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Trichomonas vaginah (TV) is the etiologic agent of trichornoniasis, a sexually 

transmitted disease of significant socio-economic importance. Cell-fiee filtrate fiom TV 

growth media causes rounding and detachment of adherent monolayers of human 

epithelial cells in culture. Cell detaching factor (CDF), a 200 kDa glycoprotein in the 

punfied preparation of the cell-free filtrate, is believed to play an important role in the 

pathogenesis of TV. The identification of the gene for CDF would therefore allow further 

characterisation of the protein and its expression. A cDNA clone (CDF-2) was identified 

in a TV cDNA library by immunological screen with rabbit an t i - sem prepared against a 

punfied preparation of CDF. This clone contained an open reading fiame (ORF) that was 

believed to represent a partial coding sequence for CDF. A genome walk initiated fkom 

CDF-2 using Rapid Amplification of Genomic DNA Ends (RAGE) identified a contiguous 

6.5 kb ORF. Northern analysis, which identified a 6.5-7 kb transcnpt, supported the size 

of the ORF, while Rapid Amplification of cDNA Ends (RACE) identified a putative 5' end 

of the ORF and identified a 3 1 bp 3' untranslated region. The ORF is predicted to encode 

a 232 kDa polypeptide containing 42 EEKPKL repeats, but has no sequence homology 

with any previously reparted protein- The full-length ORF was amplified from TV 

genomic DNA by PCR and cloned into the plasmid vector pCR2.1-TOPO. The ORF was 

transcribed in vitro using T7 RNA polymerase and translated in rabbit reticulocyte lysate 

in the presence of 35~-methionine. Several high moiecular weight proteins (>200, 165, 

150, 130, 118, 80, 47 kDa) were produced. Two polypeptides of 205 and 220 kDa were 

immunoprecipitated fiom the in vitro translation mix by the anti-CDF serum. These data 

suggest that the gene encoding TV CDF has been idensede 
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CHAF'TER 1: INTRODUCTION 

WHY IS II VAGINALIS IMPORTm? 

Tkichomonar vagn?aZis is a parasitic protozoan that is the etiologic agent of 

trichornoniasis, a sexually transmitted disease that has important medical, social, and 

economical implications. Recent data estimate that the annual incidence of T. vaginaIis 

infection is more than 170 million cases world-wide. In North America, more than eight 

million new cases are reported yearly (WHO, 1995). These estimates are likely low, 

since up to 50% of cases of T. vaginalis infection are asymptomatic and remain untreated, 

allowing M e r  transmission (Fouts & Kraus, 1980). 

The disease encompasses a broad range of symptoms ranging nom a state of 

severe inflammation and irritation of the vagina with a frothy malodorous discharge 

vaginal to a relatively asymptomatic carrier state (Wolner-Hanssen et al., 1989). The 

infection is linked to perïnatal complications (such as premature rupture of the 

membranes, premature labour and low birth-weight infants), as well as cervical cancer, 

pelvic inflammatoiy disease, various inflammatory diseases of the male genito-urinary 

tract, infertility in both women and men, and HIV transmission (Petrin et al., 1998) 

It is not known why the infection is wone in females than in males. Exactiy how 

the organism establishes infection in what seems to be an unsuitably acidic milieu of the 

vagina is unknown. Furthemore, it is not yet understood how the organism persists in 

the ever-changing vaginal environment, through hormonal fluxes and menstnral flow. 

Pathogenesis research has focused on the initial events of infection that permit the 

organism to invade the urogenital tract. 



TAXONOMY ANI> STRUCTURE 

T. vasnalis is an aerotolerant anaerobic flagellated protozoan parasite that was 

first described by Donné (1836). According to Marquardt and Demaree (1985) and 

Honigberg (1990), 1: vagrgrnalis is classified in the foliowing groups: Phylum 

Sarcomastigophora, Honigberg and Balamuth 1963; Sub-phylum Mastigophora, Diesing 

1866; Class Zoomastigophoreq Calkins 1909; Superorder Parabasalidea, Honigberg 

2973; Order Trichornonadida, Kirby 1947, emend Honigberg 1974; Family 

Trkhomonadidae, Chalmers and Pekkola 1918, amend Kirby 1947; Subfamily 

Tnchomonadinae, Chalmers and Pekkola 19 28, emend Honigberg 1963. Several 

distuiguishing features of T- vaginalis have been described (Honigberg & King, 1964; 

Warton & Honigberg, 1979). The organism possesses 5 flagella, 4 of which are located 

at its antenor portion. The fi* flagellum is incorporatecl within the parasite's undulating 

membrane that is supported by a slender non-contractile costa. Movement of the flagella 

and the undulating membrane give thi s parasite a characteristic quivering motility . The 

nucleus in T. vagimIÏs is located in its anterior portion, an4 Iike other eucaryotes, it is 

surrounded by a porous nuclear envelope. A slender hyaline, rod-like structure, called an 

axostyle, commences at the nucleus and bisects the protozoan longitudinally, protruding 

through the parasite's posterior end, and terminating in a sharp point. This structure is 

thought to anchor the parasite to vaginal epithelial cells, 

While T. vaginalis possess typical eucaryotic endoplasrnic reticula and Golgi 

apparatus, the organism lacks mit O chondria and peroxisomes of higher eucaryotes. 

Instead, unique double membrane-bound organelles called hydrogenosomes, which are 

visible under the light microscope as paracostal and paraxostylar granules, are considered 



to be the anaerobic quivalent of mitochondria in T. vaginalis. Hydrogenosomes are the 

site for anaerobic oxidation of pyruvate to acetate, coupled to ATP production via 

substrate level phosphorylation; electrons are disposed of via the formation of molecular 

hydrogen (Muller, 1980; Muller, 1993). Key components in this process involve 

hydrogenase as well as iron-sulphur proteins: pyruvate:ferredoxin oxidoreductase, which 

uses ferredoxin as an both electron donor and an electron acceptor. Like mitochondria, 

hydrogenosomes have a double membrane envelope, divide autonomously by fission, 

import proteins post-translationdl y, produce ATP b y sub strate p hosp horylation (Muller, 

1993 ; Bradley et al., 1997; Palmer, 1997), and have transmembrane electrochemical 

potential (Biagini et al., 1997). While similar in structure and ninction to mitochondna, 

hydrogenosomes are markedly different in that they do not contain genetic material, they 

lack cytochromes, and they do not employ the chic acid cycle (Biagini et al., 1997; Bui 

& Johnson, 1996). Instead, they contain enzymes that are typically found in anaerobic 

bacteria and are capable of producing molecular hydrogen- The presence of 

pyruvate:ferredoxin oxidoreductase in eucaryotes is restricted to a few amitochondriate 

groups, but similar enzymes (pyruvate:flavodoxin oxidoreductase) have been identified in 

anaerobic archaebacteria and eubacteria. Furthemore, the combinat ion of 

pyruvate:ferredoxin oxidoreductase, ferredoxin, and hydrogenase is found only in a small 

number of anaerobic bacteria (Hrdy & Muller, 1995; Muller, 2993). These paradoxes 

have lead to three hypotheses to explain the origin of the hydrogenosome (Biaghi et aL, 

1997): (1) that hydrogenosomes arose independently of mitochondna through the 

endosymbiosis of an ancient eucaryote with hydrogenase-containing anaerobic 

bacterium, (2) that mitochondria and hydrogenosomes originated fiom a common 



progenitor organelle, or (3) that hydrogenosomes are mitochondria that have 1 0 s  

respiration and a separate genome. 

T. vaHmIis was originally thought to have emerged at the base of the eucaryotic 

tree before mitochondriai endosymbiosis. This evidence was based on small subunit 

nbosomal RNA phylogeny, homologies of T. va@mlll.i cyclin-dependant kinase and ce11 

division control genes (Riley et al., 1993; Riley & Krieger, 1995), and the enzymes 

involved in energy metabolism (Hrdy & Muller, 1995; Muller, 1993). However literahire 

that identifies similarities between the hydrogenosome and the mitochondrion with 

respect to the molecular, phy siological and morphological amibutes support the second 

and third hypotheses (Biagini et al-, 1997; Palmer, 1997). Recent phylogenetic analyses 

based on the presence of mitochondrial heat shock proteins and ValRS proteins in T. 

va@mZis (Germot & Philippe, 1999; Roger et al., 1996; Horner et aL, 1996; Hashimoto 

et al., 1998; Bui & Johnson, 1996), malate dehydrogenase (Roger et al., 1999), and 

aminoacyl synthetase (Brown & Doolittle, 1995), suggest that mitochondrial symbiosis 

occurred before the T. va@miis lineage diverged fiom the main eucaryotic tree. 

Reproduction and l~ye cycle 

It is thoughî that X vaHmIis lacks a cystic stage, since it has only been reported 

to exist in the trophozoite form (Honigberg & Brugerolle, 1990)- L i e  many other 

protozoa, the 

binary fission 

organism generally reproduces 

without the disappearance of the 

by "cryptopIeuromitosis"-longitudinal 

nuclear membrane (Muller, 1990). The 

organism averages IO Fm long by 7 Fm wide (Honigberg & King, 1964), and is 

polymorphic depending on its environmental conditions. In vitro, the protozoan tends to 

be unifonnly ovoid or pear-shaped (Amoyo et al, 1993), but in the presence of vaginal 



epithelial cells, the parasite takes on a more amoeboid appearance (Arroyo et aL, 1993; 

Heath, 198 1)- Several oversized round forms of  the trichomonad are known to exist in 

dividing growth phase culture: those without flagella; those with flagella and a dividing 

nucleus; and those with flagella and multiple nuclei- Some believe that these forms arise 

fiorn divisions of the mastigont systems without cytokinesis as a result of certain 

unfavourable gro* conditions, and that they do not represent stages in the life cycle 

(Honigberg & Bmgerolle, 1990). More recent studies suggest that they may be 

developmental stages preceding the appearance of mononuclear flagellates since they 

appear to divide by amitotic budding, rather than by the rnitotic division of ovoid cells 

(Abonyi, 1992; 1995). Under unfavourable growth conditions, T. vagimZzs cells can 

round up and internalise the flagella Some believe these forms to be pseudocysts, but it 

is more likely that they are degenerate forms o f  T. vagmals since they have not been 

reported to give rise to normal motile forms (Fari et al., 1985; Honigberg & Bmgerolle, 

1990)- 

EPIDEMIOLOGY 

T. vasnaZis infection has been identified in every continent, and in al1 racial 

groups and socio-economic strata. The true prevalence of T. vap-mIis infection is 

unknown, since it is not reportable. However, studies indicate that the prevalence rate 

may be anywhere between O and 65% depending on the type of population studied 

Gossiclq 1990). In 1995, the World Hedth Organisation estirnated that more than 170 

million cases occur world-wide each year and that eight million of those occur in North 

America (Gerbase et al., 1998; WHO, 1995). These estimates may be low, since up to 

one half of al1 infections are asymptomatic and are never diagnosed. Asymptomatic T. 



va#-nalis infections are of epidemiological importance since the organisms may be 

transmitted unknowingly through unprotected sexual contact- 

T. vaglizQZis is an obligate parasite. Although the trichornonad can survive outside 

the host for several hours, non-venereal transmission is extremely rare (Heine & 

McGregor, 1993). The protoman pnmady adheres to the squamous epithelium of the 

genitai t r a a  but does not invade the tissues. The genital infection can be muhifocal; 

parasites may be found in the vagina, ce* urethra, bladder, as well as the Skene's, 

Bartholin's and periurethra1 glands of women, and f o n d  in the urethra, prostate, 

epididymis, and semen of men (Krieger, 1995). 

T VAGINAIS INFECTION 

T. vaginais Section in women usually occurs during the reproductive years, and 

rarely occurs before the menarche or after menopause. The incubation period can be f?om 

3 to 28 days, and the infection itself can last weeks to months. Clinical presentation 

ranges f5om asymptomatic to acute or chronic disease, although one third of 

asymptomatic women develop clinical trichomoniasis within six months (Heine & 

McGregor, 1993). Acute trichornoniasis is characteriseci by severe prwitis, vaginitis, 

vulvitis, dyspareunia, and dysuria (Heine & McGregor, 1993; Wolner-Hanssen et al., 

1989). Vaginal and vulvar erythema and colpitis macularis (strawberry cervix) are 

described as pathognomonic for T. vu,naIis infection, but are generally not observed 

without the aid of a colposcope (Wolner-Hanssen et al, 1989). The discharge can be 

profùse, mucopumlent, fiothy, malodorous, and yellow or greenish in colour (Wolner- 



Hmssen et al., 1989). The pH of the vagina becomes elevated fiom the normal 4.5 to 

greater than 5 .O, 

Symptoms and parasitic load are cyclical and worsen with menstruation, but often 

improve during pregnancy (Heine & McGregor, 1993; Rein & Chapel, 1975). The former 

phenomenon may be due, in part, to a nse in pH caused by the presence of menstrual 

blood; this creates a milieu which is more ideal for trichornonad reproduction (Goode et 

al., 1994). The presence o f  increased amounts of iron in menstrual £luid may contribute 

to the activation of various pathogenic mechanisms (discussed in greater detail in the 

section on pathogenesis) (Petrin et aL, 1998). While the effect of the homonal cycle on 

the parasite is largeiy undefined, estrogen has been shown to have an inhibitory eEect on 

cell detaching factor, a protein involved in pathogenesis (Garber et aL, 1991). T 

vagimZis is associated with many perinatal complications such as premature rupture of 

the membranes and low birth-weight infants (Hardy et aL, 1984; Minkoff et aL, 1984; 

Cotch, 1990), various inflammatory conditions of the female genital tracf ceMcal 

erosion, ceMcal cancer, infertility, (TiIeine & McGregor, 1 993; Wolner-Hanssen et al., 

1989; Rein & Chapel, 1975; Rein, 1990) and HIV transmission &aga et al., 1993; Laga 

et al., 1994; Cameron & Padian, 1990). 

T. vagi?aZis Section is slowly being recognised as an important cause of 

morbidity in men W e g e r  et al., 1993; Krieger et al., 1993; Krieger, 1995). A recent 

American study has concluded that one t k d  to one half of al1 male tnchomonal 

inféctions show signs of mild symptomatic disease such as urethrd discharge, urethritis 

and prostatitis (Krieger, 1995). It is thought that in men, the infection is transient and 

lasts about 10 days, although the prevaience of spontaneous resolution (13%-36%) and 



the consequences of chronic infection remain poorly defhed- L vagrnalis has dso been 

linked to a variety of complications and inflammatory diseases of the male genitourinary 

tract, as well as infertility (Krieger, 1995). 

Diagnosis 

Diagnosis is often difficult because the symptoms of trichornoniasis mimic those 

caused by candidiasis and bacterial vaginosis (Rein & Holmes, 1983). Diagnosis is 

therefore made on the basis of clinical presentation, examination, and the identification of 

trichomonads in the urogenitai secretions. While more sophisticated techniques have 

been developed to detect T. vag;r*naZis by direct irnmunoflourescence (Krieger et al, 

1988), monoclonal antibody dot blot assays (Gombosova & Valent, 1990), latex 

agglutination (Carney et al., 1988), oligonucleotide probes priselden & Hillier, 1994; 

Muresu et al., 1994), EIA (Lisi et aL, 1988), and PCR (Lin et al, 1997; Heine et aL, 

1997), their costs are ofken prohibitive. Wet-mount and the more sensÏtïve "gold 

standard" broth cdture continue to provide cost-effective, efficient, and accurate 

diagnoses (Cam et al., 1998; Bhatt et al., 1996; Lossick & Kent, 1991). These methods 

are hampered, however, by the quantity and viability of the organisms. For wpt mount to 

be accurate, the organisms must be motile. Culture sensitivity unfortunately requires a 

large inoculum. Two recent culture assays, the Plastic Envelope Method @cal et al., 

1992) and the EnPouch TV culture system (Levi et al, 1997) which combine culture and 

visual examination, and also provides a transport medium, have made these gold 

standards more conve~ent. Further, analysis of tampon collected specimens (Tabrizi et 

al., 1997) is promising for diagnosis in remote communities. Fluorescent staining and 

microscopy can be more convenient than wet-mount since it does not require immediate 



observation, but its diagnostic value is similac It is difficdt to identfi T. v a ~ I i s  in 

Gram stains, but they are usefiil in eliminating other causes of vaginitis. T vaginalis has 

been identified in Pap smears, but this method is not considered reliable enough as a 

diagnostic tool (Rein, 1990). Recent research hm therefore focused on developing a test 

that is cost-effective, fast, accurate, convenient, and that can be universally applied in al1 

cormnunities for both diagnosis and screening; much debate continues in the literature as 

to whether existing methods meet these expectations. 

