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Abstract
Microsporidia are important obligate intracellular parasites of a variety of eukaryotes 

and increasingly important pathogens of human AIDS patients. They have a highly 

complex and unique infection apparatus but otherwise appear structurally simple. In 

particular, typical eukaryotic organelles such as mitochondria and peroxisomes have 

never been identified. This absence was widely interpreted as evidence that these 

peculiar eukaryotes diverged prior to the mitochondrial endosymbiosis, making 

microsporidia potentially one of the earliest offshoots in eukaryotic evolution. However, 

microsporidial nuclear genes encoding homologues of mitochondrial heat shock 

proteins (Hsp) were subsequently detected and interpreted as evidence of secondary loss 

of organelle or endosymbiont. In this project the mitochondrial Hsp70 protein from the 

microsporidian Trachipleistophora hominis was characterised. The full-length gene was 

amplified, cloned and sequenced. A detailed phylogenetic analysis of this protein to 

ascertain its relationship to other eukaryotic Hsp70 proteins was carried out, which 

demonstrated a strong phylogenetic relationship to other mitochondrial isoforms and 

placed microsporidia as sister group to the Fungi. However, typical mitochondrial 

targeting signals within this protein were not found using either in silico or in cellulo 

detection methods. A highly specific polyclonal antibody to a fusion protein of this gene 

was prepared. Western blotting of T. hominis proteins with this antibody showed the 

protein to be expressed in both spore and intracellular stages of T. hominis and that it 

was not upregulated in response to heat shock. The antibody was used in 

immunocytochemistry experiments to detect the presence of numerous discrete 

compartments in proliferative forms (meronts) of this parasite. The ultrastructure of 

these compartments was investigated further using immuno-electron microscopy. This 

revealed that they are small double membrane bound organelles of probable 

mitochondrial origin. These data provide the first direct link between a protein of 

demonstrable mitochondrial ancestry and otherwise strongly conserved mitochondrial 

function, to a putative microsporidian organelle.
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Chapter 1 : General introduction
Organisms in the phylum Microspora, common name microsporidia, are obligate 

intracellular parasitic protists which infect a broad range of eukaryotes including other 

unicellular organisms (Canning, 1993a). Microsporidia were discovered in the middle 

of the 19* century when the first recognised species Nosema bombysis, a silkworm 

infection threatened to devastate the silk industry (Balbiani, 1882; Nâgeli, 1857). Since 

then over 1000 species have been described with particular attention given to those 

economically important species such as those causing disfiguring lesions in fish 

(Canning et a i, 1986). Until the 1980s cases of human parasitism were very rare. Now, 

AIDS, chemotherapy and pre-transplant immune suppression have led to an increase in 

the number of immunodeficient people in the population. This has resulted in more 

cases of opportunistic infections of humans with microsporidia (Canning, 1993b). 

Fourteen species of microsporidia have now been isolated from humans. Some of these 

were previously known as parasites of other animals and some, like Trachipleistophora 

hominis, are new species which to date have been exclusively found in humans 

(Canning and Hollister, 1992). The most common clinical symptoms of 

microsporidiosis are gastrointestinal and it has been estimated that up to 50% of cases 

of diarrhoea in people with AIDS are associated with infection by microsporidia 

(Orenstein et a l, 1994; Orenstein et a l, 1990). Microsporidia have been found in 

tissues other than the intestine causing keratitis, sinusitis, encephalitis and myositis 

(Canning and Hollister, 1992). There is no known universally effective treatment 

against microsporidia although the drugs albendazole and fumigillin have been shown 

to be effective against specific species (Molina et a l, 1998; Molina et a l, 1997; Molina 

et a l,  1995). Despite the increasing medical importance of these organisms, there are 

many fundamental unanswered questions about their biology; in particular their 

relationship to other taxa and the nature of their intracellular organisation.

1.1 The morphology and development of microsporidia

The infective stages of microsporidia are spores (Figure 1, page 12) and this is the stage 

in which the most distinctive ultrastructural features of this phylum can be seen. The 

spores are the easiest stage to isolate from host tissue hence their morphology and 

ultrastructure has been extensively studied using electron microscopy and they are the 

predominant stage used for DNA extraction. They are refractile under the light 

microscope and so are the easiest diagnostic sign of microsporidial infection. Spores 

vary in size from 1 pm to 40 pm (Vâvra, 1976) and are typically surrounded by a thick
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proteinaceous exospore made up of a matrix of up to 13 different amino acids (Vavra, 

1976). This imparts great resistance for survival in the extracellular environment. The 

exospore is lined with an endospore made up of a-chitin, which is at most 100 nm in 

thickness with a thinner area at the apex of the spore at the point of polar tube eversion 

(Vavra, 1976). The plasma membrane surrounds the cytoplasm which is dominated by 

the infection apparatus. This consists of the polar tube (also called a polar filament), the 

polaroplast and the polar vacuole which are diagnostic characters for the phylum 

Microspora. The polar tube provides a direct route for the spore cytoplasm and its 

contents to enter the host cell. This is everted when the polaroplast and the polar 

vacuole force the cytoplasm from the spore. At the start of spore development it is 

possible to see the ribosome coated rough endoplasmic reticulum (RER) and Golgi and 

it is widely believed that it is these organelles that give rise to the infection apparatus.

ad

ex

Figure 1. Simplified drawing of a generalized spore showing the location of different 

components of the infection apparatus within the spore.

ad - anchoring disc, ex - exospore, en - endospore, pf - polar filament, pp - polaroplast, 

n - nucleus

Life cycles vary across the phylum and include a minority of horizontally transmitted 

lineages and species which require more than one host species. Otherwise most species 

follow a general cycle of infection of the host cell from the extracellular environment,
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proliferation and differentiation into spores within the host cell and release of the 

resistant spores into the environment. A simplified overview of this typical 

microsporidia life cycle is given in Figure 2 (page 14). The start of the infection process 

is eversion of the polar tube from the spore and the piercing of the host plasma 

membrane. Polar tube eversion appears to be brought about by a change in the pressure 

within the germinating spore when environmental triggers cause a change in the 

permeability of the spore wall. The polaroplast is a set of lamellae or sacs of membranes 

originating from the Golgi apparatus or RER which swell at the start of germination 

bringing about the initial stages of eversion of the polar tube (Lom and Vavra, 1963). 

As the polar tube is extruded, the polar vacuole expands and pushes the spore contents 

out of the spore coat down the polar tube. If the spore is in the proximity of a host cell, 

the polar tube passes through the host cell membrane and the sporoplasm is transferred 

into the cytoplasm. The stage that results from the injected sporoplasm is called the 

meront. This undergoes the first phase of proliferation by merogony which generates 

merozoites by binary or multiple fission. At this point electron dense material surrounds 

these cells and they are named sporonts. They then enter sporogony, the second and 

generally the most proliferative stage of division. Sporogony occurs freely in the 

cytoplasm in a minority of species, but typically occurs within a sporophorous vesicle 

produced from parasite material (Vavra and Larsson, 1999). The sporonts generally 

divide by binary fission and the number of divisions that occur from a single sporont 

varies, but up to 100 sporoblasts may be produced from a single sporont (Vâvra and 

Larsson, 1999). Sporoblasts are the result of the final stage of sporont division and are 

the stages which differentiate into spores. It is within these stages that the Golgi and 

RER become most apparent and the infection apparatus develops. It appears that both 

the Golgi and RER contribute to the formation of the infection apparatus (Vâvra and 

Larsson, 1999). The first step of polar tube development is the appearance of densely 

staining vesicles from the Golgi which appear to bud off to produce the polar filament. 

The anchoring disk of the polar filament forms at the anterior of the sporont and the 

lamellar polaroplast develops posterior to this, also apparently from the Golgi 

apparatus. Finally the posterior vacuole develops, also from the Golgi, and the 

endospore is secreted. The mature spores are released from dying host cells. The spores 

are ready to infect new cells either within the same host or if they are released into the 

environment, within a new host. Transmission in humans is generally thought to be via 

contaminated water or food, although in the case of Trachipleistophora hominis, it has 

been hypothesised that transmission to human is via insect bite directly into the skin and
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from there into the muscle tissue (Cheney et al,  2000).

Spore infecting 
host cell

Polar
tube

host cell

Qinjected 
sporoplasm 
which forms 
a meront

ost cell 
nucleus

meront

sporonts

V :

\  Spores within a 
\ sporphorous vesicle

Figure 2. Overview of the generalised microsporidian life cycle, a. Spore infects the host cell 

by eversion o f the polar tube, this pierces the host cell membrane and the sporoplasm is passed 

down the polar tube directly into the host cell into the host cell cytoplasm, b. Meronts divide 

within host cell cytoplasm to give rise to sporonts. c. These divide further within sporophorous 

vesicles and differentiate into spores. Spores are liberated when the host cell dies.

1.2 Origin and evolution of microsporidia and theories of the evolution of 

the eukaryotic cell
Electron micrograph images show meront stages of microsporidia to be amorphous cells 

with few obvious ultrastructural features (Vâvra and Larsson, 1999). This apparent 

simplicity was interpreted as primitive and since 1983 microsporidia have played a key 

role in theories of the evolution of early eukaryotic cells. It is widely accepted that 

modern eukaryotic cells have a chimeric origin, with mitochondria and chloroplasts 

having an endosymbiotic origin (Martin er a/., 2001; Roger, 1999). There is no
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consensus on the nature of the ancestral eukaryote which initially harboured these 

symbionts, but it is generally agreed that the mitochondrion originated with the 

engulfinent of an a  proteobateria-like bacterium by an ancestor of modem eukaryotes. 

This led to the hypothesis that ‘transitional eukaryotes’, nucleated cells before the 

advent of the mitochondrial endosymbiosis, may exist (Bovee and Jahn, 1973) which 

were named ‘the Archezoa’ by Cavalier-Smith in 1983 (Cavalier-Smith, 1983). 

Microsporidia, Archamoebae, Metamonada and Parabasalia were all nominated as 

candidate Archezoan lineages on the basis that mitochondria had never been observed 

in these organisms. Moreover several other traits of microsporidia corroborated the 

theory that they were early branching eukaryotes. As in bacteria, microsporidian 

ribosomes sediment at 70S instead of the typical eukaryotic 80S (Ishihara and Hayashi, 

1968), and as in bacteria, the 5.8S rRNA gene is fused to the 28S gene (Vossbrinck and 

Woese, 1986). Furthermore certain typically eukaryotic cell structures are apparently 

absent, including centrioles, peroxisomes and microtubules. The Golgi apparatus has 

also been described as ‘primitive’. It appears as a concentration of numerous vesicles as 

opposed to the stacks of membranes found in other eukaryotes (Vavra and Larsson, 

1999). The first molecular phylogenies of the 18S rRNA genes also supported the 

hypothesis of microsporidia being the first branches of the eukaryotic tree (Vossbrinck 

et a l,  1987). Ensuing phylogenies of microsporidian E F -la  and EF-2 genes 

substantiated the ‘microsporidia-deep’ relationship (Kamaishi et a l, 1996a; Kamaishi et 

a l ,  1996b). Thus microsporidia appeared to be model examples of archezoan 

eukaryotes.

The mitochondrial genome contains genes which are phylogenetically closely related to 

a-proteobacteria, suggesting that the ancestor of the mitochondrion evolved from within 

the a-proteobacteria. After the establishment of the mitochondria as a permanent 

organelle in the eukaryotic cell, most of the mitochondrial genes were transferred from 

the mitochondrial genome to the nuclear genome (Gray and Spencer, 1996). These are 

currently encoded in the nucleus and retargeted to the mitochondrion by means of N- 

terminal or internal targeting signals. The presence of nuclear genes of mitochondrial 

origin provides a means of testing the Archezoa hypothesis. If the Archezoa are actually 

secondarily amitochondriate then mitochondrial genes may still be present on their 

nuclear genomes. The highly conserved, mitochondrially derived, chaperone gene of 

Hsp60 was searched for and found in Entamoeba histolytica (Clark and Roger, 1995). 

This was followed by the discovery of mitochondrial Hsp 10, Hsp60 and Hsp70 in
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Trichomonas vaginalis (Bui et a l, 1996; Germot et a l, 1996; Horner et a l,  1996), 

mitochondrial Hsp60 in Giardia intestinalis (Roger et a l,  1998) and mitochondrial 

Hsp70 in microsporidia (Germot g/ a/., 1997; H iiie t a l,  1997; Peyretaillade et a l, 

1998b). The presence of genes which are closely related to mitochondrial orthologues is 

strong evidence that all these supposedly ‘primitive’ amitochondriate lineages have 

either secondarily lost mitochondria or the mitochondrial endosymbiont.

1.3 Current status of the archezoan lineages 

The Archamoebae

The Archamoebae, encompassing the amitochondriate amoebae Entamoeba, Pelomyxa, 

Phretamoebae and Mastigamoebae was the first group to be removed from the 

Archezoa. This was mainly on the basis of phylogenies of rRNA genes (Cavalier-Smith, 

1993; Sogin, 1991). These showed members of the Archamoebae to branch after 

mitochondriate lineages in the eukaryotic tree, indicating that these lineages to have 

evolved from mitochondriate ancestors. One member of the group. Entam oeba  

histolytica was also found to harbour a mitochondrial Hsp60 in its nuclear genome 

(Clark and Roger, 1995). The product of this gene has now been characterised, and has 

been shown to localise to a small membrane bound organelle of likely mitochondrial 

origin called either the mitosome or crypton (Mai et a l, 1999; Tovar et a l, 1999).

The Parabasalia

The parabasalid group contains the trichomonads and related hydrogenosome bearing 

lineages. These lineages frequently branch at the base of the eukaryotic tree in 

molecular phylogenies. As with Entamoeba, the parasite Trichomonas vaginalis was 

shown to have retained mitochondrial derived genes on its genome. These are Hsp 10, 

Hsp60 and Hsp70 (Bui et a l, 1996; Germot et a l, 1996; Horner et a l, 1996; Roger et 

a l,  1996). Antibodies to Hsp70 and Hsp60 were subsequently shown to be localised to 

the hydrogenosome (Bozner, 1997; Bui et a l, 1996) and hydrogenosomes were later 

shown to have a common and interchangeable protein import system with mitochondria 

(Bradley et a l, 1997; Dyall et a l, 2000). These pieces of evidence led to the wide 

acceptance that the parabasalid hydrogenosomes are derived from the mitochondria and 

that the parabasal ids are not a primitively amitochondriate lineage.

The Metamonada

The diplomonads, of which Giardia intestinalis is the best studied example, have also
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been shown to have retained mitochondrial genes in their nuclear genomes (Arisue et 

a l, 2002; Homer and Embley, 2001; Roger et a l, 1998) demonstrating that the lineage 

evolved from an endosymbiont bearing ancestor despite the fact that a mitochondrion 

has not been recognised in this lineage. Experiments using a heterologous antibody to 

mtHsp60 to localise the proteins in G. intestinalis cells have shown ambiguous results. 

Initial experiments suggested a punctate localisation (Soltys and Gupta, 1994) 

consistent with a possible organellar localisation, whilst subsequent similar experiments 

showed a diffuse cellular localisation consistent with the idea that the mitochondrial 

organelle has degenerated (Roger et a l, 1998). However recent data have re-opened the 

possibility that Giardia may have a hydrogenosomal-type organelle. Lloyd and Harris 

found discrete areas of G. intestinalis which showed a membrane potential (Lloyd and 

Harris, 2002), a typical feature associated with the mitochondrial and hydrogenosomal 

membranes. Furthermore, Lloyd et a l have found that, like hydrogenosome bearing 

organisms, G. intestinalis produces hydrogen gas, albeit at lower levels than seen in T. 

vaginalis (Lloyd et a l, 2002). Localisation of diplomonad mitochondrial proteins is 

necessary to ascertain whether an organelle of mitochondrial ancestry is present.

Microsporidia

Since the conception of the ‘Archezoa’ hypothesis, microsporidia have dramatically 

changed position within the eukaryotic tree. Once, well established as ‘textbook’ 

examples of early branching eukaryotic cells (Madigan et a l,  2002; Tudge, 2000), 

rigorous phylogenetic analyses now show microsporidia to be highly derived Fungi 

(Edlind et a l, 1996b; Fast et a l, 1999; Germot et a l, 1996; Hirt et a l, 1999; Kamaishi 

et a l,  1996a; Keeling et a l,  2000; Van de Peer et a l,  2000). In this context, 

microsporidia must have evolved either from a mitochondriate fungus or as the sister 

group to the mitochondriate Fungi. By the time the first microsporidian genome project 

was completed, mitochondrial genes in the form of Hsp70 and a  and p pyruvate 

dehydrogenase (PDH) subunits, had been found in three species of microsporidia (Fast 

and Keeling, 2001; Gtxmoi et a l, 1997; \{ \x ie ta l,  1997; Peyretaillade er a/., 1998a). 

The complete sequence of the E. cuniculi genome added a further eleven putative 

mitochondrial genes to this list. These are homologues of T1M22, TOM70, Ervlp, a 

homologue of the ABC transporter Atm Ip, a  and P subunits of pyruvate dehydrogenase 

(PDH), ferredoxin (Yahlp), manganese superoxide dismutase (MnSOD), Nifulp-like 

protein, frataxin (Yfhlp) and mitochondrial glycerol-3-phosphate dehydrogenase. This 

allowed the authors to hypothesise the existence of a remnant mitochondrion-derived
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organelle in microsporidia (Katinka et a l, 2001). However, no physical evidence for the 

presence of an organelle was put forward. Although microsporidia are widely accepted 

to be amitochondriate (See Vavra and Larsson, (1999) for review of ultrastructure), 

structures suggested to be mitochondria have been reported on rare occasions (Vâvra, 

1976). These do not have the obvious cristae and double membranes of typical 

mitochondria and there is little to differentiate them structurally from other vesicular 

structures commonly found in microsporidia.

In the light of evidence that microsporidia are highly specialised parasitic Fungi (Edlind 

et a l, 1996b; Hirt et a l, 1999; Van de Peer et a l, 2000), once primitive traits are now 

known to be evidence of dramatic secondary reduction in response to the intracellular 

lifestyle. More evidence of reduction can be seen in the genome sizes of some of these 

organisms: Microsporidia have some of the smallest known eukaryotic genomes sizes. 

Although genome sizes can vary between taxa over by almost an order of magnitude 

from 2.3 to 19.5 Mbp (Metenier and Vivares, 2001), the haploid genome of 

Encephalitozoon intestinalis is just 2.3 Mbp (Peyretaillade et a l, 1998a), smaller than 

those of some eubacteria. This demonstrates the ability of microsporidia to reduce their 

genomes down to the bare minimum amount of genetic material, and get rid of the so 

called ‘junk DNA’ that forms a large part of many other eukaryotic genomes. Analysis 

of the complete Encephalitozoon cuniculi genome sequence showed that intergenic 

regions are short and repeated elements and introns are rare. Individual E. cuniculi 

genes are also reduced in length and are on average 14.6% shorter than their equivalent 

gene in Saccharomyces cerevisiae (Katinka et a l, 2001). Genes for many of the 

processes generally occurring in mitochondria have been lost, corroborating previous 

evidence that microsporidia rely mainly on glycolysis for ATP production (Weidner et 

a l, 1999b). Now it remains to be investigated whether microsporidia have also lost the 

mitochondrion.

1.4 Diversity of eukaryotic mitochondria

Entamoeba mitosomes and trichomonad hydrogenosomes illustrate just two of the 

diverse morphologies that mitochondria may adopt. Although the textbook electron 

micrograph images of mitochondria of plants and animals, consistently display the 

highly distinctive network of cristae and double membrane, the protistan mitochondrial 

appearance is known to vary greatly (Lloyd, 1974). Protistan lineages show 

evolutionary variation in mitochondrial morphology, for example in chytrid Fungi, the
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trichomonads and certain ciliate lineages, the mitochondrion has evolved into the 

hydrogenosome with unique biochemical pathways in adaptation to an anaerobic niche. 

Mitochondria may also show morphological variation in eukaryotes which display 

distinct life cycle stages (Krungkrai et a l, 2000; Lloyd, 1974). These examples show 

the diversity of morphologies mitochondria can adopt. Given that microsporidia show a 

tendency for reductionism, and the paucity of genes coding for mitochondrial proteins, 

it is likely that if a mitochondrion exists in microsporidia it will be reduced and distinct 

relative to the mitochondria of other eukaryotes. Therefore, the main reason for the lack 

of identification of a mitochondrion in microsporidia may be that it is unrecognisable as 

such in the absence of a reliable functional marker.

1.5 Aims of this study and the model system used

The primary aims of this study were to characterise the recently discovered 

mitochondrially related Hsp70s from the microsporidian, Trachipleistophora hominis, 

and to investigate its cellular localisation within this species. This is with the principal 

aim of addressing the question of whether microsporidia have retained a remnant 

mitochondrial organelle. The current state of knowledge is that all investigated 

microsporidia genomes harbour mitochondrial Hsp70 genes (Arisue et a l ,  2002; 

Germot et a l, 1997; Hirt et a l, 1997; Peyretaillade et a l, 1998a), Nosema locustae has 

mitochondrial pyruvate dehydrogenase genes (Fast and Keeling, 2001) and the fully 

sequenced Encephalitozoon cuniculi has homologues of at least eleven genes which 

have a mitochondrial localisation in other eukaryotes (Katinka et a l,  2001). However 

no expressional, functional or localisation data are available for any of these proteins in 

microsporidia. At the time at which this project was started, mtHsp70 was the only 

known mitochondrial gene in microsporidia and arguably still represents the most 

reliable marker indicating the presence of remnant microsporidian mitochondrion.

