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Abstract:

Eimeria bovis, a causative agent in bovine coccidiosis, is responsible for several hundred million
dollars in losses in beef and dairy production annually. The greatest loss is due to morbidity during
acute infection. Although anticoccidials have been used for over 20 years, their efficacy has been
limited and resistant strains of coccidia are emerging. To better understand the biochemistry of
eimerian parasites, which will hopefully lead to new insights for prophylaxis and treatment, we have
undertaken the study of developmental gene expression in Eimeria bovis. We have constructed cDNA
libraries from both developing sporozoites and merozoites of E. bovis and have isolated cDNAs by
differential screening or expression screening. From these screens we isolated cDNAs that were either
homologous to previously identified genes or showed no homology to any known genes. Further the
cDNAs fell into 5 classes based upon their patterns of mRNA expression during sporulation. Two of
the cDNAs, MZ 2.5 and Eb25/50, were selected for further characterization. MZ 2.5, the E. bovis
homolog of heat shock protein 90, is highly developmentally regulated with its mRNA being expressed
in sporozoites, throughout merogony, and in merozoites. MZ 2.5 is, however, not expressed during
sporulation, in contrast to other known hsp90s that are constituatively expressed. Additionally we have
identified a refractile body associated protein that is highly developmentally regulated. In contrast to
other refractile body proteins identified, which are expressed in the sporozoite and then quickly turned
off during early merogony, Eb25/50 is expressed throughout merogony and down-regulated just prior
to the release of merozoites indicating that Eb25/50 protein is likely necessary throughout merogony.
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Eimeria bovis, a causative agent in bovine coccidiosis, is responsible for several
hundred million dollars in losses in beef and dairy production annually. The greatest loss is
due to morbidity during acute infection. Although anticoccidials have been used for over
20 years, their efficacy has been limited and resistant strains of coccidia are emerging. To
better understand the biochemistry of eimerian parasites, which will hopefully lead to new
insights for prophylaxis and treatment, we have pndertaken the study of developmental
gene expression in Eimeria bovis. We have conétructed cDNA libraries from both
developing sporozoites and merozoites of E. bovis and have isolated cDNAs by
differential screening or expression screening. From these screens we isolated cDNAs that
were either homologous to previously identified genes or showed no homology to any
known genes. Further the cDNAs fell into 5 classes based upon their patternsvof mRNA
expression during sporulation. Two of the cDNAs, MZ 2.5 and Eb25/50, were selected
for further characterization. MZ 2.5, the E. bovis homolog of heat shock protein 90, is

highly developmentally regulated with its mRNA being expressed in sporozoites,




throughout merogony, and in mérozoites. MZ 2.5 is, however, jnot expressed during
‘sporulation, in contrast ‘t‘o‘v other known hsp90s that are cdnstituatively expressed‘;,
Additionally We have identified” a refractile body associated p;otein that is highly
dévelopmentally regulated. In c§ntrast to other refractile body proteins identiﬂe;i, which -
are expressed in the sporozoi_te and then quickly turned ;>ﬁ‘ during early merogony,
Eb25/50 is .expressed' througho;lt merogony lan;i down-regulated just prior to the reiease

of merozoites indicating that Eb25/50 protein is likely necessary throughout merogony.
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~ ABSTRACT

Eimeria bovis, a causative agent in bovine coccidiosis, is responsible for several hundred
million dollars in losses in beef and dairy production annually. The greatest loss is due to
morbidity during acute infection. Although anticoccidials have been used for over 20
years, their efficacy has been limited and resistant strains of coccidia are emerging. To

better understand the biochemistry of eimerian parasites, which will hopefully lead to new-

insights for prophylaxis and treatment, we have undertaken the study of developmental
gene expression in Eimeria bovis. We have constructed cDNA libraries from both
developing sporozoites and merozoites of E. bovis and have isolated cDNAs by
differential screening or expression screening. From these screens we isolated cDNAs that
" were either homologous to previously identified genes or showed no homology to any

known genes. Further the cDNAs fell into 5 classes based upon their patterns of mRNA -

expression during sporulation. Two of the cDNAs, MZ 2.5 and Eb25/50, were selected
for further characterization. MZ 2.5, the E. bovis homolog of heat shock protein 90, is
highly developmentally regulated with its mRNA being expressed in sporozoites,
.throughout merogony, and in merozoites. MZ 2.5 is, however, not expressed during
sporulation, in contrast to other known hsp90s that are constituatively expressed.
Additionally we have identified a refractile body associated protein that is highly
~ developmentally regulated. In contrast to other refractile body proteins identified, which
are expressed in the sporozoite and then quickly turned off during early merogony,
Eb25/50is expressed throughout merogony and down-regulated just prior to the release
of merozoites indicating that Eb25/50 protein is likely necessary throughout merogony.
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CHAPTER 1
INTRODUCTION

Impact of Protozoan Diseases

Pfotozoan parasites account for some of thé most devastating diseases both in
terms of mortality and morbidity in humans, with over 606 million people affected each
year [1]. 'Ad’ditionally‘, protozoan parasites cause ehonnous economic losses " in
agriculture. A phylum of protozoa that contains genera responsible for some of the
most widespread and costly diséases is'the Apicomplexa (also known as Sporozqa).
Apicomplexans é‘orhprise a diverse group of parasites infecting a variety of definitive
and intermediate hosts; however, all members of this phylum posseés a characteristic
apical complex in certain developmental stages. The Apicomplexa contain four classes,
Gregarinea, Piroplasmea, Haemosporidiea and Coccidea [2]. The class of Gregarinea is
composed of three orders of parasites, which infect mainly inveftebrate;. Piroplasmea
" contains two orders of parasites and includes the genus Theileria which is responsiblé
for severe lymphoprolife_rative disease in both man and animals [Bj. ﬁaemospoﬁdiea,
the most studied class of Apicomplexans, includes the Plas:nodiu}n speci‘es‘ which are
responsiB‘le for malaria in both man and animals. It is éstimated that 500,000 child;en
die each year as a result of infections with Plasmodium species [4]. Finally, the class of
Coccidea contains four éfders that includ¢ the 'medically important genera Toxoplasma )
and Cﬁptosporidium, responsible  for seri(;us secondary infections in

immunocompromised patients, and the economically important genus, Eimeria.
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Eimeria ‘boi)is, in addition to Eimeria zuernii and Eimeria auburnensis, are the
principal species responsible for bovine coccidiosis, an important disease affecting beef
production in the United States. It is estimated that .over 70,000,000 beef and rdairy
animals are exposed each year to Eimeria species, resulting in an annual economic loss.
of several hundred million dollars due to weight loss and death [5]. Coccidiosis is |
generally observed in calves following weaning, with infected animals exhibiting bloody
diarrhea, dehydration, and morbidity [6]. The disease is self-limiting, with animals

becoming immune to further infections after recovery from the disease.

Life Cvclé of Eimeria bovis

Eimeria bovis is an obligate intracellular parasite that develops through a
series. of morphologically'- disti‘nct extracellular stages characteristic of -coccidians:
unsporulated oocyst, sporozoite, merozoite, and gametocytes [7]. The lif§ cycle begins
with the ingestion of a fully-sporulated oocyst by the bovine host. FuIly sporulated
oocysts of E. bovis possess four sporoc.:ysts, eacfl of which contains two sporozoites.
The oocyst of E. bovis is ovéid in appearance and is typically 27-29 pm by 20-21 pm
[8], distinguishing it from the oocysts of E. zuernii (15-18 x 15-18 pum) and E.
aubdrnensis (36-41 x 22-26 :.um). Upon ingestion of an oocyst, the sporocysts are
releésed; through the action of trypsin (which acts on the Stei_da body at the apical end
of the'sporocyst) and bile salts, the sporozoites then exit from the sporocysts. ane the ’

motile sporozoites are free from the sporocysts, they migrate to the endothelial cells of




the central lacteals in the terminal ileum. The sporogoite penetrates the endethelial cell
and is coutained in a parasitophorous sracuole surrounded by the' parasitophorous
vacuolar membrane (PVM). Iu the endotuelial cells, the sporozoites replicate by
merogony, where a single sporozoite develeps into over 100,000 first-generation
merozoites; a process that sequires ~14 days [9]. During merogony the sporozoite
undergoes DNA replication until over 100,60 nuclei are formed. The uuclei are found
initially ‘arranged peripherally around the meront after which they migrate inward
ferming compartments that give rise to .blastouhores. Each blastophore has a siugle
layer of nuclei around the periphery. Merozoites are formed as radial outgrowths |
around individual nuclei and bud from the blastophore wi'thin the meront. Two types of
E. bovis first-generation merozoites have been observed to be released from in vivo |
meronts [10]. Tyue I merozoites are large, crescent-sheped and highly motile with a
posterlorly located nucleus Type II merozoites are small, spindle shaped and relatively
immobile with a centrally-locahzed nucleus The type I merozmtes contain many more
micronemes and amylopectin granules than type II merozoites and are capable of
penetrating Acultured cells whereas type I merozoites cannot. Altheugh the role‘ of
these two types of merozoites is unknown, ituis thought that they may play very
different roles in further infection.

The releese .of these two types ef ‘merozoites ruptures the host cell and the
merozoiteshthen migrate, through an unknoum mechanism, to the epithelial cells within

the crypts of the large intestine and cecum. Once in the epithelial cells, the merozoites




undergo another round pf merogony, .aﬁer which tﬁe second geheration‘merozoites
énter the sexual pilase. During the sexual phase the r;lerozoi‘tes either develop into
micro- or macrogametes. Aﬂér the microgametes are formed they are released and
penetrate .the cells containing:- the maérogametes where they fuse with the
macrogarﬁete's to form the diploid zygote. This feature of the coccidian life cycle
indicates that a single haploid sporozoite is capable of forming both gametes. The
oocyst containing the zygote théﬁ ruptures the host cell and is released and shed with
the feces. Onﬁe. outside the host the oocyst begins the process of sporulation
developing into the sporocysts that contain the sporozoites. The interval from oocyst’
ingestion to oocyst shedding is approximately 18-23 days.

Although the tissue sites and cell typés in which the various stages of E. bovis
develop are well defined, the biochemical mechanisms responsible fér this specificity
are unknown. It has been proposed that E. tenella‘ sporozoites may enter
lymphocytes énd remain démant ow}er extended periods of time [11]. Additionally,
sporozoites and merozoites may use the lymphocytes to rapidly transit from one site of

development to another, although these models remain largely unproven.

Figure 1. See Next Page. Transmission electron micrographs of Eimeria bovis. A. .
Sporozoite in cultured bovine monocyte; Co, conoid; Nu, nucleus; Rb, refractile body;
Rh, rhoptry X5,500. Provided by C.A. Speer. B. Type II first-generation merozoite;
Co, conoid; Nu, nucleus; Rh, rhoptry. X18,000. C. Type I first-generation merozoite;

Ap, amylopectin granule; Mn, microneme; Nu, nucleus. X18,000. Flgures B and C
from Speer, 1988 [10]. ‘
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Host-immune response to eimerian infections

Several key observations have greatly increased our knowledge of the host
immune response to eimerian infectjons. Both the humoral and cellplar arms of 'the
immune system. participate in the response agéinst eimerian parasites, but the cellular
response appear§ to be the most critical. Initial étudies with avian Eimeria species have
shown that some protection can be passively transfered by serum. Studies in B-cell-
depleted animals (bursectomized and bursa-diseased chickens, Biozzi, low-responder,
and CBA/N mice) have shown that, although these animals are less resistant to primary

infection and slightly more susceptible to challenge than control animals, they retain the

ability to resist 4 challenge infection [12]. These data indicate a contributory, but not :

ﬁmdamental, function for the humoral immune response.

T-cell mediated immunity appears to be much more crucial to the immune
résponse against eimerian infections, although the fur.lct'ion. of the individual
components is uncertain. Athymic mice and rats, upon initial -infection, show more
severe disease and no evidence of any resistance to‘ challenge infections [13,14].
Depletion of CD8+ T-cells in vivo caused an increase in the oocyst productibn in E.
vermiformis infected.mice; However, depletion of CD4+ T-cells, in vivo, increased the
- severity of primary infection of Eimeria vermiformis in mice to a greater extent than
that observed wi;h éD8+ T-cell depletion [15]. Further in vitro depietion of CD4+ but

not CD84 T-cells collected from E. vermiformis immune mice prevented the transfer




of immunity to naive mice [16], indicating that protective immunity may be mediated by
CD4-F T-cells. Thus it appears, as observed with B-cells, the role of CD8+ T-cells is |
cqntl.'ibutory, but not fundamental. The role of CD4+ T-cells appears critical since the
CD4+ cell is responsible .for mediating aspects of both the cell mediated and humoral
immunity. The important regulatory rple pla&ed by CD4+ cells makes a definitive
search for the effector cells directly responsible for immunity to eimerian infections
extremely difficult.

CD8+ T-cells have, however, been sHown t0 be present as a significant portioh
of the population of T-cells during the recovery phase of eimerian _infection [17].
. Recent studies have shown that the related coccidian, Toxoplasma gondii,- can
stimulate CD8+ T;cells in the context of major histocompatibility complex (MHC)
class II independent of antigen processing, ind.icating a superantigen activity [18]. The
stimulation resﬁlts in ﬁroliferation and production of interferon y by CD8+ T-cells. This
observation is in contrast to other superantigens that stimulate CD8+ T-cells in
conjuction with MHC class 1. The response observed with CD8+ T-cells in Eimeria
tenella infected chickens is consistent with the superantigen response observed with T.
gondii, indicating the CD8+ response to eimerian infections might be superantigen-
mediated. This is intriguing because most superantigen responses have deleteﬁoué
effects upon phg host.

One of the results c;f stimulation of T-cells is the reléase of cytokines directly or

through T-cell stimulation of macrophages. Although there are likely many cytokines
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produced in response to eimerian infections, interferon (IFN) y appears to play a

pivotal role. BALB/c mice that have been depleted of IFNy by treatment with an anti-

IFNy antibody lose their ability to regulate the course of primary infections, which

increases the oocyst output [19,20]. Further, IFNy has been shown to inhibit the

development of eimerian species in cell cultures [21]. This treatment does not,

however, have an effect upon development of immunity. The immune response to

eimerian infections, therefore, appears to utilize CD8+ T-cells, humoral immunity and

the production of IFNy, but relies strongly on the CD4+ T-cell respoﬁse. |

Vaccines Ag‘ainst Eimerian Infections

Vaccine‘ development to prevent eimerian infections has met with limited
success. Such development is hindered by a lack of knowledge of both the immune
response against eimerian infections and biochemistry of eimerian development. The
greate{st concern with current vaccine use is that with respect to cost, no vaccine
available is competitive with chemotherapy. Previous efforts have focused on the
development of vaccines for poultry coccidiosis with two types of vaccine being
pursued: attenuated live vaccines and subunit vaccines. To date, the only vaccines that
are commercially availgble for ‘immuniz.at’ion agginst coccidiosis are attenuated livg
vaccines directed against chicken Eimeria spp. [22]. These vaccines suffer from a lack
of efficacy against the same species as evidenced by reports showing poor protection

from a virulent coccidian strain by a vaccine developed from an attenuated line of a




different isolate ‘of the same species [22,23,24]. Thus, the issue of strain variation
makes the development of a live vaccine composed of multiple species and strains .an
enormous task. Although fesearch on subunit vaccines is at a very early stage, thc'are.
have been a nlimbef of reports on potential vaccine candidates. Protection has been
reported against chicken Eimeria using refractile body proteins of E. tenella and
Eimeria acervulina [25,26] and gametoéyte antigens of Eimeria maxima [27] as

immunogens. The most promising candidate, a refractile body protein isolated from E.

tenella and encoded by the cDNA S07, has been shown to cross-protect against four
species of Eimeria. E. tenella, E. acervulina, E. maxima, and E. necatrix.

Interestingly, the immune respohse agaiﬁst the SO7 protein appears to-be cell-mediated,
which is in ‘agreément with the observation that cell-mediated response is necessary for

immune protection from eimerian infections [28,29].’

Biochemistry of Eimerian Development

Initial studies on the biochemistry of eimerian parasites occurred over 30 years
ago, and although the difficulty in studying eimerian parasites has hindered our.
progress, ‘sor.ne interesting and crucial observations have been made. Some of the
research aimed at understénding the biochemistry of eimerian development has been
initiated based on scientific curiosity, however, a great deal of empfxasis has focused on -
the identification of biochem.ical‘ pathways that rﬁight be exploited for drug targeting.

Previous speculation had suggested that coccidian parasites are vastly different from
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their hosts and lack many critical biosynthetic pathways making them dependent upon
the host for important mac;rom.olecular precursors. However, Pfefferkorn [30], through
thé study of 7. gondii, has recently proposed fhat coccidians lack only a very few
biosyntiletic pathways and their depgndence .upon the host cell is limited. This is
supported by the observafion that 7. gondii can grdw in enucleated cells, ruling out the
possibility that 7. gondii requires host cell DNA or RNA synthesis for its development.

Toxoplasma gondii, like other coccidi.an parasites, is fully capable of de novo
pyrimidine synthesis [40] and furthermore does not appear to hav.e a.c.cess to the
pyrimidine nuclgotide pools of the host, 7. gondii mutants deficient in pyrimidine
salvage cannot utilize either UTP or TTP from the hos; [31]. Parasite de novo
pyrimidine syntheéis was the ﬁrst metabolic target exploited. to develop vclﬁlémotherapies
for treatment of coccidian caused diseases. Because folate is requifed for pyrimidine
synthesis, and the parasites have folate metabolism enzymes similaf to prokaryotic
folate metabolism e@mes, inhibitors of prokaryotic folate metabolism, such as the
sulfonamides, are used extéﬁsively for tﬁe treatmeﬁt ;)f coccidian infections [32].