Drug regimen 

The treatment of T. vagMaZis infection was revolutionised in the early 1960's with 

the introduction of metronidazole, a 5-nitroimidazole. Metronidazole is the only drug 

currently licensed for use in the Canada and the United States, but other members of the 

nitroimidazole class are available in other parts of the world. These include tinidazole, 

ornidazole, secnidazole, nimorazole, and flunidazole; al1 of these drugs are stmcturally 

reiated, but they Vary fkom each other in pharmacokinetic and therapeutic activities 

(Gillis & Wiseman, 1996; Lau et al., 1992; Rossignol et al., 1984; Mathisen & Finegold, 

1992). The preferred regimen for metronidazole is a single 2 gram oral dose (CDC, 

1998; Division of STD Prevention & Control, 1998) because less drug is required than 

for other regimens and patient cornpliance is better (Lossick, 1990). Alternatively, 25d 

mg two to three times a day for 7 days is equally effective, particularly when side eEects 

or prompt reinfection have been associated with the single dose regimen (Lossick & 

Kent, 1991; Division of STD Prevention & Control, 1998). Current guidelines 



recommend concurrent treatment of both partners, regardless of symptoms, to prevent 

reinfection and reduce transmission (CDC, 1998; Division of STD Prevention & Controi, 

1998). Treatment success rates range fiom 90% to 95% and increases when the parhier is 

treated simultaneously (CDC, 1998). Treatrnent of T. vaginalis infection during 

pregnancy can reduce associated perinatal nsks, but metronidazole therapy is resenred 

until the second trimester, since the effects of this h g  on the fetus are not clear. 

Clotrimazole can provide palliative relief during the first trimester (Division of STD 

Prevention & Control 1998; Lossick 1990) 

Mechanism of d o n  of metPorUdazole 

Metronidazole enters the ce11 through passive difision. The dmg itself is 

inactive but is rapidly reduced anaerobically in the hydrogenosome by pyruvate- 

ferredoxin oxidoreductase to form nitro radical intermediates. This reductive activation 

causes a concentration gradient, which allows more of the drug to enter the cell. The 

short lived, highly reactive nitro radicals cause darnage to the cellular D N q  causing 

death (Moreno et al, 1984; Muller, 1981; Ings et al., 1974; Edwards, 1993)). The 

response is rapid; ce11 division and motility cease within 1 h and ce11 death occurs within 

8 h as seen in ceIl culture. 

While treatment of T. vagz-mZis infection with metronidazole is curative in most 

cases, treatment failure can be a serious problem because the organisms are so difficult to 

eradicate. Before the era of antimicrobial resistance, such failures were rare, and were 

described in detail in case studies (Lumsden et al., 1988). Today, resistance is well 



documente& and it is believed that 5% of isolates display some degree of metronidazole 

resistance (Narcisi & Secor, 1996). Treatment protocols for refiactory cases and resistant 

organisms are described (Lossick 1990; Ahrned-Jushuf et al., 1988; Lewis et al, 1997). 

Organisms with high levels of resistance may require prolonged treatment with very high, 

toxk doses of therapy, ofien administered in an oral/vaginal combination or sometirnes 

intravenously to reduce gastrointestinal side effects (Lossick, 1990); this is effective only 

80% of the time (Narcisi & Secor, 1996). Unfortunately, there are no good alternatives to 

metronidazole for the treatment of refiactory T. vaHnaZis infection. Alternative local 

therapies (creams, pessaries, and douches) are described in numerous case studies (Lewis 

et aL, 1997; British CO-operative Clinical Group, 1992) but are often anecdotal in nature 

and may be palliative rather than curative. It has become apparent that new 

chemotherapeutic agents for the treatment of T. vagrgrnaZis infe aion are needed. 

Ferredoxin and pyruvate:ferredoxin oxidoreductase play a critical role in 

tramferring an electron to the nitro group of metronidazole to form the fiee radical. 

Oxygen is an important cornpetitor for any available electrons. It is hypothesised that 

resistant strains of T. vaghzaiis have poorly functionai hydrogenosomal oxidases (oxygen 

scavengers) resulting in an increased amount of oxygen concentration in resistant strains. 

This presence of oxygen results in little reduction of the nitro group, since it competes 

with the cimg for electrons. Altematively oxygen may oxidise the nitro-fiee radicals to 

the original compound and be reduced to become a superoxide anion with decreased 

arnount of cytotoxic nitro-radical production (Lewis et aL, 1997; Ellis et aL, 1994). 

Oxygen was also found to Uihibit the accumulation of [14~]-labelled metronidazole in 



resistant isolates. This process is known as fbtile cycling and the damage to the ce11 is 

limited due to the presence of intracellular oxygen (Perez-Reyes et aL, 1980). This 

deficiency is aitributed to decreased hydrogenase activity and lower Hz production. In 

aerobic assays investigators have demonstrated minimal lethal concentrations W C )  of 

metronidazole in vitro tend to be higher in resistant strains than in susceptible ones; the 

degree of resistance varies among different isolates (MuUer & Gorrell, 1983). 

Researchers have been able to induce T. vaginalis aerobic resistance to 

metronidazole by culturing parasites in TYM medium containing sublethal 

concentrations of the dmg (T.achezy ef al., 1993)- These organisms were found to retain 

their ppvate:ferredoxin oxidoreductase activity; the cause for aerobic resistance in these 

organisms has been attributed to the afEnity of trichornonad oxidases to 0 2 .  In another 

strain, a point mutation in the ferredoxin gene caused reduced transcription, thereby 

decreasing the amount of ferredoxin in the cell, and decreasing the ability of the ce11 to 

activate the drug (Quon et al., 1992). 

Linle has been published on anaerobic resistance mechanisms in T. vaginaIs- 

Kulda et al. (1993) were able to induce anaerobic resistance to rnetronidazole in vipo by 

cultivating parasites over a period of 12-21 months under increased drug pressure (1- 

1 00mglmL). These strains lacked p yruvate: ferredoxin oxidoreductase and hy drogenase 

activity and failed to take up any [14~]-metronidazole. This finding indicated that the 

pyruvate oxidising pathway that is necessary for drug activation was nullified, causing a 

subsequent cessation of metronidazole metabolism. This form of resistance is unlikely to 

occur in wild type strains; aerobic resistance is considered to be more clinically relevant. 



Use of suscqt;bWy tests 

Much of the cuntroversy regarding the possibility of truly resistant T- vaginalis 

came about because researchers relied on the anaero bic susceptibility assay, which was 

Iater found to be a poor measure of resistance. Metronidazole is used therapeutically 

under aerobic conditions, and this is thought to be a better measure of resistance in 

clinically resistant organisms. Thus in vitro susceptibility tests for T. vagmals are best 

reflected by aerobic cultivation. T. vaginalis should be tested for susceptibility to 

rnetronidazole since this can explain clinicai failure when cornpliance is not an issue, and 

may dictate the next course of treatment- Unfortunately, the minimum lethal 

concentrations in susceptibility assays do not reflect the sex-um drug concentrations 

needed for cure (Lossick et al., 1986), but can provide assistance in estirnating the dosage 

of h g  likely to be curative (Lossick & Kent, 199 1; Muller et al., 1988). 

HOST DEFENSE MECHANISMS 

Like many protozoal infections, T. vwnuZLs iinfection does not appear to confer 

immuniîy, since repeat infections are common. Further, there exists no evidence to 

suggest that such repeated infections induce acquired resistance, a phenornenon observed 

in some protozoal infections (Ackers, 1990). Serologic tests have confirmeci the presence 

of specific anti-T, vaginalis antibody during infection, but antibody titres dwindie after 

eradication of the organism (Sharma et al., 1991). The role of cell-rnediated immunity 

also rernains undefined (Abraham et al., 1996). Humoral immunity to Z vagiimIis 

infection may be more important in stimulating non-specific immune responses which 

play an important role in restricting the organism to the genito-unnary tract (Ackers, 

1990). Non-specific responses to T. vaginalis infection include activation of  complement 



via the alternative pathway (Gillin & Sher, 198 1; Demes et al., 1988) and chernotaxis 

followed by phagocytosis by neutrophils (Shaio & Lin, 1995). Macrophages, which are 

known to be important in combating intracellular protozoan parasites, have been s hown 

to be efficient killers of X va@zzIzs in vifro (Mantovani et al., 1981), but their roIe in 

combating this organism in the genitai tract is unknown. 

It is not clear why this infection in males is transient and clinically much rnilder 

than that seen in women. The presence of zinc in the prostatic fiuid has been shown to be 

cytotoxic to T vagindis (Krieger & Rein, 1982; Daly et aZ. , 1 WO), and may be a factor in 

inhibf ing infection Also, it is hypothesised that the reducing environment of the vagina 

is adequate for the activation of various proteinases involved in pathogenesis that are 

thought to cause symptoms. In contrast, the male genital tract is oxidative, and may 

inhibit such mechanisms (Alderete & Provenzano, 1997). The ecology of the vaginal tract 

during the reproductive years is thought to play a large role in the suitability of the vagina 

as a niche, since the infection in the premenarchal girl and post-menopausal woman is 

generally mild and transient (Rein, 1990). The presence of Luctobacillus acidophius in 

the vagina, the pH of the vagina, estrogen fluctuation, and iron availability specifically in 

menstmai flow in women of reproductive age are al1 thought to play a role in 

pathogenesis. In low iron conditions, the parasite is thought to migrate deeper into the 

femaie genitd tract toward richer sources of iron, causing a persistence of infection 

despite the flushing action of mucosal secfetions, desquamation of the mucosal 

epithelium and nutrient limitations and fluxes (Rein, 1990), ExactIy how the organism 

establishes infection in what seems to be an unsuitably acidic milieu is unknown. For 

these reasons, pathogenesis research has focused on the initial events of infection that 



permit the organism to invade the urogenital 
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tract and persist in the ever-changing 

vaginal microenvironment. During menstruation, the environment undergoes a dramatic 

change with the influx of erythrocytes, host macromolecules, and serum constituents, as 

well as large changes in pH. It is remarkable that the parasite not only sunives these 

dramatic environmenta1 changes, but infection persists. The pathogenic mechanisms 

involved in the parasite's ability to deal with stresses in its host environment are also 

discussed- 

PATHOGENESIS 

The host-parasite interrdationship is very cornplex and the broad range of clinical 

symptoms cannot b e  attributed to a single pathogenic mechanism- Many mechanisms are 

thought to be involved in the pathogenesis of T. vughu2i.s. These include interaction of T. 

vasnalis with the vaginal flora, immune evasion, cell-to-ce11 adhesion, haemolysis, and 

the excretion of solilble factors such as extracellular proteinases and ce11 detaching factor. 

The surface of the trichornonad plays a major role in adhesion, host-parasite interaction, 

and nutrient acquisition, with surface proteins and glycoproteins having functions in this 

regard. Molecular analysis of these membrane macromolecules and virulence factors has 

really just begun- A clearer understanding of the pathogenesis of T. vaginaIis could lead 

to the development of new intervention strategies, better treatment, and better disease 

control. 

Interaction wMth vuginaljlora 

The estabIislhment of T. vagirzalis in the vagina is puzzling indeed, since the 

normal pH of the vagina is a very acidic 4.5, while this organism thrives in a less acidic 



pH of >5. The rise in pH in the vagina following T. vasnalis infection is also marked 

with a concomitant reduction (or complete Ioss) of L- adophilus and an increase in 

anaerobic bacteria. However, the relationship between lactobacilli and T, vaginaIis is not 

completely understood It appears that in vitro, under a controlled pK lactobacilli do not 

affect the growth of T. vagnaZs; however, the parasite seems to have a deleterious effect 

on L- acidcphilus (McGrory et al., 1994). Severai mechanisms have been proposed: T. 

vaginalis has been observed to phagocytize bacteria (Garcia-Tamayo et aL, 1978; Street 

et aL, l984), including lactobacilli (Rendon-Maldonado et al, 1998). Another hypothesis 

is that products, such as CDF or proteinases secreted by T. vagnzaIzs, may destroy the 

lactobacilli (McGrory & Garber, 1992). 

Like many protozoan parasites, the ability of T. vasnalis to evade the host 

immune system is an important aspect of pathogenesis. Avoidance of complement is one 

such tactic that is used by T. vaginafi. It has long been known that T. vaginais activates 

the alternative pathway of complement (Gillin & Sher, 1981) but T. vaginalis has taken 

advantage of a niche in which there is littie complement present. Cervical mucus is 

surprisingly deficient in complement @emes et aL, 1988; Alderete et al., 1995). 

Menstrual blood represents the only source of complement available to the vagina- 

Xnterestingly, its complement activity is about half that of venous blood and about 1/3 of 

menstmal blood samples have no complement activity at all (Demes et al., 1988; 

Alderete et al., 1995), although menstmal blood has an appreciable cornplement- 

mediated cytotoxicity toward T. vagz*naIzs- While reduction in parasite numbers is seen 

during menses, trichomonal infection persists (Demes et aL, 1988), and it is believed that 



the virulence factors discussed below appear to contribute to the exacerbation of 

symptoms seen at this time. 

It was found that iron was a conûibuting factor in complement resistance. Demes 

et al. (1988b) found thaï fkesh isolates of T. vagfnaZ.is differ in their susceptibility or 

resistance to complement-mediated lysis in serum and it appears that complement- 

resistant £iesh isolates become susceptible to complement &er prolonged in vitro 

cultivation- This is consistent with the hypothesis that phenotypic variation (discussed 

below) allows the trichornonad to avoid lysis by complement (Alderete et al., 1995). 

Resistance to complement is dependent upon a high concentration of iron (Alderete et al., 

1995), a nutrient which is indeed abundant during menses. It appears that iron 

upregulates the expression of cysteine proteinases, which have been found to degrade the 

C3 portion of complement on the surface of the organism; this allows the organism to 

evade complement destruction (Alderete et al., 1995). 

Like many other protozoan parasites, T. vagimZzs employs phenotypic variation 

as a mechanism of immune evasion. Alderete et al. (1992) found that two classes of 

markers are alternately expressed on the swface of the organism: the highly 

immunogenic glycoproteins p270) and the adhesins (AP65, AP51, AP33, and AP23) 

(Alderete, 1988)- While d l  isolates (type I and type II) synthesise P270, only type II 

organisms can undergo phenotypic variation between cytoplasmic and ce11 surface 

expression of PZ70 (Alderete, 1988). Thus the phenotypes are described as A+B- (P-270 

positive) and A-B+ @-270-negative) (Alderete, 1988). The positive p henotype lacks 

adhesins and cannot cytoadhere or parasitise host cells (Alderete, 1988). Only the 

negative phenotype, which expresses the adhesins, has the ability to cytoadhere 



(Alderete, 1988; Alderete et al-, 1986). 1t seems that in vivo, an antigenic shift occurs 

fiom the positive to the negative phenotype (Alderete et aL, 1986; Alderete, 1987; 

Alderete et al, 1987). After prolonged cultivaiion in vitro, the organisms shift toward the 

positive phenotype (Alderete, 1988), reinforcing the idea that the organism presents the 

negative phenotype as required under environmental pressure. 

The P-270 glycoprotein has been shown to have a singie repetitive DREGRD 

epitope, which is important for antibody binding (Dailey & Alderete, 1991), and it is 

found that some organisms bearing the P270 antigen on the ce11 surface are susceptible to 

antibody-mediated, complement-independent lysis in vitro (Alderete & Kasrnala, 1986). 

The lack of P-270 d a c e  expression and the low antigenicity of the adhesins pennit the 

negative phenotype organisms to avoid antibody attack (Alderete, 1987). The AP65 

adhesin protein appears to mirnic the structure of malic enzyme (Alderete et al., 1995; 

Engbring et al., 1996), while AP51 shows partial hornology to the P-subunit of succinyl- 

CoA synthetase (Alderete et al., 1998), which may account for their poor 

immunogenicity. This molecular rnimicry is yet another example of how the trichornonad 

c m  escape detection by the immune system (Engbring et aL, 1996). 

Another high molecular weight immunogen, P-230, is present on the surface of al1 

parasites, but undergoes confornational changes that allow it to evade antibody (Alderete 

et al., 1987). This was termed epitope phenotypic variation. Vaginal IgG, which is 

reactive to P-230 of T. vaSndis was not cytolytic, even in the presence of complement 

(Alderete et QL, 1991). Furthemore, the antibody response was restrkted to only one, or 

a few epitopes on the 230 kDa protein (Alderete et aL, 1991), allowing the organism to 

evade opsonization. 



In addition to these mechanisrns described above, T. vaginaII's has numerous other 

ways of evading the immune system. Provenzano & Alderete (1995) and Min et aL 

(1997) have reported that cysteine proteinases secreted by T. vagmnls degrade IgG, IgM, 

and IgA, which allows the organism to destroy antibody, thereby avoiding antibody 

attack. L V Q ~ Z Z Q I ~ S  also secretes copious amounts of highly immunogenic soluble 

antigens (Alderete & Garza, 1984). A continuous release of these antigens may neutralise 

antibody, thus short-circuiting specific ad-T .  vaginalis defence mechanisrns (Alderete & 

Gana, 1984). As well, ?: vaginalis can coat itself with host plasma proteins, preventing 

the host immune system f?om recognising the parasite as foreign, thus preventing 

complement-mediated ly si s (Peterson & Alderete, 1 982). Final1 y, T.  vagii?alis was 

documenteci, by electron microscopy, to phagocytose leukocytes (Rendon-Maldonado et 

al., 1998). 

Adherence and Adhesins 

Adhesion of trichomonads to the epithelial cells in the vagina1 environment is a 

critical step in the pathogenesis of the parasite (Alderete & Garza, 1985; Alderete & 

Pearlrnan, 1984; Krieger et al., 1985; Heath, 1981). Attachment to cells is time, 

temperature, and pH dependent. T. vaginaIis appears more inclined to parasitise vaginal 

epithelial ce11 lines than other ce11 types in vitro. This is not surprising since epithelial 

cells are Iikely to be the pnnciple ce11 type with which the parasite would interact in vivo 

(Alderete & Garza, 1985). 