Hsp70 proteins are almost ubiquitous and well conserved across the tree of life 

(Boorstein et a l, 1994; Gribaldo et a l, 1999). They are chaperones which have multiple 

roles in the cell, stabilising unfolded and native proteins (Miao et a l, 1997), but in 

eukaryotes clear phylogenetic clades are formed by the different cellular isoforms 

(Boorstein e ta l ,  1994). The phylogeny in Figure 3 (page 20) clearly shows that plastid 

and mitochondrial isoforms are more closely related to bacterial isoforms of Hsp70s 

than they are to either RER or cytoplasmic forms in keeping with the hypothesis that 

these genes were inherited from prokaryotic endosymbionts. All studied mitochondrial
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isoforms are localised and function within mitochondria and have a role either in 

protein import into the mitochondrion or iron sulphur cluster (ISC) assembly in the 

mitochondrion (Baumann et a l, 2000; Bozner, 1997; Schnittger et a l, 2000; Voisine et 

a l,  2001). All examined isoforms of the Hsp70 genes share at least 45% protein 

sequence identity facilitating the design of degenerate primers to these genes (Boorstein 

et a l,  1994). The clear bacterial origin, high degree of sequence conservation and 

expected mitochondrial function of the mtHsp70 protein makes it an ideal marker to 

investigate the existence of a mitochondrion in microsporidia.
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Figure 3. Phylogenetic relationships between Hsp70 sequences as inferred by distance 

phylogenetic analysis. Taken from Boorstein 1994. This shows the close relationship of 

mitochondrial and plastidic sequences to bacterial sequences illustrating their origin with 

prokaryotic endosymbionts. Cellular localizations of the sequences are shown on the right hand 
side.
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Trachipleistophora hominis
Like most other human microsporidia the source of this species is unknown but it is 

hypothesised to have been transmitted to humans via a mosquito. This hypothesis is 

based on the analysis of small subunit (SSU) DNA sequences of other polysporous 

microsporidia (Cheney et al., 2000). This showed T. hominis to be phylogenetically 

most closely related to Vavraia culicis, a parasite typically found in mosquitoes. It has 

also been shown that T. hominis spores can successfully infect mosquitoes (Weidner et 

a l,  1999a). When the infected human patients were examined, the major site of 

infection was found to be skeletal muscle. It has been speculated that the parasite was 

injected directly into this tissue via a mosquito bite. Experiments in athymic mice have 

shown that when spores were ingested the infection did not spread to the muscle, 

suggesting that the parasite may need to be injected directly into the site of infection 

(Hollister er a/., 1996).

Trachipleistophora hominis provides the ideal system for the characterisation of the 

mtHspTO gene and protein in microsporidia. This species has been isolated on three 

occasions from the skeletal muscle of immunodeficient human patients (Hollister et a l, 

1996). In one of these cases, muscle biopsies from the patient were used to establish 

cultures of the parasite. Spores were originally liberated from the muscle biopsies by 

dissociation of the muscle tissue by incubation with 0.25% trypsin at 37°C for 15 

minutes, then purified by centrifugation through 50% Percoll at 1000 x g. The purified 

spores were seeded onto several cell lines of which rabbit kidney cells (RK-13) 

supported good growth allowing perpetuation of the culture and study of their 

development and life cycle (Hollister et a l,  1996). They generally divide by binary 

fission with occasional multiple fission events observed. Sporonts form within a 

sporophorous vesicle with a thick envelope of matrix between the sporonts and the 

sporophorous membrane. As in many microsporidia it is possible to see host 

mitochondria and ribosomes surrounding the parasite cells.

This culture system was established by Prof. E. U. Canning at Imperial College, 

S il wood Park in 1995 and transferred to the Natural History Museum, London in 1999 

at the beginning of this project. These are maintained under category II conditions due 

to the fact that they are human parasites originating from a patient infected with the 

human immunovirus. The infected cultures are stable in tissue culture cells and are 

rarely trypsinised. The majority of cells remain uninfected. Cells that are infected allow
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the completion of the microsporidian life cycle: host cells are infected, meronts undergo 

division and differentiation into spores and are released into the tissue culture medium 

on death of the host cells. Death of infected host cells allows healthy cells to expand 

into the gaps that have been left and spores released into the medium to infect new 

uninfected cells. Infected cells can be frozen and stored in liquid nitrogen then 

subsequently defrosted, in the same way as can be done with standard tissue culture 

cells. Spores produced by infected cells can be harvested, purified and used to extract 

DNA, RNA and proteins. Meronts cannot easily be purified from host cells, although 

sporonts and sporoblasts stages can (Green et a l,  1999). The cultures constantly 

produce cells with high levels on infection (Figure 4, page 23). The infected tissue 

culture cells can be easily grown across microscope slides and so can be observed under 

confocal fluorescent or standard light microscope, and are thus ideal for use in 

immunofluorescence protein labelling experiments.
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Figure 4. The T. hominis -RK-13 tissue culture system

a. 120 X magnification of tissue culture cells as viewed under phase contrast light microscope. Spores (s) are constantly produced by the cultures. These can either be 

harvested, or they may go on to infect other cells in the culture (i). Dead cells (d) leave gaps within the monolayer and allow division and growth o f uninfected cells.

b. 360 X magnification of 50:50 methanol/acetone fixed tissue culture cells as viewed under a phase contrast confocal microscope. The cultures continually produce 

infected cells. Meronts (m) can generally be seen in approximately 10% of RK-13 cells.

c. 700 X magnification o f a single acetone/methanol fixed tissue culture cell viewed under phase contrast confocal microscope. This shows a single infected rabbit 

cell with five nuclei. All stages of infection can be seen within this cell, (m) meronts, (sp) spores developing within a sporophorous vesicle (s) mature spores.



1.6 The main aims of this project:

To isolate and sequence the mitochondrial Hsp70 encoding gene from T. hominis.

To investigate the phylogenetic position of this gene relative to other cellular Hsp70 

isoforms using Bayesian and distance phylogenetic methods and investigate the 

presence of targeting signals using computer based detection methods.

To evaluate the utility of the mtHsp70 gene as a marker for the phylogenetic position of 

microsporidia within the Fungi.

To produce a fusion protein from the T. hominis mtFIsp70 using a bacterial expression 

vector and to use this protein as an antigen to produce a polyclonal antibody in rabbits 

as a probe to the T. hominis Hsp70 protein.

To investigate the expression of mtHsp70 in intracellular and spore stages of T. hominis 

using Western blotting.

To localise the mtHsp70 protein in infected tissue cells using confocal immuno

fluorescence microscopy and immuno-electron microscopy.

To investigate for the presence of a conserved mitochondrial targeting signal in the 

mtHsp70 sequence by transfection and expression of the sequence in a heterologous cell 

system.
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2 Chapter 2: Cloning, sequencing and phyiogeny of a mtHsp70 

gene from T. hominis and phylogenetic analysis of possible 

lateral gene transfers in microsporidia.

2.1 Introduction

The Protozoa exhibit huge diversity in cell structure and are therefore are rich in 

morphological characters (Margulis and Corliss, 1990; Patterson, 1999). These 

characters can be used phylogenetically to unite major lineages. However, the richness 

of protozoan ultrastructural characters often translates to wide morphological 

differences between the major lineages. For this reason it has often been difficult to 

confidently find homologous morphological characters with which to determine the 

branching order of the major protozoan taxa (Sogin and Silberman, 1997). Like many of 

the Protozoa, microsporidia have a long history of phylogenetic misplacement and their 

true position in the eukaryotic tree is still being determined. They were initially 

assigned their own group within the Sporozoa class of Protozoa (Balbiani, 1882), but 

were subsequently grouped with the Myxozoa in the Cnidosporidia (Doflein, 1901). 

This was based on the erroneous assumption that the ability to form spores and the 

presence of a polar filament, characters present in both taxa, were homologies. 

Homologies are those characters that share similarity due to their inheritance from a 

common ancestor (Patterson, 1982). This grouping prevailed for over seventy years 

until a greater understanding of ultrastructure and biochemistry of the Cnidosporidia, 

allowed fundamental differences in the two characters to be recognised (Lom and 

Vavra, 1962). In 1969 Sprague created the subphylum Microspora and in 1977 this was 

elevated to the phylum level (Sprague, 1969; Sprague, 1977). In 1983, Cavalier-Smith 

integrated the Microspora into the subkingdom Archezoa on creation of the Archezoa 

hypothesis (Cavalier-Smith, 1983). Cavalier-Smith hypothesised that microsporidia 

were a part of a group of primitively amitochondriate eukaryotes, which had branched 

away from the main eukaryotic lineage before the mitochondrial endosymbiosis. The 

subkingdom Archezoa included four amitochondriate lineages, the Parabasalia, the 

Archamoebae, the Metamonada and the microsporidia. With the advent of DNA 

sequencing, the source for characters for protozoon phyiogeny switched from 

ultrastructure and biochemistry to gene sequences. The sequencing and phylogenetic 

analysis of the small subunit ribosomal RNA of Vairimorpha necathx appeared to 

confirm the hypothesis that microsporidia were very early eukaryotes (Vossbrinck et 

a l,  1987). This phyiogeny placed microsporidia at the base of eukaryotes but did not
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include taxa from either of the two other archezoan lineages. Subsequent phylogenies of 

E F l-a and EF-2 showed microsporidia to have branched earlier than both the 

diplomonads and the parabasalids (Kamaishi et a l, 1996a; Kamaishi et a l,  1996b).

In 1996, the phylogenetic analysis of a  and p tubulin sequences from Spraguea lophii 

and Encephalitozoon cuniculi suggested an alternative position for microsporidia within 

the crown eukaryotes (Edlind et a l, 1996b; Keeling and Doolittle, 1996). This triggered 

reanalysis of the previously analysed data sets using methods correcting for potential 

artefacts and the sequencing of new phylogenetic markers in microsporidia (Hirt et a l, 

1999; Van de Peer et a l, 2000). Several other genes have subsequently been shown to 

phylogenetically link microsporidia to Fungi, these analyses are summarised in Table 1 

(page 32). This phylogenetic position is also supported by several morphological and 

biochemical characters summarised in Table 2 (page 33). It is now widely accepted that 

microsporidia are related to the Fungi rather than being basal eukaryotes, but as yet it is 

not clear whether microsporidia branched from within the Fungi, or whether they are 

the sister group to the Fungi. Attempts to resolve this question have been made 

(Cavalier-Smith, 2001; Keeling et a l ,  2000). Cavalier-Smith suggests that 

microsporidia evolved from a harpellelean zygomycete fungus on the basis of the 

resemblance of spore structure and development between the two groups. Analysis of 

an alignment of 10 microsporidia to 80 fungal small subunit rRNA sequences provided 

evidence for this hypothesis that microsporidia evolved from within the zygomycetes. 

Maximum likelihood and distance analysis of an alignment of small subunit ribosomal 

RNA genes both showed the microsporidia to cluster with the zygomycetes (Cavalier- 

Smith, 2001). The tubulin analysis of Keeling et a l 2000, did not tie microsporidia 

strongly to a particular branch of the Fungi but appeared to place the microsporidia 

within the fungal radiation (Keeling et a l ,  2000). Although, the position of the 

microsporidia within the Fungi was not well resolved in this phyiogeny, they 

consistently branched after the chytrid Fungi - thought to be the most basal branch of 

the Fungi (Paquin et a l,  1995). Clearly additional molecular markers are needed to 

identify the closest relative of microsporidia within the Fungi. In this chapter the utility 

of the mtHspTO gene as such a marker was examined using both DNA maximum 

likelihood and Bayesian protein sequence analysis. For the first time all three isoforms 

of the ascomycete mtHspTOs from Saccharomyces cerevisiae and a mtHspTO sequence 

from Neocallimastix patriciarum, a species of ‘basal’ chytrid Fungi are included in the 

analysis.
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2.1.1 Potential causes of artefacts in microsporidia phylogenetics

Microsporidia are organisms with highly divergent gene sequences. Evidence for this 

can been seen in eukaryote phylogenies or similarity trees which include microsporidia 

sequences where they are frequently the longest branches (For examples see Arisue et 

a l, 2002; Kamaishi e ta l ,  1996b; Vossbrinck e ta l,  1987). This makes them especially 

vulnerable to certain phenomena which can cause artefacts in results of phylogenetic 

analysis. One particular source of artefact pervasive to phylogenetics of microsporidia 

sequences is long branch attraction (Felsenstein, 1978). If two lineages in a phyiogeny 

have significantly longer branches, these lineages have an increasing probability of 

being grouped together irrespective of their phylogenetic relationships, as more 

characters are added to the data set. Distance and parsimony phylogenetic methods are 

more susceptible to long branch attraction than maximum likelihood methods 

(Felsenstein, 1978; Huelsenbeck, 1995). However, if the model selected for maximum 

likelihood analysis does not fit the data, then long branch attraction may also be 

problematic for maximum likelihood methods. The problem of long branch attraction 

may be reduced by identifying and removing non-important long branches in the data 

set. A further potential source of artefact in phylogenetic trees, related to long branch 

attraction, is the failure to correct for among-site rate variation (Yang, 1996). Not all 

sites vary freely or at the same rate across sequence alignments and some sites may not 

vary in any of the taxa. These sites can be hypothesised to be invariant, particularly in 

an alignment which includes sequences representing highly diverse taxa, such as 

bacteria, plants, protists and animals. If invariant sites are included in an analysis and 

among-site rate variation is not taken into account, the number of changes that have 

occurred at the fast evolving sites may be underestimated. This can cause fast evolving 

sequences to branch together. In distance, DNA maximum likelihood and Bayesian 

phylogenetic analyses among-site rate variation can be incorporated by estimating the 

gamma distribution of substitution rates at sites.

Artefactual phylogenetic relationships may also result from shared base composition 

bias between two or more sequences. If two lineages share a similar codon usage or 

base composition bias for reasons other than shared phylogenetic history, this may 

cause them to be grouped together artefactually (Embley et a l, 1993). Functional 

constraint may also cause branches to be drawn together for reasons other than 

phylogenetic signal (Lockhart et a l, 1996). As the role of the microsporidian Hsp70 is
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unknown and in the absence of a mitochondrion its site of action may feasibly have 

changed to a location in the cell outside the mitochondrion. If the site within the cell 

where this protein acts has changed then some functional constraints could be altered. 

This may draw microsporidia sequences towards the non-mitochondrial outgroup 

sequences and obscure true phylogenetic signal.

Failure to account for these sources of artefact in previous analyses may explain the 

basal position of microsporidia in early eukaryote phylogenies. This was demonstrated 

to be the case in the phylogenies recovered from initial analyses of the EF-2 sequences 

(Hirt et a l,  1999). In the following chapter, analyses of both DNA and protein 

sequences use models which remove invariant sites and include an estimation of a value 

for the gamma distribution of rates of variation of the variable sites. Parsimony analysis, 

a method particularly vulnerable to long branch attraction (Felsenstein, 1978) was not 

used as an optimality criterion for selecting best trees. The effect of removal of the 

Giardia intestinalis mtHspTO sequence, a long branch, and long branch non- 

mitochondrial outgroups on tree topology was also examined.

2.1.2 Mitochondrial genes in microsporidia

Since 1997 several homologues of mitochondrial genes have been found in 

microsporidia (Arisue et a l, 2002; Fast and Keeling, 2001; Germot et a l, 1997; Hirt et 

a l, 1997; Katinkae/a/., 2001; Peyretaillade et a l, 1998b). MtHsp70 genes have now 

been isolated from five species of microsporidia. Previous phylogenetic analyses have 

shown these gene sequences to be closely related to mitochondrial isoforms of other 

eukaryotes (Arisue et a l, 2002; Germot et a l, 1997; Hirt et a l, 1997; Peyretaillade et 

a l, 1998b). MtHsp70s are more closely related to bacterial Hsp70s than they are to 

either eukaryotic, cytosolic or RER forms and their closest relatives among the bacteria 

are the a-proteobacteria (Boorstein et a l, 1994; Falah and Gupta, 1994). As the 

mitochondrial endosymbiont is thought to have belonged to the a-proteobacteria 

(Andersson et a l, 1998), the finding of these genes in microsporidia is strong evidence 

that microsporidia once harboured mitochondria or the mitochondrial endosymbiont 

that gave rise to the mitochondrion. The question remains, have mitochondria been lost 

from microsporidia or are they still present but as yet unrecognised? In this chapter, 

Trachipleistophora hominis DNA is screened for the presence of a mtHsp70 gene.
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2.1.3 Lateral gene transfer in microsporidia

Lateral gene transfer has been invoked to explain the presence in microsporidia of 

fungal related genes (Sogin, 1997). More rigorous phylogenetic analysis has shown that 

this is not necessary, and the relationship of microsporidia to Fungi is likely to be 

genuine and the deep branching position is likely to be artefact (Edlind et a l, 1996b; 

Fast e ta l ,  1999; Germot e ta l ,  1997; Hirt et a l, 1999; Keeling et a l, 2000; Van de 

Peer et a l, 2000). However examples of possible authentic lateral gene transfer can be 

identified on the Encephalitozoon cuniculi genome. The phylogenetic origin of two 

such genes, the microsporidial ADP/ATP transporter and manganese superoxide 

dismutase were examined in this chapter.

The ability to take up ATP from the host cell has clear advantages to any parasite and it 

has been previously suggested that microsporidia have this capability (Weidner et a l, 

1999b). The completed E. cuniculi genome sequence has revealed a possible 

mechanism for this process. Four genes in the E. cuniculi genome show a significant 

blast hit score to the Rickettsia like ATP importer and it appears that microsporidia have 

obtained these by means of a lateral gene transfer followed by a local gene duplication 

to produce four copies. Unlike mitochondrial ATP exporters, to which these are 

phylogenetically unrelated, these proteins are able to uptake ATP or other nucleosides 

(Wolf et a l, 1999). They are localised to either cell or plastid membranes and all have 

at least nine anchoring transmembrane domains. One of the most interesting 

characteristics of this protein from the perspective of lateral gene transfer, is that it may 

provide an ‘immediate phenotype’ on the insertion of the gene into the genome of 

another organism. It has been experimentally demonstrated that genes from Chlamydia, 

Rickettsia and Plants can be transfected and expressed in E. coli and that the protein is 

immediately incorporated into the cell membrane and is able to import ATP from the 

extracellular environment (Krause et a l, 1985; Mohlmann et a l, 1998; Tjaden et a l,

1998). This type of ATP importer has now been found in 12 organisms, from four 

distantly related lineages: Rickettsia, Chlamydia, plants and microsporidia (Kampfenkel 

e ta l ,  1995; K atinkae/<3/., 2001; Tjaden er a/., 1999; Williamson gra/., 1989). These 

genes do not occur in any other eukaryotes or prokaryotes (although taxon sampling is 

limited to sequences submitted to genbank) and their discontinuous distribution on the 

tree of life cannot be parsimoniously explained by the mechanism of selective gene loss. 

Although the level of similarity between the twelve sequences is low, the sequences 

have strong structural similarities. All sequences contains at least 9 predicted
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transmembrane domains using the TMHMM 2.0 transmembrane prediction program 

(Krogh et a l, 2001), and it is also possible to find areas of sequence similarity which 

suggest a common phylogenetic origin. The evolutionary history of this protein is 

intriguing notwithstanding its discovery in microsporidia, nevertheless little 

investigation of its phyiogeny has been carried out. Two phylogenetic analyses have 

been carried out on a data set including isoforms from Chlamydia species, Rickettsia 

species, Arabidopsis thaliana and Solarium tuberosum (Koonin et a l, 2001; Wolf et a l,

1999). The conclusion from the latter was that the genes apparently originated in plants 

and were subsequently transferred to an ancestor of Chlamydia from here it was 

transmitted to Rickettsia. In this chapter sequences from the E. cuniculi genome project 

were added to this analysis to test this hypothesis and investigate the origin of these 

genes in microsporidia.

The E. cuniculi genome bears a single superoxide dismutase gene coding for the 

Manganese superoxide dismutase enzyme (MnSOD) and the cytosolic copper/zinc 

superoxide dismutase is apparently absent. In eukaryotes, the mnSOD protein is 

generally localised to the mitochondrial matrix where it has the role of inactivating 

excess free radicals produced by oxidative phosphorylation in the mitochondrion 

(Fridovich, 1995). However in the absence of the genes coding for components of 

oxidative phosphorylation in E. cuniculi genome, it is not clear what is the function of 

this enzyme in microsporidia. In this chapter, the phylogenetic origin of this gene was 

examined in order to investigate its origins in microsporidia.
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Table 1. Summary of results of microsporidian molecular phylogenies investigating the relationship of microsporidia to other eukaryotes.

Phylogenies supporting a basal 

position for microsporidia

Phylogenies supporting microsporidia as 

relatives of the Fungi

Phylogenies supporting the evolution 

of microsporidia from within the 

Fungi

SSU rRNA gene DNA distance tree 

(Vossbrinck et a l, 1987)

p-Tubulin Protein parsimony and distance 

(Edlind e/a/., 1996b)

P-Tubulin, maximum likelihood. 

(Keeling et a l, 2000)

E F -la  and EF2 proteins. Protein 

maximum likelihood (Kamaishi et a l, 

1996a)

EF-2 protein maximum likelihood analysis 

with fast sites removed. LogDet invariant 

sites removed. Phylogenies not inconsistent 

with Microsporidia + Fungi relationship 

{Win e ta l,  1999)

SSU rRNA, distance and maximum 

likelihood. (Cavalier-Smith, 2001)

RNA polymerase II largest subunit. (Hirt et 

a l, 1999)

TATA-box binding protein, protein 

maximum likelihood (Fast et a l, 1999)

Large subunit (LSU) rRNA rate calibrated 

distance (Van de Peer et a l, 2000)
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Table 2. Summary of potential phylogenetic characters used to place microsporidia within the eukaryotes.

Characters used to support the deep branching hypothesis of 

Microsporidia evolution.

Characters used to support the theory that microsporidia are related 

to Fungi

Prokaryotic sized ribosomes with sedimentation coefficients of 

70S with subunits of 50S and 30S ribosomes of most other 

eukaryotes which sediment at 80S (Ishihara and Hayashi, 1968)

Unlike bacteria, plants and several Protozoa including Entamoeba, 

Trichomonas and Giardia which are paromycin sensitive, microsporidia 

along with metazoa and Fungi, are paromycin insensitive. This sensitivity 

is based on a binding site at 3' end of SSU rRNA (Katiyar et a l, 1995)

Microsporidian rRNAs genes are closer in length to the 

prokaryotic genes (Curgy et a l, 1980), and as in prokaryotes, 

the 28S and 5.8S sequences are fused, whereas in other 

eukaryotes they are separate molecules (Vossbrinck and Woese, 

1986)

Sensitivity to antifungals, such as benzimidazoles (Edlind et a l, 1996a; Li 

et a l, 1996) and albendazole (Laffanchi-Tristem et a l, 2001)

Small genome size in some species (Canning, 1998) Shared insertion in the E F -la  gene in microsporidia. Fungi and animals 

(Kamaishi e ta l,  1996b)

Chitin in spore walls in both microsporidia and Fungi

Intranuclear mitosis (Canning, 1988)
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2.2 Methods

2.2.1 Reagents:

BigDye Terminator v 3.0 sequencing standard, ABI PRISM Cat. No. 4390303 

BSA 10 mg/ml, Promega

Centriflex Gel filtration cartridges, Edge Biosystems Cat. No. 42453

Chloroform, BDH laboratory supplies Cat. No. 10077W

Dynabeads mRNA Purification Kit, Dynal Cat. No. 610.06

Hind 111 restriction endonuclease. New England Biolabs Cat. No. R0104T

Hyperladder DNA ladder. Bioline Cat. No. HYPL1200

Marathon cDNA amplification kit, Clontech Cat. No. K 1802-1

Maximum efficiency DH5a competent E. coli cells. Life technologies Cat. No.