Itis also. clear that coccidian parasites do not have access to ATP from the host
cell. Metabolic labéling sfudies utilizing ATP that is double labéled with *H in the
purine ring and **P in the alpha phosphate revealed that only the purine ring is-
incorporated into 7. gondii tachyzoite RNA [33]. Additionally, host cells that lack
functional mitochondria support the growth of these parasites. These data are not

surprising since coccidian parasites have fully functional mitochondria and are capable
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of both glycolysis and oxidative respiration [34]. This raises the question as to what
energy source coccidian parasites scavenge from the host cell. All of the stages of E.
tenella contain amylopectin (poly-glucose) which was thought to be the parasite’s only
carbohydrate reserve [35]. However, a unique pathway has been identified in
coccidians in which ‘mannitol is synthesized from glucose [36,37,38], a biochemical
pathway that had previously only been identified in plants and bacteria. All four of the
enzyme activities unique to the mannitol cycle have been found in cell-free extracts of
oocysts, sporozoites and ‘merozoites of E. tenella. Tt has been proposed that by
synthesizing mannitol from glucose, the parasite removes glucose, decréasing the
concentration and allowing more glucose to entef the parasite. Mannitol then serves as
an energy reserve. Enzyme activities involved in the mannitol cycle have been shown to
be develdpmentaily regul;lted. Enzymes rtesponsible 'for. the synthesis of mannitol,
mannitol-1-phosphate dehydrogenase. and mannitol-l-phosphatgse, are present in
unsporulated oocysts, whereas fhe enzymev involved in mannitol utilization, mannitol
dehydrogenase, is present at low levels, resulting in the accumulation of mannitol. The
levels of these enzymes reverse 3duﬁng late sporulation, when mannitol‘ levels decrease
dramatically. The developmental regulation of the enzymes involved in mannitol
metabolism, therefore, determines when mannitol is synthesizééi or catabolized. It is not
known. if the mannitol cycle is a common feature of all coccidians, or whether the

enzymes are active at all ‘stages of E. tenella development. However, because of the
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uniqueness of this pathway, the mannitol cycle is. being pursued as a potentiai drug
target. | |

It is unclear if cocqidian parasites require host-cell protein synthesis for their
development. Studies indicate that 7. gondii can grow in host cells that are temporarily
deficient in protein synthesis. Drug studies in which host cells are treated and then
washed free. of muconomycin A, a nearly irreversible inhibitor of protein synthesis,
reveal that the parasite grows normally and incorporates *H-leucine in these cells. Other
experiments have demonstrated that host cells containing a thermolabile leucyl-tRNA
synthetase support nérmal gfowth of T. gondii when grown at elevated temperatures.
Thus, it appea.rs that T. gona'izi can grow, at least temporarily, in a host deficient in

protein synthesis.

Coccidian parasites are probably reliant upon their host cells for some lipids, -

although these pathways are not well explored. It is known that E. fenella and the
related apicomplexan Plasmodium berghei are i"nc-:apable of cholesterdl synthesis,
thereby relying on the host cell for this membrane component. One of the central
questions of Apicomplexa biochemistry is the source of lipids in the parasitophorous
vacuolar membrane (PVM). Pouvelle ét al. [39] have recently demonstrated, using non-

exchageable lipophilic dyeé, that the PVM is derived from the host cell membrane in

Plasmodium falciparum-infected erythrocytes. Further, dye localized to the PVM can ‘

become integrated into the parasite plasma membrane; however, this dye exchange is

unidirectional, and once incorporated into the parasite plasmalemma does not transfer
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back to the PVM. Therefore, it appears that the parasite must rely on ‘hoslt lipids to
initially form the PVM and can then integrate the host lipids into its plasma membrane.
To date the only host biochemical pathway coccidian parasites are absolutely
dependent on is purine biosynthesis. All parasitic protozoa that have been examined gré |
unable to synthesize the purines de novo [40] and therefore must utilize classical puﬁne
salvage pathways to obtain purines from the host cell. Studies have shown that when
host cells deficient in the enzyme responsible for transferring formate groups to
developing purine rings are infected with T. gondii, “C-labeled formate is not
incorporated into 7. gondii purines indicaéing de novo purine synthesis is not ‘occurri.ng.
The labeled formate is incorporated as the ﬁeth'yl group in parasite thymine indicatingl
that formate is aécessable to the parasite [30]. Further, studies with E. fenella
unsporulated opcyst extracts have shdwn that amidophosphoribosyl transferase, which .
is the first enzyme in the de novo puriﬁe synthetic pathway, is abseﬁt '[41]‘. To
compensate for their lack of de novo purine synthesis, E. tenella parasites possess
app'roximately‘; ‘10-fold higher hypoxaﬁthiﬁé—xanthine-guapine i)hosphoribosyl
transferase (HXGPRT, responsible for transferring the phosphorylated ribose groups to
the purine rings) activity ‘as'compar'ed té the host cell. Interestingly, HXGPRT, the
enzmye of coccidian parasites differs from the enzyme homolog found iﬁ vertebrate
host cells in that coccidian HXGPRT can utilize xanthine. The utilization of xanthine by
coccidian parasites has recently been exploited to develoj)' selection strategies for the

introduction of DNA into 7. gondii. Mutant 7. gondii strains that are deficient in
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Ib(GPR’f can be transfected and sélected for the pfesence of HXGPRT by the addition
of mycophenolic acid, which blocks conversion of inosine monophosphate to xanthine
monophosphate fo;cing the parasite to use x;inthine. Thus, only HXGPRT+ parasites -
can grow under these conditions. Conversely, T. gondii’s ability to utilize xanthine
results in its‘ susceptibility to 6-thioxanthine which can be used to select against
HXGPRT+ cells.

The observation that coccidians 'cannc;t synthesize purine de novo raises the
issue of how these parasites sélvage purines from the 'h(')St cell. The most likely .
candidate for salvage is ATP because of its high concentration in the host cell.
However, recent studies ha‘ve shown that 7" gondii, ‘because of the impermeability of
the plasma membrane to nucleotides, saivages adenosine and adenine [42]. This
‘concl’usi‘on is supportg:d by 'the demonst‘ration that' NTPase is present in the
parasitophorous vaéuole and in contact with the PVM [43]. The N;I‘Pase, in associatio'n‘
with a 5’-nucleosidase and‘ an adenine transporter that has a higher K., than mammalian
adenine transporters, implies tha'; adenine is the main source of purine for the para§ite.

Considering the various attempts at rational drug design, it is interesting that
the most successful group of anti-coccidials are the polyether ionophores. The
ionophores have outperformed the drugs of all other classes [44] in their efﬁcacy |
against coccidians. However, it has been speéulated that the mocie of action of
‘ionc')phores is to act on the host-cell directly and the parasite iﬁdirectly. Wang [40] has

postulated that the effect of oral administration of ionophores to eimerian infected
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animals results in the breakdown of the ion balance of the host plasma membrane which
results in the decreased impo;t of carbohydrates needed By the barasite thereby killing
the parasite. However, parasites rgsistant to monensin have been shown to be deficient
in monensin transport, indicating that the ‘effect is directly upon the parésite [45].
Tartakoff [46] has sho;;vn that monensin has the greatest effect upon the Golgi, where it
inhibits protein trafficking and glycosylation. The effect of Golgi inhibition on parasite
protein traﬁ'lcking might result in the parasite being unable to synthesize the

glycoproteins necessary for the apical complex.

Developmental Gene Expression in Eimeria.

Eimerian parasites undergo ‘developmental processes that are precisely
coordinate& with very little variation obsefvedr iﬁ the duration of their life cycles. In
order for these parasites to precisely regulate their development, one would expect
tight control in the gene expression specific for each developmental stage. Several
obsewétions have been mallde that suggest that large changes in gene expression occur
between the various developmental stages in eimerians. Ellis and i‘hurlby [47] have
shown that the levels of trans’lata‘ble RNAs, as measured by #n vitro translation, change
significantly between un-, partially-, and fully-sporulated oocysts of E. maxima.
Additiénally, Hebert et ;11. [48] have isolated cDNAs that are expfessed only in
unsporulated oocysts. In the tra1.1sition from sporozoite to rperozoite during merogony,
there are large; differences in gené expression. Reduker and.Speer‘ [49] have shown that

there are numerous differences in the species of proteins expressed in sporozoites and




16

merozoites of E.  bovis indicating that althougﬁ the two stages are similar
morphologically (Fig. 1), there‘are major ‘cha;lges in gene expression during merogony.‘
The differences in gene expression between sporozoites and merozoites may be as high

as 5% [50]. Finally, Mencher et al. [51] have identified antigens by in vitro. translation .
of gametocyte RNA from E. maxima that show different electrophoretic patterns tﬁaﬁ

proteins produced by translation ‘of‘" oocyst RNA. These data indicate that major

changes in gene expression occur betweén the various developmental stage§ of
eimerian species.

To further investigate the mechanisms responsible for the developmental
regulation of eimerian parasites, with the 'ul.timate goal of identifying biochemical
pathways that might be exploited for drug development, we have undenaken the study
of developmental gene expressi‘on‘ in these organisms. The focus of our studies is on the
transition of eimerian parasites from thé sporozoite to the merozoite. It is during 'thié
stage in E. bovis that the greatest biotic pote;ntigl occurs; where a single sporozoite can
develop into over 100,000 merozoites. We have used various techniques to isolate
developmentally regulated genes of E. bovis sporozoites and merozoites and have
characterized these genes based upon théir patterns of spatial and temporal expression

both at the mRNA and protein levels.
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CHAPTER 2

ISOLATION OF DEVELOPMENTALLY REGULATED cDNAS FROM EMERIA
Bovis SPOROZOITES AND MEROZOITES

Introduction

The coccidia belong to the phylum Apicomplexa and comprise a diverse group

of intracellular protozoan parasites of vertebrates and invertebrates [8]. Coccidian life

cycles are complex with certain species being homoxenous, while others are

facultatively or obligatorily heteroxenous. Regardless of whether a species is
homoxenous or heteroxenous, the coccidia are known to progress sequentially through
a series of éommon ‘develépmental .stages [8]. Although detailed -‘ultrastructural
descriptions of the developmental stages of some coccidians have been available for the
past 20 years, little is known regarding the biochemical mechanisms that are critical for,
- or regulate t};e development of, coccidian.parasites.-Recently, a limited nun.l-ber of
reports have idgntiﬁed genes and antigens that are developméntally regulated in
coccidian parasites as described in chapter 1.

To identify specific changes in gene' expressioﬁ char'acteris‘tic of the coécidian

life cycle, we explored methods to rapidly isolate -a large pool of developmentally

regulated genes. We have used differential screening of stage-specific E. bovis cDNA
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libraries to isolate genes that are regulated during development of sporozoites and
merozoites. Northern-blot-analysis of a limited number of cDNA clones identified a
single class of oocyst-specific genes anq 3 classes of geﬁes expressed in merozoites,
based on their patterns of mRNA éxpression during development. Several of these:
developmentally regulated cDNA clones display a high degree of identity to mammalian

genes involved in protein synthesis and degradation.

Materials and Methods

Parasite Isolation

Oocysts were isolated from the feces of experimentally infected Holstein; ,
Friesian calves as previously descﬁbed [52]. Partially- and fully-sporulated oocysts
were obtained l;y incubating unsporulated oocysts in 2.5% potassium dichromate at
room temperature for 36 h and 72 h, respectively. Embryonic bovine tracheal cells
(EBTr; ATCC #CCL44) were used for in vitro };roduction of first-generation
merozoites [52]. Un-, partially-, or fully-sporulated oocysts of Eimeria bovis in 2.5%
potassium dichromate were washed in sterile deionized, distilled H,O (ddH,0) and
collected by centrifugation at 830 g. This process was repeated ..three times. The
oocysts were sterilized with 50% Clorox (5.25% sodium hypochlorite) for 1 hr at room -
temperature. An equal volume of ddH,O was added and the oocysts collected‘ by

centrifugation. The oocysts were then washed two additional times as above.
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RNA Isolation

The oocysts were then tesuspénded in 3 ml of 4M guanidine isothiocyanate (GIT)
containing 0.024 M sodium citrate, 0.005% (w/v) Sarcosyl, and 8% '(v/v) 2-
mercaptoethanol. The oocysts were either quick frozen in liquid N, in a Diamonite
mortar (Fisher Scientific, Pittsburgh,‘PA) that had been precooled with liquid N, and
ground for 30 min in the presence of liquid N, , or they were added to a -French
pressure cell (Aminco. cat. no. FA-003, Urbana; IL), that had been precooled to -20 C,
and disrupted at 20,000 psi. The lysates were then centrifuged to remove cell debris
and processed by a modified version of Chomzynski and Sacchi [53]. Injection grade-
H,O (Baxter Healthcare\ Corp., cat no. 2B0304, Deerfield, IL)‘was added to the

samples to reduce the é}IT concentration té 2.5 M. Sodium acetate (3 M), ka 4.0 was |
added to a final con,centfation of 0.18 M, followed by the addition of an equal volume
of H,O-saturated phenol and 0.2 volumes CHCl;. The solution was mixed with a
vortex for 1 min and "che lysate incubated on ice for 15 min. The lysates were then ‘
centrifuged at 12,100 g for 20 min and.the upper aqueousilayer transferred to a fresh
tube. An equal volume of isopropanol was added and the ‘lysétes precipitated for 1-2 hr'
at -20 C. The RNA was collected by centrifugation at 12,100 g for 20 min. The pellets

were then redissolved in 2.5 M .GIT containing 8% (v/v) 2-mercaptoethanol and

precipitated with 2 volumes 100% ethanol at -20 C for 1 hr. The samples were
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centrifuged at 12,500 g for 45 min and washed in 70% ethanol. The pellet was then
resuspended in injection grade H;0. Merozoite RNA was prepared by lysing the
nierozoites. directly in the 4 M GIT solution and mixing by vortex for 1 min. The

sample was then processed as described for the oocyst lysates.

¢DNA Library Construction and Screening

To isolgte developmentally regulated cDNAs of E. bovis, libraries in Agtll
-were c‘:onstructed from mRNA isolated from oocysts sporulated for 36 hours (partially
sporulated) and first-generation merozoites that haci been produced in cell culture
[54,55]. Total RNA prepared from each stage as described above [61] was enriched for
poly-A+ RNA by oligo dT cellulose ;:hromatogr.aphy (Stratagene, La Jolla,l‘CA) and
double stranded cDNA was ‘synthesized by the meih_od of Gubler and Hoffman [56]
using oligo dT for priming ﬁr§t-strand synthesis. Differénltial reciprocal screens [57]
were performed using **P-labeled first-strand cDNA prepared from partially-sporulated
oocyst poly-A+ RNA and ﬁrstfgeneration merozoite poly-A+ RNA. Sixty .thousand
phage, (15,000 phage/150 mm plate) were plated and duplicate nitrocellulose lifts
were made. The lifts were then hybridized overnight at 50 C in hybridization solution
consisting of 6 x standard saline citrate; (SSC) [58], 100ug/ml ye.';.lst tRNA, 50%
formamide, 2 x Denharvdt.’s .solution and. the ‘3,2,P-labeled éDNA probes at 6 x 10°
cpm/ml. The nitroce;llulose' liﬁs were washed 3 times in 2X SSC, 0.1% (w/v) sodium

dodecyl sulfate (SDS) for 20 minutes at room femperature followed by two washes in
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0.1 X' SSC, 0.1% SDS for 30 minutes at 55 C. The filters were then air dried and
exposed to X-ray film at -70 C for 4-16 hours with an intensifying screen. Plaques that
hybridized to the target probe and not the control probe were selected and the i)hage
eluted overnight in SM buffer ['58]. The selected phage were then rescreened until the
phage were plaque pure. The selected inserts were then subcloned into the plasmid

pBS-SK+.

Northern Blot Analysis

Northern | blot analysis was performed using | total RNA iéolated from
unsporulated, partially-spomlatgd, ﬁxlly-sporulated‘ oocysts, and first-generation
merozoites produced in vitro. Briefly, total RNA was isolated from these stages as
described above and 5ug of each was électrophoresed on 1.2% (w/v) agarose gels
containing.6.7% (v/v) formaldehyde, 1 mM EDTA, 20 mM sodium phosphate, pH 7.0,
and 5 mM sodium acetate. The RNA was transferred to ni~trocellulo‘se by capillary
blotting hsing 20 x SSC. The blots were hybridized (1 x 10° cpm/ml) with gel-purified
cDNA inserts that had been 32P-labeled by nick translation to specific activities rmging
from 2 - 4 x 10 cpm/ug DNA. The blots were then hybridized and washed as
described for screening of the‘cD,NA libraries. The filters were then exposed to X-ray

film using intensifying screens.
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DNA Sequencing and Analysis
cDNA sequencing was performed on double stranded templates by the dideoxy
method of Sanger [59] using the Sequenase 2 kit (USB, Gaithersburg, MD). The

deduced sequences were used to search the GenBank® database by the FASTA

algorithm of Pearson and Lipman [60].

Results

Development of a Method for Isolating RNA from Coccidian Qocysts.

A major hindrance to the study of coccidian parasites has been the inability to
produce the quantity of biomolec;xles hecessary for biochemical studies. Of major
import to our studies was the isolation of total RNA from the various life cycle stages.
Although RNA could be readily isolated from ﬂrst-generation merozoites, isolation of
intact total RNA from oocysts was problematic. Methods had been reported for
isolating RNA ﬁom excysted spo_rozoites by established protocpls. These, howevér,
suffered from either 'low yields or from poor quality. Additionally, they provided for
only the isolation of RNA from the sporozoi;e stage and not from the developing
sporozoite. | |

To address this problem, wé tc;,stéd(_ methods for isolating intact total RNA from
fully-sporulated oocysts by various methods. We chose fully-sporulated oocysts

because in-our previous work we had found them to be the most resistant to disruption
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(Abrahamsen, M.S., T.G. Clark and M.W. White, unpublished observations). In this
study [61], we compared the quantity and quality of RNA isolated from fully-
sporulated oocysts disrupted by grinding in ;¢1 Diamonite mortar in the presence of 4M
GIT to oocysts disrupted by passage through a French pressure cell at 20,000 psi in
GIT. The French pressure cell yieldedlmuch‘ higher quality total RNA, as assayed by
denaturing electrophoresis and Northern analysis, than did grinding in the mortar (data
not shown) [61]. Additionally, the yield of RNA from the French press method was 22-
fold higher than that from grinding _(Tabie 1). These studies provided methods by which

comprehensive biochemical and genetic studies could be undertaken with the parasite

E. bovis.
Table 1.
Comparison of Oocyst Breakage Methods :
Oocyst breakage | RNAvyield - RNA
method - QOocysts broken (S (pg/oocyst)
French Press >7.6x 107 134 - 1.68
Liquid N, Grinding 6.4 x 10° 6 0.080

From Abrahamsen et al., 1993 [61]..

