lemplates they bind to (Shiels er af., 2000a).
Further investigations by Shiels er al. (2000a), of Tams-7 regulation during differentiation
seemed to confirm this hypothesis: Tanm-1 expression was shown 1o be conirolled al leust,
in part, at the franscription level. Electromobility Band Shift Assay (EMSA) studies
revealed two complexes that bound to an upstream region of Tamys-/ 111 the macroschizont
that were found to be elevated during the initial phase of differentiation to the merozoite,
whilst a Unrd complex was detected during the reversible phase of differentiation

associaled with high level Tams-1 expression.

Similarities exist between the characteristics of a number of protozoan dilferentiation
systems; for example reduced proliferation coupled to an inherent asynchrony, led Shicls er
al. {1998} to hypothesise that a stoichiometric model could be applicable to a range of
parasites, such as bradyzoitc formation in Toxoplasma gondii (Soete et al., 1994} and

gametocyte production in FPlasmodium (Carter ef al., 1979). However it should be pointed
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out thal alternative mechanisms could be involved. For example, asynchronous division
may be explained if there was a requirement for a cell to be al a particuiar cell-cycle

position or state in order to undergo differentiation (reviewed by Shiels 7 af., 1998).

Studies by Swan et al. (2001b) showed a possible link between macroschizont and
merozaoite gene regulation by investigating the cxpression ol two macroschizont gencs,
Tash! and Tush2 in relation o fams-1, whose expression is associated with commitment
ta merogony. Tash! and TashZ were shown to be down regulated as the Tarns-1 transeript
beeame up regulated. Moreover the expression o Tashl and Tash2 polypeplides was found
to be reversible during the initial reversible phase of differentiation when infected cells
were alternately pulsed between 37°C and 41°C. This study demonstrated that that
regulation of macroschizont and merozoite gene expression was temporally and perhaps,
mechanistically linked (Swan e/ af., 2001b}. It has been postulated that parasite factors
mvelved i host cell division may be down regulated dwing differentiation to the
merozoite, resulting in a reduction or ccssation of host cell divigion (Carrington ef af.,
1995). Recently a small parasite encoded gene lamily, TashAT, were found ta be down
regulated early on during differentiation to the merozoite, coincident with the decrease in
host cell proliferation {(Swan er al., 1999). These genes could be potential parasite
regulatory proteins that modulate hast cell gencs that control host cell prolifcration (Swan

et al., 1999).
1.9 T. annulata Induced Alterations of Gene Expression

Trans{ormation of host cells by Theileria is characterised by the continuous proliferation of
infected cells 1n culture, without additional growth factors or cylokines (Dobbelaere, 1988).
Immortalisation of Theileria infected cells in culture was shown to be accompanied by
changes in surface antigens detected by mAbs (Baldwin et af., 1988), pleiomorphism
(Naessens ¢f al., 1985) and short generation times. In addition Irvin ef af. (1975) and Fell ez
al, (1990) showed that Theileria infected cells cause tumour-like masses thal metastasise
throughout the organs of irradiated, athymic or SCID (severe combined immunodeficicnt)
mice, implying that the cells undergo transformation to become cancerous. However,
cxperiments with buparvaquone have shown that parasite induced host transformation is
entirely reversible and 1s, theretore, not due genctic changes to the host, but is more likely
brought about by parasite induced alteration to the control of host genc expression
{Dobbetaere er al., 2000). Higher eukatyotic cellular transtormation is often accompanicd

by alterations to the cellular environment and involves alterations to protein kinasc activity,
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cytokine mediated signal transduction changes to the levels and activity of transcription
factors and metalloproleinase gene expression. These mechanisms bave also been defined

for immorialised/transformed Theileria infected cells and are detailed below:

1.9.1 Alterations in Protein Kinase Activity

Dyer er al. (1992) reported alterations to the profile of protein kinases in infected cells
compared to their uninleccted counterparts, two of which were found to be unique to
infecled cells. These authors noted the significance of protein kinases as key indicators of
cellular transformation in eukarvotic cells that when expressed abnormally can lcad directly
to a transformed phenotype {Hunter and Sefton, 1980; Hunter et «f., 1985; Hanalusa, 1986;
Seldin and Leder, 1995). More recently, increased levels of host Casein Kinase 1 (CKID, a
ubiquitous, conserverd serine-threonine specific protein kinase was observed in 7. parva
infected ceclls in vitro (ole-Moi Yor, 1993). CKIl 1s involved in receplor mediated
signalhing pathways and is associated with cellular proliferation and transformation (Puma,
1990; Tuazon and Trangh, 1991; Meisner and Czech, 1991} Experiments showed that
CKII levels were found to mereasc when B cells were stimulated to divide using mitogens
(DeRencdettc and Snow, 1991). Also, some of the clinical symploms seen in lymphocytes
of transgenic mice with dysregulated CKII levels (Seldin and Leder, 1995) are similar to
the pathology of 7. parva infections, such as tissue tnfiltration by affected lymphocytes.
Flowever there are also significant differences belween the Theileria transformed cells and
the transgenic mouse model; namely the failure of CKH overexpressing mice to develop B
cell lymphoinas, the time taken for tumour development and the percentage of T cells that
become transformed (Chausscpicd and Langsley, 1996). Later studies by Shayan and
Ahmed et af, (1997) showed that CKII expression was down regulated when the parasite
was eliminated with buparvaquone treatment, confirming that CKII expression was paragite
induced. Interestingly, Theileric is known to possess a gene encoding a molecule with
signilicant identity to the catalytic o-subunit of CKII. This parasite molecule contains a
sequence motil with significant identity to a signal peptide, and might be inserted mto the
parasiie plasma membrane or transported to the host cell cytoplasm. Here, it could alter the
cell cycle regulation of the host by phosphorylation of host molecules or by increasing the
levels of host CKII {ole-Maoi1 Yoi ef al., 1992; Dobbelaere and Heussler, 1999). Thus host
or parasite CKII has the potential to play a major role in Theileria induccd host cell

immortalisation.




R.F. Stern, 2003 Chapter 1,32

Further cvidence for lhe involvement of a signalling pathway was found by Fich ef af.
(1998) who showed that transformation by 7. parva influences the expression of at least
one major Sre kinase member, p60"" . Sre kinases direct early membrane signalling in T
and B cells and many are considered (o be proto-oncogenes (Iich et «l., 1998). Using
tyrosine kinase inhibitors, Fich ef af. (1998) showed that proliferation of Theileria infected
cells could be blocked, suggesting that tyrosine phosphorylation is essential for ihe
maintenance of the transformed host cell. p60™™ levels are clevated in 70 parva infected
cells, but were found to be reduced with buparvaquone treatiment. Furthermore, ]160"}'" co-
precipitated with two weakly phosphorylated polypeptides. As these phosphoproteins were
absent in non-infected cell lines, il was postulated by Fich e «l. (1998) that 7. parva
proteins cither directly or indirectly activate p60~". However, studies in other eukaryotic
systems have shown that Src activation by cellular receptors are only transient and are

insufficient to stimnlate cell transformation alone (Thomas and Brugge, 1997).
1.9.2 Cytokine Mediated Signal Transduction

Work performed by Dobbelacre e «f (1999) has demonstrated thal the parasite may
inlerfere with the normal T cell antigen rcceptor pathway 1o induce continuous
proliferation. Parasitc induced disruption of the signalling pathway was suspected due (o
the fact that some 7. parva infecled cells express high affinity [L-2 receptors that could be
involved In an aulocrine loop with IL-2. Moreover, these infected cells did not require
antigenic stimulation fo divide. Further studies showed that 77 parva bypassed the T cell
receptor (TCR) pathway, as there was a lack of phosphorylation of receptors typical to that
pathway. In addition proliferation was not inhibited by limmunosuppressive drugs and the
IL-2 recepior was found to be constitutively activated (reviewed by Dobbelaere ef /.,
2000). Nonetheless it should be noted thal the IL-2R/IL-2 autocrine loop is only observed
in some cell lines and is therefore net thought to be a primary cause of host cell
proliferation (Chaussepied and Langsley, 1996). The only other cytokine shown to enhance
hast cell proliferation 1s TNFuw, poussibly through he parasile induced expression of TNFo
receptors, as lymphocytes dao not express this ¢ytokine normally (Preston ef af., 19920,

Chaussepied and Langsley, 1996).

A key (inding to understanding parasite controlled proliferation of the host cell was the
detection of constitutively high levels of NIF-xB in infected cells (Ivanov et «f., 1989).
Interestingly it was found that expression of active nuclear NF-xB prolects the infected ceil

from apoptosis, as ireatment with inhibitors or transfection with dominant-ncgative
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mutants resulled in cell death (Heussler et al., 1999). NI-x3 is a lranscription factor
complex composed of members of the Rel family that include p50 or 52 sub-units. These
members all contain an N-terminal 300 amino acid Rel homology domain that encodes a
leucine zipper region for dimerisation, a DNA binding domain and a nuclear localisation
signal (Joyce et al, 2001). NF-xB has an important role in cell growth as it dircetly
controls the expression of cyelin D and c-mye, which regulate the (GO/GG1-S transition phase
ol the cell cycle (reviewed by Hinz ef o/, 1999). This molccule is activated by & number of
cytokines, including TNF «, and cellular stress and is regulated by IkB proteins, most
notably IkBo and IkBf which, bind {o NF-kB in the cytoplasm, masking the nuclear

localisation signals and preventing the molecule entering the nucleus (Jovee er of., 2001},

In 70 parva infected cells, it is thought that parasite associated activation of NF-xB occurs
via continuous degradation of the IkBs, by phosphorylation via kB kinases ([KKs},
allowing NF-xB to enter the nucleus and activaie genes involved in lhe protection of
apoptosis (Dobbelaere er al., 2000). Recently, it has been postulated that continuous
degradation of IkB occurs through the association and activation of the multi-protein KK
complex with the macroschizont itself (Dobbelaere and FHeussler, 1999}, It was envisaged
that this could occur by dircet activation of the IKK complex by upstream paragite
activators, via [KXK-~y, required for stimulation of IKK by NFkB inducing kinase (NIK), or
the MAPK/ERK kinase, involved in NFkB activation pathways (Dobbelaere and Heussler,
1999). Allernatively, parasitc molecules could intcract with the TKK-complex-associated
protein, a structural protein that directly interacts with IKK and (he upstream kinase NIK
(Dobbelaere and ITeussler, 1999). Apoptosis induced by NF-kB inhibition has also been
demonsirated in other transformed cell lines, including a lymphoma cell line. Indirectly,
NI-kB induces IL-10 expression which has been observed in patienls with human T-
lymphotrophic virus type-1 induced T-cell leukaemia (Héllsberg, 1999). IL-10 was the only
cvtokine which showed universal expression in a study performed on a number of 77 pairva

infeeted cell lines (McKeever ef al,, 1997).

The mitogen-activated protein kinase (MAPIK) pathway and the phosphoinositide-3-kinase
(PI-3K) pathways have also been implicated with parasite infection. T'he JNKs (jun-NH;-
terminal kinases), a class of MAPK kinases that respond to cellular stress were found to be
solely responsible for the activation of the tramscription factors AP-1 and ATF-2 via the
phosphorylation of c-Jun (Chaussepied et af., 1998; Boiteron and Dohbelaere, 1998). It has

been postulated that the JNK pathway and NF-kB are regulated by MAPK/ERK kinase
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kinase I (MEKK1), which is known to induce both JNKs and NEF-xB via the IKK complex
{reviewed by Mcrcurio and Manning, 1999). Ultimately, AP-1 and ATT-1 together with
NF-xB arc thought to activate a number of genes invelved 1n protection Irom apoptosis

(Dobbelaere ef al., 2000}

The second pathway thought to be involved in parasite induced proliferation 1s the PI-3K
pathway, a group of signal transducers that activate growth factors, immune receptors and
also interfere wilh apoplotic signalling (reviewed by Stambolic ef al, 1999). Thesc
molecules are thought to play a role in T\ parva induced proliferation, because inhibiting
agents of this pathway block host cell proliferation (Dobbelaere ef af., 1999). However, it
is unclear if the PI-3K palhway protects against cell death as inhibitors of the PI-3K
pathway did nol cause lhe cells 1o apoptlose, unlike the inhibition of NF-xB (Dobbelacre
and Heussler 1999; Heussler ef «/., 2001). Indeed, work by Heussler er «f, (2001)
demonstrated that a downstream target of PI-3K pathway, Akt/PKI3, appcars to act
independently of NF-kB activation and that NF-xB dependent protection agaimnst apoptosis
does not involve the PI-3K-Akt/PKB pathway. Studies by Baumgartner et al. (2000)
supported the findings that PI3-K activity 1s necessary for proliferation, and revealed that it
was mediated by the induction of granulocyte-monocyle colony stimulating faclor,
However, in contradiction to Heussler ez /. (2001), it was found that PI13-K is invelved in
the constitutive activation of NF-kB and AP-1 (Baumgartner er «f., 2000). A third
possibility is that PI3-K induced proliferation operales in more than onc pathway . As Lhe
PI13-K pathway is also implicated it cell moltility and cytoskeletal changes, this pathway
mav also be sequestered 10 aid host cell proliferation in Theileria infected cells by moving
components of the signal transduction pathways via the cytoskeleton to and [rom the
parasite surface, This is supported by the discovery that the IKIC complex has becn found

ncar to the schizont (see above) (Dobbelaere et al., 2000).

It has been postulated that NF-kB targets cyclin dependent kinases which reguiate NF-xB
binding to specific cell cycle assoctated factors (Dobbelacre ef «f, 2000). The
identification of two Theileria specific cyclin dependent kinases, TaCRK3 and TaCRK?2,
(Kinnaird et al., 1996, 2001), or other related Theileria polypeptides may be two such
cyelin dependent kinases that are involved in the specific activation or repression of NF-k
B, brought to the parasite via the cyloskeleton. It is possible that TaCRK2 could be a
candidatc for NF-kB interaction as it is similar in sequence to the higher eukaryotic

CDK/2 family, somc mcmbers of which are known to regulate NF-«B (Perkins et al,
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1997). However, no data has been generated to date suggesting that TaCRK2 or TaCRK3
have a functional signal sequence or are transported to the macroschizont surface or host
cell cytoplasni/nucleus. Analysis of these genes suggests that TaCRK2 could control

parasite nuclear division and this is likely to be their primary function {(Kinnaird er al.,

2001).

1.9.3 Metalloproteinases

Prolonged culiure of 7heileria infected cells is known to lead (o host cell proliferation and
the loss of differentiation potential and virulence. Shiels er @f. (1997) provided a link
between reduced differentiation eapacity and increased levels of host cell proliferation in
certain infecled cell lines, and an lnability to up regulate merozoite gene cxpression in a
cloned cell line severely atlenuated for the dilferentiation process. Other studies
investigating attenuation ol schizont infected cells suggested that it is associated by
alteration ol parasitc and host cell genc expression (Sutherland ez af., 1996; Hall e al.,
1999). The host gene studied 1 greatest detail encodes a member of a group of enzymes
known as metalloprotcinases (MMPs). Tnitiatly, the MMP9 metalloproteinase was found to
show elevated expression in low passage Theileria infected cells butl not in their uninfeeted
counterparls (Adamson and Hall, 1996, Adamson ¢f ¢/, 2000ab). ITowever, expression was
significanly reduced in infected cells that had undergone significant passage in vitro.
Further data suggested that MMPs also may be associaled with parasite virulence and

ffla]

metastasis of Theideria infeeted cells in SCID mice (Somerville et al., 1998a).

MMP9 was shown to be regulated at the transcriptional level al least in part, by the AP-1
transcription factor (Adamson e/ «f., 2000b). There were several lines of evidence to
support this: firstly the bovine MMP9 gene contained an upstream consensus AP-1 binding
sitc; sccondly, promoter activity was obscrved in constructs containing an AP-1 binding
sile by kransient trausfection, Thirdly, EMSA studies showed one of the specific AP-1
binding mobility complexes was lost in high passage cell lines compared to low passages
cells (Adamson et «l., 2000b). Interestingly, a potential NF-kB binding site was also found
upstream of the MMP2 gene, which was shown by deletion studies Lo aclively contribute

towards MMP9 activity in the low passage cell lines (Adamison et af., 2000b).

It was revealed that both T annurlata and T. parva infection also induces the expression of
AP-1 (Baylis et /., 1995; Chaussipied and Langsley, 1996). Moreover, the promoter region

of IL-2 contains AP-1 binding sitcs (sce review by Rao 1994). Previous studies have shown
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that the parasite is responsible for inducing expression of c-Fos, c-Jun and JunD,
componentis of the AP-1 complex, with JunD forming a major part of the transcriptionally
active AP-1 complex (Baylis ef ¢, 1995; Chaussipied and Langsley, 1996). Taken together,
it has becn suggested that after prolonged cullure, changes i parasite gene cXpressiof
cause altenuation, in part, by modulating the expression of bovine host genes such as
cylokines (e.g. TL2) and virulence factors (e.g. MMP9) (Adamson ef al., 2000h), possibly
via the induction of AP-1 and NF«xB (Chaussipied and Langsley, 1996). Ilowcever, it is
likely that these evenls are not directly linked to proliferation, although they might
1nfluence proliferation abilily, because there is no absolute difference between low and

high passage cells in their ability o divide.

1.9.4 TashAT Genes

To date, most studies have only identified sccondary events that lead {o proliferation after
Theileria infects the host cell, and little is known of how the parasite directly induces and
modulates host ccll growth and diviston. Host cell prolileration has been shown to be
reduced during differentiation to the merozoile (Hulliger ef «¢f., 1906; Shiels ¢f al., 1994,
[997) and it has been suggested that during this process, parasite factors controlling host
cell division are down regulated (Carrington ef af., 1995). Cloning gencs that are down
regulated during merogony could identify these parasite factors which induce host cell
proliferation. One group of parasile candidates that might modulate host cell gene
expression and hence proliferation could be the TashAT gene family, which were shown Lo
be down regulated during merogony at the mRNA level (Swan et al., 1999). Northern blot
analysis indicated there were likely to be three members of the 7ushAT gene family,
However, TashAT2, was the only member to be fully isolated and characterised at the time
of this study. fashd?, the first 7ashAT gene to be identified, was only was partially

characterised.

Sequence analysis of TashATT and TashA12 showed they both encoded AT hook motifs.
The AT hook motif was originally found in HMG proteins but has since been identified in
a wide range of transcription factors with other DNA binding function (see reviews by
Aravind and Landsman, 1998}. This motif is comprised of mainly basic amino acids, with a
core consensus sequence of Arginine-Glycine-Arginine-Proline (R-G-R-P), Manked by
positively charged lysine and arginine residues. These amino acids are known to bind
preferentially to A and T residues on the minor groove track of DNA (Bustin ef al., 1990;

Reeves, 2001). In solution, the AT hook has very little o helical structure or B sheets, and
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is mainly composed of random coiled structures (Reeves and Nissen,1990; Slama-Schwolk
et al., 2000; Schwanbeck ez al., 2001). However, the A"l hook forms an arc when bhound 1o
DNA by virtue ef the Pro residues at closc proximity to each other, whilst the Arginine tum
or hook at the aniino terminus holds the molecule rigid (Recves and Nissen, 1990). HMGI
molecules have been found to bind 1o distorted DNA structures (e.g. cruciform or bhent
DNA) and also induce conformational changes to the DNA structure such as DNA bending
(reviewed by Reeves, 2001). Thus, il was postulated that the presence of AT hook domains
within predicted TashAT1 and TashAT2 polypeplides suggested a DNA binding role for

this gene lfamily.

Previous sequence comparisons belween the predicted polypeplide of TashAT2 with the
SWISS-PROT database showed the AT hooks of TashAT2 were most similar 1o thosc of
the HMGI{Y) group of proleins {Swan ef «f., 1999). These genes have important roles in
chromatin structure and also activate genc transcription, in association with other factors
(Reeves, 2001}, HMGIY) binding sites are present in genes whose products have been
tmplicated in the transcriptional activation of mostly positively regulated genes, with the
exception of interleukin-4 {Chuvpilo er a/., 1993). Many of (hese genes are associated with
the immune system and cell growth, such as lymphotoxin and TNF-f (Fashena et al.,
1992), human papovavirus JC genes (Leger, ef al., 1993), the mixed lineage leukaemia
(MLL) gene (Ernst, ef «al., 2001), the o subunit of the 1L.-2 receplor (IL-2Ra) (Reeves ef al.,
2000), the human insulin receptor (Brunetti ef «f.,, 2001); [FN-f {Thanos and Maniatis,
1992 ) and ¢-Fos {Chin et @/, 1998). Studies have shown that HMGI(Y) protcins also bind
dircetly to a uumber of trauscription factors, such as the leucine zipper region of activating
transcription facfor 2, which enables the complex to bind to the [FN- 3 promoter (Du and
Maniatis, 1994). A number of studies have linked HMGI(Y) proteins with cell division:
HMGI(Y) proteins are known to stimulate adipocyte cell growth and pre-adipocytic cell
differentiation (Melillo ef /., 2001). By contrast, HMGI(Y) levels were found to be low or
undetectable in other fully differentiated cells (Lundberg ef af, 1989; Bustin and Reeves,
1996). Abnormally high levels of HMGI(Y) have consistently been found to be associated
with neoplastic cellular transformation and tumour formation in humans and rats and is
thought to be due to the inappropriate activation of genes involved in cell growth (Tallini
and Dal Cin, 1999; Beckerbaver et al., 2000, Reeves, 2001; Berlingieri et al, 1995). The
similarity between the AT hook domains in HMGI(Y) and TashA'12 predicted polypeptide
led to the postulation that TashAT2 and possibly TashAT1 might have a similar function to

that of the HMGI(Y) family in modulating host cell gene expression or even proliferation.
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HMG I(Y) proteins themselves are known to be regulated by environmental stimuly,
chemical stimuli, and by a large number of trauscription factors involved in cell division,
jocluding AP-1, c-Myc, Epidermal growth factor (IIGF), transforming growth lactor o
(TGE-a) and platelel-derived growih Factor (PDGF). Some HMGI(Y) proteins are also
strongly activaled by members of the PI-3 kinase, the Ras/MAP kinase and the oxidative
stress signalling pathway (Ayoubi er al.. 1999; Zentner ef of., 2001). Over expression of c-
Myc or HMGI(Y') has been shown 1o lead o cancerous phenolypes. Phorbol esters, which
stimulate both AP-1 and HMGI(Y), induced neoplastic transformation in some mouse
epithelial cell lines (Cmarik e ol 1998). As somc transcriptional activators of HMGI(Y)
are also associated with Theileria infections (such as AP-1}, it could be conceivabie that
the TushAT genes may also be regulated by stmilar transcription [actors in the infected host

cell.

Sequence analysis of the predicled polypeptide sequence of TashAT2 suggested that it acts
on host DNA to modulate host gene expression, The potential TushAT2 polypeptide also
contains nuclear localisation signals which are capuable of transporting proteins {o the
nucleus {reviewed by Whiteside and Goodbourn, 1992). In addition, TashAT2 has a
potential transcriptional activation domain, which have been found to assist in transcription
through protein-protein interactions (Triezenberg, 1995). This suggestion was supported by
evidence that TashAT2 was located (o the host nucleus of infected cells using antisera
generated against the AT- hook encoding region and another distinct region of TashA'l'2 by
IFAT (Swan et al, 1999). Moreover, transient transfection of a recombinant TashAT2
construct into COS7 cells resuited in host nuclear fluorescence, demonstrating that
TashA'T2 has the structural information required for transport into the host nuclcus. This,
together with protein translation inhibition and immunoprecipitation studies provided

strong evidence that TashAT2 was translocated to the host nucleus.

The aims of this project were to identify and characterise the full length 7as#47/ gene, and
compare it to fushAT2 sequence and determine any similarity. This project will also
attempt to characterise the expression of TashATI, and other TashA'l' gene products in
cells that are enhanced (D7) or attenuated (1D7B12) with respect to differentiation. Since
attenuated infccted cells arc associated with a lack of differentiation and incrcased
proliferation in the host cell (Shiels er @/, 1992), an increase in TashAT gene expression
levels might suggest these genes modulate host cell proliferation or parasite differentiation.
To elucidate the potential function of the TashATL polypeptide, IFAT will be conducted to

locate this gene product in the infected host cell. A host location might support the theory
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that TashAT1 modulates host gene expression. The expression profile of TashAT! and
TashA'l2 will also be compared in diffcrentiating cclls to determine TushAT gene
regtlation: similac expression profiles might suggest some form of conumon regulation.
Finally, any potental regulatory motils upstream of the TashA7T genes will be analysed for
DNA binding under differentiation conditions. Ultimately this might lcad o the
identification ol factor(s) that rcgulatc macroschizont differentiation or host cell

proliferation.
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2. Materials and Methods

2.1 Materials

2.1.1 General buffers and reagents

o EDTA: Ethylenediaminetetra-acetic acid disodium salt (BDH), in distilled water and

adjusted to pH 8.0

o Tris-cl: Tris(hydroxymethyl)aminomethane (ICN Biochemicals) in distilled water

adjusted to the appropriate pH with concentrated HCI {(Sigma)

s 50x TAE stock: 242g Tris base, 57.1ml glacial acelic acid (Sigma), 100mlin EDTA (pH

8.0) made up Lo 11 wilh distilled water.

e [0x PBS (Phosphate bullered saline)y: 80g NaCl (Sigma), 2.01g KCI (Sigma), 6.1g
Na,HPO, (Sigma), 2g KH,PO.: (Sigma) adjusted to pH 7.1 and made vp to 11 with

distilled water.
2.1.2 Cell culture

= Supplemented REMI-1640 media: RPMI-1640 media (with 25mM Hepes, L-glutamine)
(Gibco, BRL), 0.05% NaHCOQ; (BDH), 8§ pg ml"' ampicillin (Sigma), 8 units pl™
fungizone {Gibco) with 10% Toetal Calf Serum (Sigma) or 20% myoclone super plus

foetal bovine serum FCS (Gibeo, BRL), filler sterilised.
2.1.3 Cell Protein Extraction

e 2 x Protein Sample buffer: [00mM Tris-Cl, pH 6.8, 4% SDS, 20% glycerol, 0.2%
bromophenol blue, 200mM dithiothreitol in distilled water

o Sclution A: 20mM PIPES (Piperazine-N,N’-bis-2-ethanesulphonic acid) {BDH). pH
7.5, 15mM NaCl, 60mM KCI, 14mM § mercaptoethanol (BDH), 0.5mM Ethylene
glycol-bis(2-aminoethylether)-N,N,N’ N’-tetraacetic acid (EGTA) (BDH), 4mM EDTA,
0.15mM Spermine (Sigma), (.5mM Spermidine (Sigma) in distilled water.
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L

Solution C: SmM HEPES {N-[2-hydroxyethyl| piperazine-N’-[2-ethanesulphonic acid)
{Sigma), 1.5mM MgCl; (Sigma}, 0.2uM EDTA, 0.5mM dithiothreito] (Gibco,BRL),
0.5mM PMSF (Sigma}, 26% glvcerol (BDH) in distilled water.

2.1.4 Bacterial and A phage Culture

LB medium: 1% bacto-tryptone (Difco}, 0.5% bacto-yeast extract (Difco), 1% NaCl in

distilled water.

LB Top agarose: LB with 1.5% agarosc (Gibeo,BRL) in distilled waler,

LB Agar: LB with 1% bactoagar (Difco) in distitled walcr.

Supplemented (2 phage) LB agar: 1.B Agar plus 0.3% glucose (Sigma), 0.075mM

CaCl;, 0.004mM FeCla and 2mM MgSO; in distilled water.

SM buffer: 50mM Tris-Cl, pH 7.5, 10mM MgSQO. (Sigma), 100mM NaCl, 0.01%

gelalin (Sigma) m distilled water.

2.1.5 Bacterial Cell Transformation

L]

TYM medium: 2% wryptlone, (1.5% bacto-yeast extract, 0. [M NaCl, 10mM MgS04.7H,0

in distilled water.

Transformation buffer 1: 30mM potassium acetate (Sigma), 30mM MnCl; (BDH),
100mM KC1, 10 mM CaCl; (Sigma), 15% glycerol in distilled water.

Transformation buffer Il: 10mM MOPS, 75mM (aCl,, 10mM KCI and 15% glycerol in

distilled water.

X-pal/IPTG solution: 5mg ml” of X-gal (5-bromo-4 chloro 3 indolyl-B-D galactosidase)
(Sigma), 25mM 1PPG (isopropythio-B-D galactosidasc) (Sigma) in Dimethylformamide

(BDH) stored in glass container covered with foil.
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2.1.6 DNA Extraction
e TE buffer: 10mM Tris-Cl, pH 7.5,1mM EDTA in distilled water.
s 1 x SSC solution: 0.15M NaCl, 0.015M trisodium citrate (Sigma) in distilled water.

¢ Genomic lysis solution: (00mM Tris-Cl (pH 7.5), 100mM NaCl, 1O0mM EDTA and 1%,

sodium lauryl sarkosy! (Sigima) in distilled water.

e Resuspension solution: 50mM Tris-Cl, pH 7.5, 10mM EDTA, 100 pe ml™" of RNAusc

A (Sigma) in distilled water.

« Cell Lysis solution: 0.2M NaOH and 1% SDS (Sodium dodecyl lauryl sulphate) (Sigma)

in distilled water.
» Neutralisation solution: 2.55M potassinm acetate, pH 4.8 in distilled water.
2.1.7 Polymerase Chain Reaction (PCR) and DNA Modification
¢ PCR bufter: 10mM Tris-Cl (pH 8.3), 50mM KCI in distilled warer.

e 10x Alkaline Phosphatasc buffer: 10mM ZnCls (Sigria), [0mM MgCla, 100mM Tris-C1
{pH 8.3).

2.1.8 DNA Electrophoresis and Southern Blot Analysis

¢ Loading buffer: 0.25 % bromophenol blue (Electron), 0.25% xylene cvanol (Sigma),

40% (w/v) sucrose (Sigma) in distilled water.

e 10mg mi Ethidium Bromide (Sigma) solution, dissolved in distilled water, kept in

darkness.
¢ Denatutation solution: 1.5M NaCl, ¢.5M NaOH (Sigma) in distilled water.

o Neutralisation selution: 2M NaCl, 0.5M Tris-Cl, pH 7.4 in distilled watcr.
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2.1.9 Radioactive Labelling

e STE buffer: 0.1M NaCl, 10mM Tris-Cl (pH 8.0), ImM EDTA (pH &.0} in distilled

watcr.

2.1.10 Nucleic Acid Hybridisation

s Hybridisation solution: 250mM sodium phosphate bulfer adjusted to pH 7.2 with 85%

orthophosphoric acid (BIDH), ImM EDTA, 7% SDS in distilled water.

2.1.11 RNA Extraction, Electrophoresis and Northern Biot

Analysis

Phasphate Transter bufler: 25mM Na,HPO,, adjusted 1o pH 3.5 with 25mM NaH,;PO,

in distilled waler.

* 5x MOPS solution: 0.2M MOPS (3-Morpholinopropanesulfonic acid) {Sigma), 30mM
sodium acetate, SmM EDTA, pH 7.0 in distilled water.

o RNA loading dye: 95% formamide (BDH), 20mM EDTA, pH 7.6, 0.05%. bromophenol

bluc, 0.05% xylene cyanol FF in distilled waler.

10mg ml™? Ethidiwm Bromide in distilled water.
2.1.12 DNA Sequencing

e Sequencing stop solution: 98% formamide, 10mM ELTA, pH 8.0, 0.025%

bromophenol blue, 0.025% xylene cyanal [T in distilied water.

o 10X TBE stock: 162g Tris base stock, 27.5g boric acid (Sigma), 9.3g of EDTA, made

up to 11 with distilled waler.
e 10% APS: 0.1g (ammoniuin persulphate) (Sigma) in 1m) of distilled water.

o TEMED (tetra-inethyl-1,2-diarninocthanc) (Sigma)
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2.1.13 IFAT and Western Blot Analysis

s DABCO/glycerol: 50% glycerol with 2.5% (w/v) DABCO (1.4 diazabicyclo 2.2.2

octane) (Sigma), pH 8.0 in distilled water.

¢ DAPI stain solution: DABCO/glycerol with lmg ml ' DAPI (4.6-diamidino-2-

phenylindole) (Sigma) and 1mg ml™ p-phenvdiamine (Sigma) in distilled water,

o SDS-PAGE electrophoresis lank bulfer: 50mM Tris, 384mM glycine, 2mM EDTA and
1% SDS in distilled water.

s Coomassie Blue staining solution: 0.001% Coomassie Brithant Blue R-250 {Sigma).

10% acetic acid, 40% methanol (BWR international) in distilled water.
« Deslaining solution: 10% acetic acid, 40% mcthanol in distilled water.

e Transfer buffer: 25mM Tris, 192mM glveine (ICN biochemicals), 20% methanol in

distilled water.

s Prolein block bulfer: TOmM Tris-CL pH 7.4, 150mM NaCl, 0.1% Tween-20 (Sigma).

5% non-fat ntelk powder, 10% haorse serum (Sigma) in distifled water.

» Protein wash buffer: 10mM Tris-Cl, pH 7.4, 150mM NaCl, 0.1% ''ween-20 in distilled

water.
2.1.14 Electromobility Shift Assay (EMSA)

¢ CMSA binding buller: 10mM IEPES, plf 7.9. IlmM CDTA, 5% Ficoll (Sigma) in

distilled water.

e 23% APS: 0.25g APS int 1l distilled water,
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2.2 Methods

2.2.1 Cell Culture

The cloned cell lines, D7 and D7B12 (Shiels et wl., 1992), denved rom 77 annulata
(Ankara) {TuA2) macroschizont infected cell lines (Shiels ef al., 1992) were cultured at 37°
Cor 417°C i the presence ol 5% CO;,, Cell counts were measured using a haciocylometer
and diluted (o a cell density of 1.4 x 107 cells mlI” every 48 hours. Cclls were grown in
supplemented RPMI-1640 media and (0% heat inactivated foetal call serum (FCS)
{Sigma) or 20% myoclone super plus (oetal bovine serum FCS (Gibco, BRL) in the case of
D7B12 cells, Uninfected Bovine Lymphosarcoma cells (BL20) (Morzaria er «f.. 1982),
Tad0A cells (Baylis et af.. 1992) and TBL20 cells, a Therleria infected cell ne from the

samc lineage as BL.20 cells (Shiels ef «l.. 1986) were culiured as Tor D7B12 cells at 37°C.
2.2.2 Cryopreservation and Recovery of Cells

To preserve cells in liquid Ny, 5 x 10° cells ml™ were contrifuged at 400xg for § minutes
and gently resuspended in 3mlb of medium at 4°C containing 10% Dimethylsuiphoxide
{Sigma). The cells were divided mnto 1.5ml aliquots it eryotubes, wrapped in cottonr wool
and placed in a polystyrene box and stored al -70°C for 24 hours, aller which they were
transferrcd to liquid N» storage. Cryopreserved cells were recovered by rapidly thawing the
vial al 37°C and then added te 10n of pre-warmed medium. The cells were centrifuged at
400xg for 5 mins, given a further wash in 10m) of medium and resuspended in 5ml of
supplemented medium, After being in cultare at 37°C for 24 hours, the cells were checked

for viability and the culture volume brought up to 10ml with supplemented medium.
2.2.3 Staining of Cells with Giemsa Reagent

100 pl of cells at an approximate densily of 5 x 10° cclls ml™ were centrifuged in a
Shandon cytospin 2 centrifuge at 240xg for 5 minutes onto superfrost glass slides (BDH).
The cells were air dried at 37°C for 5 minutes, fixed with methanol for 30 minutes and then
stained in 4% Giemsa’s stain (Gurr’s improved R66, BDH) diluted in distilled water for 40
minutes. The stained cells were rinsed with distilled water and viewed under oil under x

100 objective after drying.
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2.2.4 Preparation of Cell and Nuclear Extracts

Total cell extracts were prepared by pelleting approximately 107 cells by centrifugation at
400xg for 5 minutes. The cclls were washed three times in an equal volume of PBS,
resuspended in (L5l of PBS and lysed with 0.5 volumes of 2x protetn sample buffer. The

lysate was sheared by a 23 gauge syringe o break down the genomic DNA.

Preparation ol host and parastte nuclet was modified from extraction methods developed
for Plasmodium by Lanzer et al. (1992). 10°-10" cells wore pelicted by centrifugation at
400xg, rinsed in IxPBS, and resuspended in 6ml nuclear extract solution A, to which
0.125mM PMSI (Phenylmethylsuphonyl fluoride) was [reshly added. The cells were
homogenised in a dounce homogeniser with a tight pestle for ¢ strokes on tce and
centrifuged al 400xg for 5 minutes at 4°C to pellet the host nuclel. The supernatant was
decanted and re-centrifuged as before o remove any remaining host nuclei. The final
supernalant was centrifuged at 2000xg for 10 minvtes at 4°C to pellet the parasite nuclet,
The host and parasite pellcts were resuspended in 300 wl and 160l respectively of nuclear
cxtract solution C, to which NaCl was added to a tolal concentration of 300mM. The
extract was incubaled on ice for 30 minutes and then cenirifuged at 15800xg for 10
minutes to remove any insoluble material. The supernatant conlaining the nuclear extracts
were cither snap frozen in dry 1ce and stored in 10ul aliquots in liquid N; or SDS protein
loading bulfer was added for SDS-PAGE analvysis (see section 2.2.27). All samples were
stored at -20°C. The Protein concentration of dilutcd nucicar cxtract was estimated by the
Warburg-Christian Method (1941/1942 cited by Seidman and Moore, 2000), by measuring
the sample at O.Dagg and 0.Dagp in a quartz cuvelle and accounling for nucleic acid

conlamination using the following formula:
| Protein] = 1.55A080 - 0.757 Azeo (0 umits of mg/ml).
2.2.5 Culturing and Storing Bacteria

The Escherichia coli strains used were JM 109 (Yanisch-Perron ef ¢f.,19835) and XL.1-Blue
(Bullock et al., 1987), obtained from Promega and Stratagene, respectively. These strains
were grown in LB medium at 37°C in an orbital incubator or streaked out on LB agar
plates. These strains and derivatives containing recombinant plasmids were stored at -70°C
in LB medium containing 25% glycerol. Cells were recovered from glycerol stocks by

streaking out onto an LB agar plate, and grown ovemight at 37°C. Single colonies were
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then grown up in 1.B mediun.

2.2.6 Transformation of E.coli Competent Cells

To prepare competent cells for transformation, Tml of JM109 or XL1-Blue E. coli cells,
previously grown overnight at 37°C were used to inoculate a 21 {lask containing 100mi of
TYM medium. This culture was grown for approximately 2 hours until mid-log phase
{optical density reading at 600um (O.D.qpp) of 0.5-0.9). Al this point, TYM broth was
added 1o the cullure to a final volume of S00m! und the cells were grown until the culturc
reached an O.D.yoe value of 0.6, whereupeon the culture was cooled 10 ice water, The cells
were pelleted by centrifugation at 4200xg for 15 minutes (at 4°C), resuspended in 100ml of
cooled transformation buffer I and centrifuged again at 4200xg for 8 minutes. The pelleted
competent cells were resuspended in 20ml of cold transformation bufTer I and dispensed in

0.1-0.5m] aliquots in pre-chilled microf{uge tubes, frozen in liquid N2 and stored at -70°C,

For the trunsformation process, competent cells were thawed at room temperalure untit
they started (o melt and then placed on ice. 5-10 pl of ligated DNA was added o 100u} of
competent cells and incubated for 30 minutes. The eclls were then subjected to heal shock
at 42°C for I minute and returned to ice immediately. After cooling, 600ut of LB medium
was added to the (ransformed cells and incubated for 90 minutes in a 37°C waterbath.
Transformed cells were plated onto LB agar plates supplemented with 50pg ml™? ol
ampicilling which wete previously spread with 150u of X-gal/IPTG solution. The plates
were covered o plastic wrap, to prevent moisture loss, and incubated at 37°C over night.
Recombinant colonics containing the sub-cloncs of intercst were chosen on the basis of
blue/white colony selection, according o the manulacturer’s protocol for XL1-Blue or
IM1(9 cell transformation (Stratagene or Promega). White colonies were picked with a
sterile metal loop and re-streaked onto fresh ampicillin plates for maintenance and stored at

4¢C and/or kept as glycerol stocks (see section 2.2.5).
2.2.7 Expression of GST-Fusion Proteins in E.coli Cells
Induction of GST-fusion protein expression in XL1-Blue E.coli cells were performed

according to the suppliers instructions (Pharmacia) either at 37°C or 30°C for up to 4

hours.
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2.2.8 Purification of the TashAT1-N Fusion Protein

The induced bacterial cell culture was pelleted by centrifugation at 7700xg for 10 minutes
at 4°C, the supernatani discarded and the cell pellet placed on ice. The pellet was
resuspended in 10ml of 1x PBS (sec section 2.1.1) and the cells lysed by 6 cycles of
sonication on ice (Soniprep 150, MSE/Sanyo) at amplitude 7; Lysis was deemed successful
by a partial clearance of the cell suspension. 20% Triton X-100 (in 1x PBS) was then added
to a inal concentration of 1% and the cell debris was pelleted by centrifugation at 12000xg
for 10 minutes at 4°C where (he supernatant, containing the fusion protein was transferred
to a fresh tube. Purification of the fusion prolein was performed on a prepared Glutathione
Sepharose 4B column according lo the manufaclurer’s instructions (Pharmacia). The
purificd fusion protcin cluates were pooled {ogether and dialysed agzainst 41 ol 1 x PBS in
dhalysis tubing (Mcedical Lnternational ltd), previously sterilised by hoiling in 2% sodium
bicarbonate, ImM EDTA solulion and rinscd. The Protein concentration was estimated by
a method adapted from Bradford (1976), using the BCA Protein Assay Reagent kit
(Pierce). according to the supplice’s instructions, The concentration of the protein sample
was dctermined by interpelation from the standard curve, generaled [rom Bovine Serum

Albumin (BSA) samples of known concentration versus their absorbance at 562nm (Asg).
2.2.9 Preparing High Titre A dash ll phage Stocks

Bacteriophage were grown according to the protoco! developed by Promega for Wizard
Lambda Preps DNA purification system. Preparation of high titre stocks of A bacteriophage
were carried out using plate lysis method, using XL1-Blue cells as a host culture using
supplemented (A phage) LB agar. The plate was incubated over night at 37°C and then
inspected for confluent lysis. To determine the concentration of A phage stock, plale lysates
were prepared from serial dilutions of the A phage stock (prepared in SM buffer). The
number of plaque forming uuits (pfu) were counted and calculated according to the method

described by Sambrook ef al. (1989),

2.2.10 Preparation of i dash li

Preparation of 2, bacteriophage DNA was based on a method by Sambrook ef al. (1989),
using high titre stocks of A bacteriophage clones (see section 2.2.9). 1ml of an overnight

culture of XL1-blue cells were used to inoculated two 11 flasks, each containing 100ml of
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LB medium supplemented with 10mM MgSO4. The flasks were grown at 37°C in an
orbital shaker until the cells were at a density of 2-3 x 10% cells ml”' (in the growth phase).
This density corresponded to an O.Dggo reading of 0.45-0.6, using plastic cuvettes. The
XL1-Blue cells were infected with a total of 2-3 x 10" pfu of bacteriophage stock and the
flasks were shaken vigorously at 37°C in the oibital shaker at 250 revolutions per minute
(rpm). Incubation continucd until the ccll suspension became clear. At this point 200u] of
chloroform was added to (he flasks and shaken for a further 15 winules to release the
remaining bactertophage particles. DNAase [ (Sigma) and RNAasc A (Sigma) were added
to a final concentration of 10ug ml™" in the tysate and incubated for a further 30 minutes at
37°C. Phage parlicles were precipitaled by the addition of NaCl to 4%, and PEG (6000)
(Sigma) to (0% ol the total volume at 4°C for 12 hours. The A bacteriophage were pelleted
by centrifugation at 5000xg for 15 minutes, the supernatant was removed and the peilet
was resuspended in 0.5ml of SM bufter. X bacteriophage DNA was purtlied using the
Wizard Lambda Preps DNA  purification system kil (Promega) according o Lhe

manufacturers instructions, using the vacuum manifold mcthod.
2.2.11 Preparation of Genomic DNA

Approximately 2 x 10% Theileria infected cells cultured at 37°C were harvested by
centrifugation at 400xg for 5 minutes and resuspended in Sml of 1xSSC solution. The cells
were theu lysed [or 2-3 minutes in an cqual volume of lysis solution. To remove all protein,
proteinase K (sigma) was added to a concentration of 100 pg ml™ and incubated at 55°C
for 2 hours. DNA was progressively extracted by Phenol (Sigma) and then by
phenol/chloroform. This procedure involved the addition of pheno! (equilibrated to pH 7.8-
8.0) saturated with TE to the cell lysis solution in a t:1 ratio of TE saturated phenol: cell
lysis solution. The mixiure was agitated vigorously, centrifuged for 10 seconds and the
aqueous phase removed. The same procedure was cepeated with phenolichlorolorm (1:1)
extraction but this time the aqueous phase of the phenol/chloroform extraction was mixed
with chloroform (Sigima) alone to remove any excess phenol that could interfere with
downstrecam enzymatic reactions. The lop, aqueous layer of the chlorotornm extraction was
removed and PDNA was precipitated by the addition of 2.5x volume of 100% ethanol (pre-
cooled at -20°C) and 0.1x volume of sodium acetate. The DNA was left to precipitate for
12 hours at -20°C and then centrituged at 20800xg for 30 minutes for collection. The DNA
pellet was washed in pre-cooled 70% ethanol, centrifuged at 20800xg for 10 minutes, and

resuspended in a suitable volume of TE after drying under vacuum pressure and stored at 4
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°C. The concentration was determined by measuring a diluted sample at O.Dogo In @ quartz

cuvetic as described by Sambrook ef al. (1989).
2.2.12 Preparation of Plasmid DNA

For small scale preparations of Z.coli cells bearing the desired plasmid construct, 3ml
cultures of LB medium, contaiping the antibiotic ampicillin (100mg ml™” in distilted water),
were (noculated with a single colony lifled using a wire loop and grown overnight at 37°C.
The cells were pelleted by centrifugation at 20800xg [or 30 seconds, resuspended in
Resuspension solution, then lysed by gentte mixing with ccll lysis solution. Lastly, the
lysale was neutralised with 0.2ml of neutralisation solation followed by cenirifugation at
20800xg for 20 minutes. The supematant was decanted into a fresh tube and the DNA
precipitated by the addition of 2 volumes of 100% cthanol. The precipitated DNA was
pelleted by centrifugation at 15800xg for 30 minates, washed in 70% Bthanol and re-
pellcled as belore. Excess ethanol was drained from the tube and then removed by drying at
room temperature for approximately 5 minutes. The pellet was resuspended in 50 to 100ul
distilled water or TE buffer and storved at -20°C. Larger quantities of plasnmid DNA (400ug-
1.00mg) were collected using the maxiprep kit (Qiagen) from [00-500m] of £ coli cell

culture according to the manulacturer’s instructions.
2.2.13 Restriction Digestion of DNA

DNA was digested with restriction enzymes using the buffers provided by the suppliers
{Gibco, BRI or Promega). Typically, 0.2-1.0 pg plasmid or A dash [I DNA or 45pug of
genomic DNA were used for each reaction. In general, 5 unils of enzyme were used 1o

digest 1 g ol DNA for 1 hour at the temperature recommended by the supplier.
2.2.14 Sub-cloning DNA

Following electrophoresis of PCR amplificd (sce section 2.2.15) or restriction digested
DNA (sec scetion 2.2.13), thc DNA fragments of interest were isolated from low melting
point agarose gel slices using GeneClean kit (qbiogen), according to the manufacturer’s
instructions. PCR products were ligated into the pGEM-T casy vector according to the
manufacturer’s instructions. Restriction digested DNA was ligated into pGEM7s(
(Promega) or pGEX-2TK. (Pharmacia) vectors, previously digested with the appropriate

restriction enzymes and purified by GeneClean kit as described above. Ligation reactions
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were typically performed by adding the following to a 20ul reaction mix and incubating for
12 hours at 16°C: 50ng of DNA insert, 50ng of digested vector, 2 pl of 10x ligation buffer
(Gibco, BRL) and 100 units of T4 DNA ligasc (Gibco, BRL).

2.2.15 Amplification of DNA products by the Polymerase Chain
Reaction (PCR)

DNA fragments were amplificd from the DNA tcmplate in a standard SOul reaction
mixture containing [.25 units of high fidelity Tag DNA polymerasc {amplitag); DNA
template:0.1-0.5ug lor plasmid/Aa dash 11 DNA or 0.5- Tug for genomic DNA: [0pmol of 53°
and 37 primers (svnthesised commerciatly by Cruachem): 200 uM each dNTP {amplitaq);
ZmM MgCl; and PCR buffer (amplitaq) at the appropriate dilution. The DNA
amplification reactions were performed in a Perkin-Ehner 480 thermocycler. A (ypical
reaction involved an imbial denaturation step of 95°C for 5 minutes, lollowed by 30
thermocycling steps and finally a 10 minute cxtension step at 70°C. The paramcters used
for cach cycle were typically: denaturation: 95°C for | minute, anneal: 55°C for | minute,
extend: 72°C lor 1 minute. However the auncaling temperaiure (Ta) varied according to the
melting temperature (1) of the primers used, and were calculated using the (ollowing

[ormula:
Tm=4G+C)+ 2(A + T)YC.

The Ta was set at 5"C below the lowest Tm ol the pair of primers to be used (Innis and

Gelfand, 1990).
2.2.16 5’ RACE (Rapid Amplification of cDNA Ends)

This method was employed to determine the transcription start site ol TushAT] using the
5’RACE kit, version 2 {Gibco, BRL) and was performed according to the manufacturer’s
instructions. The 37 gene specific nested primers GSP1, 2 and 3 were named rspl, 2 and 3
{see Appendix A). The first PCR reaction was performed in a Perkin Elmer thermocycler
as follows: initial denaturation at 94°C for 1 minutes then 30 cycles of denaturation at 94°C
for 1 minute, annealing at 55°C for | minute, extension at 72°C for 1 minute followed by a
final extension at 70°C for 10 minutes. The second PCR amplification reaction was

performed as described above, but in this case the annealing temperature was 45°C. The
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product was electrophoresed and purified from an agarose gel using the GeneClean® kit
and ligated into pGem 1" Easy vector (Promega) as described in section 2.2.14, and
transformed into XL1-Bluc cells (sce scetion 2,2.60). DNA was purified from recombinant
colonies using the GeneClean kit according the manufacturer’s instructions and sequenced

{sce scetion 2.2.24).