18258012

Microcon 100 filtration columns, Millipore Cat. No. UFC7PCR50

pGEM-T EASY vector system, Promega Cat. No. A1360

PLATINUM Taq DNA polymerase, Invitrogen Cat. No. 10966

pPCR-Script Amp cloning kit, Stratagene Cat. No. 211188

QlAquick Gel extraction kit, Qiagen Cat. No. 28706

Ribonuclease A from bovine pancreas. Sigma Cat. No. 83831

Saturated phenol solution pH 6 .6 , BDH laboratory supplies Cat. No. 4367546

Saturated phenol solution pH 7.6, BDH laboratory supplies Cat. No. 4367546

Shrimp alkaline phosphatase, Promega Cat. No. 9P1M820

Sodium dodecyl sulphate solution (SDS), Sigma Cat. No. 05030.

Taq polymerase 5 U/pl, Bioline Cat. No. M95801B, supplied with 10 x NH4 reaction 

buffer and 50 mM MgCL 

Xgal, Promega Cat. No. V3941
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stock solutions

LB medium 10 g bacto tryptone 

5 g yeast extract 

lOgNaCl

Distilled water to 1 L 

Adjusted pH to 7.0 with 5N NaOH

SOC Medium 2.0 g bacto tryptone 

0.5 g bacto yeast extract 

O.OSgNaCl 

98 ml distilled water

Autoclaved and 1ml of magnesium salts and 1 ml of 2M 

glucose added

Magnesium salts 

(for SOC broth)

12 0 g MgS0D4 7 H2O 

9 5 gMgCl]

Distilled water to 100 ml 

Filtered (0 2 pm)

Xgal 50 mg/ml 5-bromo-4 chloro-3 -indoy 1-b-D- 

galactopyranside. Stored at -20°C

IPTG 100 mM isopropyl-P-D-thiogalactopyranoside

THE lOx pH 7.5 108 gtrizma base 

50 g boric acid 0.5 M EDTA 

Distilled water to 1 L 

Adjusted pH to 7.5 with IM HCl

TE (10/1) pH 7.5 10 mM Tris-HCl 

1 mM EDTA pH 8.0 

Adjusted pH to 7.5 with IM HCL
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Solution D 62.5 g guanidine thiocyanate

0.75 M Sodium Citrate 4.4 ml 

30% (w/v) Sarkosyl 2.2 ml 

DEPC-dHzO 77.5 ml 

Distilled water to 1 L

Sodium phosphate buffer 57.7 ml IM Na2HP0 4

50 mM pH 7.0 42.3 ml IM NaH2P0 4

1 X phosphate buffered saline 8 g NaCl

0.2gK Cl 

1 .4 4 gNaHP0 4  

Distilled water to 1 L

Phenol/Chloroform Phenol : chloroform : isoamyl in the ratio 25:24:1 by

volume.
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ThHspjO --70F

H sÿO -F l

ThHsp70-16F

ThHsp70-58R

TliHsg70-^139R
ThHsp70-258R

Hsp70-F2
T^Hsp70-421 F

»— ► ThHsp70-542F
* *^Hsp70-Rl

^*^rhHsg70-652R
ThHsp70-864F

Hsp70-R2 ThHsp70-1088F
»— ► ThHsp70-1580R

^— « ThHsp70-I696R

1964

1632

Figure 5: Position of primers used for PCR and sequencing relative to the T. hominis Hsp70 DNA sequence. Black box shows total sequence length amplified 

and sequenced from genomic DNA. Grey box shows length of total open reading frame. White box shows length of sequence amplified and sequenced from mRNA 

using RACE cloning. Primer numbers refer to their position relative to the first base amplified by the Hsp70-F 1 primer.

Primer Sequences
5’ - A T G A G C G T A T T A C A T T C A C A A  - 3' H sp70-F I 5'
5’ - G G G C A C A A C C A A C T C G T G C A T T T C T  - 3* T hH sp70-58R  5'
5' - C G G T T T G C C A A C T A T C A C G T T T T C A C C C G A  -3 ’ T hH sp70-258R  5’
5’ - C A R G C N C A N A A R G A Y G C N G G  - 3' T hH sp 70-421F 5’
5 '-  A C T T A G G C G G T G G T A C G T T T G A T A -3’ H sp70-R l 5’
5- .  G C C T A A T T T T C G C C A G A T C A A T G T C A C  - 3' T hH sp70-864F  5’
5’ - T A G C A N C G N C Y T C R T C N G G R T  - 3’ T hH sp70-1088F  5'

^  T hH sp70-1696R  5 '-  A G T A T T G G C T G G T T A A A A T G A T T A C T T G  - 3' T hH sp70-1580R  5'

T hH sp70 - 7 0 F
T hH sp70-16F
T hH sp70-139R
H sp70-F2
T hH sp70-542R
T hH sp70-652R
H sp70-R 2

- CCCGGGIATHGAYYTIGGNAC - 3'
- GGCCACGTTGTCCTGCATTATAGAAAT - 3'
- AGTTCTCCGTTGTCGTCTATAA - 3'
- TACACAGCGGGAGGAGACTAAAA - 3'
- GAARTCRAARTCYTCICCNCC - 3' 

yrOCTCCACTGATAAAAAGAAC - 3'
- TGGGAATAGAAACCGTAGGTGGACTC - 3'
- ACACGACCATGTCGTTTGAATCACTA - 3'



Tissue culture stock solutions and reagents 

Medium
2% 500 ml MEM medium

10 ml fetal calf serum 

5 ml kanamycin 

5 ml streptomycin/penicillin

5% 500 ml MEM medium

25 ml fetal calf serum 

5 ml kanamycin 

5 ml streptomycin/penicillin

10% 500 ml MEM medium

50 ml fetal calf serum 

5 ml kanamycin 

5 ml streptomycin/penicillin

Olympus CK3040 Culture microscope 

Percoll Sigma, Cat. no. P4937

CELLSTAR 25cm^ Tissue culture flasks, Greiner Cat no. 690160 

CELLSTAR 75cm^ Tissue culture flasks, Greiner Cat no. 658170 

CELLSTAR 175cm^ Tissue culture flasks, Greiner Cat no. 660160 

5 ml pipette sterile, Greiner Cat. No. 606180 

10 ml pipette sterile, Greiner Cat. No. 607180 

25 ml pipette sterile, Greiner Cat. No. 760180

Minimum essential medium (MEM) with Earle’s salts and L-glutamine, Gibco BRL 
Cat. No. 31095/029
Penicillin/streptomycin (10 mg/pl) Gibco BRL, Cat. No. 15140114 

Kanamycin (100 pg/pl) Gibco BRL, Cat. No. 151640047 

Fungizone (250 mg/ml) Gibco BRL, Cat. No. 6290026 

Fetal calf serum, Gibco BRL Cat. No. 10099141 

Trypsin-EDTA, Gibco BRL Cat. No. 090028
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2.2.2 Maintenance of cultures

The culture system consisted of rabbit kidney cells (RK-13) infected with T. hominis 

incubated at 34°C in air with 5% CO2 . Details of establishment of the system have been 

documented by Hollister et a l, 1996. The RK-13 were rarely trypsinised but maintained 

by the addition of fresh medium. Three stocks of medium were used varying in the 

concentration of fetal calf serum (PCS). These three concentrations were 2%, 5% and 

10% PCS. The infected cells were examined every week and the medium was changed 

at least every two weeks. A subjective visual assessment of the confluence and health of 

the RK-13 was made and an appropriate concentration of medium was added. If the 

rabbit cell monolayer was dense and spore and meront number was low, then 2% PCS 

medium was added. If there was a full monolayer and spore and meront number was 

high, then 5% PCS medium was added. If there were gaps in more than approximately 

10% of the monolayer, then 10% PCS medium was added.

2.2.3 Percoll gradient purification of Trachipleistophora hominis spores

The culture system continuously produces spores which are released into the culture 

medium. The medium containing spores was harvested from the culture flasks and was 

purified using Percoll. This was transferred to 50 ml tubes and centrifuged for 10 

minutes at 200 x g so that spores and other cells formed a pellet. Most of the 

supernatant was removed, leaving just enough to resuspend the pellet. The spores were 

resuspended in 40 ml of double distilled sterile water and left for between 30 minutes 

and overnight at 5°C in order to lyse any rabbit cells. The tubes were centrifuged for 15 

minutes at 200 x g and the supernatant was removed. A 30 ml solution of 50:50 Percoll 

and PBS was made and inverted to mix the layers. The spore pellet was mixed with 10 

ml of 10% PCS medium and the mix was slowly added to the Percoll/PBS so that it 

formed a separate layer on top of the Percoll/PBS. This was centrifuged for 30 minutes 

at 7°C at 900 x g. Most of the Percoll was removed from the spores by washing with 

PBS. All but 10 ml of supernatant was removed and the pellet resuspended in the 

remaining liquid. This was diluted with 40 ml of PBS and it was centrifuged for 10 

minutes at 200 x g. All but 5 ml of PBS were removed and the pellet resuspended and 

centrifuged at 200 x g for 10 minutes. The supernatant was removed and the pellet 

resuspended in 1 ml of 5% PCS medium. The spores were counted using a 

haemocytometer.
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2.2.4 Trypsinisation of rabbit kidney cells infected with 

Trachipleistophora hominis

The medium was removed from infected cells and purified using Percoll (see section 

2.2.1). The culture flask was incubated for 2 minutes at room temperature with 4 ml 

Trypsin-EDTA. The trypsin was then removed and the flask was incubated at room 

temperature for 10 minutes. After the addition of 7 ml of 1 x PBS the cells were scrq)ed 

off the flask. These were added to 43 ml of 1 x PBS and centrifuged for 10 minutes at 

30 X g. The supernatant was transferred to waste. The pellet was broken up by pipetting. 

Medium was added and then split and put into two new flasks. The flasks were 

transferred to the CO2 incubator at 34°C.

2.2.5 Extraction of T. hominis DNA from spores

Purified spores were centrifuged at 3500 x g for 5 minutes (see section 2.2.1 for 

purification protocol). The supernatant was discarded and spores resuspended in 1 ml 

TE 10/1 pH 7.5. This was transferred to a 1.5 ml eppendorf tube and centrifuged at 

3500 X g for 5 minutes. The supernatant was discarded. 400 pi TE 10/1, 10 pi 10% 

SDS, 2 pi of RNAse A and 400 pi of 0.17 - 0.18 mm 0  glass beads were added and the 

tube was bead beaten for 45 seconds at 2000 rpm. 800 pi of pH 8.0 phenol were added 

to the bead beaten cells and mixed by inversion and centrifuged at 10000 x g for 10 

minutes. The supernatant was recovered and 400 pi of chloroform added. The mixture 

was centrifuged at 10000 x g for 10 minutes and the supernatant recovered. The 

samples were concentrated using microcon 100 cartridges.

2.2.6 Agarose gel electrophoresis

DNA samples or PCR products were visualised by standard gel electrophoresis. Mini gels 

(1.0% agarose) were prepared in 1 x TBE containing 0.5 pg /ml ethidium bromide. DNA 

samples were mixed with 6 x gel loading buffer in a ratio of 1:5 (buffer:sample). Bioline 

hyperladder markers in 1 x loading buffer were included on each gel (0.5 pg per well). 

Electrophoresis was carried out in 1 x TBE, at 12 V/cm until the marker dye migrated two 

thirds of the length of the gel. The DNA was visualised under ultra-violet light and 

photographed using a UVP imager (Ultra Violet Products Ltd., Cambridge, UK).
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2.2.7 Amplification of the T. hominis Hsp70 gene using the polymerase 

chain reaction (PCR)

Figure 5 (page 36) shows the relationship of primers used to the T. hominis Hsp70 

sequence. Primers Hsp70-Fl, Hsp70-Rl and Hsp70-R2 were designed from an alignment 

of mitochondrial Hsp70 genes (Germot e ta l ,  1996; Gupta and Singh, 1992). A fragment 

of 656 bases was amplified with the primers Hsp70-Fl and Hsp70-Rl. The specific 

forward primers ThHsp70-542F and ThHsp70-421F were designed from this sequence 

and used with primer Hsp70-R2 to amplify an overlapping fragments of 461 and 584 

bases respectively. The following general protocol was followed for all PCR 

amplifications, unless otherwise stated. A master mix containing all components, except

template DNA and the Bioline AmpliTaq® DNA polymerase was prepared. This 

contained, per reaction:-

Mix (total 50 pi)

5 pi Taq 10 x reaction buffer 

4 pi MgCb (100 mM)

1 pi BSA (10 mg/ml)

1 pi dNTPs (400 mM)

6 pi primers (3.2 pmol)

30.5 pi Distilled H2O

The PCR master mixture was aliquoted into labelled 0.5 ml microfuge tubes and then 2 

pi of template DNA added. Tubes were vortexed, spun down and heated on the thermal

cycler at 95 C for 2 min, before adding 0.5 pi Taq (5 U/pl) Bioline AmpliTaq® DNA 

polymerase. A negative control containing no target DNA was included in every set of 

reactions to check for contamination of reagents with DNA, which could lead to false

positives. The thermal program comprised of 35 cycles of dénaturation at 94 C for 1

min, annealing at 55 C for 1 min and extension at 72 C for 1.5 min. A 30 min extension

at 72 C completed the program. A sample of the PCR products (5 pi) was analysed by

gel electrophoresis on 1% agarose mini gel. Reactions were stored at -20 C prior to 

sequencing and cloning if necessary.
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2.2.8 Nested PCR

When PCR was not initially successful, a nested PCR approach was used. After the first 

PCR, the products were passed through a microcon 100 column to remove the primers 

and the PCR was repeated on the initial PCR products with one or both of the primers 

replaced with internal primers.

2.2.9 Cloning of amplified DNA

If the yield of PCR product was too low for direct sequencing, the product was cloned 

using the Promega pGEM-T Easy vector system. The pGEM-T vector was transformed 

into Maximum efficiency DH5oc competent E. coli cells (Life Technologies).

Ligation

The PCR product was gel extracted using the QlAquick gel extraction kit according to the 

manufacturers protocol. The gel extracted sample was spin dialysed using a Microcon 

100. The volume of the retentate was adjusted to 20 pi with TE (10/0.1) pH8 and 2 pi 

analysed on a 1% agarose gel to estimate the yield. The ligation reaction was then set up 

on ice containing the following components

T4 DNA Ligase 10 X buffer 1 pi

pGEM-T Easy vector 50 ng/pl 1 pi

PCR product (28-85 ng) x pi

T4 DNA Ligase (1 Weiss unit/pl) 1 pi

Analar water to 10 pi

Depending on the yield of PCR product from each sample, the insert:vector varied from 

3:1 to 1:1. Control ligations were prepared, as above, with either no insert or a control 

insert, provided with the kit, to assess the background recombination and ligation 

efficiency. Ligations were incubated for overnight at 4 C. The reactions were then stored 

at -20 C or used immediately.

Transformation

Competent cells (Maximum efficiency DH5a competent cells. Life technologies), were 

thawed on ice and 50 pi aliquots were transferred into pre-chilled 15 ml Falcon tubes on 

ice. Ligation mix (3 pi) was dispensed into the cell suspension, mixed and tubes 

incubated on ice for 30 min. Cells were heat shocked in a water bath at 37 C for 20 sec.
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Transformation mixes were placed on ice for a further 2 min before adding 0.95 ml of 

preheated (37 C) SOC medium. Tubes were incubated at 37 C for 1 h with shaking at 225 

rpm. LB-ampicillin-Xgal-IPTG plates were spread with 100 pi and 900 pi (100 pi only

for controls) of the transformation mixes. Plates were incubated overnight at 37 C. 

Screening of recombinant vectors

Putative recombinants (i.e. white colonies) were picked with a sterile loop and transferred 

to 5 ml of LB broth containing ampicillin (100 pg/ml) and were incubated at 37°C 

overnight, at 225 rpm. Plasmid DNA was then extracted from the cultures using the 

Wizard mini prep DNA purification system. The plasmid DNA was stored in TE buffer at 

-20 C. A restriction digestion of the plasmid DNA was used to check for inserted PCR 

product. Digests contained 1 pi of DNA, 1 pi of the appropriate 10 x enzyme buffer, 0.5 

pi (6U) of EcoRl and water to give a total volume of lOpl. Digests were incubated for 1 h 

at 37 C and analysed by gel electrophoresis.

2.2.10 DNA sequencing

The inserts or PCR fragments were sequenced using the Amersham BigDye sequencing 

kit with either the pGEM-T vector primers SP6 and T7 or gene specific primers (Figure 

5, page 36). Sequencing reactions were purified using the Centriflex Gel filtration 

cartridge. Purified sequencing reactions were sequenced using an ABI automated 

sequencer.

Reaction conditions:

Mix ( total 20 pi ) Thermal cycling

100 ng DNA 94°C 1 minutes 30s x 1

3.2 pmol primer 96°C 20 s 1

8 pi dHzO 50°C 10 s 1^x25

4 pi Big Dye dilution buffer 60°C 4 minutes J

2.2.11 Extraction of T. hominis total RNA

Spores were taken from culture, washed twice with double distilled sterile water and 

frozen in phosphate buffered saline (PBS) at -80°C until RNA extraction or used 

immediately. Spores were washed with RNase free sodium phosphate and then bead
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beaten in 400 |xl of solution D for one minute at 2000 rpm. The supernatant was 

removed and the beads were rinsed with 300 |xl of 20 mM sodium phosphate at pH 8. 

The spores were bead beaten again at 2000 rpm and the supernatants pooled. 700 \l\ of 

phenol pH 6.6 were added and inverted to mix the two solutions. This was centrifuged 

for 10 minutes at 10000 x g on a benchtop centrifuge and the aqueous layer was 

retained. To this, 700 |xl of Phenol/chloroform/isoamyl alcohol (25/24/1 v/v) were 

added and the mixture was centrifuged at 10000 x g for 5 minutes. The aqueous layer 

was kept and 700 \i\ of chloroform/isoamyl alcohol (24/1 v/v) were added and the 

extract was centrifuged for 5 minutes. The RNA was precipitated by adding 2.5 

volumes of 100% ethanol to the extract and placing it at -20 °C for 1 hour. This was 

then centrifuged at 10000 x g for 30 minutes. The pellet was washed with 70% (v/v) 

ethanol and resuspended in TE 10/0.1 pH 7.5 and stored at -80°C or used immediately.

2.2.12 Extraction of messenger RNA (mRNA)

PolyA mRNA was extracted from total RNA using Dynal Dynabeads® following the 

manufacturer’s protocol.

2.2.13 Rapid ampiification of cDNA ends (RACE) of the T. hominis Hsp70 

gene

The Clontech marathon cDNA Amplification Kit was used for RACE cloning following 

the manufacturers protocol. To generate the cDNA, mRNA was reverse transcribed 

using an oligo d(T) primer which bound to the polyA tail of the 3' end. The second 

strand was produced from this according to the Gubler and Hoffman method (Gubler 

and Hoffman, 1983). Adapter sequences to which the forward and reverse primers API 

3 ' ,  API 5 ',  AP2 3' and AP2 5' were provided were blunt ligated to each end of the 

cDNA. Gene specific primers were designed from previously sequenced areas of the T. 

hominis Hsp70 gene (Figure 5, page 36). These were ThHsp70-864F and ThHsp70- 

542F for the 3' end and ThHsp70-258R and ThHsp70-652R for the 5' end. Nested PCR 

was carried out on both 5' and 3' ends of the adapter ligated cDNA using the gene 

specific primers and the internal and external adapted sequence primers provided with 

the Clontech kit. PCRs were carried out using Invitrogen high-fidelity PLATINUM Taq 

using a Perkin Elmer GeneAmp Systems 9600 thermal cycler.
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The following cycling conditions were used:

Initial dénaturation: 94 “C for 30 seconds

Followed by 25-30 cycles: 94 °C for 5 seconds

68 “C for 4 minutes

Amplified fragments were cloned and cycle sequenced as previously described.

2.2.14 Rapid amplification of genomic ends (RAGE) of the T. hominis 

Hsp70 gene

The protocol broadly followed that of Mizobuchi and Frohman 1993, as detailed below 

which suggests the use of at least three digestion enzymes and 5 |ig of DNA for each 

digestion (Mizobuchi and Frohman, 1993). As microsporidia have smaller genome 

sizes, only 0.5 pg of DNA was used per digestion.

Preparation of the vector

Stratagene pPCR Script was selected as vector and was digested with Hindlll for 80 

minutes at 37°C. In order to prevent self re-ligation of the vector ends, the cut vector 

was treated with alkaline phosphatase. Approximately 1.2 pg of the digested vector was 

treated with 0.7 U of shrimp alkaline phosphatase for I hour at 37°C. This was then heat 

inactivated for 30 minutes at 65°C. The restriction enzymes were removed using a 

Microcon 100 filtration column. The success of this treatment was assessed by a 

ligation of the vector to itself using untreated cut vector as a control, this was 

transformed in to DH5a and it was verified that no colonies were seen in the alkaline 

phosphatase treated vector in the absence of insert.

Preparation of the T. hominis DNA

Restriction enzyme sites were identified in the mtHsp70 fragment that had been 

previously amplified and sequenced. This fragment has a Hindlll cut site 340 bases 3' of 

the most 5' base in the known sequence. In consideration of the smaller size of the 

typical microsporidian genome relative to that of mammals, only 0.5 pg of DNA were 

digested with Hindlll. This was digested to completion by incubation overnight with 3.5 

pi (35 U) of Hindlll. After removal of the digestion enzyme with a Microcon-100 

filtration column, the genomic DNA was ligated to the restricted vector overnight at 

4°C. PCRs of the ligation mix were carried out the following day. Two rounds of PCR
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were carried out. The first round used external gene specific primer either ThHspTO- 

258R or ThHsp70-139R and the plasmid specific primers and either T3 and T7. The 

plasmid specific primers sit either side of the Hindlll cut site. It was necessary to use 

primers from both sides of the cut site as it was not known in which direction the insert 

had been cloned into the vector. The PCR products from this first round of 

amplification were purified using a Microcon column and were diluted 1/100 in distilled 

water. The second round of PCR used the internal gene specific primers either 

ThHsp70-139R or ThHsp70-58R and the T3 or T7 primers again.