Differential Screening of E. bovis cDNA libraries.
To isolate developmentally regulated E.. bovis genes, cDNA libraries were
constructed from oocysts sporulated for 36  hr (partially sporulated) and first-.

generation merozoites produced in cell culture. Reciprocal differential screens [57]
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.were performed using **P-labeled ﬂrst-étrand c¢DNA prepared from partially-éporulated
oocyst poly A+ RNA and first-generation merozoite poly A+ RNA From each library a
total of 60,000 phage were screened. ‘Sixty-seven plaques from the merozbite cDNA
library preferentially Hybridized with the merozoite cDNA probe, and over 250 plaques
from the partially-sporulated oocyst library preferentially hybridized with the partially-
sporulated oocyst cDNA _probe. On average, only 2% of the plaques scréened
hybridized to either probe, with the majority (>80%) of these hybridizing‘ to both
probes. Due to the limiting concentration of individual cDNA molecules available for
hybridization, practical limits for detection by differential screening have been estimated

to be those mRNAs that are at concentrations >0.1% of total mRNA species [57]. The

remaining- non-hybridizing phage can be expected to represent either low abundance

mRNAs or DNAs that are artifacts of reverse transcription.

Seven phage that preferentially hybridized with the merozoife cDNA probe and

3 phage that preferentially hybridized with the p.artially-sporulated oocyst cDNA probe
were plaque-purified and the cDNA fragments ~subcloned into plasmid pBS-SK+. The
size of each cDNA clone was estimated on agarose gels by comparison to DNA
standards of known length (Table 2). The cDNA inserts varied in size from 100 to
2800 nucleotides. The oocyst-specific clone SZ17 céntained an internal EcoRI

restriction site that was identified during characterization. Both fragments were

subcloned and designated SZ 17L and SZ 17S. A series of Southern blots were .

generated to analyze the extent, if any of cross-hybridization of the 10 cDNA clones to
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each other. No cross-hybridization was found, indicating that each of the clones was

unique (data not shown).

Table 2.

Estimate of the insert size of cDNAs 1solated from the dlfferentlal
screening of merozoite and oocyst cDNA libraries

Merozorte c¢DNA" Fragment Size (bp) Qocyst cDNA®" Fragment Size (bp)

MZ 1.1 1700 SZ 17L 2800

MZ14 100 ' SZ 178 450

MZ13.1 700 SZ 22 500

MZ 19.1 1250 SZ 27 900 .
MZ 20.1 200 '

MZ 25.1 950

* Merozoite cDNA library was prepared from ﬁrst-generatlon merozoites
produced in cell culture.
® Oocyst cDNA library was prepared from 36-h partlally-sporulated
00Cysts.
From Abrahamsen et al., 1993 [54].

Characterization of mRNA expression.

To assess the success of .the differential screens and to examine the mRNA
expression pattern of the corresponding ,cI?NA clones;, total RNA isolated from
unsporulated oocysts, partially-sporulated oocysts, fully-sporulated oocysts, and first-
generation merozoites produced in vitro vsras subjected to Northern blot anaiysis. Total
RNAs were separated on formaldehyde/agarose gels, transferred to nitrocellulose, and
hybridized to **P-labeled cDNA inserts. Hybridization of the partially-sporulated oocyst
cDNA clones revealed a common pattern of mRNA expression during sporulation (Fig.
2A). The expression of the mRNAs was low in unsporulated oocysts, strongly induced

in partially-sporulated oocysts and down regulated in fully-sporulated oocysts to levels




26

comparable to that found in unsporulated oocysts. No hybridization to merozoite
MRNA was detected with any of the partially-sporulated oocyst cDNA clones, which is
consistent with the lack of hybridization in the differential screen of these cDNA clones
with 3P-labeled first-strand merozoite cDNA. Ethidium bromide staining demonstrated
equal loading and equivalent quality of each of the oocyst and merozoite RNA samples
(Fig 2B). As expected, if the phage clone SZ 17 contained an internal EcoRI site, both
SZ 17S and SZ 17L hybridized to mRNAs of identical size and expression kinetics
(Fig. 2A). Sequence analysis later confirmed that SZ 17L and SZ 17S are the result of

an internal EcoRI site (data not shown).

A. B
abed abed
abed
SZ 17S SZ 22
(5300 bases) (2800 bases)
wWWwWWwW
w WWW

SZ 27

SZ 17L
(5300 bases) I (2000 bases)



27

Figure 2. See Previous Page. Developmental expression of the partially-sporulated
oocysts cDNA clones. A. Northern-blot analysis was performed on E. bovis total
RNA isolated from unsporulated (lane a), partially-sporulated (lane b), fully-sporulated
oocysts (lane c) and merozoites (lane d). 5 pug of each RNA in the presence of 2 pg of
ethidium bromide were separated on 1.2% formaldehyde agarose gels, transferred to
nitrocellulose and hybridized with *’P-labeled cDNA fragments. mRNA sizes indicated
in parentheses were estimated from the position of the E. bovis major ribosomal
RNAs and are only for comparison purposes. B. Photograph of a representative gel
visualized under ultraviolet light demonstrates equivalent loading and quality of the
RNA samples. From Abrahamsen et al., 1993 [54].

Consistent with the results of the diﬂ‘erential screen, the merozoite cDNA
clones, which were isolated based on their preferential hybridization to the merozoite
first-strand cDNA probe as compared to the partially-sporulated oocyst cDNA pfobe,
displayed little or no hybridization to partially-sporulated oocyst RNA and exhibited
strong hybridization to merozoite RNA (Fig. 3). Unlike the partiélly—sporulated oocyst
clones, which all displayed a common pattern of mRNA expression, the merozoite
cDNAs recognized 3 different classes of mRNAs based on the patterns of expression
(Fig. 3), The first class of merozoite cDNAs, represented by MZ 1.4 and MZ 20.1,
| hybridized to mRNAs expressed to some extent in all of the RNA samples, with the
highest level of expression occurring in merozoites. Clones MZ 1.1, MZ 13.1 and MZ
25.1, which represent the second class of merozoite genes, hybridized to mRNAs
which were low or absent in unsporulated ‘oocysts, slightly elevated in partially-
sporulated oocysts and most abundantly expressed in fully-sporulated oocysts and

merozoites. In addition, this class of genes hybridized to multiple mRNA species, the

levels of which are regulated relative to each other during developinent as well. It has
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not been determined if these multiple mMRNA species are the result of alternate post-
transcriptional processing or represent members of a multiple gene family. The third
class of genes, which included MZ 19.1 and MZ 12.2, were expressed at low but
significant levels in unsporulated oocysts, completely absent in partially-sporulated

oocysts and expressed at high levels in both fully-sporulated oocysts and merozoites.

abed abed abed
MZ 1.4 MZ 1.1 —- MZ 19.1
(200 bases) (3500 bases) a (2800 bases) T
MZ 20.1 MZ 13.1 MZ 12.2
(250 bases) (3200 bases) (1100 bases)
|
MZ 25.1
(1500 bases)

Figure 3. Expression of developmentally regulated mRNAs recognized by the
merozoite cDNA clones. Northern-blot analysis was performed on E. bovis total RNA
isolated from unsporulated (lane a), partially-sporulated (lane b), and fully-sporulated
oocysts (lane c¢) and merozoites (lane d). mRNA sizes indicated in parentheses were
estimated from the position of the E. bovis major ribosomal RNAs and are only for
comparison purposes. From Abrahamsen et al , 1993 [54].
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DNA Sequencing and Analysis

The complete nucleotide sequence has been determined for each of the oocyst
and merozoite clones, with the exception of MZ 1.1. Sequences with significant
identity to the E. bovis cDNA clones, as determined by FASTA searches [60] of the

GenBank database, are shown in Table 3.

Table 3.

Sequences with significant homology to E. bovis cDNA clones

Clone Percent homology® Database sequence

SZ178 . 56.0%in 273 nt - "Drosophila insulin-degrading enzyme

SZ 17L 55.8%in328 nt ®Drosophila insulin-degrading enzyme ‘
MZ 1.4 81.4%in 102 nt ‘Toxoplasma mitochondrial-like DNA ;
MZ 12.2 72.6% in 496 nt ‘Drosophila ubiquitin fusion protein

MZ 19.1 65.7% in 825 nt 4Saccharomyces elongation factor 1o

MZ20.1 85.8%in 162 nt Plasmodium cytochrome ¢ oxidase

“nt=nucleotide

®Genbank Accession No. M58465; © Accession No. X53059; ¢ Accession No. M15666; ® Accession No.
M33978; £ Accession No X60241.

From Abrahamsen et al., 1993 [54].

Clones SZ 22, SZ 27, MZ 25.1, MZ 13.1 and MZ 1.1 di.;zplayed only limited
identity over short regions to sequences present in thé GenBank database and appear to
represent genes that either have not been previously identified in other organisms or
that are unique to E. bovis . Conversely, the other cDNAs displayed varying degrees
of identity to ‘other known genes, and two in particular, MZ 19.1 and MZ12.2, appear
to be E. bovis homologs of previously identified eukaryotic genes. The sequence of
MZ 19.1 indicates that it encodes the £. bovis homolog of elongation factor 1a (EF-

1a), as 70 of the 75 genes with the greatest identity to MZ 19.1 were identified as EF-
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1o from several different species (Fig. 4). Sequence analysis of MZ 12.2 revealed that
it encodes the E. bovis ubiquitin-52 amino acid fusion preteie. MZ 12.2 displa);ed
over 70% nucleotide identity with the ubiquitin fusion protein from human,
Drosophila, Trypanosoma, yeast and -other uspecies (Fig. 5). i‘he 52 amir;o acid
extension of ubiquitin has been previously shown to be a ribosomal protein Which is
incorporated into the large ribosome subunit [62, 63]. The cDNA clone of MZ 12.2 is ‘
673 nucleotides long and contains the entirev cod-ing sequence for the 129 amino acids
of the ubiquitin-52 amiﬁo acid fusion protein. The :putative amino acid sequence
encoded by MZ 12.2 is aligned for comparison with the ubiq{litin fusion pfoteins from
Trypanosoma brucei [64], Clamydomonas reinhardltii [65)], Drosophila melanogaster
[66] and human [67] (Flg 5). Sequences 5’ of the arrow encode the ubiquitin pertion
of the protein and sequences 3’ of the arrow encode the fused 52 amino ac’i(i ribosomal
protein. As expected‘,v the ubiquitin monomer encoded by MZ 12.2 disﬁlays.‘high
conservation, with only a single amino acid change between E. bovis and human
ubiquitin. In addition, _fhe ribosomal protein extension is also highly conserved

displaying 6 conservative out of 10 total substitutions between E. bovis and human.

Figure 4. See Next Page. Amino acid sequence alignment and comparison of EF-1a
from E. bovis (MZ 19.1, this report), P. falciparum [68], S. cerevesiae [69,70], X.
laevis [71], and human [72]. Amino acid residues identical to those of E. bovis MZ
19.1 are indicated by *. Bracketed lines indicate gaps in the .amino acid sequences

From Abrahamsen et al., 1993 [54]. ‘
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Figure 5. Amino acid sequence alignment and comparison of the ubiquitin-52 amino
-acid fusion protein from E. bovis (MZ 12.2, this report), T. brucei [74], C. reinhardtii
[75], D. melanogaster [73], and human [67]. Amino acid residues identical to those of
E. bovis MZ 12.2 are indicated by *. Amino acid sequences 5’ of arrow encode the
ubiquitin ynoiety and amino acid sequences 3’ of arrow encode the fused ribosomal
protein. From Abrahamsen et al., 1993 [54].

Discussion

Identification of genes thaf are regulated during the coccidian life’ cycle is
critical to the understanding of the unique dev.elopmental biology of these parasites. In
this report, we successfully employed meil:hqu utilized in other eukaryotic models to
isolate developmentally regulated genes of E. bovis. Differential screening of cDNA
libraries generated from merozoites and partially-sporulated oocysts resulted in the
identification of numerous cDNAs which displayed preferential hybridization to either

the merozoite or partially-sporulated oocyst cDNA probe. Each of the characterized

partially-sporulated oocyst cDNA clones displayed similar kinetics of expression during
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sporulafion (Fig. 2) and were specific to the oocyst stage as no hybridization was
detected in merozoite mRNA even after long exposure times(data not shown). The
identification of a single expression class of oocyst-specific genes is primarily due to the
choice of probes (partially-sporulated oocyst vs. ;ne;ozoite) an.d does not necessarily
“mean that other oocyst genes with different patfems of expression do not eksiét.
Generation and differential screening of cDNA libraries prepared from RNA isolatéd
before, during and after sporulatioﬂ will be necessary to identify different classes of
genes that are involved at various times during sporulation.

In contrast to the _oocyst“ cDNA clones, the 7 merozoite cDNA clones fell into 3
different classes depending on their pattern of mRNA expression during development
(Fig. 3). One characteristic that was common to all of the merozoite clones was that no
mRNA species was identified in which the expression was restric‘ted-exclusively to the
merozoite stage. Each of the clones was expressed to some extent in some or all of the
oocyst RNA samples, but in each case expréssion was highér in merozoites than in
partially-sporulated oocysts which is consisfent with the restriction of expression
defined by the differential screen.

All of the E. bovis cDNA clones examined were expressed to some extent in
fully-sporulated oocysts, with clones MZ .13.1 and MZ 25.1 displaying maximal
expression after completion of sporulation. These steady-state message levels must be
the result of either continuing gene transcription in ﬁllly-spdrulated oocysts or the

mRNA molecules having extremely long half-lifes. The high level of expression of MZ
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19.1 and MZ 12.2 in fully-sporulated oecysts and the lack of any detectable message in
partially-sporulated samples suggest that fully-sporulated oocysts are metabolieally
competent for transcription of at least some genes. These are likely to be genes in
which the products of which are needed for maintaining the viability of 'tl‘le
environmentally resistant oocyst and those genes wﬁich are required by the sporozoite
to initiate the processes of excystation and host cell penetration. These results are
consistent with observations of Ellis and Thurlby‘ [47] who demonstrated a transient
increase in the expression of a variefy of mRNASs during the initial phase of sporulation
in E. maxima, which was followed by an increase in transcription of several specific
genes during the later stages of sporulation. Our results extend these observations by
identifying multiple ciasses of specific genes which were induced and suppressed at
different times during sporulation.

Sequence analysis of the E. bovis - clones has identified several cDNAs of
which the high ‘deg‘ree of identity to mammalian genes provides clues for understanding
the biology of these parasites. The eDNAs MZ 12.2 and MZ 19.1 are most likely the E.
bovis homologs of well-characterized genes involved in protein metabolism: Not
surprisiﬁgly, the differential expression of these genes suggests that protein metabolisfn,
both synthesis and degradation, is highly regulated during E. bov?’s development and is
likely to be important for the major morphological changes associated with the process

of sporozoite and merozoite formation.
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MZ 19.1 appears to be tHe E. bovis homolog of EF-1a. EF-1« functions ;n
the elongation step of protein synthesis, where it binds GTP and amin;)acyl;tRNA and
mediates the codon-dependent placement of this aminoacyl-tRNA at the A sité on the
riboséme [73]. Multiple variants of EF-1o. have been lcloned from X. laevis which are
developmentally regulated during oocyte maturation [74]. This is consistent with the
regulated exprgssioﬁ of EF-1a (MZ 19.1) during E. bovis sporulation. Studies have
revealed a number of regulated activities of EF-la. beyond delivering aminoacyl -tRNA
to ribosomes including sequestration of tRNA or tRNA synthetases in ribonucleotide-
protein particles [75,76], which may be compartmentalized in cellular organelles
through interactions with membraﬁe or cytoskeletal structures [76,77,78]: Th;:se
observations are mot well understood but may indicate a role for EF-lo in
compartmental regulation of protein synthesis [79,80]. This hypothesis is particularly
relevant to coccidian sporulation which must préceed through a series of highly defined
cytokinetic steps in which the époront cleaves twice to form 4 sporoblasts, and within
each sporoblast 2 sporozoites are formed.

MZ 12.2 is predicted to encode the ubiquitin-52 amino V‘a'cid‘ fusion protein
which -exhibits extreme evolutionary conservation over a broad range of eukaryoﬁc
sbéc_ies [81]. The ubiquitin fusion gene is translated intc; a single ubiqhitin moiety qued
to ribosomal proteins. After proteolyﬁc processing in yeast cells, ubiqﬁitin functions as

a post-translational modifying group which signals the degradation of acceptor proteids
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[82], and the fused 52 amino acid ribosomal protein is incorporated into the large
ribosome subunit [62,63]. The presence of ubiquitin at the N-terminus of these
ribosomal proteins has bgen shown to greatly facilitate their incorporation into nascent
ribosomes and is required for efficient ribosome biogenesis [62]. The identification of
the ubiquitin fusion protein ip Eimeria is consistent with a ‘chaperone’ function for
ubiquitin being established early during eukaryotic evolution and its differential
expression provides additiona]-evidencg_ that protein metabolism is highly regulated
during E. bovis development.