The adhesion of the parasite to the epitheIial ce11 seems to be mediated by four 

adhesion proteins: AP65, AP51, AP33, and AP23 (Arroyo et al, 1992; Engbring et al., 

1996), which act in a specific receptor-ligand fashion (Alderete & Garza, 1988; Arroyo et 



al., 1993; Arroyo et al., 1992). At least three genes enwde AP65 molecules (Alderete et 

al., 1995; OBnen et al-, 1996) which are similar to malic enzyme (Engbring et al., 1996; 

O'Brien et aL, 1996). The adhesins are alternately expressed on the surfàce with P270 

(Alderete, 1988; Aiderete & Garza, 1988; Alderete et aL, 1992) as discussed above. Gene 

expression of the four adhesins is CO-ordinately regulated at the transcriptional level by 

iron, and such regulation may be a mechanism by which the parasite adapts to the 

constantly changing environment of the vagina (Lehker et al., 1991; Alderete et al., 

1995). Contact-initiated ameboid transformation, which is marked by the production of 

pseudopodia foliowed by the upregulation of adhesin synthesis, suggests evidence for a 

sophisticated signal transduction system (Arroyo et al., 1993). It is thought that the 

adhesins are concentrated on the side opposite the undulating membrane and the recurrent 

flagellum since the parasite attaches itself to epithelial cells on that side (Alderete & 

Garza, 1985). Microfilaments become concentrated in the parasite on the side that is in 

contact with the vaginal epithelium (Rasmussen et al., 1986). 

Adhesion seems to also require the presence of cysteine proteinases (Arroyo & 

Alderete, 1989). Pretreating trichomonads with Na-P-tosyl-L-lysine chloromethyl ketone 

HCl (TLCK), a cysteine proteinase inhibitor, caused a marked decline in the parasite's 

ability to adhere to epithelial cells. When cysteine proteinase was added to TLCK-treated 

cells, the parasite's ability to attach itself to the host was restored (Arroyo & Alderete, 

1989). This indicates that proteinase action on the parasite's surface is a prerequisite for 

host attachent. 

While the adhesins are concentrated on the side opposite the undulating 

membrane, laminin-binding proteins are ubiquitous on the entire surface of T vaginalis 



(Costa e Silva Filho et al., 1988). Laminin, a glycoprotein localised in the basement 

membrane of the epithelium, promotes ce11 adhesion, differentiation, morphological 

variation, and motihy in normal cells, and it has been show to have chernotactic 

properties (Costa e Silva Filho et al., 1988). T. vaginalis has been observed adhering to 

laminin-coated plastic (Costa e Silva Filho et aL, 1988), and endocytosing Iaminin- 

covered polystyrene particles (Benchimol et aL, 1990). 

T. vagnuXZis also has receptors for another extracellufar ma& adhesion 

glycoprotein, fibronectin, which is secreted in both the basement membrane and serum. 

Although trïchomonads can become coated with host fibronectin (and other semm 

proteins) peterson & Alderete, 1982), it is unclear whether fibronectin receptors function 

in nutrient acquisition (Peterson & Alderete, 1982; Peterson & Alderete, 1984), 

adherence (Thomas et al., 1985; Aiderete et d, 1994; Peterson et aL, 1987), or a 

combination of the two (Gold & Ofek 1992). 

The group of Honigberg (Chorornanski et al., 1985; Warton & Honigberg, 1983; 

Warton & Honigberg, 1980) characterised lecth-binding carbohydrates on the surface of 

the trichornonad cell, after Cappuccinelli et aL (1975) reported their role in adherence to 

glass. The presence of surface carbohydrates @-lactose and N-acetyl-D-glucosazmine) 

appears to be correlated with virulence (Choromanski et uL, 1985; Warton & Honigberg, 

1980; Kon et al., 1988). Lectins that bind to N-acetyl-D-glucosamine and a-D-mannose 

were recently shown to inhibit T. va@mIis binding to host epithelial ce11 (Mirhaghani & 

Warton, 1998). Surface carbohydrate moieties also seem to be involved in T. vagrgrwIis 

haemolysis of erythrocytes (de Cadi et al., 1994), phagocytosis of the target cells 

(Benchimol & de Souza, 1995), and rnay be associated with drug susceptibility (Dias 



Filho et a', 1992). On the other han& endogenous leains on the d a c e  of the 

trichornonad ce11 rnay be important in adhesion (Roussel et aL, 1991; Martinotti et al., 

1986). 

Neuraminidase seems to be found both on the surface of the trichornonad ce11 and 

secreted in the culture media (Costa e Silva Filho et al,, 1989; Meysick et al., 1996). 

Cleavage of sialic acid on the surface of host cells rnay be important for adhesion 

(Bonilha et aL, 1995; Meysick et aL, 1996), but sialic acid present on the surface of 1 

vaginalis does not seem to be involved @onilha et al., 1995). 

There appears to be a number of factors involved in adherence. However, 

adherence does not correlate directly with virulence, since vinilent strains isolated fiom 

symptomatic patients exhibited wide differences in their ability to adhere to host cells 

(Krieger et al, 1990). This illustrates the complex host-parasite interrelationships of T. 

~a~71~1Ii.s. 

T. vaginaZis lacks the ability to synthesise de novo purines, pyrimidines, and fatty 

acids, and must rely on its environment to supply these nutrients. Since the vaginal 

mucosa rnay be a poor nutritionai milieu for microbes, erythrocytes rnay be a prime 

source of nutrient acquisition. In addition to lipids, iron is an important nutrient for T. 

vaginaIis, which rnay also be acquired via the phagocytosis and lysis of erythrocytes 

(Fion et al., 1993; Rendon-Maldonado et aL,  1998; Lehker et al., 1990). 

Lysis of the erythrocytes appears to be mediated by protein receptors on the 

surfaces of both erythrocytes and parasites (Fiori et al., 1993), and empincal evidence 

suggests that perfonn-like proteins rnay be involved. Five adhesin molecules are believed 



to be associated with haemolysis; two of them specific for erytIirocytes (Fion et al., 1993; 

Arroyo et aL, 1992). Haemolysis is thought to occur in three steps. A specific ligand- 

receptor interaction allows the trichornonad to attach itself to the erythrocyte. This is 

foliowed b y the release of p erforin-like proteins (po ssibï y cy steine proteinases) that fonn 

pores in the erythrocyte membrane- Cysteine proteinase inhibitors greatly reduced 

erythrocyte lysis, which suggests that cysteine proteinases may be a lytic factor involved 

in haemolysis @ d e y  ef al., 1990). Finally T. vaginalis detaches itself f?om the ce11 and 

ce11 lysis occurs. Recently, a 60 kDa cysteine proteinase was shown to degrade 

haemoglobin (Min et al, 1997). In vitro, the rate of haernolysis is greatest at the normal 

vaginal pH of 4.5 suggesting that the conditions within the vaginal microenvironment 

(Fiori ef aL, 1993) are suitable for such activity. Haernolytic activïty appears to be 

correlated with virulence (Krieger et aL, 1983). 

Characteristics of proteinases have been well summarized by North (1 994, 1982) 

and extensive work has been done in isolating and purif3jng the proteinases of T. 

vaginaZzs (L,ockwood et al., 2987; Inrine et al-, 1993). 1: vugzkzZis has been found to have 

between 11 and 23 distinct cysteine proteinase activities, most of which are lysosomal in 

nature (Neale & Alderete, 1990; Arroyo & Aiderete, 1989; Provenzano & Alderete, 

1995; Garber & Lemchuk-Favel, 1989; Garber & Lemchuk-Favel, 1994). It is not 

surprising that these enzymes play a role in the pathogenesis of the parasite. Zrvine et al. 

(1997) have used various cysteine proteinase inhibitors in an attempt to determine which 

cysteine proteinases are essential to parasite s u ~ v a l .  Certainly, the reducing 

environment of the vagina provides the appropnate milieu for the activation of cysteine 



proteinases (Alderete et aL, 1991). A number of fûnctions of cysteine proteinases have 

been discussed. Cysteine proteinases are thought to fiinction as probable lytic factors in 

the haemolysis of erythrocytes, and they degrade haern. In addition to this, cysteine 

proteinase activity is required for the adherence of T. vaginaZis to epithelial cells (Arroyo 

62 Alderete, 1989). Finally, T. va@mIis cysteine proteinases have been shown to degrade 

host immunoglobulins (Provenzano & Alderete, L995), a mechanism of immune evasion- 

Although contact-dependent mechanisms play a significant role in the 

pathogenesis of T. vagimZis, contact-independent mechanisms are aiso involved. The 

fia to report on contact-independent mechanisms was Hogue (1943), who noted that 

cell-fiee filtrates had adverse effects on cells in culture, similar to the organism itself. 

Others (Alderete & Garza, 1984; Nielsen & Nielsen, 1975; Farris & Honigberg, 1970; 

Honigberg, 1978; Honigberg & Ewait, 1961) have also proposed the idea that some 

soluble cytotoxin may play a role in pathogenesis. Haemolysis and cytotoxicity, for 

example, cannot be explained solely by the contact-dependent mechanisrns, since these 

effects can be seen in the absence of cell-to-ce11 contact (Garber & Bowie, 1990; Roussel 

et al., 1991). While pH and acidic metabolites can be partly responsible for these effects 

(Garber & Bowie, 1990; Pindak et al., 1993), the organism has been shown to produce 

other factors which cause cytopathic effect. 

A secreted factor, ce11 detaching factor (CDF), found in cell-fiee filtrate of T. 

vaginazis growth media, was shown to cause cytopathic effects in ce11 culture (Garber et 

al., 1989; Pindak et aL, 1986). When the cell-fiee filtrate of a T. vagimZis culture is 

applied in vitro to a ce11 culture monolayer, the cells of the monolayer detach and clump 



together, but remaïn viable. The detachment of the ce11 monolayers in vifro is thought to 

be analogous to the sloughing of vaginal epithelial cells seen in the vaginal muwsa 

during acute infection (Garber et aL, 1989). Also supporting the theory that CDF is 

probably a factor in pathogenesis, is the observation that Pentatrzafrrchornonas hominis, a 

non-pathogenic species, does not show CDF activity (Garber et al., 1989). 

CDF, which is thought to be an extracellular factor (Garber et al., 1989), was 

found to be a 200 kDa giycoprotein (Garber et al., 1989) that is heat and acid labile 

(Garber et al., 1989; Pindak et al-, 1986). The concentration of CDF in the filtrates varied 

with three factors: the duration of  T. vaginalis growth prior to filtrate preparation, the 

initial inoculum size, and the pH of the filtrate pnor to hawesting (Garber et al., 1989). 

Activity was aiso found to be a e c t e d  by pH: Pindak et aL (1986) found the optimum pH 

of the cell-fke filtrate to be around 7.2. Garber et aL (1 989), however, found that purified 

CDF was active within pH 5.0 to 8.5, with the optimum activity at pH 6.5, and inactive 

below pH 4.5. This is of clinical relevance since the normal pH of the vagina is 4.5 but is 

greater than 5.0 dunng trichornoniasis. The rise in vaginal pH during trichornoniasis may, 

therefore, be crucial in the pathogenesis of the organism. 

CDF levels have been shown to correlate with the severity of the clinical 

symptoms of vaginitis. Increasing production of CDF was associated with increased 

seventy of clinical disease (Garber & Lemchuk-Favel, 1990). A human serum reactive to 

T. vaginalis inactivates CDF activity (Garber et al., l989), suggesting that local vaginal 

antibodies could decrease CDF effects (Garber & Lemchuk-Favel, 1990). It is not certain 

whether it is the regdation of CDF production (Le. its concentration), its activity, its 

immunogenicity, or a combination of the three that plays a role in the severity of 



symptoms. Indeed, ali of the pathogenic mechanisms (Le. contact-dependent, contact- 

independent, and host immune response) are likety important in the virulence of  this 

disease. 

CDF production is lîkely to be influenced by the concentration of estrogen in the 

vagina. In vitro, the production of CDF by T- vaginalis has been shown to decrease in the 

presence of P-estradiol. The maximal decrease was shown at a P-estradio1 concentration 

of IO-' to M, which is of  clinical relevance, since human systemic levels of  P- 

estradiol are in the range of 10 -' to IO-' M (Garber et al., 1991). This finding rnay 

explain some of the etiology of the disease; i.e. the worsening of symptoms around the 

time of menses when estrogen levels are lowest. As well, it may explain why the 

application of estradiol pellets intravaginally seems to ameliorate the symptoms, without 

eradicating the infection (Lirosi & Guarascio, 1 972). 

Several investigators have been unable to demonstrate a cytopathic effect from 

cell-fiee filtrates of T. vasnalis culture (Rasmussen et al., 1986; Alderete & Pearlman, 

1984; Christian et al., 1963; Krieger et al., 1985; Kulda, 1967). T vagïnaZis is known to 

excrete lactic and acetic acids in ce11 culture, and so unless the pH of the ce11 culture is 

maintained, the pH drops below 4.5 (Garber & Lemchuk-Favel, 1990; Garber et a L ,  

1989; Pindak et al, 1986). The intolerance of  CDF to acidic pH may explain why these 

investigators couid not demonstrate its activity (Garber et al., 1989; Pindak et al., 1986; 

Garber & Bowie, 1990). 

While T. vagmals is recognised to have important social and medical 

implications, very little is understood about its pathogenesis. Ce11 detaching factor is 



thought to play an important role in the pathogenic mechanism of T. va-1i.q 

understanding its fùnction may help elucidate how the organism invades an inhospitable 

female genitai tract, which then modifies and adapts to it- It is thought that this process is 

responsible for the merences in presentation of the disease between men and women- 

Since estrogen has been shown to influence CDF, expression studies of estrogen on CDF 

may fiirther elucidate its pathogenic role. 

The goal of this work is to i d e n t e  and characterise the gene for CDF and its 

regdatory elements. Such knowledge will provide the groundwork for study of the 

regdation and expression of CDF, and ultimately, allow for M e r  investigation into its 

pathogenic role. As a first the objective of this project was to sequence and characterise 

the gene for CDF. 

Initial groundwork for this project involved screening a Xgtl 1 cDNA expression 

library with rabbit anti-serurn prepared against a purified preparation of CDF. Two 

clones were identified fkom this screening: CDF-1 and CDF-2. The CDF-2 clone was 

excluded as a candidate for CDF; it was identified as a gene for n-acetyineuraminidate 

lyase, a protein that did not possess CDF properties (Meysick, 1996). 

CDF-2, a 3062 bp cDNA clone, was characterised as having a 3060 bp open 

reading fhme containing no apparent start or stop codons and no initiator elements 

(Meysick, 1996)- In a non-redundant database search PLAST n), the ORF was reported 

to have no sequence homology with any known nucleic acids. In a non-redundant 

BLAST x search, the translated ORF was reported to have very weak sequence hornology 

to human nucleolar phosphoprotein p130, and the similarity was primarily to repetitive 

regions. The clone was characterised as having 37 EEKPKL repeated polypeptides in 



one of two major motifs: EEKPKL~&NL~~KSPS or EEKPKLQLGGIKL. Further, a 

sequence encoding a 79 amino acid tandem repeat was also found between nucleotides 

1344-2871. Despite the clone's lack of homology to known sequences, the considerable 

length of the ORF supported its potential to encode a polypeptide; CDF-2 clone was 

thought to be an incomplete cDNA clone that coded for CDF. Further charactensation of 

the clone and identification of the complete open reading fkame at that tirne, however, 

were hampered by the repetitive nature of the sequence (Meysick, 1996). 

Based upon the hypothesis that the CDF-2 cDNA clone represented a partial 

coding sequence of CDF, the objective of this master's project was to identify the missing 

genetic components in the sequences flanking CDF-2 and determine if the complete 

sequence represented by CDF-2 was the gene for CDF. The first objective was to be 

done by identwng genomic DNA clones by screening an M O I  EMBL3 genomic DNA 

library with CDF-2. From this, sequence analysis was to be used to idente  the open 

reading fkame, the translational start and stop codons, and the transcriptional initiation 

and termination sites. In actuality, several approaches had to be taken, including 

screening of the genornic DNA library, inverse PCR, and RAGE PCR before DNA 

clones could be identified and sequenced. As the project proceeded, t h e  constraints 

necessitated re-evaluation of the second objective. At that time, the second objective was 

scaled down; it was decided to determine if the complete CDF-2 cIone had tne potential 

to encode the CDF gene. This objective was to be completed by cloning the ORF, and 

performing in vitro transcription and translation to determine if the resultant protein 

displayed properties that were consistent with CDF. 



CHAPTER 2: hlATERLALS AND METHODS 

This chapter describes the methods of al1 the procedures used to idente  and 

characterise a candidate gene for CDF, starting fkom a sequence of the cDNA clone, 

CDF-2, which was isolated fiom a T. vaginalis cDNA expression library by 

immunodetection using rabbit anti-sem prepared against a p&ed CDF preparation. 