PCR conditions:

HOT START 5 minutes 96°C 

Taq added

1 minutes 94°C 1

1 minutes 56.5°C S' 35 cycles

1.5 minutes 72°C J

30 minutes 72°C

5 pi Taq 10 x reaction buffer 

4 pi MgCl] (100 mM)

1 pi BSA (10 mg/ml)

1 pi dNTPs (400 mM)

6 pi primers (3.2 pmol)

6 pi DNA

0.5 pi Taq (5 U/pl)

H2O to 50 ml

2.2.15 Sequence alignments for phylogenetic analysis

Mitochondrial Hsp70s and bacterial Hsp70s were downloaded from genbank 

thttp://www.ncbi.nlm.nih.govA) translated to amino acids and aligned to the T hominis 

mitochondrial Hsp70 sequence using CLUSTALW (Thompson et a l,  1994). This 

alignment also included human and yeast RER and cytosolic genes as outgroups. 

Further manual alignments were made by eye in GDE 2.2 (Maidak et a l, 1996). 

Positions that could not be unambiguously aligned, insertions or deletions and sites 

where data were missing were excluded from phylogenetic analyses. DNA sequences 

were aligned to the amino acid aligned sequences using PUTGAPS (Mclnerney, 1997). 

Four protein and four DNA data sets were created. The first and largest included all 

available mitochondrial isoforms, a selection of bacterial isoforms and RER and 

cytosolic isoforms from Homo sapiens and Saccharomyces cerevisiae. The second was 

identical to the first except for the removal of the G. intestinalis sequence, a long branch 

and a possible source of long branch attraction (Felsenstein, 1978). To further reduce
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the effect of long branch attraction a second set of alignments were produced excluding 

all but mitochondrial Hsp70 sequences.

Protein alignments were also created from the blast hits retrieved from the MnSOD, and 

ADP/ATP transporter gene sequences extracted from the E. cuniculi genome project 

(Katinka et a l, 2001).

2.2.16 Phylogenetic analysis of DNA and protein sequences

Protein alignments were analysed with a Bayesian method (Mau et a l, 1999) using the 

program MrBayes (Huelsenbeck and Ronquist, 2001). Bayesian phylogenetic methods 

allows relatively fast analysis of protein sequences whilst allowing the use of complex 

models of amino acid substitution and, unlike available protein maximum likelihood 

packages, allow an estimate of the shape parameter for a gamma shape distribution of 

site substitution rates during the tree space search. In the following analyses, a JTT 

model of amino acid substitution was used (Jones et a l,  1992), and the proportion of 

invariant sites was also estimated. A gamma distribution of rate of change at sites was 

calculated and four rate categories were included in the analysis. The tree space and 

parameter space was searched using a variant of the Metropolis Coupled Markov Chain 

Monte Carlo method (MCMCMC) (Huelsenbeck and Ronquist, 2001). A single chain 

of 100000 generations was run. This was sampled every 100 generations and the 

likelihoods of the sampled trees were plotted against generation number. Early 

generations with low likelihood values were removed (generally between 100 and 200 

trees), and a consensus tree with branch lengths was created from the remaining 

generations. One hundred bootstrapped data sets were created using p4 (Foster, 2001) 

from each alignment and run for 30000 MCMCMCs with a burn in of 200 trees 

removed. A consensus of resultant bootstrapped trees was created and bootstrap support 

values were transferred to the consensus tree from the initial analysis.

DNA data sets were analysed using a maximum likelihood distance method with PAUP 

version 4.0 blO (Swofford, 1998). Codon position three was excluded from analyses as 

it was shown to be saturated. A heuristic parsimony search was carried out with 100 

replicates in order to produce trees on which to estimate the parameters of a maximum 

likelihood model. One of the best trees from this search was used to estimate the 

parameters of the data, including the proportion of invariant sites, the shape parameter 

for gamma correction and the substitution rate-matrix parameters. One thousand
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maximum likelihood bootstrap replicates were run and a consensus tree was created. 

Maximum likelihood distances of the consensus tree were calculated. DNA data sets 

were also analysed using the LogDet model of sequence evolution, a method which is 

consistent even when sequences in the data set differ in their nucleotide composition 

(Lockhart et a l, 1994) as has been shown to be the case for the Hsp70 data set. As the 

topologies did not vary significantly at important nodes from maximum likelihood 

distance trees, results were not included.
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2.3 Results

2.3.1 Cloning and amplification of the Hsp70 gene

The yields of DNA extractions from spores varied but were generally low. Extractions 

of between 1.8 x 10* and 2.25 x 10̂  spores produced between 70 ng - 400 ng of DNA. 

However the extraction procedure did produce a good quality high molecular weight 

DNA (Figure 6, page 50). The low yield might be expected to be due to the small 

genome size of microsporidia: although the genome size of T. hominis is not known, 

investigated microsporidia have genome sizes between 2.3 Mb and 19.5 Mb. However, 

with 100% extraction efficiency, extractions from 2.25 x 10  ̂ spores with genomes in 

this size range should produce between 5.6 pg and 48 pg of DNA. This is an efficiency 

between 0.8% and 7%. Poor extraction efficiency may also be due to incomplete spore 

lysis, degradation or loss during purification.

A fragment of 655 bases was amplified using the primers Hsp70-Fl and Hsp70-Rl 

(Figure 7a, page 50). This was cloned into the pGEM-T easy vector and sequenced with 

the vector primers SP6 and T7, which showed it to be a mtHsp70 sequence. The primers 

ThHsp70-542F and ThHsp70-421F were designed from this sequence. A further 484 

bases were amplified using ThHsp70-542F and ThHsp70-421F and the degenerate 

primer Hsp70-R2 (Figure 7b, page 50).

RACE cloning was used to amplify an additional 567 bases and the 3' end of the gene. 

This required extraction of RNA from spores. Extraction using pH 6.6 phenol from 1.2 

X 10  ̂spores yielded a faint smear of RNA when analysed on an EtBr stained agarose 

gel (Figure 8, page 51). The RNA was not quantified as there was so little of it. mRNA 

was isolated from total RNA and used as a template for cDNA synthesis. The adapter- 

ligated cDNA produced from the RNA was not visible when run on an agarose gel. 

PCR with primers ThHsp70-542F and API 3' produced a smear of amplified fragments 

on the gel (Figure 9a, page 51). Nested PCR with the primers ThHsp70-864F and AP2 

y  amplified a fragment of the expected size (Figure 9b, page 51). This fragment was gel 

purified, cloned and sequenced and was confirmed to be the 3' end of the T. hominis 

Hsp70 gene. The PCR product from the 3' RACE, produced a sequence beyond a 

predicted stop codon. This sequence was used to design the reverse primers ThHsp70- 

1580R and ThHsp70 1696R and these were used to amplify the sequence from genomic 

DNA and confirm the location of the stop codon. A short 5' fragment was amplified

48



using the primers API 5' and ThHsp70-139R followed by a nested reaction with the 

primers AP2 5' and ThHsp70-139R. However it was not possible to determine whether 

this included the starting methionine of the gene. Therefore, a RAGE approach was 

used to confirm the 5' end of the gene. Primary PCR using the primers ThHsp70-258R 

and plasmid primer T3 produced a smear of PCR products (Figure 10a, page 52). A 

fragment of approximately 1500 bp was amplified by nested PCR using the primers 

ThHsp70-139R and the plasmid primer T3 from the Hindlll restricted DNA ligated into 

the PCR-script vector (Figure 10a, page 52). The 5' end of the Hsp70 was sequenced 

from this using the 58R primer. This produced a sequence of 327 bases and confirmed 

the 5' sequence of the gene. The specific primer ThHsp70-70F was designed and used 

with ThHsp70-58R to amplify the 5' end from genomic DNA extract. The full length 

gene was amplified in overlapping fragments and sequenced from genomic DNA using 

the primers ThHsp70—70F, ThHsp70-421F, ThHsp70-652R, ThHsp70-1580R, 

ThHsp70-542F, ThHsp70-864F and ThHsp70-1696R (Figure 5, page 36). The full 

length gene and the amino acid translated from it is shown in figure 11, page 53.
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Figure 6. Extraction of DNA from T. hominis spores. Ethidium bromide stained agarose gel 

electrophoresis of T. hominis DNA extracts lanes. Lane 1. Bioline hyperladder. Lanes 2, 3 and 

4 DNA extractions.

a.

Band size 
(bp)

Band size 
(bp)

Figure 7. Am plification of fragm ents of the T. hominis HspTO gene by PCR. Ethidium 

bromide stained agarose gel electrophoresis of PCR amplification of T. hominis DNA using a. 

Hsp70-Fl and Hsp70-Rl primers, b. ThHsp70-421F and Hsp70-R2 (Lanes 2 and 3 show 

products from the same PCR) and ThHsp70-542F (Lane 4). Arrows show band o f the 

expected size.
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Figure 8. RNA extraction from T. hominis spores for RACE cloning. Ethidium-bromide 

stained agarose gel o f T. hominis RNA extract, lane 3. Lane 2, 200 ng of E. coli rRNA extract. 

Lane 1, Bioline hyperladder.

Band ;

1000
800

L » ii
r-

4 0 0  :

Figure 9. RACE amplification of the 3' end of the T. hominis HspTO gene. Ethidium- 

bromide stained agarose gel of a. Primary RACE PCR products. Lane 1 Bioline hyperladder. 

Lane 2 PCR products of primers API 3' and ThHsp70-421F, Lane 3 PCR products o f primers 

API 3 ' and ThHsp70-542F. b. Secondary RACE PCR, Lane 1 Bioline hy peri adder. Lane 2, 

PCR products o f a. Lane 2 amplified with AP2 3'and ThHsp70-542F. Lane 3, PCR products of 

a. Lane 2 amplified with AP2 3 ' and ThHsp70-864F and AP2 3' and ThHsp70-864F. Lane 4, 

PCR products o f a. lane 3 amplified with AP2 3' and ThHsp70-864F, lower visible band is of 

the expected size, indicated by an arrow on gel.
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Figure 10. Amplification of the 5' end of the T. hominis HspTO gene using RAGE.

a. Ethidium-bromide stained agarose gel o f Lane 1, Bioline Hyperladder. Lane 2, Primary 

PCR of RAGE ligation using primers ThHsp70-258R and plasmid primer T3. b. Ethidium- 

bromide stained agarose gel of Lane 1, Bioline Hyperladder. Lane 2, Secondary PCR of PCR 

products from panel a. using primers ThHsp70-139R and vector primer T3.
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2.3.2 Phylogenetic analysis

Mutational saturation and base composition bias in the third codon 
position of Hsp70
Transition versus transversion plots were created for each codon position of the Hsp70 

alignment. Results are shown in Figure 12. This showed a roughly linear relationship 

between number of transitions and transversion substitutions for codon positions one 

and two, but no obvious linear relationship between these rates for codon position three. 

This suggests a lack of phylogenetic information in the third codon position. A chi- 

squared test for base heterogeneity across taxa was also carried out for each codon 

position separately. Both codon one and three showed significant base heterogeneity (p 

< 0.0001) whereas codon position two showed no significant base heterogeneity (p = 1). 

The value for the first codon position was 407.89, for the second this was 58.91, and 

for the third this was 4858,88. This suggested extreme heterogeneity and potential 

saturation in base composition for codon position three. For these two reasons codon 

position three was excluded for all DNA analyses.

1» Tv HS Tv

Ts

. . . I f # /

Ts

Tv

Ts

Figure 12. Plot o f  observed transitions versus transversions for DNA codon positions o f Hsp70 

for the full data set o f  53 taxa and 330 codons, each codon position was examined separately. 

Fig. a = codon position 1, Fig. b = codon position 2, Fig. c =  codon position 3.

The relationship of the T. hominis HspTO gene sequences to 

mitochondrial and bacterial HspTO gene sequences

To investigate the phylogenetic relationship of the T. hominis HspTO gene to other 

HspTOs genes, the protein sequence was aligned to eukaryotic mitochondrial HspTO 

sequences, bacterial outgroups and eukaryotic non-mitochondrial outgroups. The largest 

data set, which included Giardia intestinalis, produced an alignment of a total of 330 

amino acids. When G. intestinalis was excluded more characters could be included and 

the alignment length increased to 348 amino acids. Two identical data sets to these were 

created by aligning the corresponding DNA sequences to the aligned amino acid
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sequences using PUTGAPS (Mclnemey, 1997). For DNA data sets, only the first and 

second codons were included in the analysis and therefore the data set including the G. 

intestinalis sequence had 660 characters and the data set excluding G. intestinalis had 

696 characters. Maximum likelihood distance analysis of the full DNA data set showed 

T. hominis to branch with high bootstrap support (93%) within the microsporidia 

sequences (Figure 13, page. 58). The microsporidia sequences branched as the sister 

group to the Fungi (excluding Neocallimastix patriciarum), with low bootstrap support 

(33%). The mtHspTO sequences formed a clade, also with low bootstrap support (33%). 

The proteobacteria branch as the sister group to the mtHspTOs, again with low bootstrap 

support, and there was no evidence for the a-proteobacteria being closer relatives than 

the Y and p proteobacteria. Curiously this tree shows N. pathciarum  to be basal to the 

animals and G. intestinalis within the bacteria. These are unlikely to be genuine 

phylogenetic relationships and are probably caused by artefact. Removal of the G. 

intestinalis sequence from the analysis did not affect the overall tree topology (Figure 

14, page 59). It did, however, increase the bootstrap support for the grouping the 

mtHspTOs to the exclusion to bacterial, RER and cytosolic outgroups from 33% to 70% 

suggesting that this taxon caused most of the erosion of support. Bayesian analysis of 

the full amino acid data set also showed the grouping of the T. hominis sequence with 

other microsporidial sequences with high bootstrap support (85%) (Figure 15, page 60). 

Microsporidia sequences were shown to form a clade within the mtHsp70s. However in 

this tree microsporidia are found at the base of the eukaryotes with G. intestinalis. The 

a-proteobacteria were shown to be the sister group to mtHsp70s albeit with low 

bootstrap support (30%). Removal of the G. intestinalis increases the bootstrap support 

for the relationship of a-proteobacteria as sister groups to the mtHsp70s from 30% to 

69% (Figure 16, page 61). The relationship of the microsporidia to Fungi was 

investigated further by excluding bacterial and eukaryotic non-mitochondrial outgroups. 

These were removed in order to reduce the effect of potential long branch attraction 

(Felsenstein, 1978).

Investigation of the relationship of microsporidia to Fungi using Hsp70
The data set was reduced to 26 mitochondrial Hsp70 genes. The exclusion of outgroups 

allowed more characters to be included in the alignment. This gave an amino acid data 

set of 372 aligned characters for the data set including the G. intestinalis sequence and 

444 characters for the data set excluding the G. intestinalis sequence. As in the previous 

analyses, DNA data sets, excluding the third codon position were also analysed. All
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analyses showed a relationship between microsporidia and the fungal sequences 

(Figures 17 a+b, page 62 and 18 a+b, page 63). DNA maximum likelihood analysis of 

the full data set placed microsporidia as sister group to the Fungi, however this was with 

low bootstrap support (33%). In this analysis G. intestinalis was drawn into the 

microsporidian clade with high bootstrap support, probably by long branch attraction. 

When the G. intestinalis sequence was removed from the analysis the tree topology 

changed little but bootstrap support for microsporidia as sister group to the Fungi 

increased from 33% to 81%. Bayesian analysis of the full amino acid data set placed 

microsporidia within the Fungi, with G. intestinalis basal to the microsporidia, again 

probably drawn by the long branches of microsporidia. The microsporidia + G. 

intestinalis clade branched as sister group to the ascomycete SSQl genes. In these 

analyses Neocallimastix patriciarum  is basal to all the fungal sequences and the 

microsporidia + G. intestinalis clade. Removal of the G. intestinalis sequence did not 

change the tree topology but increased support for the relationship of microsporidia + 

Fungi from 59% to 76%. Again, Neocallimastix patriciarum, a chytrid fungus was basal 

to the microsporidia and ascomycete fungus clade. The chytrid Fungi are thought to be 

the first branch of the fungal radiation (Paquin et a l, 1995) and therefore this phylogeny 

was consistent with the p-tubulin analyses of Keeling et a l showing microsporidia as 

having evolved from within the fungal radiation (Keeling et a l, 2000).

Lateral gene transfer In microsporidia
Twenty four putative ADP/ATP importers were aligned. The sequence length varied 

between 468 and 613 amino acids and 168 amino acids were unambiguously aligned 

and used for phylogenetic analysis. Each organism found to have an ATP transporter 

had multiple copies of the gene. However the major lineages, the prokaryotes 

Rickettsia, Chlamydia, and the plant sequences formed three separate clades suggesting 

an internal duplication of the gene within each lineage (Figure 19, page 64). The 

exception to this were the genes found in the E. cuniculi genome project which were 

shown to branch from within the Chlamydia lineage suggesting a possible transfer of 

the genes from Chlamydia parasites to microsporidia. However the bootstrap support 

for this relationship was not very high at 68%. The nodes separating putative plastidic 

plant forms from genes found in parasitic lineages was high, at 98%.

Thirty five MnSOD sequences were aligned. Amino acid sequence length varied from 

186 to 248. This gave an very small data set of 95 unambiguously alignable amino
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acids. The resultant tree, Figure 20 (page 65) showed microsporidia and an alga 

Chlamydomonas reinhardtii to branch outside the clade containing the other eukaryotic 

MnSODs. It also showed Chlamydial sequences to branch within plant fungal and 

animal sequences. This could possibly suggest a lateral gene transfer from plants or 

animals to Chlamydia. A further gene transfer from bacteria may have given rise to the 

MnSOD genes in microsporidia and Chlamydomonas reinhardtii. However bootstrap 

support values for many nodes of this tree are very low suggesting a lack of signal in 

the data, nevertheless support for the Chlamydia and eukaryote grouping, excluding 

microsporidia is 88%.
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Figure 13. Phylogenetic analysis of the T. hominis mtHspTO DNA sequence. This shows its 

relationship to other microsporidial Hsp70 gene sequences and to mitochondrial orthologues 

and the relationship to proteobacterial outgroups. The tree shown is a consensus maximum 

likelihood distance tree calculated from 1000 bootstrap replicates using DNA codon positions 

1+2 (660 sites) and the maximum likelihood distance method. Bootstrap values are given at 

relevant nodes.
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Figure 14. Phylogenetic analysis of the T. hominis HspTO DNA sequence with G. intestinalis 

sequence removed. This shows the relationship o f the T. hominis HspTO DNA sequence to 

other microsporidial and fungal HspTO gene sequences and to mitochondrial orthologues and 

the relationship to proteobacterial outgroups. The tree shown is a maximum likelihood distance 

consensus tree calculated from 1000 bootstrap replicates using DNA codon positions 1+2 (696 

sites) and the maximum likelihood distance method. Bootstrap values are given at relevant 

nodes.
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Figure 15. Phylogeny of the HspTO amino acid sequences. This is a majority rule consensus 

tree from Bayesian analysis showing the relationship o f T. hominis HspTO sequence its 

relationship to other microsporidial HspTO gene sequences and to mitochondrial orthologues 

and the relationship to «-proteobacterial outgroups. The tree shown results from an analysis of 

330 amino acids. Bootstrap values are shown at relevant nodes.
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Figure 16. Phylogeny of the HspTO amino acid sequences with the G. intestinalis sequence 

removed from the analysis. This is a majority rule consensus tree from Bayesian analysis 

showing the relationship o f the T. hominis sequence to other microsporidial HspTO gene 

sequences and to mitochondrial orthologues and the relationship to a-proteobacterial outgroups. 

The tree shown results from an analysis of 348 amino acids. Bootstrap values are shown at 

relevant nodes.
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Figure 19. Phylogeny of ADP/ATP transporter amino acid sequences. This is a majority 

rule consensus tree from a Bayesian analysis. This shows the relationship of Encephalitozoon 

cuniculi sequences to plant, Chlamydial and Rickettsial ADP/ATP transporter sequences. The 

tree shown results from an analysis of 168 aligned amino acids. Bootstrap values, are shown at 

relevant nodes. Inset diagram shows a speculative scenario for the acquisition o f the transporter 

gene by microsporidia from Chlamydia based on the tree topology.
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Figure 20. Phylogeny of m anganese SOD am ino acid sequences. This a majority rule 

consensus tree from Bayesian analysis and shows relationship o f the Encephalitozoon cuniculi 

manganese SOD amino acid sequence to other eukaryotic and bacterial mnSOD proteins. The 

tree shown results from an analysis o f 95 aligned amino acids. Bootstrap values are shown at 

relevant nodes.
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2.4 Discussion

A single HspTO gene sequence was amplified from T. hominis DNA with primers which 

in other eukaryotes amplify several isoforms of HspTO. The E. cuniculi genome project 

subsequently showed the presence of non-mitochondrial isoforms of the gene (Katinka 

et a l, 2001), however they are highly divergent compared to HspTO sequences in other 

eukaryotic lineages and this may explain why they were not amplified by degenerate 

HspTO primers. Amplification of a section of the T. hominis mtHspTO transcript by 

RACE cloning demonstrated the production of mRNA from the gene. This is the first 

evidence for expression of a gene of putative mitochondrial origin in a microsporidian. 

The RACE approach was not successful in amplifying the 5' end of the gene. This may 

have failed due to incomplete production of cDNA from the mRNA transcript. Using a 

RAGE approach, the 5' end of the gene was amplified at the first attempt, despite using 

one fifth of the quantity of DNA recommended in the published protocol (Mizobuchi 

and Frohman, 1993). This strategy, which relies on creating a short restriction fragment 

containing the area of gene of interest, appears to be well suited to experiments in 

microsporidia. Reasons for this may be the small genome size of microsporidia and low 

number of introns (Katinka et a l, 2001).

HspTO gene and protein sequences have been used as evidence that microsporidia once 

contained mitochondria. Analyses in this chapter show that this gene is also present in 

T. hominis. This gene sequence codes for a 543 amino acid sequence and from figure 11 

it can be seen that the gene is conserved in the areas of three amino acids which have 

been demonstrated to be important in ATP or ADP binding. These genes have now been 

found in the six investigated microsporidia suggesting that this gene has been widely 

retained in the phylum and that T. hominis, along with other microsporidia once 

harboured the mitochondrial endosymbiont. The expression and localisation of this 

protein will be investigated in chapters two and three.