A third cDNA, the pﬁtative function of which is based on the similarity of its
sequence to another enzyme involved iﬁ protein metabolism, raises some interesting
questions concerning coccidian biology. SZ17 (containing SZ17L and SleS
sequences) displays a 54.411% identity in a 680 nucleotide overlap and a 51.1% identity
in a 656 nucleotide overlap to D melanogaster [83] and human [84] insulin-degrading
enzymes (IDE) respectively. Overall, this nucleotide identity is reflected in a 30%
amino acid identity with human IDE. However, regions at both the N-terminal and C-
terminal domains contain at least 6 stretches of 11-28 amino acids that have 55-72%
identity among SZ17, human ana Drosophila IDE (data not shown). In mammalian
cells, IDE is involved in the initial cleavage of internalized insulin before removal to
lysosomes [85,86]. Recently, both mammalian and Drosophila IDE have been shown
to be able to degrade transforming growth factqr-on in vitro [87] ‘and in vivo [88]. In

addition, IDE may be a critical factor in mediating the onset of differentiation of
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smooth muscle cells in culture [89], suggesting that IDE may function in both growth

fac:tor removal and cellular differentiation processes. As in the case for SZ17, the

expression of which is specific to the oocyst, IDE has been demonstrated to be .

developmentally regulated in Drosophila [90]. These observations suggest that the

protein encoded by SZ17 may be involved in the degradation of a proteins(s) which is.

an important component of a signal transduction pathway regulating oocyst
sporulation. Wﬁether the protein encoded by SZ 17 has ;cmy ac-t.ivity on insulin rlemains
to be determined.

lThe success. in isolation of devélopmentaily regulated E£. bovis genés
demonstrates the power .of using estébliéhed‘ developmental approaches in studjling
intracellular protozoan'pa’rasites. The amount of infoﬁnation that has been generated
by quickly examining a relatively small number of genes suggests that similar
approaches to isoléte additional gene subsets should provide valuable information
concerning specific developméntal stages including the in&acellular schizont. One of
the drawbaéks tf) the differential screens used in these studies is that only cDNAs

corresponding to abundant mRNAs are identified [57]. To isolate low abundance,

developmentally regulated mRNAs, it will be necessary to empléy technically more

demanding cDNA library construction techniques.
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CHAPTER 3

DEVELOPMENTAL CHARACTERIZATION OF THE EMERIA BovIS HSPOO
o : HOMOLOG : _ '

. Introduction

When oocysts of the .protozoan parasite Eimeria bovis are ingested by a bovine
host, the sporozoites excyst from the sporocyst and ultimately invade endothelial cells
of the central lacteals in the terminal ileum. The invasion initiates a complex
developmenfal process that procedes through several aséxual stages and a final sexual
stage that results in the formation of the ooéyst aﬁd the completion of .the life cycle [8].
E. bovis development is highly programmed with little or no deviation observed
between individual infections. This prograMng is likely dictated by changes in ,'g‘ene
expression. Several groups have studied changes in mRNA and protein expression
associated with the different develo'pmental stages in Eirﬁeria spp. [47,49,91,92] and
have found that there are large changes in gene expression that- occur between the
various developmental stages. We have used techniques of differéntial screening to
isolate differentially regulated cDNAs from different stages of E. bovis [61] to study
the developmental biology of this important ,or.ganism. From‘ these experiments, we

have identified the E. bovis homolog of heat shock protein 90 (hsp9Q).
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The 90-kDa stress protein, heat shock protein 90 (hsp90), like other stress
proteins such as hsp7b,_,is conserved among all organisms from bacteria to humans
[93,94]. Protéin hsp90 is constituitively expressed in eukaryotic cells but, similar to the
hsp70 family, can be induced by mitogenic stimulation or heat stress [95]. This stress
response has been observed in every organism examined, including prokaryotes and
“eukaryotes [94]; The hsp90 proteins have been found in' association with many
intracellular ‘substrate proteiris’ including calmodulin, actin, fubulin, several kinases
and steroid receptors [96] and their activity is in agreement with a broad range
chaperone function. Consistent with this role, hsp90 Ais the rﬁost abundant cytosolic
protein in euka'ryotic‘ cells [96] and it is propo‘sed that hsp90 recognizes immature,. non-
native proteins and facilitates their transport and folding to their native and functional
form. This function requires ATP hydrolysis and is thought to require the accessory
proteins p50, hsp70, and hsp56 ‘[97,98,99,1‘00]: The hs§90_ proteins are found as
heterodimers in fnammalian celis and are likely highly autophosphorylated [101].
Previous attempts to identify heat shock proteins in E. bovis identified hsp-like proteins
in the range of 43, 72 and 75 kDa, but not in the 90 kDa range[102]. Interestingly, our
isolation of E. bovis hsp90 was based upon its lack of mRNA expression in ;pomlating
oocysts, which is unexpected since hsp90 appears to be.ccvmstituitively expressed in

other eukaryotic cells [95].
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Materials and Methods
Parasite Production

One month old Holstein-Friesian calves wé;e ‘inbc-ulated with 250,000 E. bovis
sporozoites [49] through injection into the small intestine 1 meter proximal to the ileo-
cecal junction. Purification of the oocysts followed the procedure of Speer [103].
Briéﬂy, 18 days following infecti;m, fecés was collected from the animals, passed
through a 60 mesh screen, and sediménted at 1500 g by continuous centrifugation. .
The fecal pellet was then resuspended in sucrose -to a final concentration of 1M,
centrifuged at’2000 rpm for 20 min and the supématant recovered. The supernatant
was diluted 1:1 with with sz and ré-centrifuged for 20 min at 2000 rpm, pelleting the
oocysts. The purified oocyéts were either harvested as unsporulated, or potassium
dichromate was added to a final concent;ation of 2.5% (w/v) and the oocysts were
incubated in roller bottles for 36 h (partially-spbrulated) or 72 hours (fully-sporulated)
at room temperature. The potaésium dichrom;te was removed from the oocysts by

repeated Washings in phosphate-buffered saline (PBS).

Mgrozoites were prodﬁced by infection of embryonic bovine tracheal cells
(EBTr, ATCC, CCL# 144) with excysted sporozoites [49] at an infection rate of 2
sporozoites/EBTr cell. Cult'uresl wer’e' either harvested for RNA isolation at various
time points or were all&ved to complete their developmental cycle and produce

merozoites. Merozoites were harvested from the culture supernatant following 14 days
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of infection and pelleted at 1400 g. The merozoites were then washed in PBS and re-

pelleted before RNA isolation.

RNA Isolation

RNA was isolated from un-., partially-, and fuily-sporulated oocysts and first-
generation merozoites produced_ in cell culture as deécribed in Chapter 2 and by
Abrahamsen et al. [61]. E. bovis sporozoite-infected EBTr cells were harvested by
lysis in 4 M guanidine isothiocyanate solution (GIT; see Chapter 2) at day 2, 4, 6, ‘10
and 12 following sporozoite inoculation. The RNA was processed as described in

Chapter 2.

Library Construction and Differential Screening
Poly A+ RNA (2 pg), isolated from merozoite total RNA using oligo-dT |

cellulose colufnns (Stratagene, La Jolla, CA), was converted to double stranded cDNA
by the method of Gubler and Hoffiman [56] using a Pharmacia cDNA synthesis kit. The
cDNA was ligated to Agtll phage arms (Pharmacia) and packaged using phage
packaging extracts (Strétagené, La Jolla, CA). Diﬂ’eréﬁtial screens were perform‘ed’ on
the merozoite lit‘>rary using first strand cDNA probes generated from both merozoites
and partially-sporulated oocysts. Poly A+ RNA from both merozoites and partially-
sporulated | oocysts was reverse~ transcribed using Superscript MMLV reverse'
trans.criptase (BRL, Gaithersburg, MD) with oligé-dT as a primer. The merozoite

cDNA libral;y‘ was plated at a density of 15,000 phage/150 mm plate and duplicate




42

nitrocellulose lifts wére made. The lifts were then hybridized overnight at 50 Cin
hybridization solution [ 6X standard saline citrate (SSC), yeast tRNA (100 pg mi™),
50% formamide, 2X Denhardt’s solution and 50 mM sodium phosphate, pH 7.0 (SSC
is 150 mM NaCl, 15 mM sodium citrate; 50X Denhgrdt‘s solution is 1% (w/v) Ficoll
400, 1% (w/v) polyvinylpyrrolidone, 1% (w/v) bovine serum 'albumin).] with eithér the
merozoite or partially-sporulated oocyst first strand *2P-labeled cDNA. The filters were
washed 3 times in 2X SSC, 0.1% (w/v) sodium dodecyl sulfate (SDS) for 20 min at
room temperature and then 2X in 0. IX SSC, 0.1% SDS fér 30 min at 55 C. The filters
were then exposed to X-ray film at ;70 C with an intensifying screen for 4-16 hr, and
'thé plaques that hybridized only to the merozoite probe selected and further purified
through two more rounds of screening. The cDNA fragment of the clone of interest
(MZ2.5) was subcloned into the Notl site of pBluescript SK+ (Stratagene, La folla,

CA).

Northern An.al:ysis
Five pg of total RNA isolated from un-, partially- and fully-sporulated oocysts

and merozoites or 10 ug of infected-cell mRNA was electrophoresed on fqrmz;ldehyde-
agarose gels and transferred to nitrocellﬁlose by blotting in 20X SSC [54]. The blots
were hybridized (1 x 10% cpm ml?) with gél-puriﬁcd Mz2.5 or’l\/;Zl.l [54] ¢cDNA
inserts that had been 2p_labeled by nick translation to a specific activity of 2-4 x 10°

cpm pug’' DNA using'fhe hybridization and wash conditions described for screening.




43 |

- MZ].1 was used for comparison because it had shown a similar pattern of expression
during sporulation. The probed blots were exposed to X-ray film overnight at -70 C.
with an 'intensifying screen. To quantitaté the levels of MZ2.5 and MZ1.1 mRNA with™
respect to E. bdvis ribosomal RNA in sporozoite-infected cells, the Northern blots
were washed in 90 C water for 15 min and rehybridized. with a 5’-end *’P-labeled
oligonucleotide (5’-CTCAAACTTCCTCGCGTTAGACACGCAAA-3’) ’which was
based upoh sequence 'Hcomparison of coccidianﬂ small subunit rRNAs [104].
Hybridization was then performed as deséribed above. Quantitation of autoradiograms

was performed by densometric scanning (LKB Ultroscan XL Laser scanner).-

Nucleotide Sequence Analysis

Dideoxy DNA sequencing was performed, using double stranded MZ2.5 cDNA
in pBS-SK+ as a template, with the Sequenase version 2 kit (USB, Cleveland, OH). T3
and T7 primers were used to initally sequeﬁce the cDNA. The complete sequence of
the cDNA insert was determined by using primers complementary tp the déduced
sequence. The primers used were TC-5 (5’-CCACCGCCATATACATA—3’), TC-6 (5°-
GTCGAGGGTCAATTAGA-3’), TC-14 (5’-GTAAGGAGGGCGGTATC-3’), TC-15
(5’-CATTCAAGGAATACTGG-3"), TC-16 - (5’-CAAGTCCTTCTTTCG—3’), TC-17
(5’-TAAAGAAGTGTTGCACG-3"), o TC-18a (5-
GATACCGCCCTCCTTACCTCTGG-3%), . TC-19a (5’-

GCTACAGTTTGACGAGATTCCCC-3 Yo and . TC-30 5’-
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CTTGACGAAGTTCAGCCATTCAGG-3’). Sequeﬁces were analyzed using
Lasergene™ (DNASTAR, Madison, WI) computer software and the alignments

performed with the BLAST program [105] and the GenBank database.

Southern Analysis

Genonﬁc DNA was isolated from E. bovis, Eimeria acervulina, Te oxop]asma
gonc.z'ii, Cryptosporidium parvum and EBTf :cells by alkaline lysis [106]}. The DNA was
incubated with various restriction enzymes in the appropriate buffer and
electrophoresed in 0.8% agarose gels, after which the gel was treated with 0.25 M HCI
for 10 minutes, 0.5 M NaOH, 1.5 M Tris pH 7.0, for 10 minutes, 0.5 M NaCl, 1.5 M
Tris pH 7.0 for 10 minutes, and iOX SSC for 10 minutes. The DNA was transferred to
Duralose nylon membrane '(Stratagene, La Jolla, CA) and hybridized with nick-
translated **P-labeled MZ2.5 cDNA insert for 12-16 hours at 37-42 C. Blots were ;chen |
washed three times with 2X SSC, 0.5% SDS for 26 min, followed by 2 washes in 0.1X
SSC, 0.5% SDS at the hybridization temperatufe (normal stringency), or washed three
times with 2X SSC, 0.5% SbS for 20 min at room temperature, followed by 2 washes
in 0.5X SSC, 0.5% SDS at the hybridization temperature (low stﬁngency). The blots

were then exposed to X-ray film with an intensifying screen at -70 C..
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Results:

Isolation of the Differentially Regulated cDNA MZ2.5.

A cDNA library constructed from total RNA extracted from first-generation
merozoites produced in tissue cultufe was differentially screened using **P-labeled first-
strand cDNA generated from first-generation merozoites and partially-sporulated (36
h) oocysts. From a total of 60,000 plaques screened, 67 merozoite specific plaques
were isolated [61]. The clone MZ2.5 was isolated based on its hybﬁdization ‘to the
first-strand cDNA probe from merozoites and lack of hybridization to tﬁe first-strand
c¢DNA probe from partially-sporulated oocysts. The cDNA MZ2.5 was sﬁbcloned into
pBS-SK+, and sequenc(e analysi‘g revealed a 1628 base pair AT richr‘(6(.):%) ‘fragment
whose sequence, when us;:d‘to search thé Genbank ® database, showed 69% identity
to Plasmodium falciparum hsp90' [107] and 67% identity to Theileria parva hsp90
[108] (Fig. 6). The E. bovis hsp90 ‘sequence"is incomplete and corresponds to the 3’
end éf the knov'vnshs‘p90 coding regions. The‘ E. bovis hsp90 deduced amino acid
sequence revealed a 427 amino acid reading frame with 79% identity to the amino acid

| sequence of P. falciparum hsp90. This similarity increases to 89% when conservative
substitutions \ar.e included (Fig. 7). In addition, we 'havle identified a putative ATP
‘binding site at residue 69 '(Fig. 7) and a putative calmodulin binding site at residue 204

that are highly similar to the ATP and calmodulin binding concensus sequences [107]

(Fig. 7).




Figure 6. Pages 46-49. Nucleotide sequence alignment and comparison of hsp90 from
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E. bovis, P.falciparum [107] and T. parva [108]. Regions of greater identity are

indicated by the light gray bars above the consensus sequence. The black bars indicate

regions of lower conservation.
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AXAAA

20 Po Po To To
AAAAAAGAAAAAAGAAAAAAAAAAATACACACAGTTGAACATGAATGGGA

AGAAA

BCCXXTXTGGATGCGAAAACCXGAXGAXGTXA

60 70 20 90 ITo
AGAATTAAATAAACAAAAACCATTATGGATGAGAAAACCAGAAGAAGTTA
TACAAGAAC T - -
CCCCTTTGGATGCGCAAACCGGAGGAGGTCA

CXXAXGAXGAXTAXGCXXXXTTCTATAAATCXXTXXCXAATGATTGGGAA

lio Ho Ho 140 lio
CAAATGAAGAATATGCAAGCTTCTATAAATCATTAACAAATGATTGGGAA
TAA CCAACGATTGGGAA
CGGAGGAGGAGTACGCCTCTTTCTATAAATCCCTTTCTAATGATTGGGAG

m E

GACCATTTGGCXGTTAAACACTTCAGTGTTGAGGGTCAATTAGAATTTAA

Ho 170 Ho Ho 200
GACCATTTAGC TGTTAAACATTTCTC TGTTGAAGGACAATTAGAATTTAA
GACCACTTGGCCGTGAAACACTTCAGCGTTGAGGGTCAGCTTGAGTTCAA
GAACATTTGGCGGTTAAACACTTCAGTGTCGAGGGTCAATTAGAATTTAA

E:rer™ -1 ::erE.mmm E"ETE :le;iee eiie- B &
AGCXCTACTXTTCGTXCCAAAAAGAGCGCCXTTTGATATGTTCGAAACCC

Ho Ho Ho Ho Ho
AGCCTTATTATTTATACCAAAAAGAGCACCTTTTGATATGTTCGAAAATA
AGCTCTACTGTTCGTCCCAAGAAGAGCGCCGTTTGACATGTTCGAGTCCC
GGCGCTCCTCTTCGTGCCGAAACGTGCGCCCTTCGATCTATTTGAAACCC

A'EZZWETTEE T m A3l TWMV m m i ANMITM

GCAAAAAAAGAAATAACATCAAATTXTATGTXAGACGXGTTTTTATCATG

Ho Ho Ho Ho PTo
GAAAAAAAAGAAATAATATCAAATTATATGTAAGAAGAGTTTTTATTATG
GCAAAAAGAAAAACAACATCAAGTTGTACGTCAGACGCGTATTTATCATG
GCAGAAAAAGAAATAACATCAAACTTTATGTGCGTCGGGTTTTCATCATG

amirflizzTfIT-m A" A M -M -rW'mam m..®

GATGACTGTGAAGAXATTATTCCXGAATGGCTXAACTTTGTXAAGGGTGT

PTo Plo Plo Plo Plo
GATGATTGTGAAGAAATTATTCCAGAATGGTTAAATTTTGTTAAGGGTGT
GACGACTGTGAGGAGCTCATCCCGGAGTGGCTTTCCTTTGTGAAGGGTGT
GATGACTGTGAAGATATTATTCCTGAATGGCTGAACTTCGTCAAGGGCGT

flirATTfl-nr.. "fl 'm B BEB EZ3 E E BBEH E T fll

XGTXGACTCAGAAGATCTXCCCTTXAATATTTCAAGAGAAACTCTXCAAC

Ho PTo Ho Plo Ho
TGTCGATTCAGAAGATTTACCACTTAATATTTCAAGAGAATCATTACAAC
GGTAGACTCAGAGGACCTGCCCTTGAATATTTCTAGGGAAACTCTCCAGC
CGTTGACTCAGAAGATCTTCCCTTAAACATTTCAAGAGAAAGTCTGCAAC