2.2.17 Electrophoresis of DNA

DNA separation was carried out as described by Sambrook er /. (1989). The agarose gel
(Gibco, BRIL) was prepared by melting agarose powder in IxTAE 1o a percentage
determined by the size of DNA used, normally 0.7%. Once the agarose had cooled to 55°C,
Ethidium bromide (Sigma) waus added (0 a (inal concentration of 0.5 pg ml™, poured into a
casting (ramc and left to solidify. Low meiting point agarose (Sigma) was used when the
DNA was to be isolaled as a gel slice. In this casc the low melting poinl gel was cast at 4°C
and DNA cleetrophoresis was performed at 4°C to prevent the gel fom melting. DNA
samples were loaded into wells with an equal proportion of loading buffer. The gel was
placed in an electrophoresis apparatus (Pharmacia or Gibeo, BRL), covered in 1x TAE
buffer and arranged so that the negatively charged DNA would run from the wells, nearest
the negative cathode, towards the positive anode. Samples were electrophoresed until the
dye [ront was one third from the end of the gel. DNA fragments were visualiscd as
fluorescent bands under u.v. light. The DNA size was estimated by a comparison with the
{kh DNA marker ladder ({zibco, BRI.), run alongside the sample. The size of the DNA
restriction lragments were determined by interpolation from a calibration curve of loge

DNA molecular weight markers against distance migrated.

2.2.18 Southern Blotting

Aller electrophoresis, DNA was treated and translerred 1o Tybond-N (Amersham) by the
lollowing method. The gel was placed in denaturation solution for 45 minutes aud then in
neutralisation solution for 30 minutes. Finally, the gel was equilibrated in Phosphate
Transfer buffer (see section 2.1.11) for another 30 minutes. DNA. was transferred onto a
nylon membrane in transfer buffer for at least 18 hours by capillary action as described by
Southern (1975). The DNA was fixed to the membrane by exposure to 150 Joules of ULV,
light radiation in a GS Gene Linker box (BioRad). The membrane was either stored in
aluminium (oil at -20°C or prepared for hybridisation with a radioactively labelied probe.

Hybridisation was performed at 65°C over night with a probe radiolabelled by the random
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priming method (see section 2.2.22) using the methods and reagents developed by Church
and Gilbert (1984). After hybridisation, excess radicactive DNA was removed by washing
the hlter three times in 0.2 x SSC, 0.1% SDS solution every 20 minutes; the filter was
exposed o autoradiographic [ilm (Kodak X-Omat AR} in a cassetle box at ~70°C for an
adequate time period. To visualise the hybridised bands, the film was submerged in
developing solution for 3 minules (Kodak) followed by 30 seconds in wash solution (3%
acetic acid), and then 3 minutes mn [iford Hypam fixing solution {Koduk) in darkness.

Afterwards, the (ilm was rinsed in water for 5 minutes and dried.

2.2.19 Preparation of RNA

Ta purify total RNA, approximately 10° -10” cells were pelleted at 100xg, and washed
twice in 10ml of Ix PBS buffer. Afier the final wash, RNA was purified from the cells
using the Tri-Reagent (Sigma) according to the manulacturer’s protocel. using equipment
and reagents pre-treated with DEPC (di-ethyl pyrocarbonate) (Sigma). Once purified, the
RNA was resuspended 1 200u] of 0.5% SDS solution by incubation at $5°C for 10
minutes and used immediately or stored at -70°C. Poly (A)" RNA was donated by D.G.
Swan. Quantification and purity ol the RNA sample was determined by spectrophotometric

methods as described by Sambrook et af. (1989).

2.2.20 Electrophoresis of RNA

RNA samples were electrophoresed on  1.2% agarose-formaldehyde gels  using
clectrophoresis apparatus previously treated with DEPC in 1x MOPS buffcr. The RNA gcl
was prepared by melling agarose (low LEQO) (Sigma) in distifled water to a concentration of
1.2%. When the solution had cooled to 55°C, 0.2 volumes of Sx MOPS solution and 0.02
volumes of 37% formaldehyde (BDH) were added and the gel was cast. RNA samples plus
the RNA marker ladder (Gibco, BRL) were prepared in the following solution: 10pg total
RNA, 0.1 volumes of 5x MOPS, 0.18 volumes of 37% formaldehyde, 0.5 volumes of
formamide. The RNA was denatured by incubation at 55°C for 15 minutes and rapidly
cooled on icc. 0.2 volumes of RNA loading dyve was added to the samples, which were then
loaded onto the gel and electrophoresed at 30-40V for 16 hours with a peristaltic pump
attached to recirculate the bufice, Elcctrophorcsis was stopped when the first dye front had
reached three quarters of the Iength of the gel. The RNA marker lane was removed and

stained with 60l ethidium bromide in 250ml of water for viewing under u.v. illumination.
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2.2.21 Northern Blotting

Northern blowting of the remaining RNA was performed according to Sambrook er al.
(1989) with [Tybond-N membrane using 25mM phosphate transfer buffer, pIH 5.5, for 18
hours. The RNA was fixed to the membrane as described in section 2.2.18. Hybridisation
was carried out as described by Church and Gilbert {1984) at 55°C. The membrane was
washed (wice in either | x SSC (see section 2.1.6) or 0.1 x SSC with 0.1% SDS every 20
minules and the filter exposed to anloradiographic filhm at -70°C which was developed as
deseribed in section 2.2.18. The size of the RNA species detected were determined by
interpolation from a calibration curve of togy RNA molccular weight markers against

distance migrated,

To re-use radioactively labelled membranes, 11 of boiling 0.1% SDS solution was poured
over the membrane, left for 30 minutes, rinsed and checked (or radioactivity. The process
was repeated until no radioaclivily was detected on 1the membrane. Belore being re-labelied
with a sccond radioactive probe, the stripped membrane was exposed to autoradiograplic
fitm for a time period equivalent to that used for i’s original exposure (or longer in the

case al abundant RN A species) to check no residual label remained on the membrane.

2.2.22 Radioactive Labelling of DNA using the Random Primed
Method

This method was used lo prepare *°P radioactively labelled probes tor hybridisation with
membranes containing DNA or RNA. The probe was prepared using the Random Primed
DNA labelling kit (edition 7, Boehringer Mannheim) according to the manufacturer’s
nstructions, using 50nCi of [o-*2 P)CTP (iCN biochemicals). The desired DNA fragment
was excised from a low melling point agarose gel, sterile, distilled water was added (3ml/g
of gel) and the solution was heated for 7 minutes at 100°C to melt the gel and denature the
DNA and was either cooled o 37°C for immediate use, or stored at -20°C. The DNA
sample was denatured by healing the sample to 100°C for 5§ minutes and then cooling the
sample rapidly on ice before it was added to the reaction mix. After incubation at 37°C for
1 hour, 80ul of STE buffer was added to stop the reaction and the probe was denatured by

boiling for 5 minutes.
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2.2.23 Radioactive Labelling of DNA using the End Labelling
Method

32

[n order to Tabe! the 57 end of oligonueleotides with ““P-y-ATP, il was necessary (o
dephosphorylale the end termuni of the oligonucleotide, using 1 wnil of Alkaline
Phosphatasc (Sigma) for every mmol of oligonucleotide, plus Tyl of 10x alkaline
phosphatase buffer in a total volume of 10l The reaction was incubated for 30 minutes at
37°C and the enzyme denatured by heat inactivation at 65°C for | hour in {he presence of
3mM EDTA (pH 8.0). The oligonuclotide was then purificd using GeneClean Kkit,
according (o the manufacturer’s instructions. For the end labelling reaction. [0pmot of
oligonucleotide was mixed with Tl of 160 pCi/ul™ of [y="PJATP (ICN biochemicals), 1ul
of 10x polynucleotide kinase buffer (Promega). Tl of T4 polynucleolide kinase (10 units

ity (Promega) made up with distilled water to 10ul. The mixture was incubated at 37°C
for 30 minutes, atler which 40ul of STE was added and the probe purified on a NucTrap®
column (Stratagene), inside a Reta Shicld device (Stralugeneg). according to the

manufacturer’s instructions,
2.2.24 Densitomeltric Analysis

Densitometric scanning of autoradiographs were performed using a Quantity One scanner

(pdl) at the CRC Beatson Institute (Glasgow). according to the manufacturcr’s instructions,
2.2.25 Automated DNA Sequencing

DNA samples were prepared by PCR amplification using infrared Muorophore (laser dye
IRD41) labelled primers for detection by a LI-COR model 4000(L) DNA sequencer as
described by Middendorf et af {1992}, The LI-COR sequencer contains a lascr diode
emitting at 785nm which causes excitation of the fluorophore labelled DNA [ragments
passing through the laser diode during electropharesis, which are detected by a
microscope/detector. The DNA sequence images were collated into one image directly on

computer using ImaglR™ software.

The sequencing reactions were performed using the Fluoro Sequenasc kit (Epicentre
Technologies) in the following reaction mix: 50ng DNA, 2pmol IRD41 labelled primer

(T7, T3 or SPG6), 2.5ul of 10 x sequitherm Exccl™Il scquencing buller (Epicentre
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T'echnologics), 1l of biopro thermostable DNA polymerase (Bioline) made up to 17 pl
with distilled water. 4ul ol reaction mix was added to each ol four thermocycler tubes, each
containing 2 ul of sequitherm Excel™1I dideoxy-ATP, -CTP,-GTP,-TTDP termination mix
(Epicentre Technologies), respectively, 30 ul o mineral oil were added Lo each tube, which
were placed in a Perkin Elmer thermocycler for a total of 30 cycles starting with a 95°C
denaturation step for 5 minutes and then 30 seconds at 95°C, 20 seconds at 60°C
{annealing), 1 niinute al 70°C (elongaton), After PCR amplification, (he reactions were
stopped with 4ul of sequencing stop solution and stored at 4°C n darkness. Just prior to

loading, samples were denatured at 95°C for 5 minutes.

The acrylamide sequencing gel was prepared by adding 2lg of urea to 6ml of 50%
LongRanger™ mix (FMC) and 6ml of [0x TBE made up to total volume of 50ml with
distilled water and degassed {o remove any air bubbles. Polymerisation of the acrylamide
gel was achieved with the addition of 251l TEMED and 250 pl of 10% APS and cast using
LI-COR plates. When the acrylamide was set the plates were assembled into the LI-COR
scquencer as described in the manufacturer’s instructions with 1 x TBIU buffer used as
electrophoresis buffer. Beforc the samples were loaded, the gel was pre-run for 30 minultes
until the gel temperature reached 50°C, at which point the sequencing gel was loaded with
2ul of sample and clectrophoresed al 1500V (35mA) for approximately 6.5 hours. The
sequencing image and sequence was retrieved and manually edited on computer using the

ImagIR™ data collection seltware sct designed for the LI-COR model 4000 sequencer,

2.2.26 Sequence Analysis

DNA sequence information was transferred to a database and analysed using the Genctics
Computer Group (GCG) Wisconsin package sofiware, version 10.2. Sequence comparisons
were performed using the FastA programme. The predicted polypeptide and nucleotide
sequences of TashAT1 was compared to other polypeptide and nucleolide sequences using
the programs BLLAST (for polypeptides) and ENTREZ (for nucleotides) al the ncbi website
(http://www nebinim.nih.gov/). Preliminary scquence data from the 70 parva genome
project was obtained from The Institute of Genome Research (TIGR) website at
http://www tigr.org. The predicted molecular weight of ‘FashA'l'l and the fusion protein
was obtained from the Predictprotein program, GCG. Potential motifs and secondary

structure predictions were analysed using the following software programs:
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PSORT II hitp://psort.nibb.ac.jp/

IPSORT htip://hypothesiscreator.nel/iPSORT/

SMART http://smart.embl-heidelberg.de/

PROSITE http:/fwww. expasy.ch/prosite/

SignalP and TargetP htip://www.chs. diu.dk/services/

ProDom http:/fprodes.loulouse.inra. fi/prodom/doc/prodom. html
PEST{ind hitp://www.at.embnet.org/embnet/tools/hio/PESTind/
SEG and PID analysis  hitp://dodo.cpme.columbiaedufpp/prediciprotein.html

Matinspector htip:/ftransfac.gbl.de/ TRANSFAC.

2.2.27 Indirect Fluorescence Antibody Test (IFAT)

Cell cultures were grown (o a densily of | x 10° cells/ml and prepared on slides as
described in section 2.2.3. The cells were fixed onto the slides by incubation with acetone
at -20°C for 30 minutes and left to cquilibrate at room temperature for 5 minutes. 20 ul of
the first antibody (sce section 2.2.30), diluted in RPMI-1640 media or neat, was applied 1o
the fixed cells and incubated at room temperature i a humid chamber for 30 minutes. The
slides were washed three times in | x PBS and then dried at room temperature for 5
minutes. 20 pl of FITC (fluorescein isothiocyanale) conjugated rabbit anti-species [gG
(Sigma), diluted by 1:200, was applied to the cells (which generates green {luorcscence
under the microscope), incubated and washed as before. The slides were placed in 0.1% of
Evaos Blue in 1x PBS [or 2 minutes to counter stain the cells (red under microscope) and
then rinsed in PBS. Afler drying, the cells were mounted in DABCQO/glycerol solution or
DAPI stain and examined under x 60 or x 100 objcctive for Muorescence with a Leitz
orthelux II transmitted light [Tuorescence niicroscope. Pholographs ol the images were
taken by an Olympus BX060 fluorescence camera, attached to a SPOT digital camera
(Diagnostics Instruments Inc), where images were digitally loaded onto a computer and

viewed using the SPOT basic program.
2.2.28 SDS-Polyacrylamide Gel Electrophoresis (PAGE)

This method was developed by Laemmlt {1970) and performed in Mini Protean II gel
electrophoresis apparatus (BioRad) nsing mini-protcan II gel plates. The resolving gel
varied in acrylamide concentration according to the size of protein to be detected; normally
an 8% resolving gel was used. A 10ml resolving gel conlained 2.7ml of 30%
acrylamide/0.8% N-N Bis-methylenc acrylamide (wfv) mix (Scotlab) in 2.5m!} of 1M Tris-
Cl, pH 8.8 and 0.1ml of 10% SDS, 4.6ml of distilled water. The gel was polymerised with
the addition of 0.5ml of [reshly prepared 10% APS and 0.5m! of TEMED (see section

2.1.12), and immediately poured into the casting platcs to thice quarlers of the height of the
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gel plates (approximately 0ml gel miix). To prevent uneven polymerisation of the gel at the
air interface, the gel was overlayed with water saturated 2-butanol and polymerisation was
complete by 30 minutes. Once the water saturated 2-butanol was poured ofl and the
resolving gel rnsed with distilled waler, the remaining quarter of the gel plates were uscd
for the 4% acrylamide stacking gel, which was pourcd on top of the resolving gel.
Preparation of dmil of stack gel was made as follows: 0.67ml of 30% acrylamide/0.8% N-N
Bis-methylene acrylamide mix (Scotlab), 1.25ml of 0.5M Tris-Cl, pH 6.8 and (.05 % SDS
and 3.5ml distilled water. This gel was polymerised by the addition ol 0.025ml of 10%
APS and 0.005ml TEMED. Approximately 2ml of stacking gel was required for casting in
the mini protean Il plates. The gel apparatus was transferred to the mini protcan Il gel
clectrophoresis tank, and filled with electrophoresis tank buffer. In order to prepare the
samples and molccular weight markers for loading, 0.5 volumes of 2 x protein sample
buffer was added to protein samples, boiled for 5 minutes and foaded immediately into lhe
wells, Electrophoresis of polypeptide samples were carried out for 2 hours at 100V and
either processed for Western blotting or stained with Coomassic Blue staining solution for
2 hours to visualise the protein bauds. In the [atter case, protein bands becamce visible when
the coomassie blue was selcctively removed using Destaining solution. The gel was dried
under vacuum at 80°C for 2 hours in a BioRad gel dryer between clear plastic sheets for
long term storage. The molecular mass of the polypeplide(s) of interest was determinad hy
interpolation from a calibration curve of log)y melecular weight markers against distance

migrated.

2.2.29 Western Blotting

This method was adapted from Towbin et al (1979). After clectrophoresis, the
polypeptides were transferred [rom the SDS-PAGE gel onto a Protran nitroccliulosc
membrane (Schleicher and Schuell) in transfer bulfer using a mini protean electroblotter
apparatus {Bio-Rad) at 1V em™ for 90 minutes. The filter was stained with 0.2% Ponceau-
S (Sigma) dissolved in 3% v/v trichloroacctic acid for 5 minutes, and then washed in
distilled water, to check for transfer cliicicncy. The marker lane was removed and the filter
was destained and incubated with block buffer for 1-3 hours. The primary untibody was
diluted 1n a suitable volume of block buffer and incubated with the (ilter for 8-10 hours in a
sealed bag on a rocking platform. The filter was washed of primary antibody solution twice
with protcin wash buffer at room femperature for 20 minutes and was incubated with
pirotein block buffer for a further 20 minutes before incubation with the secondary antibody

for a further hour. This was either alkaline-phosphatasc conjugated anti-rabbit IgG (whale
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molecule, Sigma) or peroxidase conjugated anti-rabbit [gG (Sigma), both used at 1: 10000
dilution in block buffer. The filters were washed as before. In the fornier case, detection of
antibody binding was performed as described by Harlow and Tane (1988}, by incubating
the filter in bromochloroindoyl phosphate/tetrazolium (BCIP/NBT) which is converted to a
purple substrate by alkaline phosphatase. When the polypeptides were sufficiently visible
the reaction was stopped by rinsing with distilled water. Detection of antibody/antigen
complexes bound to (he peroxidase conjugated secondary antibody was performed by ECL
(Amersham) according to the manufacturers mstructions, When the substrate was added to
the filter, chemituminescence occeurred at the sceondary antibody binding site, which was
detected on autoradiographic film at increasing time periods, depending on the strength of

the signal.
2.2.30 Peptide Blocking

Peptide blocking was performed as deseribed by Moturam ef al. (1993). The fusion protein
was added lo primary antisera diluted in block buffer to an appropriate concentration
required to bind all the antibodies, for 3 hours at room temperature. The blocked antisera

was then incubated with the Western blot as described in section 2.2.28.
2.2.31 Generation of Antisera

Antisera was prepared by A. Tait and raised against the antigen in New Zealand White
Rabhbits. The antisera was collected from the rabbits and dispensed into 20ul and 50p
aligquots for storage at -20°C. Antisera DE-39 and EL-24 were prepared in the same manner

as described by Swan et af. (1999).
2.2.32 Electromobility Shift Assays (EMSA)

DNA binding reactions with host or parasitc nuclei were performed in a 20l reaction
volume containing 10pg ol nuclear extract, 14pl of EMSA binding buffer, 1yl of 200ng ml
' poly dG.dC.. tul of v *P-dATP labelled probe was added and the reaction mix was
incubated for 40 minutes at 4°C. Single stranded oligonucleotide (MWG) and its reverse
complement were annealed to create a double stranded oligonucleolide by imcubating
4(00pmol of cach oligonucleotide in 100pl of 0.5x polynucleotide kinase bufter (Promega)

at 80°C for 2 minutes and gradually cooling to room lemperature.
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3. Genetic Analysis of TashAT1 and TashAT3

3.1 Introduction

Previous studies of Theileria infecied leukocytes demonstrated that this parasile had the
ability to induce a transformed phenotype in the host (Brown, 1990), by some undefined
process. In addition, Shiels ef /. (1994) found that parasile genes are expressed in a stage
specific manner. These findings led (o the postulation that macroschizont factors that are
down regulated during differentiation to the merozoite, may be involved i host cell
division {Carrington ef al, 1995). Thus, characterisation of genes expressed in the
macroschizont that are down regulaled during merogony may lead (o the identification of

factors that stimulate host cell division.

Swan ez al. (1999) performed a differential immunoscreen on polypeptides derived from
genomic DNA from the 7. anmidata cell line, D7 tn order to identify genes that are up
regulated in the macroschizont. In this experiment, antigens encoded by constitutively
expressed or meroxoile specific genes were blocked with antisera raised against merozoite
stage of the 7 aamueleta lile cyele. A bovine serum, previously shown to recognisc
macroschizont antigens was used fo idenltly genes specifically cexpressed in the
macroschizont. From this screen, a 3.4kb Agtl] clone, called cl-12, was isolated (Swan et
al., 1999), and preliminary sequence analysis identified a partial open reading Grame (called
TashAT) with four AT hook mwotifs, Flowever, when a A dash [I D7 genomic library was
screened with ¢l-12, the resultant 1solated gene, only showed 65% identity with TushAT/{ at
the DNA level and contained only threc AT hook mwotifs. It was therelore concluded that
this ncw gene was not TushAT/ and was called TashAT2 (Swan et al., 1999). Therefore,
the first important aim of this project was to obtain the full-length 7askA7/ gence clone for

further characterisation.

Previous sequence comparisons of the TashAT2 (Swan er al., 1999) showed that its AT
hook motifs were most similar to thosc of HMGI(Y) protein, which have an imporlant role
in chromatin structurc and act as co-factors, mainly to positively activate a wide range of
genes (reviewed by Reeves, 2001). The similarity between the AT hook domains in
HMGI(Y) suggested that the 7ashAT gene family in Thetleric might also bind to DNA and
even similar gene targets to HMGI(Y). This was supported by evidence of TashAT2 within

the host nucleus of an infected cell, [FAT studies also found the TashAT2 polvpeplide n
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the nucleus of COS7 cells that were translected with a TashAT2 construct, showing that
the potential NLS of TashAT2 might be able to direct the polypeptide to the host nucleus
(Swan ef af. 1999}, Thus a second aim would be to identily any sequence motits within the
TashATI1 predicted peptide, such as a potential NLS to deduce the possible function of
TushATL. Similarly, analysis of the upstream region of YashA 77 could provide information

of possible (ranseriptional regulators of TashATI.

Work by Aravind and Landsman (£998), have classified all known AT heok cncoding
genes into three classes, based on their exlended sequence conservaiion outwith the core
GRP region, and on their binding affinities (see Table 3.1). Type T class AT hook domains
contain the 9 amino acid residue consensus sequence together with four cxira basic
residues C terminal 1o the core GRP, which form a polar nciwork to provide additional
binding. Type If class A'T" hook domains do not posses these extra residues and therefore
have a lower affinity to DNA than the Type | class of AT hook domains. A third class of
AT hook domains, Type I11, has properties of both Type I and II classes. The third aim was
to identify which class the TashAT genes belong according to the above classification and

thus predict the DNA binding capacity of TashAT1 and TashA'12 polypeptides.

Southern blot analysis of genomic DNA by Swan ef «f. (1999), using ¢i-12 as a probe,
yielded multiple DNA fragments, some of which could not be attributed (o the presence of
TushAT2. This finding and the identification o two noen-identical genes that both contain
AT hoolk molifs suggested the presence of a small gene family in 77 annulata. Thus the
fourth atm was (o physically map the locus of TushAT!, o relation to TushAT2 and to

detect any other TashAT genes.
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3.2 Results

3.2.1 Identification of the TashAT1 and TashAT3 genes

Previous screeming of a A dash 11 hbrary derived ffrom D7 genomic DNA with cl-12,
dentified A dash 12, and another A& dash clone, & dash 13, To 1s0late TashAT/, 1wo
primers, HMG1 and HMG2, designed to flank the AT hook encoding sequence of TushAT2
(see Appendix A), were used to amplify TashAT! from both % dash clones. This produced
a 34Qbp product in A dash12 (shown in I'ig. 3.1) which was known to correspond to the AT
hook region of TashAT2. Ilowever, a novel 600bp PCR product, called p600, was found in

2 dash 13 and could possibly reprasent the AT hook encoded region of 7ushAT!. To isolale
TashATI, the 600bp product was amplified from A dash (3 and cloned into the pGEM7zf

vector after agarose gel extraction (see section 2.2,14),

Sequence analysis of this clone (see Fig. 3.2), revealed that the p600 predicted peptide
sequence was in fact 584bp in size and contained four AT hook domains. A comparison
between the p600 [ragment and the preliminary ZashA7! ORF sequence, from cl-12
showed a 92.6% identity over the first 441bp (see Fig. 3.3), which, barring sequencing

errors, might indicate that the p600 produclt originated from FashAT!.

To clone the full length 7ashATI! gene, A dash 13 DNA was subjected to restriction
digestion followed by Southern blotting using the p600 fragment as a probe. This analysis
(shown in Fig. 3.4) identified several DNA fragiments that were distinet [rom the TushA7T2
gene. These were a 0.8kb and a 1.2kb fragment from the TcoRI digestion; a 3.2kb Spel
Fragment; a 12b Kpnl/Spel fragment and two HindIIl fragments at approximately 3,5kb and
1.6kb. Two smeared bands al approximately 1.2kb and 0.8kb were also observed in the
HindIII restriction digestions, which may be duc to contamination from the neighbouring
EcoRI digestion given their size and the high level of buckground radiouctivity on the
autoradiograph. Double restriction digestion of A dash 13 DNA using bHcoRl1 and three
other restriction enzymes, did not abolish the FcoRI DNA fragments, which indicated that
the EcoRI fragments were internal to the Spel and HindIIl and Kpnl fragments. The 0.8kb
and 1.2kb EcoRI fragments were therefore considered as possible candidates (or the

TashATI gene, cloned into a pGEM7z1 vector and sequenced.
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The sequence results showed that the 0.8kb EcoRI fragment (called AThookl) contained
four potential A'l" hook encoding domains and was 96.9% identical over the [irst 478bp to
the p600 fragment (see Fig 3.5) and 97.1% identical to the entire TasiAT! ORF (sec Fig.

3.6). This evidence suggested that the AThook! [ragment was likely to belong to TasiitAT/.

To identify the origins of the 1.2kb fragment, a comparison was made between the partial,
preliminary sequence of the 1.2kb fragment (910bp total length) and the TushAT! ORF
(sce Fig.3.7). This showed 89.8% identity over the first 412bp of the 1.2kb fragment, but
none aller that point, in contrast to the AThook! fragment, which showed 100% identity
with TashAT? ORF over the entire length ol the clane. Therelore, the 1.2kb fragment,
although similar, was thonght to be distinct from the AThook] lragment. A third sequence
comparison between the 1.2kb EcoRI fragment and the p600 showed 97.1% identity to the
po00 fragment from base pairs 80-388 ol the p600 fragment (Fig. 3.8), whereas (he
AThookl fragment showed 96.9% identity 1o p600 fragment between base pairs 148 to 620
ol the p600 fragment. This conlirmed (hat the 1.2kb FEcoRI fragment (now called
AThook3) and fragment AThook] were very similar over (he region covered by the p600

fragment, but may be divergent outwith this region.

‘To determine if the A'Thook3 fragment belonged to TashiAT2 (3.5kDb in length), a sequence
comparison between A'Thook3 and a tragment containing TashAT2 was performed. The
resulls (see Fig. 3.9) showed that there was 97.5% identity between the 1.2kb [coRI
fragment {from 280 to 910bp) and TushAT? (between [450bp to 2075bp) which
corresponds to 1372-1997bp [rom Lhe translation start site of TushAT2. However, the
restriction map generaled from the Tash472 sequence (Swan ef «l., 20012) lacked a 1.2kb
internal EcoRl fragment, indicating that this 1.2kb CcoRI [rugment was not part of
TashAT2. This suggested that the 1.2kb EcoRI fragment could belong to a third AT hook

encoding gene that shared identily with different regions of both 7ushA 77 and TashAT2.

In order to isolate TushAT/, focus was placed on the Kpnl/Spel resiriction digestion of &
dash 13 in Fig. 3.4. The Spel and Kpnl single digestions produced the 3.2kb and 12b
fragments, respectively. However double digestion of A dash 13 DNA with EcoR1V/Spel and
EcoRV/[Kpnl digested the Spel and Kpnl fragments, leaving a 0.8kb (AThook 1) and a 1.2kb
{AThook3) [ragment. This suggested that thc AThookl and AThook3 (ragments may be
contained within the 12b Kpnl or the 3.2kb Spel fragment, However, size considerations
meant thal Lhe 3.2kb Spel fragment was the more feasible to clone and sequence, and was

therefore chosen (or further study.
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Parallel studies by Swan and Phillips (unpublished, 1997) had previously purificd and
ctoned the 3.2kb Spel fragment in an attempt to isclate the third putative TashAT3 gene. A
series of overlapping deletions were made to sequence this clone but work was
discontinued after initial sequencing revealed that this clone nmight be TaushA7/. The 3.2kb

Spel fragment was used in this project thereafter to oblain the sequence of TushAT!,

To confirm that the 3.2kb Spel fragment contained 7ushA7/, the 3.2kb Spel fragment was
subjected to restriction digestion 1o confirm il it contained the 0.8kb EcoRI fragment.
BamHI and Aatll or Sphl were used to linearise the subcloned DNA. which was then
digested with a variety of restriction enzymes, including EcoRI. Southern blotting, using
the AThookl fragment as a probe, revealed an 800bp frapment (see Fig. 3.10, lane 3),
conflirming the prescnce of the AThookl [ragment. This indicated that the 3.2kb Spel

fragment contained TashAT/ and was called A Tal.
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Fig. 3.1: PCR amplification of the 600bp PCR product (p600)
from A dash clone 13 using primers HMG1 and HMG2.

Lane 1: control PCR amplification with no DNA; lane 2:

A dash clone 13; lane 3: A dash clone 12. Numbers of the left
indicate the sizes of the DNA marker fragment (in Kb).

Arrow heads indicate the PCR products detected.



Fig. 3.2: DNA and predicted amino acid seqitence of the p6{{) product from A dash 13.
AT hook domains are indicated in bold type.
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3: Sequence comparison of the p600 PCR fragment with TashAT! ORF

dcnved from ell12: Scorcs 92.6% identily in a 489 nucleotide overlap
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Fig. 3.4: Southern blot analysis of restriction digested A dash 13 DNA
hybridised with probe p600. E: EcoRI; H: HindIII; K: Kpnl; S: Spel.
EK digestion performed on a separate blot. DNA marker sizes are
indicated to the left of the figure (in kb).
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Fig. 3.5: DNA Sequence comparison of p600 PCR fragment with the 0.8kb EcoRI
fragment (AThock1) from A dash 13.96.9% identity over a 478bp overlap.



Fig. 3.6: DNA sequence comparison of fragment AThookl, from A dash 13, with the
TashAT1 ORT from ckl12. Scores: 97.1% identity in a 765 nucleotide overlap.
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Fig. 3.7: DNA sequence comparison of the 1.2kb EcoRI fragment [rom
A dash 13 with the TushA'T1 ORF from cll2. Score 89.8% identity in a 412 nucleotide
overlap.
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Kig. 3.8: DNA sequence comparison hetween the 1.2kb EcoRI fragment from
A dash 13 and the p600 PCR fragment. 97.1% identity over a 509 nuclcotide overlap.



Fig. 3.9: DNA sequence comparison between the 1.2kb EcoRI fragment from A dash
13 and TushAT2. 93.2% identity over 1 721 nucleotide overiap.
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Fig. 3.10: Southern blot analysis of ATal restriction digested DNA,
hybridised with probe AThookl. undigested PGem7Zf control (lane 1);
undigested ATal (lane 2); ATal digested with BamHI and Aatll (lane 3);
BamHI, Sphl and Spel (lane 4); BamHI, Aatll and EcoRI (lane 5); BamHI,
Sphl and HindIII (lane 6); BamHI, Sphl and EcoRV (lane 7); BamHI, Sphl
and Spel (lane 8) and BamHI, Sphl and Xbal (lane 9). DNA molecular
weight markers are indicated to the left of the figure (in kb).
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3.2.2 Sequence analysis of TashAT1

To sequence ATal, a total of 29 overlapping deletion clones were generated (o span the
cntire clone, on the sense and antisense strands, (shown in Appendix B). ATal was
sequenced on both strands and assenibled [nto a contiguous fragment from 29 individual
deletion clones combined with 5 sequenced fragments from Swan and  Phillips
(unpublished, 1997), using the fragment assembly program from GCG (see Appendix C).
A PCR gencraled fragment, called rsp2 (sce Appendix €), was included to span the region
between 1700bp and 1980bp as the deletion clones did not span this region sufficiently on

the sense strand.

‘the results ol scquence analysis (shown in Fig. 3.11) revealed a 970bp parhial ORF, and a
1.4kb continuous ORF that was located approximately 470bp downstream of the 37 end of
the 970bp ORF. On inspection, the 970bp partial ORF was eliminaled as a possible
fushAT! candidate because the predicted peptide sequence did not contain any A'l' hook
motifs, nor did it show any significant similarity to the 7Zash4ATi ORF, the p600 or

AThookl fragments.

The identity of the [.4kb ORF (shown in Fig. 3.12) was confirmed to be TashAT1 as it was
100% 1dentical to the AThook| fragment at the predicted amino acid level (see Fig. 3.13).
The putative amino acid sequence of TashATI identified four AT hook motifs (1 to 4)
interspersed with two RPRK scquences spanning the 120 amino acid vesidue domain (see
Fig. 3.12). Molifs 2, 3 and 4 were identical (o each other bul the third amino acid in motif' 1

contained an arginine (R} imstead of a lysine (K) residue in molifs 2 1o 4.

To determine the degree of similarity between TushA 7T/ and TushAT2, the predicted amino
acid scquence of these genes were compared (sec Fig. 3.14). The results showed that
TashAT! and TashA12 were 46.1% identical 1o each other over the 360 amino acids Lhat
corresponded to the AT hook-cncoding region. However, TashAT? had three AT hook
domains and also lacked the shorter RPRXK repeat scquences scen in Tasad T/, Motif 1 of
TashAT! and TashAT2 were identical to each other and moti(s 2, 3 and 4 of TashATI were
identical to motifs 2 and 3 of TashAT2. The only difference between motif | and motifs 2-
4 of both TashATl and TashAT2 was the third and fourth amino acids of motif 1, which
contain argimne and proline, whiist the corresponding amino acids in motifs 2-4 contain

lysine and arginine.




R.F. Stern, 2003 Chapter 3, 82

The AT hook domains of the TashAT!, TashAT2 and the newly discovercd TashAT3
(Swan ez af., 2001a) genes (sce Table 3.1) showed that they belonged to class Il AT hook
domains based on the classification of Aravind and Landsman (1998). The RPRK
sequences within the AT hook regions of TashAT! and TashAT3, are not true AT hook
domains but (his amino acid sequence Is likely to be capable of DNA binding {Aravind and

Landsman, 1998)

To identify other motifs, the putative peptide sequence of 7ashA77 was analysed by the
software programs ProDom (Corpet es «f., 1998), PSORT I (Nakai, 1996; Nakai and
1orton, 1999), SMAR'T (Schultz ef ¢f., 199¥) and PROSITE (Hofliman ef /., 1999), These
motifs are shown in Fig. 3.12. SMART, PROSITE and PSORT 11 analysis revealed the
presence of scveral nuclear localisation signals spanning 21 residues of the AT hook
encoding region. The resulls of the PSORT 1l analysis revealed both pat 4 and pat 7
continuous nuctear localisation signals (NLSs) and bipartite NLSs within the predicted
TashATI1 polypeptide (Fig. 3.12 and Appendix D). Pat 4 continnous NLSs are comprised
of 4 basic amino acids (K or R) or 3 amino acids followed by an H or a I residue (Hicks
and Raikhel, 1995). Pat 7 NLSs are composed ol 7 amino acids slarting with a P residue
[ollowed by a 3 residue spacer region and then 3 oul of 4 basic K/R amino acids (Hicks and
Raikhel, 1995). Biparhite NI.Ss contain 2 basic residues followed by a [0-residue spacer
and then a basic region comprising at lcast 3 out of 5 basic residucs (Hicks and Raikhel,

1995},

To determine if TashATI1 contains a signal sequence, the first 70 N-terminal residues of
TashAT1 were analysed for a polential signal peptide using the SignalP program {(Niclsen
et al., 1997). This pave three values (with a range between 0 and 1) of 0.644, 0.959 and
0.680 for the C (raw cleavage site) score (cut off — 0.37); the S (Signal peptide score (cut
off = ().88) and the Y (combined cleavage site) score (cut off = 0.34), with a maximum C
and Y score of 25 (see Appendix k), The SignalP analysis of these scores concluded that
TashATI contained a signal peptide, with a predicted cleavage site hetween residues 24
and 25 (the position before the maximal Y score). The predicted amino acid sequence of
TashATI was also analysed using PSORTII, which did not predict a signal sequence but
did identify a signal sequence cleavage site al residue 24 (see Appendix D). However, an
updated version of the program PSORTIL, iPSORT (Bannat er «f., 2002), did predict a
signal peptide within the 30, N-terminal residues of the predicted amino acid sequence of
TashAT1, 'The Target P program (Emanuelsson e @f., 2000) was used to determine the

predicted location of TashAT1 within the cell. This analysis gave a score of 0.877 and was
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within the highest predicied rehability class score (greater than 0.80) for being secreted into

other subcellular compartments of the cell (see Appendix F).

The TashA'l'l polypeplide was also analysed for PEST sequences, which target the
polypeptide for rapid deskvuction, using the sofiware program PESTfind (Rogers ef al.,
1986; Rechsteiner and Rogers, 1996). These sequences were defined as hydrophilic, but
not positively charged, stretches of aminoe acids, greater or equal o [2 residues; rich in
Proline (P}, glutamic acid (L), serine (S) and threonine (1) and fanked by lysine (K),
arginine (R) and histidine (H) residues. The program produces a PEST-FIND score range
between -50 and +50: a patential PEST sequence js defined by a score greater than 0, but a
value greater than +3 has a higher probability of being a PEST sequence. A sequence of 30
amino acids, between residues 212 to 241, was found withia the predicted polypeptide
sequence of TashATI (sce Fig.3.12 and Appendix G). It was given a PEST-FIND score of

+17.11 and therefore had a higher probability ol being a potential PEST sequence.

Inspection of the TashAT1 sequence also revealed a potential transcriptional activation {or
transactivation) domain in TashA T (see Fig. 3.12). Transactivalion domains (reviewed by
Triezenberg, 1995) regulaie gene f{ranscription via protein-protein interactions and a
defined to be rich in acidic amino acids: in glutamine, proline or scrine, threonine. A
poteniial 21 amino acid transactivation domain of the putative TashAT1 polypeptide was
found that contained a stretch of mainly acidic amino acids such as glutamine, aspatatc,

proling (P}, scrine (S), threonine (T) just upstream of the first AT hook motif.

The PROSITE scarch, identified numerous protein kinase C (PKC) and Cascin Kinase II
(CKII) potential phosphorylation sites within TuaskA T/ (seen in Fig. 3.12 and Appendix H).
Most of these potential phosphorylation sites were located at the N -terminus of the
predicted polypeptide, and none were found within the AT hook domain region. The
PROSITE analysts package also identified one myristolation and two N-Glycosylation sites
within the predicted TashAT1 polypeptide (lig. 3.12 and Appendix H) and one
myristolation site from residues 72-77. By contrast, the PSORTII program failed to identify

any mytistolation sites.

To determine if the putative TashATI polypeptide was similar to other proteins, # was
compared (o other protein domain families using the software package ProDom. The
results (see Fig 3.15) showed homology to six polypeptide families, mostly within four

discrele regions of TashAT! of approximately 30 amino acids. The only significant
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homology found was over the last two highlighted regions to protein familics P1D184102
and PD010330, which cacode the HMGs and histonie protcins respectively. As expected,
TashAT! showed identity to the A'l" hook-cncoding region of the PD 184102 family and fo
a region rich in basic amino acids within the PD010330 protein family. Some identity was
detected to the E residues between TashAT1 and PD0O00422 over amino acids 204 1o 247,
Allhough the PD001830 family encoded DNA binding bromodomains, and are associated
with chrematin and interact with acetylated lysine (K}, the homology between TashAT! to
PD0O01830 appcars Lo be coineidental with the repeated T (Glu), ER or Q (Gln) residucs of
this protein domain family. The rcmaining three protein domain familics (PD148762,
PD0O00422 and PDO00002) encoded protein kinascs, scrine threonine kinascs and coil-
coiled myosin repeat chain heavy filament heptad repeat muscle protcins respectively.
Again the homology between TashATI to the protein families PD000002 and PD000422
appears to be coincidental to abundantly repeated E residues in these proteins. The idenlity
between TashATI and PDI148762 protein family was poor, with only three identical

residues over one homologous region.

Secondary structure predictions of TashATI were analysed by the software programmes
SEG analysis (Wootton and Federhen, 1996) and PHD (Rost, 1996). PHD analysis predicts
one dimensional protein structure by profile based on a neural network model. The results
ot this analysis showed TashAT! to be a mixed class polypeptide, containing 9.2% helical
structures, 27.0% cxtended sheets and 63.7% loop structures (see tig. 3.16). Most of ihe
loop structures were found in the 140 amino acids at the C-terminus of TashATI, over the
AT hook encoding regions. The extended shect structurcs were maindy located at the N-
terminus and were interspersed with the helical domains, of which there were six in tofal.
However, no helical domaing and very [ew extended sheet structures were found in the last
{C- terminal) 130 amino acid residucs of TashAT1. Solvent accessibility (SA), a measure
of folding and compaciness, were low mainly in the 320 residucs from the N -terminus and

high over the remaining 139 amino acids.

SEG analysis is a programme that detects regions of low compositional complexity within
a polypeptide, which tend to be non-globular, exposed loop structures. This programme
revealed that TashAT1 contained five regions of low compositional complexity: three of
which were located al the C- terminus and two in the middle of the predicted peptide
sequence (see Fig. 3.17A). The majority of the C-terminal low complexity rcgions
overlapped with the potential AT hook dommins of TashAT1. Tertiary structural

predictions by the program “GLOBE” showed that the predicted peptide sequence of
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TashATID did not contain any globular structures or helix-loop-helix structures (see Fig.

3.178B), in agreement with the SCG analysis.

To identify any common regulatory motifs within the §” upstream regions of TashAT/ and
TashA12, the upstream sequences of these genes were compared using the FastA program.
The results (shown in Fig. 3.18) revealed that the 57 upstream region of TushAT2, TashAT!
and subsequently TashAT3 showed poor sequence identity to cach other, except for a 31bp
region upstream of both genes. This motil’ was also found in another macroschizont
cencoded gene, Tashl (Swan er «f., 200(b) and was labelled TashAT upstream molil, or
TashUM. The overal] identity belween the TushUM of TasaA T and TashAT2 was 80.0%.
However, an AT and a GC rich motif were found within the TashUM region of Tashd T/

and TushA T2 thal showed 100% identity to cach other.

The 5 upstream region of TashAT/ was analysed for potential transcription factor binding,
sites using the software program Matluspector (Quandt er al., 1995), o detect any
transcription faclors with the same binding site as TashUM or any bovine leukocyle
specific factors that might regulate TashAT7. Analysis with MatInspector did show 74
potential transcription factor binding sites of 5-20bp within the entire upstream region of
TashAT! (scc Tig.3.19 and Appendix I). [Towever, this analysis failed to identily a
potential transeription factor that could bind specifically to the TashUM motif or to the
complcte AT and GC rich motifs tdentified within TashUM. The most frequently found
binding sites were the POU domain encoding Octl transcription factor hinding sites (§ in
total) which had good matrix similarity scores (all over 0.85). Four SATB (Special AT-rich
sequence-binding protein 1) sites also were detected that had good matches with the
upstreamn sequence of TashAT! (all over 0.9). Also of nlerest were three lymphocyte
associated transcription factors: IKRS (Ikaros 1), a potential regulator of lymphocyte
differentiation (matrix sim. score 0.916), PU.1- an Ets (oncogene) like factor found in
macrophages and B cells (matrix sim. score 0.86). The third lymphocyte associated
transcription factor was BCL6, a zinc finger encoding transcription repressor that has becn

associated with diffuse large cell lymphoma, when altered by translocation events.

To investigate whether the TashAT/ gene was conserved across the 7heileria species the
predicted amino acid of TashAT1 was compared with the preliminary, and, at of the time
of this study, incomplcte sequence data from the 7. parva genome. TashAT1 showed
similarilics to 54 scquences from the 7. parva sequence database (see Appendix J). The

highest similarity to the putative TashAT1 polypeptide was from contig 443, a 3073bp
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sequence from the 7. parva database: this showed an identity score of 41% between
30658bp and 31611bp of the contig scquence (scc Fig. 3.20). Most of this similarity
occurred over the N-terminal region of TashA'l'l with little similarity detected over the
potential AT hook-encoding region. The sequence comparison beiween the predicted
amino acid scquence of TashAT1 and the preliminary contig sequences of the T parva
genome {sce Table 3.2) did not identify any true AT hook miotifs. However, there were two
AT hook-like motifs, rich in lysine (K), Arginine (R) and proline (P), which may have the
potential to bind to DNA, as they are very similar to a true AT hook motif. [n addition,
there may be structural similarity in both sequences towards the C-terminus as they both

contained repeated QT residues approximately every 10 residues.

In summary, the predicted TashATl polypeptide sequence contains four clags 11 AT hook
domains; a NLS; a signal sequence, numerous polential phosphorylation sites and a
potential transactivation domain. Secondary and Tertiary structure predictions of TashATI,
show that TashATI1 is non-globular, mixed class polypeptide mainfy consisting of loops
within the AT hook cncoding region (at the C-terminus), and cxtended sheets and helices
(at the N terminus). A 31bp potential regulatory motif] TashUM, was found upsiream of
the TushATI gene, and of a third TashAT gene, TashAT3. Similar TashUM-like motils

were found upstream of TushAT2 and an unrctated macroschizont encoded gene, Tashl.



Fig. 3.11: DNA sequence and res(riction map of A Tal. Protein translation frames a and
¢ show the predicted amino acid sequences (in bold type) of the 970bp partial ORY and
TushAT!, respeetively.
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Fig. 3.12: Predicted polypeptide sequence of TashAT1 (panel A) and AT hook
domains of TashAT1 (panel B). Signal sequence: bold italics; Transactivation domain:
underlined in blue; AT hook domains: red type; nuclear localisation signals: double
underlined; RPRK potential DNA-binding motifs: bold type; N-glycosylation sites: shaded
in yellow; myristolation site: shaded in green; protein kinase C sites: pink type; casein
kinase II sites: asterix above residues; tyrosine kinase phosphorylation site: boxed; PEST
sequences: crosses below residues.



Fig. 3.13; DNA sequencc comparisen of fragment AThookl, from A dash 13, with the
1.4kb ORF (FashAT1) froin ATal.100.0% identity over a 763 nucleotide overlap.
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---------------------------- HKPEPEQPKRKRGRPRKQKPEPESDHSEESTQ
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Fig. 3.14: Predicted peptide sequence comparison of TashAT1 with TashAT2.
46.1% over 360 amino acid overlap. Exact amino acid matches are represented in bold

type. AT hook
are underlined.

domains are highlighted in yellow and numbered in italics. RPRK motifs




Name of A.T. hook sub-typc _n AT hook sequence  Motif o,

General KR+RGRPRK

CLASS LI KR+RGRPRK

TashA'T1/3 4 KRRPGRPRK 1
KREKRGRPRK 2
KRKRGRPRK 3
KRKRGRPRK 4

TashAT2 3 KRRPGRPRIK 1
KRKRGRPRK 2
KRKXRGRPRXK 3

HMGI(Y) (human} 3 KRGRGRPRK
KRPRGRPRK
RKPRGRPRK

CLASS 1 RPRGRPRGSKNK

CLASS [1I PR*RGRPKPEK

Table. 3.1: Classilication of AT hook domains tfrom the TashiAT gene family, bascd on
data from Aruvand and Landsman (1998). The consensus sequence of each class of AT
hook is represented 1n bold type. The + position has an equal probability of being a K.G,P
or R. The * position denotes residues K,G or P with equal probabilities. Polar residues are
vuderlined. The number, n, shows the frequency of AT hook motifs appcaring in cach
gene.



Fig. 3.15: Putative domain search for TashAT1 (Tal)} using the PRODOM software.
Prodom domain family 1= PD000002,; 2= PDG01830; 3=PD000422; 4= PD148762; 5=
PD010330; 6= PD184102. Coloured regions denote 70% consensus and property of amino
acids. t= polar neutral residue, h= polar positive, p and ¢ were undefined. Pmrple = charged,;
green = hydrophobic; blue = polar.
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Fig. 3.16: Secondary structure predictions for the theoretical TashAT1 polypeptide
using the software program “PHD”. AA denotes amino acid; secondary structures

(PHD sec): E: extended sheets, H: helices and blank spaces: other (loop). P-3-acc: solvent
accessibility prediction in 3 states where b: 0-9%, [: 9-36% and e is 36-100%. Rel sec and
Rel acc represent the reliability index for secondary structure and solvent accessibility
predictions respectively, where ¥ denotes strong reliability predictions. AT hook domains
arc indicated in hold type; RPRK potential DNA-binding motifs arc underlined.
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Fig. 3.17: Secondary (A) and Tertiary (B) structure predictions for the theoretical
Tash AT1 polypeptide. A: SEG analysis and B: GLOBE prediction ol globularity. Regions
of low-complexity are underlined; A'l' hook domains are represenied in bold type. Numbers
refer to the amino acid sequence position.



AT rich GC rich

-45

TashAT1/3 5!’ -TAATCTAAATATTTTAT--TTCCCCATCCAGAT-3"
-3

TashAT2 5’ -GAATCTAAAAATCTCTTAGTTCCCCATCCAGTT-3"'
-44

Tashl 5’ -TAATCTAAAATTGTTAA--TTCCCCATCCAGAT-3"'

Fig. 3.18: Sequence comparison between the TashAT upstream
motif (TashUM) of TashAT1/3, TashAT2 and Tashl. The position
of the motif relative to the possible transcription start site is indicated
by numbers above each sequence. The sequences within each coloured
area are 100% identical. Sequence in red and green type indicate

the AT rich and GC rich regions, respectively.