Originally, the whole clone was used as a probe to screen a T. vaginalis EMBL3 genomic 

DNA library. However, in !ight of the fact that this work had been plagued for many 

years by the cross-reactivity caused by the repetitive sequences of the CDF-2 clone, it 

was later decided that a more specific probe could be prepared by isolating the first 700 

base pairs @p) of the clone, which was non-repetitive DNA The attempt to identify the 

flanking regions of CDF to elucidate the start and stop codons by first screening a 

genomic library and later by rapid amplification of genomic DNA ends, and the use of 

Southem blotting and restriction mapping as a diagnostic tool for these methods, is 

describeci herein. Furthermore, the use of Northern Blot analysis, Primer extension 

analysis, and rzpid amplification of cDNA ends to charactense the cDNA molecule are 

ais0 desaibed. Finally, in viiro transcription of the fûll length genomic DNA open 

reading fiame, and the translation of the resulting RNA molecule in order to characterise 

the protein produced by the identified sequence are described. 

PARASITES 

Two pathogenic, moderately Wulent, clinical isolates of T. vaginalis, which were 



grown to axenic culture fkom the vaginal secretions of women with symptomatic 

trichornoniasis, were used during this study. Isolate 202 was used for al1 experirnents 

except for construction of five of the six Genome Waker DNA librarïes, which were a 

generous gift nom Mr. Dino Petrin. These five libraries were constructed using DNA 

fiom isolate DG. Both isolates were classified as moderately virulent based upon clinical 

presentation ofthe disease and the subcutaneous mouse assay (Garber & Lemchuk-Favel, 

1990). 

Organisms were gram fiom fiozen stock in 16 x 125 scrinv cap tubes containing 

10 mL of Diamond's TYI-S-33 medium (TYI) @H 6.2) (Diamond et al, 1978) 

supplemented with 10% heat-inactivated fetal bovine serum (FB S) (GibcolSRL, 

Burlington, ON), 100 unitdml penicillin, 100 pg/mL streptomycin 

(l?enicillin/Streptomych, GibcolSRL), and 2.5 pg/mL Amphotericin B (Fungizone, 

Gibco/BRL). Cultures were incubated at 37OC in 5% CO=, and passaged at los-lo3 

organisms/ml every one to three days respectively. Frozen axenic stocks were prepared 

by adding 10% FBS and 10% dimethylsulfoxide (DMSO) to log phase growth cultures, 

that were then mixed, aliquoteci, and fiozen at -80°C or in liquid N2. 

BACTERIOPHAGE METHODOLOGY 

Preparation of platkg c e h  

Escherichia coli strain KW251 was used to titre EMBL3 bacteriophage, while 

strain Y1090 was used to titre Agtll phage. Bacteria were prepared by streaking cells 

fiom frozen stock ont0 Luria Bertani (LB) agar plates (0.5% NaCl, 0.5% yeast extract, 

1% tryptone, pH 7.5, 1.5% agar for plates) and incubating ovemight at 37OC. Overnight 



cultures were prepared by inoculating fkesh single colonies ïnto 5 mL of LB broth + 0.2% 

maltose and 10 mM MgS04 and incubated at 37OC oveniight with shaking. 

Bacîenbplurge plùîing und fifraîion 

For titration of the EMBL3 T. vagrgrnaZis genomic DNA library and CDF-I and 

CDF-2 hgtl 1 phage isolates (both used as controls), 10 jtL of phage stock was serially 

diluted 10-fold in suspension medium (SM) (100 mM NaCl, 50 mM Tris-HCI pH 7.5, 8 

m M  MgSOc 0.0 1% gelatin). A 100 pL volume of diluted phage was mi-xed with 200 pL 

of bacteria and the phage were allowed to adsorb to the bactena cells for 30 min at 37°C. 

This phagehacteria suspension was added to 3 mL of melted LB Top Agarose &B broth 

containhg 0.7% agaro se) pre-equilibrated to 5S°C, rnixed, and the suspension poured 

onto 100 mm LB plates pre-wanned to 37"C, which were then incubated 9 hr at 37°C. 

Library and recombinant phage stock titres were calculated by counting the plaque 

forming units (ph) per mL, and multiplying by the dilution factor. To p- individual 

recombinant phage, plaques were isolated in agar plugs using a Pasteur pipette. Plugs 

were placed in 100 p L  of SM and the phage were allowed to diffuse fiom the agar at 4OC 

overnight. Eluted phage isolates were stored at 4°C. 

When phage stocks were required, the eluted phage was used to prepare liquid 

lysates using the liquid culture method. A 500 p L  volume of overnight E. coli KW251 

culture was added to the phage eluate and the mixture was incubated for 20 min at 37°C 

to allow for phage adsorption to the bacteria. This mixture was used to inoculate 100 mL 

of pre-warmed LB medium + 10 mM MgSOc and the culture was incubated at 37OC with 



shaking until ce11 lysis 

centrifbgation at 2100 x 

occurred (about 8 hr). The cellular debris was pelleted by 

g (Heraeus OmnifÙgeRT, Cl726 rotor) for 10 min at 4"C, and 

the supernatant containing phage was collected and stored at 4OC. 

II VAGnVALTS EMBL3 GENOMIC DNA LPBRARY SCREENING 

PZ&-ng of the Libraay 

An EMBL3 phage Iibrary containing 15-23 kb fhgments fiom a partial M60 1 

digest of high molecular weight T. vaginaIis DNA was screened for potential clones. A 

0.5 ml, volume of E.. coli KW251 cells were infected with 2x10~ pfu of EMBL phage. 

Infected cells were plated on 150 mm plates following the procedure outlined above, 

except that the amount of top agarose was increased to 7 mL. The plates containing the 

phage librarîes were incubated at 4°C for at least 1 hr before plaque lies were performed. 

Plaque Lzjh 

Plaque lifts were performed by placing dry, positively charged nylon membranes 

@?'EN Colony/Plaque Screen Hybridization Transfer Membranes, 137mm, Mandel 

Scientifïc, Guelph, ON) on the agar plates. m e r  3 min, the membranes were gently 

removed, soaked twice in 0-5 N NaOH for 2 niin to denature the phage DNA, and 

neutralised twice in 1.0 M Tris-HC1 for 2 min, blotting the membranes on filter paper 

between each step. Membranes were air-dried on filter paper for several hours, and the 

DNA fixed by baking the membranes at 60°C for 1 hr- Plates were sealed with parafilm 

and stored at 4°C until the results of the screening were known. 



Screening by DNA HybridisoOn 

The library was screened by hybndisation using 32~-aadiolabelled CDF-2U as a 

probe. The membranes were prehybridised in hybndisation b d e r  (1% Dexîran sulphate, 

1% SDS, 1M NaCl) at 65°C for 1-5 hr in a Model 2000 Micro Hybridisation Oven 

(Robbins Scientific, North York, ON). Denatured probe and salrnon sperm DNA were 

then added to the hybridisation solution to final concentrations of -106 comts per minute 

per mL (cpm/mL) and 50 pg/mL respectively, and the hybridisations were allowed to 

proceeù at 65°C overnight. The membranes were then washed according to the protocols 

provided by NEN: twice with 2X SSC for 5 min at room temperature, twice with 2X 

SSCI 1.0% SDS for 30 min at 60°C, and twice with O.IX SSC for 30 min at room 

temperature. The membranes were then wrapped in plastic wrap to keep them moist, and 

exposed to Cronex 4 X-ray film (Picker International, Brampton, ON) overnight at 

-80°C- 

Autoradiographs were aligned with the plates, which allowed for the 

identification of the plaques producing positive signals. Plaques were isolated in agar 

plugs, eluted in SM medium and plated as above. Second- tertiary, and quatemary 

screening of the phage isolates were carrïed out until the isolates were considered pure- 

ISOLATIûN OF T VAGINmS NUCLEIC AClDS 

IsoZafion of High Molecular Wéigkf Genomic DNA 

High Molecular Weight Genomic DNA was isolated i n  m l y  experiments using a 

guanidium thiocyanate/CsCI method (Wang & Wang, 1985). In later experiments, a 

shorter, simpler method using Qiagen Genomic-tips S00/G Column (Qiagen, 



Mississauga, ON) was employed. In both procedures, 5x10' and 2.5~10' log phase 

organisms, rapectively, were harvested by centrifugation at 5000 x g for 15 min at 4°C 

(Beckman J2-21M centrifuge, JAl0 rotor) and washed twice in cold PBS (137 mM NaCl, 

2.7 mM KCl, 4.3 mM Na2HP04-=O, 1-4 mM KH#OA pH 7.3). 

Using the method of Wang and Wang (1985), the pellet was lysed at 25°C in 10 

volumes of 4 M guanidium thiocyanate solution (Chirgwin et al., 1979) (4M guanidium 

thiocyanate, 0.5% Sarkosyl, 25 mM sodium c h t e  pH 7.0, 0.1 M 2-fhnercaptoethanol, 

final pH 7.0). The lysate was vortexed for 10 sec and cesium chlonde was added to a 

final concentration of 0.4 g / d .  The mixture was layered on a 1.5 mL cushion of 5.7 M 

CsCV 0.1 M EDTA pH 7.0 and centrifùged overnight at 34000 rpm at 20°C WC70 

Sorvall Ultracentrifuge, TH 695 rotor). Fractions were collected, diluted two-fold with 

TE (10 mM Tris-HCl pH 8.0, 1mM EDTA), and extracted repeatedly with equal volumes 

of ch1oroform:isoarnyl alcohol(49: 1) d l  a clear interface was achieved. The DNA was 

precipitated with 2 volumes of ethanol and 1/10 volume of 5M sodium acetate pH 5.5, 

and pelleted by centrifugation at 12,000 x g (E3eckma.n J2-2 lM, JA20 rotor). Pellets were 

dissolved in TE (10 m .  Tis-HCI pH 7.5, ZmM EDTA pH 8.0) buffer and the samples 

were treated with RNase A (200 CLg/mL) for 3 0 min at 3 7°C. Aliquots fiom each fraction 

were analysed by electrophoresis on 03% agarose gels. Those samples found to contain 

high molecular weight DNA were pooled, and the DNA was re-precipitated, dissolved in 

TE buffer and quantitated by absorbance at 260 nm (A260) using the Genequant 

Spectrophotometer (Pharmacia Biotech, Baie Dufié, PQ). The A260/A280 ratio was also 

determined to assess the purity of the DNA. 

For DNA that was isolated using the Qiagen Genomic-tips 500G Column 



(Qiagen, Mississauga, ON), the manufacturer's protocol for tissue was followed. The 

pelleteci organisms were resuspended in General Lysis Buffer G2 (to which RNase A and 

Proteinase K had been added to final concentrations of 200 &mL and lrng/mL 

respectively), and allowed to lyse at 50°C for 2 hr. The ce11 lysate was then loaded ont0 

the Qiagen Genomic-tips 500 Colurnn, which had been pre-equilibrated with 

Equilibration B a e r  QBT. The column was washed with 2x15 mL of Wash Buffer QC, 

and the DNA was eIuted with 15 mL of Elution buffer QF, The DNA was then 

isopropanol precipitated at 7500 x g for 15 min at 4OC (Beckman Avanty 1-25 Centnfiige, 

25.5 rotor), washed in cold 70% ethanol, briefly air-dried, dissolved in 300 pL of water 

(50°C, lh), and stored at 4OC. The DNA was analysed by agarose gel (0.5%j 

electrophoresis and quantitated by absohance at 260 run- The A260/A280 ratio was also 

determined to assess the pu* of the DNA. 

Isoiafion of Tdal T. vaginalis RNA 

Total RNA was isolated &om 4x10' log phase organisms using Trihire reagent 

Poehringer Mannheim, Laval, PQ) according to the protocol provided by the 

manufacturer. Bnefly, the ceils were harvested by centrifugation at 5000 x g for 15 min 

at 4°C (Beckman J2-21M centrifbge, JAlO rotor), and lysed in 3-6 mL of TriPure 

reagent. The solution was incubated for 5 min at 25°C to dissociate the nucleoprotein 

complexes. Chloroform (0.2 volumes) was added to the ce11 lysates, which was then 

vigorously shaken for 15 sec, and centrifiged at 12,000 x g for15 min at 4OC (Beckman 

J2-ZlM, JA20 rotor). The colourless aqueous phase was collected, fiom which the RNA 

was precipitated by isopropanol and pelleted by centrifugation at 12,000 x g for 10 min at 



4OC. The RNA pellet was washed with 70% ethanol, dried briefiy, dissolved in DEPC- 

treated H20, divided into aliquots, and stored at -80°C. The RNA was anaiysed on a 1% 

denahuing glyoxal agarose gel, and quantitated by absorbante at 260 nm using. The 

&6o/A280 ratio was also measured to analyse the pui ty  of the RNA_ 

Is01~on of PoZyadenyZated RNA 

Polyadenylated (poly~+) RNA was purified fkom 700 pg of total RNA using the 

Oligotex Spin Column following the manufacturer protocol (Qiagen). Oligotex beads 

capture poly~ '  RNA by hybridisation with covalently linked dC10T30 ~ligonucleotides. 

Once hybridisation has occurred, the beads are washed fiee of other RNA species and 

then the p o l y ~ +  RNA is eluted in a low salt bufFer, and stored at -80°C. The polyA' 

RNA was analysed on a glyoxal agarose gel and quantitated by spectrophotometry at 

A260 - 

RNA ANALYSIS 

Denahuing Glyoxal Gel Electrophoresis (i'McMaster & Cmm*chaeZ, 19 77l 

To 5 pL of RNA sample, 15 pL of sample buffer (13 -3 mM NaH2P04/Na2HP04 

pH 7.0, 0.13% SDS, 66% DMSO, 20% deionized glyoxal) was added. Sarnples were 

heated at 60°C for 15 min to denature the RNA cooled on ice for 2 min, and then loaded 

ont0 a 1% agarose gel containing 10 m M  Na&P04/Na2HP04 buffer, pH 7.0. Gels were 

run with re-circulated running buffer (10rnM N a O & T a 2 H P 0 4 >  pH 7.0) in a Hoefer 

HE 33 Mini electrophoresis unit (Pharmacia) at 40 volts for 2 to 2.5 hr. Afier 

electrophoresis, the gels were soaked in mnning b a e r  containing either acridine orange 



(30 p&L) or ethidium bromide (0.5 pg/mL) for 30 min to stain the RNA,, and then 

destained in fiesh ninning buffer for 30 min. RNA was visualised and photographed 

under short-wave W Iight- RNA that was to be transferred to membrane was not 

stained; rather, duplicate samples were stained. 

DNA ANALYSIS 

DNA agarose gel elecbophoresis 

Sarnples of DNA were mixed with 6X loading buffer (30% glycerol, 0.25% 

bromophenol blue, and 0.25% xylene cyanol). Electrophoresis was carried out in 052% 

agarose gels buffered with 1X Tris-Borate-EDTA (TBE). The Hoefer HE 33 Miniphor 

unit (Pharmacia) was used for mini-gels and the LKB 20 12 Maxiphor (F'harmacia) unit 

was used for midi-gels. Mini-gel electrophoresis was carried out at 100 volts for 1-2 hr, 

while midi gel electrophoresis was carried out at 100 volts for 2-3 hr. For separation of 

high molecular weight DNA, midi-gel electrophoresis was carried out at 3040 volts 

overnight at 4OC or 65 volts for 4-6 hr at 25°C. The gels were soaked in ethidium 

bromide (0.5 pg/mL) for 10-20 min to stain the DNA, and then destained for 15-3 0 min 

in distilled water. DNA was visualised and p hotographed under short wave ultraviolet 

light. 

Isolntion and P*rifcafrafroa of DNA Fragments fiom Agarose Gels 

Ethidium bromide stained DNA fi-agrnents were located using short wave 

ultraviolet light. The band of interest was cut f?om the gel and pfaced in a tared 

microfûge tube. DNA larger than 500 bp was purified using the BI0 101 GeneClean II 



Kit (BioCan Scientifïc, Mississauga, ON), while DNA up to 500 bp was purifïed using 

the GFX PCR DNA and Gel Band Purification Kit (Pharmacia) following the instructions 

provided by the kit mdacturers .  

RESTRICTION AND MODIFICATION OF DNA 

Unless otherwise indicated, al1 restriction endonucleases were supplied by the 

following manufacturers: Amersham Pharmacia Biotech (Baie dudé,  PQ), New England 

Biolabs (Mississauga, ON), Promega Corporation (Fisher Scientific, Nepean, ON), MBI 

Fermentas (Flamborough, ON), Gibco-BRL, and al1 modifying enzymes were supplied 

by Promega, Gibco-BRL, Pharmacia, Perkin-ElmedApplied Biosystems (Mississauga, 

ON), Pharmacia, New England Biolabs. The PCR enzyme rTth XL (PE/Applied 

Biosystems) was used for al1 PCR applications except RACE, which required Advantage 

II (Clonteck Palo Alto, CA) as per kit instructions. 

Restrr-ction digesfs 

Typically, 2-5 units of enzyme were used per pg of DNA in 20-100 pL of total 

reaction volume. All plasmid DNA digests were performed for 1-5 hr, while high 

molecular weight genomic DNA was digested overnight, in the appropriate buffers at the 

temperatures recommended by the suppliers. When required, restriction digests were 

terminated by heat inactivation or by phenoVchioroform extraction and ethanol 

precipitation. PhenoVchloroform extraction was done by f is t  adding an equal volume of 

UltraPure Pheno1:Chlorofonn:Isoamyl alcohol (25 :24: 1) (GibcolSRL), vortexing gently 

for 10 sec, and centrifbging at 13,000 rpm (Heraeus Biofuge A Microcentrifige, Baxter- 



Canlab, Montreai, PQ) for 3 minutes. The aqueous supernatant was collecteci and 

extracteci with an equal volume of chloroform The DNA was then precipitated by 

adding 2 volumes ice-cold ethanol + 1/10 volume 5 M NaAc, and pelIeted by 

microcentnfiration at 13,000 rpm for 20 minutes. The DNA pellet was washed in ice- 

cold 70% ethanol, and centrifùged again at 13,000 rpm for 15 minutes. Finally, the pellet 

was dried briefly at 50°C and dissolved in water or TE buffer, depending upon the 

application. 