IWZW-rWrsm fl — be -fIrerfl

AAAATAAAATACTXAAGGTTATCAGXAAAAACCTXGTXAAAAAATGTTTA

Ho Ho Ho Ho Ho
AAAATAAAATACTTAAGGTTATCAAAAAAAACCTTATCAAAAAATGTTTA
AGAACAAGATC CTCAAGGTCATCAGGAAGAAC TTGGTGAAAAAGTGC CTC
AAAATAAAATATTAAAGGTTATTCGCAAAAATCTCGTTAAGAAATGTTTA
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[ | E N E E N | "= = m Enm E m E"
GAGATGTTCXCTGAAXTXGCTGAGAAGAAGGAAAACTACAAXAAGTTTTA
460 470 TJo TJo JJo

GACATGTTCTCAGAATTAGCTGAAAATAAGGAAAACTACAAAAAGTTTTA 500
GAGCTCTTCAATGAACTCACTGAGAAGAAGGAGGACTTCAAGAAGTTCTA 377
GAGATGTTCGCTGAGATTGAAGAGAAGAAAGAAAATTATAATAAATTTTA 436

E-EIirET-H "fl E E zUl'" B E-Em -E
TGAACAATTCAGCAAAAACCTXAAGCTGGGXATCCACGAGGACAACGCAA
ilo slo slo slo slo

TGAACAATTCAGCAAAAACTTAAAGTTGGGTATCCACGAGGATAACGCAA 550
CGAGCAGTTCAGCAAGAACCTGAAGCTGGGAATCCACGAGGACAACGCTA 427
TGAACAATTCTCCAAAAATCTCAAGCTGGGGATCCATGAAGACAGTGCAA 486

-TZTEE ETI-T-TIEE H = BE BTIIB B HHEI HHTIE

ATCGCXCAAAGATCGCCGAACTGCTXCGXTTCCAXACCACCAAGTCCGGA

560 sTo 5J0 iJo JJo
ATCGTACAAAGATCACCGAATTACTCCGATTCCAAACCTCAAAATCAGGA 600
ATCGCTCAAAGATCGCCGAACTGTTGAGGTTCGAGACAACCAAGAGCGGA 477
ATCGCGCCAAGATCGCGGAGCTGCTTCGTTTCCACAGCAGCAAGTCCGGC 536

T-ETH'H EEEEE E E TIE EEE BEHHTfI T

GACGAAATGGTXTCATTCAAGGAATACGTXGACAGXATGAAGGAXGACCA

Jio Jio Jio Jio Jio
GACGAAATGATCGGATTAAAAGAATACGTAGACAGAATGAAGGAAAACCA 650
GACGAACTCGTGTCACTCAAGGAGTACGTTGACAGGATGAAGAGTGACCA 527
GATGACATGGTTTCATTCAAGGAATACGTGGATCGCATGAAAGAGGGTCA 586

ETCE'H-ETETE""

GAAGGATATTTACTACATCACXGGXGAATCXAXXCAXACTGTAGCXAATT

Joo JJo Jo 70
AAAGGATATTTACTATATCACCGGTGAATCCATCAATGCTGTTTCTAATT 700
GAAGTATGTGTACTACATCACGGGAGAGTCGAAGCAGAGCGTAGCCTCAA 577
GAAGGACATTTATTACATCACAGGGGAATCTCGTCAAACTGTAGCAAATT 636

BTJ
CTCCTTTCCTTGAGACXCTGACXAAXAAXGGATACGAAGTXXTGTACATG
no no no Ho Ho

CTCCATTCTTAGAAGCTTTGACCAAAAAAGGATTCGAAGTTATTTATATG 750
GTCCTTTCCTTGAGACCCTGAGGTCTCGCGACTACGAAGTCCTGTACATG 627
CTCCTTTCCTTGAGAAACTCACAAAGAAGGGATATGAGGTGTTGTACATG 686

B-TB'
ACTGACCCTATTGATGAGTACGCAGTTCAACAGTTXAAAGAXTTTGATGG

770 to tlo JJo

GTTGATCCTATTGATGAATATGCAGTACAACAATTAAAAGATTTTGATGG 800
ACTGACCCAATTGATGAGTACGCAGTTCAGCAGATCAAGGAGTTTGAAGG 677
ACCGACCCTATCGATGAGTACGCCGTTCAACAGTTGAAAGAATTCGATAA 736

TAAGAAATTGAAXTGCTGTACCAAAGAAGGXCTXGAXATTGATGAXTCXG

Jio Jio Jio Jio Jio
TAAGAAATTGAAATGTTGTACCAAAGAAGGTTTAGATATTGATGATTCAG 850
CAAGAAACTCAAGTGCTGTACCAAGGAGGGCCTGGACCTTGATGAGGGCG 727
TCATAAATTGCGTTGCTGCACGAAAGAAGGACTTGAAATAGATGAATCGG 786

AGGAXGAAAAGAAGXAXTTTGAAGCGTTXAAGGCAGAATTTGAACCTTTX

Jio Jo Jo Jo

AAGAAGCCAAAAAAGATTTCGAAACCTTGAAAGCTGAATATGAAGGATTA 900
AGGATGAAAAGAAGTCCTTTGAAGCGCTCAAGGAAGAAATGGAACCTCTT 777
AGGAGGAAAAGAAGAAATTTGAAGAGTTAAAGGCAGAGTTTGAACCTTTG 836
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| ]
@ ©ENE ¢ EEEER H B B B B E |.H
TGCAAACTTATTAAAGAAGTGTTXCACGAXAAAGTTGAAAAGGTXGTGTT
910 91 0 ilo ilo 90

TGCAAAGTTATTAAAGACGTATTACACGAGAAAGTTGAAAAAGT--TGTT 948
TGCAAGCACATCAAGGAAGTGCTCCACGACAAGGTGGAAAAGGTCGTGT- 827
CTGAAACTTATTAAAGAAGTGTTGCACGATAAAGTTGACAAGGTGGTGTT 886

H N
GTXGAACAA-GATTTACCGACTCTCCATGCGTATTAGTCACCACXGAATT
9J0 9TO0 gSo s50 io5(

GTAGGACAAAGAATTACAGATTCTCCATGTGTATTAGTCACATCAGAATT 998
GTGGAACAA-GGTTTACCGACTCTCCATGCGCACTTGTCACCAGCGAGTT 875
ATCCAATCG-TATT-ACCGACTCCCCTTGCGTATTAGTCACCACTGAATT 934

1 oy m m mB.
CGGCTGGTCCGCGAACATGGAAAGAATTATGAAAGCXCAAGCATTXAGAG
10'lo 10*20 loSo 1040 ICsC

TGGATGGTCCGCAAACATGGAAAGAATTACGAAAGCTCAAGCATTAAGAG 1048
CGGCTGGAGCGCGAACATGGAGCGTATCATGAAAGCACAAGCTCTCAGAG 925
CGGCTGGTCAGCGAATATGGAAAGAATTATGAAAGCGCAAGCATTGCGAG 984

ATAAXTCCATGACXAGCTACATGXTGAGCAAGAAGATXATGGAGATXAAC
| OBO 10*70 | OBO 10*90 ITSiC

ATAATTCCATGACTAGCTATATGTTATCCAAAAAAATTATGGAAATCAAT 1098
ACTCGTCCATAACAAGCTACATGCTGAGCAAGAAGATCATGGAGATTAAC 975

ATAACAGCATGACCAGCTACATGGTGAGCAAGAAGACGATGGAGGTGAAC 1034
H H Hammnm

GCXCGXCACCCXATTATGXXXGAAXTAAAAAATAAAGCTGCTGXXGATAA

1 TIO 1120 nbo 140 ITso
GCTCGTCACCCAATTATATCAGCATTAAAACAAAAAGCTGATGCAGATAA 1148
CCGAGACATAGCATCATGAAGGAGCTCAAAACTAGAGCTGCAAACGACAA 1025
GGCCACCACCCGATTATGGTTGAAATAAAAAATAAAGCAGCTGTTGATAA 1084
AACAGATAAAACCGTCAAAGATCTAATCTGGCTXCTXTATGATACCGCXC

1Tso ITo i Tso n '90 1200
ATCAGATAAAACCGTTAAAGATTTAATCTGGTTATTATTTGATACCTCTT 1198
AACAGATAAAACCGTCAAGGACCTAGTCTGGCTTCTCTACGACACAGCGC 1075
GAGTGATAAAACAGTCAAAGATCTTATCTGGCTCCTTTATGATACCGCCC 1134
-BB-BTTB-=TB-TB-""= B B 'BTTB' B H 'THBBHTflI"'B
TCTTAACCTCTGGXTTTAXTCTXGAAGAGCCCACTCAXTTTGCAAACAGA

rc

1IZ10 12*30 12%40 MO
TATTAACATCTGGTTTTGCTCTTGAAGAACCAACTACCTTTTCTAAAAGA 1248
TCTTAACCTCAGGGTTTAACCTCGATGAGCCCACCCAGTTTGGAAACAGG 1125
TCCTTACCTCTGGATTCAGTTTGGAAGAGCCCACTCAATTCGCATGCAGA 1184

1 1 1 1

TTB--B-Z-B BB B B'"B B'"B'"mTB B BH
ATCCACAGAATGATTAAACTCGGXCTXTCAATXGATGAXGAXGAAXACGX

1250 Ibo 1280 12*90 TTlo
ATCCACAGAATGATTAAATTAGGTTTATCAATAGATGAAGAAGAAAAC — 1297
ATCTACAGGATGATCAAGCTCGGACTCTCATTGGACGACGAGGAACACGT 1175
ATTCACAGAATGATTAAACTCGGGCTTTCTATTGATGATGATGATGAGGC 1234
AAAXGATGAXGATXTXCCTCCTCTTGAAGAAATXGXAGXCGCCACXXGAT

13*10 13*20 13*30 13*40 HTo
-AATGATATCGATTTACCACCTCTTGAAGAAACTGTAGATGCAACC-GAT 1344
AGAAGAGG A —ormmreemmeemmreemeeee CTCATC AAT GCCGCCGCTGGAT 1206
AAAGGATGATGATCTTCCTCCTCTTGAAGAAGTAGAAGGCGCCAGAAGAT 1284
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GAXX CXTCTAAAATGGAAGAXGTT GACTX XA- AAATAAAGGAT-TTAXAT

ITo 130 liSo Ho
GA....:..’)*??|’7|?’>|’)’) ..................... 111 * % - N
1999 1yt L A R N B A LR AE B BN BRI BN ’ 1
GAAGCGTCTAAAATGGAAGAGGTTGATTAAATAAATAAAAAATATTAAAT 1334

AATTX ACTXTAAGT AAX XTATT AXAATXXX GT TXT GTAC AAAAAAAAA

AAAXXAGXTXTXXATXXXT»AXAXXXXTATATAXAXAAAAACXTXXAXXI_T&)
|

1460 ITo 1480
AATAAAGATATATATATAT-ATATATATATATATATATATATATATATAT 1470
NTVA - - - s - —« - — AAAAAC —- o 1285
AAAGGAGGTGTGAATGAGTTAGAAGGCTATATACACAAAAGCGTTCAGCT 1434
XXTXXCXX CTXXXXXTAXXXCGGAA—CXXXCCA —emememememe ATATAX

1510 1520 1530 1540 liso
ATTATCTT BTCATTTTATCAT e CACCCCA —mmm ATATAC 1503

CGGAA - — - 1290
1484

TCTGCCGCAGGCGATGGCCCTAAAGCGGAACCCGTTCCATATATATATAT

ATATATATATTXTTATAXTXTXXTATAXT—TATATTXT -——TXTXXTAT

N€)) 1SS0 liSo liSo IsSo

ATATATATATTTTTATATTTTTATATATT--TATATTTT s TCTTTTAT 1548
1290
ATATATATATTATTATAATATAGTATAATATTATATTGTATATATCATAT 1534
STATCXAT - —AXAXGXAXAT TXXXTXTXAATXXATAXXXTTXX
. 1610 IsSo- 1S90
STATCCAT - AAAAGAAAAT TAAATATAAATTTATACCTTT TA 1589
1290
TATATCTATGTTATATGTATATGGCGGTGGCTGTGAATAGATAGTGTTGG 1584
TTTXX -ATTACCXXTT SGTXXXA SAXTXXXXAAXXXXT
1660 16*70 1S'SO 1590
TTTGA--ATTACCATTT GTATAA o AATATAAAAAAAAA 1624
1290
1628

TTTTGTTATTACCGCTTAAGGTGAGAGCGCAGTGCCCAAGCTGT

Figure 7. Pages 50-52. Amino acid sequence alignment and comparison of hsp90 from
E. bovis, P.falciparum [107], T. parva [108], S. mansonii [109], L. donovani [110]

and human [111]. The bar above the consensus sequence indicates regions of identity

ranging from low identity (black bars) to high identity (light gray bars).
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M E--AF-A-1-OL-SLIIN-FYSNKEIFLRELIS

To To To To ToI
MST ETFAFNADI RQLMSLI INTFYSNKEI FLRELIS 36
MTSKDETPD Q ----mmmmmmmmmee EVYAFNADI SQLLSLI INAFYSNKEI FLRELIS 3

MPEETQTQDQPMEEEEVETFAFQAEIAQLMSLIINTFYSNKEIFLRELIS 50

N-SDAL-KIRYE — -D---- — -« — == | e K eoemeees TLTI -D-GIGMTK

To To To To iTo
NASDALDKI RYES ITDTQKLSAEPEFFIRI | PDKTNNTLTI EDSGIGMTK 86
NASDALEKIRYEAIKDPKQIEDQPDYYIRLYADKNNNTLTIEDSGIGMTK 3

NSSDALDKIRYETLTDPSKLDSGKELHINLIPNKQDRTLTIVDTGIGMTK

-DL-NNLGTIA-SGT-AFMEA-QA--D-SMIGQFGVGFYSAYLVA--V-V

NDLINNLGTIARSGTKAFMEAIQASGDISMIGQFGVGFYSAYLVADHVVYV 136
ADLVNNLGTIAKSGTRAFMEALQAGS DMSMIGQFGVGFY SAYLVADKVTV 143

ADLINNLGTIAKSGTKAFMEALQAGADISMIGQFGVGFYSAYLVAEKVTV 150
—K-N-D-QY-WES-A-G-FTV crmrmmemeemeeees E--RGT--1L HLKEDQ-EYLE

ISKNNDDEQYVWESAAGGSFTVTKDETNEKLGRGTKI I LHLKEDQLEYLE 186
VSKNNADDQYVWESTASGHFTVKKDDSHEPLKRGTRLILHLKEDQTEYLE 193

ITKHNDDEQYAWESSAGGSFTV-RTDTGEPMGRGTKVILHLKEDQTEYLE 199

E-R-K-—VKKHS-FlePl-L — E E E-E

Ho Tlo Ho Ho Ho

EKRIKDLVKKHSEFISFPIKLYCERQNEKEISASEEEEGEGEGEREGEEE 236
ERRLKELVKKHSEFISFPISLSVEKTQETEVT DDEAE 230

ERRIKEIVKKHSQF IGYPITLFVEKERDKEVSDDEAEEKE - DKEEE 244

I
EEKKKKTGEDKNADESKEENEDEEKKEDNEEDDNKTDHPKVEDVTEELEN 286

LDEDKKPEEEKPKDDKVEDVTDE KVTDVTDEEEK 2f4

KEKEEKESEDKPEIEDVGSDEEEEKKDGD 274
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-------------------- K-KKKVKEVT-EWEELNKQKPLWTRNPEDVTNEEYAAFYKSLT
Jio Ho Ho Ho"
KPLWMRKPEEVTEEXYAS FYKSLS
AEKKKKEKRKKKIHTVEHEWEELNKQKPLWMRKPEEVTNEEYASFYKSLT
KEEKKKKKRK--VTNVTREWEMLNKQKPIWMRLPSEVTNEEYAAFYKNLT

————————————————————— tkkvkevtkeyevgnkhkplwtrdpkdvtkeeyaafykais
NKLKPLWTRNPEDITTEEYAEFYKSLT

----------------- KKKKKKIKEKYIDQEELNKTKPIWTRNPDDITNEEYGEFYKSLT

1 H —_

-TmAVM = mam = m® Wrmzi mm =

NDWEDHLAVKHFSVEGQLEFKALLFVPKRAPFDMFE-TRKKRNNIKLYVR
360 0 Ho 320 470

NDWEEHLAVKHFSVEGQLEFKALLFVPKRAPFDLFE-TRRKRNNI KLYVR
NDWEDHLAVKHFSVEGQLEFKALLFIPKRAPFDMFE-NRKKRNNIKLYVR
NDWEDHLAVKHFSVEGQLEFKALLFVPRRAPFDMFE-SRKKKNNIKLYVR
NDWBDPMATKHFSVEGQLEFRSIMFVPKRAPFDMFE-PNKKRNNIKLYVR
NDWEDHLAVKHFSVEGQLEFRALLFVPKRAPIDMFEGTRKKRSNIKLYVR
NDWEDHLAVKHFSVEGQLEFRALLFVPRRAPFDLFEN-RKKKNNIKLYVR

= m=**m B Bi BB mBi BBBB - HITIHI
RVFIMDDCEDLI PEWLNFVKGVVDSEDLPLNI SRESLQQNKILKVIRKNL
Ho alo Ho 240 4l o

RVFIMDDCEDI | PEWLNFVKGVVDSEDLPLNISRESLQQNKILKVIRKNL
RVFIMDDCEEI | PEWLNFVKGVVDSEDLPLNI SRESLQQNKILKVIKKNL
RVFIMDDCEELIPEWLSFVKGVVDSEDLPLNISRETLQQNKILKVIRKNL
RVFIMDNCEDLCPDWLGFVKGVVDSEDLPLNISRENLQQNKILKVIRKNI
RVLIMDTCEDMIPEYLSFVRGVVDSEDLPLNISREVLQQNNVLKVIRKSL
RVFIMDNCEELIPEYLNFIRGVVDSEDLPLNISREMLQQSKILKVIRKNL

VKKCLELFXELAEDKENYKKFYEQFSKNLKLGIHEDSANRAKLAELLRFY

4 6 0 4 7 0 410 4 10 5%0
VKKCLEMFAEIEEKKENYNKFYEQFSKNLKLGIHEDSANRAKIAELLRFH
IKKCLDMFSELAENKENYKKFYEQFSKNLKLGIHEDNANRTKITELLRFQ
VKKCLELFNELTEKKEDFKKFYEQFSKNLKLGIHEDNANRSKIAELLRFE
VKKCLEMFDEVAENKEDYKQFYEQFGKNIKLGIHEDTANPKKLMEFLRFY
VRKCIELFEEIAEDKENYKKFYEQFSKS I KLGIHEDSVNRAKLSELLRFY
VKKCLELFTELAEDKENYKKFYEQFSKNIKLGIHEDSQNRKKLSELLRYY

1] n,
[ | ™8 na mmzm m =
SSKSGDEMVSLKDYVDRMKEGQKDIYYITGESKQAVANSPFLEKLTKRGL

sTo ilo Ho Ho slo
SSKSGDDMVSFKEYVDRMKEGQKDIYYITGESRQTVANSPFLEKLTKKGY
TSKSGDEMIGLKEYVDRMKENQKDIYYITGESINAVSNSPFLEALTKKGF
TTKSGDELVSLKEYVDRMKSDQKYVYYITGESKQSVASSPFLETLRSRDY
STESGLEMTTLKDYVTRMKEGQKS I YYITGDSKKKLESSPFIEQARRRGL
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EFEPLCKX!| KEVLHDKVEKVVVSNRLTDS PCVLVTSEFGWSANMERIMKA
elo elo Ho elo Ho
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Eimeria bovis hsp90 Cross-reacts with Genomic DNA from Other Coccidians.