Fig. 3.19: Muap of possible transcription factor binding sites within the upstream
region of TushiA11. A total of 90 matchies were found over a 400bp region. Bold type
denotes the five prime upstream scquence of TashAd T/, Potential transcription factors are
denoted by V$ (vertebrate) or F$ (I‘ungal) symbols, adjacent to their respective consensus
binding sites. Numbers in brackets to the right ol the transcription factor names denote the
matrix score, where 1.00= perfect match and >0.80 is a good match; numbers to the lefi
show the position of the binding site consensus sequence relative to the TashAT7 upstrcam
sequence. + and - denotes predicted binding to sense and antisense strands, respectively. *
represents the putative translation start sile of TashA 77, TashUM motif is underlined.
Further details of these transcription factors are described in Appendix 1. Figure generated
[rom the Matinspeclor program {Quandt et ¢f., 1995).
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Fig. 3.20: Comparison of the predicted peptide sequence of TashAT1 with the 7.
parva genomic database. 41% identity over a 351 residue overlap. TashAT1 sequence is
denoted by Tal, 7. parva contig 443 sequence is denoted by T.p. Numbers on the right
adjacent to TashAT1 and contig 443 sequence refer to the amino acid number of TashAT]1
and contig 443, respectively. Regions of good identity are indicated in blue type. The AT
hook motif of TashAT1 is indicated in bold type.



Theileria spp. Gene/Contig

T, parva 443
4473

T.annulata TashAT1/2/3

678649
50507

locus

 PRKRGRKPK

Moti

PKERGKFRX

® Kk

KRRPGRPRK
KRKRGRPRK

Table 3.2: A'l' hook like motifs found in the 7. parva genomic database.
The two types of AT hook motils found in all TashAT genes (TushAT1/2/3) were included

for comparison with T'.parva. * sign denotes the AT hook core.




R.F. Stern, 2003 Chapter 3, 110

3.2.3 Mapping TashAT1 and other TashAT genes
3.2.3.1 Southern blot analysis

Southern blot analysis was performed on restriction (ragments from A dash 13 DNA in
order 10 map Tash4T! and the veshriction fragments possibly derived from a third 7ashAT
sene (TashAT3Y not yet cloned within A dash 13. Following restriction digestion, A dash 13
DNA was hybridised to two probes (see Fig.3.21): AThooki, and a 368bp PCR product,
Ta369, gencrated from the five prime region of 7ushA77. Probe 1a369 was designed to be
specific to TashATI, whilst probe AThook] was capable of detecting all TasiAT genes.
The restriction cnzymes were chosen because they were predicted to digest within the

TashATI sequence and some were also present within the putative TashATS gene.

The Southiern blot ef restriction digested A dash 13 DNA was hybridised with probe
AThookl (scc Fig. 3.22). As expecled, probe AThook! also delected some ol the
restriction [ragments {tabulated in Appendix K} hybridised to probe p600 (see Fig. 2.4).
These restriction fragments were mapped relative to ZushAT7 and the putative TushAT3

genes (see Fig, 3.23 and 3.24).

The southern blot in Fig. 3.22 indicated that there were only two copies of the AThook!
sequence, since only two {ragments hybridised 1o probe AThookl in all digests except
those with Xbal, (which was partially digested). Morcover, the probe AThook! did not
possess any of the restriction enzyme sites used in this analysis. Given that there might be
only two copics of the AThookl sequence within A dash 13, and one copy s derived From

TashAll, then the sccond copy is likely to be derived from TashAT3.

The 3.2kb ILindlil fragment was mapped to TashAT/! as it disappeared together with the
3.2kh Spel fragment upon double digestion with Hind[l} and Spet, leaving a 1.4kb
fragment. By contrast, the 1.6kb HindIII fragment remained upon double digestion with
Spel, which indicated that il was not derived rom FushAT7. In the HindIII/EcoRI double
digestion, the 1.6kb HindIIl fragment was removed, leaving the 0.8kb EcoRI fragment
(which belonged to TashAT!) and the 1.2kb EcoRlI fragment only. Since the 1.2kb EcoRI
fragment lies within the 1.6kb HindlI fragment, and was previously deduced Lo be derived
from fashAl3, then the 1.6kb HindIIl fragment must therefore also be derived from
TashAT3. The double restriction digestion with Kpnl and Spel produced a 3.2kb (Spel} and
an 8kb (KKpnl/Spel) fragment. Since the 3.2kb Spel fragment is known to contain TashAT!
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only, then the second AT hook-encoding gene, TashAT3, is likely to be derived from the

8kb Kpnl/Spel fragment.

There were a number of restriction fagments produced in the Xhbhal, HmdlH/Xbal and
Spel/Xbal digests (see Fig.3.22) which were all feint and indistinct, and may have been
partially digested. This meant that most of the Xbal sites could not be mapped with respect
10 TushAT! or the putative TashAT3 gene. [owever, the 2.0kb Spel/Xbal fragntent, seen in
Fig. 3.23, could be derived from 7ashAT/ as an Xbal sile 1s present 2kb from the original
5% Spel site in the restriction map of the scquenced ATal (sce Fig. 3.11). The bands
produced in the EcoRI/Xbal digestion appeared to be more intense comparced to the other
bands. This might be due to the presenee of two or more copies ol these [ragments, one of
which may be derivett from TashAT3, since the incrcased intensity is not scen in the

equivalent restriction digests using probe Ta369,

To characlerise the region surrounding the 57 end of TashA T/, the southern blot (shown in
Fig. 3.22) was slripped and re-hybridised with the 5 TashATi probe, Tad69 (scc Fig.
3.23). The restriction digest with EcoRI produced a 2.5kb LicoRI fragment, which was
reduced te a 2.1kb fragment upon digestion with Spel. This indicated that the 2.5kb FcoRI
fragment was derived {rom the 3.2kb Spel fragmenl, over the region corresponding to
Ta369. Two fragmenls at 2.8kb and 3.2kb were produced upon digestion with Hindlil. The
2.8Kkb fragment may correspond to the Ta369 region within TashAT/ as double restriction
digestion with EcoRl1 and Hindlll only produced a 2.1kb fragment. Given the position of
the EcoRI and Hind!IT sites within ATal {see Fig. 3.11), the 2.8kb HindIll fragment is the
only candidate that could produce a 2.1kb [ragment upon digestion with GeoRJ. Therefore
the 2.1kb HindIll fragment is likely to be derived from TashAT/. A second copy of the
Ta369 scquence may also be present within the 3.2kb HindUI {ragment as a fragment of
identical length was also detected by probe AThookl. However, probe AThook! did not
overlap with the region corresponding to 't'a369 (1500-1862bp) in YashA 11, so the second

Ta369 sequence may be located downstream of TushATI.

Analysis of the 1.6kb Hindlll/Spel fragment suggested it could also belong to the 3.2kb
HindIll fragment, as its size was inconsistent with the restriction map of TashAT/. The 8kb
Kpnl/Spel fragment was detected with the Ta369 and also with probe AThook1 and might
comprise of TashAT3 and the second copy of the Ta369 sequence. However it was not

clear if the Ta3G9 sequence is part of TushAT3.
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[n summary Southern blot analysis identified and mapped several fragmenis that belonged
to TashAT! and another AT hook encoding gene, called ZashiAT3. Two capies of the
Ta369 sequence from TashAT! were found within A dash 13, one of which was mapped to
an 8kb Kpnl/Spel restriction Tragment that was likely to comtain TashAT3. However, 1t was
not possible to map the precise location of various restriction fragments with respect to
cach other using this technique. In order to produce a more detailed map of Tash4T3, and
its relationship with TashA 71 and TashAT2, 1 was necessary 1o perform 17 or T3 mapping

analysis on A dash 13.
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3.2.3.2 T7 or T3 mapping

T7 or T3 mapping is a technique thal reveuls the siles of any restriction fragment in a
unidirectional, sequential order from a A clone insert (shown in Fig. 3.25, for T7 mapping
only). The insert is excised from the A vector by Notl - located in the multiple cloning siles
(MCS) ol the & arms that flank either side of the insert. Notl sitcs arc unlikely to be found
within the inscrt because it recognises an 8hp sequence. The T7 and 'I'3 primer sequences
arc also present within the MCS within the left and right & arms respectively, and remain
with the insert after excision with Notl. The inscrt is parttally digested by the restriction
enzyme of interest and as larger fragments are digested to completion, ouly simall regrons
of the insert adjoin the T'7 or T3 sequence, in the MCS. The order ol restriction siles from
the MCS can be read from the smallest 1o the largest, like a sequential ladder, upon

hybridisation with 1 T3 or T7 ohigonucleotide.

A dash 13 was mapped with respect to the T7 primer, mitially. In order to compare the
restriction fragments directly, the same restriclion enzymes were choscn to map A dash 13
by T7 mapping as those used in the Southem blot analysis of this clone (sce Fig. 3.20).
From this southern blot, a restriction map was then generated {(see Fig, 3.27). The 3.2kb
Spel (& Tal) fragment was identified {rom the 'I'7 restriction map, and was consistent with
thal of the sequenced A Tal fragment (sce Tig, 3.11). Tlence the location of TashATT was

mapped 1n relation to A dash 13,

The position of TashAT3 was tound by identifying the 1.2kb EcoRI and 1.6kb Hindlll
fragments, both previously found to be derived from the AT hook-encoding region of
Tash473. The 1.6kb Hindlll fragment, which contained the 1.2kb EcoRI fragment was
located 2.2kb downstream of the 37 end of Tash4T7. This confirmed the location of the AT
hook-encoding region of TashAT3. Inspection of the restriction map, upstreamn of the 1.6kb
HindI[I fragment to the 37 end of TashAT!, revealed that it was identical to that of the 5°

region of TashATI.

Previous Southern blot analysis with probe Ta369 identified a 3.2kh Hindlli fragment (see
Fig. 3.23). The only fragmeni of this sizc was found adjacent to the 1.6kb HindIIl fragment
at the 5° end, and encompassed the AT hook encoding region of TashATT (see Fig. 3.27).
In addition, a 3.2kb HindIIl fragment was mapped to the 3" end of TashAd7{, with the
probe, AThookl (see Fig. 3.22). Thus, it appears that the 3.2kb HindIlI fragment detected
by probes Tu369 and AThook! comprise the second Ta369 scquence and part of TushAT3.
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Given the close proximity between the sccond Ta369 scquence und the AThook3 sequence,
the Tu369 sequence may be part of TashAT3. Thus, TashAT! and TashAT3, separated by a
1.7kl region, appeared to have almost identical sequences, although the existing data at the
time was insutficient to comprehensively map the 5° or 37 end of TasiAT3. However, once
the completed 7ushA73 gene was sequenced, it was conlirmed to be identical (o TashAT
over the sl 1.4kb {(Swan er @/, 2001a). Inspcetion of the EcoRI and Hind!H] restriction
map at the 57 terminus of A dash 13 was shown 1o be identical to that of the 37 end of
TashAT2 (Swan er ¢f., 2001a). This indicated that TusiAT?2 was approximalely 2kb {rom

the 3" end of TashA 1.

The restriction map showi in Fig 3.27 revealed that all three TushAl genes were clustered
over a 13.5kb region (inclusive of the entire TashAT2 gene), and that TashA 77 and the live
prime region ol the putative TushAT3 gene were almost identical in sequence. The
restriction map of the TushAT genes, generated [rom the 17 mapping technique confirmed

data produced by sequence analysis (Swan er al.. 2001a).
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Kig. 3.25: T7 restriction mapping technique (Smith and Birnstiel, 1976),
modified from Birren and Lai (1996). Black boxes represent the left and
right arms of A dash [1. Doublc arrow represcnts the T'7 hybridisation siic.
Only the intermediary fragments that adjoin theT7 site will be detected
upon Southemn blotting and hybridisation with the T7 oligonucleotides.
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3.2.4 Identification of TashAT1 and TashAT3 within the T

annulata genome

To verily that the TushAT locus identified within A dash 13 was a true representation of the
TashAT locus in the T, aanilara genome, Southern blot analysis was performed on D7 cell
genomic DNA (scc Fig. 2.28), using the same restriction enzymes and probes as those used
to map A dash 13, The resultant restriction fragments were compared Lo that of A dash 13 to

identify any possible rearrangements that could have occwrred when A dash 13 was cloned.

[nspection of the lane containing genomic DNA {rom non-infected bovine lynmiphosarcoma
{BL20) cclls digested with FcoR] did not reveal any bands. This confirmed that the AT
hook cncoding fragments were derived from (he parasite only. By contrast, D7 genomic
DNA digested with EcoR] produced a 0.8kb, a 1.2kb and a 3.3kb fragment, The 0.8kb and
1.2kb FEeoRI fragments were previously found to derive trom Zashad?] and fushAl3,
respectively, and the 3.0kb EcoRI was derived from TashAT2 (Swan ef afl.. 2001a), so it
appeared that the AT hook encoding regions of all three ZushAT genes were present in the

D7 genome.

Inspection of Fig. 3.28 showed thal [he Spel restriction enzyme produced three fragments
at 3.2kb, 3.4kb and one at approximately 10kb. Southern blot analysis of A dash 13 with
Spel produccd two fragments at 3.2kb and over 12kb. The 3.2kb Spel fragment was the
same size as the ATal [ragment, and likely to contain TashAT/. The 10kb genomic Spel
fragment is likely 1o be the Spel fragment {over 12kb) from A dash 13, which contains
TashAT3, the 2kb or more size diflerence might be due to the polylinker sequence derived
from the A dash 1l vector. The 3.4kb fragment 1s likely (o be derived from TushAT2, from

the restriction map generated by Swan er «l. (2001a).

Two restriction fragments at 1.6kb and 3.2kb were generated from the Hindlll digestion of
genomic DNA, confirming that the HindIlI fragments within A dash 13, identified by probe
A'lhookl were not rearrangements. The Kpnl single digest was not observed and Xbal
single digest failed, so restriction digests of genomic DNA with thesc cnzymces were not
included in this analysis. Overall, the resulls of these single digests suggest that there are
only three copies of the A'l’ hook encoding sequence within the parasite genome, likely to

be from TashATl, TashAT2 and TashAT3.
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The double restriction digests of EcoRI, Hindl1 and Spel (see Fig. 3.28), were analysed to
confirm the localion of these [ragments in the D7 cell genome. The EcoRI and Spel double
digest, removed all the Spel fragments and the 3.3kb EcoR! fragmeni. feaving the 1.2kb,
0.8kb and a 2.4kb f(ragment. The 1.2kb and 0.8kb fragments also remained alter
FcoRI/Spel digestion of A dash 13 (see Fig 3.22) and it is likely the corresponding genomic
fragments arc derived from the 3.2kb (containing TaxhATI) and 10kb Spel (containing
TashAT3) fragments respeclively. The 3.3kb EcoRI fragment is likely to be derived from
the 3.4kb Spel fragment as bolh fragments arc derived from TusfAT2 and would be
predicted to produce a 2.4kb fragment if digested from the restriction map ol TushAT?2
(Swan er al., 2001a). The double digest belween EcoRT and HindI!l (Fig, 3.28) failed as
only the HindlI fragments were detected so these fragments could not be mapped. The
Hindl1l/Spcl double digest removed the 3.2kb Hindlil and all the Spel fragments, leaving a
1.6kb fragment (from IHindlH digest only) and a 1.4kb fragment. This suggests that the
3.2kb Hindlil {ragment was derived from the 3.2kb Spel fragment containing TashA77.
producing the [dkb Spcl/HindHI fragment, consistent with the restriction map generated
for & dash 13 DNA (sce Fig. 3.27). The data from Fig. 3.28 suggests that thel.6kb Hindlll

[ragment was either derived from the 3.4kb Spel fragment or the 10kb Spel fragment.

To verify the restriction map corresponding to the 5° region of TusiAT!, Southermn blot
analysis was performed on restriction digested D7 genomic DNA, hybridised to a 2kb
EcoRI/Spel probe that spanned the 57 coding region of TashAT! (see Fig. 3.29). The results
revealed that the LeoRI, TIindlIl and Spel digests produced [ragments identical in size o
those produced upon restriction digestion of A dash 13 DNA (sce Fig. 3.23), indicating that
the restriction map of the five prime region of TashAT'! and TashAT3 is likely to be
accurate. There was an additional 10kb Spel [ragment absent in the corresponding A dash
13 DNA digest (see I'ig. 3.23), possibly due to the weak hybridisation of the smaller Ta369
probe. Since the two Spel fragments at 10kb and 3.2kb were identical 1n size to those
detected by probe AThook] in D7 genomic DNA, these sequences are likely to be derived
TashATI and TashAT3, contained within the 3.2kh Spel and the 10kb [ragments
respectively, The 3.4kb Spel fragment was absent, indicating that this fragment does not
contain the 3% TashATI sequence, consistent with the sequence ot TashAT2. Three
[ragments at 3.2kDb, 4.2kb and 7kb were identified in the EcoRV genomic digest. It 1s likely
that the 2.2kb fragment is derived from 7ashA?7, as a fragment of similar size extends
over this gene from the restriction map of A dash 13 DNA. Since the HindIll and Spel

digestion only produced two copies of the 5° TashAT! sequence, the 4.2kb or the 7kb
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fragment could be derived from TashAT3. One of these EcoRV fragment could represent
another copy of the 900bp ORF previously identified in Fig. 3.1t and within the 2kb
CcoR 1/Spel probe (see Fig. 3.27).

fn swmmary, the [ragments produccd [romn restriction digestion with EcoRI, Spel and
HindIIl in genomic DNA are maintained in the & dash 13 clone, indicating that the
restriction map of TashAT! and TashAT3 wilhin A dash 13 is likely to be accurate. The
number ol AT hook encoding fragments in the genome, suggests that there arc oaly three

TashAT gencs within the parasiie genome.
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Fig 3.29: Southern blot analysis of D7 genomic DNA from

T. annulata hybridised to a 2kb EcoRl/Spel fragment
corresponding to the 5’ coding region of TashATI. E: EcoRI,
V: EcoRV, H: HindlIIl, S: Spel. DNA molecular weight markers
are indicated (in kb) on the right.
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3.3 Discussion

The full Iength 7TushAT! gene was isolated from a 3.2kb Spel fragment derived from A
dash 13 DNA by Southern blot analysis with an Al hook encoding probe correspouding to
the TashAT! ORF. Sequence analysis revealed that TashAT/ encoded a 1401hp predicled
ORI, and was identical to DNA fragments derived from the TashA7{ ORF originally
identified within the zgtt1 clone, ¢l-12. When the predicted peptide sequence of TushAT/
was compared with that of TushAT2 (Swan er «f, 1999), the two genes shared 46.1%
overall identity with cach other over the AT hook encoding region, confirming that they

were separale, but relaled genes,

Southern blot analysis of A dash 13 restriction digested DNA with the p600 probe,
comprising the AT hook domains from ZushA77, also identilied other DNA fragments that
pointed to the existence of a third 7ashA 7 gene. One of these fragments was a 1.2kb EcoRI
fragment, which was not found within fushAT! or TushAT2, bul was almost identical to
thc AT hook domain of TashA7! and a region of TashAT2. The 1.2kb fragment was
subsequently mapped to TashAT3 (Swan ef al., 2001a). In fact, the first 1.4kb of TushAT3
was found to he 99% identical to the entire TashAT! gene, Including the AT hook encoding
domain and shared 99% identity to TashAT2 over an adjacent 1.4kb adjacent region (Swan

ef al., 2001a).

The predicted peplide sequence of TashATI or TashAT3 {TashA'T'l/3) has a number of
fcatures that suggests the gene product of TashAT! may be a transcription factor, These
features include four AT hook motifs, several nuclear localisation signals (INLS), a signal

peptide sequence and a ransactivation domain.

The presence of both classical (“pat 47 and “pat 77) and bipartite NLS suggests that
TashAT1 1s transported to the host nucleus, Studies have shown that the basic amino acids
of the NLS interact with the nuclear binding protein (NBDP) o [acililate transport through
the nuclear pore complex, in an ATP dependent manner (Whiteside and Goodbourn, 1993;
Hicks and Raikhel, 1995). This process is conserved amongst lower and higher cukarvotes
{Hicks and Raikhel, 1995). Whilst there is a danger of false positive results, inspection of
the peptide scquence of the related nuclear located transcription factor, HMGI(Y) (Eckner
and Birnsticl, 1989; Johnson er al., 198Y; Karlson ez al., 1989), revealed 4 potential “pat 4”
NLS located within the AT hook region. Moreover, several nuclear localisation signals that

were found n the predicted TashAT!L polypeptide (scc Appendix D) were also identificd
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within the putative TashAT2 polypeptide (Swan et al., 1999). TashAT2 was later detected
in the host nucleus of infected cells by [FAT (Swan ef ¢f., 1999), and also in the nucleus of
uninfected COS7 cells, previously transfected with a TashAT2 construcl. This evidence
might support the theory that TashAT | and TashAT3 polypeptides may also be transported
ta the host nucleus. However, to determine if these signals confer host nuelear localisation,
BL20 cells could be transfected with a TashAT1 fusion protein construct, with and without

the NLS domains, (ollowed by IFAT analysis.

Further evidence that TashATI/3 might be (ransported out of the macroschizont is
indicated by the presence of a predicted 2:-residue short stretch of hwdrophobic amino
acids located al the extreme N-terminus, recognised as a signal sequence. The signal
sequence was predicted for TashAT! in all bul one of three signal sequence prediction
programs, including Targell, the best predictor of N-terminal sorting signals (Bannai er «/.,
2002). The signal sequence belongs to the classical eukaryotic scerclory pathway and is
essential for secretion of the polypeptide to the endoplasniic reticulum, for further targeting
to subcellular compartments of the cell {Nakai, 1996). A similar signal sequence also exists
in ‘TashA12, which has been shown to be located within the host nucleus of Theileria
infected cells. Moreover, the TargetP results showed that there was a good likelihood that
the signal sequence of TashAT1/3 was secreted. In this case, the signal sequence might
cnable the TashATI/3 polypeptide to be translocated outl of the parasite into the host
endoplasmic reticulum, where, potentially, NLSs could direct the polypeptide to the host

nucleus.

The AT hook motils found in the potential peptide sequences of 1'ashA’l'l, TashAT3 and
TashAT2 all contain class II AT hook domains, which have a lower DNA binding altinity
compared to the class I and III AT hooks (Aravind and lLandsman, 1998). Thus, the
TashAT polypeplides would be expected to have a relatively low DNA binding affinity.
Since TashAT! and TashAT3 possesses an additional AT hook domain as well as two
RKRP elements, potentially capable of binding DNA (Aravind and Landsman, 1998)
compared to TashAT2, it would be expected thal TashAT1 and TushAT3 polypeptides
would have a gteater DNA binding capacily than TashAT2,

When TashATI was compared to protein domain families within the ProDom database, the
only obvious homology found was to the AT hook motifs of the HMG protein family. This
suggested that the main function of TashAT1 was DNA binding. The similarity of the AT

hook encoding motifs of the TasiAT genes and HMGI(Y) protcins (which also encode
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class 11 AT hooks) might suggest that TashA'l' polypeplides perform a similar function to
the HMGI(Y) proteins. HMGI(Y) proteins have been implicated in the transcriptional
activation of genes associated with the immune system and cell growth, including the o
subunit of the IL-2 receptor (IL-2R«) (Reeves, 2001) and NF-xB (Thanos and Maniatis,
1992, 1995; John et «l., 1995). Studies have shown that HMGYY} proteins arc involved in
normal cell growth regulation, such as adipocytes (Melillo ef a/, 2001) but are low or
undetectable in fully differentiated cells (fundberg ef «f., 1989, Reeves and Bustin, 1996).
High levels of HMGI(Y) havc consistently been found to be associated with twnour
formation (Tallini and Dal Cin, 1999; Reeves. 2001). Since TashAT2 polypeptide
expression was highest during the macroschizont stage, when (he host ccll becomes
immortalised (Swan e «l.. 1999}, 1t 1s possible that (he TashAT2 or TashATI1/3
polypeptides might also be involved in host cell proliferation of 7. annulara infected cell.
Alternatively they might be involved in negative regulation of differentiation from the

macroschizont Lo the merozoite.

TashA'l'l was found to contain a potential transactivation domain, as these domains arc
thought Lo elicit transcriptional activation through protcin-protein interactions (Triczenberg
et af., 1995), this might suggests that TashATL might also intcract with other proteins.
Studies have shown that transactivation domains have a significant role in transcriptional
aclivation: isoforms of NF-AT transcription factors that do not possess lransactivation
domains show a third of transcriptional activity compared to NF-AT factors that do contain
transactivation domains (Imamura et al,, 1998). The potential transaclivation domaius in
TashAT1/3 may suggest that the TashA'l' polypeptides interact with one or more

polypeplide, when binding to the host DNA target sequence.

The numercus phosphorylation sitcs predicted 10 the TashATL1, TashAT3 and TashAT2
peptide sequences are of particular inleresl, as many transcription factors are known to be
regulated by phosphorylation/de-phosphorylation. For cxample, HMG I(Y) proteins are
phosphorylated by cde2 kinase, at the G2/M stage, which resulted in a decrcasc in DNA-
hinding activity (Nissen ef al., 1991; Reeves ef al., 1991). Specific environmental stirnuli
also trigger phosphorylation of HMGI(Y) proteins via the signal transduction pathway,
particularly by Casein Kinase 2 and protein kinase C within B-lymphocytes (Wang ef a/.,
19951997, Banks er af., 2000; Xiao ef wl, 2000). Interestingly, Casein Kinase Il (CKII)
was also found to be associated with the transformation of host cells by 7 .parva (ole-
MaYoi, ef al, 1995). 1t is possible that the function of the TashAT polypeptides mav be

regulated by phosphorylation, possibly by CKIL. However, these resuits would need to be




““such as Fos, Jun, p53, IkB and cyclins ave also targeled for degradation, as a form of

R.F. Stern, 2003 Chapter 3, 130

confirmed experimentally because these sites are defined by a small number of residues.

The predicted N-glycosylation sites suggest that TashA'T'1 might be secreted to a number of
destinations within the cell (Hclcnius and Acbi, 2001; Grogan ef «f., 2002) and these
modifications might aid TashAT1 sccrcetion out of the parasite. However, these
modifications would have to be verified experimentally, particularly as N-glycosylation
siles are only defined by (our conserved amino acids (sec appendix H). This is particular]y
important for the myristolation site prediction as the PSORTI and PROSITE prograims
appeat 1o give contlicting results. In addition, there are complex considerations regarding
the sequence coniext when predicting a true myristolation site (Grogan ef of., 2002, Towler

ef al., 1988}

The detection of a possible PEST sequence within the predicted amino acid sequence of
TashATI, indicated that TashATI might be targeted for proteolytic degradation. Studies on
PEST sequences (reviewed by Rechsteiner and Rogers, 1996) revealed that these sequences

are present it metabolic enzymes, protein kinases and phosphatases. Transcription faclors

hiochemical regulation mostly via the 26S-ubiquilin protease pathway. PEST sequeuces
can be either constitulive proteolylic sequences or conditional signals; where, in the lfatter
casc they are targeted after modification, such as phosphorylation. One theory put forward
is that phosphorylation of serine and threonine residues aclivate latent PEST signals for
proteolysis (Rechsteiner and Rogers, 1996). Phosphorylation sites overlap with the
potential pest sequences of TashAT1/3. Thus, il these phosphorylation sites are proven o
exist experimentally, then it seems likely that the predicted PEST scquence ol TashATI
would be 4 conditional signal. Further studies involving nwitational analysis of the PEST
sequence are required o verify if there is an active PEST sequence within TashAT1/3. One
intcresting observation is the high abundance of PEST sequence encoding polypeptides that
give rise to immunogenic peplides presented on MHC [ molecules (Rechsteiner and
Rogers, 1996). If TashAT1/3 is shown to be expressed in this way, thea these polypeptides

could potential be vaccine candidates.

The 57 upstream vegions of TashAT7 and TashA73, were identical, but had poor identity
with the 5 upstream region of TashAT2, apart from a 31bp motif, common to all three
TashAT genes and another macroschizont encoded gene, Tash? (Swan et al., 2001b). Thus,
this motif might bind a common regulatory factor that controls the transcription of all three

TashAT genes, and maybe other macroschizont genes. The TashUM sequence was not
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similar to any other eukaryotie transeription factor binding site, in common with CATIL, a
possible regulatory motif of the gene encoding the 7. anmuiata merozoie surface protein,
Tamsl (Shiels et al., 2000) and is therefore more likely to be unique to 7 amaulata. This is
supporied by evidence of other potenuial regnlatory regions in the related apicomplexan,
Plusmodiuim, which were dissimilar to other eukaryotic transcription factor binding sites

(Horrocks et al., 1998).

It has been shown thal host factors are trunslocaled mio the parasite (Carrington ef af.,
1995), so the lymphocyte specific faclors 1dentified by the Matlnspector search are of
particular intevest, especially as one factor, Pu.l, associated with cell growth and IKRS
with Ivmphoid differentiation. However, this analysis only gives a theoretical possibility
There is high probability of mistaken malches as some of the transcription tactor hinding
sitcs arc degenerate or AT rich (e.g. SATB). This latter case might produce biased resuls
as Thederie containg more A and T nucleotides in its genome compared to higher
eukaryoles. Distance and orientation between promoler elements are also consideralions as
many promoter elements are regulated synergistically or antagonistically. Further
investigations into the lymphocyte associated transcription factors would be required fo
determine if they are expressed in Theileria intected cells and are translocated to the

parasite.

Secondary structural predictions have predicted that the potential TashAT1 polypeptide is
composed of mainly looped structures, particularly over the AT hook encoding domains,
which is consistent with structural studies of AT hook motifs (Reeves, 2001). The looped
structures, together with the high solvent accessibility values over this region and belween
residues dt the Coterminal 139 amino acids suggest that these regions may be exposed on
the surface of the TashAT1 protein. 1t is possible that this exposed looped structire might
enable the AT hook motifs to interact with the target DNA sequence. The extended [ shect

structure over the N- terminus of TashAT1 suggests that the N-terminus is intemal.

To identify the genomic organisation of TashAT] in relation to TashAT2 and TushAT3,
Southern blol analysis was performed on 2 dash 13 DNA, using two probes derived from
TashATI. One of the most striking (indings was that all the Yash47 genes are located in
close proximity to each other, Also, the N-terminal region of TashA73 is 99% identical to
the entire TashAT{ gene, whilst TashAT3 shares 83% overall identity with TashA72, which
increases to almost 100% in certain regions. These observations suggest that there has been

a relatively recent, tandem duplication event involving Tus#A73 and an adjacent genc
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TashHN (Stadler, unpublished, 2000) that was partially encoded by the 900bp ORF (scc
fig. 3.30). Studics by Stadler (unpublished, 2000) have shown that TashATI is not present
in all 7heileria infected cell lines, supporting the evidence of a recent duplication event. It
is likely that TashAT/ arose [rom an intrachromosomal duplication, as these duplicated
scquences tend to be physically close together and more similar and shorter than other
types ol sequence repeats (Achaz et al., 2001). Onc possible reason for this duplication
event could be a response Lo selective pressure. 'This reason has been put forward to explain
changes in gene expression detected within tnfected cells after prolonged culture by many
groups (Adamson et al., 2000ab; Suthevland er al.. 1996; Preston er al., 1998; Qura ef al.,
2001). The possibility that TashA?? was duplicated under selective pressure of in vifre
cultured conditions, is unbikely given that TashAT1 mRNA was found in sporozoiles (see
Swan et «f., 2001a). The advantages of this duplication event may be to increase the gene
dosage of TushAT3 and/or TashHN. Allernatively, TashAT1 might be able to perform a
shghtly differenl funclion to TashAT3 that is advantageous to the parasite. Gene
duplication has been reported in other apicomplexan parasitcs such as TgPCNAL and 2 in
Toxeplasma gondii (Guerini et af., 2000) and the Mcrozoite Surtace Protein (MSP) gene
family in Plasmodium chabaudi (Black et al., 1999) and this cvent may be more common
in apicomplexans. One study found more gene repeats in Plasmodium compared to other
eukaryotes (Achaz et af, 2001), which was hypothesised to be due to the high selective
pressures for scquence variation. A high number of repeats might allow for more
recombination events, leading to greater genetic variation and evolutionary rare (Achaz er

al, 2001}

A comparison of the predicted arnmo acid sequence of TashAT 1 with that derived from the
T parva genrome revealed no equivalent TashAT! or TashAl3 genes in 1, parva, despite
the fact that 7. amndata and 7. parva diverged from a commaon ancestor (Chansin et al.,
1999). The lack of TashAT genes and AT hook motifs found in the 7. parva genome
compared Lo 1. annulata, might suggest these gene products are not essential for 7. parva
and may relatc to the different cell types these species infect. However, the sequencing of
T. parva genome 1s not yet complete and may yet reveal a 7. parva homologue of a TashAT

gene.
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4. Identification and Expression of the TashAT
MmRNA species and Analysis of a TashAT Upstream
Motif.

4.1 Introduction

In chapter three, two further 7TashAT genes, TashAT! and TashAT3 were identibied, RELP
mupping located these genes to a 13.5kb gene cluster together with TashAT2. The
sequences of TashA71/3 were homologous with TusiiAT2, within the AT hook domain
region. Later sequence comparisons showed that the entire 7ushA7l ORF was 99.9%

identical to the five prime end of TashAT3.

The striking sequence similaritics between the TashAT genes and pelypeptides coupled to
the likely identification of TashAT2 in the host cell nucleus imply that TashATl and
TashA'T3 may also be involved in host/parasite interactions. As the predicted TashA'Tl
polypeptide may be invelved in regulation of the host ccll cnvironment, it was impottant to
define the mRNA species encoded by TashA7!, and to determine the expression profile of
TashAT1 and TashAT3 during differentiation to the merozoite. This could be achieved by
Northern blot analysis on RNA from infecied cells undergoing a differentiation time
course, using gene specific and common probes. Any variability in the function of the
TashAT genes could be investigated by comparing the relative levels of TashAT mRNA
transcripts between members of this gene family: a similar profile would provide further

evidence that these genes may be under a common regutatory mechanism.

A further aim of this chapter was to confum regulation of parvasite differentiation by
Northern blot analysis on parasite infected cell lines attenuated for merogony, such as the
D7B12 cell line. If the TashAT genes were associated with differentiation and/or host cell
proliferation, such experiments might be predicted to show a lack of down regulation of the

TashAT mRNA. in the attenuated cell line.

In addition to determining if the expression of TashAT mRINA was associated with
differentiation, it was of relevance to investigate how TashATl/3 cene expression is
regulated. Such evidence could provide an insight into the manner by which the parastice

down regulates macroschizont gene expression during differentiation to the merozoite.




R.F. Stern, 2003 Chapter 4, 135

This may due to the simple removal of macroschizont-specific regulators, or it could be

due to the inlubition of thosc factors by regulators speceific to the merozoite stage.

Analysis of genes [rom related apicompiexan parasites shows that most gencs have a
classical cukaryotic bipartite structure, consisting ot a basal promoter and upstream
enhancer elements. Examples of such genes are the pfs25 and GBPI30 genes in P
Salciparam (Forrocks ef «f., 1998, Horrocks and Lanzer, 1999) and the NPT3 gene in
Toxoplasma gondii {(Nakaar et «af., 1998). A rceent review by Tlorrocks ef ¢l (1998) and
van Lin e «f (2000) indicated that Plasmodinm  gene {ranscription occurs 1 a
monocistronic manncr, However, whilst there 1s similarity in the structure ol apicomplexan
and higher eukaryolic genes, there 1s growing evidence that there are differences between
higher eukarvotic and apicomplexan lranscription mechanisms. For example, the large
number of putative transcription factor binding motifs upstrcam of P. falciparum genes
have not yielded functional, homologous binding sites. Moreover, only one putative TATA
box binding protemn (PTBP) has been cloned in 2. falciparim to date (McAndrew et af.,
1993). Although similar in structure to the TBP of higher eukaryotes, the P. falcipurum
TBP had a low homology with the TBI of higher eukaryotes, despite the normally high
evolutionary conservation of this protein amongst other eukaryotes (Nikolov et al., 1994).
Furthermore, a comparison of putative cnhancer regions of £. falciparum genes show no
homeology to any other known cukaryote (reviewed by Florrocks ef al., 1998; van Lin et af.,
2000), and imphed that P. falciparum containg a distinel, unique set of transcription
factors. Evidence that Plasmodial transcription differs from that of higher cukaryotes was
demonstrated when the common sukaryotic SV40 promoter, was transfected into A
Jalciparum but tailed to result in any reporter gene expression. Conversely promoters from
P. fulciparum also fail to drive reporter gene expression in COS7 cells (Horrocks et af.,

1998 and references therein).

Recent analysis of the T. annulate gene, Tumsl, identificd a umque, 9bp motif (called
CAT1) upstream: of the transcription start site (TSS) of Twms!, which was postulated (o
function in control of Fams/. The CATI motif generated a specific band shift in an
Electromobility band shift assay (EMSA) associated with parasite enriched nuclear extracts
from infecled cells compared to control, uninfected BL20 extracts (Shiels et al., 2000). In
addition, a nucleotide scarch failed to produce any strong identity to any known

promoters/enhancers, indicating that CAT1 may be a motif unique to Theileria species.
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While the CAT-1 motif of Famsi was inttially defined by EMSA, it was also shown to be
conserved in the Tams! orthologues of three Theileria specics. In chapter three, a highly
conserved region located upstream of the TSS of all the TashAT genes and also in an
unrelated macroschizont gene, Tash/! (Swan et «f., 2001b} was identified. Overall, the
upstream region of TashAT1/3 shared 78.8% identity with the upstream matif of TushAT2,
and 87.1% identily with the upstream motif of Tash/ (see Fig. 3.18). This motif is known
as TashUM (7ashAT1/3 upstream motif). TashUM and its homologues upsiream of
TashAT2 and fush] appear to be separated into a proximal region with a relatively
abundant GC rich content (70%) and a distal region with an average relatively rich AT
content of 86.2%. One striking feature of the GC rich region is that the upstream rcgions of
all Tour genes are almost identical bar one nucleotide. Thus the TashUM motif was cliosen
for further analysis because the similarity of the TashtUM motif of Fashd77/3 with the
upstream motif of TashAT2 and Tash/ clearty implicd functional conservation, possibly of
a regulatory lactor-binding site. In the absence ol a transfection and i vitro transeription
system for Theiferia, it was decided that a preliminary study ol the capability of the
TashUM motif to bind nuclear proteins would be performed, using EMSA. If this motif is
involved in the regulation of 7ushAT/, such an experiment could be predicted to show a
band shift with parasitc extracts only. However, the possibility that specific shifts could be
generated with host enriched cxtracts cannot be ruled out, particularly as there is evidence
of translocation of parasile proteins to the host (Swan et o/, 1999), and host proteins to the

parasile (Carrington et al., 1995),

Structural studies of genes from Plasmodium indicated that transeription is not imtiated by
a TATA box (Horrocks ef al., 1998) but by an initiator element (Inr) ; a 7-9bp alternative
or complementary TATA bux found in some cukaryotes (Smale and Baltimore, 1989).
Potential Inr elements have also heen identified upstream of 7. amudara genes, such as
Tams! (Shiels et al, 2000), TashA72 and Tashl (Swan, unpublished, 2001). To
characterise the upstream region of 7asaA77, the method of 37 Rapid Amplification of
¢DNA Ends (RACE) would be used ta locate the transcription start site (TSS) of TashATI.
This would cnable the identilication of any potential Inr clement and locate the position of
the TashUM motif relative to the TSS. 5" RACLE was chosen because it is a rapid, sensitive
technique for cloning (the five prime end of any mRNA species, by PCR amplification. This
technique has the advantages of amplilying low concentrations ol mRNA and reduces non-
specific products by the use of nested primers and results in a product that can be cloned
and sequenced. Other methods that delermiine the transcription start site are also available,

such as primer extension (Goodbourn, 1996) and St nuclease mapping (Berk and Shurp,
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1977). However, the usc of S1 nuclease (which is specific for single stranded nucleic acids)
to map an AT rich DNA scquence oflen leads Lo inaccwrate results due to partial removal of
nucleotides within Al rich sequences that have transiently become single stranded.
Furthermore, the primer extension method is insensitive and prone to background problcms

(Goodbourn, 1996).

In summary the work i this chapter was aimed at determining how TashAT1 expression is
regulated during differentiation to the merozoile and whether this was similar to other
members of the TashdAT cluster, ln addition the work set out to define the upstream region
of TashAT! by identification of the TSS. This would allow further comparison with the
upstream regions ol TashAT2 and Tashi by locating the position of the 31bp TashlUUM
motif. Analysis of this motif for binding parasite nuclear faclors would then be carried oul

by EMSA.
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4.2 Results

4.2.1 ldentification of the mRNA species encoded by TashAT1
and TashAT3

In order to identify the mRNA species encoded by TashAT/, Northern blot analysis was
performed with RNA [rom non-differentiating 7% annulaia infected D7 cells. BL20 RNA
was also included as a negative control to demonstrate that the mRNA detected was
specific 1o the parasite. Hybridisation was carried out using two gene specific probes 1o
confirm the identity of 7usid7!. Probe AThookl was located 799-1556bp retative (o the
translation starl site of the TushAT/. Probe Ta369 was situated 55-423bp relative to the
franslation start site of the TashAT{. {nitial hybridisation of D7 RNA with probe AThook |
identified three transcripts (shown in Fig. 4.1, lane 2) which were estimated 1o be 2.1kb,
3.0kb and 4.0kb relative to size standards. No bands were detected with BL20 RNA ([fig.
4.1 Tane 1), conNrming thal these mRNA species were not derived [rom the host cell. The

sizes of two of these transceripts cotresponded approximately to the open reading frames of

TashAT! (1.4 kb) and TushAT2 (3.6 kb), and after RNA processing, suggested that the
2.1kl and 4.0kb transcripts represent TashAT1 and TashAT2 mRNA respectively. The

subscquent discovery of the AT hook-encoding gene, Tash473, with an ORI of 3.0 kb
made TashAT3 the maost likely candidate for the 3.0kb transcripl. However, it is possible
that the higher bands could represent an unprocessed TashATT transcript or another highly
related gene. TashATL appearcd to be the most abundant messages followed by TashAT?2

and lastly TashAT3.

To confirm the identity of the TashAT1 transcript the second gene specific probe, Ta369,
was used to probe a Northern blot of RNA from D7 cells (see Fig. 4.1, lane 3}, Two
transcripts werc detected with this probe at 2.1kb and a feinter band al 3.6kb; the 4.0kb
signal was absent. No signal was detected in the BL20 RNA tract with this probe (scc Fig.
4.1, lanc 4). Both these transcripts were identical in size 1o the previous transcripts in Fig.
4.1 (lane 1), deduced to be TashAT1 and TashAT3. In addition, the higher abundance of
TashAT1 relative to TashAT3 detected with the AThookl probe wus also observed wilh
probe Ta369. The mRNA specics detected by probe Ta369 were therefore deduced to be
TashAT1 (2.1kb) and TashAT3 (3.6kb).
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In summary, two common transcripts al 2.1kb and 3.6kb were detected using two probes
derived from TashAT'l by Northern blot analysis. These messages were deduced Lo be

TashAT1 and YashA'T3 mRNA respectively on the basis of size.
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Fig. 4.1: Northern blot analysis of total RNA derived from D7 cell
line, hybridised to probe AThookl and Ta369. 10ug of RNA was used in
each lane. Lanes 1 and 2: D7 and BL20 RNA hybridised to probe AThook]1,
respectively. Lanes 3 and 4: D7 and BL20 RNA hybridised to probe Ta369,
respectively. Arrows indicate the size of the mRNA transcripts (in kb).
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4.2.2 Determination of the expression profile of TashAT1 mRNA

during differentiation to the merozoite.

To cstablish i TashAT1/3 mRNA expression was down regulaled during differentiation to
the merozoite, a time course experiment was performed with D7 cells, which have an
enhanced ability to differentiate (Fig, 4.2). Tatal RNA from D7 cells was purified from a
differentiation timc course, incorporating cclls cultured at 37°C (day 0), and from cells
grown for 2, 4 and 6 days at 41°C, transferred onto a porthern blot and hybridised with
probe Ta369. l'o control for the amount of parasite RNA present, the same blot was
hybridised to a probe representing the 7. anmulata 185 sn rRNA gene, called 2p3 (Swan er
al., 1990) The blot was also hybridised 10 a gene probe encoding a rhoptry protein, which
i known o be up regulated al the mRNA level during merogony {Swan, unpublished,

2001) and is therefore a control for differentiation of the parasite (Tg. 4.2C).

Flybridisation with the probe Ta369 (Tig. 4.2A) only detected the TashATI1 transcript (at
2.1kb), and not the TashAT3 gene transcript, which may have been present at levels too
fow Lo delect in this experimenl. Hybridisation of these RNA samples with the 2p3 and
Rhoptry gene probes revealed a 3.5kb and 3.3kb transcript in hoth Fig. 4.2B and 4.2C,
which corresponded correctly 1o the sizes of the 18S snRNA of 7. anmidata and the
Rhoptry gene mRNA species respectively. The signal intensities ol hybridised ‘FashA'l'T,
2p3 and Rhoptry gene RNA transcripts were measured by densitometric analysts (shown in
Fig. 4.3) 1o determine the percentage change in the expression levels of cach RNA specics

(see Fig. 4.4},

The data presented m both Fig. 4.3C and 4.4C, showed that Rhoptry gene RNA had
mcreased markedly from day 0 1o day 6, confirming that the D7 cells were differentialing,.
By comparison, TashAT1 mRNA levels appeared to increase [rom day 0 to day 2 (by
42.3%), then decreased from day 2 to day 4 (by 59.6%), and remained relatively constant
from day 4 (o day 6 (see Fig. 4.4A). From day O to day 2, the levels of 2p3 RNA also
increased from day 0 to day 2 (by 10.3%), and then increased by 15.3% from day 2 to day 4
but only increased marginally (by 1.7%) from day 4 to day 6 (Fig. 4.3B). Thus, from day 2
to day 4, TashAT1 levels had actually decreased during merogony, in comparison to 2p3
RNA levels, which actually increased during this time period (see Fig. 4.4A and B), with
both RNA species remaining approximately constant from day 4 to day 6. However, from
day { to day 2, it was unclear whether TashAT1 mRNA levels bhad truly increased relative

to the levels of 2p3 RNA as both TashATI1 and 2p3 levels mcreased. Moreover, in the
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absence of an RNA standard of known concentration for cach antoradiograph, it was not

possible to compare the relative increase in 2p3 RNA levels with TashAT1T mRNA levels.

To compare the expression levels of TashAT1 mRNA with other TashA'l' ranscripts,
Northern blol analysis was performed on differentiating D7 time course cultures using the
TushAT! probe, AThookl and with probe 2p3 (see Fig. 4.5). The smear shown with the
2p3 hybrichsation (Fig, 4.5B) was likely to be caused by excess unincorporated radioactive
label, or a saturated 2p3 signal because no dcgradation was delected upon hybridisation
with AThookl (Fig. 4.5A). As such, densitometry mcasurcments for the 2p3 hybridised
blot were carricd out on the 3.5kb band, excluding the smeared area. The results ol the
densitometric analysis (sce Fig. 4.0), showed that all hree TashAT mRNA expression
levels increased [rom day O to day 2 bul all decreased between day 2 1o day 6. Meanwhile,
2p3 RNA levels had increased from day 0 to day 0, but particularly from day 0 to day 2.
However, the level of incrcase in 2p3 RNA could not be determined as the densitormetry
readings in Fig 4.0B appear to show that the 2p3 signal has rcached saturation point at day
2. Thus, from day 2 to day 6, the levels of TashATI1, along with TashAT2 and TashAT3

had decreased in comparison to the total parasite RNA load.

Comparing the relalive changes in abundance Detween the TashAT transcripts from Fig.
4.7 revealed that from day 0 to day 2, the increase in TashAT1 (56.4%) was less rapid than
TashAT2 (73%) and TashAT3 (77%). However, from day O to day 6, the decrease in
TashAT1 mRNA levels were similar to those of TashAT2 and TashAT3. Fig, 4.7B shows
that 2p3 RNA levels had increased by 46.5% [rom day O to 2 and continued to increase by
4.8% and 9.8% From day 2 to 4 und from day 4 to 6, respectively. This confirmed that the
TashAT transcripts had decreased velative to the levels of parasite RNA during this period.
It may be noted that the signal intensity of TashAT1 mRNA was greater using probe
AThook! compared to probe Ta369. This may be due to the presence of nicked RNA in the
Northern blot hybridised with probe Ta369, which does not contribute o the signal, but
does contribute to the background (Goodbourn, 1996). Furthermore, probe AThook! is
more than twice the size of probe Ta369, and is therefore likely to produce a stronger

signal than probe Ta369,

In summary, TashAT] mRNA appeared to increase from day 0 to day 2, hut decreased
from day 2 to day ¢ with rcspect to merogony. Northern blotting with probe AThookl
showed that TashAT2 and TashAT3 mRNA increased at a greater rate than TashATI

mRNA from day 0 to day 2, although the overall abundance of TashATI1 was larger than
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TashAT2 and TashAT3 at day 0 and day 2. The rate of decrease of all three TashAT

transcripts were approximately simitlar from day 2 to day 6.
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Fig. 4.2: Northern blot analysis of total RNA derived from D7 cells

taken during a differentiation time course experiment and hybridised

to Ta369. 10ug of RNA was used in each lane. Panels A: Ta369: B: 2p3

and C: Rhoptry gene. The time points for each RNA sample are indicated
above each lane (in days). The detected RNA transcripts (in kb) are indicated
by arrows.
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of D7 cells. A: TashAT1 mRNA; B: Rhoptry gene RNA; C: 2p3 RNA;
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2p3 RNA levels during a D7 cell differentiation time course.
Panels A: TashAT1 mRNA; B: Rhoptry gene RNA and C: 2p3 RNA.
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Fig. 4.5: Northern blot analysis of RNA from D7 cells, during

a differentiation time course, hybridised to probe AThookl.
10pug of RNA was used in each lane. Panel A: probe AThook1

and panel B: probe 2p3. The time points for each RNA sample

are indicated above each lane (in days). Arrows indicate the mRNA
species detected with its corresponding size (in kb).
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4.2.3 Comparison of the expression profile of TashAT transcripts
between cell lines that are competent (D7) or attenuated (D78B12)

for differentiation.