In past phylogenetic analyses these microsporidian HspTO sequences have consistently 

grouped with the mitochondrial isoforms of this gene (Arisue et a l, 2002; Germot et a l, 

199T; Hirt et a l, 199T; Peyretaillade et a l, 1998b). In these phylogenies, microsporidia 

branch either basally to the other eukaryotes or with weak support as the sister group to 

the Fungi (Germot et a l, 1996; Hirt et a l, 199T). Analyses of T. hominis HspTO with a 

data set including outgroups showed microsporidia to branch either basally to the other 

eukaryotes (in the case of amino acid analysis) or basal to the Fungi with low bootstrap
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support (in the case of DNA analysis). This therefore corroborates previous analyses of 

these genes. In amino acid analysis, microsporidia group with the other long branch in 

the analysis, G. intestinalis. This taxon has a tendency to branch as the earliest 

eukaryote or within the bacteria (Morrison et a l,  2001) and may be drawing 

microsporidia towards the base of the eukaryotic tree by long branch attraction. 

Removal of the taxon did not change the position of the microsporidia in the tree, but 

did increase the bootstrap support for other clades within the phylogeny consistent with 

G. intestinalis having an unstable position within the tree, leading to erosion of the 

bootstrap support values.

Microsporidia are notoriously fast evolving organisms and thus their gene sequences are 

potentially very susceptible to the artefacts caused by long branch attraction 

(Felsenstein, 1978). Therefore to investigate the relationship of microsporidia to other 

eukaryotes in the absence of long branch outgroups, all bacterial and non-mitochondrial 

outgroups were removed from the analysis. In subsequent analyses microsporidia 

consistently branched with the Fungi, and with removal of G. intestinalis from the 

analysis, with higher bootstrap than has been seen in previous analyses (Germot et a l, 

1997; Flirt et a l, 1997). The current analysis differs from former analyses in that 

representatives of all isoforms of the ascomycete mtHsp70 genes have been included. In 

amino acid sequence analyses microsporidia branch from within the clade formed by 

the Ssqlp isoforms of Candida albicans, Saccharomyces cerevisiae and Klnveromyces 

lactis. In S. cerevisiae, the products of these genes have been shown to have a role in 

iron-sulphur cluster assembly (Voisine et a l, 2001). As the function of this gene differs 

from that of the other mitochondrial Hsp70s in the alignment, it is expected that it will 

be evolving under different functional constraints. All Ssqlp sequences appear as long 

branches relative to the other fungal sequences. Therefore the relationship of 

microsporidia to ascomycete Ssqlp sequences may be an artefact of long branch 

attraction. Alternatively, the microsporidian mtHsp70 genes may be genuinely more 

closely related to the Ssqlp isoforms. This requires that the gene duplication leading to 

the SSQl gene from the SSCI gene to have occurred early in the fungal radiation, or 

that microsporidia be related to the ascomycete Fungi. Amino acid analysis, showed a 

chytrid ‘basal’ fungus, Neocallimastix patriciarum, to branch as sister taxon to the 

microsporidia + Fungi clade. This branching pattern is consistent with the emerging 

hypothesis that the microsporidia evolved from within the fungal radiation specifically 

from within the zygomycete Fungi (Keeling et a l, 2000). This suggests a possible use
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of mtHspTO for investigating a more precise position for microsporidia within the 

Fungi, however current taxon sampling is severely limited by the lack of availability of 

mtHspTO sequences from fungal lineages other than the ascomycetes.

Phylogenies of MnSOD and ADP/ATP transporter amino acid sequences place 

microsporidia, outside the eukaryotes and within the bacteria, suggesting a possible 

lateral acquisition of these genes by microsporidia from bacteria. Occurrences of lateral 

gene transfers have been well documented between bacteria (Ochman, 2001), now 

growing incidences of transfers between bacteria and eukaryotes are coming to light (de 

Koning et a l,  2000; Qian and Keeling, 2001). Lateral gene transfer between two 

organisms inhabiting the same ecological niche allows one organism to acquire a new 

phenotypic trait from the other. Thus the organism acquiring the gene takes an 

evolutionary shortcut to adaptation to that environment. As the ADP/ATP appears to 

confer the immediate ability to import ATP from the extracellular environment when 

expressed in bacteria (Krause et a l, 1985; Mohlmann et a l, 1998; Tjaden et a l, 1998), 

it may be possible that it also imparted this immediate ability when transferred into 

microsporidia. The evidence for the lateral gene transfer of the ADP/ATP transporter 

appears to be strong. The gene has a discontinuous distribution across the tree of life, 

having been found in only four lineages, plants + Rhodophyta, microsporidia. 

Chlam ydia  and Rickettsia. Furthermore, phylogenies in this chapter show the 

microsporidia sequences to be more closely related to bacterial sequences than to other 

eukaryotic sequences, making the most parsimonious explanation for their existence in 

microsporidia a lateral gene transfer event from bacteria. Chlamydia, Rickettsia and 

microsporidia are all intracellular parasites and acquisition of the ADP/ATP transporter 

and the ability to uptake ATP from the host environment would have given them 

immediate selective advantage in that environment. The finding of a homologue of this 

gene in an early member of the plant lineage the rhodophyte alga Galderia sulpuraria 

(Moreira et a l, 2000), suggests that this gene has been present in the plant lineage since 

the divergence of the plants and rhodophytes. This phylogeny cannot be rooted and 

therefore it is not possible to infer whether this gene originated within the plant lineage, 

where it serves to import ATP into the plastid as previously suggested (Ochman, 2001) 

or within one of the parasitic lineages {Chlamydia, Rickettsia, microsporidia).

The acquisition of MnSOD from bacteria is a less convincing example of lateral gene 

transfer. Firstly because bootstrap support at many nodes of the tree shown in Figure 20
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(page 65) have low bootstrap support. This suggests that low confidence should be put 

in the relationships depicted in the tree and the reliability of the signal in the data. 

Secondly, unlike the ADP/ATP transporter the gene does not have a discontinuous 

distribution. Thirdly, it is not obvious why in microsporidia the vertically inherited 

eukaryotic MnSOD would have been replaced by a MnSOD of bacterial origin. 

MnSOD in eukaryotes typically acts in the mitochondrion to absorb oxygen radicals 

produced by oxidative phosphorylation (Weisiger and Fridovich, 1973). Perhaps the 

loss of this pathway in microsporidia has allowed the loss and subsequent replacement 

of the eukaryotic MnSOD with a bacterial form. However bootstrap support values for 

clades in this tree are low and the relationship between microsporidia sequences and 

bacterial sequences may be caused by long branch attraction.
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3 Chapter 3: Characterisation of the T. hominis Hsp70 protein
3.1 Introduction

Genes with a putative mitochondrial origin as demonstrated by phylogenetic analysis 

have now been found in several species of microsporidia. They include the 

mitochondrial Hsp70 genes from Nosema locustae, Vairimorpha necatrix, 

Encephalitozoon cuniculi, Glugea plecoglossi, Trachipleistophora hominis and 

Encephalitozoon heilem (Arisue et a l, 2002; Germot et a l,  1997; Hirt et a l,  1997; 

Peyretaillade et a l, 1998b) and genes encoding subunits of the pyruvate dehydrogenase 

gene from Nosema locustae (Fast and Keeling, 2001). However, the only functional 

information on any of these has been inferred from the DNA sequences. All of the 

discovered genes encode a complete open reading frame, and Hsp70 sequences are 

known to have retained key amino acids considered to be essential for ATP binding, 

(Hirt et a l, 1997), however there is a need to establish if these genes are expressed - 

either by identifying an RNA transcript or by identification of the corresponding 

protein. This can be achieved by northern blotting of RNA, identification of an mRNA 

transcript by reverse transcription PCR, or by identification of a protein by Western 

blotting of a total protein extract with an antibody created to the protein encoded by the 

gene. It was shown in Chapter 2 that the T. hominis mtHsp70 could be amplified from 

mRNA providing evidence of transcription of the mtHsp70 gene. In the following 

experiments, evidence for expression of a protein was investigated using a homologous 

and highly specific antibody to the T. hominis mtHsp70 protein.

A further task is to elucidate the possible function of the protein and its site of action 

within the cell. The cellular localisation of a protein can often be predicted by the 

presence of key amino acids within the protein sequence which direct the protein to a 

particular compartment of the cell (Baker et a l, 1996). The majority of mitochondrial 

proteins are encoded in the nucleus and synthesised in the cytosol (Gellissen and 

Michaelis, 1987). They rely on mitochondrial targeting signals (MTS) to ensure 

delivery to the correct destination within the mitochondrion whether this be to one of 

the membranes, the intermembrane space or the inner matrix. These signals often 

compose of short N-terminal sequences consisting of a basic amphipathic helix and 

typically have a large proportion of positively charged and hydroxyl residues and few or 

no acidic amino acid residues (Baker et a l, 1996; Lithgow and Schatz, 1996). They are 

classically thought to be necessary for recognition by the mitochondrial outer 

membrane import proteins. The import of these MTS bearing proteins involves the
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initial recognition of the MTS by translocase outer membrane 20, (TOM20) and 

TOM22 followed by guiding across the outer mitochondrial membrane through the 

general import pore, which is composed of the TOM40, T0M5, T0M 6 and T0M7 

proteins (Pfanner and Geissler, 2001). The preproteins are then guided through the inner 

mitochondrial membrane by the translocase inner membrane (TIM23) complex, 

composed of TIM23 and TIM 17. This TIM23 complex is bound to a TIM44 on the 

inner membrane which in turn is bound to Hsp70 and these two latter proteins interact 

to draw the preproteins into the mitochondrial matrix (Pfanner and Geissler, 2001). A 

subset of mitochondrial proteins, generally membrane-bound or inter membrane space 

proteins, are imported through the mitochondrial membranes via internal import signals 

(Pfanner and Geissler, 2001).

These import pathways appears to conserved across eukaryote kingdoms and 

experimental evidence has shown that the MTS from one kingdom can be recognised by 

the mitochondrial import machinery from another (Hausler et al., 1997). Several 

experimental examples can be found where mitochondrial protein sequences have been 

expressed in heterologous systems and have been shown to be correctly targeted to 

mitochondria (Cohen e/a/., 2001; Hausler e / ût/., 1997; Holbrook and Danpure, 2002; 

van der Giezen et a l, 1998). Trypanosoma parasites mitochondria have a morphology 

distinct from that of the mitochondria of higher eukaryotes. Nevertheless, genes bearing 

even the shortest of the T. brucei MTSs from the proteins dihydrolipamide 

dehydrogenase and kinetoplastid binding protein p i6, are directed to yeast mitochondria 

when expressed in yeast cells, albeit not with 100% efficiency (Hausler et a l, 1997). 

Trichomonas vaginalis ‘mitochondria’ are the morphologically and biochemically 

distinctive hydrogenosomes (Müller, 1997). Targeting signals from Trichomonas 

hydrogenosomal ferredoxin, succinyl Co A sythetase and pyruvate : ferredoxin 

oxidoreductase can direct proteins to yeast and T brucei mitochondria (Hausler et a l, 

1997). Despite this conservation among distantly related eukaryotes, published 

mtHsp70 and pyruvate dehydrogenase microsporidia sequences appear to lack 

recognisable mitochondrial targeting signals (Fast and Keeling, 2001; Germot et a l, 

1997; Hirt et a l, 1997; Peyretaillade et a l, 1998b).

The E. cuniculi completed genome project showed that many of the import proteins 

normally present in the yeast mitochondrial membranes could not be identified by
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BLAST search. The only two identified mitochondrial import proteins in E. cuniculi are 

TOM70 and T1M22 (Katinka e ta l, 2001).

Tim

Tim

MPP

Figure 21. Mitochondrial protein import pathways. Diagram adapted from Pfanner and 

Geissler 2001. This illustrates the proteins involved in preprotein import into the mitochondrion 

in yeast. This summarises the two identified import pathways, on the left hand side the import 

pathway o f import proteins bearing N-terminal mitochondrial targeting signals. On the right 

hand side, the import pathway of preproteins bearing internal mitochondrial targeting signals. 

Proteins identified in the Encephalitozoon cuniculi genome are shaded in red.

Figure 21 illustrates the expected position of the E. cuniculi proteins placed on a 

diagram of the positions of yeast proteins in the yeast mitochondrial import system. The 

lack of identification of certain mitochondrial import proteins does not preclude their 

existence. For example, although TOM40 is not annotated as such in the E. cuniculi 

genome project, by blasting this database with a Saccharomyces pombe TOM40 protein 

sequence it is possible to retrieve a protein sequence of 224 amino acids with 25% 

sequence similarity to S. pombe TOM40. Each of the import proteins shown in Figure 

21 were searched for using the same strategy however no other significant BLAST hits 

were retrieved. Alignments of TIM22, TOM70, TOM40 were created according to the 

protocols given in chapter two. These showed the sequences to be highly divergent. 

Given the low level of conservation of mitochondrial import proteins, the fact that many 

of them are very short - T0M5 is just 50 amino acids in length, and that microsporidian 

sequences are generally highly divergent, it is not surprising that many of the smaller
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TIM and TOM protein sequences might not be identified by Blast searching even if 

present. However the recognition of TIM22 but not most of the larger proteins i.e. 

TOM22, TOM20, TIM23, TIM44 and TIM54, is surprising and suggests that 

microsporidia may have, along with rest of their biology rationalised their 

mitochondrial import pathway. Interestingly, the import proteins present are a part of 

the mitochondrial import pathway which does not require the presence of the classical 

N-terminal extension in the preprotein, which may explain why microsporidia lack 

obvious N-terminal targeting signals. However this pathway is predominantly used for 

the import of membrane bound or intermembrane space proteins (Pfanner and Geissler, 

2001) and three of mitochondrial proteins identified in the E. cuniculi genome project, 

MnSOD, pyruvate dehydrogenase and Hsp70 are neither.

Heat shock proteins are so named because the expression of some genes of this family 

is upregulated in response to increases in temperature in order to stabilise and repair 

denatured proteins (Alberts et a l, 1994). The HspTO family is the major family of heat 

shock proteins, with isoforms acting in the cytosol, RER and mitochondrion, however 

not all are upregulated in response to heat shock (Miao et a l, 1997). Saccharomyces 

cerevisiae has three isoforms of mtHspTO, Ssclp, Ssqlp and EcmlOp (Baumann e ta l,  

2000; Miao et a l, 1997). Ssclp, the best characterised of these proteins is known to be a 

component of the mitochondrial import system (Figure 21, page 72) acting on the trans

side of the inner membrane in conjunction with TIM44 to ensure that peptides are 

transferred into the mitochondrial lumen (Schneider et a l, 1994). It is also known that 

Ssclp is necessary for the survival of heat shock and is upregulated in response to 

incubation at 39°C (Craig et a l, 1987; Nwaka et a l, 1996; Voisine et a l,  2000). 

EcmlOp has not yet been fully characterised but is thought to have functions 

overlapping with those of Ssclp (Baumann et a l, 2000) and Ssqlp is known to be 

essential for iron-sulphur cluster assembly (Voisine et a l, 2000). It is not known 

whether either EcmlOp or Ssqlp are upregulated in response to heat shock.

In the following experiments the expression of HspTO protein was investigated in both 

intracellular and spore (dormant) stages of T. hominis. Comparative levels of expression 

of T. hominis mtHspTO were investigated after incubation at temperatures below and 

above normal growth temperatures. The features of the T. hominis sequence were 

examined and evidence for a mitochondrial targeting signal was investigated using
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computer software and by expression of the protein in a heterologous cell known to 

have mitochondria.
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3.2 Methods

3.2.1 Solutions and reagents:

Polyacrylamide gel running buffer 3 g tris

14.4 g glycine 

10 ml 10% SDS 

Distilled water to 1 L

Sample buffer 50 mM tris-HCl (pH 6.8) 

100 mM dithiothreitol 

2% SDS

0.1% bromophenol blue 

10% glycerol

Coomassie staining solution 0.25 g coomassie Brilliant blue R250 

45 ml distilled H2O 

45 ml methanol 

10 ml glacial acetic acid

Destain solution I 400 ml methanol 

70 ml acetic acid 

530 ml distilled H2O

Destain solution II 50 ml methanol 

70 ml acetic acid 

880 ml distilled H2O

4% Acrylamide gel 0.65 ml acrylamide/bis solution 37.5:1, 

30% solution (BioRad 161-0156)

2.95 ml distilled water

1.25 ml 4 X running gel buffer 

5 pg ammonium persulphate 

4 pi TEMED
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10% Acrylamide gel 1.6 ml acrylamide/bis solution 37.5:1,

30% solution (BioRad 161-0156)

2.0 ml distilled water

1.25 ml 4 X running gel buffer 

5 |Lig ammonium persulphate 

4 pi TEMED

TBS-Tween 25mM tris-HCl

125mM NaCL 

0.1% Tween 20
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Reagents:

2-Mercaptoethanol, Sigma Cat No. M7522

40% Acrylamide/bis solution, Bio-Rad Cat. No. 161-0156

Anti-mouse IgG (g-chain specific) biotin from goat, Sigma Cat. No. B7022

Anti-rabbit IgG (whole molecule) alkaline phosphatase from goat. Sigma Cat. No.

A8025

Anti-rabbit IgG (whole molecule), peroxidase from goat. Sigma Cat. No. A6667 

Anti-rabbit IgG (whole molecule)-FITC goat. Sigma Cat. No. F6005 

Bio-Rad protein assay dye reagent concentrate, Bio-Rad Cat. No.500-0006 

BamHI restriction endonuclease. New England Biolabs Cat. No. R0136S 

BL21(DE3)pLysS competent E. coli cells, Novagen Cat. No. 69451 

BugBuster® lOX protein extraction reagent, Novagen Cat. No. 70921 

ECL Western blotting system, Amersham Biosciences Cat No. RPN2108.

JM109 Competent cells, Promega Cat. No. L2001

MitoTracker® Red CMXRos, Molecular Probes M-7512

Monoclonal anti-heat shock protein 70 from mouse. Sigma Cat. No. H5147

Mowiol, Harlow Chemical Co. Ltd., Harlow, Essex, UK

Ncol restriction endonuclease. New England Biolabs Cat. No. R0193S

Not I restriction endonuclease. New England Biolabs Cat. No. R0189S

Paraformaldehyde, powder, 95%, Sigma Cat. No. 15,812-7

pET30a expression vector. Novagen cat no. 66909-3

Protease inhibitor cocktail for use with mammalian cell and tissue extracts. Sigma Cat. 

No. P8340

QIAGEN plasmid midi kit, Qiagen Cat. No. 12143

Ribonuclease S-protein from bovine pancreas. Sigma Cat. No. R6250

SIGMA BCIP/NBT, Sigma Cat. No. B5655

Streptavidin - peroxidase conjugate from Streptomyces avidini horseradish. Sigma Cat. 

No. 85876

Streptavidin - alkaline phosphatase conjugate from Streptomyces avidinii, Sigma Cat. 

No. S2890

SuperFect transfection reagent, Qiagen Cat. No. 301305 

Triton X-100, Sigma Cat. No. 21123 

Tween-20, Sigma Cat. No. P5927

XCell SureLock Novex mini-cell and XCell II blot module, Invitrogen Cat. No. E l9051 

Xhol restriction endonuclease. New England Biolabs Cat. No. R0146S
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3.2.2 Cloning and protein expression of T. hominis mtHsp70

Protein production was achieved by cloning 1572 out of 1629 bases of the Hsp70 gene 

into the bacterial expression vector Novagen pET30a. The 5' end of the gene was not 

included in the construct as it was not known at the time when protein expression 

experiments were started. Novagen pET30a is a vector which results in expression of a 

fusion protein with a His«Tag for purification and an S»Tag for identification of the 

protein using Western blots. Primers were used to add restriction enzyme cut sites to 

both ends of the Hsp70 gene so that it could be ligated in-frame into the vector at the 

restriction sites Ncol and Notl. BL2 DE3 lysogen E. coli cells were transformed with 

the vector containing the gene encoding T. hominis Hsp70 using electroporation and 

recombinant plasmids were screened as described in chapter 2. Both strands of 

recombinant vectors were sequenced to verify that ligation had been successful, that the 

insert was in the correct reading frame and of the correct sequence and a single 

recombinant vector was selected for protein induction. Two 50 ml cultures of LB 

medium were inoculated, one with the Hsp70 vector transformed E. coli cells and the 

other with E. coli containing control vector provided by Promega with a transcript for a 

protein of known size. The cultures were grown to an ODeoo of between 0.1 - 0.4, at 

which point protein production was induced using IPTG at a final concentration of 1 

mM. A crude protein extract was made from each culture by pelleting the E. coli cells, 

followed by brief freezing at -70 °C, boiling for 5 minutes followed by 5 minutes 

centrifugation at 13000 rpm in a benchtop centrifuge. The supernatant was run on a 

10% polyacrylamide gel with a 4% stacking gel using a Hoeffer Mighty Small gel 

apparatus. The gels were stained overnight with coomassie blue then destained for 30 

minutes with destain I and then for three hours with destain II.

The fusion protein could be identified from the E. coli protein by its high level of 

expression and its expected molecular weight. Its identity as the Hsp70 fusion protein 

was verified by detection of the S*Tag protein by Western blotting. Total cell extract 

from E. coli cells transformed with the recombinant Hsp70 vector, was run on a 10% 

polyacrylamide gel and blotted onto a nitrocellulose membrane. The blot was incubated 

with a ribonuclease S-protein which binds to the S»Tag. This was secondarily labelled 

with an S-protein horseradish peroxidase conjugate. The reactive band was detected 

using the Amersham ECL detection system.
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Repeated 50 ml preparations of the protein were then made to a total volume of 400 ml. 

The cells were harvested by centrifugation at 1000 x g and the protein was purified 

from these E. coli cells by isolation of inclusion bodies, which contained the proteins, 

using the Novagen Bugbuster protein extraction reagent. The protein was further 

purified from the inclusion bodies by running on a 10% polyacrylamide gel followed by 

excision of the protein band of the predicted size for T. hominis Hsp70. The protein in 

the excised band was eluted from the gel using the BioRad electroelution apparatus. 

Electro-eluted protein was quantified using the BioRad protein quantification system 

and comparison to known concentrations of BSA on a 10% polyacryamide gel.

3.2.3 Production of the antibody

A total of 1.2 mg of protein was sent to Harlan sera labs for the production of a rabbit 

polyclonal antibody. Two rabbits were inoculated with a total of 0.6 mg antigen each, 

seven subcutaneous injections being given at two weekly intervals. The first inoculation 

was supplemented with Freund’s adjuvant in order to enhance antibody production. Test 

bleeds were taken 7 days after the 4‘̂ , 5̂  ̂ and 6̂  ̂ injections. The terminal bleed was 

taken 7 days after the 7‘̂  injection. The serum was provided as a solution containing 

sodium azide as a preservative and was stored at -20“C in 1 ml aliquots.