PREPARATION OF RADIOLABELLED PROBES 

Prooe Design and Repmafr-on 

For the genomic library screening, Southem blots, and Northem blots, 3 2 ~ -  

radiolabelled CDF-2U was used as a probe (Figure 1). CDF-2U represents a unique 

sequence of CDF-2, between positions 98-743, which is free of repetitive efements- 

CDF-2U was excised eom the PGEM 7Zf(+) recombinant plasmid containing CDF-2 

(pCDF-2) by digesting the plasmid with N a  III, separating the digested hgments on a 

1.5% agarose gel, and pureing the 645 bp hgment fkom the gel using the Geneclean II 

Kit. CDF-2U was M e r  cleaved in half by double digestion of pCDF-2 with Mu III and. 

Taq 1. The two resulting fkagments, 370 bp and 270 bp, were separated on a 1.7% 

agarose gel, and purified with the GFX PCR DNA and Gel Band Extraction Kit 

(J?harmacia)- For use as probes, the DNA fragments CDF-2U, 373 and 272 were then 

radiolabelled using the Prime-a-Gene system (Prornega) with [5 'a 3 2 ~ ]  ~CTP. 

RadioIubelling of DNA fragmentî 

DNA was radiolabelled with the Prime-a-Gene System (Promega) which is based 



Figure 1: GenerPaon of probes 

CDF-2 was generated fkom ihe digest of pCDF-2 with EcoRI and ScaI to release the 
insert fiom the pGEM7Z(f)+ plasmid (Panel A). CDF-2U was prepared fiom an NIam 
@) digest of pCDF-2 to release a 645 bp fiagrnent of CDF-2 near its 5' end which was 
fiee of repetitive sequence panel B). Probes 270 and 370 were prepared by digesting 
CDF-2U with Tu 1 (T) to divide the fragment into two panel B). Al1 probes were 

f, randomly primed P labelled. 



CDF-2U 
645 bp MaIll fragment 



upon the method of Feinberg & Vogelstein (1983) and utilises hexanucleotides for 

randomly prïming DNA synthesis. Briefly, 25-50 ng of DNA was denatured for 2 min at 

95-100°C, and snap-cooled on ice. The DNA was then added to a reaction murture 

containing final concentrations of 1X Iabelling buffer (50 mM Tris-HCI pH 8.0, 5mM 

MgCb 2 mM DTT, 0.2 M HEPES pH 6.6, and 260 ps/mL random hexanucleotides), 400 

pg/mL BSA, 20 ph4 each of dATP, dGTP, dTTP, and 50 pCi [U-~~PI~CTP (3000 

Cilmmol, Amersham Pharmacia Biotech, Baie dvrfe, PQ) in a 50 p.L+ volume. Five units 

of Klenow DNA Polymerase was added, and the reaction was incubated at 37°C for 1-16 

hr. M e r  the reaction was t e d n a t e d  by heating at 95-100°C for 2 min, EDTA was 

added to a final concentration of 20 mM, and the reaction mVc was passed through a 

Sephadex G-50 column (Pharmacia) to remove unincorporated nucleotides. Fractions 

containing the probe were pooled, counted in an LKB 1214 Rackbeta Liquid Scintillation 

Counter (Pharmacia), and then stored at -20°C- 

Radiolabening of oZigonucleoticEas, primem and markers 

Oligonucleotides, primers and markers were end labelled with [g2p]~'P using 

T4 polynucleotide kinase (Promega). Reaction mixes were assembled as follows: 10 

pmol of oligonucleotide or 250 ng of dephosphoqdated phiX174 Hinf I DNA marker, 

lpL, 1OX PNK buffer, 3 pL [ y s Z ~ ]  ATP (3000 Ci/mmol, 10 mCi/rnL), 1 pL PNK (10 

units/pL) and water to a final volume of 10 pL. The reaction was incubated at 37°C for 

10-20 min and terminated by heating to 90°C for 2 min. Percent incorporation was 

determined by dot-blot- Aliquots of 3 @ of a four-foId dilution of the nucleic acid mix 

were blotted twice ont0 each of two quarters of an 82 mm positively charged nylon 



membrane (Colony/Plaque Screen Membranes, NEN). Mer the blots were dried, one of 

the two blots was washed twice in 0.5 M Na=O4 (pH 6.8) to remove the 

unincorporated [ y - 3 2 ~ ]  ATP. The radioactivity of each membrane was measured (in cmp) 

using the LKB 1214 Rackbeta Liquid Scintillation Counter and the percent incorporation 

determined by calculating the ratio of the amount of activity of washedhnwashed 

membranes. 

SOUTHERN BLOTTING AND HYBRIDISATION ANALYSIS: 

High molecular weight genomic DNA fiom T. va@-nalis strain 202 was digested 

with various restriction enzymes and the fragments were separated by 0.5-1.0 % agarose 

gel electrophoresis, The DNA was transferred to 1.2 pm Biodyne A nylon membrane 

(Pd Gelman Corporation, Montreal, PQ) by ovemight capillary transfer in 20X SSC 

according to the manufacturer's instmcîions for Conventional Southern Transfer or the 

Pal1 Improved High Salt Denaturation Method. Pnor to conventional transfer, the DNA 

was depurinated, denatured, and neutralised by soaking the gels for 20-40 min in each of 

0.25 M HCl, 0.5 M NaOW1.5 M NaCl, and finally 0.5 M Tris/HCl pH 7.4, 1.5 M NaOH 

respectively. If the Pall Improved High Salt Denaturation method was followed, the 

neutralisation step was omitted. The DNA was fixed ont0 the membranes by baking at 

80°C for 40 min, and/or by irradiation under short-wave W light for 3 min. 

Pre-hybridisation and hybridisation steps were performed using the Robbins 

Model 2000 Micro Hybridisation Oven and the protocol provided by Pall. Initially a 

Denhardt's based hybridisation buffer was used (5X Denhardt's Solution, 5X SSC, O. 1% 

SDS, and 100 pghL denatured sonicated salmon sperm DNA (Gibco/BRL)). Later, in 

an attempt to improve background, a PEG based buffer was used (10% PEG (MW 8000), 



1.5X SSPE, 7% SDS, and 100 pg/d  denatured sonicated salmon spem DNA). 

Prehybridisation steps were performed at 65OC for 1-3 br, and, following the additions of 

- 5x10' c p d d  labelled probe to the buffer, hybridisations were performed at 65°C 

overnight. Prior to addition to the hybridisation solution, the probe solutions were first 

denatured by heating for 10 min at 95°C and chilling on ice for 10 minutes. Following 

hybridisation, the membranes were washed as follows: three 5 min washes in 2X SSC at 

room temperature, two 20 min washes in 0.2X S SC at room temperature, and one to three 

20 min washes in 0.2X SSC at temperatures increasing to 65°C as required. Southern 

blots were exposed to Cronex 4 X-Ray film overnight or up to several days at -80°C. 

N0RTHER.N BLOTTING AND HYBRIDISATION ANALYSIS 

Mer  RNA was separated on a denaturing glyoxal agarose gel, the unstained RNA 

was transferred to a Pal1 0.45 pm Biodyne B nylon membrane by capillary overnight 

tramfer in RNase-fiee 20X SSC following the manufacturer's instructions- The RNA 

was fixed to the membrane by baking at 80°C for 3 0 4 5  min. The Northem blot 

prehybridisation and hybridisation steps were perfonned in a formamide buffer 

containhg 50% formamide, 5X SSPE, 5X Denhardt's, 0.1% SDS, and 100pgImL 

denatured sonicated salmon sperrn DNA using the Robbins Micro Hybridisation oven. 

Following prehybndisation for 1-3 hr at 42OC, ~ x l ~ ~ - l x l  o6 cpm/mL of denatured probe 

was added, and hybridisation was then carrïed out overnight at 42OC. The membranes 

were washed as follows: three 5 min washes in 2X SSC at room temperature, three 15 

min washes in 0.2X SSC/ 0.1% SDS at room temperature, followed by one 15 min wash 



in 0.2X SSC at room temperature- Northern Blots were exposed to Cronex 4 X-ray film 

overnight or up to se7rMal days at -80°C. 

Unless otherwise stated, al1 clonuig was perfonned exclusively f?om PCR 

products using the TOPO-TA Cloning Kit (Invitrogen, Carlsbad, CA) with pCR.2-1- 

TOPO TA vector and TOP10 One Shot Chemicaily Competent E. c02.. The vector is 

supplied linearised with single 3' thymidine (T) overhangs for TA cloning, and covaiently 

bound topoisornerase for spontaneous ligation. Ligation reactions were prepared by 

addïng 0.5 to 2 p L  of fesh or fkesh fiozen PCR product, 2 p L  of TOPO vector, and 

d m 2 0  up to 5pL, and incubating the reaction for 5 min at room temperature. The cells 

for the transformations were supplied in 50 pL aliquots at transformation efficiencies of 

1x10~ cWpg PUC DNA The cells were thawed on ice, and the transformation reactions 

were prepared by adding 2 pL of 0.5 M P-mercaptoethanol, and 2 pL of the TOPO 

ligation readon to the cells. The transfonnation mix was incubated on ice for 30 min, 

heated at 42°C for 30 sec to shock the cells, and then cooled in ice for 2 min. A 250 pL  

volume of SOC (invitrogen) medium was then added to the cells and the mixture was 

incubated at 37°C for 30 min with shaking. Thirty-five to 100 pL of transformation mix 

was then spread ont0 LB agar plates containing 50 pg/mL ampicillin (Amp), 0.5 mM 

isopropyl-R-D-thiogalactoside @>TG), and 40 pg/mL 5-bromo-4-chloroindolyl-[l- 

galactoside (X-GAL), which were incubated overnight at 37°C. Ten white colonies were 



picked fkom each transformation, and cultureci oveniight in 3 mL, of LB/Amp broth at 

37OC with shaking. Larger cultures were prepared by inoculating 30-100 mL of LBlAmp 

broth with 0.5 to 1 mL of ovemight culture, which was then incubated oveniight at 37°C 

with shaking. 

Frozen stocks of transformed E- coli DHScrF' containing the pCDF-2 plasmid 

were used for pCDF-2 plasmid DNA extractions. The host E. d i  cells were streaked 

fiom fiozen stock onto LB/Amp agar plates. Fresh single colonies were inoculated into 5 

mL of LB/Amp broth and incubated at 37°C overnight with shaking. Larger cultures 

were prepared by inoculating 500 mL of LB/Amp broth with 1 mL of ovemight culture, 

which was then incubated oveniight at 37°C with shaking. 

S d  Scale Isolations of Pasnùd DNA fiom E coli (Mini-prqs) 

Plasmid DNA mini-prep isolations were prepared using a modified alkaline lysis 

method originally described by Birnboim & Doly (1979). Bacteria cells were grom 

ovemight at 37°C with shaking in 3 mL of LB/Amp broth.. The cells fiom 1.5 rnL of 

culture were pelleted by centrifiigation for 30 sec at 13,000 rpm Feraeus Biofbge A 

Microcentrifuge, Baxter-Canlab, Montreal, PQ) and resuspended in 150 pL of ice cold 

SusFer 1 (50 mM glucose, 25 mM Tris-HCI pH 8.0, 10 mM EDTq 20 pg/mL DNase-fiee 

RNase A). Bacteria were lysed by the addition of 150 p L  of fiesh Buffer II (1% SDS, 

0.2N NaOH), and the lysate mïxed gently by inversion. Samples were incubated for 5 

min at room temperature, and then neutraiised with 150 p.L, of 5M KAc, pH 4.8. The 

suspension was mixed thoroughly, placed on ice for 5 min, and centrifûged at 13,000 rpm 

for 10 min. The aqueous supernatant was extracted with an equal volume of chloroform, 



and the plasmid DNA was precipitated fkom solution by the addition of 1 mL of ethanol, 

and pelleted by cenaifugation at 13,000 rpm for 15 min. M e r  the supernatant was 

drawn o E  the peilet was air-dned bnefly, dissolved in 50 @ of water and stored at 

-20°C. The DNA was analysed by agarose gel electrophoresis. 

Ultrapure P Z d d  DNA Mini-prq &k@actïo11~ 

Plasmid DNA was ultra-purined for sequencing or PCR applications fkom 1.5-3 -0 

mL of E. coli culture using the Qiagen-tip 20 Gravity Flow column following the akaline 

lysis procedure provided in the Plasmid Mini Kit. Altematively, after performing the 

alkaline lysis plasmid DNA extraction described above, 1 mZ. of Equilibration BufEer 

QBT was added to the dissolved DNA. The solution was then loaded ont0 a pre- 

equilibrated Qiagen-tip 20 column, and the procedure continued according to the 

manufacturer's instructions. Pelleted DNA was dried briefly and dissolved in 20-50 p.L, 

water or 10 m .  Tris-HCl pH 8.0, analysed by agarose gel electrophoresis, and 

quantitated by absorbante at 260 nm. 

Lmge Scde PIasm-d DNA Extractions 

Large scale plasmid DNA isolations were performed using either the Qiagen-tips 

Plasmid Isolation Kit or the Macherey-Nagel Nucleobond AX Plasmid Isolation Kit 

(Vector Biosystems, Toronto, ON). Midi-prep plasmid extractions of pCDF-ORF were 

prepared from 30 mL of E. coli culture. Cells were harvested by centrifugation at 2500 x 

g for 15 min at 4OC (Jouan CR3i centrifuge, T40 rotor), and the plasmïd DNA was 

extracted using the Qiagen-tip 100 following the instructions provided in the kit. Maxi- 

prep plasmid DNA extractions of pCDF-2 were prepared from 500 mL of culture. Cells 



were harvested by centnfùgation at 6000 x g for 10 min at 4°C (Beckman J2-21M 

centrifuge, JA10 rotor), and the pCDF-2 plasmid DNA was extracted using the 

Nucleobond AX-500 Cartridge, usulg the protocol provided by the manufacturer- Both 

kits use modifications of the alkaline lysis rnethod of isolating the plasmid DNA, 

followed by binding of the plasmid DNA ont0 an anion-exchange resin. The DNA is 

washed of impurities, and is eluted with a high salt, high pH (8.5) buffer. The DNA was 

analysed by agarose gel electrophoresis, and quantitated by absorbante at 260 m. 

Al1 oligonucleotide primers (oligos) were designed according to Loffert et al., 

(1997) using the computer program Primer Designer. Melting temperatures were 

calculated by nearest neighbour analysis using the Oligo Calculator at the Genosys 

website (www.(renosvs.com). Al1 oligonucleotides designed for PCR were purchased 

through Bio/Can Scientific @4ississauga, ON), whose supplier changed f?om Genosys 

Biotechnologies (The WoodIands, Tx) to Operon Technologies (Almeda, Ca) in June 

1999. Al1 oligos designed for PCR were synthesised by Genosys except the oligos 

designed for RACE. Al1 oligos designed for sequencing were synthesised and purified by 

the University of Ottawa Biotechnology Research Institute. Sequences for d l  

oligonucleotides are listed in Appendix 1. 

IJWIZRSE PCR 

For amplification of the regions flanking CDF-2, X vaginais 202 genomic DNA 

was digested with EcoRI or Ta@, self-ligated into circles, and then amplified with tail-to- 

tail primers. The experiment was designed and carried out according to the methods of 



Hartl & Ochman (1994). A diagram of the planned experiment is shown in Figure 2- 

Primers were designed fkom the non-repetitive region of CDF-2 according to generd 

guidelines &offert et al., 1997)- Primers 95C/710 were designed to ampli@ the 8.7 kb 

EcoRI fragment, while primers 95C/184 and 63 lCf7lO were designed to amplfi the 1.6 

kb and 4 kb Tu@ faagments. Before expenments using genomic DNA began, the primers 

were first tested in PCR reactions using pCDF-2, linearised pCDF-2, and linearised/re- 

ligated pCDF-2 as templates to ensure that the procedure was working that appropriate 

products were being arnplified, and to determine appropriate annealing temperatures T. 

va@naIis high molecular weight genomic DNA fiom isolate 202 was digested to 

completion with EcoRl or TaqI and cleaned using the GeneClean II Kit. The DNA (0.2, 

0.5, 1.0, and 5.0 n&@) was then self-ligated into circles using 7 u/pL T4 DNA ligase at 

16°C ovemight, as recornrnended in inverse PCR protocols. The ligated DNA (0.5 to 1 -0 

ng) was then used directly in 50 pL PCR reactions, which were assernbled as follows: 

water, 12.1 pL rTthXL bufYer (3.3X), 2.2-2.7 pL M g ( 0 a ~ ) ~  (25 mM), 4.0 pL, NTP (10 

mM), 1.0 j.iL of each primer (30 pmol), and DNA (1-5 pL)- A separate enzyme mïx was 

prepared consisting of 5-75 pL, HSO, 3.0 pL rTth XL bufEer, and 1.25 p L  rTth (2.5 

u)(l?erkin/Elmer). The DNMufSer mix was heated to 94°C for 10 min. before the 

enzyme mix was added. The reactions were cycled at 94OC for 30-45 sec., 4458°C for 

lmin., and 72°C for 5 min. for 30 cycles, and then extended at 72°C for 10 min. Controls 

consisted of optimised amplifications with pCDF-2, master mixes containing DNA only 

without pnmers and master mixes containing primers only without DNA Products were 

analysed on a 1 .O % agarose gel. 