To determine if the TashAT mRNA speeics were differentially expressed in infected cell
lines with allered capacities to differentiate, TushAT mRNA profiles were compared using
Northern blol analysis. This was achieved vsing cell lines that are enhanced (D7) and
attenuated (D78B12) for differentiation which were then hybridised with probe AThookl.
and 2p3 as a control for parasite RNA load. The results {(Fig. 4.8) showed that D7B12 and
D7 cells expressed the same overall TashAT mRNA profile, with the exception of

TashAT2 and TashAT3I mRNA levels. which differed belween the two cell lines.

Densitometric analysis of this autoradiograph (see Fig. 4.9) confirmed that TashAT1 was
the most abundant of the TashAT transcripts in both D7 and D7BI12 cell lines. [n 127812
cells, the abundance of the transcripts relative to the TashAT1 message was 21.6% for
TashAT3 mRNA, and 15.1% for TashAT2 mRNA. However, the situation was reversed
wilh respect toTashAT2 and TashA'Tl3 within the D7 cell line. lHere, TashAT2 was the
second mosl abundanl message after TashATI1, with 27.8% of the signal intensity of the
TashATI transcript. TashAT3 was the Icast abundant message in D7 cells, being only
14.03% as intense as the TashAT} mRNA spp.. These figures were derived by calculating
the proportion of TashAT2 or TashAT3 as a percentage of the total amount of TashATI

within each cell line.

A comparison of the level of increase of each TashAT mRNA spp. in D7 cells with D7B12
cells (see Fig, 4.9), revealed that TashAT1 mRNA levels may be equivalent in N7 cells
relative to D7B12 cells. This was because the intensity of the TashATI message was 2.8
times greater in D7BI12 cells compared to D7 cclls. However, this ligure was also
approximately equivalent to the ovcerall incrcase of 1% anmulate 2p3 RNA in D7B12 cells
compared lo D7 cells. Although (he densitometric readings showed elevated levels of
TashAT2 (by a factor of 1.6) in D7B12 cells compared to D7 cells, there was 2.5 limes
more 2p3 RNA in D7R12 cells compared to D7 cells. Therefore, there may not be any real
mcrease in TashAT2 mRNA levels in D7 cells compared to D7B12 cells. By contrast
TashAT3 mRNA levels were 4.3 times more abundant in D7B12 cells compared to D7
cells. This figure wus greater than the overall increase in RNA load in D7B12 cells

compared to D7 cells, suggesting there may be a real increasc in TashAT3 mRNA lcvels in
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D712 cells compared to D7 cells.

In swmmary, TashAT2 and TashAT3 mRNA are differentially expressced in D7 and D7B12
cells, whilst TashATL mRNA levels show little change in both cell lines. TashAT1 mRNA

species appears to be present at higher levels relative to TashAT2 and TashAT3 mRNA.
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Fig. 4.8: Northern blot analysis of RNA from D7 and D7B12 cell lines

at 37°C hybridised to probe AThookl. 10ug of RNA was used in each lane.
Panels A: probe AThook1 and B: probe 2p3. The sizes (in kb) of the detected
RNA species are indicated by arrows.
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4.2.4 The expression profile of the TashAT mRNA transcripts in
D7812 cells.

To deterimine it TashAT mRNA expression is associated with parasite differentiation RNA.
samples were extracted from D7B12 cells following culturc at 41°C to induce
differentiation. Northern blot analysis was performed with the AThook] probe (Fig. 4.10A)
and comparcd with the equivalent levels of the control RNA species, 2p3 (Fig. 4.10B).
These results showed that the abundance of ull three TashAT RNA spp. were elevaled at
day 2 and day 6 compared to day 0 and day 4. Similarly the levels of 2p3 were also

elevated al day 2 and day 6 compared to day 0 and day 4.

TashAT mRNA and 2p3 RNA expression profiles were quantificd by densitometric
analysis of the autoradiograph (scc Fig. 4.11) and the corresponding percentage changes in
their expression over time was caleulated (see Fig, 4.12). These results confirmed the dala
presented in Fig. 4.10. From day 0 to day 2 all the three mRNA transcripts increased by an
average of 78%. From day 2 1o day 4 all TashAT mRNA levels decreased by an average of
61% but then incrcased again by an average of 39% trom day 4 o day 6. This profile was
reflected approximately by the rate of change of 2p3 RNA levels, which increased from
day 0 to day 2 by 72%. decreased by 45% from day 2 o day 4 and [iunally increased (rom
day 4 to day 6 by 32%. The only exception to this was the rate of decrease in TashAT
mRNA abundance, which exceeded that of 2p3 by 16% Grom day 2 to day 4. Thus, the
variations in TashAT mRNA profile do not appear to be decreasing during differeniiation
but follow the profile of parasite RNA, overall. Densitometric rcadings also show that the
fcvels of all three transcripts remain constant retative (o each other from day O to day 6.
However, TashAT3 only increased by 25% compared to TashAT! and TashAT2 mRNA

from day 4 to day 6.

In summary, there did not appear to he any evidence of a decrease in TashAT mRNA levels
when Northern blot analysis was performed on D7B12 RNA from a differentiation time
course, in contrast to TashAT mRNA levels during a D7 differentiation time course. Little
change was delected 1n the relative abundance of any TashAT mRNA relative to each other

from D78B12 cells during a differentiation time course.
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Fig. 4.10: Northern blot analysis of D7B12 RNA from a differentiation
time course, hybridised to probe AThookl. 10ug of RNA was used in
each lane. Panels A: probe AThook1 and B: probe 2p3. Each lane represents
a time point (days). Arrows indicate the RNA species and it’s corresponding
size (in kb).



350 ———
3.00

2.50

2.00

1.50

B TashAT1

1.00

W TashAT3

Optical Density/AU

0.50
0.00

O TashAT2

2 4 6

Time/days

4.00
3.50

3.65

3.00

2.95

2.50

2.00

W 2p3

1.50 1.01

Optical Density/AU

1.00 -
0'50 _]
0.00 -

0

1

2 4 6
Time/days

Fig. 4.11: Densitometric analysis of TashAT mRNA and 2p3
RNA levels from D7B12 cells over a differentiation time course.
Panels A: TashAT mRNA and B: 2p3 RNA; AU: Arbitrary Units.




80.0
60.0
40.0
20.0

0.0

100.0 -

81.2
V6.4 |

M TashAT1
O TashAT3
W TashAT2

-20.0

% Change in RNA levels

-40.0

-60.0
-80.0

80.0

60.0

40.0

~ 72.3

20.0

0.0

W 2p3

-20.0

% Change in RNA levels

-60.0 -

45.2

Time period/days

Fig. 4.12: Percentage change in TashAT mRNA and 2p3
RNA levels from D7B12 cells over a differentiation time course.
Panels A: TashAT mRNA and B: 2p3 RNA.




R.F. Stern, 2003 Chapter 4, 158

4.2.5 ldentification of the Transcription Start site of TashAT1

To map the Transcription start site (TSS) of TashAT/, which could be predicted o be
within an Inr element, the technique of five prime RACIE was employed as outlined in g,
4.13. Three nested primers rspl, 2 and 3 (see Appendix A) positioned at 341bp, 270bp and
219bp downstream of the (ranstation start site of 7asiAT/, respectively were designed 1o
produce a [inal product of approximately 250bp after PCR amplification of the upstream

region of TashAT1 ¢cDNA.

The resuits of the first 57 RACE amplification revealed a band approximately 250bp alter
two tounds of POR amphficauon (Fig. 4.14) upon agarose gel clectrophorcsis.
Chloramphenicol acetyl transferase (CAT) control RNA provided by the 5’RACE kil was
used to check the reverse transcription reaction (sec lane 4) and subscquent PCR
amplification steps (see lane 3) werc successful, using control primers GSP1,GSP2 and
GSP3 provided by the kit. The control RT-PCR reaction in lane 4 produced an RT-PCR
product at approx. 500bp (adjusting [or uneven DNA electrophoresis), which was the
correct size according to the 5’RACE kit manual. The control reaction in lanc 3 gencrated
four bands al approxirnately 500bp, 700bp, 800bp and 900bp. The 500bp band carrectly
related Lo the 500bp control RT-PCR product described in the manual, The 700bp band
may relate to the 711bp PCR intermediate PCR product with GSP2. The 900hp product
could have been a result of mis-priming from the original 891bp control RNA template or
poor quality control RNA. To control for genomic DNA containination, water was used
mstead of RNA (sce lane 5), and the absence of any products indicated that there was no

DNA contamination present.

The 250bp PCR generated band was excised, purified and cloned into the vector pGem T-
easy (Promcga). Twenty-four of the cloned PCR products were sequenced to find the TSS
of TashAT/. The results (shown in experiment 1 of Fig. 4.15) revealed that 8 clones (33%)
contained sequences locating the TSS to 30bp (-30) upstream of the A nucleotide of the
translation start site cadon for TushA7T/: this position appeared (o be the most frequent of
all the TSSs mapped. The TSS loci of 7 sequences were mapped near to the putative —30
TSS locus: at =26, —27, -31, -33, =35 relative to the translation start site. This experiment
appeared to have a large spread of TSSs, with eight sequences showing a TSS position of
under 20bp or over 30bp relative to the translation start site, although each of these mapped

TSS positions only occurred once.
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To confirm the results of the first 57 RACE experiment, a second 5RACE experiments
was performed. The results of the second PCR amplification of this experiments also
revealed a diffusc band approximately 200 or 300bp (data not shown), which was cloned
into the vector pGem T-casy. Atter restriction digestion, twenty clones containing inserts of
200 to 300bp were sequenced and the putative 188 determined. The results, shown in Fig.
4.15 (experiment 2) revealed that almost half of the sequenced clones (9 clones) showed
that the TSS of TushAT! was located 30bp upstream of the A nucleotide of the translatian
start site codon. Three sequences showed putative TSS loci at -28bp and -29bp relative to
the translation start sile of TashAT]. Another three sequenced clones revealed TSS loci of
35 and 36bp relative (o the translation start site. A further five more scquences terninated
at 17, 19, 21, 26 and 76bp upstream of the translation start site ol TushAT/. In total
fourteen of the twenty viable clones, had TSS loci between 28 and 30bp relative to the
translation start site. However, it appeared that the most frequently found start site locus for

the TSS was, again, 30bp upstream of the translation starl site of TashAT!.

In stommary, there were a total of 15 out of 46 TSS loct mapped between 26 and 35bp
(excluding the —20 position), upstream of the translation start site in both experiments.
although the frequency of each TSS loci was low (3 or less). Whilst it appears that the
major TSS for TashAT1 could be predicted to be 30bp upstream of the translation start site,
the variability in TSS loci mapped in both 57 RACE experiments, cannot exclude other

1SS positions near to the -30bp locus.

To determine it the sequence surrounding the 'I'SS of YushAT/ conformed to a typical Inr
molif, the seven nucleotides surrounding the TSS of TashA?7 were compared (o the
conscnsus Inr sequence, Javahery er af. (1994) determined a loose consensus for the Inr
element o be a pyrimidine rich sequence of YYANT/AYY, where the 1 position
denotes the TSS. Using this system the putative Inr sequence of TushA7T! was deduced to

be 5°-GTG TTAT-3".

‘to identify if TashAT! contained an additional TATA box, the upstream region of
TushAT! was analysed using the soflwarc program Matlnspector (sce Fig. 3.19). This
program identified a number of TATA-ltke boxes, bul none conformed to the sirict
consensus TA'T'A motif. The nearest TATA-like box was also located outside of the normal

range of a TATA box (in most cases 30bp or less tfrom the translation start site).
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Fig. 4.13: Diagram of five prime RACE analysis performed for
TashAT1 RNA. rspl1,2,3 were primers designed against the 5’ region of
TashAT]1. Primers 1 (purple box) and 2 (black box) represent general
primers (supplied with 5 RACE kit). The red line indicates the
untranslated portion of the transcript. The position of transcription start
site (TSS) is indicated by an arrowhead. The dotted line represents the
Remaining TashAT1 message three prime to the rspl primer.
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Fig. 4.14: PCR products from Five Prime RACE analysis of
TashAT1. Lanes 1 and 2 show the resultant PCR products after

the second round of amplification from D7 mRNA. Lane 4 (control)
contained CAT cDNA product after reverse transcriptase amplification
reaction using GSP1 primer, lane 3 contained CAT cDNA products
after the second PCR amplification reaction using primers GSP2
followed by GSP3 , lane 5 contained no DNA. All control reagents
were provided by the kit. The DNA markers sizes (bp) are indicated
on the right.
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4.2.6 Investigation of possible nuclear factors binding to a DNA
motif upstream of TashAT1 and TashAT3 by Electrophoretic
Mobility Shift Assay

To determine if the TashUM motif, upstream of TashA7T] and TashAT3 was capable of
binding to parasite nuclear factors from infected cells, TashUM was end-labelled,
incubated with D7 and D7B12 cell nuclear extracts and the resulting interactions with
nuclear factors cxaminced by EMSA (Fig. 4.16). Control reactions were also carrted out
with non-infected BL20O nuclear extracts to investigate whether host factors were

responsible for any band shifts with macroschizont intected cell nuclear exiracls.

The results of this analysis, in Fig. 4.16A, rcvealed a targe band shift (band shift 1) that
showed a small retardation with the parasite enriched nuclear {ractions derived from both
D7 and D7BI2 cells. This band was clearly retarded relative to the migration of the
TashUM probe with no nuclear cxiract, and indicated the presence of a factor within the
parasile-emriched fraction, which bound to TashUM. No conclusive results could be
determined for the EMSA containing B1.20 and hosl nuclear extracts (Fig. 4.16A) because
lthe concentration of these extracts were too high in both D7 and D7B12 nuclear extracts,
However, the results from [ig. 4.16B, which had reduced levels of D7 hosl-enriched
nuclear and BL20 extracts, showed that a band shift was also present in host enriched
nuclear extracts. This was rcetarded to the same extent as the band shift observed m the
parasite-enriched nuclear extracts (Fig. 4.16A, band shift 1). In addition, a band of lower
intensity was obtained in reactions contamning nuclear extracts from uninfected cells (see
I'ig. 4.16DB, band shift 2}, although it should be noted that a band n a similar position was
present in the probe alone track. Furthermore, both BL20 and probe alone bands migrated
with a stower mobility than the major shift obtained with the extracts derived from infected
cells. Therefore it was unclear whether the band shifl observed in the B1.20 track was the

same as the band shift detected with host-enriched nuclear extract.

To asscss if this band shift was due to a faclor specifically binding to the JTashUM
oligonucleotide, a “cold competition™ band shift assay was included, where a J00O fold
cxeess of non-radioactively tabelled TashUM probe was added to the reaction before the
radioactive TashUM probe was added. The excess cold probe should bind to all remaining
factors, leaving the radioactively labelled probe unbound, resulting in an absence of the

band shifl upon autoradiography. When the cold TashUM oligonucleotide was added to the
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parasitc cxtract (see Fig. 4.16: 11, P* lanes) the major bund shilt was not observed. This
preliminary result might indicate that the band shift was caused by a specific interaction

between nuclear factors and the TashU'M probe.

Two more major band shifts were also detected in both host (band shift 4) and parasite
(band shift 3) fractions in Fig. 4.16. The parasite band shifl disappcared with the addition
of excess cold probe, indicating that there might be specific binding of the factor ta the
probe, but it was unclear whether this shift was also detecled in BL20 nuclear extract,
because of the excess BL2( nuclear extract present in the BL.2G track. In Fig. 4.16B, the
host band shift also appeared to be present in BL20 nuclear cxtract, but at a greater

intensity.

A scparate experiment carried out in collaboration with S. McKellar, using two non-
specific DNA competitors, poly dL.dC and pely dG.dC, showed thal the major band shift
(band shift 1) only formed in the presence of poly d(.dC (Fig. 4.17). This indicated that the
lactor preferentially bound AT rich DNA. In addition, when D7 host and parasite-enriched
nuclear extracts from a differentialing lime course were analysed by EMSA (Fig. 4.18,
band shift 1), a marked decrcasc was obscrved in the signal intensity obtained with the day

6 extracts relative to the day ¢ exlracts.

In summary, a major band shift, has been identified with both hostl and parasite-enriched
nuclear extracts that is oul-competed with the addition of excess cold probe. From the
preliminary analysis that was performed, the origin of this factor, st or parasile, could nol
be identilicd. However the data demonstrates that the factor(s) responsible for the band
shift (1) has an affinity for AT rich DNA. In addition the level ol factor(s) responsible for
the band shifl had decreased during the diflerentiation process. Other band shifts have also

been identified in both host and parasile nuclear fractions, which require further analysis.
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Fig. 4.17: EMSA analysis of D7 parasite nuclear extract at 37°C
with non-specific competitors poly (dG.dC) and (d1.dC).
Excess cold probe: +; PA: probe alone (with no nuclear extract).
An arrow denotes band shift 1 (Courtesy of S. McKellor).
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Fig. 4.18: EMSA of D7 host and parasite enriched nuclear extracts
during a differentiation time course. Host and parasite enriched
nuclear extracts are denoted by H and P, respectively. Time points
(days) are indicated in brackets above each lane. PA: probe alone
(with no nuclear extracts). The arrow indicates the major

band shifts detected.
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4.3 Discussion

The [irst aim of this chapter was (o identify the mRNA species encoded by TashAT7. This
was demonstrated by Northern blot analysis using lwo probes dertved {rom TashAT/ and
TushAT3, which showed that the 2.1kb RNA message was Lkely lo be TashATT, and the
3.0 kb TashAT3, as they were approximualely closc Lo the predicted open reading frames of
the corresponding genes. The results of Northem blot analysis with the AThook! probe in
Fig. 4.1A confirmed the sizes of the TashAT1/3 messages. The 4.0 kb mRNA detected
with probe AThookl was previously concluded o encode TashAT2 mRNA (Swan er al.,
1999). The apparent size difference between the TashAT messages and their corresponding
senes might be explained by the presence of a 57 or 37 untranslated region (UTR) in these
transeripts. These are common feature of apicomplexan mRNA specics (Furn and Davidson,
1990, Odberg-Ferragut ef af., 1990), where they have been shown to play a relc in protein

translation and/or message stabihity (Furger e af., 1997; Hotz et al.. 1997).

Studies by Swan ef al. (1999) revealed that TashAT2 gene expression was down regulated
early on during differentiation towards the merozoite, and as such could be a possible
candidate for a gene involved in determining specific gene expression of a macroschizont
infected cell. To assess if TashATT mRNA was expressed in a similar manner, Northern
blot analysis was performed from a differentiating time course. The results revealed that
TashAT1, as well ag TashAT2 and TashAT3 mRNA were down regulaled from day 2 to
day 6, 1n a similar mamer {o each other as host cell division subsides {Shiels er al.,, 1992).
Work by Shiels er al. (1994) demonstrated that the down ccgulation of macroschizont
polypeptides is lemporally linked Lo an increase in merozoitc gene expression. Thus if the
down regulation of TashAT mRNA is reflected at the polypeptide level, it is possible that
the TashA? genes may be involved in the negative regulation of parasite dilferentiation or
be associated with the confrol of host cell division. This is supported by Notrthern blot
analysis of TashAT transcripts in the D7B12 cell line, severely attenuated for
differentiation, which did not detect any notable changes in the overall abundance of
TashAT mRNA from day 0 to day 6, although it was noted that TashAT3 mRNA levels
had not decreased as much as TushAT1 or TashAT2 mRNA from day 4 to 6. Further work
is required to determine if this difference is stalistically significant. Thercfore, the results
so far might suggest that the co-ordinated down regulation of the TashAT transcripts is

regulated by common regulatory factor(s).
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Whilst TashAT1 mRNA is cxpressed at high levels in both D7 and D7B12 cells, there is
some evidence lo suggest that Tuskhd7! may not be essential to the control of
macroschizonl gene expression or host cell proliferation. Swan e af. (2001a) lound
reduced or a complete absence of TashAT1 mRNA expression in diflferent 7. anmdata cell
lines, with some cell lines lacking the TushAT! gene in their genome (Stadler, unpublished
2000). One possible explanation for the variability in TashAT1 mRNA cxpression may be
an alteration ol the control ol parasite gene expression as the infected cells adapt to culture.
Many workers (Adamson er al., 2000ab; Sutherland er «f., 1996; Oura ef «f., 2001) have
described such variability in host cell gene expression, This alteration could affect TashAT
gene expression which could then, theoretically, go on to aller host gene expression.
Further experiments would be required on the ability of these cell lines lo proliferate or
differentiate to elucidate which TashAT genes are essential in maintaining the proliferative

state of the infected host cell or involved in blocking differentiation of D7B12 cells.

The merease 1n TashAT mRNA levels between day 0 and day 2 could not be determined as
a genuine up-regulation since 2p3 RNA levels had also increased during this time period. if
this is the case, one explanation for this phenomenon may be a general increase i
macroschizon! gene expression upon dilferentiation. Certainly, there s a general inercase
in parasite size und infected cell growth tn some Theileria inlected cell lines during this
period (Shicls ef «f., 1992). Thus, 2p3 levels might also be expectled to increase, although
this would need to be verificd since there is one cxample of a ribosomal protein in
Theileria (Oura et «l., 2002) and other cxamples of Plasmodium rRNA genes which are
differentially expressed {reviewed by Waters ef af, 1989). If the TushAT genes are up-
regulated, this response is unlikcly o be dircetly luked to a classical heat shock response
as HESP70 mRNA levels were found Lo be suimilar in both D7 and D7B12 cells, the lafter of
which are aticnuated for differentiation (Swan er al, 2001la and references therein).
Therefore, to ascertain whether up-regulation has truly occurred, the increase in TashAT

mRNA levels relative to their DNA levels could be compared over this time period.

Densitometric analysis of the northem blots of D7 and D7B12 revealed that the expression
profiles of TashAT2 mRNA and TashAl3 message were also altered in D7B12 cells
compared to D7 cells. TashAT3 was more abundant than TashAT2 mRNA in D7B12 cells,
but less abundant in D7 cclls, whilst TashAT1 mRNA levels apparently remained constant
between the (wo cell lines. This observation might suggest that differential expression of
TashAT mRNA 1s caused, by differential binding of regulatory factors to the upstream

regions of these genes; either to the TashUM motif and/or to other imporiant control
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vegions of each TashAT gene. It 1s possible that the apparent switch heiween TashAT2 and
TashAT3 mRNA could possibly mean that these genes could act as functional substitutes
for each other in the two cell lines, and therefore may be controlicd 1in part by shared
regulatory factors, Further dominant negative analysis with a Tasi4 7 gene mutant in which
the AT hook and transactivation domain were removed would help define the role of the
TashAT genes i vivo, JL would also be interesting (o determine if the quantiative changes
in TashAT2/3 gene expression of D7 and D7B12 cells were related to the altered patiern of

gene expression recently defined for the cell lines described by Oura er a/. (2001).

So far, all studies on Theileria, and other apicomplexan genes have shown that all gene
transcription occwrs monocistronically {Horroeks e/ @f,, 1998). This data and the presence
0T the TashUM mouf upstream of TashATT suggest thul TashAT1 may also be transcribed
in a monocistronic fashion. However, nuclear run on analysis as performed for ‘'amsl

(Shiels ef «f., 2000} 13 necessary to confirm this for TashATI.

In order to define the structure ol the upstream region of TushATI, five prime RACE was
performed on D7 mRNA. T'wo separate experiments showed that the most frequent
transcription start site (approximately 33% and 45%) was 30bp upstrcam of the deduced
translation start site. The TSS and adjacent sequence was compared to the consensus Inr
motif as described by Javahery et af. (1994). The predicted Inr of TashAT! conforms in
general to the cukaryotic Inr motif, with the exception of a G instcad of an A nuclcotide at
position +1 (lhe position of the T'SS itsell}. Deletion studies by Juvahery ef af. (1994) have
shown that at A at +1 ig an important nucleotide for [nr activity, if this is mutated the
promoter slrength is reduced Lo a greater extent. Although low Tnr activity can be imparted
even in the absence of an A at t 1, this evidence suggests that the putative TSS found [or
TashAT1 would be weak. This result was tn contrast to the predicted Inr elements of Tams/
(Shiels et «f, 2000) which conformed totally to the predicted Inr sequence. However,
inspection of the upstrcam sequence of TashAZ/ revealed a potential consensus Inr
elements 29-23bp upstream of the translation start site (TTA(+D)TTTT), where A 1s 27bp
upstream from the translation start site. This fact, and the number of TSSs mapped with
10bp of the 'T'SS found suggests it 15 possible that TSS might be located 27bp upstream of
the franslation start stte of TashAT/. If {his is the case, then the frequency of the site at -
30bp could be due to a strong block of the reversc transcriptase cnzyme duc to sccondary
structure formation at the 5° end of TashAT1 mRNA (Goodbourn, 1996). This could mask
the true TSS and Inr, tocated turther upstream, which could be a few nucleotides, This may

even be likely given the longer products detected in the 5°RACE experiments, which must
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eilher be from TashAT3 mRNA or another very closely related gene transcript, not
identified clearly by southern or northern blotting carried out to date. Further experiments
would be required to confirm Lhe exact position of the potential Ine element of TushAT!.
However, the transcription slart site data generated for TashA T2 and Task !, lTocated at -37
and -33bp from their translation start sites respectively (Swan, unpublished, 2001), suggest
that the TSS of TashAT/ is likely to be within the 30bp range from the translation start site.
In common with other apicomplexan parasite genes (see Horrocks er @/, 1998), no TATA
box was found within a 30bp range of the translation start site of TashAT/. Therefare, it
appears unlikely that transeription inttiation occurs solely or partly from a TATA box. but
further functional analysis using i viiro transcription or transfection techniques would be

required.

To obtain further data to show that the TashUM motif may function (possibly in
assoclation with an Inr element) to control gene expression, EMSA analysis was performec
with host and parasite enriched nuclear extracts and revealed a major band shift in both
extracts. Unfortunately, the presence of this band shift in reactions using both parasite and
host enriched nuclear extracts prevented the designation of the binding factors to either the
host or parasitc. Morcover, given the close proximity of the lower intensity BL2G band
shift, it 1s possible that the shift is generated by a host molecule that is up-regulated in

parasite infected cells.

Desptite these warning signals and the requirement of further experiments with appropriate
controls, for examiple, inclwling an unrelated probe, 1L is possible that the TashUM band
shift detected with host-enriched nuclear extracts is due to a parasite factor, This factor
may have a similar cellular localisation profile as the TashAT polypeptides and be
trangported into the host cell nucleus. Swan et al. (1999) presented cvidence that an
antisera raised against the AT hook region of TashAT2 was detected within host and
parasite compartments and it is therefore conceivable that DNA binding factors could also
be present in both parasite and host enriched nuclear extracts. A more remote possibility is
that the pattern of band shifis is related to a host cell factor that is transported to the
parasite compartiment aud such events have been reported by Carrington et af. (1995). In
future, EMSAs could include reactions with host or parasite-enriched nuclear extract and
oligonucleotides containing binding sites that correspond exclusively to host transcription
factors such as NF-xB. These reactions would determine the relative level of cross-
contamination in host or parasite-enriched nuclear extracts. [deally, the development of

pure host and parasite nuclear extracts would allow a clearver identification of host or
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parasite associaled band shilts, including the three band shifts identified in section 4.2.6.
The microtubule inhibilor nocodazole, which has been used to produce high quality
purificd parasite extracts from infected cells (Baumgariner ef al., 1999) could be used to
this end, although the effect of this drug on TashUM factor binding would have to be

tested.

A Further result of EMSA analysis was (hat the major TashUM shift had decreased when
incubated with nuclear extracts derived from cullures undergoing merogony, and therefore
may be down regulated. The resull 1s interesting regardless ol whether the origin of the
factor responsible is derived from (he host or parasite as il could relale 1o a factor that
determines parasitc gene cxpression at the macroschizont stage. Altematively this factor
could be a parasite controlled lwost [actor mnvolved n the regulation of tcukocyle gene

expression in aclively prolilerating macroschizont-infected cells.

Experiments using different non-specific DNA competitors, revealed that the low
molecular weight band shift only appeared in the presence of poly dG.dC, which competes
out factors which preferentially bind GC rich DNA, and was blocked by the addition of
poly d1.dC. These results showed that the factor(s) binding to the TashUM sequence
preferentially hind AT rich sequence. Recent work by Swan ef al. (2001a) purified DNA
that showed strong binding to GST-TashAT2 and found that this DNA was AT ricl, as
expected for an AT hook binding proteitnt. Interestingly, the TAAAT motif, delined by
Swan ef al. (2001a) 1s also present in the TashUM oligonucleotlide. Swan ef al. (2001a)
also showed that a TashA'l'l fusion protein, confaining the A'l' hook cncoding motifs
preferentially binds to AT rich DNA. Thus, the major band shift could represent a TashAT
or closely related polypeptide binding to the TashUM probe. Indeed a preliminary
experiment using a concatenated TashlUM probe showed that this probe hound to a Agtl 1
expression clone, expressing the AT hook region of TashAT1 (McKellar and Shiels,
unpublished, 2001). In contrast to thesc results, EMSA cxperimments with the TashiM
homologue of TashAT2 does not gencrate a major band shift with infected cell nuclear
extracis (Swan and Phillips, unpublished, 2001). There i3 only a 6bp difference between
the TashUM of TashATI1/3 compared to the TashUM of TashAT2;, which all occur in the
AT rich region of the motif, and this region may be the site of specific binding to
transcription factors. Thus, the 6bp difference is enough to change the binding properties of
the 1'ashUM region in fash472 and might possibly account for ihe altered expression

levels of TashAT2 and TashAT3 in D7 cells compared with D7B12 cells.
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Further experiments [or this work could involve EMSA analysis with the TashUM probe
with deletions or mutations introduced into the probe. Verification of whether TashATs
can bind w the TashUM probe could be established by supershift analysis using nuclear
extracts and antisera generated against TashAT1/3 or TashAT2 or South~western analysis.
UV {ixation of the TashUM band shifl o gain un estimate of the molecular mass of the
associaied polypeptides proved unsuccessful (McKellar and Shicls, unpublished, 2001).
Ullimately, the identity of this fuctor could be obtained by purification of the factor(s)
using the probe bound to a sepharose column (ollowed by peptide sequencing.
Alternatively, other proteomic methods could be used to fix the TashtUM oligonucleotide
onto a membrane, followed by mass spectrometry/protein sequencing. It is conceivable that
the transcriptional activators of HMGI(Y} genes might also modulate TashAT gene
expression. Some of these factors, including a number of cytokines and the (ranscription
factor AP-1, have been implicated in attenuation of Theileria infected cell lines, Therefore,
it would be useful to perform supershifi assays with antiscra generated against these
transcription factors, 1 identify any host factors that bind to {he TashUM motif upstream
ol TashAT1/3.

The work in this chapter has shown that all TashAT mRNA species ure down regulated
during differentiation to the merozoite, in a similar fashion. TashAT2 and TashAT3
mRNA appear to be differentially expression in D7 and D7B12 cell lines. A commeon motif
upstrcam of the 7ashAT1/3 genes and the Tashl gene (Swan er af., 2001b) appeared to

bind to & down regulated nuclear fuctor(s), which prelerentially bound AT rich DNA.
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5. ldentification and Expression of TashAT1 and
TashAT3 Polypeptide

5.1 Introduction

Data presented in previous chapters described the characterisation of a gene, TashA T with
considerable sequence identity to TusiiA7T2 including conserved AT hook binding domains
[ound in a wide range of eukaryotic polypeptides. TashdT!, TashAT2 and the newly
discovered FashA73 were found to be clustered logether in the 7. anmilata genome.
Northern blot analysis presented in chapter 4 showed that all threc genes are down
regulated al the mRNA level during dilTerentiation and that this occurs at a time point
coincident with the wnitial reduction of host cell proliferation, between days 2-4 (Shiels ef

al., 1992).

Sequence analysis of ZashAT/! revealed four AT hook DNA binding domains, nuclear
localisation signals and an N-letminal signal peptide. 'I'his combination of motifs indicate
that the polypeptide encoded by TashAT! could be transported from the parasite to the host
nucleus. Lvidence that one of the TashAT polypeptides, TashAT?2, is transported to the
host nucleus was reported by Swan ¢f af. {1999). Antisera raised against two regions of
TashA'l2 polypeptide, the AT hook domain and the N-terminal section, that showed no
identity with mammalian polypeptides in the dalabase, did react against the host nucleus in
addition to the macroschizont. Turther experiments showed that TashAT2 was actively
translocated o the nucleus of COS7 cells following transfection with a GFP-TashAT2

fusion construct (Swan et a/., 1999).

Given the level of sequence identity between TashAT2 and TashAT], it is likely that the
TashAT1 polypeptide perlorms a similar function to the TashAT2 polypeptide. In
particular, the presence of the putative nuclear localisation signals in both TashAT1/3 and
TashAT2 putative polypeptides might suggest that TashAT! is also transported to the host
cell nucleus to modulate bovine gene expression and alter the proliferative status of the
lenkocyte. Indeed, there is evidence that AT hook encoding genes are involved in cell
transformation. Many forms of leukaemia are associated with chromosomal translocations
which generate chimaeric polypeptides containing AT hooks that bind to DNA and a
transactivation domain which binds to other transcription factors, for example the F/RX

gene (Tkachuk et al,, 1992; Waring and Cleary, 1997). Thus, the first important aim was to
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verify if the TashAT1 polypeptide was actually expressed in Theileria infeeted cells, and
secondly, to determine the localtion of TashAT! within the macroschizont infected cell. In
order to achieve this, it was nccessary to gencrate antisera specific to TashAT1 and then
use this reagent to perform Western blot analysis and indirect fluorescent antibody tests

(1FAT), respeetively.

In chapter 4, TashAT1 mRNA was found to be expressed at the highest level at day 2
during a differentiating time course, but decreased significantly with respect to the 18S sn
rRNA after this time point. Whilst it is likely that this data points (o a down regulation of
the polypeptide encoded by the mRNA, it is possible that a stable protein could remain
functional afler this time point. 1f the latter sitvation was true, it would indicate that
TashAT1 may not be directly involved in the establishment of (he cetlular status of the
macroschizont or the control of host prohferation, A third amm of this chapter was,
therefore, to determine the expression profile of the TashAT! polypeptide during

nmerogony by Western blot and 1IFAT analysis.

Dilferences in the levels of TashAT1 mRNA were also discovered between D7 cells and
D7B12 cells (a cell line attenuated [or the differentiation process) under differentiation
conditions, The atenunated D7B12 cells are able to proliferate at 41°C and show minimal
levels of individual differentiating cells, following prolonged cultwre at an clevated
temperature (Shiels e «l., 1994). Il the TashAT! polypeplide was down regulated in
differentiating cells (D7), bul remained effectively constant in non differentiating cells
(D7B12), this would provide an interesting link between the presence of the TashATI
polypeptide and the inability of the parasites (o differentiate. Thus, the fourth aim of this
chapter wonld be to determine the expression levels of TashATI polypeptide in D7B12

cells under differentiation conditions.

The fifth and final aim of this chapter was to investigate il TashATI1 was expressed in other
T. annulata slages. The sporozoile stuge was of particular intevest as TashATI mRNA
were 1dentificd in sporozoites by Swan ef af. (2001a) where it was suggested that the gene
could be involved in sporoblastogenesis or in the establishment of the parasite after
sporozoite entry into the leukocyte. If TashAT1 was found to be expressed at the
polypeptide level in sporozoites, this could indicate that ‘T'ashA'T1 has more than one
function during lhe parasite life cycle or is involved in the initial phase of establishing

infection within the white blood cell.
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5.2 Results

5.2.1 Production of a GST-TashAT1 fusion protein and anti-sera

generation

Ta analyse the polypeptide encoded by the TashAT! gene, 1L was necessary 1o generate
antisera against a portion of this gene. The deduced peptide sequences ol 7aushAT/ and
TashAT2 were similar (46.1%) over the AT hook encoding regions in the C-terminal half
ol TashAtll (sce chapter 3). Hence, the amino acid sequences were screcned {o find 4
unique region of TashATI, which would be specilic for TashAT7/! alone. To eliminate
regions of strong homology, a DNA scquence comparison was performed between
TashAT! and TushAT2 and also with the 1.2kb EcoRI fragment from A dash 13, which
were found to encode parts of another TashAT gene, subsequently identified as TushAT3.
From Lhese comnparisons, a 368bp region located at the five prime end of the TashAT! ORF
was chosen because it was least similar to any of the related sequences available at that
time {see Fig. 5.1). This [ragment was positioned 55bp downstream of the firsl putative
translational start site, excluding most of the potential signal sequence, reducing the
possibility ol cross reactivity with other Theileria polypeptides carrying a similar signal
sequence. Furthermore, as the signal sequence may be cleaved off during membrane
translocation, in a similar manner described for the surlface polypeptide Tamsl (Gubbels ef
al., 2000), it would not be a good target for the generation of aniisera for

immunolocalisation studies.

Two primers (1 and 2, shown in Appendix A) were designed to amplify the 368bp region
using the 2 dash 13 clone as templale DNA. These primers respectively incorporated
EcoRI and BamH1 cloning sites into the final PCR fragment, so thal the PCR {ragment
could be dircetionally cloned into the expression vector pGEX2TK, a well established
system for expression of fusion proteins from recombinant DNA. The resultant PCR
product amplified from A dash 13 (see Fig. 5.2) and & dash 1 DNA (which both contain
TushAT1) gave a single strong band upon agarose gel electrophoresis confirming that this
region of DNA was unique in these clones. Despile attempts to optimise PCR conditions,
an additional band at 600bp was ohserved in lane 1, containing D7 genomic DNA. This
band may represent a gene sharing identity with YasiAT! or could have been an artefact
due to non-specific annealing of the primers to genomic DNA. The 368bp PCR product
was called TashATI-N, and cloned into pGTX2TK vector. A (0.9kb HindHI/EcoRV probe
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(which overiapped with the five prime region of TashAT!) detected a DNA fragment of
this size by Southern blot analysis in a restriction digested YashA'T1-N clonc (sce Fig. 5.3),
indicating that this product was derived from TashAT/ (lane 2). Although the pGEX2TK
veetor was also detected Ly this prabe (lane 1), this was likely to be due to hybridisation of
remaining vector sequence in the probe, Sequence analysis conflirmed this insert was 100%
identical to the corresponding region of TashAT! (Fig. 5.4), imd was therefore suilable for

expression of recombinant TashAT1-N.

Initial experiments Lo induce expression of TashAT1-N in £. coli XL-1 blue cells produced
minimal levels of fusion protein, which may have been caused by high rates of degradation
of the foreign [usion protein in these bacterial cells. Therziore the cells were induced at 30°
C and 37°C over a 4 hour peried, in an attempl Lo reduce the rate of degrudation of
TashA'T'l-N. The data presented in Fig. 3.5 showed the presence of o product at 45kDa
(Tanes 10 and 11) after 60 minutes, with a marked increase in levels al 120 minutes (lanes
13 and 14). However a further 120 minutes of incubation did not increase the yield of the
45kDa polypeptide (lanes 17 and 18). The 45kDa product was considered to be the
TashA'TE-N fusion protein becausc the size of this product approximated the predicted
molecular mass of the TashAT1-N [usion protein (41kDa) and it was only detected in the
induced cell extracts. The yields of TashAT1-IN fusion protein appeared to be equal at both
30°C and 37°C at all time points (see Fig. 5.5), and indicated that temperature was not the
reason for the low yiclds. The yiclds of TashAT1-N alone (lanc 14) were markedly lower
comparcd to those of the GST polypeptide (lane 15) or the fusion protemn, ¢li0, at
approximatcly 70kDa (lane 16). However, the levels of TashATL-N polypeptide were

estimated to be sufficient for protein purification and antisera production.

To purify TashATI1-N product, X1.1-blue cells expressing TushATI-N [usion protein were
sonicated to disrupt the bacterial cell walls (described in section 2.2.8) and the resulting
supernatant and pellet fractions analysed by SDS-PAGE as shown in Fig. 5.6. This resuit
revealed that the fusion protein was present in both the supernatant and in the pellet
fractions, most likely dee to TashAT1-N being partially insoluble, as other polypeptides in
the sample were fully separated into their respective fractions. Purification of the fusion
protein was performed over a glutathione column (see scction 2.2.8). Bound fusion protein
was then washed and cluted (rom the cohumm by reduced glutathione solution. SDS PAGE
analysis in Fig. 5.6 demonstrated that TashAT1-N was successfully cluted at a greater
concentration (lane 4} compared to the induced bacterial supernatant (lane 2). Some minor

conlamination by residual bacterial proteins that were eluted with TashATI-N were also



R.F. Stern, 2003 Chapter 5, 178

detected (lanc 4, Fig. 5.6). To remove the excess salts and to concentrate the fusion protein,
the sample was dialysed against PBS as described i section 2.2.8. The concentration of

TashAT1-N was increased by approximately 40% (lane 5, Fig, 5.0).

The total concentration of TashATL-N was 1.5 mg/ml. Antiscra (called 107 and 104) was
generated against TashATI-N from 2 New Zealund White rabbils aflter three boosts and
antiserum 107 tested on fusion protein exiract, shown in Fig. 5.7. The strongest reactivity
observed was against purificd TashATI1-N fusion protcin, in the induced XI1-1 blue ccll
extract (lanes 4 and 5), and to a lesser extent, GST alone, at 27kDa, (lane 2). Reactivity
was also delected against the uninduced XT-1 blue cell extract (lane 1), Thus, reactivity of
this antisera appearcd o be dirceted against the 41kDa TashATL-N polypeptide in cells
expressing TashATI1-N fusion protein, Reactivity was also observed with another parasite
fusion protein, ¢li0, al approximately 70kDa (lanes 6 and 7), which was probably due to
antibodies generated against GST. Other minor bacterial proteins were also detected by
antiserum 107, These results showed that antiserum 107 reacted strongly to TashAT1-N,
and could be of use in the identification of TashAT1 by Western blot analysis of infected

cell extracts.

In summary, a GS'T-fusion protein was produced from a region of TashATI, TashATI{-N,
which showed no homology to 7ushAT2 or any other sequence at the time. Antisera were
then generated] against the TashAT-N {usion protein, purified from bacterial cell extract.
Western blot analysis of this antisera showed an increased reactivity to TashATI-N fusion

protein, making il suilable for analysis on infecled cell cultures.
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Fig. 5.1: Putative peptide scquence of TashAT1 (panet A) and sequence comparison
between the TaushATI-N fusion protein and TashiAT2 (panel B). The region designed
for the TashAT1I-N fusion protein is underlined; the putative signal sequence is indicated
11 bold. The identity scote for the scquence comparison in pancl B was 87.5% identity in
a 16bp overlap.
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Fig. 5.2: PCR amplification of Ta369. D7 genomic
DNA (lane 1); A dash 13 (lane 2); A dash 1(lane 3)
and A Tal (lane 4). Sizes of DNA fragments are
indicated in bp.
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Fig. 5.3: Southern blot of Ta369 clone, hybridised with

a 0.9kb HindIII/EcoRYV probe overlapping the five prime
region of TashAT1. Lane 1: pGEX2TK; lane 2: Ta369 cloned into
pGEX2TK; lane 3: ATal, all digested with EcoRI and BamHI.
Arrows indicate the DNA fragments detected (kb).
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Fig. 5.4: DNA sequence comparison between TashAT7 and the PCR product of the

potential TashATI1 fasion protein, Ta369. Sequence comparison shows 100% identity
over a 374 nucleotide overlap. Sequence in bold type and underlined indicate the BamH1
and EcoR1 restriction enzyme sites respectively.
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Fig. 5.6: Purification of the fusion protein TashAT1-N shown

by SDS-PAGE. Lane 1 shows the induced whole bacterial cell extract,
lanes 2 and 3 contain the supernatent and resuspended pellet,
respectively after sonication. Lane 4 contains the eluate after column
purification of the bacterial lysate. Lane 5 contains the eluate after
dialysis. Numbers on the left indicate the molecular weight markers
(in kDa). The arrow head indicates theTashAT1-N-GST fusion protein.
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Fig. 5.7: Western blot analysis of E.coli extracts expressing TashAT1-N,
with antiserum 107. Lane 1: uninduced XL-1 blue cell extract containing
pGex alone; lane 2: induced XL-1 blue pGex cell extract expressing GST.
Lane 3: induced XL-1 blue TashAT1-N-GST cell extract. Lanes 4 and 5:
purified TashAT1-N-GST. Lanes 6 and 7: XL-1 blue cell extract, induced
to express the cl-10 GST fusion protein. Numbers on the left indicate the
molecular weight markers (in kDa). The arrow heads on the right. indicates
the fusion proteins detected.
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5.2.2 Detection and localisation of the TashAT1 polypeptide

Western blot analysis was performed with D7 and BI.20 protein extracts using antisera 104
and 107 to detect the TashATL polypeptides and/or the presence of anv related
polypeplides. Lach antiserum was used at a different dilution to determine the optimal
concentration. The results, in Fig. 5.8A and B, showed that both antisera reacted to a
polypeptide at approximately 66ka. From sequence data, the predicted molecular mass of
TashAT1 is 55.3kDa, and although the polypeptide detected did not match the size of the
predicted mass of TashAT1, it was within range taking into account aberrant mobility and
any possiblc post-translational modifications of this polvpeplide. A comparison ol sera 107
and 104 revealed thal serum 107 was the most sensitive, showing reactivily at a dilution of
1:200, whereas serum 104 only reacted with the polypeptide at 1:50. Further Western blot
and IFA studies with serum 104 (data not shown) showed that serum 104 recognised the
same polypeplides but more [aintly. Since serum 104 was found (o be less sensitive than
107, the latter was chosen for [future work. In lane 1 (Fig. 5.8), a polypepude of
approximately 66kDa and a larger polypeptide at 125kDa were also present in the BL20
extract reacted with antisera 107, This resull indicated that cross-reactivity had occured

with host derived polypeptides.

When further Western blot analysis was performed with D7 and D7B12 using scrum 107
(shown in Fig. 5,9). two polypeplides were delecled at approximately 66kDa and 71kDa
and a larger polypeptide at 180kDa was also detected in D7B12 extract (Fig. 5.9A). The
only polypeptide detected in D7 extracts was at 66kDa m Fig. 5.9A. However, a separate
Western blot (Fig. 5.9B) revealed the same three polypeptides, estimated to be
approximately 180kDa and 71kDa and 66kDa in D7 cell extract, within the limits of the
percentage gel used. This demonstrated that detection of polypeptides in D7 cell extracts

was variable using antisera 107.

Based on size considerations, the 180kDa band is unlikely to represent the TashAT1
polypeptide. Given that this band appeared ta be specific to Theileric infected cells, it is
possible that antisera 107 detected shared amino acid epitopes with a related polypeptide,
such as TashAT3. The 180kDa polypeptide was unlikely to be TashAT2 firstly because of
the sequence divergence of TashAT1 and TashAT2 over the region used 1o generale (he
TashAT]1 fusion protein, and secondly because the TashAT2 polypeptide was found to be
150kDa (Swan ef al., 1999). Indeed, following the production of the antisera it became

apparcnt that TashAT3 was thc most likely candidate for the 180kDa band because the
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TushAT1-N polypeptide was found to be 100% identical to the N —terminal section of
TashAT3. Also this band was within range of the predicted molecular weight of TashAT3
polypeptide (113kDa). The difference in the predicted and actual sizes ol TashAT3 could
be due to aberrant molecular mobility of the TashA'l polypeptides combined with less
accurate size estimation with the percentage of acrylamide used for the SDS-PAGLE gel or

posti-translational modilications.

Due to the recognition of polypeptides in the BL20 cell extract, a peplide blocking
experiment was performed to determine if scrum (07 reacted specifically with the
polypeptides detected in D7 cell extracts, by Western blot analysis. In this assay, serum 107
was pre-incubated with its cognate fusion protein, TashAT1-N, before being used to probe
a blot of D7 protein extract. I[ the reactivity was specilic and related to epitopes n the
fusion protein then it would be expected that all the antisera wonld bind to TashATI1-N,
resulting in no, or significantly reduced reactivity compared to the reactivity ol antiscra
alone with D7 extracts. Fig. 5.10 demounstrates that all three polypeptides detected by non-
blocked scrum 107 w the D7 extract (Panel C) were blocked upon pre-mcubation with
TashAT1-N (pancl E). When scrum 107 was pre-incubated with induced XL-1 bluc ccli
extract expressing GST detection of the 180, 71 and 66kDa polypeptides was not blocked
(Panel D). Thus this experiment showed that specific detection of the three polypeptides by
the 107 antiserwn was due to specific epitopes binding tn the cognate fusion protein and
not due to cross reactivity with epitopes present in GST or a contaminating hacterial

polypeptide.

To investigate the localisation of polypeptides detccted by scrum 107 within a
macroschizont-infected cell, IFAT analysis was perlormed with cells derived from D7 and

7B12, cullured at 37°C. The resulls {Fig. 5.11) showed strong recognition of both host
ccll nuclei and the macroschizont in D7B12 cclls. Antiscrom fluorcscence was also
detected in host nucleus and macroschizont of D7 cells (panel D) as confirmed by DAPI
staining of the host and parasite nuclei of D7 cells (panel E), but to a lesser extent. This
was similar to the pattern obtained with the EL24 or DE39 antiscra raiscd against TashAT2
(Swan et al., 1999). No reaclivity was observed using pre-immune serum with D7 cells
(panel B), confirming that antibodies were not generated against polypeptides in the
mlceted cells, other than TashATI-N. In pancl A, no reactivity was delected in the
uninfected bovine BL20 with serum 107, indicating that antiserum 107 did not react to host
derived polypeptides by IFAT. In contrast repeated Western blot experiments sometimes

revealed the presence of a 66kDa band in BL20 exiracts (as shown in Fig, 5.8) and by



R.F. Stern, 2003 Chapter 5, 188

Swan et «l. (2001a). Therefore based on this data antisetum 107 could not be used to

distinguish TashAT1 and TashAT3 by IFAT and was re-named anti-TashAT1/3 serum.