3.2.4 Extraction of proteins from spores and tissue culture cells

Total cell extracts were produced from Trachipleistophora hominis spores, rabbit 

kidney cells infected with T. hominis and uninfected rabbit kidney cells for the purpose 

of Western blotting to investigate the specificity of the T. hominis anti-Hsp70 antibody. 

A total of 8.95 x 10* Spores were suspended in 0.15M NaCl and 400 pi of 0.17 - 0.18 

mm 0  glass beads. These were then disrupted in a bead beater for 50 seconds at 2000 

rpm, subjected to three cycles of 1 minute at 95°C, freezing in liquid nitrogen, and 

defrosting in warm water (Prigneau et a l,  2000). Tissue culture total cell extract was 

collected by the following protocol: cells were trypsinised and resuspended in 95 pi of 

2mM CaCl2-20mM pH 8.8 Tris-HCl and 5 pi protease inhibitor cocktail. 10 pi of 

DNAase/RNAase mix and 10 pi of 3% SDS /10%  mercaptoethanol were added and the 

mix was passed through a fine syringe (Hirt, 1992). These were stored at -20°C in 2 x 

sample buffer or used immediately.
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3.2.5 Testing the specificity of the antibody

The specificity of the antibody was tested using Western blotting. Extracted proteins 

were separated on an 10% polacrylamide gel and transferred to a nitrocellulose 

membrane using the NOVEX gel blotting system. Blots were blocked in a 5% milk - 

TBS-Tween solution for 15 minutes. The blots were then rinsed in a 0.5% milk - TBS- 

Tween solution for 30 minutes. Titrations from 1:1000 to 1:10000 of the antibody were 

made in solutions of 1% milk - TBS-Tween. Blots were incubated in these solutions for 

one hour and then rinsed three times for 10 minutes in 1% milk - TBS-Tween. The blots 

were then incubated for 30 minutes with a secondary anti-rabbit antibody conjugated to 

alkaline phosphatase. After three rinses for 10 minutes in the blots were developed with 

an alkaline phosphate substrate, Sigmafast, until bands were visible. As a control 

separate blots were incubated with pre-immunisation bleed serum in the same 

conditions.

Polyclonal antibodies raised to the Saccharomyces cerevisiae mitochondrial import 

proteins TOM70 and TIM23 were also tested for cross reaction with T. hominis 

proteins. One of these proteins TOM70, was identified as being present in the E. 

cuniculi genome project. These were provided by Dr.s N. Kronidou and M. Horst at the 

University of Basel. These were used at the recommended dilution of 1:500 in 1% milk 

- TBS-Tween.

3.2.6 Transfection of the mtHsp70 gene into mammalian cells

In order to determine whether the mammalian mitochondrial import machinery could 

recognise and import the T. hominis mtHsp70 protein, the gene was transfected and 

expressed in COS-1 monkey cells. The cellular distribution of the protein was compared 

with that of the mitochondrial marker, Mitotracker Red which labels the membrane 

potential of the mitochondrial membrane. The full length T. hominis Hsp70 gene, 

including putative initiation codon and the C-terminal stop codon, was amplified from 

genomic DNA using primers containing restriction enzyme cut sites BamHI and Xhol. 

This allowed it to be restricted and cloned in a controlled direction into the Invitrogen 

mammalian expression vector pcDNA3. This construct was transformed into JM-109 

competent E. coli cells for amplification. A 4 ml overnight culture was grown and 

plasmids were extracted from E. coli cells using the Qiagen midi-prep purification 

system. The Hsp70-pcDNA3 construct was sequenced to verify that ligation had been 

successful and that the insert was of the correct sequence and was in-frame. COS-1
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monkey kidney cells were grown until 50% confluent on cover slip. They were then 

transfected with 5 pg of the recombinant vector containing Hsp70 using the QIAgen 

superfect transfection reagent. After 48 hours the cells were incubated with a 1 mM 

concentration of Mitotracker Red in tissue culture medium for 30 minutes under normal 

growth conditions, and then incubated for a further 15 minutes with fresh medium to 

flush out excess dye. The cells were then fixed with 3% paraformaldehyde - 1 x PBS 

solution for 15 minutes and permeabilised with a 1% triton X-100-1 x PBS solution for 

15 minutes. The cells were labelled with a 1:500 dilution of the anti-71 hominis Hsp70 

antibody by incubation for 30 minutes in a 3% BSA solution. After 5 rinses with PBS 

the cells were incubated with a secondary goat anti-rabbit antibody labelled with FITC 

also in 3% BSA - Ix PBS. The cover slips were mounted on glass slides using Mowiol 

(Harlow Chemical Co. Ltd., Harlow, Essex, UK). The cells were visualised with a 

BioRad MRCIOOO confocal laser scanning microscope.

3.2.7 Heat Shock of T. hominis infected cells

One large flask (182 cm^) of 71 hominis infected rabbit kidney cells was trypsinised and 

grown in four small 25 cm^ flasks for 56 hours. After this time each flask was submitted 

to heat shock conditions in water baths. Two flasks were incubated at 42°C, one flask 

was incubated at 34°C (normal growth temperature), and another at 2TC  (cold shock). 

Incubation was for two hours. The flasks were then simultaneously trypsinised for 

protein extraction. The protein extraction method is identical to the protein extraction 

protocol for tissue cultures cells given in section 3.2.4. The protein concentration of 

each extraction was estimated by running a sample of each on a coomassie stained 10% 

polacrylamide gel. The loading volumes were adjusted so that an equal quantity of each 

protein was loaded and three polyacrylamide gels were run. One of these was stained 

with coomassie and the other two were transferred to a nitrocellulose membrane. The 

membranes were then incubated with either the anti-T. hominis mtHsp70 antibody or 

the commercially produced, antibody to the inducible human Hsp70. The latter has been 

demonstrated to cross react with inducible rabbit Hsp70 proteins (Sigma product 

description sheet). The anti-T. hominis Hsp70 antibody was used at 1:50000 and the 

commercial anti-Hsp70 antibody was used at the manufacturers recommended 

concentration, 1:40000. The blots were incubated as in the protocol given above, with 

the difference that the blots were incubated with the primary antibody for 15 hours. The 

mouse anti-human antibody was incubated with a secondary anti-mouse biotin 

conjugate, then a horseradish peroxidase (HRP) streptavidin conjugate. The rabbit anti-
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T. hominis Hsp70 antibody blots were incubated with a secondary anti-rabbit antibody 

conjugated to HRP. The membranes were developed with the Amersham ECL 

development system according to the manufacturer’s protocol.
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3.3 Results

3.3.1 The features of the T. hominis Hsp70 sequence

The full length T. hominis Hsp70 was aligned to other mitochondrial and bacterial 

Hsp70 sequences. From the phylogenetic trees shown in chapter two it is possible to see 

that T. hominis is the longest branch within the microsporidial clade. This suggests a 

fast rate of molecular change of this protein in this taxon. Despite this rapid change it is 

still possible to identify key conserved features within the amino acid sequence. Hsp70 

action is ATP and ADP dependent and amino acids identified as being essential for 

binding of these two molecules to the E. coli DNAK are preserved in the T. hominis 

mtHsp70 sequence. These are a leucine at 70 amino acids 3' of the start codon, lysine at 

267, glutamic acid at 274, and serine at 270 (Bukau and Horwich, 1998). both Nosema 

locustae and Vairimorpha necatrix mtHsp70s terminate in a potential peroxisomal 

targeting signal (PTS-1), SKL and ART respectively, which generally directs proteins 

to the peroxisome. This has led to speculation that the microsporidian mtHsp70 may be 

directed to peroxisomes rather than mitochondria. However the T. hominis mtHsp70 

terminates in EIL, which has not been identified as a peroxisomal targeting signal 

(Swinkels etal ,  1992).

As with many microsporidian genes the mtHsp70 is relatively reduced in length. The T. 

hominis sequence is the shortest of all the analysed mtHsp70 sequences, including other 

microsporidian mtHsp70s. Whereas the average length of analysed mtHsp70 sequences 

is 1931 base pairs, the T. hominis sequence is only 1629. At the amino-terminus of the 

sequence, there was no obvious N-terminal MTS. Alignment to other mitochondrial 

proteins revealed that the T. hominis had the shortest N-terminal extension of all the 

microsporidian sequences extending only four amino acids beyond the first alignable 

amino acid across all Hsp70s and two amino acids longer than the N-terminus of the 

Haemophilus influenzae sequence. Using the program Mitoprot II (Claros and Vincens, 

1996), the probabilities of mitochondrial import of several mtHsp70 proteins were 

investigated. This program uses multivariate analysis to analyse 47 parameters of the 

protein sequence and produces a probability between zero and one of that protein 

having a mitochondrial targeting signal. It is possible to see from Table 4 (page 85), that 

the probability of entry into a mitochondrion of all of the microsporidian Hsp70 

proteins is very low and comparable to the values for Haemophilus influenzae. Values 

for yeast genes of demonstrated mitochondrial localisation clearly have a higher 

probability of entry into an organelle.
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When all potential mitochondrial proteins from the E. cuniculi genome project were 

tested using the same program, this showed there to be just two proteins had high 

probabilities of possessing potential N-terminal targeting signals. These were ATMl 

and TOM70 (Table 3).

Table 3: Analysis of the N-terminus of all potential mitochondrial protein 
sequences from Encephalitozoon cuniculi using MitoProt II to search for potential 
mitochondrial targeting signals.

E. cuniculi mitochondrial protein sequence Probability of presence of a 
mitochondrial targeting signal 
within the protein sequence 
according to MitoProt II 1.0a4

Tom70 0.9643
Tom22 0.1838
Glycerol-3-phosphate dehydrogenase 0.5062
Ervl 0.1225
Atml 0.9623
Pyruvate dehydrogenase a-subunits 0.1087
Pyruvate dehydrogenase p-subunits 0.2399
Frataxin 0.6400
MnSOD 0.1098
NiFU 0.6191
Ferredoxin 0.0548
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Table 4. Analysis of the N-terminus of Hsp70 sequences using MitoProt II to search for potential mitochondrial targeting signals.

Mitochondrial targeting signals of mitochondrial heat shock proteins and their probabilities of import into the mitochondrion. The underlined 

sequences shows the experimentally determined cleaved transit peptide for the Saccharomyces cerevisiae Ssclp sequence.

Species N-termini of sequences Probability of import into mitochondria 

according to MitoProt II I.0a4

Trachipleistophora hominis M------------------------------------------------------- SKPAIVGIDLGTTNSC 0.0625

Nosema locustae M-----------------------------------------------GAEVEKSTIIGIDLGTTNSC 0.0524

Encephalitozoon cuniculi M------------------------------------SNADAPSRKFSSSIIGIDLGTTNSC 0.1534

Encephalitozoon hellem M------------------------------------PNANALSKKPSSNIIGIDLGTTNSA 0.0387

Vairimorpha necatrix M-----------------------------------------------TGKEISSRIIGIDLGTTNSC 0.1275

Saccharomyces cerevisiae EcmlOp MLPSWKA-FKAHNIL— RILTRFQSTKIPDAVIGIDLGTTNSA 0.9247

Saccharomyces cerevisiae Ssqlp MLKSGR-LNFLKLNINSRLLYSTNP- QLTKKVIGIDLGTTNSA 0.9132

Saccharomyces cerevisiae Ssclp MLAAKNILNRSSLSSSFRIATRLQSTKVQGSVIGIDLGTTNSA 0.9912

Haemophilus influenzae M------------------------------------------------------------GKIIGIDLGTTNSC 0.0407
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3.3.2 Expression of the Hsp70 protein for antibody production

A fragment of 1572 base pairs of the Hsp70 gene (including the c-terminal stop codon) 

was amplified from genomic DNA using primers containing the restriction enzyme cut 

sites Notl and Ncol to allow in-frame insertion of the fragment into the pET30 vector. 

Induction of the BL2 DE3 lysogen E. coli cells containing the plasmid produced a 

highly expressed protein of approximately 62.9 KDa. The predicted size of the fusion 

protein using the Expasy translate tool (http://wvnv.expasy.ch/tools/dna.html) was 62.4 

KDa. Levels of expression were comparable to the control protein (Figure 22, page 88). 

A Western blot to the protein S*Tag incorporated in the protein showed that the highly 

expressed band was the T. hominis fusion protein (Figure 23, page 88). After gel 

purification, 1.2 mg of protein was extracted from 400 ml of induced transformed E. 

coli. This protein was sent to Harlan Biolabs for production of a polyclonal antibody in 

two rabbits.

3.3.3 Testing the specificity T. hominis anti-Hsp70 of the antibody

Antibodies from both rabbits showed high specificity to a protein of the expected size. 

In Western blotting experiments, the concentration of the antibody could be used in the 

range of 1:1000 and 1:50000 and still show a specific reaction to this band. No other 

bands from protein extracts were recognised by the antibody, suggesting that it did not 

cross react with the other Hsp70 isoforms. Figure 24 (page 89) shows an antibody 

concentration of 1:1000. No protein bands were recognised by the pre-immunisation 

bleed serum at any of these concentrations, despite the fact the pre-immunisation bleed 

blots were overdeveloped in detection reagent.

The Saccharomyces cerevisiae anti-TIM23 and anti-TOM70 protein antibodies showed 

no visible specific cross reactivity with any microsporidian proteins (data not shown).

3.3.4 Evidence of expression in spore and intracellular stages of the 

parasite

Separate total cell extracts were produced from purified spore stages of the parasite and 

infected rabbit kidney cells. Spore proteins successfully extracted using a method 

adapted from Prigneau et a l, 2000, figure 24 lane 1 (page 89). Infected and uninfected 

Rabbit kidney cell were extracted using a more delicate protocol known to be effective 

in liberation of proteins from mammalian tissue culture cells (Hirt, 1992). Cell extracts 

from T. hominis infected RK cells extractions included material from rabbit cells and
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possibly all intracellular stages, including meronts, sporoblasts and sporonts. However 

the total cell extraction method did not include a bead beating step to rupture the thick 

spore walls so it is unlikely that proteins from later sporont stages and mature spores 

would have been liberated by this method. Western blotting with the T. hominis anti- 

mtHsp70 antibody revealed that the protein was present in extracts from both spore and 

intracellular stages. For each gel blotted an equivalent coomassie stained gel was 

produced. By direct comparison of the gel and equivalent blot it was not possible to 

determine which band within the coomassie stained gel corresponded to the mtHsp70, 

however it did not appear to be highly expressed protein under the experimental 

conditions used.

3.3.5 Inducibility of the protein by heat and cold shock

A comparison of the expression levels of the T. hominis Hsp70 protein at three different 

temperatures suggested that it was not induced in response to heat shock Figure 25 

(page 89). Whereas there was a noticeable increase in the levels of cytosolic Hsp70 in 

the host rabbit kidney cells, there was no obvious change in the levels of T. hominis 

Hsp70 in response to heat treatment, and even a slight decrease in the levels of 

expression. It is possible to see the Western blot of the 24°C incubation has a slightly 

higher level of T. hominis mtHsp70 expression relative to both the 34°C incubation and 

the 42°C incubation, and the level is slightly lower in the 42°C incubation.
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Figure 22. Expression of T. hominis Hsp70 in expression vector transfected E. coli cells.

Lane a shows proteins extracted from E. coli expressing T. hominis Hsp70. Lane b shows 

proteins from E. coli expressing the control protein, P-galactosidase which is 121 KDa in size. 

This is a coomassie stained 10% polyacryamide gel. Arrows indicate the expressed 

heterologous protein in each lane.
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Figure 23. S*Tag identification of the fusion protein by Western blotting. Proteins from the 

total cell extract as shown in Figure 22 were blotted onto nitrocellulose membrane and probed 

with S-protein conjugated to horseradish peroxidase to identify the fusion protein from among 

the E. coli proteins in the extraction. Blots were developed using the Amersham ECL kit. The 

main visible band corresponds to the expected molecular weight of the T. hominis Hsp70 fusion 

protein.
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Figure 24. Testing the specificity of the anti-Hsp70 antibody, a W estern blot of the 

coomassie stained gel shown in b. incubated with the anti-Hsp70 antibody (Antibody 

concentration = 1:1000) Lane 1 shows total cell extract from T. hominis spores. Lane 2 shows 

total cell extract from infected rabbit kidney cells. Lane 3 shows total cell extract from 

uninfected rabbit kidney cells. The antibody was secondarily labelled with alkaline phosphatase 

and blots were developed using Sigmafast.
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Figure 25. Heat shock of Hsp70 proteins in T. hominis infected rabbit kidney cells.

a. Coomassie stained polacrylamide gel o f cell extracts from T. hominis infected rabbit kidney 

cells incubated at 27°C, 34°C and 42°C Figures b. and c. are separate Western blots of the 

coomassie stained gel shown in a. The blot shown in b. was incubated with an antibody which 

cross reacts with the inducible Hsp70 protein in mammalian cells and shows an increase in 

expression on incubation at 42°C. The blot shown in c. was incubated with the anti-7. hominis 

Hsp70 antibody and does not show evidence of upregulation in response to heat shock. (The 

extracts from cells incubated at 42°C were loaded twice on Western blots to make them 

asymmetrical). Antibodies used in both blots were secondarily labelled with horseradish 

peroxidase and developed with the Amersham ECL kit.
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3.3.6 Heterologous transfection

Confocal images showed that approximately 10% of the COS-1 cells were successfully 

transfected with the pcDNA3-Hsp70 construct and were expressing the T. hominis 

mtHsp70 protein. The pattern of distribution of the Hsp70 protein was compared to the 

distribution of Mitotracker Red Figure 26 (page 91). This was achieved by overlaying 

the signal of the fluorescent dye of Mitotracker Red (shown in red) with that of the 

secondary FITC conjugated antibody bound to the anti-T. hominis mtHsp70 antibody 

(green). If the Hsp70 was able to enter the COS-1 cell mitochondria, a colocalization 

between the Hsp70 pattern and Mitotracker Red is expected, resulting in yellow colour. 

However, there was no obvious correlation between the two signals and the T. hominis 

mtHsp70 appeared to be distributed throughout the cell. As a control an identical 

transfection experiment with two mammalian alanine:glyoxalate aminotransferase 

sequences was carried out (Birdsey, G., 2001, unpublished data). One of these 

constructs had an N-terminal targeting signal whereas in the other there was no N- 

terminal targeting signal. The former protein showed colocalization with Mitotracker 

Red whereas the latter protein showed a diffuse localisation throughout the cell.

For an additional comparison, this result was compared to an identical experiment 

carried out using the same pcDNA3 vector containing the Neocallimastix frontalis 

hydrogenosomal Hsp60 protein (van der Giezen, M., unpublished data). In the latter 

case there is clear correlation between Mitotracker Red staining and Hsp60 antibody 

labelling (Figure 26b, page 91). This demonstrates targeting of the protein to the 

mitochondrion of the host cell, whereas the equivalent microsporidian experiment 

showed that the mtHsp70 protein was not specifically targeted to the host cell 

mitochondrion.
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Figure 26. Transfection of T. hominis Hsp70 into monkey COS cells, a. T. hominis 

Hsp70 was expressed in COS cells and the pattern of its distribution was labelled with 

the anti-T. hominis mtHspTO antibody (green). COS cell mitochondria were labelled 

with Mitotracker Red. b. N. frontalis hydrogenosomal Hsp60 was expressed in COS 

cells and was labelled with an anti-M frontalis Hsp60 antibody. Areas of yellow show 

colocalization between Mitotracker Red and mtHspbO protein. (Image b. courtesy o f  M. 

van der Giezen).
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3.4 Discussion

Data from chapter 2 showed a mitochondrial Hsp70 gene to be present in the T. hominis 

genome and to be expressed at the mRNA level. This gene contains the key residues 

identified as being necessary for ADP and ATP binding, therefore its mode of action is 

also likely to be ADP and ATP dependent. The T. hominis Hsp70 gene is shortened 

relative to other mitochondrial Hsp70 sequences. The length of protein sequences has 

been suggested to be correlated with increase in number of novel gene interactions 

through the requirement of additional functional motifs (Zhang, 2000). As there are few 

hypothesised mitochondrial proteins in the Encephalitozoon cuniculi genome, its is 

likely that microsporidian mtHsp70 proteins interact with fewer proteins than mtHsp70s 

in those organisms with more complex mitochondrial organelles and this may explain 

the short length of the microsporidian Hsp70 sequences. Western blotting showed the 

protein to be expressed in dormant spore stages and intracellular stages. This is the first 

evidence for the expression of a mitochondrial protein in a microsporidian. As the total 

protein extraction from tissue culture cells did not involve a spore wall rupturing step, it 

is likely that spore and sporont proteins were not present in this extract. If  this 

assumption holds, it can be suggested that mtHsp70 is also expressed in either meronts 

or sporoblast stages. This implies that the protein is fimctional or at least present in all 

stages of the parasite life cycle. Interestingly, unlike the Saccharomyces cerevisiae Sscl 

protein (Craig et a l, 1987), the T. hominis mtHsp70 does not appear to be upregulated 

in response to heat shock. This suggests that the function of the T. hominis protein is not 

completely overlapping with that of the S. cerevisiae Sscl protein. It is therefore 

possible that the T. hominis protein has a different function and is not involved in the 

protection of the cell from heat shock. Conceivably, the T. hominis mtHsp70 protein 

function may mirror the function of the Ssqlp isoform of the S. cerevisiae mtHsp70 

which apparently has an essential role in iron-sulphur cluster assembly (Voisine et a l, 

2000).

The lack of detection of a mitochondrial targeting signal in the T. hominis mtHsp70 

sequence, using both in cellulo and in silico detection methods, is intriguing. Although 

the Mitoprotll detection program is largely trained on mammalian and yeast 

mitochondrial sequences (Claros, 1995) and may not recognise a microsporidian MTS, 

table 4 (page 85) suggests that an N-terminal targeting signal is not just unrecognisable 

but absent in T. hominis. The N-terminus of this sequence extends just two amino acids 

beyond the bacterial Haemophilus influenzae Hsp70 sequence. The observation that
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other mtHsp70 are generally targeted to the mitochondrion using a N-terminal targeting 

signal and that this is a well conserved import system (Hausler et a l, 1997), suggests 

that these signals evolved earlier that the divergence of microsporidia from the Fungi. 

This suggests that microsporidia may have secondarily lost N-terminal targeting signals 

from their mtHsp70 sequences and poses the question of how these proteins could be 

targeted.