Figure 2: Inverse PCR Amplification of EcoRI and TqI Restriction Fragments 

T. vagmals 202 high moledar weight genornic DNA was digested with either EcoRI or 
Tu#; the 8.7 kb EcoRI resûïction m e n t  containhg CDF-2 was the target template 
(Al). Opposing primers (95C and 710) were designed fiom within the non-repetitive 
sequence of CDF-2 (Al). The digested DNA was self-ligated into circular fom (A2) and 
inverse PCR was performed. Expected PCR products will be linear with opposing 
primer-binding sites now located at the end of the amplicon facing inward. The 
restriction site will be found in the rniddle of the amplicon (A3). The same experimental 
design was used as an approach to amplîfjr the 1.6 kb and 4 kb TaqI restriction fhgments. 
For this experiment, primers 95C and 184 were designed to ampl* the 1-6 kb fragment, 
while primers 63 1C and 710 were designed to ampli@ the 4 kb £kgment (B). 
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Al1 plasmids that were to be sequenced were first purified using the Qiagen-tip 20 

Gravity Flow column. Ail automated sequencing was performed by the University of 

Ottawa Biotechnology Research Instmite using the AB1 BigDye Terminator Cycle DNA 

Sequencing Kit with AmpliTaq DNA polymerase (Applied Biosystems) in a 373 Stretch 

thermocycler (Perkin Elmer/ Applied Biosystems). Primers used for sequencing include 

T7, SP6, Ml3 Reverse, and gene-specific pnmers: 675, 1246, 2169, 2192C, 3039, 3876, 

4501, 5142, 5841,72OlC_ 

SEQUENCE ANALYSIS 

Sequence analysis was carried out using the IBI Pustell Sequence Analysis 

prograrn in order to generate restriction maps, identify open reading fiames, potentid 

amino acid sequence, and motifs of interest within the sequence. Database searches were 

carrïed out using the National Institutes of Health 0 National Center for 

Biotechnology Information (NCBI) Basic Local Alignment Tool (BLAST) programs 

(Altschul et aL , 1990; Altschul et al., 1997). Searches were carried out via the Intemet at 

www.ncbi.nlm.nih.eov. Both BLASTn (nucleotide) and BLASTx (nucleotide sequence 

that has b een translated) searches of the nucleotide and polypeptide non-redundant 

databases (Genbank, EMBL, DDBJ, and PDB) were performed. 

Protein sequence analysis was carrïed out using a varïety of programs accessed 

through the CMS Molecular Biology Resource website located at the University of 

California at San Diego (http://www.sdsc.edu/ResTools/biotools/biotoosl .html). These 

programs included TMPred (Hofinan & Stoffel, 1993) and SOUSI (Kirokawa et al.. 



1998) for transmembrane spanning motifs and hydrophobicity plots, and PSORT (Nakai 

& Kanehisa, 1 992), SignalP (Nielson et al., 1997), and PROSITE Pairoch et al,, 1997) 

(via PredicîProtein http://www.EMBL-Heidelberg-DEi~redictprote for sequence 

motifs and sorting signals. 

RAPI .  AMPLIFICATION OF GENOMIC DNA ENDS (RAGE] 

An adaptor-ligated PCR based GenomeWalker Kit (Clontech) was used to 

ident* and sequence the unknown regions of DNA flanking CDF-2 (Siebert et aL, 

1995). This technique enabled walking dong uncloned genomic DNA fragments until 

the desired sequenees were found. Before PCR could be performed, however, uncloned 

T. vagmals libraries were prepared. 

Repwafrafron of T. vaginalis U n c h e d  Genomk DNA Librm-es 

The libraries were prepared by digesting the genomic DNA with various 

restriction enzymes, blunt-end repairing where necessary, and ligating adaptors ont0 the 

ends of the resdting restriction fiagments. Five original libraries were a generous gift 

fkom Mr. Dino Petrin, who prepared them according the protocols provided by Clontech 

using T. va@naiis DG high molecular weight genomic DNA A sixth library was later 

prepared f?om T. vu~nalis 202 genomic DNA by the same method, which is briefly 

outlined below. 

Bnefly, 2.5 pg aliquots of high molecular weight genomic DNA were digested at 

37OC overnight with 80 units of the various restriction enzymes (clontech), and 

appropriate restriction enzyme buffer in a 100 pL reaction. The original five enzymes 

provided with the kit were blunt-end cutters: Dra I, EcoR V, Pvu II, Sca 5 and Stu & 



while the sixth library was prepared using EcoR I (Pharrnacia). EcoR I recessed ends 

were blunt-end repaired directly in the restriction digest reaction mix following the 

method of Cobianchi & Wilson (1987) by adding 25 p M  dNTP (final conc.) and 5 units 

of Klenow fiagment (Pharmacia), and incubating at room temperature for 3 0 min. The 

digested DNA was extracted as described in the section on "Restriction Digests" with 

equd volumes of pheno~choloroform/isoamyl alcohol (GibcoBRL), followed by 

chloroform, ethanol precipitated with 20 pg of glycogen, and dissolved in 20 pL of TE 

(10 mM Tris-HCV 0.1 mM EDTA) pH 7.5. The GenomeWalker adaptor was then 

attacheci to the ends of the digested DNA (0.4 pg) using T4 DNA ligase according to the 

kit instructions. The adaptors are partially double-stranded; one end is blunt-ended and 

phosporylated at the 5' end so that it is ligation-ready for both ends of the restriction 

kagment. Once the ligation was complete, the DNA was diluted 10-fold with TE (10/1, 

pH 7.4). The result of the ligation step was an uncloned library of adaptor-ligated 

restriction fragment S. 

Amplification of Genomic DNA Ends 

These genomic DNA Iibraries were then used as templates for this specidised 

form of adaptor-ligated PCR which uses a combination of "vectorette" (adaptor-ligated) 

PCR with suppression PCR (Siebert et al., 1995). The amplification of the genomic 

DNA ends @%GE) begins fkom gene-specific primers in the known portion of the 

restriction fragments, and extends into the unknown region of adjacent D N 4  to the 

adaptor ligated at the end of the restriction fiagment (Figure 3). The exposed end of the 

adaptor is constructed so that it has a 36 bp recessed 3' end, which is terminated by an 

amine group. This blocks polymerase catalysed extension of the lower recessed end, and 



prevents the generation of the primer binding site unless the upper complementary DNA 

Strand is fïrst extended by a dista1 gene-specific primer (Figure 4). Thus, in the fist 

cycle, amplification begins at the gene-specific primer and proceeds uni-directionally, so 

that the formation of two adaptor-primer-binding sites on the general population of 

hgments does not occur. If the 3' end of  an adaptor does extend to create a molecule 

that has the Ml-length adaptor sequence on both ends, non-specific adaptor to adaptor 

amplification will be suppressed by touchdown cycles. During this technique, 

annealing/extension temperatures (T;MieaI=720C) are performed several degrees higher 

than the melting point of the primers (T,it=680C) through the initial cycles. At this 

temperature, any rnolecule which has the fidl primer sequence on both ends will self- 

anneal end to end in a pan-handle shape (Figure 4). This intra-molecular anneding of 

adaptor ends suppresses non-specific amplification, allowing aïtical levels of gene- 

specific product to accumulate. Touchdown PCR also increases the binding specificity of 

the gene-specific primer, 

The gene specific primers (GSP-1) were designed so that they were 26-30 bp in 

length, and had melting temperatures (nearest neighbour analysis) of 68-70°C. They 

were designed fiom regions of non-repetitive sequence, within 100-300 bp away fkom the 

end of the known sequence. Nested primers (nGSP-2) were prepared, where possible, so 

that there was approximately 20 nucleotides between the two primers. 

The PCR reactions were prepared as follows: 1 pL of adaptor-ligated DNA (-5 

nrnol) was added to 0.5 mL PCR tubes (Perkin-Elmer) containing 26.8 pL of water, 4.0 

of Clontech Tth PCR buffer (lOX), 1 pL of dNTP (lOrnM), 2.2 pL, of M~(OAC)~  (25 

m m ,  1 p L  of APl(l0 pM), and 1w of GSPl (10 p). A separate enzyme mix was 



Figure 3: The Suppression PCR Effect 

The Genome Waiker Adaptor, which is ligated to both ends of the restriction m e n t ,  
has an amine block on the 3' end of the lower strand- This prevents extension of the 3' 
end of the adaptor, so that an AP 1 binding site cannot be created until the upper stand has 
fist been extended fiom a gene specific primer. In rare cases when the 3' end of the 
Genome Walker Adaptor does get extended, and c m  serve as a template for non-specific 
adaptor to adaptor amplification, the high annealing temperature favours self annealing, 
preventing any amplification. Reprinted with permission fiom Clontech. 
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Figure 4: Genome Walking 

(A) Restriction fragments are amplified fkom the gene specific primer to the adaptor 
primer at the end o f  the restriction fkagment. (B) Amplicons fiom dif3erent libraries 
overlap and can be mapped into contiguous sequences (contigs). The next segment of  
unknown sequence can be determined in walking steps. Reprinted with permission fkom 
Clontech. 
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prepared, containing (per reaction) 8 p L  of water, lw of 10X Tth PCR buffer 

(Clontech), and 1 pL of rTthXL, 2-5 unitdpL (Perkin-Elmer). A manual hot start was 

performed, where the DNA mix was heated to 94T, at which point 10 pL of enzyme mix 

was added. The cycling parameters in a Perkin Elmer Thermal Cycler 480 were as 

follows: 94OC for 25 sec, 72°C for 3 min (7 cycles); 94°C for 25 sec, 67OC for 3 min (32 

cycles); 67°C for 7 min (1 cycle); 94°C for 25 sec, 67°C for 3 :O0 (5 cycles); and 67°C for 

7 min (1 cycle). 

Once the primary PCR amplification was complete, the reaction mix was diluted 

50 fold, and a second, nested round of PCR was performed using nested gene-specific 

(nGsp-2) and adaptor primers (AP-2). The reactions were assembled as above, and 

cycled as follows: hot start, 94OC for 25 sec, 72°C for 3 min (5 cycles); 94OC for 25 sec, 

67°C for 3 min (20 cycles); and a final extension of 67°C for 7 min. 

The PCR products were then analysed on a 1.5 agarose gel electrophoresis. 

Those PCR mixes found to contain long products in good yield, with few background 

products were cloned using the TOPO-TA Cloning system (hvitrogen). 

The positive control entailed: library construction and PCR amplification with the 

DNA supplied with the system to ensure that al1 steps in the kit were working, and that 

the cycling parameters worked with the enzyme and thermocycler. The negative control 

entailed PCR amplincation of the reaction mixes with each primer pair but with template 

DNA omitted to ensure al1 master mixes were not contaminated. Eventually, second and 

third controls were added which consisted of testing the reaction mixes containing DNA 

with no primers and with each primer individually to ensure that the products were not 

resulting fkom the DNA alone or eom only one primer. 



The process was initiated fiom CDF-2, walking 5' upstream and 3' downstream of 

the known sequence using Gsp 1-163ChGsp2-89C and Gsp 1-3876hGsp2-3889 

respectively. As new sequence was characterised, the process was repeated (genome 

waiking), untii adequate sequence was obtained, using the followlng primers: Walk 3 

downstreeam fiom new sequence obtained fiom walk 2: Gspl-201C/nGsp2-73C. WaIk 4 

downstrearn f?om new sequence obtained fiom Walk 3: Gspl-5142hGsp2-5 160. Walk 5 

downstrearn fkom new sequence obtained fiom wdk 4: Gsp 1-7224 /nGsp2-7281. 

RAPIû AMPLIFICATION OF cDNA ENDS CRACE) 

Double stranded cDNA synthesis and rapid amplification of cDNA ends was 

performed using the Marathon cDNA Amplification Kit (Clontech). This procedure, 

designed by Chenchik et al- (1995) involves preparation of the double stranded cDNA 

f%om total or poly~'  RNA (first and second strand synthesis), ligation of the adaptors 

ont0 the ends of the cDNA molecules, and finally, the PCR amplification of the cDNA 

ends (Figure 5).  

Double-stranded cDNA synthesis 

Poiyadenylated RNA (1p.g) and total RNA (7.5 pg) were used as templates for 

double stranded cDNk The first strand of cDNA was synthesised by AMV reverse 

transcriptase. S ynthesis was initiated b y a lock-docking oligo (dT) primer containing two 

degenerate nucleotides at the 3' end, which place the primer at the start of the poly~' tail, 

eliminating 3' heterogeneity. Second strand synthesis was carried out according to the 

method of Gubler & Ho&an (1983) in the presence of E. coli polymerase 1, E. coZi 

DNA ligase, and E. coli RNase H- Using this method, the RNase H nicks the RNA in the 



Figure 5: Flow chart of the Marathon RACE Procedure 

First strand synthesis is primed by a lock-docking degenerate oligo(d)T primer in the 
presence of AMV Reverse Transcriptase. The second strand is synthesised by adding a 
3-enzyme cocktail: RNase H which nicks and degrades the RNA strand, DNA 
polymerase 1 which synthesises nascent DNA using nicked RNA as primers, and DNA 
ligase which ligates the DNA fragments into a single strand. Less than 15% of al1 second 
strand synthesis is primed by hairpin loop formation. Finally T4 DNA polymerase is 
added to blunt the ends of the double stranded cDNA and adaptors are Iigated on to the 
ends. At this point, an uncloned library of adaptor-ligated cDNA molecules has been 
prepared. cDNA molecules are arnplified using gene specific and adaptor primers. 
Experiments carried out in this project were arnplified a second time with nested gene 
specific and adaptor prïmers as in the genome walking procedure. Reproduced with 
permission fkorn Clontech. 
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RNADNA hybrid. This nicked or degraded RNA acts to prime second strand synthesis, 

while the DNA polymerase fills in the gaps; this is a continuous process until al1 of the 

RNA dong the strand is degraded and the entire second DNA strand is formeci- DNA 

ligase then acts to seal the fragments together into a complete strand. While the majority 

of second strand synthesis is primed in this way, up to 15% of the second &and synthesis 

is primed by hairpin loop. Followhg the generation of the double stranded cDNA, the 

molecule is blunt-ended with T4 DNA polymerase, and the Marathon cDNA adaptors are 

atîached using DNA ligase. The Marathon cDNA adaptors have the same features as 

those used in the Genome Walker Rit. The result of the ligation step is an uncloned 

library of adaptor ligated double stranded CDNA 

RACE PClP 

The RACE PCR protocol incorporates the same features as the RAGE PCR 

described above. Like the Genome Walker Kit, similar adaptor and adaptor primer 

design, together with the utilisation of touchdown PCR minimise non-specific 

amplification. Amplification of the 3' and 5' cDNA ends was carried out using 

Advantage 2 Polymerase Mix (Clontech), which contains Advantaq DNA polymerase, a 

small amount proof-reading enzyme, and TaqStart antibody for automatic hot starts. 

Gene specific primers were designed fiom non-repetitive sequences within the open 

reading fiame of CDF, approximately 550 bp downstream fkom the 5' end and 1450 bp 

upstream fkom the stop codon. The 5' RACE products were generated using the antisense 

GSP1-163C with the primary adaptor pnmer WCE-AP l), followed by a second round 

of nested PCR amplification with the anti-sense nGSP2-89C and the nested adaptor 

pnmer (WLCE-AP2). A second 5' RACE experiment used primers GSPI-1458ChGSP2- 



1433C. The 3' RACE product was generated using the sense primer GSP1-5862 and 

RACE-AP1 followed by a second round of nested PCR amplification with nGSP-5880 

and RACE-AP2, 

The double stranded cDNA was diluted 50 fold in Tricine-EDTA buffer, and 

added to the PCR reaction mix according to the kit protocol. The reactions were cycled 

in a Perkin Elmer Thermal Cycler 480 as follows: 94°C for 1 min (1 cycle), 94°C for 30 

sec, 72OC for 4 min (5 cycles), 94OC for 30 sec, 70°C for 4 min (5 cycles), and 94OC for 

30 sec, 68OC for 4 min (20 cycles). The PCR snk was then diluted 50 fold, and nested 

PCR reactions assembled and cycled according to the kit protocol. 

Positive controls included performing cDNA synthesis, adaptor Iigation and PCR 

amplification with the p o l y ~ ~  RNA provided in the kt to ensure al1 steps in the kit were 

functioning. Once this was determined, al1 further RACE experiments used pre-prepared 

adaptor-ligated cDNA supplied in the kit as template for 5' and 3' RACE to assess the 

success of each experiment. One negative control entailed PCR amplification of the 

reaction mixes with each pnmer pair but with template DNA omitted to ensure al1 master 

mixes were not contaminated. The second, negative control used template DNA with 

only the GSP pnmers, to ensure that the amplified sequences were not a result of only 

one primer. 