To climinate the possibilily (hat the IFAT {luorescence was due to recognition of TashAT2,
the anti- "TashAT1/2 scrum was incubated with a Bovine Macrophage cell line (BoMacs)
that had been transfected with a construct expressing the TashAT2 polypeptide (apart (rom
23 N-terminal amino acids). Fig. 5.12 showed that anti-TashAT1/3 sera did not react with
BoMauc cells expressing TashAT2 (Fig. 5.12A), compared to DE39, an antiserum raised
against TashAT2, which showed strong nuclear reactivity (Fig. 5.12C). As anti-TashAT1/3
scrum was shown previously o reactl against D7 cclls, the results indicated that TashAT2 is

not recognised by the anti-TashAT!/3 serum by [FAT,

Western blot analysis was also performed on D7 extracis using antisera DE39 raised
against the AT hook encoding region of TashAT2, that is common to all Tuas/iAT genes, to
determinc il the polypeptides detected by anli-TashAT1/3 serum are also recognised by this
antisera. The results in Fig, 5,13 showed that antisera DE39 predominantly detecled a
number palypeptides, including four major bands estimated o be 58kDa, 90kDa, 160kDa
and over 200kDa in D7B12 cell extracts, only the 90kDa polypeptide was detected in D7
cell exwracts. However, nonc of thc polypeptides, detected by antiserum DIE39
corresponded to the polypeptides detected by anti-TashAT1/3 serum, apart from the 58kDa
polypeptide. This latter polypeptide might be a TashAT1 candidate, although anltiserum
DE39 detected a numher of polypeptides at this sizc. It was also possible that the 160kDa
polypeptide in lane 4 corresponded to the 180kDa polypeptide, identified in Fig. 5.9, but
the 180kDa band was not deteeted 1n cither D7 or D7B12 cell extracts, (possible due to
poor polypeptide transter onto the membrane) so this could not be verified. The position of
the 205kDa molccular weight marker was deduced [rom a double log graph of the

molecular weight markers {data not shown) as this band was not delected.

Although anti-TashAT1/3 serum detected three polypeptides, it was not known if the host
and/or parasite IFAT rcactivity comresponded with these polypeptides. Parallel studies

performed at this time (Stadler, unpublished, 2000) identified two 7. apnulata cell lines
(Ta40A and TBL20) which did not contuin TashAT/ specific restriction fragments by
Southern blotling. However, the Tash4A73 gene wus thought (o be present in Tad6A cells
by Southern blot analysis (Stadler, unpublished, 2000) and small amounts of TashA'T3

mRNA were detected in TBL20 cells by Northern blot analysis (Swan et a/., 200{a).
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In order to determine if the 66kDa or 71kDa polypeptides and the {80kDa polypeptides
were in fact TashAT1 and TashAT3 respectively, Western blot analysis was performed
with Tad46A and TBL20 cell extracts and compared with those of D7 and D7B12 extracis
(Fig. 5.14). 'T'he results revealed two bands at 71kDa and 66kDa (seen as a doublet) and a
band at S5kDa in both the TadoA and TBL20 cell lines. These bands were identical to the
polypeptide profile of D7 and D7B12 respectively (sce lanes 1 and 2). In Fig. 5,14 (lane 5)
the same polypeptides and an additional band at 70kDa were also present in BL20 ccll
extracl (which sharves the same lineage as TRL2( cells). This clearly demonstrated that the
polypeptides detected by anti-TashAT1/3 serum at 66kDa or 71kDa were not TashATI, as
they were detected in two cell Iines that lack the TashAT/ gene and in umnfected cells. The
origin of the 66kDa and 71 kDa palypeptides in D7 cells may be host cell derived, or could

he homologues of the TashAT genes.

Te nvestigate further whether cither the 71kDa or the 180kDa were responsible for the
reactivity obscrved in D7 and D7B12 cells by [FAT, Tad46A and TBL20 cells were
subjected to IFAT analysis. The results (see Fig. 5.15) showed that anti-TashATI/3 serum
produced no reactivity against the host nucleus or the macroschizont of Ta40A cells (Fig.
5.15, panel C), in contrast to D7 and D7B12 cells (Tig. 5.11, panels C and D). However,
TBL20 cells, which contained 7ashAT3 but not TashAT/, showed weak rcaclivity in the
host nucleus but not in the macroschizont (Fig. 5.15, pauel B), These resulls revealed that
neither the 66kDa band nor the 71kDa polypeptides could be responsible for the
macroschizont and host reactivity delected in D7 cells as no reactivity was detected in
Tad0A cells by IFAT, which lacked the 7Tashid7/ gene. The identity of the polypeptide
respohsible for host nuclear reactivity with anti-'TashAT1/3 serum in TBL20 cells could be
the 180kDa polypeptide but this could not be confirmed by Western blot analysis because
this molecule was not detected in Fig. 5.14. As no reactivity was detected in BL20 cells
(Fig. 5.11, panel A), the host reactivity in TBL20 cells is unlikely to be due to a host
polypeptide.

In summary, three polypepiides were initially detected in D7 and D7B12 cell extracts by
anu-TashATL/3 serun, Two of these molecules at 66kDa and 71kDa were similar in size
o the predicted molecular weight of TashAT1 (55.3kDa). A comparison of these cell lines
with other cell lines, lacking the TashAT/ gene, showed that the 66kDa and 71kDa
polypeptides did not represent the FashA'I'l polypepiide. The third polypeptide detected at
180kDa, was predicted to he TashAT3, based on ils sive and sequence identity with

TashAT1 predicted polypeptide. TFAT analysis with anti-TashAT1/3 scrum showed
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reactivity in both the host nucleus and the macroschizont in D7 cells, and to a greater

degree in D7B12 cells.
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Fig. 5.9: Western blot analysis of 7. annulata infected leukocyte
and BL20 control extract with antiserum 107. Panels A and B refer
to two separate western analyses. Numbers on the left indicate the
molecular weights markers (in kDa). Arrow heads on the right indicate
the polypeptides detected.
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Fig. 5.12: IFAT analysis of Bovine macrophage cells (BoMacs)
with sera 107 and DE39. Cells were counter-stained in red;
antisera reactivity is shown in green. Panels A and C: BoMacs
transfected with TashAT2 with sera 107 and DE39 respectively.
Panel E:Non-transfected BoMac cells with DE39. Panels B, D
and F are the corresponding DAPI stained cells to panels A, C
and E respectively. Bar= 10um.
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Fig. 5.13: Western blot analysis of macroschizont infected leukocytes
with anti-TashAT1/3 and DE39 antisera. Cell extracts: D7B12 (lane 1):
D7 (lane 2), BL20 (lane 3); D7B12 (lane 4) and D7 (lane 5). Numbers on
the left indicate molecular weight markers (in kDa); dotted line indicates
deduced marker position. Arrow heads indicate the major polypeptides
detected.



116 : 4
97 H
<
66
¢
45 —l S8 '-." |

Fig. 5.14: Western blot analysis of cell extracts derived from four
T.annulata cell lines and BL20 control cells reacted with TashAT1/3
antiserum. Lane 1:D7B12 cells; lane 2: D7 cells: lane 3: Ta46A cells;
lane 4: TBL20 cells and lane 5: BL20 cells. Numbers on the left represent
molecular weight markers (in kDa); arrows on the right indicate the
polypeptides detected.



Fig. 5.15: IFAT analysis of T.annulata infected cell lines TBL20,
Ta46A with various antisera. Cells were counter-stained in red;
anti-sera reactivity is shown in green. Panel A: TBL20 cells with
pre-immune serum and anti-TashAT1/3 serum in panel B.

Panel C: Ta46A cells reacted with anti-TashAT1/3 serum; panel D:
same as panel D treated with DAPI nuclear stain (blue). Panel E:Ta46A
cells reacted with positive control serum R881; panel F: same as panel E
treated with DAPI nuclear stain. H: host nucleus; arrow head indicates a
macroschizont. Bar=10pum.
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5.2.3 TashAT3 polypeptide expression during differentiation to

the merozoite

To comparc the cxpression prolile of the polypeptides detected by anti-TashAT1/3 serum
with that of the TashAT1/3 mRNA transcripts during merogony, Western blot analysis was
performed on cell extracts from a D7 cell differentiation time course (ki1g 5.16). Two bands
were detected in the D7 cell extract, one at 180kDa and a second at approximatety 71kDa
that was previously eliminated as a TashA'T polypeptide candidate. The levels of the
[SOkDa polvpeptide increased from 0 hours to 24 hours and stayed at this elevaled level
until 48 hours, except at the 31 hour time point, which showed diminished levels of this
polypeptide. At day 4 (96 hours), only traces of the 180kDa polypeptide were visible; by

day 0 (144 hours), no traces of this polypeptide were obscrved.

To show that the reduction in the levels ol the 180kDa polypeptide was associated with
differentiation, Western blot analysis was performed on thie D7B12 ccll line (atlenuated for
differentiation}, incubated under ditfcrentiation time course conditions (see Fig. 5.17).
These resulls showed two bands al approximately {80kDa and the non-TashAT
polypeplides at 66kDa, and at 71kDa (from days 4 and 6 only). The levels of the 66kDa
polypeptide remaimed constant over (he time course apart from day 4, where it was slightly
clevated. The 180kDa polypeptide showed little variation from day 0 to day 6, although
there was a noticeable increase in fevels al duy 4. The levels of lotul protein exlract, as
measured by Ponceau staining (dala not shown), did not increase at day 4. Thus, no
progressive reduction i1 the levels of the 180kDa polypeptide in D7B12 cells was detected

from day 0 ta day 6, unlike its profile in D7 cells.

To confirm the down regulation ol host nuclear and/or parasite polypeptides detected by
anli-TashAT1/3 during merogony, IFAT analysis was performed on a D7 cell
differentiation time course. In general, these results (Fig. 5.18) revealed that both host
nucleus and macroschizont rcactivity decreased as the macroschizont differentiated
towards the merovoite. [Towever, small differences were observed between the reactivity of
the host nucleus and the parasite in this experiment. Reactivity in the host nucleus was
relatively weaker than in the macroschizont at day 0. At day 2 the reactivity in the
macroschizont had disappeared in the majority of cells, whereas host reactivity became
stronger at this time point. No reactivity was detected in the macroschizont at day 4 and
day 6. Host nuclear reactivity became fainter in cach cell at day 4, and the number of cells

showing hosl nuclear reactivity also became less frequent. This trend continued to day 6,
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although some host nuclear reactivity was still visible at the last time point, consistent with

an asynchronous culture.

To confirm that the decrcase in reactivity in the host nucleus and parasite detected by [FAT
was due to differentiation, IFAT analysis was performed on D7BI12 cells under
differentiation time course conditions (see Fig. 5.19). The levels of host nuclear and
parasite {luorescence remained constant from day 0 to day 0, although a slight decreasce in
parasite reactivity at day 6 was observed in D7B12 cells, but not to the same degree as the
reactivity in D7, day 6 cells. Parasite and host nuclear reactivity remained unchanged from

day 0 to day 2, unlike their counterparts in D7 cells at this time point.

In summary, the results of Western blot analysis showed a reductiont in the levels of the
180kDa polypeptide in D7 cells undergoing merogony. This reduction was not so apparent
in D7B12 cells that are unable to undergo differentiation to the merozoite. The results of
IFAT analysis of D7 and D7B12 cclls under differentiation conditions showed that
reactivity of anti-TashAT1/3 serum had decreased with respect to both the host nucleus and

the parasite in D7 cells overall, however, this reduction was not obscrved for D7812 cclls.
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Fig. 5.16: Western blot analysis of D7 cell extracts taken from a
differentiating time course incubated with anti-TashAT1/3 serum.
Time points are indicated (in hours) above each lane; numbers on the
left indicate the molecular weight markers (in kDa); the polypeptides
detected are indicated by arrows.




Fig. 5.17: Western blot analysis of a D7B12 differentiation time
course, incubated with anti-TashAT1/3 serum. Time points (hours)
are indicated above each lane; day 0= D7 cells at 37°C. Numbers
indicate molecular weight markers (in kDa). The polypeptides detected
are indicated by arrow heads.
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5.2.4 Localisation of the TashAT3 polypeptide during

differentiation to the merozoite

Previous Western blot analysis identitied a 180kDa polypeptide with anti-TashAT1/3
serum, but IFAT analysis revealed reactivity in (he host nucleus and in the parasite. In
order to delerminc where the 180kDa polypeptides was located during differentiation,
Westermn blot analysis was performed with host and parasite enriched nuclet extracts over
differentiation time course conditions tn D7 and D7B12 cclls. The results {Iig. 5.20A)
identified five main bands at approximately 55kDa, 66k1a, 71kDa, 80kDa and finally
180kDu polypepude. The size of the latler polypeptide was calculated from (he deduccd
position of the 205kDa molecular weight marker, derived [rom a doubls tog graph of the
standard molecular weight markers because it was not detected by ponccau staining. The
t80kDa polypeptide was enriched in the D7BI2 host nuclear extracts at day 0 and day 9.
By contrast the 180kDa polypeptide was absent in whole and parasite cxtracts at bolh tme
points, aithough no reactivity was detected in the parasite extracts at day 0, so this result
would have to be repealed with a control for parasite reactivity. The levels of the 180kDa
polypeptide in the host nuclear (raction had decrcased from day 0 to day 9. this was
consistent with the ponceau stained filter (data not shown), which showed reduced protein

concentration in this lane.

Analysis of the 180kDa polypeptide in D7 cells (Fig, 5.20B) also showed an earichment in
host nuclear extracts at day 0 and day 2, bul this band disappeared after day 2. The decrease
in 180kDa polypepiide levels occurred at an early stage in D7 cells compared to D71312
cell, where this polypeptide was still detected at day 9. The prolile of the 180kDa
polypeptide was also similar to the equivalent band 1 whole cell extracts by Western blot
analysis (Fig. 5.16) and to the host nuclear reactivity by IFAT (Fig. 5.18), although residual
reactivity was also seen in the host nuclcus at days 4 and 6 by IFAT. The lack of reactivity
with anti-Tash TA1/3 serura al day 4 aud day 6 in Fig. 5.20B may be due to the relative

insensitivity of Western biot analysis comparced to I<A'l.

In order to confirm nuclear reactivity and verify the purity of the host and parasite [ractions
in Fig. 5.20, IFAT analysis was performed with enriched nuclear extracts. The results, scen
i Fig. 5.21, revealed that the host nuclei arc relatively pure, particularly in D7B12 extracts
but do contain some parasite material. There appeared to be a lot of host cell debris in the
parasite fractions of both D7 and D7B12 extracts, but very few fluorcscent host nuclei were

observed in the parasite cxtract. Nonethcless it is probable thal more host malerial was
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present in the parasite fraction. The parasite fractions of D7 and especially D7B12 extracts
showed [luorescent particles that could be macroschizont nuclet. Although this would need
further verification by counter staining with DAPI, this might suggest that anti-TashATi/3
serum reacted against the macroschizent nuclei. The apparently low level of contamination
in the host cell fraction mdicates that the Western blot resulls ure Tikely Lo be reliable with

respect to host nuclear enrichment.

In summary, Western blot analysis indicated thal the 180kDa polypeptide was located in
the host nuclel and its levels dccreased during merogony, consistent with previous data.
IFAT analysis also showed reactivity [rom extracts enriched for host nucici: there was very
Iitte contamination of host and parasile nuclel [ractions from cach other, indicating the

results of Western blot analysis were reliable.
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Fig. 5.20 : Western blot analysis of host and parasite enriched nuclear
extracts from 7. annulata infected leukocytes reacted with anti-
TashAT1/3 serum during a differentiation time course.Panel A:
D7B12 cell extracts at day 0 (0) and day 9 (9). Panel B: D7 cell extracts
from day 0O to day 6. B: BL20 cell extract; W, H and P: whole cell, host
and parasite enriched nuclear extracts, respectively. Numbers indicate
molecular weight markers (in kDa); dotted line indicates deduced marker
position. Arrow heads indicate the polypeptides detected.



Fig. 5.21: IFAT analysis of host and parasite enriched nuclear
fractions at 37°C from macroschizont infected leukocytes.
Cellular material was counter-stained in red; antisera reactivity

is shown in green. Panels A and B: D7 host and parasite nuclei
respectively with control pre-immune serum. Panels C and D:

D7 host and parasite nuclei respectively using anti-TashAT1/3
serum. Panels E and F: D7B12 host and parasite nuclei
respectively with anti-TashAT1/3 serum. Arrow indicates parasite
nuclei. H indicates a host nucleus. Bar=10um.
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5.2.5 TashAT1 and TashAT3 expression in sporozoites

Previous investigations by Swan et af. (2001a) revealed that TashAT1 and TashAT3 were
expressed at the mRNA level in sporozoites. As IFAT analysis appeared (o be the most
rcliable method to detect TashAT3 and possibly TashAT1, 7. anmulata sporozoites were
subjected to TFAT analysis to determine if TashAT3 or TashAT1 were expressed at this

stage (see Fig. 5.22).

The results showed no reactivity in the 7. gurirlata sporozoite infected tick salivary gland
preparation with the anti-TashAT1/3 scrum (Fig. 5.22, panel A). To identify the sporozeoite
nuclei, the infected tick preparation was also counter-stained with DAPI (Fig. 5.22, panel
C). A composite image was prepared from the unages in pancl A and C (Fig. 5.22, Pancl
E). which conlirmed that the non-reactive material corresponded to the sporozaite nuclei,
In contrast, the positive control, monoclonal antibody 1A7 (Boulter ef ¢!, 1994), which
deteets the sporozoite surface antigen, SPAGI, showed rcactivity in paunct B (Fig. 5.22)
thal corresponded to the DAPLstained sporozoile nuclel (see Fig, 5.22, panels D and F).
Assuming the ITAT reactivily detected in macroschizont infected cells is caused by
recognition of TashAT1 or TashAT3, (lus indicated that the TashAT3 or TashATI

polypeptide might not be expressed at this stage.



Fig. 5.22: IFAT analysis of 7. annulata sporozoites using anti-
TashAT1/3 serum. Sporozoites were counter-stained in red;
antisera reactivity is shown in green. Panel A shows reactivity
against anti-TashAT1/3 serum; panel C shows the corresponding
DAPI stained nuclei (blue); panel E is a composite image of panels
A and C. Panel B shows reactivity against mAb, 1A7, with the
corresponding DAPI stained nuclei in panel D; F represents the
composite image of panels B and D.Arrow indicates the sporozoites
and their corresponding nuclei. Bar=10pum.
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5.3 Discussion

In order to study the expression ol the TashAT1 polypeplide, antisera was generated to a
unique region of the gene. One of these antisera detected at least three polypeptides at
approximately 66kDa, 71kDa and 180kDa in botih D7 and D7BI2 cells. However, the
O0CkDa and 71kDa polypeptides were eliminated as candidates for TashA'T1 when they
were detected i two cell lines, (Ta40A and TBL20) which lacked the 7TushATI gene. It
seems likely that thesc polypeptides arc derived froin the host as they were also detected in
BL20 cell extract. It is possible that the 58kDa polypepude detected by antiserum DE3Y
may relate to TashATI, but this would require [urther verilication as DE3Y delected a large
number ol polypeptides, some of which were of the same size. In addition. a 55kDa

polypeptide was also detected in Tad0A and TBL20 cells.

Bascd on size considerations, detection of the polypeptide at 180kDa was likely to be due
to cross recognition of a distinct polypeptide with related cpitopes rather than specific
recognition of the TashAT1 protein. Given the sequence divergence between TushA T/ and
TashAT2 over the region uscd to gencrate the fusion protein it was concluded that
recognition of TashAT2 was nol represented by the [80kDa polypeptide. This was
confirmed by the failure of serum 107 {o detect BoMAC cells lransfected with the TushA 12
gene. However, (ollowing the production of the antisera it became apparent that TashAT3
was a likely candidate for the 180kDia band as the TashAT1-N polypeptide was later found
to be 100% identical to the N —terminal section of TashA'T3, Moreover, the profile of this
molecule closely matches the profile of TashAT3 mRNA with respect to differentiation.
However, it is noticeable that there is a size differcnce in the predicted size of TashAT3
and the actual size. This difference may be only be accounted for by aberrant migration of
this polypeptide through the SDS-PAGE gel or that TashAT3 may be post-translationally
modified. A morc remote possibility is that the 180kDa molecule was in facl a related
TashA'F cluster polypeplide. Confirmation thal this melecule is TashAT3 could be
achieved by immunoprecipitation followed by peptide scquence analysis (Zalwt er al.,

1980) or mass spectrometry (Ross ef al., 2002).

Western blot analysis with host nuclear and parasite enriched extracts together wilh IFAT
on TBL20 ¢clls provided some evidence thal reaclivity in the host nucleus was due to the
180kDa polypeptide, the most likely candidale for TashAT3. When host and parasite
enriched fractions of macroschizont infected cell extracts were analysed by Westemn blot

analysis, the 180kDa polypeptide was found only in the host nuclear enriched fraction.
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IFAT analysis also showed reactivity in the host nucleus as well as the macroschizont in
D7 and D7B12 cells. However, the strongest evidence that detection of TashAT3 and not
TashATIL, was probably responsible for the host nuclear reactivity was the fact that
{Tuorescence was observed mm TBL20 host nuclel, a cell line which lacked the TashdAT/
gene, but expressed TashAT3 mRNA. No reactivity was observed in BL20 control cells
from the same host lineage, reducing the possibility that cross reactivity of a host
polypeptide was responsible. Moreover, the weak host reactivity conforms to the weak
detection of TashAT3 mRNA in the TBL20 cells {Swan ef «/., 2001a). Thus, the reactivity
in the host nucleus suggests that TashA13 is translocated to the host nucleus. If TashAT3,
like TashAT?2 is translocated to the host cell nucleus, then it seems likely that it's function
is to bind host DNA and medulate host ccll genc expression. However, a more remote
possibility is that host reactivity could be due 0 a further gene related to the TashAT
cluster, also translocated to the host nucleus. To verify that TashAT3 1s responsible for host
cell reaclivity, a TashAT3 construct could be transfected into BoMAC cells to prove the
polypeptide has the ability to enter the host nucleus. However, the development of a
transfection system in 7heileria infected cells would provide conclusive evidence that
TashAT3 is transported into the host cell nucleus if performed 1y a cell line that lacks the

TashAT3 gene.

The identity of the polypeptide(s) responsible for the IFAT reactivity against the
macroschizont in D7 was not clear since (he reactivity detected in lhe macroschizont of
infected cells with anti-TashAT'1/3 serum could not be attributed to any of the polypeptides
detected by Western blot analysis. The 66kDa and 71kDa polypeptides were ¢liminated as
possible candidates as they were present in cell lines that do not contain the 7ashA7T! gene
and were also present in BI.20 cells. The 180kDa TashAT3 polypeptide was unlikely 1o be
responsible as it was found to be preferentially localised to the host ccll nucleus. Time
course studies of D7 cells by IFAT, showed that macroschizont reactivity was switched off
just prior to merogony and was barely detectable at the day 2. It seemed possible that the
polypeptide responsible for the macroschizont reactivity in D7 and D7B12 cells might be
TashAT1 but is not recognised by anti-TashAT1/3 serum by Weslern biot analysis,
possibly masked by the presence of other polypeptides that arc deteeted by anti-'TashA’l'1/3
serum, of the same size. This theory is supporied by Lhe facl thal macroschizont reactivity
is not detected in cell lines that Iack the 7ashAT! gene, in contrast to that observed in D7
and D7B12 cells with anti-TashAT1/3. However it is possible that macroschizont reactivity
in D7 and D7B12 cells by IFA'L 18 caused by a distinel bul related polypeptide to TashATI,

which is present at reduced levels in Ta46A and TBL2O cells. Indeed, there is evidence of
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other genes with similarity to the N-terminal region of TashaAT{, which are now being
identified by Shicls and McKcllar (2000). A more remote option is that macroschizont
reactivity in D7 and D7B12 cells was due (o a host factor translocated lo the parasite, This
possibility has been reported by Carrington e a/. (1995), but is highly unlikely in this case

as no reactivity was defected against anti-TashA'TE/3 in BL20 cells.

I the IFAT reactivity against the macroschivont is nol due {o TashAT!, the likely absence
of a TashAT! polypeptide in Weslern blots could indicate that TashAT/ is a pscudogene,
which may be transcribed but not translated. Seme evidence to support this theory comes
from previous work by which revealed that TasiiA7'1 is unlikely to be an essential gene due
lo its absence in certain cell lines (Swan e o, 20014; Stadler, unpublished. 2000). The fact
that TashA77 is almost identical to the N- terminus of TashA73 might suggest that
TashA13 1s a functional substitute for TashAT1. To identify a TashA'T'l polypeptide further
studies could mvolve 2 dimensional gel electrophoresis followed hy Western blot analysis
to determine the approximated size and isoeleetric point of the polypeptide. Future studies
could also involve transfection of Ta46A cells (lacking the TushA77 gene) with an epitope
tagged-TashAT! construct, followed by IFAT and Western blot analysis. This would

confirm the existence of the TashAT1 polypeptide using anti-TashAT1/3 serum.

Western blot analysis of the TashAT3 polypeptide revealed that this polypepiide was also
down regulated from day 2 to day 6, during differentiation to the merozoile, in a similar
fashian lo its cognate mRNA. Interestingly, the increased levels of TashAT3 polypeptide is
also reflected by mcreased levels of TashAT3 mRNA in D7B12 cells, between day 0 and
day 2. By contrast, no decreasc was observed for this polypeptide by Western blot analysis
or [FAT in the attenuated D7B12 cells, although the levels of this polypeptide did fluctitate.
This could be explained by previous, unpublished observations by Shiels (2001) that show
the levels of polypeptides in D7BL2 can vary when these cells are cultured at 41°C.
Therefore, down regulation of TashA'l3 polypeptide may occur by reduction in mRNA
production or stability. The early down regulation of ‘TashA1T3 during differentiation
suggests that the TashAT3 polypeptide may be associated with differentiation and
maintenance of the macroschizont infected cell, cither by blocking differentiation in

D7B12 cells or by stimulating cytokinesis.

The clevated levels of TashAT3 in D7B12 cells mught indicate that its cxpression is linkerd
with attcnuation. This docs not seem likely, as low levels of TashAT3 mRNA werc

detecled 1 other attenuated cell lines (Swan et af., 2001a). A more likely explanation for
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ihe high and stable levels of TashAT3 in D7B12 cells is that an unknown and variable
alteration occurred when the D7B12 cell line was cloned that canscd changes to TashAT
expression. One possible outcome of such variable expression of TashAT genes in different
Theileria infected cloned cell line, is that it could lead to changes in bovine gene
expression and molecular phenotypes that have previously been described for these cells
(Preston et «f., 2001, 1998; Sutherland et al,, 1996; Somerville ef al., 1997, 1998Db;
Adamson er «l., 2000ab; Qura er af, 2001}, To oblain more quantitative data on how
TashAT polypeptide levels vary over a differenfiation lime course, their levels could bhe
compared by densilomeuric analysis, with thosc ol a constitutively expressed polypeptide
using the same samples. In addition, the microtubule inhibitor nocodazole, which induces
(reversible) cell cycle arrest in the infected cell (Baumgartner ef «f., 1999), could measure
the accumulation of TashAT polypeptides compared to a contiol over a time point and
therefore determine the changes in TashAT expression with respect o pavasite

differentiation.

The deiection of TashA'T1 and TashAT3 mRNA in the sporozoile material raises the
possibility that these genes arc involved in sporoblastogenesis in the tick or in the imital
establishment of the parasite once the sporozoite has invaded the host cell. However, the
preliminary IFAT results showed no reaclivity 1n sporozoiles with anii-TashAT1/3 serum,
although these results would have to be confirmed with pre-immune conlrols for 1A7 mAb
or by Western blot analysis. It could be positulated, on the basis of these prelininary
findings, that sporozoite specific post-translational medification of these polypeptides
could mask detection by anti-TashAT1/3 serum or there may be problems with the
sporozoile material tested. However, another possibility could be that these mRNA
transcripts arc transcribed by the sporozoite but stored in a stable form in preparation for
their rapid translation following invasion of the host cell. Alternatively, their expression
may be confined ta sporogony within the salivary gland of the tick. [t wonld be of interest
10 lest for the prescnee of TashAT1E/3 polypeptides, by IFAT, imumediately following
invasion and differentiation to the trophozoite stage. In addition, other experiments could
analyse infected salivary glands to determine, in particular, if the 7ashAT7/3 gene products

are transported to the nucleus of the tick host cell.

The finding that TashAT2 and peossibly TashAT3 are transported out of the parasite, and
may be processed and presented on the surface of the infected cell make them a potential
target(s) for a schizont vaccine. Morecover, TashAT1/3 contain PEST sequences thal are

capable of targeting a polypeptide for proteolysis. There is evidence that PEST sequence-
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gncoding proteins give rise to tmmunogenic peptides presented on MIC [ minlecules
(Rechsteiner and Rogers, 1996 and references therein). This possibility could be verified by
evaluating the T-cell responses of infected cattle to recombinant TashA'l2 or TashAT3
antigens, as described for Toxoplasma antigens (Fatoohi ¢f al., 2002). Swan et al. (2001a)
demonstrated that TashAT2 1s commen to all macroschizont infected cell lines tested, and
would therefore be the best candidate [or such a vaccine. So far these genes appear to be
highly conserved, eliminating the problem of immune evasion, but further work would be
required to show that any protective epitopes are not polymorphic in other 7. amnulata
stocks. Anv potential cross-reactivily with bovine polypeptides, as detected by anti-
TashAT1/3 against BL20 extract (Fig. 5.8} would have to be checked in order to prevent
the generation of antibodies against bovine polypeptides. In theory, given these tests,
inoculation of the host with a live Attcnuated Macroschizont Vaccine (AMV) should elicil
an immune response against the TashA'l' polypeptide fragments on the surface of the
infected cell, to protect the host against any [uture infection by 7heileria sporozoites,
Indeed, previous AMYV ftrials have been successful (reviewed by Shkap and Pipano, 2000}
and in oue such trial, all AMY imnmnised cattle were resistant (o field challenge, whilst

50% of the non-immunised caltle developed tropical theileriosis (Viscras ef af., 1997).



R.F. Stern, 2003 Chapter 3, 216

6. General Discussion

Infection of bovine leukocytes by the protozoan parasite, 7. annurdata reversibly induces the
host ccll te (ransform into a ncoplastic-like phenotype (Brown, 1990). The transformation
1s associated with, and almost certainly involves, changes to host ccll gene expression by
the parasite (Adamson et @/, 2000a; 1lall ef al., 1999, Suthetland ez al, 1996; Oura ef «l.,
2001). In contrast, the parasite factors that induce host cell division have nol been
identilied, although it has been proposed ihat they arc likely to be down regutated during
differenttation to the merozoite (Carrington et «l., 1995). Thus examination of down
regulated macroschizont genes, could provide an insight into the parasile-encoded
mechanism that modulates lymphoprobiferation (Carminglon ef af., 1995). Previously, Swan
et al. (1999) identilicd a small family of genes, whose expression is down regulated during
merogony. Onc member of this {amily, TashAT2. encodes a protein that was found to be
localised to the host’s nucleus and cncodes DNA binding AL hook motifs. [t was therefore
postulated {o be involved 1n controlling hovine gene expression and possibly the induction

of host cell proliferation.
6.1 Analysis of the TashAT1/3 Predicted Polypeptide

One of the primary aims of this project was to clonc and characterisc the second member of
the TashAT gene family, TashAT7. The results reveualed a predicted TashATI polypeptide
encoded by a single 1.4kb open reading frame. The TashATI gene was found to be located
within a small, gene rich cluster containing TashAT2 and a third TashAT gene, TashAT3,
Two identical, macroschizont specific genes were also identified adjacent to the 57 and 3°
ends of TushAT! (Swan et al., 2001a; Stadler, 2000, unpublished). Scquence analysis
showed thal, like TashAT2, TashATI was predicted to encode AT hook domains, a signal
peptide sequence and nuclear localisation signals, which indicated that the TashATI
polypeptide may be a DNA binding factor that is transported from the parasite to the
infected host ccll nucleus. A further feature comumon to the predicted TashAT1 and
TashAT2 polypeptides was the large number of predicted phosphorylation sites that might
suggest some form of post-translational control of the TashAT1 polypeptide. Such
modifications are known to be involved in regulation of transcriptional activalion, such as
cyclin dependent kinases, which were found to regulate the AT hook encoding HMGI(Y)
molecules via positive and negative phosphorylation. One such example is cde? kinasc,

which modulates the Human HMGI(Y) protein DNA binding in the G2/M-phase of the cell
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cycle (Nissen e @/, 1991; Reeves er al, 1991). The presence of a putative trancriptional
transactivation domain in TashAT! and TashAT3 provides further evidence for possible
protein-protein interactions with other transcripuon lactors, Cerlainly, these domains are
present in a number of transcription factors including the HMG domain-encoding Sox
proteins such as LEF-1, and the POU domain protcins, ¢.g. Oct-1, which interact in a

number of combinations to regulate melazoan embrvogenesis (Dailey and Basilico, 2001).
6.2 TashAT Gene Organisation

Striking similarities between the TashA T genes were identified al the predicied polypeptide
level, particularly between TashAT! and TashAT3, in which the five prime region ol
TashAT3 was almost identical to TashdT/. The predicted polypeptide sequence of
TashAT3 was also virtually identical with that of TashAT2 over basc pairs 1320-2715 of
TashAT3 and 1386-2781 of TashAT2 {Swan ef al., 20014). The close proximity of these
genes and their sequence homology, taken together, suggested a recent gene duplication
event in this cluster (see Fig. 3.30). This is supported by the identification of the two
identical ORI's {TashlIN) that flank 7askAT! and the demonstration of parasite genomes
that lack TuashA71. It is reasonable to suggest that of the Tash4T genes, TashAT/ is the
most recent copy and possibly originated from a gene duplication event involving TushAT3
and TashHN. 1L is unclear what advantage this gene duplication event might confer, bhut
given the lack of identiftcation of a TashAT1 polypeptide it could be that this advantage is
conferred by an extra copy of TashHN. The sequence data, location of the 7ashA7T2
polypeptide in the hosts nucleus and duplication of these genes suggests that the TashAT
cluster has an important function for the parasite. However, a comparison of the predicled
TashAT1 polypeptide with the preliminary sequence of the most related specics, 7. parva,
did not retrieve a TashAT homologue with a conserved AT hook domain. The lack of AT
hook motits in the 70 parva genome compared to 7. annulaia may, in part, be due to
differences in the cell type that each parasite infects which, in twmn, may influence the
mechanisin cach parasite specics deploys o achieve a trans(ommed phenotype. It is of
interest, therefore, that while 7. anmulata can infect and transform bovine dendritic cells
(Stephens and Howard, 2002), 7. parva is unable to induce host cell immortalisation, even
though it has been shown io invade the cell and form macroschizonts (Wells and
McKeever, 1998; Shaw et al, 1993). Thus it might be that the different parasite species arc
Himited by interactions with different subsets of cell specific gene targets or celi specific

accessory factors.
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6.3 TashAT mRNA ldentification

While the TashAT! gene may not be present in all 7. annulata genomes, it was shown to he
expressed at the mRNA level in ceriain infected cell lines. Two TashATI derived probes
detected a 2.1kb transcript, which was closest to the predicted size of the TashATI mRNA
transcript. The probe contuming AT hook encoding motifls, also deiecled two larger
transcripts al 3.6kb and 4.0kb which corresponded approximately Lo the size predicted for
TashAT3 and identified for TashAT2, respectively. Given this, it scems likely that the 2, 1kb
transcript represents Tush AT/, however, isolation of the corresponding TashAT1 cDNA
would be required 1o demonstriate that 7ashAT! is represented by the 2.1kb transcript. In
addition, nuclear tun on experiments with a judicious choice of probes is necessary o
determine if the TushAT/ gene 1s transeribed 10 a monocistronic or polycistronic [ashion.
However, it would seem likely that the former case is most likely based on studies of
apicomplexan parasile genes, including 7. annidate, which have all demonstrated that
transcription is regulated in a monocistronic fashion (Lanzer ef «l., 1993, Horrocks e «f.,

1998; Jean ef af., 2001; Shicls et al., 2000).
6.4 TashAT mRNA Expression

[n this study, the profile of all three TashAT mRNA species all showed carly negative
regulation {between day 2 and day 4) ol parasite difTerentiation fowards (he merozoitce.
Research has shown that this period corresponds wilh a decrease in host cell division, and
also coincides with marked changes to the expression of stage specific genes (Shiels ef af.,
1994). Swan et af. (1999) found that the reduction in TashAT mRNA lcvels was earlier in
comparison to other macroschizont gencs and suggested that early down regulaled
macroschizont genes could encode regulatory faclors involved in the maintenance of the
macroschizont  status, perhaps by regulating heost cell division and/or parasite
differentiation. In the D7B12 cell line, which 1s derived from the same lineage as D7 celis
but is severely attenuated for differentiation, there appears to he greater amount of
TashAT3 mRNA compared to TashAT2. By contrast, the levels of TashAT2 mRNA
exceed TashAT3 mRNA levels in D7 cells. This indicates that TushAT2 and TushAT3 may
be differentially expressed at the mRNA level at least, and could be functional substitutes.
The causes of these alterations might have occurred after the cell line was cloned and such
in vitro modifications have been widely reported (Hall et al, 1999: Adamson er «l,

2000ab; Swtherland et «l., 1996; Somcrville et al, 1998b). This might account for the
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allered host cell gene expression, such as MMP9, observed in cell Lines of the same lincage
{(Adamson er al, 2000ab; Sutherland et al, 1996; Somerville et «f, 1998b). Another
possibility 1s that the meressed levels of TashAT3 mRNA detecled in the severely
attenuated D7B12 ccll line are associated with negative control of parasile differentiation
in Theileria miccted cell lincs. However, at present, there is no evadence of a direct
correlation between TashAT3 mRNA levels and the ability of infecled cells o differentiale

and further experiments would be required to establish such an association.
6.5 TashAT Gene Regulation

Sequence analysis of the upstream regions of TashAT1 with TashAT3, revealed an identicat
upsiream sequence motif (TashtM) at position -43 from the putative transcription start
site. Similar TashUM-like motifs were also found upstream of TushAT2 and an unrclaied
macroschizont gene, Tashl. Such conservation suggests an nmporlant functional rvole for
TashUM, EMSA analysis of nuclear extracts and a double stranded oligonucleotide
containing the TashUM sequence, revealed binding with a factor that was enriched n
parasite-enriched extracts but was also present in host-enriched nuclear extracts. Analysis
of parasile extracts derived from cells that were undergoing parasite differentiation
suggested that the nuclear factor was down regulated with respect to merogony. It is
possible that this taclor represents a parasite-encoded (ranscription factor that binds to
TashUM to modulate TashAT] expression at the macroschizont stage, although the resulls
obtained cannot cxelude that it is a host [actor transported to the parasile {Carringtlon er
wl.,1995). Further experiments with good controls lor binding specificity and host ar

parasite enrichment arc required to complete this work.

EMSA analysis of TashUM probe using polydG.dC and dL.dC revealed that the TashUM
binding factor had an affinity for AT rich DNA, This fact and the finding that TashAT2
binds Lo AT rich DNA sequences (Swan ef al., 2001a) raises the possibility that that one or
more of the TashAT polypeptides bind to TashUM in some form of self regulation.
Experiments could attempt to isolatc and characterise this factor by purification through a
column contaiving the TashUM oligonucleolide and determine it’s origin, (host or parasite)
and identily by proteomic techniques. To investigate whether the binding factor is in fact a
TashAT polypeptide(s), binding assays using TashAl'l and 'l'ashA'l2 fusion proteins
and/or supershift assays using antisera generated against the TashAT polypeptides could be

performed.
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It is possible that the factor(s) binding to the TashUM motif might be al least in part,
responsible for the differential expression ol TashAT2 and TashAT3. This is because work
by Swan and Phillips (unpublished, 2001) failed to obtain a band shift in D7 nuclear
exiracts using a probe derived from the TashUM-like sequence, upstream of TashAT2.
These resulits indicate that each TusiAT gene may be under scparate control, but that this
control must be under some form of co-ordination during differentiation lo the merozoile.
It would be interesting to perform further EMSA analysis of the five prime region of
TashATI and TashAT2 to discover possible common and gene specific control elements
that could be invelved in transcriptional regulation of these genes. In the case of TushAT!
and TashAT3, which have identical upstream sequences, differential expression is likely to
be achieved via other mechanisms. possibly mediated by the 37 untranslated region ([olz ef
al., 1997, Furger ef «f., 1997) or some other lorm of post-translational control. One such
method could be by targeted destruction, possibly via the potential PEST sequence within
TashAT1/3, which 1s capablc of targeting proteins for protcolysis (Rechsteiner and Rogers,
1996). Serine or Threonine phosphorylation is known to acuvale conditional PEST
sequences for destruction (Rechsteiner and Rogers, 1996). As TashAT1/3 have many
potential phosphorylation sites, it could be envisaged that TashAT1/3 levels arc modulated
by differential phosphorylation. One such candidate could be Casein Kinase 13 (CKII),
which can potentially phosphorylate TashAT1/3 and was found 1o be elevated m 7. parva
infected cells {Ole-MoiYoi, 1993). Moreover, CKil has been shown to phosphoryiale

HMGKY) proteins in vivo (reviewed by Reeves er al., 2001).

6.6 ldentification and Expression of the TashAT1 and
TashAT3 Polypeptides

Attempts to identily the TashAT! polypeptide proved inconclusive: several polypeptides
close ta 55.3kDa, (the predicted stze of the TashATT polypeptide) were detected, however
these polypeptides were discounted as Lhey were delected m a cell line that lacked the
TashATI gene and 1n the non-infected BL20 cell line. However, the IFAT data suggested
that TashAT1 could be responsible [or macroschizont reactivily in D7 and D7B12 cells as
no macroschizont reactivity was detected in cell lines that lacked TashAT! gene. It is
possiblie that the bona fide TashAT1 polypeptide is the same size as these cross recognised
polypeptides and so cannot be discriminated by Western blot analysis. This possibility
could be verified by performing immunoblot analysis following by 2 dimensional (2-D)

electrophoresis, or 2-D analysis and protein sequencing of polypeptides obtained by
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immunoptecipitation with the anti-TashAT1 serum. Alternatively, anti-TashA11/3 serum

could bec used to determine reactivity against an in vitro (ranslation TashAT1 product

derived from TashAT1 mRNA (Pelham and fackson, 1976).

The antisera generated agamnst TashATl also dotccted a polypeptide at 180kDa, which
corresponded approximately to the predicted size of TashAT3 (113kDa). This polypeptide
was found to be coriched m host cell nuclel by IFAT and Western blot analysis and was
down regulated during time course experiments when the parasite was undergoing
differentiation to the merozoite. Antli-TashAT1/3 serum did not detect TashAT2 by any
method so it was postulaled that this polypeptide most likely represented TashAT3. During
a time course experiment, reactivily against both subcellular comparbments was reduced
after day 2 at 41°C.. The reactivity in the host nucleus was consistent with the presence and
cxpression profile of TashAT3, but it was not clear whether the reactivity against the
parasitc was duc to TashAT1 or a further macroschizont polypeptide related to TashAT].
Pretiminary IFAT results showed no TashAT1/3 polypeptide reaclivily against anti-
TashAT1/3 serum in sporozoites, despite the prescnce of TashAT1/3 mRNA at that stage.
The reasons for these are unclear, further experiments are required to confirm these results
and establish their presence within the tick sabvary gland or nnmediately Tollowing

invasion of the sporozoite into the host leukocyte.
6.7 Possible Functions of the TashAT Polypeptides

Sequence analysis of all TashdT gencs revealed that they had closest homology to
HMGI(Y) proteins over the AT-hook encoding region. Studics of other AT hook cncoding
genes showed (hat lhese proteins bind o 4 wide range of genes. The HMGI(Y) proteins
bind upstream of the cytokines IL-2Ra receptor and IL-4 (Chuvpilo ez ¢f., 1993} whilst
Sox-4 and LEI-1, containing 1IMG-binding domains, are involved in T and B cell
differentiation by eliciting enhancer activity of CD2 and TCR-w gene (reviewed by
Fitzsimumons and Hagman,1996). It has been widely reported that HMG protems are known
to bind to genes involved in cell growth e.g. the leptin promoter, the human insulin
receptor (Brunetti ez o/, 2001) and the viral VHP 18 protein {(Bouallaga et af., 2000). Thus,
in Theileria infected cells, the function of the lushAl genes may be to targetl cytokine
genes and/or their downstrcam targets to modulate host cell division, such as IL-2Ra,
which is known to stimulale proliferation of host infecled cells via the IL-2/IL-2R

autocrine loop (Dobbelaere and Heussler, 1999). Inappropriate IL-2R expression and down
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regulation of {L-4 mRNA have been shown to occur in the host’s T'-cell response o 7.
annulata infected cells, which promotes a Thi skewed inappropriate host immune response
(Dobbelaere and Heussler, 1999; Campbell and Spooner, 1999). 1t is possible that this
process may be mediated by the TashAT polypeptides since the HMGI(Y) proteins are
known to negatively regulate 1L-4 cxpression (Chuvpilo ef al., 1993) and stimulate TL-2Ra

gene expression.

The early negative regulation of the TashAT genes at the mRNA level in D7 cells during
differentiation, but not in D7B12 cells, which, effectively cannol dilferentiate, raises the
possibility that these genes might have a role in the negative regulation of macroschizont
differentiation to the merozoite. [ the reactivity detected in D7 macroschizont is in fact
TashATI, then tiis gene would be the likely candidate. Although TashATI mRNA levels
do not decrease from day O to day 2 dwring differentiation, it is possible that down
regulation of the TashA'l'l polypeptide could be achieved at the prolein level. Thus
TashATI or a rclated TashAT polypeptide could regulate parasite gene expression ip 2

slage specific manner.

A third possible role for the TashAT genes might be 1o modulate host cell prolileration or
infected cell survival. This could be achicved by regulation of genes encoding polypeptides
that function in these processes. There are a nurmber of studies that show that aberrant
expression of AT hook proteins can generale neoplasia. Abnormally high levels of
HMGI{Y) have consistenily been found to be associated with neoplastic cellular
transformation in many forms of cancer and arc now viewed as a diagnostic marker for
neoplastic transformation (Giancotti ez /., 1989, 1991). The similarity between HMGI(Y)
and the predicted TashAT proteins, coupled to the likely nuclear localisation of TashAT2
and TashAT3 suggests that the TashAT genes may be involved in host cell proliferation.
Indeed preliminary evidence has shown that TashAT2 might be involved in cell division as
transfection of the TashAT2-TashHN construct into BoMAC cells, stimulates cell division
{Oura, unpublished, 2001). It 1s also conceivable that the TashA47" genes could be involved
in the initial cstablishment of the parasite within the host infected cells. For example, they
may be involved in the expression of IFN-y within the early stages of the parasite infected
cell, and thercby stimulate the production of cytokines, such as IL-1 and TNF-o. These
cytokines were shown to be directly correlated to infected cell proliferation, and could
maintain the parasite within the host cell and/or and prevent apoptosis (Campbell and
Spooner, 1999). This may account for the expression of TashAT1/3 mRNA af the

sporozoite stage (Swan ef «f., 2001a), and, based on preliminary results which show no
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TashAT1/3 polypeptide in the sporozoite, these mRNA species might be rapidly translated
shortly after invasion. Alternatively, it is possible that the TashAT proteins bind directly to
NF-kB, which is instrumental in blocking host cell apoptosis in 7. parva infected cells
(Dobbelaere, ¢t al., 2000); as there are NF-kB binding sites within the HMGI{Y) molecule

(Reeves, 2001).
6.8 Summary

in summary, the studies carricd out in this thesis provide further evidence that the genome
ol 1 annuluta encodes polypeptides which contain motifs that allow their transport from
the parasite to the host nucleus where they could bind to AT rich streiches of DNA.
Experimental evidence that the TashAT3 polypeptide is located in the host nucleus was
obtained. The relative levels of TashAT mRNA were shown to be altered in cells that have
lost the ability lo differentiale. 1t can be concluded that it 15 Trkely that the TashA'T family
of protcins are invalved in controlling bovine gene expression of a macroschizont infected

cell.
6.9 Future Work

Clearly there are a number of [uture directions of rescarch on the 7wusiAT genes. This
would melude transfection of a TushAT gene(s) construct into uninfected host cells and
analysis on the effect it may have on host cell division and/or host cell gene expression,
followed by identification of the target genes and the TashA'l polypeptide binding
domains. It will also be important to identify any bovine polypeptides that could bind to the
TashAT polypeptides as this may assist in the identification of therr function and
mechanism of action. Ultimately, studies will need to address tunctionality of the TashAT
proteins in sitze. This would involved distupting expression of the Tash4T genes in the
parasile either by gene knockoul lechnology (Pellicer e al, 1980) or by RNA gene
silencing methodology (reviewed by Fire et al., 1998). Such technology will enable further
insight into how apicomplexan parasites manipulate their intracellular enviromments and
allow identification of the molecular mechanisms involved. It can be predicted that the
TashAT polypeptides are important molecules that perform this function in 7. anmlata

infected cells.
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Appendix A Sequence of Primers

Primers for p600 synthesis

HMG~1: ' TATTGGATCCCAAACAATTGCGAATTT
HMG-2 . 57 CATCGAANITCATCTCGATCTTCACAAT

5” RACE Primers

rspl: 37 CCCGUTCACGTARATAR =’
rsp2: 37 COGGACGATTCAANTGAR 5
r3p3: 37 CGCTTCCCCAAATTAGT 5!

Primers for TashAT1-N synthesis

1 57 GAAGGAATTCIGGLGGAATTTTAATAAA
2 5" TTTAGGATCCGCTAAAATTTGCTTCTTCC

3!