To determine if E. bovis hsp90 was present as a single gene, Séuthern blot
analysis was performed on E. bovis genomic DNA. The gen(_)nﬁc DNA was digested
with the restriction énzymes EcoR 1 and EamH 1. Hybridization of the Southern blbt
with E.  bovis hsp90 cDNA insert indicated the presence of a single gene with two
internal EcoRI sites that were prédicted by the cDNA sequence (Fig. 8). To determine
the degree of cross-hybﬁdi?zation to other coccidians, the E. bovis hsp90 cDNA was
used to probe genomic DNA isolated from E. aceMliha, T. gondii and C. pairvum.
These genomic DNAs showed hybﬁdi-z.a;ti;)n to the E. bovis hsp90 probe (Fig. 8).
Further, one of the EcoR T restriction sites was conserved in all coccidian DNAs testéd.
E. bovis hsp90 does not,‘ however, cfoss;react with bovine genomic DNA, at low
stringency (37 C hybridization; 0.5X SSC, 37 C final wash) using a 150-fold excess

- amount of DNA (data not shown).

Figure 8. See Next Page. Southern blot analysis of E. bovis (Eb), T. gondii (Tg), E.
acervulina (Ea),and C. parvum (Cp), genomic DNA. A Southern blot was prepared
using genomic DNA isolated from the various species and digested with either BamHI
(B) or EcoRI (E). The blot was hybridized with **P-labeled MZ 2.5 ¢cDNA insert.




54

Mt

Stage Specific Expression of E. bovis hsp90 mRNA.

To confirm the developmental regulation of E. bovis hsp90. Northern blot
analysis was performed using RNA isolated from un-, partially-, and fully-sporulated
oocysts, and first-generation merozoites. The blots were probed with E. bovis hsp90
cDNA insert that had been 3P-labeled by nick-translation. Figure 9 shows that E.
bovis hsp90 mRNA is strongly expressed in fully-sporulated oocysts and merozoites
but is not expressed in un-, or partially-sporulated oocysts. For comparison, MZ1.1, a
cDNA isolated by differential screening [54], shows no mMRNA expression in

unsporulated oocysts, but is induced slightly in partially-sporulated oocysts and
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expressed at high levels in fiilly-sporulated oocysts and merozoites. The observation
that E. bovis hsp90 is not expressed in un-, and partially-sporulated oocysts is
consistent with the results obtained by the differential screen, in which cDNAs were
selected based on their hybridization to merozoite first-strand cDNA probe and lack of

hybridization to the partially-sporulated oocyst first-strand cDNA probe.

Oocyst ~

Mz 2.5

Mz 1.1

Figure 9. Developmental regulation of MZ 2.5 mRNA during sporulation. Total RNA
from un-, partially-, and fiilly-sporulated oocysts and merozoites was separated on a
formaldehyde agarose gel and blotted to nitrocellulose. The resulting blots were probed
with 3P-labeled MZ 2.5 insert. For comparison, an identical blot was probed with MZ
L1 [54].

RNA expression during E. bovis merogony was examined by Northern analysis
using RNA isolated from EBTr cells inoculated with E. bovis sporozoites and
harvested at 2, 4, 6, 10, and 12 days post-inoculation. The blots were probed with 3P-
labeled E. bovis hsp90 and MZI | cDNA inserts. To account for the differences in

sporozoite infection rates between timepoints, the blots were reprobed for the E. bovis
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major small subunit rRNA. The resultant autoradiograms were normalized to the levels
of is. bovis 18s ribosomal RNA by densometric scanning [50]. The relative levels of
hsp90 and MZI | mRNAs with respect to 18s rRNA are plotted in Figure 10. The level
of the rRNA remains fairly constant during the first 10 days of infection and then
greatly increases at day 12. Both is. bovis hsp90 and MZLI mRNA show peak
expression with respect to rRNA at day 6. However, hsp90 mRNA is expressed at
moderately high levels at day 2 relative to day 6, which results in a bimodal pattern of
expression (Fig. 10). By contrast, MZL1 is expressed at low levels early in merogony

and increases to a peak at day 6.

I W tl

Figure 10. Northern analysis of total RNA isolated from E. bovis sporozoite-infected
EBTr cells. Total RNA (5pg) from day 2, 4, 6, 10 and 12 E. bovis sporozoite-
infected cells was separated by formaldehyde agarose gels and blotted to nitrocellulose.
The blots were hybridized with 3P-labeled MZ 2.5, MZ L1, and 18s ribosomal RNA
probe. Autoradiograms of Northern blots probed with MZ 2.5, MZ LI and 18s rRNA
were quantitated by densometric scanning and and the levels of MZ 2.5 and MZ LI
normalized to the level of 18s ribosomal RNA
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Discussion

Robertson et al., 1988 identified hsp-like proteins from E. bovis in the 43, 72.
and 75 kDa range using antibodies directed against Plasmodium falciparum hép 75, but
were unable to detect hsp-like proteins in the 90 kDa range. We were also unsuccessful
in detecting E. bovis hsp90 protein using antibodies directed against Theileria parva
hsp90 [108] and Achlya ambisexualis hsp90 (StressGen, Victoria, British Columbia)
(data not shown). However, by differential screening of a merozoité cDNA library we
isolated the Eimeria bovis hc;molog of 'hsp90. The cl‘one was approximately 69%
identical to P. falciparum hsp90 and 67% identical to 7. parva hsp90 at the nucleotide
level. The putative amino acid sequence of E. b.ovisv hsp90 was 79% identical to that of
, P. falciparum. The E. bovis hsp90 homolog appears tb'be encoded By a single gene
that is highly conserved among cécc’idiéns, .c;,r‘c>ss-reacting at high stringency with
genomic DNA from 7. gondii, C. parvum and E. acervulina, but not with bovine
genomic DNA. An internal EcoRI site also appears to be conserved in all the coccidian
genomic hsp90 DNA ‘ex.arr'lined‘. Putative ATP and calmodulin binding sites have also .
been identified that co‘rrespond to sites predicted by the P. falciparum hsp90 sequence

[107].
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- E. bovis hsp90 mRNA was highly expresséd in fully-sporulated ooéysts and
continued to be expressed throughout merogony. When‘ normalized to parasite 18s
rRNA, peak- expression for E. bbvis hsp90 mRNA occurred 6 days following
sporozoite infection. Similarly, MZ 1.1 mRNA expression peaked at day 6, relative to
18s rRNA, but waé éxpressed at much lower levels during early merogony. The -
decrease observed in the relative levels of hsp90 and MZ 1.1 mRNAs at day 12 was the
result of the corresponding lafge increase in rRNA. Interestingiy,, although meront size
increasesd greatly during merogony, there was no change in the level of rRNA until just
before merozoites were formed. Thus, the synthesis of new ribosomes destined for
merozoites c;ccurs quite late in merogony and the accumulaﬁon of merozoite mRNAs

proceeds this event. This raises -questions concerning the translational capacity of the

meront.

The presence of hsp90 mRNA during merogony does not necessarily indicate
the presence of protein, as Gerhardg et al. [108] have showﬂ with hsp90 of T. par?af‘in'
the piroplasm stage. However, protein and mRNA can be coordinately regulated, as we
have shown with the refractile body pfoteins of E. bovis [See Chapter 4]. In contrast to
what we observe in sporozoites and during merogbny, we could not detect any hsp90
mRNA in un- or partially-sporulated oocysts indicating that hsp90 protein synthesis

cannot occur during these stages.
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Hsp90 proteins ilave been hypothesized to .Be molecular chaperones that escort
proteins to their site of fun.ction‘ and help proteins folci to- their native conformation
[96]. Because hsp90 proteins are constituatively expressed, their presence in the cell is
likely to be necessary for normal cell function. The hsp90 protein in Plasmodium
falciparum has been shown to be concentrated within the parasitophorous vacuole in
the ring stages of érythrocytic infectiqn [112] and to be associated with the profeins
SERP and ABRA which localize to the parasitophorous vacuole [113] indicating that
the role vof' hsp90 may involve tvhe‘chaperoning and localization of parasite proteins. to.
the parasitophorous vacuole. ’fhis observation is in agreement with our finding fhat
there is no hsp90 expression in sporulating E. bovis oocysts, in contrast to the fact that
most hsp90 proteins are constituatively expressed [95]. Together these data indicate
that the function of hsp90 in E. bovis is integrally asso.ciated with the iﬁtfacellular
'.stages of development and may play a role in adaptation of the parasite to thé host

~ environment. Further studies of the sexual stages of E. bovis and confirmation of the

expression of protein within the intracellular stages will provide more definitive proof

to the function of hsp90 in eimerian parasites.

In addition to the significance of hsp90 protein function in the parasite, recent
findings have indicated that parasite hsp90 méy also be an important térget of the host
immune response. Studies with P. falciparum hsp90 in squirrel monkeys (Saimiri

sciureus) have shown that approximately 60% of monkeys immunized with a 90-110
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kDa protein fraction, containing P. falciparum hsp90, show resistance to parasitemia
. and that the primary immune response is directed against P. falciparum hsp90 [113].
Adﬂitionally, parasite hsp90 has been reported to be immunogenic in patients infected
with Trypanosoma cruzi and Schistosoma mqnsonii [114,115]. These data indicate that
E. bovis hsp90 might be a good candidate for use as a vacci.ne against coccidiosis.

In summary, we have identified, by differential screening of a merozoite cDNA
library, the E. bovis homolog of hsp90. E. bovis hsp90 mRNA, in contrast to other
eukaryotic systems, is developmentally regulated with no mRNA expressed in the
unsporulated or sporulating oocyst. These observations indicate that the role of hsp90

might be unique in coccidian parasites.
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CHAPTER 4

CHARACTERIZATION OF THREE DISTINCT REFRACTILE BODY
ASSOCIATED PROTEINS IN EIMERIA BOVIS

Introduction

The protozoan parasite, Eimeria bovis, is one of the causitive égents.of bovine
coccidiosis. E. bovis has a homoxenous life cycle that proceeds through a series éf
developmental stages common to most coccidian parasites. A striking feature of the E.
bovis life cycle is the development of the sporozoite into more than ‘100,000 first-
generatioﬁ merozoites [9]. This biotic potentiai ailows for the occurrence of sévere
disease by infection with very few oocyéts. Certain features, such as the apical
complex, are shafed by both sporozoites and merozoites of E. bovis, but there are also
many morphological and biochemical differences (see Chapter 1) that are likely
regulated by changes in gene expression. Consiétent with this hyppthesis, Reduker and
Speer [49] have shown byl Western analysis that there are large differences betv;zeen- the
protein profiles of sporozoites and merozoites. Further, Abrahamsen et al. [50] have
estimated that there are up to 5% differences in mRNA species between sporozoites
and ﬁrst-genération merozoites.

Ultrastructurally, the most prominent 'diﬁ‘erence; 'bétween E. bovis sporozoites

and merozoites are the refractile bodies, which are found only in the sporozoite stage.
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Ret'ractile bodies are moderately electron dense inclusions that are generalty found both
anterior and posterior to‘ the nucleus of the sporozoites (Fig 1A, Chapter 1).
Collectively, refractile bodies can comprise up to 40% of the cellular volume of the
sporozoite. Within the Eimeria species, three distinct proteins have been identified that
localize to the refractile body. The cDNA clones encoding these refractile body
proteins (RB-ptoteins) have been isolated. Ctones 6S2 and EalA were isolated from an
Eimeria acérvulina cDNA library and encode RB-proteins that show low homology to
a cysteine protease and a transhydrogenase, respectively [118,119]. The cDNA clone,
Eb25/50, was initially identified as a developmentally regulated protein found in
sporozoites and not merozeites which is consistent with the lack of refractile bodies in
E. bovis first-generation merozoites [120]. This report discusses our investigation of
the temporal expression of Eb 25/50 in t)ivo, and 'compares' the reXpression of Eb25/50,
6S2, and EalA at the mRNA and protein }evel dun'ng E. bovis development. The
results of these studies raise interesting questions concerning the regulation and

function of RB-proteins in E. bovis.
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Materials and Methods

Parasite Productioﬁ

Eimeria bovis oocysts were produced and isolated as described in Abrahamsen
et al., 1993 [61] and in Chapter 2. to study'in vitro merogbny, first-generation
merozoites and E. bovis sporozoite-infected cells were produced by sporozoite

inoculation of EBTT cells at a ratio of 2 sporozoites/cell, as described [120].

c¢DNA screening.

Total RNA was isolated from a mixture of paf‘t‘ially-, and fully—séorulated :
oocysts of E. bovis according to metﬁods described in chapter 2 [61]. A cDNA library
was constructed in Agtll by Stratagene (La Jolla, CA). The library was
immunoscreened with the a_mti—RB protein monoclonal antibody 2.4 [120] using the
CLIK II immunqécreening kit (Clonetech, Palo Alto, CA). cDNA inserts from the
positive lambda phage were subcloned into the EcoRlI site of the plasmid pBS-SK+
(Stratagene, La Jolla, CA). The cDNA library was then screened by hybridization with
the largest cDNA insert isolated by immunoscreening. Hybridization was performed at
standard conditions as described Below. Two -additi'onal’ inserts weré isolated and
subcloned. The double stranded cDNAs were sequenced by the dideoxy chain
termination method as described in Chapter 1. Analysis of the sequencing‘ results was

performed by Genepro™ (Riverside Scientific, Seattle, WA) and Lasergene™
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(DNASTAR, Madison, WI) computer software. Sequence comparisons agalnst the

GenBank database were performed as described in Chapter 1.

Northern analysis.

Northern blots were performed on total RNA isolated from un-, partially-, and
fully-sporulated oocysts and first-generation merozoites produced in cell culture as

described in Chapter 3.

Recombinant protein expression and antibody preparation.

The largest open reading frame of all of the cDNA clones isolated was
- subcloned intov the expression vector',pQE-\llQ in frame vtzith mouse dihydrofolate
reductase (DHFR) and a 6 x Histidine (His) tag used for purification [121].. The
construct was made by amplifying the coding region using the polymerase chain
reaction (PCR) with primers MA62  and MA60.’ MA62 (5
ATTTAGGATCCGCAGAAGCATCCACTTTC 3%) contains a BamHI site needed. for
subcloning and binds to nucleotides 4-21 of Eb-20. ISVIA6O 5
ATTAGGATCCGCAACACTGAAGCCGTTC 3’) also contains a BamHI site and
binds to nucleotides 673-690 of Eb-20. Following PCR, the .resulting fragment uras
purified, digested with BamHI and subcloned .into the BglII site of the expression
vector pQE-40 (Qiagen, Chatsworth, CA). The protein was then expressed as a fusion
to DHFR with a 6 x His affinity tag that allowed for purification to virtual homogeneity

by one step nickel chelate chromatography as described by the manufacturer.
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Purified protein 20 was used to generate rat pol}clonal antibodies that
recognized the E. bovis portion of the fusion protein. Immune serum was. raised
ag?inst the “recombinant protein by immunizing 7-week old Wistar Furth rats (Harlan
Sprague Dawley, Indianapolis, IN) 3 times intraperitoneally at 2-week intervals with
~50ug of the purified fusion protein (protein 20) emulsified in“ TiterMax adjuvant
(Sigma, St. Louis, MO). Reactivity of immune serum against the DHFR poﬁion of
protein 20 was removed using acetone powders prepared from E. coli strain M1.5

containing pQE-40 and expressihg DHFR [122].

Western Blot Analysis.