RACE PCR products were analysed on a 1.2% agarose gel. Those reaction mixes 

found to contain single product bands (or smears thereof) were used for cloning. 

LONG-PCR AMPLIFICATION OF CDF-ORF 

The CDF-ORF sequence was amplified fkom fiesh high molecular weight 

genomic DNA fiom T. vagnaZis 202 following modined protocols fiom Cheng et al. 



(1994) and the Genome Walker Kit. Primers were designed 9 bp upstream of the start 

codon and 78 bp downstream nom the 3' end of the cDNA at positions 868 and 7451C 

(primers ORF-868/ORF-7451C), with melting temperatures o f  69OC (calculated by 

Genosys) so that touchdown PCR could be used to  prevent mis-priming at secondary 

priming sites. Given that most thermostable polymerases incorporate 40-50 basedsec, 

the annealing/extension tirne was calculated using the following formula: 1 min + 

(2.5sec/100)(6600 bases)= - 4 min (P. Estep, personal commmunication). The reaction 

mix was assembled as follows: 26.8 of water, 4 pL of 10X Clontech Tth buffer, 2-2 

pL of Mg(OAc)= (25 mM), 4 pL of dNïP mix (2.5 mM), 1 pL of each primer (10 

pmoVpL), 1 p L  of genomic DNA (5 n&L.). A separate enzyme mut was prepared, 

contaking (per reaction) 8 p L  of water, 15. of 10X Tth PCR b s e r  (Clontech), and 1 j.L 

of (2.5 units/p.L) rTtbXL (Perkin-Elmer). A manual hot start was performed, where the 

DNA mix was heated to 94"C, at which point 10 pL of enzyme mix was added. The 

cycling parameters were adapted fkom RAGE PCR as follows: 94°C for 1 min (hot 

start), 94°C for 25 sec, 70°C for 4 M n  (7 cycles); 94OC for 25 sec, 65°C for 4 min (39 

cycles); 67OC (extension) for 7 min. Each primer was tested independently in the same 

reaction conditions to ensure that products were not formed as a result of mis-priming by 

one primer. 

RNA PRIMER EXTENSION ANALYSIS 

Primer extension was performed using synthetic anti-sense oligonucleotides (TV- 

PEI, TV-PE2) that were complementary to the regions of the T. vagrkaIis CDF cDNA at 

positions 89C and 163C from the 5' end of CDF-2- 



OrÏgïnally, primer extension was performed using the AMV-Reverse 

Transcriptase Primer Extension System (Promega) and accompanying protocol. Bnefly, 

the primers and markers were first end-labelled with [y-32~] Am using T4 polynucleotide 

kinase. Radiolabelled primer (100 h o l )  was then anneaied to either 100 pg of total or 

0.6 pg of po ly~ '  RNA in AMV primer extension b d e r  at 64T or 58OC for 30-60 min. 

The primer was extended with 1 unit of AMV Reverse Transcriptase in a 20 pL of 

reaction mix containing 1X Primer Extension B a e r  and 1-4 pL of 40 mM sodium 

pyrophosphate at 42°C for 30-60 min. Two times loading dye was then added, the 

nucleic acids denatured at 94°C for 10 min, and ?A (10 pL) of the mix loaded ont0 a 

sequencing gel. Produds were separated on a 5% polyaaylamide sequencing gel (193 

acrylamidelbisaqlamide, 1X TBE, 48% urea) using a GibcoSRL mode1 S2 sequencing 

apparatus at 50 watts (Bio-Rad PowerPac 3 000) for approximately 2.5 hr until the leading 

band ran off the gel. The gel was wrapped in plastic and exposed to a phosphor screen 

(Eastman-Kodak h'ew Haven, Ct) for 4 days, after which the image was read in a Storm 

860 phosphoimager (Molecular Dynamics, Sunnyvale, Ca). Gels and phosphoimaging 

was perfonned by Ms. Angela Graham- 

To improve the success of the expenment, the protocol was adjusted so that the 

primer and RNA were hybndised in formamide buffer. One hundred h o 1  (-1x10~ cpm) 

of end-labelled primer was CO-precipitated with 100 pg of total RNA with ethanol. The 

nucleic acid pellet was then dissolved in 30 p L  of fornamide b d e r  (40 m M  PIPES, 1 

mM EDTA, 0.4 M NaCI, 80% deionized formamide), the RNA denatured at 90°C for 10 

min, and the primers annealed to the RNA at 40°C ovemight The nucleic acids were 

phenol/chloroform extracted and ethanol precipitated as described in the section on 



''Restriction Digests", and the pellets dissolved in 17.4 p L  of 1X AMV Primer Extension 

BufFer to which 1.6 pL of sodium pyrophosphate and 1 5 of AMV reverse transcriptase 

were added. Following primer extension as above, the nucleic acids were 

phenoVchloroform extracted and ethanol precipitated again, and dissolved in 10 pL of 2 X  

loading bufZer. Nudeic a&& were denatured, loaded and electrophoresed as above. 

UV iZiTRO TIUNSCRIPTION 

A run-off in vitro transcript was prepared by in vitro transcription of the linearised 

pCDF-ORF plasrnid template by T7 RNA polymerase vromega) according to the 

protocol desaibed by the manufacturer. Bnefly, the plasmid was linearised at the 3' end 

of the CDF-ORF insert by restriction with B m H  I, extracted with phenof/chloroform and 

ethanol precipitated as described in the section on "Restriction digests", and dissolved in 

DEPC-treated water. The transcription reaction was prepared to a final volume of 100 

pL by adding 5 pg of linearised plasmid template to a 37°C mixture containing final 

concentrations of the following: 1X transcription buffer, 10 mM DTT (Promega), 0.8 

units/ml RNA-guard ribonuclease inhibitor (Pharmacia), 0.5m.M each rNTP 

(Pharmacia), and 0.4 units/ml T7 RNA polymerase (Promega). The reaction was 

incubated at 37°C for 3 hr, after which, 5 Cù, was assayed on a neutral Wase-fiee T A .  

(0.04 M Tns-acetate, 2 m M  EDTA) agarose gel, and promptly Çozen at - 80°C. 

IN WTRO TRANSLATION 

RNA transcripts were translated in vitro using the Flexi Rabbit Reticulocyte 

Lysate system (Promega) using the protocols provided by the manufacturer. Bnefly, the 

in vitro translation mix was prepared as follows: 33 p L  of Rabbit Reticulocyte Lysate, 



Lw of amino acid mix minus methionine (ImM), 3 pL. of [35~]methi~nine (1200 

Ci/mmol 10 mCi/mL), 1 pL of MgOAc (25 nM), 1.4 uL of KCl(2.5 mM), 1@ of DTT 

(100 mM), 40 units of RNasin ribonuclease inhibitor, and 8 pL of in vitro translation 

mix- A parallel mix thaï omitted the transcript was prepared for the negative control. 

The translation reaction was incubated at 37°C for up to 7 hr, after which the products 

were separated directly by a sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE), or first immunoprecipitated, and then separated. In virro translated protein 

products were detected by autoradioblot or by immunoblot. 

PROTEIN ANALYSIS 

Rabbit reticulocyte lysates containing in vÏPo translation products were diluted to 

350 pL with RIPA buffer (50 m M  Tris-HCI p H  7.2, 150 mM NaCl, IrnM PMSF, 1% 

sodium deoxycholate, and 1% (v/v) Triton-X). A 1:15 dilution of rabbit anti-semm 

raised against a purified preparation of CDF and lOO& of protein A Sepharose 4 Fast 

Flow beads Pharmacia) diluted 2/9 (approximately 90 of packed beads/mL, with 7.7 

mg of IgG binding capacity and 1.3 pg of protein A per m .  of drained gel) were added to 

the lysates. M e r  the sarnples were allowed to mix ovemight at 4"C, the beads were 

pelleted by centrïfügation at 13,000 rpm (mkrofirge) and washed 5 times in 1 mL each of 

RIPA buffer. After the final wash, the beads were resuspended in 30 pL of 2X sarnple 

b s e r  (0.125 M Tris p H  6.8,4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0 -0 1% 

bromophenol blue), denatwed 6 min at 95"C, centrifiiged at 13,000 rpm, and loaded ont0 

an SDS-PAGE gel. Negative controls included immunoprecipitation of the in vitro 



translation mix with pre-immune senun, as well as immunoprecipitation of blank in vitro 

translation mk (transcript omitted) using anti-CDF immune serum. 

Proteins were separated by SDS polyacrylamide gel electrophoresis (SDS- 

PAGE). Samples were fïrst mixed with 2X sarnple buffer, denatured 6 min at 90-95OC, 

and centrifiiged at 13,000 rpm for 30-60 sec. Separating gels consisted of 0.375 M Tns- 

HCI (pH 8.8), 0.1% SDS, and 5-7.5% acrylamide (Protogel, 30% acrylamide, 0.8% bis- 

acrylamide, National Diagnostics, Atlant4 Georgia). Stacking gels consisted of 0.125 M 

Tris-HCl p H  6.8, 0.1% SDS, and 4.5% acrylamide (Protogel). Electrophoresis was 

carried out at 125 V in electrophoresis buffer (25 m .  Tris, 192 m M  glycine, and 0.1% 

SDS) using the Bio-Rad ~ s s i s s a u g a ,  ON) Mini-Protein II Electrophoresis ce11 system. 

Following electrophoresis, the proteins were sîained by soaking gels in Coomassie 

Brilliant Blue (40% methanol, 7% acetic acid, and 0.1% Coomassie Brilliant Blue), 

followed by a destaining step in 40% methanol, 7% acetic acid. Prior to drying, the gels 

were soaked for 10 min in a final solution containhg 7% acetic acid, 7% methanol, and 

1% glycerol to prevent cracking. Gels were dried under vacuum pressure at 60°C for 40 

min (Bio-Rad mode1 583 gel dryer), cooled, and exposed to Cronex X-ray film overnight 

to several days at -80°C. 

Western Blut and Immuno&ection 

Following SDS-PAGE electrophoresis, proteins were transferred fiom gels ont0 

Hybond-C Nmocellulose membranes (Amersham). Pnor to electroblotting, the 

membrane and gel were equilibrated in fkesh transfer bufTer (25 mM Tris, 192 mM 
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glycine, 20% (v/v) methanol) for 15 min- The transblotting cassette was assembled 

according to the instructions provided by BioRad, and the transfer performed at 100 volts 

for 1 hr in ice-cold buffer. For determination of molecular size, pre-stained high range 

protein molecular weight standards (Bio-Rad) were used. 

Xmmunological screening of the Western blots was carried out using rabbit anti- 

serum raised against a purified preparation of CDF. Optimisation expenments for the 

Western blots (perforrned with a p d e d  preparation of CDF and blotted with the rabbit 

anti-serum raised against CDF) were based on those previously published (Garber et al., 

1989) and modifïed until optimal. Membranes were blocked by incubation in 5% skim 

milk twice for 30 min each at 37"C, and wasbed 5 times at room temperature for 5 min 

each in PBST (PBS containing 0.1% Tween 20) in the Robbins Scientific 

Microhybridization Charnber. The blots were then adsorbed for 1-2 hr at 37°C with anti- 

CDF anti-serum diluted 1:100 in 5% skim milk in PBS. Following five quick washes in 

PBST, the blots were incubated at 37°C for 1 hr in a 1:2000 dilution of BioSource Goat 

Anti-Rabbit Immunoglobulin (G&I) Horse-Radish Peroxidase Conjugate (IgG-=O) 

(Immunocorp, Montreal, PQ) in 1% skim milk in PBS. The washing was repeated with 

PBS alone, and the blots were developed in 3-amino-9-ethyl carbazole (3AEC) 

containing 1 pL/rnL of 30 % H& until the desired intensity was reached, and then 

washed 3 times in water. 3AEC was prepared by mixing 45 mL of N,N 

dimethylformamide containing 180 mg of AEC and 105 m .  of 0.05 M sodium acetate 

pH 5.5, and filtering through a 0.22 pm filter. 



CHAPTER 3: CHARACTERISATION OF A CANDlDATE 

GENE FOR CDF 

The goal of this project was to determine whether the CDF-2 cDNA clone, 

previously identified by immunoscreen of a cDNA expression library, was a potential 

candidate gene for CDF. While the clone was characterised as having a 3060 bp open 

reading fiame (ORF), it lacked severai genetic components such as transcriptional start 

and stop sites and an initiator element Despite its lack of homology with h o w n  nucleic 

acids and peptides, the clone was hypothesised to be a partial coding sequence for CDF. 

To answer this hypothesis, the sequences flanking CDF-2 ORF were characterised. 

The frst stage of this project was to identifjr the sequences flanking CDF-2, so 

that the entire ORF, including the translational start and stop codons, as well as the 

transcriptional initiation and termination sequences could be characterised. This was to 

have been done by screening an EMBL3 genomic DNA library. In actual fact, several 

approaches, including screening the genornic DNA library, perfonning inverse PCK and 

finally walking along the genome from CDF-2 using RAGE PCK were attempted before 

sequence could be obtained. 

The second stage of this project was to determine whether the characterised gene 

was tnily a candidate for CDF. In vitro transcription and translation experiments were 

performed to answer the questions: "Does the charactensed gene produce an 

appropriately sized transcript?" and "Does the transcrïpt produce a protein that can be 

identified using rabbit serum raised against a purified preparation of CDF?" 

This chapter discusses the three approaches used to identiQ sequences flanking 

CDF-2, the characterkation of that sequence, the construction and cloning of the full 



length open reading h e ,  its use in in vitro transcription, and the characterisation of the 

redting ih vitro translation products. 

Screening of the EiMBL3 T. vaginalis Genomic DNA Lib- 

The EMBL3 phage l i b r q  was plated on E. coli KW251, the plaque DNA was 

transferred to nylon discs, and the library screened by hybridisation with 3 2 ~  radiolabelled 

probes. Initiaily, screening ofthe genornic library by hybridisation was done usïng the 

full length 3 2 ~  radiolabelled CDF-2 as a probe. This screening identified over 95 positive 

phage clones in the primary screening, and al1 were rejected after subsequent screens 

s h e d  them to be negative. It was thought that the repeated elements in the sequence 

were contributing to fdse positives. 

In an effort to reduce the number of false positives, CDF-2U, a 645 bp fiagrnent 

free of repetitive elements, was isolated nom CDF-2 and used to re-probe the library 

(Figure 1). This second iibrary screening identified 5 positive clones in the primary 

round- Foilowing secondary, tertiary and quaternary screens, however, the clones could 

not be conclusively detexmined negative or positive. The addition of more accurate 

controls to the expenment (hybridisation of pure populations of CDF-1 and CDF-2 

plaque l a s  with radiolabelled CDF-2) resolved this issue. The candidate clones were 

found to be the sarne intensity as the negative controls, clearly identwng them as 

negative. At this point the library screening was abandoned. 

To confirm that CDF-2 sequences were transcribed, and to determine the size of 

the transcnpt represented by CDF-2, total and poly~'  T. vagÏm2i.s 202 RNA species were 



separaed on a 1% glyoxal agarose gel. The RNA in the gels was transferred to nylon 

membranes, and probed with 32~-radiolabelled CDF-2U. These Northem blot analyses 

identified a 6.5-7 kb band (Figure 6) in both the total and poly~'  RNA (Figure 6). This 

band was found to be DNase-resistant and RNase labile (data not shown), d i n g  out any 

possibility of contamination of the RNA by DNA These results indicate that there is a 

transcript associated with the CDF-2 cDNA clone, and that its length is estimated to be 

approximately 6.5-7 kb. 

In an effort to idente suitably sized target restriction filagments for cloning, 

Southem blot hybridisation and restriction mapping were employed. For Southem blot 

analysis, high molecular weight I: vagz-naZlis 202 genomic DNA was digested with 

various restriction enzymes or combinations thereoc separated on a 0.5% agarose gel, 

and transferred to nylon membrane. The blots were probed with 32~-radiolabelled CDF- 

2U. Southern blots of DNA digested with BamHI, BglII, Sa& Sali, ScaI, B o 1  probed 

with CDF-2U identified no bands below the size of the high molecular weight DNA (data 

not show* Restriction fragments identified by the hybndisation with CDF-2U include: 

a 3 kb Dra1 fragment, a 2 kb AseI fiagrnent (Figure 7, Panel A), two Tu@ fragments (1.6 

and 4.2 kb), an 8.7 EcoRI fragment, an 8.2 RFoI fragment, two major Pst1 fiagrnents (>23 

kb and 7.9 kb), and a 6.8 kb BstBI fragments (Figure 7, Panel B). The orientation of the 

TaqI hgments was verified by probing with 270 bp and 370 bp MaWTuqI fragments of 

CDF-2U (Figure 7, Panel C). Using bown restriction sites within the CDF-2 sequence 

and the data obtained fiom Southem Blomng, a restriction map was constnicted (Figure 

7, Panel D). The B a 1  sites were difficult to map due to poor signal strength and sire 



Figure 6: Northern Blot Anaiysis of T. v ~ ~ s  202 Totai and Polyadenylated RNA 

A 6.5-7 kb band was identified in both the total and poly~'  RNA 2.5 pg of poly~' RNA 
(mRNA), 9 pg of total RNq and 35 pg total RNA were separated on a 1% glyoxal 
agarose gel, and transferred to a nylon membrane. The blot was probed with randornly 
primed 3 2 ~  labelled CDF-2U. 