App. A, 253

Sequence in bold type indicales the FcoRI and BamHI restriction sites of primers 1 and 2,

respectively.
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Appendix B Deletion Clones Derived from ATa1

Clone Sense sfrand sizefkb | clone  Antisense strand size/kb
1 gd1spb 36 1 3gdisps 38
3 gd3s 2.9 8903gd1
5 690gyds 2.8 2 3gd2spb 3.2

gdhst 3 3gd3sps 2.8
gudbs 1 3gd4sp6 27
gdbspt 6903gd4
ngd5 6 3gd6s 2.2
7 gd7sp6 256 7 3gd7spb 21
gd7s 8 3gd8spd 2
g adaspt 1.8 9 3gd9spb 1.9
gd9 n3gd9
10 ¢d210sp6 1.6 10 5903gdt0 1.8
11 gd11sp@ 1.4 n3qd10
3gd10
13 gd13spB 1.2 11 3gdiis 1.7
14 gd14sp6 1.2 6903gd 11
15 gd15sp6 1.1 12 3gd12spt 1.4
ngd15 13 n3gdid 1.3
16 gd18sp6 0.6 3gd13spb
18 gd18sp6 0.8 14 3gd14sp6 1.2
ngd18 15 3yd15sp6 1.0
20 gd20sp6 0.6 3gdi5s1
16 6803gd16 0.9
3gci6sp6
3gdiBs
3gdi6
19 3gd19spb 0.42
3gd19s
n3gd19
3gd19
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Appendix C Contiguous DNA Sequence Map of ATa1

> Sensc strand
< Anlisense strand

GY03gdl > CCTCGAGTCT 10
3gdlsp6 GAGCteTCCat cRTCCAAGCETATCGATTT ZyAACCCyyAATACCGAATTCCTCGAGTCT 60
CONSENSUS > GAGCTCTCCATTrTCCAAGCTTATCGATTTIGANCCCGGANTACCGAATTCCTCGAGTCT 60

v

......... L T T T e e |
A87-a E ATTATTATTACTCARTCUTAATATATTAACTTAATA 36
6833adl > AGTTOCCCAATCLTTAATCTOGICATTATTATTACTCAATCC PAATATAT IARCTTAATE 70
3gdlspé > AQTTOCCCAATCTTTAATCTYGTCATTATTATTACTCARTCCTAATATATTARCTIAATA 120
CONESRNSUS = AGTTOACCCARTCTTTAATITIGGTCATTATTATTACTCARTCCYAATATA T 'AACIIAATA 120
......... L R e I e
2965 > GACLTIZAGTA 19
287-9 » AATTGTTCCTATAATTGATCGCCARATAATTAATAGATTATATCTGAKTAGATTTCACTA 35
£303ad > AATTGTTCOTATANT TGATGGGGAAATAATTAATAGATTATATCTCATCAGACTTCAGTA 130
234l spé > ANDTCTICCTATANT TGATGEOGANATAATTAATAGATTATATCTgALCAGACTTCAGTA 180
CCHNSENSIS > AATTCTTCCTATAATTGATGGGGAAATAATTAATAGATTATATCIGATCAGACTTCAGTA 180
......... T T T TP S
396 -6 > TETAACATATATGTGTACATGTACCTATGATATAGTAACATTALAQOGTTTATAATACARA 70
3876 > TOCTAACATATATOTCTACATCTACCTATCATATACTAACATTATACCOTTTATAATACAR 156
5903gcl > TETAACATATATATYTACATGTACCTATATATAGTAACATTATAGGETTTATARTACRA 190
3gdispé s> TGEAACNIATATGIGTACATCTACCINATISATATAGTANCAT TATAGCE T M N IAATACAN 240
CQNSENSUS  » TGTAACATATATGTGTACATCETACCTATGATATAGTAACATTATAGGE T TATARTACAA 240
......... L T T T T T e
gdlésps < anCALCTGEETANCCCGTTALECEE 28
385-6 = CPTTACATCTATEATAACCCEARTTATATATARTTAACATCI'GTITARCCCGIUAEYCET 130
387-8 > UCECACATITANEAUAACCTUAN T TATATATAM T ANCATCTEYI T AACCCGT I ATTCTT 218
65 35gdL s> DPIPTACATCTATTATARCCCTAATTATATATAA T TAACATCPGTETAACCCUT ATICTT 250
Judlsps = TTTTACATCTATTATARCCCTAATTATATATARTVAACATCTGTYTARCCCGTTATICIE 300
CONSENSHIE  » TUTTACATCIATTATAACCTTANTTATAEATAL TAACATCTETR PANCCCG I PATTCTT 500
e e Feooiiiia — e i s e +ooii i +o i ie e +
gdlespté < CTTT_TATTCAGATCTAATAATACTTGTTTAGAL CYGGTACGLCCAATATT TAGA _CCAA 85
396-6 = CTTTTTATTCAGATCTAATAATACTTGTTLAGAL CEGGTACSEtCCARTATTTAGATCCAN 190
387 6 > CTLTLTATTSACALCTAATAATACTTCTCTACATCTCOCTACCTCCAATATTTACATCCAR 276
6803gdl > (TTTTTATTCAGACCTAATAATACTTGTYTAGATCTGOTACGTCCARTATTTAGATCIAA 319
3gdisné > CTETTIATTBAGAGCIAATAATAC TGEgTAGATCTEETACGECCANTATETAGRECOAN 360
CONSENEUS » CTTITTTATTCACATCTAATAATACTTOTTTACATCTCCTACCTCCAATATTTACATCIAR 360
......... L T T T . e .
320-1 = GATA . TTTGACCTTATTATCCCACATATALEGATTTATTTAAG 43
3gdz2epe = PITGAATECLEGAGATAE TP GACCIYAY TATCCCACATATAL EGATTUIATTTIAALS b6
gd20sp6 < AATTCGAATt cTTCAGATALETTGACCTTATTALCCaaCATATATTGATTTATTTAAG 58
qdlesp6 < TTAATTTGAALtCTTCAGATATTTTGACCITTATTACCCCACATATATTGATTTATTTAAG 145
396-6 > TTAATTTGAATTCLUTCAGAYANTY . GACCITATTAY . CCACATATATTGAT I IATI'IAAG 250
387-6 > TTAATTTGAATTCTTGAGATAYTT . GACUTTATTAT . CCACATATATTGATTTATTTAAG 336
69203gdl > TTAATTTGAATTCITCAGATATTT.CACCTTATUVAT . CCACARTATATIGATTITATTTARG 370
3gdispé > TTAATETGAATTCTTGAGATATTTaCACCTLATTATCCCACATATATTGATTTATTTARG 420
CONSENSUS > TTAATTTGAATTCTTGAGATATTTTCACCTTATTATCCCACATATATTGATTTATTTAAG 420
......... el A T T T T T T e T T TR I
350-1 = GATAATTTTCCATTAAAASTACAAATAARTATAGATTATTTCTCTATTATETATAGTTAA 103
3gdlspé > GATAATTTTCCATTAAARASTACAAATAAATATAGATTATtTCTCTATTIATTTATAGTTAR 216
qd22sp6 < GATAAtTTTCcCATTAAAAGTACAAATAAATATAGATTATTTCECTATTATTTATAGTTAR 18
qdisspa < GATAATTTTCCATTAAAAGTACAAATAAATATAGATTATT TCTCTATTATTTATAGTTAN 205
39G6-6 > GATAATTTTCCATTAAARAGCACABRATARATATAGATTATTTCTCTATTATTTALAGTTAA 310
387-6 » GATAATTTICCATTAAAAGTACAAATARATATAGATTATLTCTCTATTATTTATAGTTAR 396
6903gdl > GATAaTTTTCCATTAAAAGTACAAATARATATAGATTATETCTOTATTATTTATAGTTAA 130
3gdlepe > GATAALLCCCCATTARAAGTACAAATAALRTATAGATTATLTCTCTATTATELATAGTTAR 480
CONSEWSUS > GATRATTITCCATTAAAAGTACAAATAAATATAGATTATTTCTCTATTATTTATACTTAA 480
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CACTCAGRATAAGAGT TG TAAGTRATTATTGAGGTAGTTATGTTGATTATSTGTCTGA
CAOTCAGHNATAAGAGTE S TAACTNCOTTATTCACCTACTTATGTEGAT IATGEGTCTgA
CACECAGARTAAGACTGTSTAAGTGGGE N AT TCGAGGTAGT ATGTTGAT TATGTGTCTGA
CACTCAGAATAACAGTETETAAGTEGGTTAY PGRASGTAGTZATGTTGATTATGTGTCTGA
CACTCAGAATANGAGTG LG IAACTGOUTTATTGAGCTAGTTATATTGATTATGTGTCTGA
CACTCAGAATAAGAGIATGTAAGTGSGTTATTGAGGTAGT TATGTTGAT TATGTGTCTGA
CACTCAGRATAAGAGTETGIAAG  NGGEL AT TGAGG TAG TTATGTTGATTATGTATCTGEA
CACTCACGAATARGAGIGTYTAAG T CGGTTATTAGGE AGTTATGTTGATLATGEGEC'gA
CACICACAATARSAGTGTOTAAGTCIGTTAT TCAGGTAGT TATGT TGALTATSTCTCTGA

TGARGGTTOAGQTTTTIGT T TOTTEETOTACCTCGTTTACCT T T AGGTTOTTCAGGTTC
TGARG . TTCAGGTTTTIGTTTTCTTSCTSIACCTCOTTTACGTTTAGGTTGITCAGETTT
PEARGAT TCAGGTTTTTGT T M CTTEGT I TACCL ST TTACE I TASCTTOTTCAGE 1T
CGARCCTTCAGGTIT I ECTTTTCTIGE T TACCHCE LT ACGTTTAGGTTGTTCAGE™TC
TOAAGGTTCAGRTTTTTGTTTTCTTGGT ITACCTCATTTACGTTTAGGTTGTTCAGE TTS
TOAAGGTTCAGETTTTTGTTTTCTTCCT CTATCTCE UM TACGTTTAGG TG I'CAGLTTC
TGAAGCTTCACC

TGAN GHETOA. (GGTTOTEGT
TCAAGCTTIACOTTTT PG T T TCTTOCTCTACOTOGTTTACGT TTAGGTTGTI'CAGETTC

AGCTTTATGTLTTCTIGGTCTAAGTARCCAACTT T TTTACTTTCAGTTTTCALGTTTCT
AGGTTTATGTTTt CTUGGt CUAAGTAATCARCTC T T I"TACTTTCAGT T ICCATGTTTCT
AGGTTTALIG L IGE I T AAGTAACCARGY 1 " TP AGTTTCHRGE TT TCATE LI
AGGTITATGTTTTOTTEETCTAAGTAACCAAGET M IIAG T I CAG U M T CATCTTTCT
AGGTTTATGTI T L CTTGGTCTAAGTAACCRAAGTTTIT I"IASTTTCAGTTTTCATCTTTCT
AGGTTTATGTTTTICIISGTCTARGTAACCAACGT

AGGTTTATGTTTICT ICOTCTARGTAACCAAG T M1 "IAS T I 2 CAGT YT T UATGTETCT

CATALcTCTGLTTTCTAGGCCTACDCOCGTYT
TCOTCTRAGTRACTARGTTTTTTTAGTTTCATATTTITGTTTTCTAGCGCCTACCCOG T Y
TGERTCUAAGTANRCCARGE VT T TAGTTECAL AT T C LGt TTTOTAGGCCTAZCadgT™™
TGEIC)NAAGTAARCCARGTTTTTTTACGT T TATAT T TOTGTTTTCTAGGCCTACCCe G TTT
TOOTCTAAGTAACCAASTTTTTTTAGTTTCATATITCTGTTTTCT
TGETCIAAG LAAUNAAG T £ M AC T TCATATIICcEGTTTTCT
TGETCTAAGTAACTAACGTTT T T TAGT I I CATAT T T OTGT TT I CTAGGCLUTACCCCGTTT

1z
ACGETNAGGTTGEEMAGGat CAGSTTTCT ' CTCETGGTCTAAGTAACCAAGTYTTTTT
ACGETTAGGTTOE TCAGGHICACCTTTCTGTTTTCTTGGLCTAAGTAACCARGTTTTTTT
ACETTTAGRTTGTTCAGRTTOCAGETTTOTG LTI CTTEATCT ARG TAACCAAGTTTTTTT
ACG
ACGITTAGCTTCL L CaGE TTCACH I ICTGTTTTT I TCSTCTARGTAAC
ACGTTTAGGTTGTTCAGGTTCAGESTTTCTAT TTTCTTGGTCTAAGTAACCAAGTTTTTITT

BOLttCAGEPTE LTATGTTTCE EGGCCTAAGTANCCAAGTTTTTTTAGTE TCATATYTOTC
AGTTTCAGTTWTCATGTCTCTPSCTCTAACTAACCAACGTL E TTITLACT L TCALATLTCTG
2ETICAGTTITCATGTE tCTTGCTCTARGTARCCAAGTTTTTT TAGTTTUATATTTCTG
AGTTTCAGTTITCATGTTTITTGGTCTAAG IANCCARGTE T " TAGTTTCATATTTCTG
AGTTTCAGTTTTCATGTITCTTGGTCTAAGTAACCAAGTTTTTTTAGTTTCATATTTCTG

CTTGG

CTTCC

AGGTTTCTITTTTCTEGE
CTCTACGCCTACCCCGE L ACG T TAGGTTGTTCAGGT TCAGRTTTCTHTETTCTTGG
TTTTCTAGGCCTACCCGTTTACGTTTAGGTTGTTCACGGATCAGGTHTCTSTTTICTTCG
TETTCTACGICTACCCCG T TTACGTTPAGG Y MGT TCAGGT TCAGGTTTCTSTTCTOTTGG
TTTICTAGGCCTACCCCGTTTACG T TTAGGTTGT TCAGGTITCAGGTTTCTGTTTTOTICOG
TETTCTAGGICTACCCCGTTTACGETTAGET TGTTCAGGGTCACGTTTCTGTTTTCTTGG
TTTTCTAGGCCEACCCCCT I ACG T I IAGGT TCTTCAGCTT CAGETTTOTETTTICTTGEG

ACZTTCTGTTAT
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GLITCETGGET AT ICUE L IA L
TCLRACCTGETCTACGTT TAGGETACETCTGGT TGY TCATGTTTCTTRGTTACTTCTATTAT
TCTACCTGGTCTACGT I IAGGTACTTCTGETTGNTCATGTTTCT TGEGTTACTTCTGTTAT
TeTACCTGEYCt AcGTTAGGTACTTCTGGTEGTTCATGTYTCTAGCTYACTTATGT LAT
COTACCTgGETCTACGTE TAGGTACTTOTGGTTET T CATGTETCTTGOTTACTTC T TTAT
TCTACCTGGTCTACGTTTAGGTACTTCTGG R TCTTCATGTTTCTTGOTTACE TCTGTTIAT
TCTACCIGGTCTACGI TUAGGTACTTCTGETTCTTCATGTCTCTTGSTLACTTCTGTTAT
TCTACCTGGTCTACETICASG I ACTTC VGG I TETTCATGTTTCTTGETTACTTCTGTTAT
EOTACCTGEECTACGE L TAGGTACTTCICGEGE TSTTCAZGL T CT GG TACTTCLG . TAT
N RO CTGETCTACGTTTAGGTACTTCRESTTETTCATGTTTC TTGETTACTTCTGTTAT

ARLNTTCCORATTGTTTGARTACCAAtATTTTCTAATTOTTGAATGTCTGTHETG
ACCASAAAAATECCCAATTGTE TCAATACCAATATT L O TAATTCOTTCAATCECTGTTTC
ETCAJaRBRAT TCCCARTTOGT TTGARTACCAR TATTT " CTAATTCTTGARTGTCTGTTTG
VICAGRABANTTCCCAATTE T TGAN T ACCAATATTT T CTAATTOTTGANTGTCTGTTTG
ATCAGRAARAATTCCCAATTCTTTOARTACCAATATTTTCTAATTCTTCAATCTOTCTTTO
ATCAGARARRAAATTCCCAATTGTTTGAATACCAATATTTTCTARTTCT LGAATGTCTGTTTG
ANChgMAAATTCCCART TAT T gANTACCAATAT TTTC TAATTEETGAATGTCTGE E TG
ANCAGRAAAXNLTCCCAATTCTTTCAATACCRATATTTTCTAAT TCTTGAATCTC GTTTG
ATCAGAAAAATTCCCAATTGTTTGANTACCAATATTTTCTAAT TCTTGAATCTCTGTTTG
ATCAGAAADAT T CCCAATTHGTTTGANTACCANIAT I TTCTAAT TS T PEAN TGVCTCTTITG
ATUAG
ATTAGAAMAATT CCAAT TS TTTCAATACCAATATTTTCTAATTITTGAATGTCTECTTTS

PEIATCTATATCIICIACT IO TEAN LG 2P GT T TCAR PCGAGU LTI I EAZ L' GAAT
TGTATCTATATCTTCTACTTCTTCAATGTCIGTVEGAATCGAGUTEECTTTAGT E TGAAT
TCTATCTATATCTTCTACTTCTTCANTGTCTGTTTGAATCCAGCTTTCTTTAGTTTSRAT
TEIATCIATATCT ICTACT IC I ICAATGTUTGT T TGAATACAGCT ' T T AG'T
CGTATCTATATCTTCTACTTOTTGARTGTCTGTTTGAAT CGAGCTTTUTTTAGTTTCART
TOTATCTATATCTTCTACTTC TTGAATCTOTG T TCGAAT CCAGCTTTLU T TAGTTTGAAT
COTATCTATATCT . CTACTTOTTGAATGTOTGTY TGAATIGAGCTTTOT " TAGTTTGART
COTATCTATATC T CTACTTCTTCGARTGTCTOTTTGAAT CCAGCTTTCTTTACGTTTGAAT
TGTATCTATATCT I CTACTTCTTGAATGTCTGTY TGAa Lt CCAGCTTTT
CGTATCTATATC T CTACTTCTPGARTGTCTGTTTGAATCCGAGCTTTCT T TAGT T VGANT
CETATCIATACUTCTACT TCT TGAATGIC TG TTTGAA TCEAGC T T CT Y TAGTTTGAAT

ATGRANTTCTETTTGARYYCoARTATCTIC
ALCTGTETCTG I TACANTATT I TCTANT TCATGAATTTCTGTTTIGAATTCCANTATCTTIC
ATCTGTTTGTGT cACRATATTETCTAATTCATGRAT I TOCTGTLE LGAATECCAATATCTTC
ATCTETTTCTOCTTACAATATTTTCTAATTCATCAATT CCTGTTTGAATTCCAATATCTTC
ATCEICTTTCTGTTACRATATTITTCTAATTICATCAATT CLCTTT
ATCTGTTTGTGTE ACAATATTTTOTAATTCATGAATT OTGTTTGAATRCCAATATCT T
ATCTCTETCTCTTACAATATTTTCTAATTCATSAATT CTETE TGAATTOCRAATATCTT
APCTSETTIGTGT ACAATATTTTCTAR T TCATGAATTTCTGTTTGAATTCCAATATCTTC
ATCTGTTTGTGTTACAATATT TTC TANTTCATIAATTTCTGTTTGAATTC
ATCTCTTTCTCTCACAATATTTTCTAATTCATSAATTTCTCTT TCARTPOCAATATCYC

TATCCATTCTGAGTTAATATTCCATCTGATTCL AL
TATTTCETGCGATANCTGETTETGIGTATCTATTCTGAGT TAATATTCCATCTGAL LCTTT
IATLIC T TGANTATCTET IGLIGTATCIATICIGAG T TAATATTCCALTUTGA M CTEY
TATETCTTGAATATCTGTTTCTGTSTATCTAT cTGAGTEAATAT
LALTICTTGAATAPCYG I IGUETATCIAY I CIGAGE TAATAT TCCATCLGATCTTT
TATETCTTGAATATC G T MG TGTEGTATC AT ATGAGTTAATATt CCATGTGATTCTTT
TATTTCTTGAATATCTCTE TETGTHETATCTAT T CTCAGTGAATATTCCATC TgAL TCT MY
TATTTCTTGAATATCYGTTTGTGTGTATCTATTCTGAGTTAATATTCCATCTGATTCTTT
CATTTCTTGAATATCTCTTTGTGTGTATCTATTCTGAGT TAATATTCCATCTGATTCTTT

TGALTCAAGTTCCACTGGAAT
ATTAGATTCATCAATTTCTICATCATCTGATTCRAGT T CACTGGAAT
TGATACATGAGATTCATaAATRTCTTCALCATCTGATTCRAGT L CLACTGCAAT
AGGWWTTGATACATTAGATTCATCAATTTOTTCATCATCTHAT TCAAGT TCCACTGGAAT
AGG:TTETCATACATTAGATLCATCAATTTCTTCATCATC
AGGTTTTGATACATTAGATTCATCAATTTOTTCATCATCTGATTCAAGTTCCACTGEAAT
AGGTTTTGATACATTAGATTCATCRAATTTOTTCATCATCTRATTOAAGT TOCACTGGAAT
AGCTTTTCATACATCACATTCATCAATTTCTTCATCATQTCATTCARCTTCLACTGCAAL
AGGETTTgATACATTAGATTCATCAATTTCTTCATCATCTGATTIARGTTCCACTGGAAT
AGGTTTTGATACATTAGATTC
ACCTTTTGATACATTAGAT TCATCAATTTCTTCATCATCTCATTCARGTTCCACTCGCGAAT
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......... T T L
3gdés = AGTLTCIGEYICIAACTC G IAGE NI TYTLOTY TTTCTCGTLTGTTGAGTAGE T TCLI'C 81
6203cda » AGTTTCTGGTICIAARCTCTCTAGGTTOTTGTTGTTTTIC MG I TGTTGACTACETTCTTC 108
gddlLspe 2 AGEgGTCTAGLTCTARCTCIGEAGOL SO TTGTTGTITTECTATTTETTCACTACEETCTTe 114
3gdd spé w AGLVICTSGLTCTARCTCTCTACCTTC PTG TTGTT PTAL TG I I TEGTTGAGTACGLICLTIC thS
3%0-2 > AGTTTCTOGTTCTAACTCTCTAGSTTCTTGTTGTE Lt tCPGTYTGTTCAGIAGGGTCTTC 354
300-2 > ACGTLTCTSSTTCUAACTCIG I AGGTTCTTOTTGTITTTCYSTTTGTTGACTAGETTCTTC 352
gdlisp6 < AGTTTETEETCTAA 393
3gd3sps > AGTETCTSGTTCTAACTC . gTAGGTTCTTGTTGTeTTTCTGTCTCTTCACTACCKTCTTC 478
CONSENSUS » AGTUTICTGGTTCIAACTCTGTAGGLI CIIGLIGLUI T ICIGTTTGTTGAGTAGGTTETTC 1320
......... R R e R R R
Jgdispe P aTTgtSaaaClal 13
Igd7spe > TEPCTTTTeTAGATCAATECCTTCOTCAqQUTARTCAT TYTa ARACTAT 48
Jgdes > TClgCCARCGATTTTC T I T TCTAGALCARNTTCCTTCCTCAGCTAATCATTCTAARALCTAT 142
£903gd4 » TCTGCCAACGATTTTCTTTTCTAGATCAAT ICUTTCCTCACCTARTEATTGTCARRCTAT 168
gd21.0sp6 < TOTACCAATGATICICTGCTCTAGATCAATE CCTECCTCAGCTAATGAT TGTGANCTAT 174
3gdaspe > TCTCCCAACCATTTTCTTLTCTAGALCRATTCITTCCYCAGCTAAYGALTEIGANACTAY 218
350-3 > TOTGCCAACGATTTTOTTTTCTAGATCAATTCCTTCCTCAGCTARTGATTITGANMCTAT 414
390-2 > UOTGOOANCGATT:TU Tt TPCTACATCAATTCCTTOCTCAGCTARTGATTGTCGANACTAT 447
3gdisps = 7CT 481
CONSENSUS  » PCUGCCAACGATTTTOUMMTCTAGATCAATTCITTCCTCAGCTARATGAT TS TGAARNCTAT 1380
......... L T T T T T T T e T TR R
Zgdbspt > AtcaACATTTITTATCATYTTGTTCACTTTGLGGTTTATCTETLCL I PELICUArCTHIGL T L /3
3gdTspe » ATCAACATTITIATCATGTTYTECACT I tgtgg t M IATC I NI C PP TCTATCTIGTYTT 108
3gdes > ATCAACATTTITTATCATUTTOTTCACTTTATGETTTATCTETTCTETGICTAYCTCGTTT 201
59035gd4 > ATCRACATTTTTIATCATOGTTGTTCACTT TG LG IIATCLIT T2 CYTTETCTATCTCGTTT 228
gd210spé < ATCRACATELUIATCATGUTGLTCACTT IS UGEITTATCTEgTCTTTG T TATCTCGTTT 2234
3gdaspe » ATCRACATTTTIATCATGTTGTTCACT TS CGETTCATCTAt TCTTTGLICTATCTCGTIT 275
380-3 » ATCAACATTTTIATOATGTTGITCACTITG IGET T ATCECCACTALGECTATCICGELT 474
389-2 > ATCAACATTT . TATUATGTTGTTCACTYTOTGITITATCTTITTCTTTCTCTATCTICGTIT 502
CONSENSUS > ATCAACATTT UATCATGTIGTITCACTTTSTGSTTTATCTTTTCTTRRTCTATCTCGTTT 1440
......... e T T T S T I I
3gdssps = ARG 3
n3ed? > TGGGAAG 7
3gdBsph > TAGTTTACGTTTATCAACTTTKTCTCTTTTTACATTTUTE I"'CACKCTCGGAATTGGARAG 133
39d7sp6 > TAGTTTACGTTTATCAACLTTLTCTOTTTTTACATTTTLATTCAGTCTCGGRAT IGGAAG 168
sgdes > IAGTTTACCGTTTATCAACE TTE TCTETXTTTACATETTTETTCAG CTCGEAATTAGART 261
6903gd4 > TAGPTIACGTTTATCARCTT T I'CTCTTTTTATATTTTTE E TCAGTICTCLGCAATTCOUAATL 288

gdz210sp6 < TAGTTCACCTTTATCAACTTTETCIGTTCVEATATKEY LTCTCAGTOTCGCAATECGAAG 294

3gdisp6 > TAGTTTACCTTTATCAACTTTALCEGLLEtt ATttt LR CAGE CICGCAATTEGAAT 335
320 2 » TACTTTACCTTTATCAAC . IGeCIG. T ACATT MY  TTCASTCTCCGCAATTCGAMAG 534
389-2 > TAGTTTACGTTTATCAACTTTTTOTG . TTTTACATTITTRTTCASTSTCOSGAATECGARAG 562
CONSHENZUS > TACTTTACCTTTATCAACTTITI-CTCTTITTACATTITTITTCAGTULCGCAAIGEAMG 1500
............................ L I T T O P
3gd9spo s CLUACCUAGTECaa TCTTAATAAATACECAACARAAACTTTTYTAATAATCCTCARALTC 623
n3gdés > CTTACCTEGTGGRAATTTTAATASATACTCAACARAARACTTTTGTAATABTCCTCAAALTC &7
2yd8ape > CTTAZCTYGTGGAATTL 1AL ' AANIACTGAATAAABACTTTTGTAATAATCCTCAAACTS 133
3gd7sp6 = CELACCEAGIGGANTT TAATAAATACTGAACAANAACTTE CGEANTAATCITCARACTC 228
3gdss » CETACCTGEStOCAATTTTAATAZATACTSAACAAMAACLTTTGTAATAATCCTCAAACTC 321
6303yd4 > CTTACCITGEGGEGAATTTTARAIARATACTGAATAAAAACTE I 'GTAATAATCCTCARACTC 348
gd213apé < CTTACCTGETGGAATLTTAATARATACTSARCAAABRACT LETCTaATANTCCTCANACT: 354
=

3gdaspe CeACCTQETEGAATTTTAATARATACTIAACARRAAACTTITGTAATAATCCTCARACTC 395

390-3 > CTTACCTGGTCGAALTTTAATAAATACTGAACARARACETTTCTAATAATCCTCARACTC 534
390-2 > CTTACCEGGLGGAALTTtAATAAATACTGAACARAAACTTTLCT 606
CONSENSUS > CUTACCTGGTGIAATTTTAATRAAATACTIAACAARAAACTTTIGTAARTAATCCTIAAACTL 1560
................... E T T T N T A e R R RSP E o
n3gdlQ > AACTTCCCSCTCACCTARATAAATT "CATAGCTTCATC 38
3gcespe » ACTOTTQTTGATATATTTATAGAAGTTCCCGCTCACGTAAATARATTTCATAGCTTCATC 123
n3gds > MCTCTTGTTCATATATTTATACAAUTTCCCGCTCACGTARATARATTTCATAGCTTCATC 127
3gc8spa » ACTCTTOTTCATATATTTATAGAAGTTCCUGCTCACETAAATAAAT T ICATAGUTTCATC 253
Agd7spe > ACTCTagTTGARATATATTTATAGAAGTTCCCOGCTCACGTARATAAATTTCATACCTTCATC 288
3gdés > NCTCTTGTTGATATATITATAGAACUTCeCCCTCACCTARATAAATTTCATAGULTCALC 381
69203gds » ACTCITCTTCATATATITATAGAAGTTCCCGCTCACGTAARATARATTTCATAGCTTCATC 408
gd21ispe < ACTCTTGTTGATATAYTTKATAGAAGTTCCTGCTCACGTARATARATTLCATAGCTTCATC 414
3gddspé > ACTCTTOTeCATATALTULATACAAGTTCCCGCTCACGTARATARAT I TCATAGCTIECATC 455
390-5 » ACTC 598
CONSENSUS » ACTCTTGTTGATATATTTATAGAACGTTCCCGOTCACGTARATAAATTTCATAGCTTCATC 162C
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ACGGUCATTTCCAA TP TCARTGETAAT TAA TG ICTIATCGGACCATTCAMTEARANTC™
TACGCCATTTCOAATT T CARTGETAATTARTGTCTTATCGCACGA T TCAARTGARRANTCT
TACGGUA " TCCAATTTCAATGCTART ARTGTCTTATCGRACGATTCARA I'gARARNTCT
TACSGCATTTICORATTTCAATGCTAAT TAATGTCTTATCGCACCATTCAAATGARAATCT
TACGGUALIICCAN "I CARTIGE LAA L ' AATG TCT TATCOGACGATTCAAATGABAATCT
TACGGCATTECCAAL TLCAALgGEAATTAATGTCTTATCOQACGATTCAAACGARAAECT
TACGGCATTTCCAATTTCAATGETAAT TAATGTCTTATCGGACTATTCARATGARRATCT
TACGGCATTTCCAAT ITCARTGETALTTAATETCTEATCCGACGN I TCAANTEAAAMNTCT
TACGGCATTECIRATTLCAATGCTANIFANTETCTTATCEGACSATICAARTCGAAAATCT
TACGGCA T ICIAATTCAALGECLAALTAATITCTTATCCCACSAT TCARATGARRRLCT
TACGECATITCCAN T TTCAATSGETARTTARNISTCT TATOEGACCN I TCAANLGAANNTCT

CECTTCCCCARATTAGTTTCC L TTAGAACS
DG ERARRCATTTANCATATTCACC T IGATCGCE TOOCCARATTAGTTTCCTY TTAGARCSE
AGTARSACAE T TAACATALICACCTIGATCGUTTCCCCARATTAGT TTCCTTTTACARCG
AGTARRACAT T TARACATATTCACCTCGATCGCTTCCCCARATTAGTTTCCTT TTRAGAACG
AGTARADCA NV TANCHN AT LCACCTCOAL CGUT T CCQCARATTAG I ICCIM Y AGAACSG
AGUAABACATTTARCATATTCACCTCGATCGMTTCOCCARATTAGT TTCCT Y TTAGAACG
AGTAARACALYTRACATATTCACCECGA
AGTARMACATTTARCA A ICACCTCOAGCOIgTCCCCABATEAGT TTCCT
ACTAAAACATTTAARCATATTCACCTCGAGOGITTCOCCARATTAGT TTOCTTTTAGAXCH
AGTAABRACATKTAACATATTCACCTCGATCGCTTCOCCARATLACTTTCCT c TTACARCD
AGTAASACATIIAACATATTCACCTCGAL CGXTTCCCCARRS TAG
ACTAAAACATTTAACATAT I ZACCTCGATCGCTTCCCCARAT IAG N CC T I AGANCS

......... R T P T I Tt B B R R PR PR RPN I R

TATYTCAGUTATCTTATC TOTGGTGUASATAATATCATAATCTTASTTAATCTGTITTS
CATCTCAGTTATC TATCTTCTEGTOTACATARTATCATAN "CTTACTTAATCTCTCTTC
TATTTCAGTTATCTEATCTTCTCCTCTACATAATATCATAATCTTAGTTAATCIGTCIIC
TATTTCAGTTATCTIATCTTCTEGTGTACGATAATATCATAATCTTAGTTARTCTETCTTC
TATTYNCAGUCATCI TATCTTCTGGTCTACATANTATCN AN TC T LA AN TCIETIT T
TATTTCAGTTATCTTALC T CTGE L G IACA L ANTA NCATAATCTTAGTTAATCTCTITTC
TAT.TCAGETATCT

TATVTCAJTEATCTTATITTETCCTOTACA

TATT PCAGTTATCT IATCTTCTGGTGTAGATRATATCATAATCTTACTTAATCTGTITCC

S

AACAK T TTTTATTETATARAAN I AGGA T EATCTAANITATCCARATATAATAT T TIGGA
ARCAATTTTTATTCTATARARR TTAGGRTTATCTARRTTATCCARATATAN TN I'TGGA
ARCAATTTTTATTCTATARARAT TAGGATTATCTAAAT TATCCARRTATAATATTTCGGA
AACANI A TG IATAAALAT TAGGATTATCPAAATTATCCARATATEATATTTCGGA
ARCAAT

AACAATTTTTAT GTATARARA T TACCATTATCUAARTTATCCRARTATARTATTTCEGA

» AACAATTTTTATTGTATARAAATTEGGAT TATCTAARATTATCCAAATATAMN TN T TCGGA

ABAaGCAAATTTTACGCGGTATARARATAATCTAAATAT IATITEACAGAGTTTCAATAC
AGAAGCAARRLTTTACGCGGEATARAMATAATCTAAATATTATAETEAGACASggTCARTAL
AGAAGCAAATTTTACGCGGTATARAAATAATCTAARTATTATGTCGACGAGAGTTTCAATAC
ACARCCARATTTTACGCOGTATAARAQTAATGTARATATTATGTCAGAGRAGLYTCAATAL
AGaAGUAAATTTTACGCCETATARARATTATgTE2ATATTAT

ACAACCAAATTTTACCCGEYATAARAATAATETARATATTATGTGAGAGAGTTTCAATAC

AT
AMCCATCATCAAACGCTTATACTACTAT TAAAAN IAACACAGTAATTGCTAGATCTEGAT
AACCRICATCAAACGCTTATACTACTATTAARAATRACACACGTAATTgCTAGATCTGEAT
ARCCATCATCAMACGCTTATACTACTAT TAARAL TAACACAGTAATTGCTRAGATCTGGAT
AMCCATCATCARACGUTTATACTANITATT
ALCTATCATCARACGCTTATACTACTAT TAAAAATARCACAGTAATTCGCTACATCTCGAT

ANCATGGATGETTGT

TATTSAAAATATTACTATAACALCCGATGLTLGT
ATTAATCTTATTGAAAATATTACTATAACALGGATGTTTGT
AEGEAAATARAATATTTAGATYAATCTTATTGMARATATTACTATAACATGOATATTTGT
CEEEALATANMNTATT TAGAT TAATCTTATTCAAARTATTACTATAACATGCGATGTTTGT

= GGGGARATARRAATATTTAGATTAATCTTATTGAAAATATTACTATARACATGCATGTTTGT
> GRGGANATARMATATTUAGA Y AATCTTAN TGAAAATATTACTATAACATGEALT.T LG

5¢

a8

1E3
187
313
348
441
168
474
S.n

1580

31
1.9
158
243
247
373
376
4%2
578
524
260
Y

31

179
218
303
30
433
42
564

1800

151
239
z78
263
313
493
1850

211
239
338
423
535
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271
359
398
452
1580

15
33
41
€2
331
4189
2040
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e b PP + e e e e L L T +
qd7sp6 < AL
590gds = TEATCTACAAANTETGTTTEAGA 22
gdssl < ATTATIATCTACAAAATTTGCTCECATA 27
6993qdll B ATATGTAATAKATAL . ACCATTAATATTTATTANGEBCTACAAAVETTGTE TTAGA &6
gaosnt < AEAAALATGLAACLAGAEATGATCATLAATALTTALTATCGATITACANMALTTGETTEAGA 60
3cdlls > ATAAATATCTAATAGATATGATCATTAATATTTATTATGALITACZAAARTTTYTTITAGA 75
3gdio » ATAAATATCTAATAGATATCATCATTANTATTTATTALCAL CTATAARALTEGE KT TAGR 235
3gdlzsps > ATAAATATETAATAGATATGATCATTANTATTTATTAWCALCTATAARATTTGLTTITAGA 101
gd9zp6 e ANIAANTATGTAATAGATATCATCATTAATATTTA T TATCGATCTALAAAATTTGTCTTAGA 122
rfe2 < ATRAATAGTUAATACGATATCATCATTAATATCTATTATGATCTACANANATTTGCTTTTAGH 391
6903gdl0 > ATAAATATGTAANTAGN ' NTCACCATTAATATTTATTATGACCTACA 166
CONSENSUS = ATRAATATCTAATAGATAIGAICATTAATATTTATTATCATCTACARARTTTCTTTTAGA 210¢

......... T g O T TR
2gdll3sps > ANCANGATTTTCAATTTTTTGCATCTCAYSVIATAATAAGTTTAGA 45
gdis q ABRCAACATTITTYAATITCYCC TCAGTATATAATADGTEVAGH 48
qad7sps « TCAAELCCCATTTAAACAAGATT TTCAATC "M IGEA CTUAGTN TATAATAMGT TEALA 41
£90gds <« CURALECICAI TALMCAAGATTCTCAATCTTTTGCATY ETATATAATAAGTTVAGA 82
qdssl = TCAATtCCCATLVAARRCARAYATLCYCAATCCLITLGUATCICACTATATAATAAGTECAGA 87
/903gdll > TCANTTCCCATTTARARCARGAUTTTCAAT T T IV TGCATCICAC TATATARIAAGTELAEN 116
ydSspé = LLCAAELCCCCAL T ASACAACAL TOTCAATCTYTTGCAT I CACTATATAALANGETCASN 129
3gdlls > tCRARATTCCCATTTAAMCAAGATTTTCAAT " TRETGCATCTCAG TATATANIANGTELTAGA 130
sgdlo » TCAATTCCCANTTAAAZAAGaTTTTCRAAaTETKETGCATETCAGTATATAATAAGTETAGA 153
sqgdl2spé > QAN ICCA () AAATAAGATTTTCARTTTKXTCCAT ZTCAGTATATAATAASTTTAGN 161
gdIspé < TCAATTCCCATTTAAACRACATTLTCAATCETII'GCATC I CAGLEATNIAA AN IYAGA 182
»£32 <« TCaATTICOATTT <G4
CONSENSUS  » TCANIT CCCAL T LAAATAAGR T I TCAATTTTTTGCATCTCASTATATARTARGTTTAGA 225

......... L T T T T T F T
gd7s < ARCCATACTGAOTTALCCACZCEL T I AARAECCTARE CATTTGAAL 45
3qdl3spé » TAVATATCATTCAGCAACCATACTGAGTTATTCATCTTTTTAAATTCTALTCATTTGAAL 105
gdisa <« TATATATCATTCAGCAACCATACTGAGTTATTCATCTTTTEANATYCTAATCATTTCARL 106
gdVEpd = TATATATCATTCAGCRACCATACTGAGT TVCATCTTTTTAAATECTAATOATTTGAN T 21
£90gda < TATATATCATTCAGOAACCATACTGAG I TALTVCALCICt e TTAAATECTAATCATTTCARA 743
gdbsl <« TATATATCAT CAGCAACCATACTGAG YA TICATC car ARATACTAATCATCTGAMS 247
6903qgdit » TATATATCATTCACCAACCATACTGAGTTATTCATCTIULITAARTTCTANTIATTTGAAA =76
qgdSsps < WATATAt CATECAGTAACCATACTRAGETACTOCATCTTTTTAAATY CIAAC CATITGALAR 180
3gdils = TATATATCAZTCAGCANCCANNCTGASTTATECACCTETBTAAATTCTAATCATTIGRAR 195
2ga1o > TATATATCATTCAGCAACCATACTGAS T AT PCATCTKTTTARATTCTAATCATTICOAAA 213
Jgdl2spé > TATATATCATTCAGCAACCATACTIGAGT VA OATCETTTTAAATTOTAATCATTTGARR 221
gd9spe < TATATATCATTCAGCANACCAIACITGAGTTATTCATUTTE TEAAATYCTAATCATETGADA 212

CONRENLRUS

v

TATATATCATTCAGCAACCATACTGACTTALTCATCTTTTTARATTCTAATCATTITSARAA 2227

......... L T T T
gd/s < TTECCCTITTLATTLAMTCATATTTARTATTTATTTGECGTCEALNTATCOCCTANTTTEAC 165
3cdi3spsh = TTGGGCTTTTATTIACLCATA PMUTAATAT A NP IGYCC TCYAAATATTCCTRAATTTTAC L65
gd3s < TPGGGCTITTrATTEAYICATATTTAATATTTATTTGTISTCTAAATATTCCTAATTTHAC 165
gd'/spé <« TTCCGCTTTTATTLACTCATATTTAATATTTATITETCGTCTIAMTATTCCTARTTTTAC 181
£90gd5S < PTGGGCTTTTATTTACTCATAT T TAAIA T IA TG TCC TCIARATATTUCTAATTTTAC 203
gdbst < TTCGGUTCt YATTCACTCATAL ctAATATTEATCTGTCCTCTAAATATTCCTAaATLEYAC 207
6303gdll » TTGGGACTTTTATTTACTCATATTTAATAT AL IGICCTCIAAATATTICTIAATTTITAL 226
gdSsps « TTEGECTTTTATTEACTCATATTIAATATTUALIIGICEICTARATATTCCTAATTTTAC 240
3gdlls > TIGEECTTETaTTTACTCATATTTAATATTTATRBTGTIGTCTARATATTCCTAATTLETAC 255
3gdle > TTGGGCTTTTATTTACTCATATTIAATATITATLIGECGTCLAAALAL I CCTANTI'I"EAC 273
3gdiasps = TTGGGCTTTTATTTACTCATATTTAATATTTATLTGECGE CTARAATA M CCTAATTETAC 281
gdlaps <« TIGGGCTTTCLATTEACTCATATEAATAIATEYGTICCTCTAAATATTECTAATTEYAC 302
CONSENSUS > TIGGGUTTTTATTTACTCATATTTAATATTTATTTGTCGTCTAAATATTCCTAATTITAC 2280
......... L I L I I I T E e R N R N R I S

gdha < AATGCTGALALATCACATCAARTLLCAATAARCA 33
agd?s <« TTCTCAGATGTAGTTAATTAGECCOCTEAATGETGATATATCACATOARATILCAATAACE 165
3gcl3isps = TTCTTAGATGTAGTIAATTAGTTCCTTAATGGTGATATATGACATCAAATTTCAATAACA 225
adls < TPCTaAGATGTAGTEAATTACTTCCTLAATGETGATATATGACATCARATLICAATANCE 226
gd7sp6 < TTCTTAGATGTAGTTAATTAGTTCCTTAATGETGATATATGACATCAAATTECAATAACA 241
69€qd5s < TTCTTAGATGTACTTAATTAGTTCCTTAATGATGATATATGACATCARMTETCAATAACS 262
gdssl < TICTYAGATGTAGTYAATLAGTLCOTYAATGGTOATATATCGACATCAAATC TCAATAACA 267
6903gdll » TTOTTACATGIAGT TAATTAGTTCCE TAATGGTGATATATGACATCAAAYTTCAATRACA 296
gashasnt TTCTEAGATGTAGTTAATTAGTzCCTTAATCCTCATATATCACATCAAATTLCAATAACA 200
3adlls TTCTTAGATGTAGT TAATTAGT TCOTTAATGGTGATATATGACATCAAATETCAATAACA 315
30dlo TTOTTAGATGTAGL TAATTAGTTCCE TAATGETGATATATGACATCABRATTTCBATRACA 333

3gd12sp6
gda9sps

TTUTtAGATGTAGTTAATTAGTTCCY TAATCCTCATATATCACATCAAATTTCAATAACA 341
TTCTEAGATGTAGTTANT TACGTTCCTEAATGETGATATATGATATCAAATE TCAATAACK 362

ANV YA
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CONSENSUS > TTCPAGATGTAGTTAATTACTTCCTTAATGETGATATATGACANTCAARATTTCAATAACA 2340

......... L T T T P R R
ngdads < T'EPGLLYAABTATESTGEUTIGTGATARLACTARLCT 37
gds < TABAT CATATATLY GG TTCAATTATCSTASCTTCTSATARTACTZATCT 53
qdss ¢ TCTCATLCAAAZTUATATALCTIIGUETULCAR TATCGETAGCT UG I GATAATALTARLCT 83
ad7s < TTTGATTEAAATTIAVATATTTTTIGTCTTarATTATGEIGGCTIGTGATAATACTAATCY 225

3gdl3spé = I'ITCGATTTAAATLCATAIATLLISEGLY " I CAATTATGGTCCCTTGIGATAATACTAATCT 285

gd3s < TETGATTNAARTTAATATATLTTICIGCTTCAATTATCCTGGOTTGTUGATEATACTAATCT 286
gdvaps < PTIGATTTARATTCATATATTTTTG TG ITCAATTATGGTCGUTTOTSATAATACTAATCT 301
G53gda « TITCATTEAARRTTCATATATTTTTGTGTTCAAT TATGETCGCITETARATAATACTAATIT 322
gdssl « TeTgATtcARNCTCATATALCYE LCTCTTCAAT TATGETCGITTETATAATACTARTCT 327
6503411 > TTTGATTTAAATTCATATATLTVEGTCTTCAATTATGGTGGETTETCAIAATACTRAATCT 3546

gdbephb o TUTGAETEAARETCATATATTTTGTGTTCARTTATGETCCCTTOTGATARTACTTANTCY 360
3gdils > TTTGATITARATTCATATAT kLG TGTTCAATTATGGTGGU TG TGA YAA IACTAATCT 375
Agdlo s TTTGA T TAAATTCATATAT T Y TGTSTTCAATTATGGICAETTCGTGATAATACTAATCT 393
373d1235p6 s TETEATUTAAATTCATATAVY ) QULOTETCCARTLATGOLGGC I LGIGATAATAC UANTCT 401
gdosph « TTTZATTCLASATTCATATATTTTTGTETTCAATTATIGETGGU M GIGATAATACTAATCT 422
CONQENSUS > TTTCATTTAAATTCATNIAL G IEIECAATTATGETCCCTOGTGATAATACTANTCT 2400

......... R S S T TS IR
3grdlSeps = CAGTO &
3gdlssl > GGAACACATCAACCALITGTATTTTCTCTLTCACTL 36
ngdb < GOTTTATATCGECT' ICTCTTAAGTGGABGAGATERACTATTTGTATTL TCTGTYTGAGT: &7
gd$ < CCT.TATATCGTCT N AGTSGaAGNGATCAWC TN I VGIATTTTOTICOTTTCAGTT 113
ggbe < GEETEATATGGLCTICCCTYAAGTHGALAGAGAT CAACTATTTGTATTTITC TC'IGAGTC MBS
gd7e « GETITATATCATIITCrCTLANGTGGAACGAGATGAACCA '"METATTTTCTOTTTGACTe 285
2gAl3ops » CCTITATATCGLITTTTCT tAAGECCAACAGATCARCCATTTOTATLTEC "EAGLT 33£S
gdis « GOTTTATATCEITCTIATCTEAAGTCGCEAACGAGATGARCCATTTATATTTI I TGT T TGAGTW 246
gaid7en6 « GCTTTATATGGTC ToTCTYAAGTGUAAGRCATGARCCATTTGTATTETCTST . IGAGY e 3¢
620cds < GOTTTATAIGEHIC )Y MCPTAACTGEAAGACATCARCCATTTGTATTTTOCTETTTEGAGTY 363
cdssl v« GETYrATATGGTCTELCTCT TAACTOCAAGACATCAACCATL TCTATTYTCTETLETGAGTe 3E7
£9203gdll > GOPTTATATGGICIt L ICTTAAGTEGAAGANATGRACCAERTYTATTTTCTETTINAGTC 116
adhsph <« GOTIPATATGCTCTTCTCTTAAGTGGARGACGATGRACTATTTGTATTTTCTETTTGAGT 420
Jgdéille » GETTTATAIGCTCTETCITAAGTGCAACAGATCAACCATTTGTATTTTCTETRETGAGT:. 4235
3gclo > GOOTTATATGGTCTTTTCTTAAGTGGAAGA 4z3
2qgCi2eps » CCTCoTATATGCGCTITTC TTAARCTCCAAGAGALGANCUALEEGIAT Y T TETETGACTT 4561
gdbsp6 < GETTTATATEETOCTTCTCTEARGTGGAAGAGATGARCCATTTGTATTITTCTGTTTGAGT 482

CONSENSUS > GETTTATATSGTCTTL TCTTAACTCCAAGAGATGANCCAL G TAL I VCUC T TGAGTLY 2460

3gdlssps

= TCRATATCTgACGTTITGAaCGGCLATCrCat LGGGLAGAGCLTTCTG TAGTEGGARNTATIT 68
3gdlssl s TCAATALCLIGCEM T TOTTGGATATCTCTE TEBGTAGAGOTTTCTTTAGTTGGTATATIT 26
ngds < TCAATATCTTGCGTETGTIGAATATCTGTTTARGETAGAGCTeTCTTTAGTTGGTATATCT 157
gd? < TCaATaTCTTgCGTTTYTIGCATATCTCTEECY : Agac CTTTCL TTAGE TCGT 1¢7
gdss < tCAATATUTLGCETCTOTEGRATATOTGTTYRGETAGAGCTC TCTTEASTTCGGTATATCT 213
gd7s < [CAATAVCTTOECATTTOATUCEALATCTETTTGEETACRGCTTTCTTTAGTTCGTATATCT 345