Western blots were performed on protein extracts as described by Abrahamsgn_
et al. [120]. Un-, partially-, and fully-sporulated E. bovis oocyst‘s were disrdpted ina
French press (Aminco, Urbaﬁa, IL) ‘in PBS in the presence of 1 mM
phenylmethylsulfonyl fluoride, 1mM benzamidine HCI, 10 mM 1,10-phenanthroline,
and 10 ug/ml each of pepstatin A,‘ chymostatin, leupeptin, and .antipain. Merozoites,
excysted sporozoites [49], gnd sp'oroioite—infected EBTr cells were disrupted inhrlys'is
buffer (2% Nonidet-P40, 150 mM NaCl, 5 mM EDTA, 0.02% NaNs, 50 mM Tris, pH
8.0) with the same protease inhibitors described above. Recombinant proteins weré
prepﬁed as described above. Proteins were separated by SDS-PAGE, using redixcing
or non-reducing conditions, on 12% acrylamide gels. The proteins were electroblotted

to nitrocellulose and blocked with horse serum (Quad-5, Ryegate, MT). The blots were
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then incubated with primary antibodies fdllowed by i;lcubation with a secondary
antibody in a staining apparatus (Miniblotter 25; Biotec, Madison, WI). The mAb 2.4
[120], anti-EalA [119], and. Dreg 55 [123] were recognized by alkaline phosph;atase
conjugated anti-.mouse (Sigma, St. Louis). Poly 20 and preimmune rat serum were
recognized by alkaline phosphatase conjugated anti-rat IgG (Sigma, St. Louis). The
polyclonal serum anti-6S2 [11#] was recognized by alkaline phosphatase conjugated
anti-rabbit (Sigma, St. Louis). Alkaline phosphatase was detected with nitro-blue

tetrazolium and BCIP as described previously [123,124,].

In situ protein localization.

Three week old Holstein calves were infected with excysted E.  bovis
sporozoites [49] by injection directly into the ileum. Briefly, laparotomies were
performed and the ileo-cecal junction was exposed. One hundred thousand to two
nﬁllion sporozoifes were injected into the ileum 45 cm prior to the ileo-cecal junction.
The calves wére sacrificed and tissues were taken 6, 10, 12, 14, 16, and 18 days
following injection of the sporozoites. Calves to be sacrificed at days 6, 10, 12 and 14
were injected with 2 x 10° sporozoites to facilitate the localization of the parasites.
Calves sacrificed at days 16 and 18 were inoc.:ulated with 1 x 10° sporozoites to prevent
severe disease from occuring. The tissués were cut-into ~3 mm sections and frozen in
O.C.T. (Miles Inc., Elkhart, IN). Five uM thin sections were cut on a cryostat

microtome (Reichert-Jung Cryocut 1800, Deerfield, IL). The sections were allowed to
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air dry after ‘which they were ﬁxéd in acetone for 10 min. The sectioﬁs were again
allowed to air dry and then either frozen at -70 C or used immediately. Tissue sections
were blocked with 50% fetal calf serum in PBS for 30 min followed by réaction with
the primai'y antibgdy for 30 min iﬁ a humidit'y. chamber at room temperature. The slides
were then washed 3 times in 1X PBS followed by 1 wash in PBS containing ~0.4%
rabbit serum. The sections were reacted with secondary antibody conjugated to biotin
(1:250) (Tago, Caramillo, CA) ip the presence of 2.5% goat serum, 2.5% fetal calf
serum for 30 min. at room temperature and washed as before. The sections were
incubated with horseradish peroxidase conjugated with streptavidin (1:500) (Tago) for
30 min at room temperature followed by ;Nashiﬁg and reacted with a solution
containing '0.0297% hydrégen peroxide, 2§4ug/m1 amino-ethylcarbazol (Sigma, St.
Louis, MO), 6.6% i\I,N diméthylformanﬁde (Sigma) and 0.09M sodium acetate, pﬁ 52
for 10 min. The sections were‘ washed in H,O and then stained for 30 sec in
hematoxylin (Richard Allan, Richland, MI) followed by mounting with Gelmount

(Biomeda, Foster City, CA).

Results
Cloning and recombinant protein expression of Eb25/50 cDNA
The Agtll cDNA library prepared from poly-A+ RNA 1solated from partially-

and fully-sporulated oocysts of E. bovis was 1mmunoscreened using the mAb 2.4 [120]
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Forty-eight immunoreactive phage were identified and six of these phage were pleique
purified and subcloned into pBS-SK+. The clones were then sequenced, reveal'ing
inserts of various sizes, but all less than 460 nucleotides. The largest clone, Eb-9.1 was
then used to screen the same cDNA library by hybridization to isolate larger cDNA
fragments. The two largest clones, Eb-20 and Eb-29 were purified and the inserts
subcloned into pBS-SK+ aqd sequenced. The sequencing revealed ﬁagments of 1275
bp (Eb-20) and 1223 b'p (Eb-29) that contained overlapping sequences resulting in a
total of 1504 bp of unique sequence designated Eb25/50 (GenBank accession number
U09588). A 627 bp continuous open reading frame beginning with an ATG start
';odon and ending with a stop codon was identified. An i‘n-fréme stop codon Waé
identified 36 bp upstream of the ATG codon, suggesting that the complete coding
sequence had been identified. The predicte_:d protein has 208 amino acids and a mass of
22 kDa. |

To cc;nﬁrm tﬁat the cDNA identified by' mAb 2.4 encoded a native E bovisRB
protein, the predicted coding sequence was subcloned into the expression vector pQE-
40 in frame with mouse dihydrofol’ate reductase (DHFR) containing a 6 x histidine tag
at the amino terminus used for puriﬁcation by nickel chelate chromatography.
Expression of the fusion ;;rofein construct produced a protein (protein 20) that
migrated at approximately 50 kDa as determined by SDS-PAGE (Fig 11A). The parent
construct; pQE-40, produced a protein of 27 kDa, approximately 23 kDa sma}ler than

the fusion protein. The coding sequence of Eb-20 would be expected to add
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approximately 22 kDa t‘o .the DHFR protein, v;'hich is nearly identical to what is
observed. The smaller fragments seen with protein 20 could be degradation products
or, because .the 6 x histidine tag is located at the amino-terminus of the DHFR-fusion
protein, premature translational termination products.

- Purified protein 20 was used t‘o. generate rat polyclonal antibodies that
recognized the E. bovis portion of the fusion protein. Immune serum prepared from a
rat immunized with purified protein 20 (—pol'y 20) reacted with the 50 kDa fusion
protein (Fig. 11B, lane 4) but failed to detect purified DHFR (Fig. 11B, lane 8).
Preimmﬁne rat serum showed no reactivity with the purified bacterial proteins (Fig.
11B, lanes 3 and 7). As expected, mAb 2.4 [120] displayed the same specificity as poly
20, reacting strongly with }.)rotein 20 (Fig. 11B, lane 2), but not the DHFR fusion
partner (Fig. 11B, lane 6).

Figure 11. See Next Page. Reactivity of polyclonal antiserum to recombinant Protein
20 (Poly 20). A. Coomassie brilliant blue staining of affininty-purified recombinant
Protein 20 and DHFR (2.5 pg of each protein) separated on SDS-PAGE gels. B.
Western blot analysis of recombinant Protein 20 and DHFR. Affinity-purified proteins
(12 pg) were separated on SDS-PAGE gels and electroblotted to nitrocellulose. The
nitrocellulose blots were reacted with mouse secondary antibody alone (lanes 1 and 5),
mAb 2.4 (lanes 2 and 6), preimmune rat antiserum (lanes 3 and 7), or Poly 20 (lanes 4
and 8). Bound antibodies were detected by alkaline phosphatase conjugated goat anti-
mouse (lanes 2 and 6) or goat anti-rat (lanes 3,4,6 and 8) secondary antibodies.
Molecular mass standards are indicated in kDa to the left of each figure. From
Abrahamsen et al., 1994 [112].
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Poly 20 reacted on Western blots ofE. bovis sporozoite proteins with multiple
antigens in the ranges of 23-28 IcDa and 50-60 kDa prepared under both non-reducing
and reducing conditions (Fig. 12, lanes 5 and 11). This pattern of reactivity was
identical to that of mAb 2.4 (Fig. 12, lanes | and 7). Immune serum prepared from a rat
immunized with Chinese hamster ovary cells (L3) showed no reactivity with the
sporozoite proteins (Fig. 12, lanes 4 and 10). Dreg 55 [123] served as an irrelevant

mouse 1gG control in these experiments.
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1 2 3 4 5 6 7 8 9 10 11 12

Figure 12. Western blot analysis 0iE. bovis sporozoite proteins reacted with poly 20
antiserum or mAb 2.4. Protein extracts from purified E. bovis sporozoites were
electrophoresed under non-reducing (lanes 1-6) and reducing (lanes 7-12) conditions
on SDS-PAGE gels. Following transfer to nitrocellulose, proteins recognized by mAb
2.4 or Poly 20 were detected as described in Figure 11. Lanes | and 7, mAb 2.4; lanes
2 and 8, irrelevant control mAb Dreg 55 [123]; lanes 3 and 9, mouse secondary
antibody alone; lanes 4 and 10, irrelevant rat immune serum, L-3; lanes 5 and 11, poly
20; lanes 6 and 12, rat secondary antibody alone. Molecular mass standards are
indicated in kDa.

Eb25/50 is homologous to an E. tenella sporozoite RB-protein.

Comparison of the Eb25/50 cDNA sequence to those contained in the GenBank

database, as determined by FASTA searches [60], revealed a significant identity to a
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previously cloned E. tenella spérozoit‘e antigen ‘[125,126]. The predicted amino acid
sequence of Eb25/50 is .aligned for comparison with the E. fenella sporozoite pfotein
(Fig. 13). Ihese proteins displayed av 62% identity over their entire amino acid
sequences that increased to over 84% when allowing for conservative substitutions.

To determine if the mAb 1209 [127], an antibody that recognizes the E, tenella
sporozoite antigen described above, would aiso recognize Eb25/50 pfotein, we
performed Western blot analysis, uﬁder reducing cdnditioﬂs, using protein extracts
from partially- and fully-sp’orulated oocysts. In addition, a second Western ‘blot was

- performed, under the same conditions, using purified protein 20 and recombinant
DHFR. Figure 14A shows that mAb. 2.4 and mAb 1209 recognize identical patterns of |
protein in partially- and fully-sporulated oocygts, ‘and’ both antibodies are capable of
recognizing protein 20 but do not recognize recémbinant DHFR (Fig. 14B).

To further investigate the conservation of Eb25/50 in other eimerian species, an
immunoﬂuorescencéé assay was perfémed on acetone-fixed E. bovis énd E. acervulina
sporozites (Fig. 15). The mAb 2.4 specifically reacted with .the E. acervulina

| sporozoites when compared to negative controls, with thé staining predominantly
localized to thé large refractile body (Fig. 15C). This antibody also stains the posterior

and anterior refractile bodies in E. bovis sporozoites (Fig; 15A). .
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E. bovis MAEASTFFSGLMGGVVGAVAAVPYP~=G~ ==~~~ SéGTDH.SACYSKLQESGRELEGFV 50

E tenella ¢oD==-LecesVercacaececADL~AE-ERAPRPA===AeTCeCooaseGAnmcanas

. E. bovis QQLYF IAGKMASCLCAGGDILSRCLAEGRYP--~SGSSCCP~=-~ [BKSDYDQGLDAAK 102
E. tenella ""S'V"'L'C"RV'AEQ'A“'A""L'SSS‘S"F"ALLQLE‘Q‘LE‘S'E'G'

E. bovis QGANYLﬁRGGRLVLEALHEGAKVMTRTLVAVEGGKEVVLRNLPYTQDKLSQAYSSFL 160 -
E. teno[la '"EC'L‘SSK'A""'L.'°R""°°.G'LL'-‘SS'DT“-“SI'H"E"A.""'" .

E. bovis RGYd"SGGRSLGYQGYQAPS-YHHQERPSGYGAPQHQQQQPQQFSGGFFH 208

E. tenslla *es2GAAAc s 2o s APeAASGOQQ""Senee==-PASSsesranaas
Figure 13. Amino acid sequence alignment of the predicted Eb25/50 protein product
with an E. tenella sporozoite protein [125,126]. Asterisks (*) indicate residues in the
E. tenella sporozoite protein that are identical with Eb25/50. Gaps in the amino acid
sequences are indicated by hyphens. GenBank™ accession numbers; E. tenella,
X15898; E. bovis ,U09588. From Abrahamsen et al., 1994 [112].
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mAb 1209 mAb 1209
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80--—--
495 -
325 -
DHFR Protein 20

Figure 14. Comparison of mAb 2.4 and mAb 1209 by Western analysis. A. Protein
extracts from E. bovis partially- and fully-sporulated oocysts were electrophoresed on
an SDS-PAGE gel, blotted to nitrocellulose, and reacted with primary antibodies mAb
2.4 and mAb 1209 which were detected with an alkaline phosphatase conjugated anti-
mouse secondary reagent. B. Recombinant Protein 20 and recombinant DHFR were
separated by SDS-PAGE , blotted to nitrocellulose, and reacted with mAb 2.4 and
mAb 1209 as above.
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Figure 15. Immunofluorescence photomicrographs (x120) of acetone-fixed E. bovis
(A and B) and E. acervulina (C and D) sporozoites. Sporozoites were purified from
oocysts as described in Materials and Methods, applied to microscope slides, and fixed
with acetone. The fixed-sporozoites were incubated with mAb 2.4 (A and C) or an
irrelevant mAb DREG 55 [123] (B and D). Positive staining was detected with affinity-
purified goat anti-mouse Ig conjugated to fluorescein isothiocyanate. From
Abrahamsen et al., 1994 [112]

Expression of Refractile Body Protein Eb25/50 is Similar in vivo and in vitro.
Abrahamsen et al [120] has shown that Eb25/50 protein is expressed in E. bovis

throughout merogony and the protein is found localized to the host cell early in

merogony, restricted to the meront during late merogony, and is turned off as

merozoites are released. To determine if the in vitro model reflects in vivo expression,
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an experiment was performed to examine the expression of Eb25/50 in the calf
Sections of various tissues from the G.I. tract of infected Holstein calves, inoculated by
surgical limplantation of E. bovis sporozoites, were stained with mAb 2.4 [120]
followed by detection with horseradish peroxidase conjugated secondary reagents.
Tissue sections were isolated from infected calves 6, 10, 14, and 18 days follbwing
sporozoite inoculation. Sections were taken from tissues representing the G.I. tract of
the calves starting at the pyloric valve and continuing ‘to. the rectum. E. bovis meronts
were identified in tissue sections from the terminal ileum of the small -intestiﬁe 6,10, 12
and 14 days following sporozoité inoculation. Meronts from these sections were found
localized to the endothelial cells of the central lacteals as described [128]. Neither
meronts or any other developmental stge of E. bovis were found in other tissues
examined from these timepoints. E. bovis sexual stages were identified in calves 18
days after sporozoite inoculation and were found in the epithelial cells of the crypts in
the cecum and large intestine. No other E. bovis developmental stages were identified
in the cecum, large intestine or other gut tissues examined in the 18 day infécted
animals. Because of the small size of the sporozoite and early meront [129], we were
uﬁable to detect the parasites earlier thén 6 days folléwing inoculation.
Meronts from the terminal ileum of an E. bovis infected calf 6 days post-
inoculation showed positive staining with mAb 2.4 throughout the pérasitophorous
‘ vacuole, with some diffuse host cell sfajning similar to what was obseryed in vitro

[120] (Figure 15 A). Meronts from a 10 day E. bovis-infected calf show strong




77

staining réstn'ctegl to the méroﬁt. Mature meronts containing fully formed first-
generation merozoites from 14 day E. bovis infected calves, however, reveal no
expression of Eb25/50 protein (Figure 16 C). To determine if the lack of staining.of
day 14 meronts was due to lack of Eb25/50 p;otein 6r an artifact associated with the
inability to stain the tissues, we stained serial sections with the monoclonal antibody |
MZ25 which stains mature me.ronts and first-generation merozoites [Clark, T.G., R.R.
Johnson, M.A. Jutila and MW. White, unpublished observations]. The monoclonal
MZ25 stained the day 14 meronts very strongly (Fig. 16 D). 'Simil‘ar to the staining
observed with mAb 2.4 on day 14 meronts, mAb 2.4 does not react with the sexual
stages from day 18 E. bovis infected proximal colon (Fig. 16 E). However? EA7, a
monoclonal antibody generated agéinst sexual stages from E tenella .[130], shows
strong staining of the wall forming bodies in the day 18 proximal colon sections (Fig.

16 F).

Figure 16. See Next Page. In situ localization of the Eb25/50 antigens during in vivo
development of E. bovis . Calves that had been surgically inoculated with E. Bovis
sporozoites were sacrificed 6, 10, 14, and 18 days after infection. Tissues sections (5
pum) from the ileum and colon were prepared and incubated with mAb 2.4, mAb MZ25
or mAb EA7. Antibody reactivity was visualized using a three-stage avidin-biotin
immunoperoxidase staining kit (Tago Inc., Camarillo, CA) and the sections were
counterstained with hematoxylin. A. Day 6 section from ileum stained with mAb 2.4.
B. Day 10 section from ileum stained with mAb 2.4. C. Day 14 section from ileum
stained with mAb 2.4. D. Day 14 section from ileum stained with mAb MZ25. E. Day
18 section from colon stained with mAb 2.4. F. Day 18 section from colon stained with
mAb EA7. ' '
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Expression of Eb25/50 mRNA and Protein During Sporulation

Northern blots of total RNA isolated from unsporulated, partially-sporulated
and fully-sporulated oocysts and first-generation merozoites were probed with 3P-
labeled cDNA insert from Eb-9.1. A single mRNA species of *1.4 kilobase pairs (kbp)
in size was detected that was expressed at low levels in unsporulated oocysts,
abundantly expressed in partially-sporulated and fully-sporulated oocysts and absent in
first-generation merozoites (Fig. 16C). Several minor mRNA species were also

detected but at substantially lower levels.