An indication of how this may be possible lies in the nature of the mitochondrial import 

proteins identified in the E. cuniculi genome project. The two only listed mitochondrial 

import proteins are TIM22 and TOM70, a part of the import pathway which recognises 

membrane-bound and intermembrane proteins with internal targeting signals (Planner 

and Geissler, 2001). Together with the putative TOM40 blast hit, these three molecules 

may form the basis of a reduced mitochondrial import system which recognises internal 

mitochondrial targeting signals. As homologues of the components of this import 

system are present in both animals and Fungi, (The yeast genome directory, 1997; 

Maddox, 1995), these proteins must have been present in a common ancestor of 

microsporidia and Fungi. It is possible that microsporidia have lost the N-terminal 

targeting import pathway but retained the internal targeting import pathway. Eleven 

homologues of mitochondrial proteins were found in the E. cuniculi genome project, at 

least six of the yeast homologues of these genes are targeted to the mitochondrion by 

means of an N-terminal targeting signal as opposed to an internal targeting signal 

(Gordon et a l, 2001; Jeong et a l, 2001; Lange et a l, 2001; Leighton and Schatz, 1995; 

Schilke et a l, 1999). Of all the mitochondrial homologues in E. cuniculi, only two 

sequences were identified with a high probability of having mitochondrial targeting 

signal using the detection program Mitoprot (Claros, 1995) (table 3, page 84). This 

suggests that N-terminal signals may have been lost in at least five of the E. cuniculi 

‘mitochondrial’ sequences.

These data suggest that if a mitochondrial organelle exists in microsporidia, it might 

rely on an internal targeting signal pathway for protein import. However this does not 

explain why, if microsporidian mitochondrial genes have an internal targeting signal, 

the T. hominis Hsp70 protein was not imported into mammalian mitochondria when 

expressed in COS monkey cells. It is also possible that any signals that are present are 

not recognised by the mammalian import system. The sequences of microsporidia genes 

are highly divergent and this might also apply to any targeting motifs. Alternatively

93



microsporidian putative mitochondrial sequences could be targeted to a localisation in 

the cell other than the mitochondrion. The following chapter describes experiments 

which investigate this possibility.
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4 Chapter 4: Immunolocalization of the mtHsp70 protein in 

Trachipleistophora hominis

4.1 Introduction

A major aim of the production of an antibody to the T. hominis mtHsp70 was to allow 

labelling of the protein to investigate whether it is localised to a discrete compartment 

within the microsporidian cell. Although the T. hominis mitochondrial Hsp70 was 

shown to be phylogenetically mitochondrial in origin, it is nevertheless possible that the 

protein may be targeted to an alternative location in the cell. For example the 

watermelon plastidic Hsp70 protein can be targeted to the chloroplast or peroxisomes 

depending on the starting codon used for translation (Wimmer et a i, 1997). Both 

Nosema locustae and Vairimorpha necatrix mtHsp70 sequences have potential type-1 

peroxisomal targeting signals. Vairimorpha necatrix has the standard SKL targeting 

signal whereas the Nosema locustae sequence has the alternative ARL signal (Hirt et 

a l,  1997). For this reason, evidence of expression of a mitochondrial protein in a 

microsporidian as shown in chapter 3 is not on its own strong evidence for the presence 

of a mitochondrially derived organelle. Furthermore, the data in chapter 3 provides no 

strong evidence for a mitochondrial targeting signal, either using computer prediction 

methods or through heterologous targeting. However, given that microsporidia have 

been demonstrated to have highly divergent protein sequences, it is possible that these 

sequences possess signals which are not recognised by mammalian cells.

The conventional role of mtHsp70 in eukaryotes is to assist in protein import into the 

mitochondrion in conjunction with the mitochondrial Hsp40 and transmembrane 

mitochondrial import proteins (Bukau and Horwich, 1998). Interestingly, in some 

ascomycetes two further mtHsp70 genes exist which code for the Ssql and EcmlO 

proteins. The Ssqlp isoform of mtHsp70 in yeast is involved in iron sulphur cluster 

formation and repair and iron metabolism (Voisine et a l, 2001) and EcmlO is thought 

to have functions overlapping with SSCI (Baumann et a l, 2000). In any case the 

mtHsp70 has an expected localisation within the mitochondrion either associated with 

the inner mitochondrial membrane or within the mitochondrial matrix.

The existence of a remnant mitochondrial organelle was recently hypothesised in 

microsporidia on the basis of the presence of several BLAST hits in the E. cuniculi
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genome project identifying proteins which normally act in mitochondria (Figure 27, 

page 97) (Katinka et a l, 2001). The genes with a possible mitochondrial affinity which 

have been retained on this genome are TIM22, TOM70, Ervlp, a homologue of the 

ABC transporter Atm Ip, a  and (3 subunits of pyruvate dehydrogenase (PDH), 

ferredoxin (YahIp), manganese superoxide dismutase (MnSOD), mtHsp70, Nifulp-like 

protein, frataxin (Yfhlp) and mitochondrial glycerol-3-phosphate dehydrogenase. Five 

of these have been shown, in yeast, to be necessary for iron sulphur cluster assembly 

(Kispal et a l, 1999; Lange et a l, 2000; Lange et a l, 2001) and on this basis Katinka et 

a l predicted that this hypothetical organelle would have its main role in iron sulphur 

cluster assembly and export to the cytosol. However they did not provide any physical 

evidence for the hypothetical organelle

The number of mitochondrial genes identified by BLAST in the E. cuniculi genome is 

low and given that none of them have been demonstrated to be expressed, and just two 

of them appear to have a potential N-terminal targeting signal, it is essential to establish 

whether or not they are targeted to and function within an organelle or act in the cytosol 

of the cell. In this chapter the cellular localisation of T. hominis mitochondrial mtHsp70 

was investigated. The strategy adopted in this project was the production of an antibody 

specific to the T. hominis protein and the labelling of its distribution in T. hominis cells. 

At the time when this project was started mtHsp70 was the only mitochondrial gene 

sequenced from microsporidia. Furthermore the phylogenetic position of this protein as 

being related to a-proteobacteria is well supported by several phylogenies (Germot et 

a l, 1997; Hirt et a l, 1997; Peyretaillade et a l, 1998b; Chapter 2). For these reasons, an 

antibody to the mtHsp70 protein above any other mitochondrial homologue should 

produce the most reliable marker for a cryptic mitochondrion in microsporidia if it 

exists. A similar strategy was used to discover a cryptic organelle in the protozoon 

Entamoeba histolytica (Mai et a l, 1999; Tovar et a l,  1999). This organism, like 

microsporidia, was once thought to have a phylogenetic position among the primitively 

amitochondriate Archezoa (Cavalier-Smith, 1983) now thought to be related to 

Dictyostelium (Bapteste et a l, 2002). Experimental evidence showed the mitochondrial 

Hsp60 protein to be localised to a single organelle named the mitosome. This organelle 

was detected independently with immunolocalization experiments directly on E. 

histolytica cells (Mai et a l, 1999) and by Western blotting, immunolocalization in 

isolated mitochondria-sized organelles and transfection of E. histolytica cells with an 

recombinant vector expressing Hsp60 (Tovar et a l, 1999).
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In addition to the specific mtHspTO antibody, several other potential markers to 

mitochondria were tested. These include antibodies to yeast T1M23 and TOM70 

proteins, a membrane potential dye Mitotracker Red, and a nucleic acid stain, DAPl. 

The distribution o f  the mitochondrial antibody was observed with both 

immunofluorescence using confocal microscopy and immunoelectron microscopy. To 

facilitate the visualisation of parasite cells within the host, a mouse antibody to T. 

hominis spores was also used. This was provided by Prof. E. U. Canning at Imperial 

College (Cheney et ai, 2001).
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4.2 Materials and methods

4.2.1 Reagents

182 cm  ̂tissue culture flask, Greiner Cat No. 661160 

22 X 22 cm^ cover slips, Chance Propper Ltd. cat no 11/2 

6-Diamidino-2-phenylindole dihydrochloride (DAPI), Sigma Cat. No. D84174 

Acetone, Sigma Cat. No. 00570

Alexa Fluor 488 goat anti-rabbit IgG, Molecular Probes Cat. No. A -11029

Alexa Fluor 568 goat anti-mouse IgG, Molecular Probes Cat. No. A-I1031

Culture flasks with vented cap. Sigma Cat. No. 236,327-8

Gelatin from cold water fish skin, Sigma Cat. No. G7765

Glutaraldehyde solution. Sigma Cat. No. 49627

Glycine, Sigma Cat. No. G7403

Methanol, Sigma Cat. No. M1770

Methyl cellulose, Sigma Cat. No. 27,441-0

NUNC CryoTubes, NUNC Cat. No. 363401

Protein G-Agarose, Sigma Cat. No. P7700

Six well tissue culture plates, Iwaki Cat. No. 2341-050

Uranyl acetate dihydrate. Sigma Cat. No. 73943

0.2M Pipes Buffer 6 g. of Pipes added to 50 ml distilled water.

IN NaOH added dropwise until solid dissolves then adjust to pH 

6.8 with INHCl.

Distilled water to 100 ml.
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4.2.2 Immunocytochemistry strategies
Two complementary strategies were used to visualise the protein within the 

microsporidian cell. These were confocal immunofluorescence and immunoelectron 

microscopy. The use of both of these methods is necessary to acquire the most accurate 

information for the localisation of the protein in microsporidia cells. Confocal 

microscopy allows the in-focus visualisation of a thin optical section of the specimen 

and therefore allows a clearer image than conventional light immunofluorescence, as 

the image is not obscured by unfocused light. Confocal microscopy also allows a 

specimen to be imaged in several in-focus sections. These can subsequently be 

compiled into an in-focus overlaid reconstruction of the complete specimen. Whereas 

electron microscopy limits detection of antigens to the surface of an electron 

microscope section, confocal microscopy allows scanning through a cell to search for 

areas of high antigen staining. This is an advantage when antigens are present in low 

numbers and allows the counting of structures within a whole cell. However, confocal 

microscopy cannot resolve small structures and cannot distinguish membrane-bound 

structures from aggregates of protein. Electron microscopy is therefore necessary to 

provide ultrastructural information, particularly on the presence of membranes. 

Furthermore confocal microscopy can sometimes produce artefactual results (Allan,

2000). Given that an antibody to a single protein was produced, EM was essential to 

corroborate any data produced using confocal microscopy.

4.2.3 Seeding of cells on to cover slips for confocal microscopy
All light microscopic immunocytochemistry experiments were carried out on cells 

grown across standard 22 x 22 mm^ microscope glass cover slips. Cover slips were 

sterilised by flaming in 70% ethanol before use. A 182 cm^ tissue culture flask of 

confluent infected was trypsinised and suspended in a 50 ml volume of 10% PCS 

medium. The cells were dispersed through the medium by inversion of the container 

and three millilitres of medium were added to each well in a six well tissue culture plate 

containing a single cover slip. The cells were allowed to grow until confluent and until 

the infection was at a high level. This usually took between one and two weeks. When 

infection level was estimated by light microscopy to be at least 10%, the cells were 

fixed and processed for immunocytochemistry.
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4.2.4 Fixation of cells
Cells were fixed on cover slips. Two methods of fixation were tested using either 4% 

paraformaldehyde in 1 x PBS (w/v) or a 50:50 mix of acetone and methanol (v/v) 

(Harlow and Lane, 1988). Paraformaldehyde fixation involved a 15 minute incubation 

at room temperature, followed by three five minute rinses in PBS and permeabilisation 

for 15 minutes in PBS with 0.1% Triton X-100 (v/v). Acetone/methanol fixed cells 

were incubated in a 50:50 solution of acetone/methanol at -20°C for 2 hours, the slides 

were then rinsed three times for five minutes in PBS. Subsequent permeabilisation was 

not necessary. The fixed slides were immersed in PBS and stored at 4°C and used 

within two days of fixation.

4.2.5 Immunolabelling
Fixed cells were blocked for 15 minutes with a 5% skimmed milk powder PBS solution 

(w/v). They were then rinsed with a 0.5% milk PBS solution for 30 minutes. Blocked 

cells were incubated with a 1% milk PBS solution with a dilution of the anti-71 hominis 

mtHsp70 from each rabbit and the anti-T. hominis spore antibody for one hour. Three 

different dilutions of each antibody were tested. These were 1:200, 1:500 and 1:1000. 

The optimal concentration appeared to be 1:500 for the anti-mtHsp70 and the 1:200 for 

the anti-spore antibody. After three rinses in PBS, the slides were incubated with 

fluorescent dye labelled goat secondary antibodies. The anti-mouse antibody was 

conjugated to Alexa-fluor 568 and the anti-rabbit antibody was conjugated to Alexa- 

fluor 488. The labelled cells were visualised using Leica SP confocal microscope and a 

63x oil immersion lens. Alexa 568 was excited by a laser at 568 nm and emission was 

captured between 595 and 605 nm. Alexa 488 was excited with the laser set at 488 nm 

and light emitted between 515 and 525 nm was captured.

4.2.6 DAPI staining of cells
In some cases the cells were incubated with DAPI in order to show the relationship of 

the stained area to the nucleus and to look for any evidence of DNA suggesting the 

presence of a genome inside the stained area. After staining with the primary and 

secondary antibodies the slides were incubated for 30 minutes with a 1 |ig/ml dilution of 

DAPI in PBS (Dasso, 1999). This dye is excited by UV light at 350 nm and emits at 

wavelengths approximating 450 nm.
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4.2.7 Mitotracker Red staining
This dye detects the membrane potential of active mitochondria in aerobic eukaryotic 

cells (Mitotracker Red information sheet, Molecular Probes). Mitotracker Red was used 

according to manufactures protocol and diluted to 1 mM with anhydrous 

dimethysulfoxide and further diluted to a final concentration of 100 pM using 10% PCS 

tissue culture medium. The cells were incubated for 30 minutes under normal growth 

conditions with the medium containing Mitotracker Red, and then incubated for a 

further 15 minutes with fresh medium to flush out excess dye. The cells were then fixed 

and stained with the anti-T. hominis mtHsp70 antibody. The specimens were visualised 

with a BioRad confocal microscope with lasers exciting at 488 nm and 580 nm.

4.2.8 Electron microscopy, fixation and sectioning of ceils
Conventional electron microscopy preparation requires fixation of material followed by 

dehydration, infiltration and heat polymerisation. However these processes all 

contribute to loss of antigens in the specimen and thus a potential failure to detect the 

protein with the antibody. Therefore a cryosectioning approach was used. This did not 

involve dehydration, infiltration and polymerisation steps but just the fixation of 

material, freezing of the fixed material in cryoprotectant and sectioning of the frozen 

block of material. A combination of three fixatives were used as it is known that 

gluteraldehyde and paraformal dehay de have different fixation properties. Fixatives with 

relatively higher concentrations of paraformaldehyde preserve more antigens within the 

specimen, whereas fixatives with higher concentrations of gluteraldehyde are more 

effective at preserving ultrastructural details (Glauert and Lewis, 1998).

Four 25 cm^ tissue culture flasks of T. hominis infected rabbit kidney cells were 

prepared. Once the cells were confluent and highly infected, they were fixed using one 

of the three following fixation protocols recommended by Dr. John Lucocq, University 

of Dundee:

1) 0.5% glutaraldehyde in 0.2 M Pipes pH 7.2 for 30 minutes, thereafter washed 

and stored in PBS at 4°C.

2) 4% paraformaldehyde/0.1% glutaraldehyde in 0.2 M Pipes pH 7.2 for 30 

minutes, thereafter washed and store in PBS.

3) 4% paraformaldehyde in 0.2 M Pipes pH 7.2 for 30 minutes, thereafter washed 

and store in PBS.
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The cells were all rinsed three times in 1 x PBS and all but 1 ml was removed at the last 

rinse. The cells were scraped using a plastic scraper into this last ml of PBS. The 

scraped cells were transferred to a fish skin gelatine (FSG) coated eppendorf tube using 

a FSG coated pipette tip. The cells were then pelleted by centrifuging at full speed in a 

benchtop centrifuge for 30 minutes. The supernatant was removed and replaced with 2.1 

M Sucrose in PBS. This solution is a cryoprotectant and cells were left to soak in this 

for three hours. The paraformaldehyde fixed pellet had not formed a solid pellet and so 

was embedded in pig skin gelatine (PSG). The PSG was solidified on ice and the excess 

gelatine was cut off with a scalpel under a dissection microscope. The solid cell pellets 

were cut into 1 mm^ blocks under a dissection microscope, excess sucrose was removed 

with blotting paper. The pellets were placed on scored nail heads that had been cleaned 

in acetone. These nail heads were placed in liquid nitrogen filled pierced NUNC 

cryotubes and stored in liquid nitrogen until they were cryosectioned. The frozen blocks 

were cryosectioned on a Leica cryomicrotome at a thickness of 50-100 nm and placed 

on nickel grids.

4.2.9 Purification of antibody with protein G
Initial labelling of sections with the anti-T. hominis Hsp70 antibody showed low level 

of binding even using an undiluted concentration of serum. Therefore the antibody was 

concentrated by affinity purification using protein G to which rabbit immunoglobulins 

are known to bind (Harlow and Lane, 1988). One millilitre of serum was filtered 

through a 0.22 pm filter. A standard empty column was washed with 1 x PBS. 1 ml of 

protein G agarose was added to the column and allowed to settle at room temperature. 

The column was then washed with 20 ml of 4°C sterile Ix PBS. 1 ml of the serum was 

diluted with 1/10 sterile PBS. This diluted serum was then allowed to flow through the 

column. The column was washed with 20 ml of sterile 1 x PBS at 4°C. The IgG was 

eluted at room temperature with 6 ml of 0.1 M Glycine at Room temperature. The 

eluate was colleted from the column and concentrated to a volume of 50 pi using a 

protein concentrator column.

4.2.10 Immunolabelling of sections for electron microscopy
The nickel grids were soaked in ammonium chloride in PBS for 10 minutes and then 

washed in PBS for 1 minute, followed by a 10 minute block in 0.5% fish skin gelatine 

in PBS. The grids were then incubated with the primary antibody in FSG/PBS, this was 

followed by three five minute washes in PBS before the incubation for 20 minutes with
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8 nm protein-A gold in 1:30 FSG/PBS. This was washed six times for five minutes in 

PBS and the washed ten times for one minute in distilled water. The grids were then 

contrasted by incubation with methyl cellulose/uranyl acetate (900 pi 2% methyl 

cellulose, 150 pi 3% uranyl acetate). This involved two one minute incubations, 

followed by one fifteen minute incubation. The grids were then observed in a JEOL 

1200EX electron microscope.

4.2.11 Quantification of measurement labelled structures
The quantification and measurement was carried out by Dr. J.M. Lucocq at the 

University of Dundee. For quantification, elongated or round profiles with evidence of 

double membranes and measuring less than 0.5 pm largest diameter, were photographed 

at a nominal magnification of 40,000. Micrographs were scanned at 1000 dpi and 

further magnified 7.9x in Adobe Photoshop 5.5. Square lattice grids with spacing of 25 

nm and 200 nm were generated on-screen and point counting used to estimate areas of 

double-membraned profiles and cytosol respectively (area = sum of point counts x area 

associated with one point). Calliper diameters (length - longest axis and breadth - 

orthogonal to longest axis) were measured on double-membraned profiles which in the 

case of thawed cryosections were also immunogold labelled.
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4.3 Results

4.3.1 The efficacy of the immunofluorescence fixation methods
Both the paraformaldehyde and the acetone/methanol fixation methods gave similar 

patterns of staining for both the anti-T. hominis mtHsp70 antibody and the anti-T. 

hominis sporQ antibody (data not shown). Both fixation methods resulted in anti-71 

hominis mtHspTO antibody staining structures exclusively in the meront stages. Neither 

sporonts or spores showed any anti-r. hominis mtHsp70 antibody staining and it was 

not possible to see any background staining in the sporophorous vesicles suggesting that 

these areas were not permeable to antibody. Lack of staining probably relates to the 

stage at which the sporophorous membrane is starting to be laid down. Whereas the 

meront stages are surrounded by just a plasma membrane, the sporont and later stages 

are surrounded by both a plasma membrane and a protein-containing sporophorous 

membrane and are therefore unlikely to be permeabilised by detergents or solvents. For 

all subsequent immunofluorescence experiments, cells were fixed with 

acetone/methanol.

4.3.2 The staining of the parasites with anti-T. hominis spore antibody
In order to facilitate the visualisation of the parasite cells within the host cells some of 

the slides were counterstained with an antibody produced by infection of a laboratory 

mouse with microsporidian spores (Cheney et a l, 2001). In these experiments sera 

samples corresponding to antibodies 447 and 443 (Cheney et a i,  2001) were used. 

Antiserum 447 was obtained by injecting whole spores in adjuvant. These cells were 

fixed and therefore not capable of giving rise to an infection. In the case of antiserum 

443 the spores had been injected intraperitoneally and are likely to have given rise to an 

infection in the mouse and therefore the serum recognises a wide range of T. hominis 

proteins in Western blots (Cheney et a l, 2001). In following immunocytochemistry 

experiments these antibodies were both labelled with secondary Alexa 568 conjugated 

antibody which is excited by a laser at 575 nm and emits at 600 nm. In the following 

experiments this antibody is consistently represented by the colour red.

It can be seen in figure 28a (page 108) that the 447 antibody cross reacts most strongly 

with the spore coat and very little with the meronts and early stages of the life cycle. 

The antibody appears to recognise increasing levels of expression of spore coat proteins 

as the life cycle of the microsporidian progresses. Figure 28b and 28c (page 109)
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illustrate the higher cross reactivity of the 443 serum to the meront stages of the 

parasite. This shows a stronger cross reaction to the proteins present in the meront 

stages than antiserum 447.

4.3.3 The staining pattern of the mtHsp70 protein

The anti-T. hominis mtHspTO antibody was labelled with a secondary anti-rabbit Alexa 

488 conjugated antibody. This fluorescent dye is excited at 495 nm and emits light at 

520 nm. This antibody is represented by the colour green in all the following results. 