3gdl3sone » TCAATALCECGCGETYCEEGGALATCTICTYTCUCLACAGITEECE D LAGEEGGEATATCT 405

gdis <« TSAATATCTTGUGI'ETGTTGCATATCUGTTEZGETAGREC W ICTTTAGTTEITATATCT 406
gd7oRh < TCEATATCTTGCUSTTTGTIGUATAYCUCTTTOGOTACAGCTTTCTTTACTTCSTATATCT 421
690qgds < TCAATATCITEIGTTTGTTCGATATCIGTTTGGETAGRGCTC i CTTTAGT TCSTATATCT 443
gdssl < TCARTAICTYGCGRTYTGTYGGATATCTCTY TGOGTAGRGI T CTEEAGT TCGGTATATCT 447
5903¢gdil > TCANIATCTTOUCT L TYTTGGATATC Ty LT . GGTAGA . CGTTCTTTAGTTGGTATATCT 476
gdEspé < TCAATATCTTGCGTTTGITGGATATCTGTTTUGHTAGAGCTITTCTTTAGTTGGEFATATCT £80
3gdlis = TCAATATCEMGUGT IGTTCGATATCTGTETCGATAGAGCTTTCTTTAGTTGGTATATCT 495
3gdlz2sp6 > TUAATAECLECCGEETGEEG 481
gdospb < TCAATATCTLCCGT 495
CONSENSTS > TOAATATCTTGCGTTTGTTGEATAPCTGTTTGGETAGAGCTTTCTTTAGTTGGTATATCT 2520
......... LR I e S R e
G903gdis = AACATCCATATCA 13
lgdlespé > ATTTATAT2GgAgEgASTAGCGTTCATCAACATCCATATCA 41
3cdlrésné > CGGATTCTATATOGGGAGLGAGIAGCTTCATCAACATCCATATCA 44
3cdliés > ATCGGATTTTATATaggAGTgaGTAGGTTIATSRACRTCCATATCRE 46
3gdlsso6 > GUTLGAGYAALAGCALCEGAQGGKAGAL tCCACTGAGTAGGETIATCAACATCCATATCA 125
3gdibsl > GQTUTGAGTAATAGCATCEGATTGTATATGGGAGEGAGTAGGTTCATCAACATCCATATCA 156
ngds < QTCTGAGTAATAGCALCGGATTGTATATGGCACTCACTAGGTTCATCAACATCCATATCA 217
gdbs < GTCcEGAGTAATAGCATCEGATLGTATATGGHRAGTGAGTAGETTCATCAACATCCATATCA 273
gd7s < GTTTGAGTAATAGCATCGGATTGTATATGGGAGTGACTACCG T TCATCAACATCCATATCA 405
3gdl3sp6 » GTaTeAGTAATAGCATCGGAT TgtATATUySAGTQACTAGGTLCALCAACAL CCA 450
gd3s e GTWEGAGTAATAGCATCGOATLEgTATATECCGACTCGACTACGLTCATCAACATCCATATCA 466
gd75p6 2z GTTTCAGTARATAGCUATCCEAT TG LATATGGECAGEGAGTAGEGTTCATCAACATCCATATCA 481
690gdh < GTtTGAGTAATAGCATCGEATTGTATATGGEAGTGAGTAGSTTCATCAACGT 495
gdssl < CTCLGAGTMATNGCATCGUALLGLUATANGOEEAGTGAGTAGEH 'TCATCAACATCCATATCA 507
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£903gdll > GTUINAGBATANCATCGNATTNTATATNGNAGTGAGTAGGETCATCANCALCCATATCA £36
qdSsp6 < GTYTGAGUAATAGOATCGGATTATATATGGGASEGAGTAGGSTTCATCAACATCCATATCa £40
3gdlls > GEIRTGAGUIAATACCATCCCaTTCTATATGAGASLGACTACETTCATCAZCATCIATATON 555
CONSENSUS > CITIGAGIAATAGCATCOGATTGTATATCGGCACTGAGTACGTTCATCARCATCUCATATCA 2580

6533cdlé v CTGTOIGATGAIATI CCAATTUAARARTTTCACCETCTACTICT TCOTGATARACTTGE 73

30dlésps > CTGTCTATGATATTTCCAATTCARARATTTCAGCTTCTAGTTCTTCCTGATAARLTTGA 101
icdldsps > CPGTCTGATCATATTTCCAATTCARARARTTTICAGG TTUTAGTICTTCCTGATAARSTTGA 104

3cdi€s > CPATCTgATGALATTTCCARTTCARAR A TTPCAGGT TG TAGLICTIICCIGATAALLTTgA 106
3gdlssps > CTCLCTGATGATATTXCCAALtCARARNEEECAGE: TOTAGTTCTE CCEGATAARCTEGA 185
3gdlssl o CTGTCTGATGATAT I CCAA T ICARABRNTTTCAGCTTCTACTTC TTCCTGATAARCTTGE 216
ngds < cTOTCTAATCATATTTCCAATTCARARA 245
gdSs < CTGTCTGATCATATITCCMAA 283
gd7s < CTGTCTGATCATATEE G2z

gdis « CLKEeTCATCATATTTCCAAT AMAATEITCASGTTATAGTT 509
gd7aps e CTGTCEYWICATA TTCC <¢9
gd5sl < QT 569
5903gdll > C 537
gdSspé = MTGTCTGATGATATTTCcAA'L'T 562
igdlls > CT3TCTGATGATA . TTCC. ATTOARA RE1

CONSENSUS = CTSTCTGATGATATTTCCARTTCAAAAATITCASGITCTASTTCTTCCTGATAMCTTSA 2640

6503gdle > GTTGATATGTTAGCC PGTINTCCTOINEGEGETTTT TARNE o £ (GETICAGAGGCACCRCT 1233

Judlespt » QITGATATSTTAGCEYGITICCTCTEGHEEKTTT ?TAVEL CTTCGTTOCACAGGTACTECT 161
3cdldsph » GTTGATATGTTAGUTYGTCTCCTCUGGEE M T TTTAAT PCTUCETTOCACACGCACCTCT 64
3adles > GITGATATGTTAGCETETTCCTCTYGOGE TTTTTARE PeTTCEFMCCAQAIGCALoECT .66
3931526 » GUITGATATCLTAGCTTGLCLTCCCTCGOG z14
30dl5s51 > GITGATATETTAGOTTGTCTICTCTGGRGTTTTTTAATTCTTCGTTCCAGAGGLACITCT 27
CONSENSUS » GUrGATATOTTACCTTCTCTOC TCTCCCSTTTTTTAATTCTTCSTTCCAGAGGIACTTCT 2700
......... | I e T I e L
6303¢gdLe > ACTTGCAATCCAGATGAATTACTTATTCTATCTaATAATGAACTGGETETYTAACCTGTG 193
3gdlespé » ACLTGCAATCCAGATGRATTACTTATICIATCIKATANTGAACEGEEYEEgLaACTee TG 221
3gdlasps = ACTTGCAATCCAGATGAATTACTTATTCTATCTGATAATCGAACTGCTTGTUTGACCTETG 224
3gdies > ACLTCCAATCCAGATGAaTTASTTATTETATCTEATAATGARCTGGETAGTCTGACTEGTG 226
3gdl&st > ACTTGCAATCCAGATGAATTACITALI TG ATCUGATAATGAACGCE MTEIGTgACICGLS 256

CCNSENSUS > ACTTGCAATCCAGATGAATTACTTATIGTATCTGATAATGARCYGGETTSTGTCACCTGTG 2760

_________ L T T T T T T R
387-8 < CATTATATCTGAACTTAAGAATLTCT TCAGT™IZT 35
59C3gdle » TETTCTCTTEALTKAGTTGGTOT TTCATTATATOTGAACE TAAGARTGTOTTCAGTLETIT 2563
3gdl6sp6 » TQTZOTCTTGAATEAGTTGETCTE PCATTATATCTGARCE TAAGAVTBTCTTCAGESTCT 281
3gdii1eps > TGITCTCTTGARTGAGTTGETCTT PCATTATATCTGAACTTAAGAATTTCTTCAGTTTCT 284
3gdlés > TOTTOTCTTgAATCAG I IGETCT T TOATTATAT OTEARCETAMGARTETOTTCAGTETCT 284
3gdlesl » TETTCITCINIGAATCASTTCCGCT I  CATTATATCTCARCTTAACAATITCTTCACTTTCT 355
CONSENSUE » "METTCTCTTGAATGASTTGETITTTCATTATATOTGARCTTAAGRATTTCTTCAGTTTCT 2820
......... LI R R L R I TP, P |
387-¢ < GAAGAAGTCICAGLGETCEICATEUGAAGGAGTAACATACTITCTTCTCTTAL TUTTACCT 3%
6903gdlc > GRAGAAGt-TCAGTGTCITCATTTGAAGIAGIAACATACTTTUTTCTCTTATTCTTACCT 313
3gdlésps > CAAGRAGEBTCAGTGTCITCATTTAAGSAGTANCATACSTTLCTTCTCTTATTITTACCE 341
3gdléspo » GRAGAAGTTTCAGIGYCTTUCATTTCAAGSAGYARCATAC I ITCTTCTCTYATTITTACCT 344
3gdles > GAAGAAGE CTUAGTYTCTTCATTTgAAGGAGTAACATASE TTCTTCTCTTATTCTTACCT 346
3gdlssl > GAAGAAGLYTCAGTCTCTTCATTTCAAGCCACTRACATACT LTCTLCTCTNATLCTTACCT 456
CONSENSUS  » GAAGRAGTTTCAGTCTCTTCATTTGAAGGAGTAACATACTTTCTTCTCTTATTCT TACCT 2880
......... L T T T T T i TR TP U
387-8 < TTTGGATG TP IGAAAACCCEY Y EIPELTCCTTTCACGTC I TCAACEOATCEGTGETATE 155
6903gdle > TTIGGATGESTTGARAACCCEETTTTGTTCCTTTCACGTRTTCAACGYATCDGLEGGTATS 373
3gdlespé > TTIGGATGSSTTGAAAACCCTITETGTTCCLETCACCTYTTCAACGIATCGGTGGTATEG 401
3gdldspe > TTTGGATGTTTTGAARACCCTTITTITGTUICCITIGCACGIG L ICAAGCGAICCGTGETALE 404
3gdlés = TOTCGATGLTTTgAARACCSETTTITTGTTCCTTTGACGTRTTGAACGGGATCGTGGTATY 406
CON3ENSUS > TTTGGATGTITTGAAAACCCTITTITIGTTCCTTTCACGTGETTCGAAGGCGATCGGTEGTATE 2940
......... L T T T T T T e L T T e T |
3gdlospé > TUCTTPTTGTATAGTACTA 16
3gdl9s > TCTTCTEL e TGTATAGTACTA 21
n3gdlQ = GTTTTAGGATGAAARATCTTTETATLSECTICTTTTTGTATAGTACTA 48
3gdleé > AGTTUtAGGATGAAARATCTEESTATEGTCTECTL L TTGTATAGTACTA 42
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3qdl9 > TTCAGTTTIAGGATGAABAATOTTTETATEQTCTCTTTTTGTATAGTACTA 52
387-5 < TATTCAGTTTTAGGATCAAAMATCTTTGTATTGTCTTCTU TTTGTATAGTACTA 54
gdzspé < AGEALTCAGT: T'TAGGATCGARAAAECTETETATTGTCTLCL TTTTGTATAGTACTA 56
387-8 « GORATACTATTCACTTTTAGSATEAAAMNNTCTTTETATTGTCTTOTEETTETATAGTACTA 213
6503gdls > GGATACTATTCAGTTTTAGGATGAAARATCITTGTATTGLCTLCTTETEETATAGTACTA 433
3gdl6sps > GgATAGTATSCAGEETTAGRATGAARRATCL TTGTATTGICTTOT Lt TTETATAGEACTA £61
3gd148p6  » GEATAGIATTCACTTTTACGATCARARAATCTTIGTATTETC I CTPITYGTATAGTACTA 464
39d16s > GGATAGTATTCBGTTTTAGGATQAAAAATCTTTQTATTqTCTTCTTTTTGTATAGTACTA L85
CONSENSUS » CGATAGTAT CAGTIIIAGEATGAAANATCTITGTATTGTCTTCTTTTTGIATAGTACTA 3600
......... L T T PO as s ansasstiinssnss e Pisisesses—
3gdl9sp6 > AGACTTARAATOTTHECTTGATABSTE U IGALCAATTTCARRATATLCATCTTTLCTT 79
39d195 > AGACtTAAAATC:tTTCTTGATAAGtCtYTTghtCﬁAttTCAﬂAATATr7A7CTtTTCTt al
n39d19 > ACACTTRAAARATCTTTTUTTGATARAG ™ I"I""["'GA' T CAA' " 'CAAAN A" POA LTIl ICMr 108
3gd16 > AGACTTAAAATCITT 'CTLGATANGE TTETIGAL CAATTTCARARTATTZATCTETTCTT 109
3gd19 s> AGACT'IASAAPTC!UVT CTICATANG ) TTTICGATCAATTTCALARATATTOATCTTTTCTT 12
2875 < NGACTTAAAATC™T T CTTGATARGTTTTTTGATCAATL TCARAATATTOATCTTTTCTT 14
gdlSpG o AGACTTAARATCTTTTCCTCALARGUETTTTTIGAT CAAT ' TCANANT AT OATCTTTTCTT 16
287-8 < AGLCTEAAAATC TELTAAG I ML GATCAN T C ICANAMATATYCATCTTTTICTY 275
£90igdls s> AGACTTARRATCTTTTOTTEATAAGETTTE tGAACAAT £t CARAATATELCATCT 487
Jgdiésps > RGACTTARBATC 473
3gdl4sps s AGACTTAAAATCTIN IO LI TGATAAS M T TGATCAN T L CAAANT A ICATT Tl w24
3g9d.6s > AQACTTARAATCTTTTOTTGATARGT T TTTGATCARTTTCAARATATTCATSTTTTCTT 526
CCN3ENSTS = AGACTIARAAATC L R GEA L AAG T (T T IGA I CAATT T TTABRATATTCATOCTTTTCTT 30680
......... L | T A T RS T TR
3gd19sps > TEGCAARTATATCTEUtINGACGTAGATGCCCEARAATCAATTTCALTATCCGACAATTACT 139
3gd19s s TTGCARTATATCLE TG TgACGEAGR TGOCCIARAATCARTE TCAATATCGACARTEACE 141
n3gdls s TTGCARTATATCIE TS IGACET AGA IGUCGGAAAATCAAT I TCAATATCGACRATTACT 168
39d16 = TTGCALTAVA TV TPSTCACGTRAGATGCCGGAARATCAATTTCAATATCGACAATTACT 169
39419 s TTGCARTATATCTTITSTCACEIAGATECCGEARAATCAATTTCAATATCGACAATTACT 172
387-5 <« TTGOARTATATCTTTTGTGACGTAGETGCCEGARAATCAAT L TCANTATCGACANTTACT 174
gdlsps c TTECARTATATCTTTTGTGACGTAGATGCCHGAARATCART TTCAATATCGACANTTACT 176
387-8 < TTGCAATATATCTTTTGTUACGTAGATGCCGEARAAPCART T'ICAATATCCACANTTACT 335
3gdidaps > TTOCAATATATCTTTTGTGACGTAGRIGCCGGaAAATCARY TTCAATATCGACAATTACT 564
CONSENSUS > TTCCAATATATCTTTTGTGACHTAGRTGCCGGAANATCARNT TUCANPATCGACARTTACT 3124
......... [
3gd198p6 > TOCTeCACAATATTTAAATE  TGTAATTG TARTCA T NGCAT ACCTABCRGAGCA 199
3gdlos = TCTCCAgARATATLTARATL L TgTAAT TG TARTCATTCTGCAT IO CACCTANCAGAGCA 281
:‘13gd]_9 > TOTCCAGARTAT TARATTTTGTAATTGTAATCATTCOTGCAT I TCICACCTAACAGAGCA 228
3gd16 > 1I'CTCCAGAAT AT TANATTTTGTAATTGTAATCATTCTEGCATTTCTCACCTARCACATGCA 229
1gd- o s> TCTCCRGAATATC TARATIITGTART TETARTCATTCTCCATTTCTCACCTARCAGACCA 232
387-5 < TCToCAGAATATTTAMAATTTTETAATTGTAATCATTOTECATE TCTOUACCTAACAGAZCA 224
gdlsp@ < L'CToCAGAATA L M AAAT TG AA T TCTAATCATTCOTCCATTTCTCACCTAACACATCA 226
3g7-8 = TCTeCAGRATATTTARZATTTIGTAATTGTAATCATTCTGCATITCTCACCTAACAGAGCA 395
3gdidsps > TCTCCAGAATATTTA 599
CONSENSUS = ICTCCAGAATATIM' AAATTTTCTAATTOTAATCATTOTCCATTTCTCACCTAACASACCA 3180

......... e T T T I . O
3gdl9sps > GACCATACCAATTETTCTCCATCATABRACCTTTCTARTTGETTGGTTATTCGGTAGGATAA 259
3ydlgs » GACCALACCAALLET ‘CrCCalCalAARCITTCIAATIgGE TgGL TATTCATAGGATAR 261
n3gdlis > GACCATYACCAATgLGICTCCATCATIaaACCIN T CIAATECGHIGETIATICGELAGGATAA 238
3adle > GACCATACCAATTETECTCCATCATARACCTTTCTAATTGETTCGETTATTGCTAGGATAN 289
3cdlLS » GACCATACCARTTITTCTCCATCATAAMACT I IICIAATIGETTCE I LN VGG (ACGN AL 242
387-5 < GaCCATACCAATTTTTCTCCATCATAAACCTTTCTAATTGGTTGGTTATTGGTAGCGATAA 294
gdisp6 < GACCATACCAATTTTTCTCCATCATAAACETTTCTAATTGGTTGGTTATTGGTAGCGATAL 2945
387-8 <« GACCATACCAATTITTICTCCATCATAAACCT IO TIAAT GG I TGGEUIATTIGE ITAGGA AL 455
CONSENSUS > GACCATACCARATTTTTCTCCATCATAAACCTTTCTAATTGGTTGGITATTGGTAGGATAA 3240
......... L T L T TP, |
3gdt9ane s> ThtTGAaTEGTATATATCACTCATATE TAATAAGE CTGAAGACATRAGAT T TACATAAGSE 319
3gdias > TttTgAaTtgcATATATCACUtATATTUARTAAGTCIgAAGACATARGAtTTACATARgA 321
n2gdl?s > T 289
3gdle > ANTTTTTATCTTAGTCATTCOCANTTTTCAGCATATTCGACTATCGATAATTI T GAATTGTAT 349
3gd19 » ATctctaTCTTAGTCATTCCATTITTCA . CATATTCqalYATCGOgTAATTTYGAATTETAT 352
387-5 < ATTTetATCTTAGTCATTCCATTTTCAGCATATTCGACTATCGGTAATITTGAATTGTAT 354
gdlspé6 <« ATTTELATCTTAGTCATTCCATTTTCAGCATATTCGACTATCGETRAATTTTGRATTGTAT 356
3387-8 < ATTLTLtATCTTACTCATTCCATTTTCAGCATATTCOACTATCGGTAATTITGANIIGTAT 35158
CONSENSUS = ATTTTTATCTTAGTCATTCCATTTTCASCATATTCGACTATCGGE TAATTTTGAATTGTAT 2300
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3gdl9sps > GAAAGTTACTACARGARCTAGA 242
1gd19s > QAAAGEEACTAC 333
3gdle s ATAPCACTTATATTIAATAAGST M PCGAACACACAACATTTACATAAGAGAANG I 'AGIATS 404
3gdlLs > BTATCACTTATATTTARTAAGTCTGAAGACACRAGATTTACATAAGAGAARGL TAGTACA 412
287-5 < ATATCACTTATATTTAATANGTCTGANGACACAACGN I"I'ACATAAGAGAARGTTAGTACA 414
gdlsné < ATATCACTTATATITAAIAAG I CTGAAGACACAACATTTACATAAGCAGALAGTTAGTACA 416
387-8 < ATATCACTTATATTTAATAAGTCTGAAGACACAACATTTACATAACGAGAEACTTAGTACA 575
CONSENS)E » ATATCACTTATAT.TAATAAGTCTGAACACACANACATTTACATAAGAGARAGTTAGTACA 3360
......... E T T T T T T e T N
3gdls = AGAACTAG 317
3gd1o > AGRACTAG 420
187-5 < RAGAAC 419y
gdispé < ACGAACTAG 423
397-8 < AGBACTA 582
CONSENSUS > ABRACTAG 1368
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Appendix D PSORTII Analysis of the Predicted TashAT1 Polypeptide

Input Sequence

QUERY (456
MMVVT KLEAT
MITLSTPEDK™T
NAVDEAMKFI
KNVETSKVDE
VGREEPTOQOT
TONRYTQTDI
TDTCTDIQSE,
PEQOPKRKRGR
PKRKRGRPRK
KRGRPREQKP

aa)

ITTLFLYRVK
TEIRSKRELT
YVSGNFYKY I
RKLXRDRQRK
REKQQEPTELE
QEIRDEGTQT
ENIGIQTILGN
PRXOKYETKK
OKYETKKTWL
EPSSDT

Results of Subprograms

PCG:

N-regica:
H-regicmn:
P3¢ score:

_eng
ieng
5.

FASSEILYLD
WGES5DRGEYVE
NEKSEFEDYYK
DKPQSEQHDK
PETIPVIIRG
TR ENIVT

*SNTTHVTEK
TALLRPRNME
LRPRNMKTET

MLDNPNEY'Q'E
CFTRFSFESS
SPCSVFIKIP
NVDIVSQSLA
TDRRTDRESNY
QTDIQTKIMSS
HEQPEVPKRR
TETEKTWLLR
KKTWLLRPRK

KIVEDRLTKI
DKTLITIEIG
PEKLFTPRLK
EEGTDT:IKKT
SKPKESDGIL
IGTDIQEVED
PGRPRKOKPE
PRICQKPEPLQ
HKPEPEQPKR

a mnew signa: peptide prediction method

th &;
th 11;
a1

DOSG.
pea

von Heldine’s method for sicnal

chy 1
k wvalue

nag
10

sedq.

.chyg ©
.31

recogrition

GvH

2L0M:

score
possible cleavage site:

Kleir

{thre

<

et 5

al’

ghold: -2.1

) : -5.3¢%

between 24 and 23
3eems to have no N-terminal sigral peptide

method for TM regicn allccal ion

Init position for calculation:

the threshold
0.5: 1
Transmembrane

{at 94)

TMSs: 1}

Tantative nuwber of TM3(s) for
Nurber of TMS {s) €or threschold
TITRGRAL Likelihood = -2.76
SERTPFERAL Likelihood 6.15
ATOM woove: -2.76 {(number of

0.5:

MTIOP: Prediction of membrane ropology (Htartmann et al.)

Centexr position for calculation: §
Chargs difference: 0.0 C¢{ 2.5y - N{ 2.5}
N == C: N-lerminal side will be inside

»»» membranes topoalogy: type 2 {zytoplasmic tail 1 to 1}

MITDISC: discrimination of mitockondrial tavgetting seg

R content: 1 Hyd Momenl (75): 3.96
Hyd Momecnt (95): 5.28 G contenk: Q
D/E content: 1 5/1 content: 4

Scorc: -~3.27

Gavel: prediction of cleavage sites for mitochondrial praseg
R-2 wmotif at 28 YRV |LEP

NUCDISC: discrimination of nuclear localisation signals

pat4: PKRR (4) at 337
pat4: KRRP (4) at 338
patd: RPRK (4) at 343
pat4: PKRK {4} at 354
pat4: KRKR (5) at 355
pat4: RPRK (4) at 360
pat4: RPRK (4) aL 390
patd4: PKRK (4) aL 4cCl
palt4: KRER (&) at 402
pak4: RPRK {4) at 407
pat4: RPRK {4) at 437
patd: RKHK {3} at 439
pat4: PKRK (4) at 44B
pat4; KRXR (3) at 449
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KDEL:

patd:
pat7:
vat7:
wat?:
pat?:
pat7?:
pat?:
pPat7:
pat?:
pat7:
pat7:
pakb7:
pat?:
pat7:
pat?:
pat?:
rat?:
pat?:

bipartite:
bipartite;
bipartite:
biparcite:
conl:ent of

RPRK (4
PIFRLKK
DRLKKNY
PEVPXRR
PKRRPGR
PGRFRKQ
PRKQKPE
PEQPKRK
PERKRGR
PREKQKYE
PRKQKPE
PEQPKRK
PKRKRGR
DRKGKYE
SRKHKPR
PROPKRK
PEKRKRGR
PRKQKPE

NLE Score: 12

ER retention motif in the C-terminusg:

) at
(3}
(5)
(3)
(5)
(4}
(5}
(3)
(5)
(5)
(5)
(3

a e

13w in &

L N

\

.71

454
at
at
at
at
at
at
al.
at
at
at
at
at
at
at
at
at
at

115
147
334
337
341
344
51
354
161
391
398
401
408
438
445
448
455

CEKNVETEKVDERKLKRD At
RKGAXPTPROPERKRGRP at
RKCAPERPEQPKRKRGRE at
RKHXPERPEQPKRERGRY? at
basic residues:

2.

ER Membrane Retention Zignals: nons

SKL: percxiszomal Largeting signal in the C-terminug:

SKIL2 :

VAC: possible vacuolar targeting motif: found

2nd perexisgcmal targeting signal:

KLPI at 143

RNA-Linding motif:

noneg

Actinin-type actin-binding motif:

NMYR :

nenYORTs:

type 1: none
Cype 2: none

N-myristoylation pattern

Tyrcsires in the tail: none

Dilleucine wotif in the taii:

nong

acne

150
345
3¢2
439

none

checlking 71 PROSITE ribosomal protein motife:

none

fransport mobif from ccll surface to Golgil:

none

cheoking 33 PROSI'E prokaryotic PNA binding molifs:

none

none

noene

MNCN: Re2inhardt’s ,mcthod for Cyloplasmic/Nuclear discrimination
Prediction: nuclear
Reliability: 94.2

COILL: Twupas’s algorithm to detect coiled-zoil regions

total: O residuesa

App. D, 266
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Results of the A-NN Prediction

k=9/23
29.1 ¥: nucliear
21.7 %: cytoplasmic
17.4 %: mitochondrial
8.7 %: aytoskeletal
8.7 %: plasmza membrans
4.3 %: vesicles of secretory systsm

>> prediction for QUERY is nuc (k=23)
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Appendix E SignalP Analysis of the TashAT1 Predicted Polypeptide

SignalP predictions using networks trained on sukaryotic data

TashAT1 length = 70
# pos  aa ¢ S Y

1 M 0.01z2 0.907 0.011
2 i1 0.01z 0.S17 0.013
3 vV 0.012 0.5438 2.018
4 v 0.012 0.854 0.021
g L 0.012 0.5643 C.024
[3) K 0.012 0.95% C.024
¥ L 0.01z2 0.947 G.033
8 S 0.012 0,958 C.044
g H 0.014 0.953 ¢.050
10 I 0.015 0.253 ¢.053
11 1 0.035 0.918 0.0993
1z o 0.013 0.937 0.066
13 T 0.215% 0.957 0.0%5
14 L C.051 0.92¢ 0.149
15 F G.0L7 0.892 0.090
IR T ¢.06B3 0.60C 0.183
17 b4 ¢.05¢C 0.572 0.166
8 [ g0.01L9 0.831 0.103
19 A 0.082 0.730 0.235
20 K 0.042 0.787 0.162
21 E 0.023 0.485%3 0.12%&
22 a 0.277 0.685 0.443
23 S 0.3¢5 0.492 0.538
24 S 0.030 0.363 0.147
25 E 0.644 0.183 0.680
26 I 0.057 0.202 0.1¢8
27 L 0.0690 0,525 D018
28 Y 0.023 0.€91 0.131
29 b 0.028 0.111 0.125%
30 D 0..18 0.¢72 0.246
31 N 3.01L8 0.071 0.024
32 T 0.045 0.G45 0.137
33 D 0.031 0.Cc29 0.1086
34 N 0.020 0.C47 0.081
35 2 2.027 0.632 0.021
35 2] D.C20 0.0390 0.071
K F 0.Cl15 0.031L 0.05a6
18 Y 0.02% 0.025 0.066
39 T 0.018 0.033 0.047
40 T 0.017 0.04z2 0.038
41 < 0.036 0.032 0.GC43
4z I 0.018 0.036 0.02%
43 v 0.016 0.028 0.6G20
44 B 0.023 0.0322 0.0617
15 D 0.013 0.034 0.007
46 R 0.07109 G.033 0.000
4 L 0.017 G.026 0.000
48 = c.013 ¢.032 0.000
49 K ¢.01s8 0.03& 0.000
50 I €c.015 0.035 0.000
51 M 0.027 0.028 0.000
52 I 0.0212 G.027 0.000
53 L 0.014 c.D30 0.000
54 5 0.039 G.031 0.000
55 iy 0.023 G.032 0.00¢C
56 P £.016 ¢.033 0.00¢C
57 E ¢.020 ¢.031 0.000
5B I 0.017 0.058 0.000
59 K 0.022 0.100 0.000
G0 I 0.024 0.082 0.000
61 T 0.014 0.075 0.005
62 E 0.084 G.059 0.021
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63 I 0.033 0.053 0.018
64 R 0.026 0.062 0.013
65 S 0.c17 0.039 0.017
a6 K 0.625 0.0432 ¢.02%4
a7 R 0.015 0.027 0,017
58 K 0.022 0.025 0.021
59 b 0.01< c.0z8 0.C1l5
74 I 0.012 ¢.229 0.015

< Ts bthe scquence a signal peptide?
¥ Measure Position value Cutotf Conclusion

max. C 25 J.€44 c.37 YES
max. Y 25 0.€80 0.34 YES
max. S S 0.959 0.88 YES
mean S 1-24 .833 0.43 YES

# Most “ikely cleavage site between pos. 24 and 25: AS3-WT

OQUTPUT INTERPRETATION (Taken from SignalP analysis program)

The SignalP WWW scrver will retwrn three scores between 0 and 1 [or each position in
your sequence:

C-score (raw clcavage site score)

The output score from networks trained to recognise cleavage sites vs. ather sequeince
positions. Trained to be:

high  at position +1 (immediately after the cleavage site)
low al all other positions.

S-score (signal peptide score)

The output score from networks {rained to recognise signal peptide vs. non-signal-
peplide positions. Trained Lo be:
high at all positions before the cleavage site
low at 30 positions alter the cleavage site and
in the N-terminals of non-sceretory proteins.

Y-score (combined cleavage sile score)

The prediction of cleavage sile locatian is optimised by observing where the C-score 1s
high and the S-score changes [rom a high to a low value. The Y-score formalises this
by combining the height of the C-score with the slope of the S-score.

Spccifically, the Y-score is a geometric average between the C-score and a smoothed
derivative of the S-score {/.e., the difference between the mean S-score over  positions
before and d positions after the current position, where ¢ varics with the chosen
network ensembie).

All three scores are averages of five networks trained on different partitions of the data.

For each sequence, SignalP wil! report the maximal C-, S-, and Y-scores, and the mean S-
scorc between the N-terminal and (he predicted cleavage site. These values are used to
distinguish between signal peptides and non-signal peptides. I the your sequence is
predicted to have a signal peptide, the cleavage site is predicted to be immediately before
the position with the maximal Y-score.
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Appendix F TargetP Analysis of the Predicted TashAT1 Polypeptide

TARGETTTIDI 1.0 prediction results

Number of input sequences: 1
Cleavage site predictions not included.
Using NOW-PLANT networks.

Name Length mTE SP other Loc, RC
TashAT1 70 ¢.047 0.8Y7 C.08%5 a 2
cutotf 0.00 0.0C 0.0C

INTERPRETATION (Faken from TargetP program)
COLUMNS:

Name

Sequence name as annotated in fasta file (without initial ">"} or on TargefP mput page. The
name may be of any length, but only 30 characters will be preserved throughoul the
prediction.

Length

Sequence length. Only the 130 N-terminal amino acids are used in the prediction;
submitting sequences longer than 130 rcsidues does not improve the prediction

(but it does slow down the prediction).

cTP/mTP/SP/other

The neural network output score for each of the possible categories. If non-plant version 1s
chosen, ¢TP is not included as a possible location. The scores are NOT probabilities, and
they do NOT necessarily add to one {1). Howevcr, the location with the highest score is the
most hkely one according to TargetP, and the relation belween the scores may be an
indication of how certain the prediction is (see column RC).

Loc.

The subceellular tocalisation predicted by TargetP:

C : Chioroplast, i.e. the sequence contains a chlovoplast transit peptide, ¢TP

A - Mitochondsion, i.e. the sequence contains a mitochondrial targeting peptide. mTP

S : Secretory pathway, i.e. the sequence contains a signal peptide, SP.

any other location* : "do not know™.

This character appears if cutoff restrictions were demanded and the winning network
oulput score for a sequence was BELOW the requested cutoff for that category. The
asterisk shows that no prediction was done by TargetP (although the output scores and RCs
are presented also for these sequences).

RC
Reliability Class: a measure of the size of the difference (diff) between the highest

(winning) and the second highcst output scorcs. There are 5 reliability classes, defined as
follow:
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RC 1: diff> 0.800
RC 2: 4.800 > diff > 0.600
RC 3: 0.600 = diff > 0.400
RC 4: 0.400 > diff > 0.200
RC 5:0.200 > diff

TPlen
for sequences predicted to contain a ¢TP/mTP/SP, this is the prediclted length of the
presequence. For SPs, SignalP is used in this prediction, and for ¢TPs, ChloroP is used.
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Appendix G Pestfind Analysis of TashAT1 for PEST Sequences

ANALYSED SEQUENCE:

Y KR LEMYVUKLEHTIIFTLFLYRVEKFASSEILYLDNLDNPNFYTIKIVEDR 50

LTKIMILSTPEDKITEIRSKRELIWGSDRGEYVXCFTRISFESSDKTLIT 100
oQO0o

TEIGNAVDEANKI LY VEGHNEFYKY INKSEFEDYYKEFCSVFIKIPPCGKLPI 150
DCOO0GO0C0O00

PRLAKNVKTEREVDKRYXTLKRETRQRKDKPOSEQREDKNYDIVSQSLAEEGIDL 200
QOOOCOOOOOOODCO0D

BKKIVOREENTQQTEXQOEPTELEPETIPVELE3SDDEEIDESNVSKEKES 250
O I I B e A O R A e S S LR R s

DG LTQNEY UQTDIQEIEDIGIQTEHELENIVTQTDIQTKESSIQTHIQ 300
QCOOO0NCOCLOCCOOOCOD00C000CO0000000CGO0000000

EVEDIDTQTDIQELENIGIQTIGNESDITEVTKKIRQPMVPRKRRPGRPRK 350
[alelalalelalalalolole/elelelolo o lulualalolalo Julul o]0l Talolole}
QOKPEPEDPKRKRGRPRKQKYETKKTWLLRPRHMKTETEKKTHLLRPREQKP £00

EPEQPKRKRGRPREQEKYETKKTWLLRPRNMKTETKKTWLLRPREHKPEPE 450

QPKRIKRGRPRKQKPERPESDT 470

++++++ vosgible PEST seguences
e —— - = woor PEET sequences
Q00000 invalid PRST secuences

POTENTIAL PEST SEQUENCES:

216 KQQEPTELERETIPVELESDDEEIDESNVSK 2435

mole fracticn of PRELDST : 58.93
hydérophohicity index : 30.60
PEST-FIND score : +17.11

24 KFASSEILYLDNLDNPNFYTIK 45
PEST - FIND gcore : ~14 .64

INVALID PEST SEQUENCES:

96 KTLITIEIGNAVDEAMK 112
184 EKNVDIVSDSLAEEGIDLEK 202
258 RYTQTDIQEIEDIGIQTEIH 277
277 HELENIVITQTDIQOTK 291

291 KESSIQTDIQEVEDRIDTQTIDIQELENICIQTICNFSDITEVIK 333
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Appendix H Prosite Search of the TashAT1 Predicted Polypeptide

PROSCAN result for : TashA'T1

PROSITE: Rairoch aA., Bucher P. and flofmann K. Tht PROSITE datakass, its
status in 19297 Nucleic Acids Res. (19597} Jan 1;25{(1}:217-221
PROSCAN : PROSCAN has been developed at IBCFE.

Protain TashATL using PROSITE.BASE as refercnee site file

MMVVLELSHIIFTLFLYRVIFASSELLYLDNLDNPNFYTIKIVEDRLTKIMILSTPEDKITEIRSIKRKLIWGS
DRGEYVKCTTRFSFESSDKTLITIEICKAVDEAMKFIYVSCNYKY INKSEFEDYYKEFCSVFIKIPPGKLET
PRLKKNVKTEKVDKRKLKRDRORKDKDPOSEQHDKNVD IVSQSLAEEGIPLEKKIVCREEPTQQTEXQOERPTEL
EPETZPVELESDDEEIDESNVSEKPKESDCILTONRYTCTDIQEIEDICIQTE LHELEN IVIQTDIQUKESS 1O
TDLIQUVED HDYCTDIOELENIGIQTIGNFSDITEVTKEKHEQPEVPEKRRPGRPRKOQKPKIPHOPKRKRGR PRKGK
YETKKTWLLRPRNMKTETKKTWLLRPREQKPEPEQ2PKRKRGRPREKQKY WK TWTL T RPRNMKTIETRKKTWT TL.RP
RKEKPEPECPKRKRGRPRKOXPERPSSDT

Sinllarity percentage 100
M-glycosylation site.

Prosite access number: PSOC001

Srogite documencation access aumber: PIOC0H001

M- {py-[3T1-{2].

Randomized prokability: 5.138e-03

Site : 121 to 124 NKSE. Identity.
Sita : 239 to 242 NVSK. Ident-ity.
8its : 320 to 323 NF5D. Identity.

Protein kinase C phosphorylation site.

Prositz access number: BS00005

Prostte documentaticn access number: PDOCOOOO0OS
[ST] -x~- [RX] .

rRandomiged probability: 1.423e-02

slte 35 to 41 TIK, Identity.
S5ite 85 to &7 SXR. Identity.
Sita : 72 to 75 SDR. Identity.
Site : 20 to 92 SDK. Identity.
Site : 155 to 157 TREK. Identity.
Site : 210 to 212 TEK. Identity.
Site : 328 to 330 TKX. Jdentity.
Site : 368 to 370 TKX. Tdentity.
Site : 383 tc 385 TKX. Tdentity.
Site : 413 to 417 TRK, Identity.
Sire 43¢ to 432 TKX. Tdentity.

Casein kinase II phosphorylation site.

Prosite access number: PS00006

Prosite documentation access number: PDOCOQ006
{sT)-x(2)-[DE].

Randomised probability: 1.482e-02

Site : 54 to 57 STPE. Identity.
Site : 55 to 58 TPED. Identity.
Site : 123 to 125 SBIIN. Identity.
Site : 188 to 191 SLAE. Tdentity.

Site : 217 to 220 TELE. Identity.
Site : 230 to 232 SDDE. Tdentity.
Site : 256 to 259 TQTD. Tdentity.
Site : 280 to 2B2 TQTD. Tdentity.
Bite : 303 Lc 306 TQTD. idenlily,
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Tyrosire kinase phosphorylation site.

Prosite access nunbar: PSO0GO7T

Progite deocumentation access nusboer: PDOCO0007

|IRK] -x(2,3) - [PE] -x (2,3} -Y.

Randomisad probability: min = 4.C74e-04 max -~ 4.083e-04

N-myvristoylation site.

Prosite access number: RPS0000S8

Prasite documantation access number: PDOCGO008
G- {EDRKHPFYW} -x (2} - [STAGCN] -{P}.

randomised pronsbility: 1.397e-02

Site : 72 Lo 77 GSDRGE. Identity.

5 diffcroent patterns found.

PROSITE result file (text): [PROSITE]

App. H, 274
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Appendix | Predicted Transcription factors that bind to the TashAT7
upstream region.

Adupted from a chart by Matlnspector analysis of the upstream region ol TashAT] (sce Fig.
3.19). Sequence in capitals are highly conserved within the transcription factor binding site
conscnsus. Scquence in capital letters denote the core sequence, the highest, consecutive
conscrved positions of the matrix, usually dbp long (see Fig. 3.19 [or explanation of
Matrix. Sim scores).
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Name ol Gymily/matrix

VICDXF/ACDX2.61

VSMYTUMYTL .G
VINKXHNNKX25.02
VEOCTPOCTIP.01
VIMUETF2ZAMEFR2.01
VSCART/CARTIL.0f
VSIKHIINFABR.OL
VIHNF I/HNF1.01
VINKXHNKEX31.01

VESATR/SATBL.01

VSBRNEF/DBRNZ.01
VSEVIVEVIL.O4

VEFKIDYXIDS.01
VETBPE TATAOL
VEBRRNFTBRN2.01

V$PDX1/ISLI1.0L

VITBPF/MTATAOL
VIMEF2/MEF2.05
VSIINFAINFLOI
VSPITL/PITL.0!
VIMEIS/MEIS1.0!
VEAPIEF/NILEZ.01
VIOCTL/OCT1.05
VIMEIS/METIS1.01

F$YNIT/NIT2.01
VSEVII/EVIL04

VENKXIIYNKX31.01
VIMYT1I/MYT1.02

V3 TBPF/ TATA.OL

Further Information

Cdx-2 mammalian caudal related
intestinal transer. Factor

Myl zine finger transcription

factor involved in primary ncuregenesi
homeo domain factor Nkx-2.5/Csx
tinman homolog low affinity sites
octamer-binding factor § POU-specific

cdomain

myaocyte enhancer tactor
Cart-1 (cartilage homeopratein 1)

Hepatocyte Nuclear Factor 3beta

hepatic nuclear factor |

prostate-specitic homeodomain proicm

NKX3.1

Special AT-rich sequence-binding
protein 1 predominantly expressed
in thymocytes binds to matrix
allachiient regions (MARs)

POU faclor Brn-2 (N-Oct 3)

Lcotropic viral integration sile |

encoded factor

Xenopus fork head domain factor 3
cellular and viral TATA box elements
PO factor Bm-2 (N-COct 3)

Pancreatic and intestinal
lim-lromeodemain {actor

Muscle TATA box
MEF2

hepatic nuclear {actor |

Pitl GHF-| pituitary specific
pou domain tanscription factor
[Tomeobox protein MEIST binding

site
NI-E2 p45

vctamer-binding factor 1
Homeobox protein MEIS1 binding site

activalor of mitrogen-regulated genes
Ecotropic viral integration site 1

encoded factor

proslate-specific homeodomain

protein NKX3. £

MyT1 zinc finger travscription factor
involved in primary neurogenesis
cellular and viral TATA box elements
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Position Strand Matrix Sequence

sim.
2-20 {(-) 0.837  Tcelaatl
TTAct
Citag
7-18 (-) (1.842  CLAATT
Tractt
12-19 () 0.895  CcTAAT
Ti
t4-28 () 0.900  ClaaatAT
TCcraat
15-32 () 0.824  TegtcTAA
Atattcctaa
21 -483  (9) 0.854  AUTAAT
Attiatttgte
2347 () 0.972 CaantaAA
TAtaaa
24 - 48 -} {1802 AtTTA
Atattiattt
3446 i (L3851 AantAA
A'lattaa
14 .55 (-) 1917 Taclcatatt
TAATau
Tattt
38-52 (-} 0.939  Creatait
TAATati
45-59  (+) 0.834  AAATAL
Gaglaaala
30-63 (P 0.921  TgaptaAA
TAaaag
55 69 () 0.880  AaaTAAA
Agcccaat
04-79 (9 0938 AtcatttgA
AATtggg
TL-00 () 0.817  Tuaaatlc
TAANTC
Atttga
T7-93 (9 0.851 CHnTAA
Altctaate
83-92  (+} 0.96Y9  AauTA
AAaa
89 -103 () 0793 AGTTA
Treatetttt
94-103 (-} 0960  AgtAT
TCat
95106 {-) 0.781 CTGAG
Ttattca
9% - 108 (+) 0.861  AtaacTC
AGta
115 - 128 (+) 0935  Ctgaatga
TATATa
119 - 130 (+) 0.840  ATGAT
Atatatc
127 - 132 (+) 1.000  TATCta
127 - 141 (4 0.857 TAATA
Aptitagata
129 - 141 (-) 0.898 TaatAA
GTuaga
130 - 140 {-) 0890  AatAAG
Tttag

132 - 146 (-) 0.896 GaTATA
Ataagitt
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VEOCTI/OCT1.05
VIOCTHOCTL.02
VSIRFT/IRF .01
VSEVII/EVIL.ON
VEFKHLD/HEH .01
VEOCTI/OCTL.06
VRIKRSAK.OL
VSCLOX/CDPCRIHD.OI
VSGATA/GATAZ.O2

VEPDXIASL1.01

VIGATA/GATAZN2
VIBRNF/BRN2.0O1

VSCART/CART1.01

VENKXHANKX25.02
VIFKHD/XFD2.41
VEHINF1/HNF1.01
VIGATA/GATAZ D2
VROCTLH/OCTL.06
VSEVII/LVILLOS
VECGATA/GATASL.02

VESATB/SATBI.0I

FEYNIT/NIT2.01
VHCREB/E4BP4.01

VEIBPETATAO0L
VSVBPE/VBP.O]
VIFKHD/EREACT.01
VINKXT/NKX .01
V$MEF2/MEF2.05
VEPITI/PIT1.01
VIIKHD/MFT] .01

VESATB/SATBEL.01

octamer-binding factor |
octamer-binding factor 1
interferon regulatory factor 1

Ecotropic viral integration site |
encoded factor
HNFE-3/TFkh [Tomolog |

octamer-binding factor |

fkaros 1 potential regulator of
Iymiphocyte differentiation
cut-like homcodomain protein

GATA-binding lactor 3

Pancreatic and ntestinal
lim-hoemeodomain factor

GATA-binding factor 3
POU factor Brn-2 (N-Oct 3)

Cart-1 (cartifage bomecoprolcin 1)

homeo domain tactor Nkx-2.5/Csx
tinman hownolog low affnity sites
Xenopus fork head domain factor 2

hepatic nuclear factor 1
GATA-binding lcior 3
cclamer-binding factor )

Ecoluopic viral integration site 1
encoded factor
GATA-binding factor 3

Special AT-rich sequence-binding
protein 1 predominantly expressed

in thymocytes binds to matrix
attachment regions (MARS)

activator of nitrogen-regulated genes
E4BP4 bZIP domain traascriptional
repressor

cellular and viral TATA box elements

PAR-type chicken vitellogenm
promoter-binding protein
Fork head RElated Activator-7

proslate-specific hameodomain protein
NEX3.1
MEF2

Pitl GHF-1 pituitary specific pou
domain transcription factor

HNF-3/Fkh Homolog 3 (¢ Freac-0)

Special A'l-rich sequence-binding

142 - 155

150 - 159

156 - 168

165 - 173

168- 179

175 - 186

1/6-188

183 - 192

184 - 193

203 - 222

204 - 213

208 - 223

200 - 226 |

210-217

211 -224

212 - 226

223 -232

223-234

225-225

228 - 237

228 -249

236-245

238 - 253

238 - 250

242 - 251

243 - 252

246 - 258

258 -279

(+)
)
(h
)
)
)
)
=)
+)

(+)

{+)

(+)
(-)

)
)

)

0.905

0.937

0.890

0.854

0.898

0.301

0916

0.958

(0.928

0.820

0.934

0.930

0.923

o
oa
La
U

0.949

0.923

1.000
0.873

0.939

0.899

0.942

0.843

(1.907

0.931

0.913
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Talactga
GA'TGCa
GATGC
Aaaaa
Aaanall
GAAAat
AcaAG
AT
AAAA
(Caaga
Taaatgg
GAATT
AaarGo
GAatiga
AaltGA
TCta
AUTGA
Tctaa
Tutagal
CaTAA
I'aaatatt
(AGA
Tcata
AlcataalA
AATatta
Tea PAA
Taaontat
Aatg
CaTAA
Taa
AtaaTAA
Atallna
CATTA
Alatitalta
AaTGA
Tcata
Galatgat
CATT
Agatat
GATCa
AtAGA
Taiga
Tataaatal
GTAAT
Agatatga

TATCta
Aaatats
TAAta
GtaTAA
Atatgtaat
ATTAC
Atatt
TttgtaTA
AAtatgta
GtatAA
ATatgta
TgtaTA
AAta
AttAT
ACaa
TatacAA
ACatce
Catgttal
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VHIFKHND/HNF3B.01

V$CDXI/CDX2.01

V$BRNIVBRNZI.01
VIETSEPULOL
VICEBPACLBPB.OY
VIMZF I/MZE] Q1

VIPAXTPAXLOL

VSRCLG/BCLG.OI

VIHOMS/SE.0:

YEIPDXU/PDX1.01

VESATB/ASATBLOY

VEHNEFIHNF1.03

VIMEF2/MMEF2.01

VSICART/XVENT2.01

protein 1 predominantly expressod
in thymocytes binds to matrix
attachment regions (MARS)
Hepatocyte Nuclear Factor 3beta

Cdx-2 muromalian caudal related
intestinal transcr. Factar

POU transcription faclor Brn-3

Pu.l (Pul2?) Ets-like transcription
factor identified in [ymphoid B-cells
CCAAT/enhancer binding protein
beta

MZF]

Paxl paired domain protem expressed
in the developing vertebral column of
mausa Cl‘ﬂbl'y(')!;:

POZizine finger protein transeriptional
repressor translecations observed

in diffuse large cell lymphoma

Binding site or S8 1ype hameodomain

Pdx1 (IMX1/TPF1) pancreatic and
intestinal homecodomain TT

Special AT-rich sequence-binding
protein 1 predominantly expressed
in thymocytes hinds to matrix
allachment regions { MARS)
hepatic nuclear factor 1

myocyte enhancer [actor

Xenopus homeodamain factor Xvent-2
early BMP signaling responsc

290 -304 (-)

291 - 309 (1)

294 - 307 (4
297 2312 {2
2992312 {(-)
304 311 ()

207 -324 ()

213 -326 {-)

L]
—
o
'
2

30 ()

317-335 ()

330 - 345 (4)

338-353 ()

0.934

0.921

0.784

0.860

.941

(1LO74

.675

0.9735

}.744

0,924

0.792

0.920

0.822
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AgTAA
Tattitcaa

AaataaA
ATAtllag
Taaatat
TIIA
Tticecca
ATATIR
Alttcce
Geatge GG
AAataaan
(Gpatgag
GAAAlaz
Gat(GG
GGa
CCAT
Ccapat
Ctageaal
Taa' lI'IGC
Tagalct

Alctag
CaATT
Acigt
Ataaca
CagTA
ATigely
Groteatiit
TAATag
Taglat

TGTTAL
Ttltaulayg
ActaiTAA
Aaataaca
CFTATac
Tactattaa
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Appendix J Tblastn Analysis of the Predicted Amino Acid Sequence of
TashAT1 with the T. parva Genome Database
TBLASTN 2.0MP-WashU [27-Aug-2000. [linux-i686 21:45:47 28-Aug-200C)

Copyright () 1886-2000 Wasainglen Univercity, Saiat Louis, Missouri USas.
All Riglits Rescrved.

keference: Gigh, W. {(1996-200C; hilp://blasl.wusll.edu
Notice: statistizol significance is esticcbed undsz the assumption that the
equivalenrt of one entire rveading frames cf the dstabase codes for protein and

that signilZicanlt al_gnmenls will iovolve only coding reading frames.