1 2 3 4 1 2 3 4 12 3 4 12 3 4
Ww Ww
wWWW

A B C D

Figure 17. Developmental expression of RB protein mRNAs during sporulation.
Northern blots were prepared using total RNA (5 pg) isolated from unsporulated (lane
1), partially-sporulated (lane 2) and fully-sporulated (lane 3) E. bovis oocysts and
first-generation merozoites (lane 4). The nitrocellulose blots were then hybridized to
IP-labeled Eb-9.1 cDNA insert, 6S2 cDNA insert, or EalA cDNA insert. A. Northern
blot of EalA. B. Northern blot of 6S2. C. Northern blot of Eb25/50. D. Ethidium
bromide stain prior to nitrocellulose transfer to demonstrate equal loading and quality
ofthe RNA samples and show size of mMRNAs relative to ribosomal RNAs.
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To determine if expression of Eb25/50 protein expression correlates with
Eb25/50 mRNA expression during spoliation, Western blots were performed using
protein extacts from un-, partially-, and fully-sporulated oocysts and E. bovis infected
EBTr cells harvested | and 3 days following sporozoite infection. The gels were loaded
with approximately 177,000 oocysts/lane and 660,000 sporozoites/lane in the infected
cells. The mAb 2.4 antigens were expressed at low levels as a single band in
unsporulated oocysts, but were highly expressed in partially-sporulated and fully-
sporulated oocysts and were also expressed in day | and day 3 E. bovis infected EBTr
cells during merogony (Fig. 18). This pattern of protein expression correlates well with

the kinetics ofEb25/50 mRNA expression during sporulation.

66 -

652 Eb 25/50 EalA
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Figure 18. See Previous Page.Western blot analysis of RB Proteins in E. bovis .
Extracts of un-, partially-, and fully sporulated oocysts and day 1 and day 3 infected
EBTr’s were separated by SDS-PAGE under reducing conditions. The equivalent of 5
x 10° sporozoites were run for the oocyst extracts and the equivalent of 2 x 10°
sporozoites were run for the infected cell extracts. The proteins were transferred to
nitrocellulose by electroblotting and incubated with either mAb 2.4, polyclonal anti-6S2
[118] or mAb anti-EalA [119]. The antibodies were detected with either anti-mouse
conjugated alkaline phosphatase or anti-rabbit conjugated alkaline phosphatase. Lane 1,
unsporulated oocysts; lane 2, partially sporulated oocysts; lane 3, fully sporulated
oocysts; lane 4, day 1 sporozoite infected EBTT; lane 5, day 3 sporozoite infected
EBTr.

Expression of EalA and 6S2 during sporulation and merogony.

Proteins encocied by 6S2 a:nd‘ EalA cDNAs have previously been shown to be
associated with the refractile body of éimerian sporozoites [118,119]. To determine if
these RB-proteins possessed similar temporai expression patterns to that of Eb25/50
we initiated studies on both mRNA and protein expression in vitro.

We examined by Northern blot the kiﬁetics of 6S2 and EalA mRNAs during
sporulation. Northern analysis of E bofis total RNA using 32P-lab.e]ed EalA and 6S2
cDNA inserts sﬁowed that EalA and 6S2. mRNAs are ex;;ressed at high levelé in
.partially-sporulated oocyst§ (Fig. 17, pgnel A and B, lane 2) with un- (Fig. 17, panel A
and B, lane 1), and ﬁlly-spomlated (Fig. 17, panel A and B, lane 3) oocysts showing
only low expression, and no expression in merozoites (Fig. 17, panel A and B, lane 4).
We could detect no EalA or 652 mRNA during merogony (data not shown).

,’vI,‘\he 6S2 cDNA insert identified only one species of mRNA that migrated at
approximately 2800 nt. The EalA cDNA insert, -however, identified two species of

mRNA that possessed the same kinetics. The larger species migrated with a predicted
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size of 6200 nt and the smaller species migrated at approximately 3100 nt. The two
mRNA species identified by the EalA probe may be the result of alternative mRNA
processing, although'ﬁarther work is necessary to confirm this. ‘

Expression of 6S2 and EalA RB-protems during seorulatlon and early
merogony follows closely the pattem of expression observed for their encoded
mRNAs. RB-protein 652 was not detected in unsporulated oocysts (Fig. 18, lanel), but
revealed substantial levels in partially-sporulated oocysts (Fig. '1.8, lane 2) (consistent
with the large increase in mRNA) and fully-sporulated oocysts (Fig. 18; lane 3). The
level of 6S2 protein remained high in day 1 infected cells (Fig. 18, lane 4) but was
substantially reduced by day 3 of merogony (Fig. 18; lane 5). RB-protein EalA showed
similar kinetics, although the protein was nearly undetectable in ‘day 1" and ddy 3
infected cells. Unlike the.c‘omplex‘ staining patteﬁi of Eb25/50 (Fig. 18) enti-EaIA aﬂd
anti-6S2 antibodies identiﬁed,. bancis at 100 kDa and 51 kDa, respectively, which are in

agreement with their predicted molecular weights [118,119].

Discussion

Critical to the understanding of E. bovis, vand ultimately to the treatment of
bovine coccidiosis is knowledge of the unique biochemical pathways that dist'inguisﬁ E.
‘bovis from its host. We have focused our studies on identifying characteristics that are
both unique to the I;arasite, to distinguish it from its host, and unique 't:o a particular

developmental stage so that developfnentally regulated genes that contribute to these
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characteristics can be identified. In this manuscript we report our studies on the
expression of RB-proteins, Eb25/50, 6S2 and EalA. Our findings show that all three
RB-proteins and ;cheir corresponding’ mRNAs begin to be expressed during oocyst
sporulation but‘are not expressed in merozoites. These observations are in agreement
with the ultrastructural evidence tﬁat E. bovis sporozoites possess refractile bodies
whereas merozoites do not [8].

Although all three 'refrac;,tile body proteins begin their expression during
sporozoite formation, there is a  significant difference in their expre;sion. dﬁring
merogony. EalA and 6S2 mRNAs are not expressed during merogony and their
protein products are only detectable during early merogony, whereas Eb25/50 is
expressed throughout merogony until just before merozoite release [120]. Our_ data
also demonstrate that regulation of Eb25/50 in vivo is similar to what is observed in
vifro. These data confirm that ;che absence of Eb25/50 in merozoites is not an artifact of
the in vitro system.

Eb25/50 protein is highly processed. and the processing appears to be
developmentally regulated. Eb25/50 protein is present as a single 21 kDa protein -
species in unsporulated oocysts and a complex smear in sporozoites and meronts. This
pattern is not the result multiple genes because Eb25/50 is present a;s a single copy gene
[112] encoding a single mRNA species. Further, there are no int;:or;s present in the
coding region that could léad to differential splicing (data not shown). There are many

possibilites to explain the complex protein profile-observed for Eb25/50, including lipid
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conjugation, phosphorylation and glycosylation. If glycosylatibn is responsible for the
corﬁplex pattern observed with Ei)25/5'0,' it is likely O.-linked because there are no
consensus N-linked glycésylation sites vs./ithin the amino acid sequence. |

Although fhe 6S2 and EalA proteins do not appear to be post-translationally
modified, as Eb25/50, all three proteins localize to the refractile body, indicating that at
least a portion of their trafficking pathway is similar. Supporting this observation, a .
motif was identified at the amino terminus of each of the RB-proteins that ‘\;vas highly
similar (Ta.ble 4). These sequences ére also similar to the consensus sighal sequences
that have been deduced for exported proteins [131]. The refractile bbdy motif begins
with a serine followed by a strong hydrophobic region, containing double valines. A
glycine is present 8 to 9 residues from the serine and is conserved across all sequences.
Finally, a proline is found 15 to 16 ‘retsidues from the seriﬁe and denotes the end of the
motif. Interestingly, no motifs have been identified in proteins that traffic to dense

granules (GRA1, 2, 4 and 5, Table 4), another inclusion body of coccidian parasites, or

in proteins destined for the-surface of coccidian parasites (SAGTI and 3, Table 4).
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Dense Granule Associated Proteins

GRA 1 MVRVSAIVGAAASVEFVCLSAGAYAAEGGDN
GRA 2 : © MFAVKHLCLLVVAVGALVNVSVRAAEFSGV
GRA 4 MOGTWFSLFVVVMVSHLACGGECSFGSHLA
GRA S . MASVKRVAVMIVNVLALIFGVAGSTRDVGS
SAG Proteins

SAG 1 MSVSLHHFIISSGFLTSMFPKAVRRAVTAG
SAG3 MOLWRRRAAGPASLGROSLPLGCFFAAFGL

Refractile Body Proteins

Eb 25/50 MAEASTEFFSGLMGGVVGAVAAVPVPGSPGT
Etlal ' MSEVNPEMSSYDVVLVVGANDTVNPAALEP
6S2 MRSLLVVAGLAGCSSFAPTDARHRFLSETL

Table 4. Comparison of Amino Terminal Sequences of Coccidian Proteins. The amino
terminal sequences of the RB-proteins are shown with the putative signal sequences
underlined. A serine (in bold) begins the motif with a glycine (in bold) midway through
the motif and a proline (in bold) at the end of the sequence. Valine pairs are double
underlined. The amino terminal sequences of SAG and GRA proteins are shown for
comparison. :

Refractile bodies are the most prominent inclusions in eimerian sporozoites but

their function is still undetermined. Doran [132] has shown that refractile bodies appear
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-to diminish in size and disappear during first-generation merogony leading several :
authors to speculate that fhe refractile body is an energy resérve for the parasite that is
metabolized during early merogony. RB-protein, EalA, which.has beén described as a
putative transhydrogenase and glucose transporter [119], supports the proposal that the
refractile bodies may be involved in energy .me_tabolism. Vermeulen et al. [119] have
suggested that RB-protein EalA might be involved in mannitol .me;tabolism by
regulating the levels of the pyridine nucieotides NAD(P)’ and NAD(P)H+, req’uired for -
the conversion of ﬁ'uctosé-6-phosphate to mannitol-1-phosphate. |

Results from our and others studies, howgver, are not consistent with the
consumption of refractile bodies to meet the energy needs of E. bovis. The RB-protein
EalA is barely detectable 3 days following sporozoite infection, whereas previous
| reports [133,134] have ind_icated that the refractile bodies of eimerian sporozoites afe
not consumed but are instead found dispersing fhroughout the cytoplasm of the meront
as small globules at least 6 day; after sporozo_ite infection. Further, Danforth and

Augustin¢ [135] have proposed that some refractile body material may need t'o.' Be‘

coﬁti‘nually synthesized’ throughout merogbﬁy, which is consistent with their

observations that the protein recognized by mAb 1209 is found throughout the meront
in E. tenella during merogony, and our observations that the RB-prbteiﬁ Eb25/50 is
continually synthesized throughout merogony. |

Although the function of the refractile bodies is still unknO\;vn, it appears they

are essential for merozoite development. When E. tenella sporozoite infected cells are
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incubated with mAb 1209, preventing‘ tﬁe r‘_edistribufion of the mAb 1209 prot'ein,
merozoite production is diminished [135]. Fﬁrther, attenuated strains of Eimeria
species, which pfoduce fewer merozoites than correéponding wild-type strains, possess
fewer refractlle bodies than the w11d-type strains, and in some strains the refractile
bodies are completely absent [136]. These data suggest that refractile-body formation is
directly associated with merozoite production.

The RB-proteins show stfong conservation across many coccidians. RB-
proteins 6S2 and EalA were isolatéd from different Eimeria species of avian coccidia
and havé also,‘ béen found in E. bovis. RB-protein‘ Eb25/50 has been shown to be
conserved across many different species of eimerian parasites [11‘2].‘ Eb25/50 is
recognized by mAb 1209 which also recognizes the E. zenella sporozoite antigen |
isolated by Liberafor et al. [125,137]. Furthermore, the mAb 1209 has been used in
‘immunoelectron microscopic studies to identify a protein present in Lankesterella
minima sborpzoites, a coccidian that infects frog erythrocytes [138]. Collectively, the
high degree of conservation of the RB-pereiins i‘mplies that their functions are likely

important in the development of coccidian sporozoites.
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CHAPTER 5

CONCLUSIONS

The findings in this thesis are the result of a new approach to the study of
eimerian biochemistry. Throﬁgh these techniques we have been able to identify many
stage specific cDNA of both known and unknown function, that possess unique

patterns of regulation. From these studies we have made the following conclusions:

1. Although E. bovis sporc;zoites and merozoites are morphologically similar, there are
many differences in gene expression. These differences may be up to 5% of total
mRNA expression. The differences between sporozoite and ‘merozoite mRNA
expression is much higher than the differences in mRNA expression observed between

resting and activated mammalian cells, which is approximately .01% [50].

2. Our studies (Chapter ‘1, published Molecular and Biochemical Parasitology [54])
have shown that many of the genes described as constitutively expressed in other
systems are diﬁerentially expressed in Eimeria bovis. Genes such as EF-1a, ubiquitin
and hsp90 mRNAs are highly de'vel‘;)pmentally regulated in E. bovi.g. For example, E.
bovis hsp90 mRNA is not expressed during sporulation, which is in contradiction to

observations that hsp90 is constitutively expressed in other eukaryotes. The pattern of
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expression of E. bovis h§p90, being found only in stages that are or will be intracellular,
is consistent with the proposed role of hsp90 in Plasmodium falciparum where it may
chaperone proteins destined for the parasitophoréus vacuole. If hsp90 in E. bovis is
responsible for or _assists in the adaptation of the parasitophorous vacuole to the
parasite then it becomes a s'trong candidate for drug development f)rovided it is
sufficiently dissimilar from host hsp90. Drugs design?:d tolsbeciﬁcally inhibit pgrasite
hsp90 function might prevent intracellular adaptation enabling the ﬁost cell to kill the
parasite. Further, use of hsp90 as a potential vaccine candidate has already been
proposed. Plasmodium falciparum hsp90 is one of the most immunodominant én_tigens
in parasite preparations, indicating that parasite hsp90 may be a poteﬁtial target for

vaccine development.
Al

3. Consistent with the observation that there are major differences between sporozoites
and me‘roioites is the observation that only sporozoites possess refractile bc;ciies. Not
surprisingly, proteins that localize to the refractile body are developmentally regulated.
Refractile-body.proteins in eimerian sporozoites begin to be expressed during mid-
sporulation and are found in fully-formed sporozoites. However, the RB-proteins are
not expressed in the same fashion during merogony. The RB-proteins 652 and EalA
are expressed only in the oocyst and in early rqeroéony, but not during late merogony,
whereas the RB-protein Eb25/50 is continually expressed' througﬁout merogony.

Eb25/50 is turned off just prior to merozoite release and is not expressed during the
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sexual stages, which is consistent with their lack of refractile bodies (Eb25/50 data

‘published in Molecular and Biochemical Parasitology [112]).

4. The expression of Eb25/50 has been found to be identical in vitro and in vivo.
Studies of tissues from calves infected with E. bovis sporozoites have shown that
Eb25/50 is expressed throughout merogony in vivo in a manner that is similar in both
spatial and temporal expression to in vitro expression. This represents the first E. bovis
gene that has been characterized by its pattern of protein expression both in vivo and in .

vitro, and further validates the in vifro system for the study of gene expression.

5.A sequence has been identified at the amino terminal ends of the three RB-proteins
that is‘sirr'lilar to signal sequences of the exocytic pathway of higher eukaryotes. This
motif may be the signal responsib1¢ for trafficking and localization of the RB-proteins
to the reffactile_bodies. In additic;n to the signal motif identified in the RB:-protein's,
Eb25/50 is highly modified post-translationally and there is some indication that these
modifications are the result of glycosylation, consistent with its localization vié the
e_:xoéytic pathv;zay. There are, however, no N-containing glycosylation sites within the
coding region of Eb25./50, indicating that if the post-translational modifications to
Eb25/50 are glycosylations, then they must be O-linked. Finally, it also appears that the

post-translational modification of Eb25/50 is developmentally regulated, implying that
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the function of Eb25/50 may be dependent on the post-translational modifications and

that the processing of modified proteins may also be developmentally regulated.

6. The expression of the RB-proteins 1s not consistent with a proposed role for
" refractile bodies as energy stores. Although the functi.on of the refractile body'remains
unknown, it is clear that refractile bodies are necessary for merozoite deveiopment.
Refractile body material can be observed at least 6 days following sporozoite invasion
of host cells and Eb25/50 is continually synthesized throughout merogony. ‘Further, if
* infected cells are incubated with an antibody that recognizes Eb25/50 protein,
merozoite production is inhibited. The differences in the characteristics of the three
RB-protejns indicates that the refractile body may simply be a store to hold various
components that will be necessary for merogony. The spe;ciﬂc roles of the RB-proteins .
may, therefore, be unrelated except in thé sense that they all assist in adaptatation of
the host by the parasite. Both 6S2 and EalA have been shown to be homdiogous to
previously identified families of profeins, the a;spartyl proteases and tranéhydrogenases,
respectively. Eb25/50, however, has no significant homology to any protein with
known ﬁJﬁction, although it appears that. Eb25/50 protein ﬁJnétion' is required for a
longer duration during merogony than 6S2 or EalA. Eb25/50 also appears to directly
interact with the host cell as shown by Ab;ahamsen et al. [120] where Eb25/50 protein
can be found ;chroughout the host cell cytoplasm. This inaicates' that the role of

N

Eb25/50 may be to modify the host cell through direct interaction.
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7. The abrupt dowﬁ-regu}ation of Eb25/50 protein immediately before merozoite
release indicates that Eb25/50 '}.)rotein expression may be deleterious to merozoite
function. Supporting this suggestion is the obsérvation that merozoites produced in
“culture, that cannot develop further, possess some Eb25/50 protein immediately after
release [120]. Our stuciies have shown that, in vivo, Eb25/50 protein is cémpletely
absent in mature meronts prior to merozoite release. This difference may be a clue to
the arrested development of E. bqvis merozoites in culture. Eb25/50 will provide an

excellent marker to study this phenomenon.
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