Staining of the infected cells revealed a punctate localisation throughout the cytoplasm 

of the meront stages of the parasite (Figure 29, page 109). Antibodies from each 

inoculated rabbit produced indistinguishable staining patterns. The foci of antibody 

staining had an irregular distribution and in some examples these appeared to be 

distributed around the periphery of the cell (Figure 29b, page 109). Although there was 

some weak background staining in controls with rabbit pre-immunisation bleed serum 

and using terminal bleed serum on uninfected rabbit cells, a different pattern of 

antibody staining was seen (Figure 30, page 109). In order to estimate the number of 

stained areas per cell, overlaid reconstructed images were created for 11 cells. Figures 

31a and 31b (page 110) show examples of such overlaid reconstructed images. These 

were produced by imaging a single parasite cell in 12 separate confocal sections. These 

layers were superimposed to produce an overlaid reconstruction of the whole cell. The 

reconstructions were visualised in Adobe Photoshop 6.0 and the number of discrete 

areas of staining per cell were counted. This value was between 7 and 47 structures with 

a mean of 28 structures per cell. The size of the stained area could not be accurately 

estimated. The resolution limit under optimum conditions of the microscope used was 

calculated using the equation: resolution = 0.61À / numerical aperture. Where X = the 

wavelength of the light used (Alberts et a l, 1994). Using an 63 x oil immersion lens, 

the numerical aperture has a maximum value of 1.4 and the wavelength of emission 

used was 0.52 pm. This gives a maximum limit of resolution for these images of 

approximately 226 nm, therefore all stained areas will appear a minimum of 226 nm in 

size.

4.3.4 Dual labelling of the cells with DAPI

DAPI (6-diamidino-2-phenylindole dihydrochloride) is a DNA stain which was used to 

stain the nuclei in fixed cells. The cells were cross labelled with DAPI for two reasons. 

Firstly to show the distribution of the mtHsp70 relative to the nucleus and secondly to
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investigate whether there is colocalistion between DAPI and the mtHsp70. It is reported 

that DAPI can detect the mitochondrial DNA in mammalian and plant cells (Dellinger 

and Geze, 2001; N agata^/a/., 1999). Results of DAPI staining in T. hominis cells 

showed no colocalisation of DAPI with anti-mtHsp70 protein Figure 31a and 3Ib (page 

110). However nor was there any staining of host cell mitochondria, and therefore it 

appears that this experiment needs to be optimised further before valid conclusions can 

be drawn. The DAPI staining did successfully stain the parasite and rabbit cell nuclei 

and showed that there were no areas of mtHsp70 staining co-incident with the parasite 

nuclei, Figure 3Ib (page 110), indicating that the mtHsp70 staining is confined to 

structures outside the nucleus of the parasite.

4.3.5 Incubation of parasite cells with Mitotracker Red
Mitotracker is a mitochondrion specific dye which is applied to living cells and is 

retained after their fixation. This dye detects the membrane potential of the organelle 

and is able to enter respiring organelles. The dye is attached to a thiol-reactive 

chloromethyl moiety and once inside the organelle it can react with thiol groups on 

peptides and proteins to form an aldehyde-fixable conjugate (Molecular Probes product 

information). After incubation of the cells with Mitotracker Red and counterstaining 

with the mtHsp70 antibody, areas of colocalisation were looked for. This was to 

ascertain whether the site of antibody staining was also an area of membrane potential, 

as would be expected if this was a typical eukaryotic mitochondrion. However it 

appeared that the Mitotracker Red dye was rarely able to cross the cell membrane of the 

parasite cell. On the rare occasions when Mitotracker Red dye was seen within parasite 

cells there was no obvious colocalisation between the mitochondrial dye and the 

mtHsp70 antibody. Figures 32a, 32b and 32c (page 110) show three planes of the same 

cell. Figure 32a clearly shows Mitotracker Red staining of the host mitochondria 

demonstrating that the Mitotracker Red had successfully detected the rabbit cell 

mitochondrial membrane potential. Figures 32b and 32c show areas of high anti-T. 

hominis Hsp70 staining within the parasite cell but the Mitotracker Red staining is not 

limited to these areas.

4.3.6 Incubation of the cells with yeast TIM22 and TOM70 antibody
Some slides were incubated with polyclonal antibodies raised to yeast TIM 70 and 

TOM 23 proteins in rabbits, these were provided by Dr.s. N. Kronidou and M. Horst at 

the University of Basel. The gene coding for one of these proteins, TOM70, has been
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identified by BLAST search on the genome of Encephalitozoon cuniculi (Katinka et a l,

2001), however Western blotting showed no obvious cross reaction for either antibody 

with microsporidian proteins (data not shown). Fixed cells were incubated with each of 

these antibodies following the protocol for the anti-T. hominis mtHspTO antibody. No 

specific binding could be detected using fluorescent confocal microscopy.

4.3.7 Immuno-EM localisation of mtHsp70
The results of confocal microscopy are at the limit of resolution of light microscopy and 

do not provide ultrastructural information. In the absence of a second microsporidian 

mitochondrial marker it was impossible to relate any areas of protein localisation 

identified by the antibody to a structure within the cell. Therefore it was necessary to 

resort to immunoelectron microscopy to further investigate the nature of the stained 

areas. Cells fixed with 0.5% gluteraldehyde fixation showed well preserved membranes, 

but levels of antibody staining were low (Figure 33 a-e, page 111). Fixation with 4% 

paraformaldehyde/0.1% glutaraldehyde resulted in both poor antigen retention and loss 

of membranes (Figure 33f page 111) but did show the antibody to localised above 

discrete areas of electron dense matrix. Fixation using of 4% paraformaldehyde 

produced high density of staining, loss of membrane but increase in intensity of the 

matrix of the stained structure (Figure 33f inset, page 111). Epoxy fixed infected cells 

prepared by John Lucocq at the University of Dundee, showed the presence of double 

membrane bound structures of a corresponding size (Figure 33 g+h, page 111). From 

statistical analysis also carried out by John Lucocq it can be seen that the gold particles 

were almost always localised over membrane bound structures (Figure 34a, page 112). 

The stained structures were of consistent size - between 90 and 100 nm across the 

longest part of the structure (Figure 34b, page 112). In one case (Figure 33e, page 111) 

it is possible to see that the particles were sitting over a structure which appeared to be 

double lobed, resembling a dividing mitochondrion. The structures appeared to have an 

amorphous matrix and there was no evidence of the typical cristae of mitochondria 

found in most higher eukaryotes. Stained structures were predominantly found in the 

meront stages of the parasite, suggesting that these structures are most prolific in the 

growth and vegetative stages of the parasite.
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Figure 28. The staining pattern  of the anti-T. hominis spore antibody, a . Highly infected 

RK-13 cell showing all stages of the life cycle o f T. hominis. This illustrates the high reactivity 

o f the 447 antibody with spore stages of the parasite. This is an image of the 447 anti-T. hominis 

spore antibody staining pattern superimposed onto a transmission confocal image. Using the 

443 anti-T. hominis spore antibody, the cross reaction with meronts was higher b. and c. Two 

images o f an identical field, b. is the transmission confocal image and c. is the image of 443 

anti-T. hominis spore antibody staining pattern, (hen) host cell nucleus, (sp) spore, (m) meront.
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Figure 29. T he stain ing  p a tte rn  of the anti-T. hominis mtHspTO antibody. The anti-T. 

hominis mtHspTO antibody shows the protein to be localised to punctate areas distributed 

throughout the cytoplasm. Acetone/methanol fixed T. hominis infected rabbit kidney cells, a. 

shows the pattern o f anti-T. hominis Hsp70 staining (green) dual-labelled with the 447 anti-T. 

hominis spore antibody (red), b. shows anti-T. hominis Hsp70 staining. Both images are 

fluorescent secondary label emission patterns superimposed on transmission confocal images o f 

the same microscope field.

F igure 30. C om parison of term inal bleed and pre-im m unisation bleed staining patterns.

Both slides show acetone/methanol fixed T. hominis infected rabbit kidney cells and have been 

stained with anti-T. hominis spore antibody (red) a. has been incubated with the T. hominis anti- 

mtHsp70 antibody (green) and b. has been incubated with the pre-immunisation bleed serum 

from the same rabbit (green). Pre-immunisation bleed slides shows some binding to spores (sp) 

not seen in the terminal bleed slides, however in pre-immunisation bleed slides show no 

staining inside meronts stages (m) of T. hominis.
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F igure 31. O verlaid  reconstructed  images o f T. hominis cells w ithin rab b it kidney cells.

These were created by imaging the parasite cells in 12 separate confocal sections. Both a. and b. 

show cells labelled with the anti-T. hominis mtHspTO antibody (green) and DAPI (blue) The 

large blue structure at the edge o f each image is the rabbit cell nucleus. The T. hominis nuclei 

are also labelled.

I

F igure 32. M ito track e r labelling of m itochondrial m em brane potentials. The cells were co

labelled with M itotracker Red (red) and the anti-T hominis mtHspTO antibody (green). This 

showed no colocalisation. The circled areas show an infected cell among a field o f uninfected 

cells. Images a. b. and c. show different planes o f  the same field o f cells. The host cell 

mitochondria are clearly labelled with Mitotracker Red.
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Figure 33. Immuno-EM localisation of the mtHspTO protein in fixed T. hominis cells.

Transmission electron microscopy of the staining pattern of the 0.5% glutaraldehyde fixed 

sections a.-e. of microsporidian structures. Images a.-e. show evidence for double limiting 

membrane and association o f gold particles with the inner aspect o f the inner membrane, e. 

shows a putative dividing form (septa indicated by an arrow), f. shows the characteristic 

electron density o f the inner matrix after fixation with paraformaldehyde/glutaraldehyde 

mixtures (membranes are less evident with this fixation) and inset f. an intensely labelled profile 

obtained for 4% paraformaldehyde a., c.-f. meronts; b. sporont. g. and h. show that double 

membranes are clear for structures in meronts after embedding in epoxy resin (inner membrane 

indicated by arrowheads). Scale bar= 50 nm.
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SEMs). Both experiments were carried out by John Lucocq at the University of Dundee.
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4.4 Discussion

The antigens recognised by the anti-T. hominis mtHspTO antibody were preserved by 

fixation of material with both aldehyde and methanol/acetone fixing protocols. 

Immunofluorescence showed the mtHspTO protein to be localised to punctate areas 

throughout the cytoplasm of the parasite. However these areas could not be related to 

any visible structure in the parasite at the light microscope level. The areas did not co

label with the membrane potential marker, Mitotracker Red. The mitochondrial 

membrane potential results from the flow of hydrogen ions across the membrane caused 

by the electron transport chain (Alberts et a l ,  1994). As the E. cuniculi completed 

genome sequence showed no evidence of genes coding for components of the electron 

transport chain, it is possible that there is no membrane potential across the 

microsporidian organelle membrane. There was no co-localisation between the T. 

hominis mtHspTO protein and staining for DNA using DAPI. However as the host cell 

mitochondria were not labelled with DAPI, these results are inconclusive.

Electron microscopy revealed the areas of staining seen using immunofluorescence to 

be single or double membrane bound structures. Although levels of staining were low, 

the anti-T. hominis mtHspTO antibody staining was very specifically localised to 

consistently sized membrane-bound structures. Double membraned structures of a 

similar size shown to be present in epoxy fixed structures. Gold particles were often 

localised at the periphery of the membrane bound structures. This is consistent with the 

functional data for the localisation of mtHspTO, which posits that this protein is bound 

to a protein which is itself bound to the inner membrane of the mitochondrion (Planner 

and Geissler, 2001).

Although the presence of a mitochondrion in microsporidia has previously been 

suggested no physical evidence for this structure was presented (Katinka et a l,  2001). 

The localisation of a mitochondrial isoform of HspTO to a membrane bound structure 

provides the first physical evidence for such an organelle. The structure is extremely 

small relative to the mitochondria of other eukaryotes at just on average 100 nm across 

the longest part, which may in part be explained by the small size of microsporidian 

cells. In the case of T. hominis, the cell size is approximately 5 pm. However even the 

smallest eukaryote, Ostreococcus tauri a picoplanktonic alga which measures a mere

1.5 pm in diameter, mitochondria are twice the size of the structures seen in the 

microsporidian cells (Chretiennot-Dinet g/ a/., 1995).
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Estimates from confocal microscopy showed these structures to number between 7 and 

47 per cell (n=ll). This suggests a significant role for these structures in the parasite. 

Spores could not be permeabilised for immunofluorescence detection of the protein but 

electron microscopy did not detect the structure in the spore (dormant) stages of the 

cell. Many other microorganisms, including Plasmodium falciparum  and many 

ascomycete Fungi undergo reduction in size or complexity of the mitochondria during 

the anaerobic or vegetative stages (Krungkrai et a l, 2000; Lloyd, 1974). There is no 

obvious system of cristae present in many eukaryotes - as the cristae in mitochondria 

are the sites at which the electron transport components are concentrated, it is intuitive 

that they would degenerate in a non-respiratory organelle. Cristae are also apparently 

absent from hydrogenosomes and Entamoeba mitosomes (Benchimol et a l,  1996; 

Tovar 1999).

The role of the diminutive microsporidian organelle remains to be investigated. In their 

complete genome paper, Katinka et al put forward a hypothesis of several biochemical 

pathways occurring in a putative remnant organelle in Encephalitozoon cuniculi, one of 

the microsporidia with the smallest genomes (Figure 27, page 97) (Katinka et a l, 2001). 

This was based on the presence of homologues of eleven genes which, in other 

eukaryotes are localised to the mitochondrion. Of these eleven, one is an antioxidant, 

MnSOD (Fridovich, 1995); two are involved in metabolic pathways, pyruvate 

dehydrogenase and glycerol-3-phosphate dehydrogenase (Alberts et a l, 1994); and two 

are involved in mitochondrial import TIM22 and TOM70 (Pfanner and Geissler, 2001). 

The six other genes Ervlp, Atm Ip, Yah Ip, mtHsp70, Nifulp and Yfhlp have been 

shown in yeast to be involved in mitochondrial iron sulphur cluster assembly and export 

to the cytosol (Kispal et a l, 1999; Lange et a l, 2000; Lange et a l, 2001; Radisky et a l, 

1999; Schilke et a l, 1999; Voisine et a l, 2000). As the majority of the genes are 

involved in iron-sulphur cluster assembly and the components of the electron transport 

chain were not found on the genome, it was concluded that iron-sulphur cluster 

assembly was the primary role of the hypothetical microsporidian mitochondrion. Iron 

sulphur clusters are ubiquitous cofactors for reactions in both the mitochondrion and the 

cytosol (Beinert et a l,  1997). The production of iron-sulphur clusters has been 

established as the only essential biosynthetic function of yeast mitochondria (Lill and 

Kispal, 2000). In the absence of energy production it is possible that this is also the 

primary role of the microsporidian mitochondrial organelle.
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The presence of two proteins associated with ATP production, pyruvate dehydrogenase 

and mitochondrial glycerol-3-phosphate dehydrogenase is surprising. Pyruvate 

dehydrogenase is a part of a pathway that converts pyruvate to Acetyl CoA. The Acetyl 

CoA then enters the Krebs cycle. Given that genes coding for components of this cycle 

are absent, the function of the pyruvate dehydrogenase is difficult to predict. Keeling 

and Fast suggest the role of this protein may be equivalent to that of pyruvate ferredoxin 

oxido-reductase (PFOR) in anaerobic eukaryotes (Keeling and Fast, 2002). In these 

PFOR, decarboxylates pyruvate to donate electrons to Ferredoxin, from which they are 

transferred to NADH. In microsporidia it has been suggested that pyruvate 

dehydrogenase also decarboxylates pyruvate to result in a donation of electrons to 

Ferredoxin. Mitochondrial glycerol-3-phosphate dehydrogenase is a component of the 

glycerol phosphate shuttle which transfers reducing equivalents from the cytosol into 

the mitochondrion for use in the electron transport chain. However as the electron 

transport components appear to be absent it is not clear why the reducing equivalents 

need to be imported across the mitochondrial membrane.

The localisation of further ‘mitochondrial’ proteins in microsporidia through the 

development of homologous antibodies to putative microsporidian mitochondrial 

proteins is now needed to determine more precisely the function requiring the retention 

of an apparent non-respiratory organelle. It is significant that the sequenced E. cuniculi 

genome is one of the smallest microsporidian genomes at just 2.9Mb. Considering that 

microsporidian genome size is known from studies to range from 2.3Mb to 19.5Mb 

(Amigo et a l,  2002; Biderre et a l,  1994), the currently identified mitochondrial 

BLAST hits are likely to represent the minimum complement of genes producing 

proteins potentially targeted to and acting in the mitochondrion. Therefore there may be 

additional processes occurring in the remnant mitochondria of other microsporidian 

cells which can not be predicted from the E. cuniculi genome project. The ongoing 

genome sequencing projects such as that of Nosema locustae may reveal that 

microsporidia with larger genomes have further mitochondrial genes and will establish 

whether the role of this organelle is likely to vary across species of microsporidia.
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5 Summary

This project has identified a further species of microsporidian, T. hominis, harbouring a 

gene of phylogenetic mitochondrial origin, adding further evidence to the hypothesis 

that microsporidia evolved from mitochondriate ancestors. Phylogenies showed the T. 

hominis Hsp70 sequence to be strongly related to other eukaryotic mitochondrial 

isoforms, and Bayesian protein phylogenies also suggest microsporidia to have evolved 

from within the Fungi.

Until the data in the thesis were produced it was still under debate as to whether 

microsporidia had actually retained a mitochondrial organelle, retargeted their 

mitochondrial proteins to another cellular location or merely maintained non-functional 

mitochondrial pseudogenes in their genomes. Although genes consistent with the 

presence of a rudimentary mitochondrion have been found in the fully sequenced E. 

cuniculi genome, localisation data for the products of any of these genes was not 

provided. Furthermore, there was no evidence for the expected N-terminal 

mitochondrial targeting signals within microsporidian mitochondrial Hsp70 or pyruvate 

dehydrogenase protein sequences, fuelling speculation that the mitochondrion may have 

degenerated in microsporidia (Fast and Keeling, 2001).

The data accumulated in this thesis have provided the first evidence for expression of a 

mitochondrial gene in a microsporidian at both the mRNA and the protein level in both 

intracellular and spore stages of the parasites. Through the use of a specific antibody to 

this protein, immunolocalisation experiments have consistently showed the T. hominis 

mtHsp70 protein to be localised to discrete areas of meronts and sporont stages of the 

parasite. Detailed electron microscope studies showed these to be double membrane 

bound structures, which appear to be remnant microsporidian mitochondria. The 

organelles are relatively abundant, which is consistent with an active role in the 

metabolism of the parasite.

The role of the Hsp70 has now to clarified as it is known that, in yeast, isoforms of this 

protein can adopt one of two alternative functions. This is either as an essential 

component of the mitochondrial import machinery (EcmlOp or Ssclp isoforms) 

(Baumann et a l, 2000; Voisine et a l, 2000) or as a component of the iron sulphur 

cluster system (the Ssqlp isoform) (Voisine et a l, 2000), the mutation of which causes

116



an accumulation of iron within the mitochondrion. As microsporidia are probably 

related to fungi it is feasible that the Hsp70 protein in T. hominis may be mimicking 

either of these two types of isoform. Phylogenies in chapter 2 show a weak 

phylogenetic relationship between the microsporidian Hsp70s and the ascomycete 

Ssqlp isoforms of Hsp70 which may be interpreted as evidence as similarity between 

these two proteins either through shared phylogenetic history or through convergent 

evolution due to similarity in function of the protein. This function would be consistent 

with Katinka et al.’ s idea that the role of the remnant mitochondrion is iron sulphur 

cluster assembly (Katinka et a l, 2001).

However, there is currently no evidence for multiple isoforms of mtHsp70 in 

microsporidia, and therefore if this protein is mimicking the yeast Ssqlp isoform this 

leaves microsporidia without one of the principal components of the mitochondrial 

import system. Although the primary role of the Ssclp isoform is in mitochondrial 

protein import, it is known that this protein can also act in iron sulphur cluster 

assembly. Overexpression of Ssclp can rescue yeast mutants of Ssqlp (Voisine et a l, 

2000). This demonstrates the ability of the protein to evolve into an isoform which can 

perform both the role of iron sulphur cluster assembly and import functions. Therefore a 

more credible role for mtHsp70 in microsporidia may be that it fulfils the role of 

mitochondrial protein import and iron sulphur cluster assembly.

In the absence of knowledge of the function and importance of this organelle in 

microsporidia, no new name is proposed, as the name ‘mitosome’ used by Katinka et 

a l , originally used to the describe the cryptic Entamoeba histolytica mitochondrion 

(Tovar et a l, 1999), adequately reflects that it is an organelle of mitochondrial origin. 

With addition of more functional information on the structure, it is expected that a new 

name could be proposed to distinguish it from the Entamoeba 'mitosome'.

This new structure now needs to be characterised to determine if, as hypothesised by 

Katinka et. a l, iron sulphur cluster assembly is its the primary function and to what 

extent other metabolic pathways have been retained in this organelle. Although 

suggestions of potential pathways occurring in this organelle have been put forward, 

(Katinka gr a/., 2001; Keeling and Fast, 2002) an indication of the function of this 

organelle will only come with localisation of further mitochondrial enzymes and 

biochemical characterisation. The E. cuniculi genome directory identified no genes
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coding for components of the electron transport chain (Katinka et a l, 2001). However, 

it is possible that the ATP importer, apparently derived by lateral gene transfer from a 

parasitic bacterium, supplements the ATP produced by glycolysis. This may have 

permitted the degeneration of the ATP producing pathways normally found in the 

mitochondrion.

Interestingly, T. hominis mtHspTO is targeted to a double membrane bound structure 

despite the fact that mitochondrial targeting signals could not be detected neither using 

in silica or in cellulo investigations. This indicates that available mitochondrial 

targeting signal prediction methods are not sufficient to confidently predict whether a 

microsporidian protein is likely to enter this microsporidian organelle. Furthermore it 

opens the question of what is the nature of the mitochondria import system present in 

the microsporidian mitochondrial organelle. Microsporidia are well known to have 

streamlined much of their biology in adapting to their parasitic lifestyle and it is 

possible that this process has extended to the parasite mitochondrial protein import 

machinery resulting in a unique eukaryotic mitochondrial import system, which 

possibly no longer uses N-terminal cleaved transit peptides.

It is now apparent that many microbial eukaryotes that were previously thought to lack 

mitochondria have actually retained the organelle. It is now accepted that 

hydrogenosomes of phylogenetically diverse eukaryotes, including anaerobic ciliates. 

Fungi and trichomonads, are mitochondria that have exchanged aerobic respiration for 

the biochemistry to make hydrogen. Entamoeba histolytica, an anaerobic amoeba, is 

also now known to contain a mitosome, an organelle of mitochondrial ancestry of 

unknown function (Tovar et a l, 1999). Now microsporidia have been added to the list 

of mitochondriate organisms, which were once thought to be either primitively 

amitochondriate or to have secondarily lost the organelle. Thus it appears that all 

thoroughly investigated eukaryotic cells have retained some form of mitochondrion and 

the role of this organelle in eukaryotic cells is more fundamental than just aerobic 

respiration.
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