Query= query_suedgueice
(166 let-ers)
Database: /Jusr/lozal/db/uing/s parva
SEA mequences; 8,929,689 Lolzsl letzers.
Searching....10....20....30....40....50....50....70....80....90....100% done

Sra’lest

Sem
Reading MHigh Prcobability
Sequences producing High-scoring Segrent Pairs: Frame Sccre PI(N) N
+1 423 1.5e-47 3
+2 21 C.43 2
-3 77 6.8l 1
-1 8E 0 .87 2



http://blast.wustl.edu
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Color Key for Alignment Scores
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=443
Lencth - B14,854

Plus Strand HSPs:

Soore = 244 (91.0 bits), Expect = 2.7e-23, Sum 2(3) = 2.7@-22
{fdenti.izs = 63/1%8 (34%), Positives = 95/198 (%0%}, Frame = 12
Quary: 2 MVVLELSHIIFTLFT VRVEFAGSEILY DNTDNPNFYTIXZVEDRLTKIMILST?EDKIT 61
MY Lo okt FLY K S +L L+MNL + +¥X VE ++¥ MI 5T E KIT

Skjcrc: 40829 MVRLNILLLLYAGFLYHIKSVYSVLLDONNLSHSGLOVVITVERDISKTMIYSTQERKIT 41008

Cusry: 62 EIRSKRKLIWGSDRCEYVKCFTRFSFESSDKTLLF1 L CHAVRIEAMKEIYVSGNFYKYIN 121
T KLIW RERYV4+(C TR - + TLI I+I KAV + ATk Y YT+
S@hjek: 41009 GICKGSKLIWMGYRCEYVROVTRILSEWCNSTLLLLIQINKAVRKDDTYY IHIDPSKYVY LS 47188

Query: 122 KARFEDYYKSTCSVFIKIPPGKLPIPRLIKNVKTEXXEX LN KX X XXX X ZPOSEQHDKN 181
X EF++ S F + K R KK K + PG O D+
Shyct: 41189 KIEFDEVL- DVISKFSOWMYEKYS - KRPKKERKRIXGDTDOTERIKEKRSTVERPCP -QSDOP 413589

Query: 142 viXLVEQSLAEECQIDLEKIC 199
V+Q + E ++ BEXK
Sbjc:: 41360 EPEVIQUVKS TEDVEREKK 41413

Score = 233 {87.8 bits), EBxpect = 3.0e-1%, Sum P(3] = 3.0e 13
Icentities = LY9/151 {29%), Positives = 857151 (GE%}, Frane = +2
Query: 2 MVVLELSHIIFTLF O YRVXFASSEILYLIDMNLDNPNFYTIXIVEDRLTRIMILSTZ?EDKIT &1
M L + +-IF +4F+¥Y +X ASS L LaX F+T4+XIV + + K I 5T2+ IT

Shict: 45482 MFRLNVLYLIFVVFVYOTHKIASSLTLDLMNTSMSEFHTLXIVENGIIKTTIFSTODREIT 45631

Query: 62 ELIRSKRKLIWISORCEYVKCFTRFSFESSDKIT.TTTATGNAVREAMKF ZYVSGNFYKYIN 121
4T + W+ KCT + R & KL+ T3+ NV - - Y YI
Shijct: 4563Z KICKGCRGIWOALPGESARCVIYITSELSKKLLMEL ZVDNPVRHQVYYINRCRTHYVYTT £5811

Query: 122 KEEFEDYYXSFOSVEIKIDPD-GKLEITPRLKK 151
+ +FE XT VT PP GEK+FPIP+LK+
Sbjct: &RAT2 REQFR---¥EF--VEISYYPSCKVIIPKLKR 415889

Szore - 218 {(61.8 biks), Expect = 3.5e-16, Sum P(3) = 3.5¢-15
Identitics = S54/160 (33%), lositives = 86/160 (53%1, Irame = +2

Query: I MMYVTXTSHT TPTLELYRVEFASSETILY DN LDNPNFYTEKIVEDRLTRKIMILSTPEDEL 60
+M +L o+ -+ + + ¥ SEIL + NL + FYTI I+EDR +TK MT STP+ T

Shijckt: 35276 IMNILDVKYLEVLIIFNCISFVFSEILNIKNLDTODSGFYTIZITIEDGETKTMIVSTIQKII 3545%

Quory: 61 TEIRSKRKLIWGSDRGEYVECFTRFSPESSDETLT . TETGNAVDEANMNKFIYVISCNSYRKY T 120
TE+RE  44=+W + GE VKZ T a4+ o+ + +4+7TIEL N WV o+ M - - ¥ Y

Shjct: 35456 TEVROCKRVILWTALPGESVKCLTILYILDWASIRVMTIEINNPYXDGMYYFNRRYSNYVYA 3563E

Query: 121 KKSEFEDYYKEFCSV--FI--KIPPG--KLPIPRLEKKNVI 154
K Y vV ++ K K+PIZ® K+ K
Skjecl: 35636 TKEMZDFEYAEMARVAKYMAEKYSKSSDKVEIRZEDKOPKK 3574%%

Sgore = 215 (BD.7 bitg), Expect = 9.6e-16, Sum 2(3} = 9.5e-1§6
Identities = 51/130 (3%%), Positives = 75/130 (57%), Frame - +2

Query: 10 TTEFPTLFTLVYRVKFASSEILYLDNLOCNPNFY TIKIVEDRLTX_MILSTPEDKITEIRSKREL 693
+IF + +Y¥ FES L LANL N F T+KIVE+ - K I ET + TIT+IR K-
Sbjct: %0048 LITVVIVYCTSZVSSLILOLMNLFNSEINTLRKIVENGIIKTTIFSTADRPITRKIRKGSKY 50227

Query: 70 THGSDRGLYVKCFTRFATESSDKTLITIEIGHAVDEAMKFIYVSGNIYKYINKS----EF 125
Iiw + GE K T & + S ++TIE+ N Va++ M +I 9 + YKY+ K ET
Skjct: 50228 IWCALSCESAKSITHISSKWSKSMYVMLIEVENHVNDDMYYICKIRSDYKYVTKEIFDEEEF 50407

ouery: 126 EDYYESFCSV 1325
- YX+F S+
Shict: G0408 VELYKTFTSM 50437

Score =~ 213 {79.¢ blits), Expect = 5.0e-15%, Suwm P(3] = 5.0c-15
Identities = 45/119 {37%), Pogitives = 65/112 {(54%), Frame .. +2

Query: 2 MVVLXLSHIIFTLFLYRVKFASSEILYLDNLDNPNFYTIKIVEDRLTKIMILSTPEDKIT 61
MV L + ++ L LY 24X €8 + + N+ W ++ VE+ II'TK +T STPR KTW
Sbjct: 36614 MVILNILCLLY:LISDYHATXTVESTVFOT:RITSNSKVEBVVRTUVENGMTKIVIYSTPERKYT 364493
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Queary: 62 EIRSKRKLIWGSDRCGEYVKCEFTRFSFESSDRKTLITIEIGNAVDEAMKF_YVSGNTYKYI 120
E+R KALW (D GEYIEC B LI++E N + MFY G ¥ I

Syl 36754 EVRDGYKILIWMADPGEYLKCLHNYYEFLWEKNILISYESNNPSKD-MEFFYKRGENYPRT 36557

Score = 188 (71.2 bits), bkExpsct = 3.4e-312, Sum Pt3} = 3.4e-12
Tdentities = 437130 {23%), Positives = 59/130 (53%;, Frame = +2

Query s 2 YWLKLSHITLPOELYRVELASSEZLYLDELDN2NEYTIKIVEDRT, TKTMTT.STEEDKITE €2
vV LK +2F7 L Y K SE 4L ++K+DM OF KIV+ o+ KaML T +0+ I I
iojcb: 42278 VEFLKNVOLIFALIFYHIKIVSSALLNINNIDNSKEKYVKIVDGFYIKVMIYPTADNPINE 42457

©w

Query: 63 TRSXRKNIWOSDROGEYVKCOYF RFSFESSDKTLITIEZGNAVDEAMKFIYVEGNF - -YKYT 120
+ K+IW GF +KC ™ « + I T+ T++ N = TY + o+ 1

Shijct: 42453 VCKNSXIIWEVHPGEKIKCVIHITSKLCEAQLMVIDVENP - - KKKYTIYFREKYYLHFRVI 42831

Query: 122 NESEFEDYYK 130
N+ F+ K
Sbhijct: 42632 NENTFDKMLK 4266.

Srore = 174 {66.3 kitsh, Expect = 1.6e-10, Sum P(2) = 1.6e-10
Icentities = 297123 (31%,, Positives = 645/123 (S2%), Frame = 12
Query: G VILKLSAI I TLFLYRVRKEASSEI LYLONLONPNEYTIKTVINDRI K TMTLETPEDKTTEYI 62
+ LK+ e LY +X S +T To ~+ N F+TH+++++ + K MI &T + 1'f'+ &

Skjet: 38242 LLKILDYLFIZLTLYHIKIVLSNVLOLRDIKNSEFHTLELLOOGLIKTMIYSTADKDITKI 582428

Query: 54 RSKRRXLIWGSDHRGEYVKIFTRESFESSIIKTT TTTRETGNAYDUAMRE LY VSGNFYEY L NKS 123
- IW o+ GE KT T + o+ L+TIELI N M +1Y Y @
Shicl: 38429 CKESRVIKWQALPGESAKCITLIRSKWAEGNTMTIRINNDPSKTEMLYTYKRYPEYVY1'I'ES 38608

Query: 124 EFL 126
F+
Spjol: 38605 GFK 38617

Score = 42 (123.8 bits), Expect = 1.5e-37, Sum P{3) = 1.5¢-37
Identities = 12/30 (40%), TFosiltives = 17/20 (35%), I'rame = +3
Query: 282 [QOTEESSTIQTDIQEVEDIDT - -QTDIQELE 311
+ T BS I+ DI+ +D1' +T I LE

Shict: 264897 LNTSESLIKLDIKPFHGTOTSDPKTAIINLE 2549

oy
e

Sccre = 148 (57.2 bits), Expect = Z.4e-13, Sum P(3} = 2.4e-13
Tdenlkities = 45/198 {24%}, Positives = 24/198 (47%}, Frane = 12

Querv: Z VYT RTSHTTF LT YRVEFASSE [LYLDNLDNPNEYT L K I VELERL TKIMILSTEEDKIT 61
M LK k4 o+ L X 5 1L LWL +F I+ ++ - K +I ST B 1T
Shict: 25544 MAKLKPTYLYCIVVLCESIXAVLSNILDLNNLTKEFSTXIICYTKENVNKTIIVSTNESPIL 25723

tnery: 62 EIRSERKLIWGSDRCEYVXCECRFSFESSDKTLITIEIGNAVDEAMKFIYVEGIAFYKYTN 127
+ I L++ CE +X 7 F+++ + L+ +31 NA-~ [+ +K¥ I+
Sbjct: 26724 QINVGSTLIFEPTHGRRTRAV {MRFKNTKEVLLVLZIENA L AGPQKYYSREKGPFKPID 259203

Query: 122 KSEFEDYYKEFCSVFIKIPESHXLPIP- - - - RUKKNVETEXX XXX XXX XN XLELEXPCOLQ 177
+ ¥ (NI K F £+ P +—5lxr + b PQ
Sbhbjct: 25904 ERVILLKFESLENK PKYDPSKIVTPGVRPKVOKSFERKIRKRFRODGFEFKEKRTTRGOVY 26080

Query: 178 HDKW---VDIVSQSLAEE 182
N SDLA RS bl
Shijct: 26081 NIANEPPIDIZTESFSDE 26134

3} = 3.2e-39

Scoxe = 38 (25.5 bits), Lxpsct = 3.2e-39, Sum P
8%, Frame = +3

Jdentitiss = 23/75 (30%), Posirives = 36/75 {4
Query: 256 TQTDIQ-EIEDIGIQTEIHELENIVITQTDIQTKESSINTDIQEVEDIDTGTDIQELENTIG 314
T+TD + ++ EL B +4+ + +D+ B&+ T0 D TOYD LK M
Sbhjol: 52572 TETDSSTXPKSKPLEPEITESQSS-SDSDMOVDESTGPQVIQS- -CATTQTDTHESQHNSEE 52742

Query: 215 IQTIGNFSDITEVTK 3285
QT+ S X
Sbhjct: BR743 TQIVIQUSSIELQIK 52787

Score - 84 (34.5 bits), Expect = 7.2e-07, Sum P(3) - 7.2¢-Q7
“dentities = 20/88 (22%)}, Positives = 44/88 (50%}, Trame = =2

Quexy: 43 YEDRLTKIMILSTRPEDKITEIRSKRKLIWGSDEGEYVECTTRZEFESSDKTLITIEIGNA 102

+ D+ 4+ o+ P +T + + +I +D+G + F+ 78+ + TLI I A
Styjct: 27089 INRDGIPTLIVKAKPHKTVTHYVACGGVITORADRGSKLLSFESAFSYYNY-YTLIEITIRQIA 27255
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ery: L03 VDEAMKFIYVICGNFYRY INASEFEDYYK L30
+ ol S+ o+ + FE YV+
Shijct: 27266 TNSYIXYFREHGGDWVEVDITHFEAYY(Q 27349

Score = 80 {32.2 bits), Expect = 1.7e-41, Sum P(3) = 1.7c-41
Identities = 29784 (34%), Posizives = 46/84 (94%), Frawme +2

Query: 255 TOTDIOEIEDIGIOTEIHELENIVTOTDID-TKESSIQTD-- - - IQEVEDIDTO-TDIQN 309
Ty +QTE + TQTD + T++35 QTD TOT + +D + T++ I
Sbijct: H5EBS6 TETDPIKTRVRAVQTRESKRTK CKTOTDFXKTEDSCTOTDAKICIQECKSVDEKKTEVER

]
wn
-1
[e))
(S}

Query: 210 L---ENIGIQTIGNFSDITEVIKK 333
L o + Gi1 DT 4 KK
Sbjct: SHhP66 TRTTDSTKARD-GOIGDVTPTLEKK 55834

Score - 73 (30.8 bits), Expect = §.8x-41, Sum
= 7

P(3} ~ 48.8e-41
Tdentities = 27/84 (32%), Positives s /84 (55%]

, Frame = +2

Query: 245 LSRG LTONRYTQTDIGRIFDIGIQTETHELZENI -VTOTD- IQTKESSIQTBIQEVEDID 3¢2
SR LN Q4Dr++ + +0 + o+ I TQTD I-T+ S+QT+ + +
Shijet: 55481 DSUVDLSKNTXIQOSDVKKT-VOSFERGGRGTKIGKTQIOF I KTRVREVQTEEKRTKIGK 55657

duerny: 303 TOTDIQELENIGIQTLIGNLISDITE 326
TQID k4 Lk o Nt R

Shict: 5RES8 TQTDPKKTEDSCTQTDAKIL-DICE 55726
Score = €68 (2%.0 bits), Expect = 9.3, Sum P(3} = 7.00
ldentitise = 287147 {.9%), Positives = 55/147 (37%), Fraue - +2
Juezy: 1¢ IIFTLFLYRVKIFARSE LYLDNLDNPNEYTIKIVEDRLTKIMLLS TPEDEKLITE [ROKKEKL 60
+++ L L+ +3 + ++NL +K ++ «— K -I ST TT + 17

Shjct: 54575 LLYLLTLCYINLSSGUVYIDINNLYGKG) KITKY THNNVKKTT TYSTENLPITGLIDNGSL 54754

Query: 70 IWGSDRGEYVXCETRFSFESSDKTLITIEIGNAVDEAMEKF IVVSCGNFYXYINKSEFIDYY 129
- E + F s RS Y I K Y 1 K F +
Shjct: 54755 VWSDYLSENCEKIIVNRFAHSRDLIVEVI'LLIPMITTKTKLY JKHEKGEYSRIVKOIFRNKL S49334

1l

<

i)

Query: 130 KEFCSVFIKIPDCKLEPLPRLKENVETE 1°
K 3 P K+ P+++ +5
Shijcl: 54935 K-ILSEIQWYGPEKIFIPRVETALSS SEIL2

Scora = 50 {(22.7 bits), Expeoch = 2.Ze-38
Tdentities = 13740 (32%), Positives = 24

c

um Fi{3) = 2.2e-34
(60%), bFrawe = +

’
/4

b

Query: 258 TDIQEIEDIGIQTEIHELENIVTQTIDIOTKESSIQUDIQLE 297
T + ED G ++ LE V¥V TD- ++S88++ Ty
8bjct: 55775 TDSIKAED-GSHGDVTPLEKXKVFPTRLYHQDSSLEFIEIRK 55851

Score = 269 (99.8 bits;, Expect = 7.1e-26, Sum P{3} = 7.1 26
Identities = $7/125 {45%), Pogltives - 75/125 (60%), Fraume +3

Query: 2 MVWTKLSHTTFTLFLYRVIKFASSEILYLDNLCNPNFYTIKIVEDRLTKIMILSTPEREKIT 61
M LKLSH++FTLELY +IC S +L LDN+ + ++ B +TK+MI ST E KIT
Shjez: 51735 MATTKLSHVLETLFLYHIKIVFSNLLDUIIAGSGYRIVOTSERGITRLMIFSTOQEKKIT £1914
Query: 62 LCIRSXRKLIWCSDRIEYVKCFTREFSFESSDETLITIEIGNAVDEAMKFIYVISCGNFYKYIN 121
Toaex KOO% GEY KCFY + FE S+ L ++ELI N B+ YK IN

Shicl: 21922b VIYNXEKLOWKCHPSGEY URCEL (YKFEMSNIGLASLETILNPEFFNIEYFRSHNLIYKPIN 52094

Quury: 122 XSEF= 126
+ FE
Skijct: 52025 QETFE 52105

Score = 68 (25,0 bhits), Expect = 2.92-40, Sum P{3} = 2.%c¢-40
Identities = 18/40 {45%), Positives - 22/40 (55%), Frame — +3

Query: 258 TDIQEIE-DIGIQTEINELENIVIQTDIQTKESSIQTDIQ 296
T QI+ D QT+ HE +N TQT IQF -~ QT Q
Shjct: 52674 TEFQVINSDATTOTDTHESONSETQTVIQTSSTETOTKTO 52793

Score = 49 (22.3 bits), FExpect = 6.6e-32, Sum P(3)] - A.6e-12
Identities = 9/21 (42%), Positives = 14/21 (66%), Frame = +3

Query: 210 IVVSCNZYKYINKSEFEDYYK 130
+¥4 N YKYIN 4 + YK
Sbijct: 125118 LYIRINNYKYIMNYKYINNYK 125130
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Scorc = 42 (19.8 bits), Expect = 1.5e-37, Sum pP{3) = 1.5e 37
Idenrtities = 4/38 (23%), Positives = 20/38 (52%), Frame = +2
Query: 257 GYVOTEIHELERIVEQTDIQTERESSIQTDI- -QEVEDID 302
G+Q ++ +T0 K ++1 E D+ + Vauly
Skjct: 410378 GVOEKLKDLSKAMNISEPLKEPSEEQKPLDVKAEMYVOQREIL 41C491
Score = 230 (93.1 hits), Expect = 6.4w 24, Sun FB(3) = C.ie-24
Tdentities = 52/130 (40%), Positives = 82./1303 (62%), Frame = +]
Query: 2 MVVLKLSH T TFTI FLYRVKFASSEILY ZODNLDNENFYTIKIVEDRUTKIMILSTPEDRI'T 61
M LX 2+ -TF +P+Y +K ASS L L-N FI-T+K++ + K 4+ LSTP+ +1T
Ebhjcb: 48622 MIYLXNTFLIFVVEFVYCIKIASST TLOLNNTSMSEFHTTLKLLHQGIAKTIVLSTPDRQIT 48801
ouery : 52 EIRSKRELIWGSDIEGUYVECFTRE-SFESSDETLITY RTGNAVDEAMKFIYVSGNFYRYT 12G
E+R R4 +W GE +KC T + SF+ & + L+TIEZ N AM 4+ + YEYI
Sbjct: 48802 EVROQGRESVWMGHPGESIKCVTKYiSHFXWSSEVLMTIE NNENKTAMY YLREHHHNYKYT 48581
Quary: 121 N{ULLbDYYK 130
1 » Y
Shicl: 28982 SLOEFESRYR 4301
Score = 128 {33.6 bLills), Ezxpact = 1.52-47, Suaw F(3} = 1.0e-47
Identicies = 40/92 (43%), Positlves = 43/92 (531%), %rame = +1
Ouely: 243 PRESO-GILUVONRYLQUMCEIEDIGIQTEIHELENTVIQITIIGTRESSTOURIQEVEDT 301
PKE T RYTQTD  FOED [SHACE o+ + Toe LT o+ QT L +
Sojcz: 212838 PEKEQOVIILTCIRYTOTDTHESEDTETQTIOTQQSKDTEIQTVILTCETETQTI.TP-TRST 31464
Query: 3C2 DTCTDIQRTENTGIQTIGNFSDITEV - TKKHE 332
DTOTD 2+ QT+ +D TE T H=
Shicl: 31465 DIQUDITHESKETETQTVIP-TDSTETOTDTHS 31657
Score - 216 (81.1 bhits), DLxpect = 7.1le-1G6, Sum P(3} = 7.1e-16
Ideatities = 477129 [26%), Positives = 73/129 (5&%), Frane = 11
Query: 2 MVWVLEKLSHT T LIFLYRVKFASSEILYLDINLDNPNFY TIKIVEDRLTKIMITSTPEDKIT &1
M K + —~IF +F+Y +¥ ASS L L+d F-T+KIVE +TK I 8T + TT
Shick: 46713 MLYLKNTFLIFVVEFVYCIKIASSLTLDLNMTSMSEFHTLRIVEGHVTRKTTIFETADKEPLT 46852
Query: 62 E_R“KF{KLi.\iGJURGL}YVl’\Ci"l“PFSFUSSDK'—'LI”I""J'"’NA"JD;‘Z\MKFT"\."IGNFY'("'t'N 121
+=12 I + GE KO + F Fu+ o+ =+ YA +
Sbhijckt: 46853 A#RﬁPYIPIWEGNPCLSAKCVbibRbhk%ﬁhlehV SIEGYNTNEVCYEFENFTHY XEVY 47072
Mmevry: 122 KSETFTEDYYX 1239
K- FE+ YR
Sbjct: 47073 XNYTENKYX 4709S
Score = 48 (2Z.0 bitsg), FExpech = 3.5e-38, Sum F(3) = 3.5e-38
tdentities = 11/29 (37%), Positives = 19/29 (65%), Frawmc - 12
Query: 265 ETGIQTRTHRELENIVTQTLC----QTKRES 289
D+ I T +3E N+-T+T+ I T++S
Shijct: 332326 DLAIDTILIEFLNLLTRTNPNEFNTNTEDS 332422
Scorz = 132 (58.9 bitsz), Expect = 5.6¢-14, Sun P(3) - 6.62-12
ldentities = 43/150 (26%), Positives = 82/160 {51%), Frama = +3
Query: 2 MVYVLKLSIITIIFTLILYRVKIFASSEILYZONLDNENFYTIKIVEDRLTKIMILS TPEDKIT €1
M Le ++++ L Y + 88+ L +ifty NN ++ Ee o+ L 1L TE I
Shict: 29064 MARLRIFTYLVPVLTFYFINLVSSDRLOINOLYNENIQRVEYSENGMTTIKIYPTSECPIR 29243
ouery: 52 EIRSKRKLIWCGCSDREGEYVKCFI'RESFESSDKTLITIFTGNAVDEAMKEFIYVS~ -GNFYKY 119
++ + L+wW + GE K T F+ S + ++ ++1 V ++ K ITY + G Y=+
sbict: 28244 QVYDGQNLVWSALLGERAKVI'LYLKEKYSGEVIVKVDIDFPVSKSQK- IYCNRKGN -VQR 29417
Query: 120 INKSEFEDYYKSFOSVEFIKIPPGI--------PI2?RLKK 152
T++ += +8F 8 K P K+ PIZ4++IC
Shjcb: 2548 [DORKTCOEKIQSE-STIQKYNPSKTYQPKTRERYRPTIPOMRK 29534
Score = 2035 {(77.2 2iLs), Bxpact = 2.4e-14, Sum F{3) = 2.4e-14
Identicies = 40/:29 (31%), Positives = 73/129 (56%), Prame = 33
Query: 4 VLKLSHIIFILFLYRVKEASSEI LYLDNLDNPNEFYTEKIVEDRTTRTMTT.STPEDKITEL €3
TLKE+ ++ L TY +K S +«L L ++ + F B9 K ++LS+P+ +1L7TE+
Sbjct: 43635 LLKILYLFIILTLYHIKIVLSNVLDLRDISSSGFEVAQTHESCMIKTIVLESEDRQITEY 43814
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Query: G4 ROKRRELLWGSLRGEYVKCFTRISFESSDKTHI TTIREIGNAVDEAMKI'I YVSCHEFYKYINKS 123
R R+L+W GE VRKC T =+F K L+T+EI N V + 4y Y Y X
Shjct: 4381 KQGERELVWMGHPUGESVKCLTHTTIFMRY KKALVTMEINNPYVEHDVEYLYNYFSHYVYTSXD 439594

Quernry: 124 RFEDYYKSGE 1372
+H+ F+ o+
Sbhjoet: 43595 IYDEKFREKY 44021
gum P{3) 5L.6e-38

Score = 46 (21.3 bits), Expect = 5.6e-33,
= 1A/27 {66%), Frame = +3

Idenzitiesg = 1C/27 (37%), Desitives

Query: 279 VTCTDIOTKESSTQTD-IQEVEDIDIQ 304
+ T T— ++5 IQT+ + E B 1D 1
Shijct: 50795 ITQTEPFNEQSZTQTENVLESGIIVDKE 50875

Scove = 45 {20.3 bits), Expoct = 7.2e-38, Sum 2(3) = V.Z2e-38
Identivies - 14/54 (25%), Posikives -~ 25/51 (46%), Frame = +2

Query: 275 ENIVIQTDIQTKESSIQUDIQEVEDIDTQTDIQE - LENIGIOTTCHFSDITEVT 328
+ IV T + T+ I bt I T+Q L .G TIG 5 1w

Shijct: 275420 KOIVVRKTGMNTOVGKLIAXQLFKAGETS XY IPLORALNRLG-GLULGITSTIVLIS 275578

Score = 420 (152.9 bilks), Expoct = 1.52-47, Sum P(3) = i.ve-47
Identitivs - 88/167 (56%), Powilives . 1107257 (70%), Frang = +1

Query: 2 MYV_KLSHIIFTLFLYRVKFASSEILYLDN_DNPRNFYTLKIVEDRLTXIMILSTPECKIT 61
M  LELSIHITIFTLFLY -+ K ASSELLYLIN+ F'oIKIZHE-R+Ta MT Si'Pa 407
Sbjct: 30338 MATLKLSHILIPLFLYQIKIASSET LYLDMIVGSGFNIIKITIENRIURIMIYSTEDROIT 3

L]
~J
o
N

ouery : £2 BIRSKHEKLIWGSDRGEYVKCIIRFSIFBSSDATLITIEIGNAVDEAMKETYVSENFYKYIN &
~+R  REKLIW GZ +KC T FSFESS X LIfIESI N b5 KFIY+ M+t +¥+
Shict: 30718 QVRQCGRKLIWMGYPGESIKCLILIEFSFESSSKILITIEIENPAYDSLKFI YMHRNY FRYVT 30857

BN
o

ery: 122 XSEFEDYY----KSFCSVFIRIPPGEKLPIPRLEKKNYIC 154
¥+ FE + K S K PGKLPLIPRLKK K
Shjet: 20898 KAYFETNFAMQAKPLKSPTSKPT2GKLPIPRLKKPEK 31008

Score = 17% (68.1 bits), Bxpecht = 4.1a2-11, Sum P(3) = 4.1e- |l
Tdztikbilti—es = 45/128 (30%), Positives = 54/.28 (S0%), Framc = +32

Query: 2 MYVLELSHIIZTLFLYRVKIFRSSFTIT.YTDNLDNPNFYDERKTIVEDRLIKIMILS T PEDKIL 61
MV L 4+ +IT 1, LY VK 85 L L +2D r +VE+ +TK  IL- I
Shivk: 53343 MVRLIILYIIVLT.TT.¥HVEKTVSST.TI.DLRDIDTSKFDVSSVVERNGYTXTTILTKRHIPID 52522
Query: 52 BIRSERKLIWGENEGEVVECYTRFEFESSDXTLIPTRETENAVIRANKFIYVSGRAYKYIN 121
E+ ++TW GFR v T +8FFR- X L+ IE+ H- E + + Y Y ooL

Shjct: 53522 ELYFAGEMIWKGRPGESVNSITHYSFENHHXMLLYIEVDNSAFEDILYFYTRRGIYLDIT 53702

Guery: 122 KSEFECYY 129
+ EF ¥
Sbjct: 53703 BERFWKTLY 53726

Score = 42 (1%.8 bits), Expec:t = 1.5e-47, Sum P(3' = 1.5e-47
Identitics = 6715 (37%), Posicives = 9/1i6 {56%), irame = +2
Query: 119 WLLRPRNMATETKKTW 434
W PRI T +W

Sbhijci: 460626 WICYPRNRLKDTTSSW 480673

Sccere = 44 (20.5 bits), Expect = Z.le-11, Sum P{2} = 2.,1le-11
Identities = 8/22 (36%), Yositives = 13722 (59%), Frame = +1

Quary: 108 FIYVSGNFYKYINKSEFEDYYK 230
FT Y ¥ N+a B D wK
Sbjct r 155497 DIFLKA-VYDYFNQTHEFNDITFE 155558

Szore = 154 (59.3 biks), Ixpect = 3.1e-08, Sum P(3} = 3.1e-08
Ideatities = 26/129 (27%), Positives = 65/1292 (50%), Framc = +1

Query: 2 MYV KLSHEIFTT FLYRVKFASSEILYLDNT.ONPNFVTIKIVEDRLTKIMILETPEDKIT 61
MY - + ++ F L + R+K 58 +L: ++++ N + Vit o+ + 3 P IT

Shijcot: 32353 MYRVNILYMSFVLIVCRIKIVSSIVEDINDIWVNSCLEVFQRVKNGIITTKVFSRPGMEIT 32532

Query: 62 EIRSKRRKLIWGSDRGEYVKCFTRFSFESSDKTLITIEICNAVDEAMKEIYVISGNFYKYIN 121
+X + IW GE V+ T 4+ E S8 +T+++TE+ N V [ et N ¥YKYI

Shijet: 32533 QILKGSRPIWNGYPGRSVRSLTFITSEWSSETVLEIEVDNPVKEPTLYLHTFYNHYKYIT 32712
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Query: 122 KSEFEDYYI 120
+ K
Shict: 22713 TOSYNQKIK 32735

Score = 99 (35.2 bits), Expact = 1.7e-43, Sum 237 = 1.7e-43

Identities = 31/84 (36%), Positivas = 47/84 (55%), krame = =1

ueTy 245 ESDGILTQNRYTQTDIQEIEDIGIQTEI- ---HELENIV------ TOTDI -OTKEESIOT 293
++D ~++ TQTLD Q4 4D QT T F o+ ++ TQTD ++KIE+ QT

Sbijct: 31333 QTDTHZSEDTETIQNTDTOQOSKDTETOTIVILTDSTETQTLIPTDSTDTQIDTHESKETETQT 31512

Cuerv: 294 DIQEVEDIDTOTDICELENIGIQT 317
T + +TTD L E+IGIOU
Shjct: 31813 VIP-TOSTETQTDTHETEDIGIQT 31581

Score = 61 (25.% hits}), Fxpect = 2.82-06, 5um EB{(3) = 2.8=-06
Identiltiers = _4/20 {53%), Pogitives = 16/2% (€1%), Frame = 43

Query: 280 TOTPRIQTKESSIQINIGEVEDTTITOT 305
T ZOQTK + Q1D Go ED o7
Shijrn: 29246 TRCAIQTKARETCIDSQQTELPVVYT 30023

Soore = 46 {21.2 bits), Expect = 7.8e-05, Sun Pi3; = 7.8¢-03
Tdentities = 11/22 (50%), Positives - 14/22 [(63%), Frame = +3

ouery: 248 ILTOQNRYTQIDIQEILRDIGIQT 270
T T- TOTD Q+ ED +0T
Shict: 294958 ILTKARETRTDSOOTEDDPVVOT 30023

Score = 246 (91.7 hiks), Expeckt = 1.7e-23, Sum 2{3) - 1l.7e-23
Identizizs = 57/152 (35%), Positives = 88/159 (55%), Frame = +3
QUETY = 2 MYVTLKTSHTTRTT. REYRVKPASSEILYILDNLDY PN Y TI KZVEDRLTRIMILSTPEDKIT 61
MY L + +++ FLY +K S L 4+ A FaTIN- E+ ITEIM ST T

Sbhjct: 29513 MVRINTLILIVAGFLYHIKEVYSNTULNIGITADSGFFTIXKVYENGITEIMVI'STADKELT 35592
Duery: 62 LiRSEREKLIWGSDRGEYVKCHFTRFSFESSDETLITIEICNAVDEAMKFIYVECNYKYIN 121
E+R KIW S GE +4KC T 4 Fa Skt THTIET NV o+ M ++4+ YOy
Shijct: 32693 EVROGPKSIWDSLPGESIKUCLTYYQFRGSNRKIMITRINNPVEKDEMYYTHTHNYNYVYAT 3CR72
Cuery: 122 KSEFEDYYXSFUSV-~FI«-KIPPG--KLPTPRTKKNVE 154
X FE Y Voovr K KiPrpPy X K
Shijct: 39373 XEMFETRYTEMARVAKYMIIEKYSKSSDKVYPIPKQXOPKE 305895

Score = 42 (20.2 bits), Expect = 3.ic-40, Sum D(4) = 3.1e-40

Idenrities = 10724 {(29%), Bositives - 108/32 (52%), Frams = +2
duary: 204 ZEIQaRVEDIETYIDIQ ELEMNIC_QTICKEFSLITZ 32€
-l Vo B £t THWEN -+ +4+G 30 0T

Shijcl: 277931 DLLNVSNPDLHPNLRAIGUENTDLESLGGMSEEVE 278032

(z0.2 bits), Expect = 1.2e-37, Sum P{3) = 1.2e-37

Soore = 43
iz8 = 10/60 (16%), Positives = 36/60 (80%), Frame = +2

Idenliod

Query: 242 KPKZS8DGIL-TONRYTOIDIR-EIEDISIQTEIHELENTVTQTETIQTKEASTOTNTQREVE 299
KE+ ++ + + + +QT +Q ++ + 4+Q 44 EE  + Q 51101 ER OS]
Shjct: 4%96% KPRETARTTIGNRRKSIQTTMOTQVVETOLOPRLLEPE- - IVQUVEVESGEDDLCEGREVQQOLQ 461218

Score = 45 {20.9 bitwg), Expuect - 2.2¢-38, Sum P2} = 2.2e¢-38
Ideatities = 13/60 (21%), Positives — 24/60 (40%), Frame = +3
Query: 250 LTQNRYTQIDIQEIEDIGIQTEIHELENIVTQTDIQTKESSIQTDIQEVED _DTQTDIQE 302

LTOQN T 4 [ T N T b Qg a8+
Skijut: 708783 LTONIIDTNNEKANKDSLESTTQYDTQPNQSHTKDETQPNQS

0 0 + T+ o3
T'TQCGTQPNOSTKDDTQLNG 70896%

Score = 98 (39.6 bitsg), Expeoct = 2.20-43, Sum P{2) = 2.22-43
Identities = 25/60 {(41%), Posilivesg 32/60 (53%), lrame = =1

Query: 249 LLIORRYLIQUDIQEYSDIGCIQIETHELENIVTQTD.QTKESSIQTDIQEVEDIDTQOTDIQ 302
ILT + TQT I + QT+ HE « TQT 7 T + QTD E EDI QT ++
Shijct: 3144 IUIMRTETQCLTPY-DSTNTOTDTHESKETETQTVIPTRSTETQTDTIETEDIGIQTKLR 313920

Score = 42 {1%.8 bits), Expect 2.Be-22, Sum P(2) = 2.8e-22
Identities = 11/22 {(%0%), Poritives = 12/22 (51%), Frame = 42
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Query: 117 YXYINKSEFEDYYESPFCBVIEIIK 138
Y ¥T S5 + YWK F 3 F K
Shict: 8092108 YSYIYNSE+*KLYYKWFFSKFAK 8C38173

Seoore = 43 120.2 bits), Expect = 41.52-22, Sum P(3) = 4.5e-22
Idencities = 28/93 (26%), Positives = £./93 (44%), Frame = +1

Quary: 113 SOGNFYXYINKS -FBEREDYYKSFCSVFIKIP - PO~ - KLEFTPRLEK- - -NVEKTEXEXYEXXXE 165
s F +NK B ¥ +5 &V IK P P + F P+ K +V+ E
Ghjct: 235174 SXEFDDLLNKKLEGLXYEESEASV-IKEPEPSTSREPEPSVIKESESVEIEEPKPSVRRE 235350

Query: 166 XEXXXXAPQSEQUOKNVDIVSOSLASEEGTDLEK 198
S+ D4 +++34 L4+ 3-D +%X
Shjet: 225351 ARPLRYSQTSVKFDRVIEMMSEHLERSGVNSKY 235449

Soors = 43 {20.2 bits,, Expecl = 4.42-22, Sum P(2) = 4.5e-22
Tdentilies . 8/23 (34%), Positives = 13/23 (56%), Frame = -2
guery: 128 YVYKSFOSVRIKIPPGKLPLIPRLI 1508
+¥ +FC++ 2K KL L=

shjci: 425084 FYSTHCNILLKSTKYKLYTNIILK 425152

Score - 42 (192.8 bits), Expect = 1.3e-47, Sum P(3] = 1.5e-47

ldenticies = 6/16 (37%), Pes:ztives = 9716 (56%), Frame = +Z
Query: 372 WLLRPRNMKXTETEKKIW 367

W+ PRN +7T =W

Skrjck: 480626 WICYPRMRLKDTTSSW 480673

Score = 42 {13.8 bits), Expect ~ 1.5€-37, 3um P{3) . 1.5e-37

Identitives « 21/44 (25%), Positives = 19/441 (43%), Frame = +Z2
ouery: 251 OEIEDIGZIQTEIHELENIVTQTDTQTKESSTQTOHTRRVANTNTS 304

2 IEE ++F TL.E Q ++ + E + D D +

Sbijct: 42985 QRIFLKSKESESKMALEPETIOFEVSSDEEEADEITSKCDDYDKE 43117

Score = 43 {20.2 hitg), Expect = 6e-38, Sum T{2) - 3.6c-38
léentikies = 13741 (31%), P051r1qu = Z1/41 (T1%}, Frame — +1
cuery: 268 IQTEIHE -LENIVTQTDIQTKESSIQTDTQEVEDEDTQTDI 307
+G P ET + T +T ++ T0Q EV 1 TOT

Shjct: 514681 VONTLEEGLA*FPIRETQAETAQONGICTFLLEVIRIWIQIKL 514803

Seore = 228 {(85.3 kitg), Expact = 7.7e-18, Sum P{3} = 7.7c-18
Identities = 30/.25 (40%}, DPosiliveg == 72/12% (57%,, Frame +1

Cniary 2 MVVLKLSH: ITFTLFLYRVIFASSEILYLDNLDNPNEYTIKIVEDRLTKIMILSTPEDKIT 61
MY b+ =+ o+ o+ L o2Y +K A S 'L L N+ N P+ 4KIVE +TK ML ST + IT
Soyjct: 23718 MVRVNTLLOPYATL T VYCIKTATSMVLDLIENI SNSGFWALKIVEGRNITKTMIYS (alRPIT 33887

Query: £2 EZRSERKLIWCSDRCEYVECFTRESFESSDEKTLITIEIGNAVDEAMKINIIYVLSGNFYXYIN 121
+«=R ++1H T VEC T +GFE +K L-TIEI + V M a4 ¥ ¥YI+
Shyjct: 33598 KVROGTRVIWEPYSYESVKCVTHYSFELHNKILMTIEISDPVYNDMYYFKRRRTHYVYTS 34077

cuery: 122 KSETFE 126
K EFE
Sbjct: 34078 KKEFE 34052

Score = A5 (20.9 pbitz), Expect = 7.2¢ 38, Sum P{3! = 7.2e-3
Tdentitieyd - 7/15 (48%), Positives = 12/25 (80%), Frame = +1

<

Query: 177 QHDKNVDIVSQSLAL 191
QUDEN++++ Q= E
Sbjot: 3326256 QHDKMINVMKQAHEER 336300

>473
Length = 137,%69

Pluz Strand HSDs:

Score = 91 {(37.% bits), Expect = 0.56, Sum P(2} = 0.43
Identities = 33/124 (26%), Positives = %6/124 (45%), Frame = +2
Query: 12 FTLFLYRVKFASSEILYLDN-EDNPMF-- - -¥TIKIVEDRLTKIMILSTPEDKITRIRSK 66
L ¥ E+ L++ Lo NP +++ ++DR+T+ ++L+ ++T +

Shjet: 56228 YPLIKYHFDVLKDEMESLESTLDLHMEFSDSLFSVSHLDDRVTRELLLARRLSRVTIRVINHN 56407
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Guery: 67 RKLIWGSCRGEYVKCFTRFSFESEZDX------ TLITZEIG-NAVDEAMKFIVVIGNTYKY 1139
L+ S E K 34+ +K T T + N +DB TV Y v

Shict: S64CB CDLYWSSCGTELFEKS - A LSYNTMNKLVLVEMTLTTPNMTYRN PLDEKSTRY YV IRTLYFY 56584
ety 1z0 INKS 123

NK3
Shjcii: 56585 RMNKS 56536

Score = 46 (21.3 bits), Expest = 0.86, Sum P(2) = £.58

Tdentities = _7/85% (33%), Pcsitives = 20/55 (54%), Frame = +3
Orery: 274 ELENIVIQTOIQTKESSIQTDIQEVEDLIDTQUDIQELLNIGIQTIGNFSDITEVT 328
+ AN +7 +Q KR35 +-T E+ + ++0Q + N~ G FS1 T +T
Sbhjct: 108707 DTEN--RETTT.QFKESELRTKELELNEKESQLNNALANNME - - - -GEFSN-T3LT 10€350
Seors = 46 {(21.3 bits), Bxpect - J3.86, Sum BF{2) = 0.58
Identities = 9/22 {40%), PBositivoe = 11/22 (50%), Frame = +2

Cuexry: 119 YTNKSBFENYYKSFUSVRIKIP 140
¥ N X LYY SF o+ o+ 2
Shijcl: 66RLE YYNLCDINNDYYTSETXLVPRT? 6€882

Scorc 4
Tdentitie

’

8 (22.0 bhits), Lxpect = .55, Sum F(2i = 0.43
g = 1¢/13 (76%}, Positives = 11/13 (84%), Franc = -2

Query: 115 NLEYKYIN-KSEFZ 126
WPY+YIN KS F=
Ebhjoo: 22366 NFYQYINQKSSFE 83404

>500
Lengch = 12,748

Minus Strand HSPa:

Score = 77 (32.2 bilLs), bxpect = 1.4, ¥ = 0.80
Tdentities = 27/102 {26%), Positivesg = 47/101 {&6%), Frame = -3
Jucry: 58 DEXITEIRSERXLIWGEDRGE----- FVRCFTRFSFESSCKPLETLIEIGNAVDEAMEFIYY 112
4+ IT++R +LI+ +D G +V+ F o4l # + T e} + K I s

Shice: 11846 EFITQLRFGNELIFPNDTASNNYNLFVEMFLOFNLKLVSFYVATFINGLLKEVKRKVIST 11667
guery:  Ll3 SGNFYKYIVKSEFEDYVKSFCSVETKTEPGKLPI-PRLKKM 152

S + ¥ YT+ EF VK +++ G D F o+ KN
Sbjct: 11666 SYDTYSYISNEEF- MYKINK:ILVSVDIGFKPKHPFVHWKN 11550

»450
Lencth = 1,309,324

Minuts Strand HSPs:

Scora = 85 (35.0 bitz), Expect = 3.6, Sum P(2} = €.97
Identities - 20/120 (24%), Positives = 58/125 {(4€6%), Frame . -1
Cuery: 11 IFTLFLYRVXFASSEILYLDELDNDPNEYTIKI - -VEDRLTKIMILSTPERKITELIREKRK &8
L +TF+Y S+ T4+ 4+ N NF X+ ¥V T4 1+ +KI w4 Kt

Sbhjct: 303225 IVLIFIYCALVTSNNIIDI-SFPNFNFIALSLEDVYGNVIMVTIVPNASNKTIVEVVDKOR 200049

Quary: (S LIWG-SDRGEYVYKCITRESFESSDKTLITIEIGNAVDLAMYE LYVSGNEYRY INKSEET
Iw  + E++ + D+ Th =~ + 4+ ¥ =+ +XF (€] +I 5 =
Skrjet: 360048 QIWNRTSVDEFLSELKLYRLYGSEDRLLFIVSVYVDNVY - XYVKEYIKOG--VPWIETS-MED 299881

127

Cuery: 128 YYKSF 132
+  BF
Skjct: 29988C FNSSF 209856

Score = 53 (23.7 bits), bxpect = 3.6, Sum P(2} = .97

Idsntities = 16/68 (23%), Positives = 32/68 (47%), Frame = 2
Qucrys 253 WNRYTQTDIQELliS----DIGIQTEIHELEN - - - TVTOTDIQTKESS IQLIDIQSVEDIDTOT 305
NRY'[ TD++EI + + EN +T+  + “+ D+Q  4+D4

Sbjct: 210455 NRYT-TDLKEINILNTHSLIFSNDFSNPENHNKFNFKTEDYSNSHNSHNDLQHTODLODSQ 210279

Query: 3068 EIQELENT 3:3
D+Q+ +++
Shict: 21¢278 DLQDSQDL 2192E5




R.F. Stermn, 2003

Parameters:
R=20
cpus=_
matrix=b.osums2
E=10
V=20
filter==zeg

ctxfantorss.00

Quary === As Used -----  -----
Frame Matild Matrix nung Lauupdel K H Lanbda
+0 0 klosuns2 3.315 0.134 0.375 same

0=9,R=2 g.244 0.0300 G.23840 n/a
Query
Frame MatiD Seagthk  WEDE. Length E QW T X B2
+0 G 466 466 0. 65 3 12 22 ©.080

Statisricsa:

LDatabasc: Jusr/locel/db/ufwg/e_parva
Title: Jusr/local/db/ufmg/t_parva
Pogled: 4:06:00 PM EDT May 21, 2001
Format: BLAST-1.4
# of letters in database: 8,929,689
b of scquences in databasa: K64
# of datahase sequences satiszfying E: 4
No. of states in DFA: 420 (52 XB)
Totul sizc of DFA: 76 KD (128 KB}
Time ko generate neighborhocd: G.QCu 0.00s 3.00t Zlapsed:
Mo. of threads or provessors used: 1
Search cpu —ime: 4.72uv 0.06s 4.78t Elapscd: 00:006:06
Total cpu tims: 4.76u 0.08s 4.82Zt Elaosecd: 00:380:06

Compuzead

K
Lame
1/ a

G2
38
42

00:00:00
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R.F. Stern, 2003
Appendix K Restriction fragment sizes of A dash 13 derived from Southern
blot analysis of A dash 13 hybridised to probes AThookt and Ta369.

PROBE EcoRl Hindlll Spel Xbal Kpni/ EcoRl/ EcoRl/ EcoRl/ Hindlll/ Hindllli Spelf
e e e e s e OpEL HIndIN Spel | Xbal  Spel  Xbal - Xbal
AThookt
12 *32 *32 8 8 12 {12 *08 16 *32 32
‘08 116 ’5 %32  *08 0.8 14 12 P31
3.2 1 1.3
1 : 1
Ta369
25 432 *32 8 18 ™1 21 25 16 32 32
P7 %32 2.3 28 28
2.0

*2.8
34

T 3.2 _

Approximate sizes of restriction fragments (in kb) mapped 1o TashATI and the putative
TashAT3 gene (Fig. 3.24) (denoted by * and T, respectively). P @ partially digested

fragments.