Figure 7: Southern Blot Analysis and Restriction Mapping of T. vqindis 202 High 
Molecuiar Weight Genomic DNA 

T. va@naIis 202 2gh molecular weight genomic DNA was digested and double digested 
with Dra1 @), Ta@ (T), AseI (A), Eco= @), RsaI @), BHBI @), and PstI (P) and 
separated on 0.5% (Panels A and B) and 1.2% (Panel C) agarose gels. The DNA was 
transferred to nylon membranes by conventional Southern transfer. The blots were 
probed With randomiy p rhed  3 2 ~  Iabelled CDF-2U (Panels A and B), the 370 bp portion 
of CDF-2U or the 270 bp portion of CDF-2U (Panel C). CDF-2U is 645 bp long and is 
situated within the 5' third of CDF-2. TaqI cuts CDF-2U into 370 (5') and 270 (3') 
fragments. For a diagram see Figure 1. Using the information obtained fkom these 
Southern blots, a restriction map was constmcted (Panel D). TaqUBsBI sites in grey are 
sites that exkt in the sequence but are beyond the reach of the probe and could not be 
picked up by Southern Blot. 
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inconsistencies in the fragments produced. Because there is a unique BstBI site within 

CDF-2, two bands were expected by hybridisation of the Southern blot with CDF-2U, 

while one distinct band (6-8 kb) and several faint bands (4.3, 4-6, 5.1, 5-4, 6.0 kb) were 

produced- Cornparison of the positions of the BstBI sites determined fiom sequence 

analysis indicated that one of the two expected fragments should have been 4.3 kb (the 

size of the upstream kgment could was not be determined). The location of BdBI sites 

M e r  downstream indicates that the other faint bands, and possibly the 6-8 kb band, 

produced on the Southern blot were likely due to incomplete digestion by BstBI. Another 

inconsistent result was the RFaUTuqI double digest. The 5.0 kb band in the RFa/TuqI 

double digest is too big, given the location of the Ta@ site in CDF-2U and the deduced 

TaqI sites by other digests. Later cornparison of the Southem Blot with the restriction 

map generated following sequence analysis indicates that this may also be due to 

incomplete digestion. An 8.7 kb EcoRI fiagment, an 8.2 RsaI fiagment, and two TaqI 

fragments (1.6 and 4 kb) were identified as potential candidates for inverse PCR cloning. 

Inverse PCR 

In an attempt to clone the 8.7 kb EcoRI fiagment and the two Ta@ fragments, the 

inverse PCR strategy was used. Following restriction digestion, the DNA was self- 

ligated into circular form with T4 DNA ligase, and then used as a template for inverse 

PCR using opposing primers. The EcoRI fiagrnent was to be amplified using primers 

99710, while the TqI  fragments were to be amplified using 95/184 and 63 11710 

(designed from positions 95, 184, and 710 of CDF-2) (Figure 2). Despite several 

attempts with varied PCR reaction components, such as template and magnesium 

concentrations, and varied cycling parameters such as annealing temperature and tirne, 



number of cycles, and length of extension tïme, no clean, distinct, appropriately sïzed 

amplicons could be produced. 

Gemme W a n g  and PCR A'ttplz~cation of the Fun-length ORF 

A third and final approach to clone the regions flanking CDF-2 was to prepare 

uncloned genomic DNA libraries, which would serve as template DNA for RAGE PCR 

Five original genomic DNA libraries had been prepared by Mr. Dino Petrin by digesting 

high molecular weight T. va@dis genomic DNA fkom isolate DG with Dra& EcoRV, 

PvuII, ScaI, and S M ,  and ligating adaptors ont0 the ends of the restriction fkagments to 

yield five uncloned adaptor-ligated genomic DNA libraries. A sixth library was similarly 

prepared using T. va@naIis 202 high rnolecular weight DNA digested with EcoRI and 

first blunt-ending the restriction fkagments before the adaptors were ligated. The 

restriction fkagments that contained the CDF-2 sequence were amplified using gene- 

specific primers GSPl (designed fiom CDF-2) and adaptor pnmers. Secondary nested 

PCR was then perforrned on the primary PCR products using nested gene-specific 

primers nGSP2. The PCR products were analysed by gel electrophoresis (Figure 8, Panel 

A). As sometimes occurs, PCR products were not generated in concentrations high 

enough to be seen in the pnmary PCK despite performing extra cycles as per kit 

instructions. Analysis of the secondary PCR products was done to determine which were 

suitable for cloning. Cloned products were also analysed by gel electrophoresis to select 

those for sequencing (Figure 8, Panel B). 

Once the clones nom each step were sequenced and manged in contiguous 

sequence (contigs), new prïmers were designed for the next wallc. The process was 

initiated fkom CDF-2, walking 5' upstream and 3' downstream of the hown sequence 



Figure 8: Prïmary and Secondary (Nested) RAGE PCR Products 

Pane1 A shows the products generated by nested RAGE PCR fTom the T. vuginaZis DG 
high molecular weight Genome Waiker libraries (Dra& EcoRV, PvuII, ScaT, and SfuI) 
using pnmers Gspl-5142 and nGsp2-5160 in conjunction with API and AP2 
respectively. The primers were designed fiom the sequence fianking CDF-2, which was 
obtained in Walk 2. Prirnary and secondary (nested) PCR was performed using rTth XL 
perkin-Elmer/Applied Biosystems) and the cycling parameters previously described. 
Products were only visible after nested PCR was performed. The process fkom creating 
the libraries to performing the amplification of the libraries was tested using human 
genomic DNA included in the kit, which was then digested with Dra& adaptor-ligated 
and amplified using prirners PCPl/APl and nPCPZ/AP2 provided in the kit (+ve ctrl). 
The negative control (-ve ctrl) to rule out products derived fiom contamination consisted 
of performing the pnmary and secondary PCR with GSP/AP primers only in the absence 
of DNA The kit also included a pre-made human library, which was amplified using 
PCPl/APl and PCP2/AP2 to ensure that the enzyme was active and cycling conditions 
were appropnate. Similarly, PCR was performed on the human primers alone (in the 
absence of DNA) to ensure that no contamination existed. These Iast two controls were 
labelled "kit controls". The PCR products fiom the Dra& EcoRV, and the &II Iibraries 
were cloned directly nom PCR mix into pCR2.1 TOPO. Panel B shows isolated plasmid 
clones (digested with Eco= to release the insert) fiom each of amplifications (DraI: 2.1 
kb, EcoRV-1: 0.4 kb, EcoRV-2: 0.8 kb, PvuII: 2.1 kb), which were sequenced. PCR 
products (5p.L) and cloned products were andysed on 1.5% agarose gels. Molecular 
weights are indicated by a 1 kb Ladder (Ml)(Gibco-BKLJ 100 bp Ladder 
(M2)(Amersham Pharmacia Biotech). 
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using Gsp 1- 163hGsp2-89 and Gsp 1-3 876hGspZ-3 889 respectively. Each walk 

identified new sequence fiom which the primers for the next walk were designed. The 

walkïng progressed using the following primers: Gsp 1-20 lhGsp2-73 (wak 3); Gsp 1 - 

5 l4Z/nGsp2-5 160 (wallc 4); Gsp 1-7224 /nGsp2-7284 (walk 5). A mrip of the contiguous 

sequence, position of primers, and sequential arrangement of the amplicons f?om each 

w a k  are shown in Figure 9. 

Al1 new sequence data, which extended 883 bp upstream and 3645 bp 

downstream of CDF-2, was obtained using this genome w&ng technique. Several 

clones per walk were sequenced in their entirety so that when the clones were arranged 

contiguously, both the sense and antisense strands of the entire contig were sequenced in 

at least triplkate. 

Interestingly, when piecing the amplicons together into a contiguous sequence, it 

was discovered that several clones did not contain the expected restriction sites (EcoRV, 

PvuIi, StuF and ScaI used to construct the libraries) at their ends, nor were the restriction 

sites present when the complete sequence of the contig was determined Figure 9). Of the 

five original Iibraries donated by Mr. Dino Petnn, only the library prepared by digestion 

with Dra& a fkequent cutter, produced amplicons with Dra1 sites on the? ends. It was 

also noted that there were two diEerent, but true, binding sites for primer 73C, and that 

there were three repeats of approximately 450 bp present within the sequence (Figure 9). 

Together, these data then raised the questions about the integrity of the DNA used to 

produce the original libraries and whether the amplicons were t d y  contiguous. 

The contiguity of the sequence was indeed c o h e d  by comparing the predicted 

restriction sites fiom the sequence with the restriction map obtained fiom the Southems. 



Figure 9: Genome Walking Map 

This map shows the sequential steps made by RAGE and the construction of the 8.25 bp 
contiguous sequence. The step-wise progression of acquiring new sequence was initiated 
fkom CDF-2, walking 5' upstream and 3' downstream of the known sequence using Gsp 1- 
163 ChGsp2-89C and Gspl-3876fnGsp2-3889 respectively. As new sequence was 
characterised, the process was repeated (genome walking), until adequate sequence was 
obtained, using the following primers: Walk 3 Gspl-201C/nGsp2-73C. Walk 4 Gsp 1- 
5 142/nGsp2-5 160. Walk Gsp 1-7224 /nGsp2-7284. The six restriction-fiagrnented 
genomic DNA libaries are colour coded to indicate fiom which libraries the clones were 
obtained. PwII @), Dra1 p), and EcoRI @) sites are indicated. There are no EcoRV or 
S t d ,  or ScnI sites in the contiguous sequence. The open reading fiame (ORF) was 
amplined end to end using primers 868 and 7454C. The start codons at positions 877 and 
979 as well as the stop codon at position 7330 of the ORF are indicated on the map, as 
well as  positions of the 450 bp repeated elements. 





Unfortunately, the distal 5' EcoRI and Tu# sites, as well as the distal 3' RFaI and Pst1 

sites of the restriction map (Figure 7, Panel D) could not be confirmed because they 

extended beyond the known sequence. The sequence was proved to be contiguous by 

end to end amplification of the entire ORF with ORF-868/ORF-7451C (Figure IO), 

which was then cioned into pCR2.1 CpORF). A series of restriction digests of pORF with 

AccI, As& BcA, BspDI, BstBI, BdXI, DraI, Hincll, PstI, Pq1406I, and Sv1 fbrther 

c o h e d  the predicted pattern of restriction sites within the sequence. Because BcA and 

&JI were blocked by methylation of the recombinant plasmid, these restriction sites were 

confirmed by digestion of the uncloned PCR product (data not shown). 

It is suspected that the DNA used for the construction of the first five DG libraries 

was of poor quality, and perhaps nicked, damaged, or broken before the adaptors were 

ligated. When the EcoRI, EcoRV, Pvu4 and SruI libraries were prepared using eesh T. 

vaginalis 202 high molecular weight genomic D m  and the walks repeated with the new 

Iibraries, only the EcoRI library yielded amplicons that had EcoRI restriction sites in the 

expected locations (Figure 9). For the other three Iibraries, either no products, or only 

barely visible high molecular weight products, were amplified (data not shown). The 

dserence between the amplification patterns of the fkeshly prepared libraries versus the 

original libraries is striking. The observation that, of the original libraries, only the 

fiequent cutter, DraI, produced a library fiorn which amplified fiagments texminate with 

Dru1 sites is significant as well. Together, these data suggest that EcoRV, Pm11 and StuI 

restriction fiagments containing CDF-2 were too large to be amplified (the limit of the kit 

is about 6.5 kb) and that amplification of short, nicked DNA was favoured in the original 

libraries. Despite the fact that the original libraries were not ideal for RAGE PC& the 



Figure 10: PCR Amplification of the CDF-ORF 

The 6.6 kb ORF was amplifiecl fiom T. vaginalis 202 high molecular weight genomic 
DNA by long range PCR using primers ORF-868 and ORF-745 1C which are situated just 
upstream and downstream of the presumed start codon and the polyadenylation site 
respectively. The PCR products (5 j L )  were visudised on a 0.8% agarose gel. 
Molecular weights are indicated by the Lambda DNA (A-) digested with Hindm marker 
(M) (Gibw/BRL). 



M ORF 



sequence obtained fkom them seems consistent, contiguous, and reliable. This is 

supported by the faa  that amplification of the EcoRI library yielded expected sized 

products with EcoRI sites at the expected locations, and yielded contiguous sequence. 

RACE PCR 

To identZy the 5' untranslated region and the 3' polyadenylation site, 5' and 3' 

Rapid Amplification of cDNA ends WCE) was performed (Figure 11). 5' RACE PCR, 

which was originally initiated at position 163C and 89C (of CDF-2), produced amplicons 

of expected size (90 bp) fkom libraries prepared fiom T. vagina2li.s DG total RNA (data 

not shown). A second experiment, using primers initiated at 1458C and nested at 1433C, 

also produced amplicons of expected size (0.5 kb) in the cDNA libraries prepared fiom T. 

va@naIis DG total RNA and T. va@mIis 202 total and polyA' RNA. The products fiom 

both experiments were cloned for sequencing. Two of three clones ended exactly at the 

CDF-2 5' terminus (position 884), while the third added two bases (CT) upstream of the 

end of the CDF-2 clone Figure 12, Panel A). 

The 3' RACE PCR which was initiated at position 5862 and nested at 5880, 

produced a 1.5 kb arnplicon in the cDNA libraries prepared fiom T. vasnalis 202 total 

and p o l y ~ f  RNA (Figure 1 1). The latter was cloned for sequencing. Three of the 3' 

RACE PCR clones contained a poly~' tract begiming at position 7364. Two other 

clones fiom the 3' RACE PCR were identical to the other clones (and the sequence 

obtained f?om RAGE) fiom positions 5880 to 7 174 (clone 3-6) and 5880 to 72 1 5 (clone 

3-7) (Figure 12, Panel A). Clone 3-6 then included 50 bp of unknown sequence, while 

clone 3-7 then included 240 bp of sequence that appeared to be nom a non-contiguous 

region 6540-6780. The positions at which clones 3-6 and 3-7 become diEerent fkom the 



Figure 11: RACE PCR Products 

Panel A shows prirnary 5' and 3' RACE PCR products amplified using respective primers 
GSP 1 -1458C/RACE-A. 1 and GSP 1-5862AUCE-AP 1 fkom cDNA generated £tom T. 
vag"ra2is DG p o l y ~ +  RNA and T. vaginalis 202 polyA+ RNA and total RNA The sizes 
of the 5' and 3' products are expected to be 580 bp and 1470 bp respectively, based on the 
distances of the pnmers fiom the start and stop codons. The Marathon system also 
included Human poly~+RNA fkom which cDNA was prepared and amplified in parallel 
with the T. vaSnaZis cDNA to ensure that al1 steps of the kit were firnctioning. This 
human cDNA was used for 5' M C E  using TRFS'IRACE-GSP1, 3' RACE using 
TRF3'IRACE-GSPl and an end to end intemal amplification using TRFS1/TRF3'. Panel 
B shows the secondary (nested) 5' and 3' RACE PCR of the T. vaginalis cDNA1s using 
nested gene specifk and adaptor pnmers nGSP2-1433C/AP2 and nGSP2-5880/AP2 
respectively. The expected sizes of the 5' and 3' nested products are expected to be 556 
bp and 1450 bp respectively, based on the distances of the primers fiom the start and stop 
codons. RACE PCR products ( 5 a )  were analysed on a 1.2 agarose gel. Molecular 
weights are indicated by îi Hindlm Marker (Giboc-BRL) and the Ladder Mix (MBI 
Fermentas), incorporaîing 100 bp and 1 kb ladders. 
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Fipre 12: Characterisation of the RACE PCR clones and 5' and 3' untranslated 
regions. 

Three 5' RACE PCR amplicons were characterised (Panel A) fkom two different RACE 
PCR experiments- Two clones ended at position 884 (end of CDF-2), while a third added 
bases CT at position 882 (Panel B)- Al1 three clones were of expected size (90 bp and 550 
bp). Five 3' RACE PCR amplicons were characterised (Panel A). All three of the clones 
were of the 1.5 kb expected size. Three of the five clones had poly~'  tails at the 3' ends. 
Two other clones were identical to the first three (and the sequence obtained Erom 
RAGE) fkom positions 5880 to 7174 (clone 3-6) and 5880 to 721 5 (clone 3-7). Clone 3-6 
then included 50 bp of unknown sequence (square dots), while clone 3-7 then included 
240 bp of sequence that appeared to be fiom a non-contiguous region 6540-6780 (round 
dots) (Panel A). There are two possible start sites (ATG) for the ORF at positions 877 
and 979 (Panel B). The untranslated region is unlikely to extend past position 802 due to 
the presence of stop codons in al1 three reading fiames (boxed). Possible T. va@naZis 
promotor sequences @R) TCCAT AND TCAAT are not within the usual 15-20 base 
pairs upstream of the start codon (Panel B). The presence of possible TATA-like boxes 
near the start codon at position 877 are underlined. The stop codon is fomd at position 
7330 (TAA) (Panel C). The 3' untranslated region is 31 bases long. A p o l y ~ C  tail is 
found at position 7364, and a putative destabilising element is found fkcm 7354-7363 
(underline), flanking the 5' end of the p o l y ~ +  tail. 



A RACE PCR Primers and Clones 

5 *  cDNA clones - 3' cDNA clones 

B 5' Untranslated Regions 

890 CCG 
P r o  

944 GGG 

G ~ Y  

A M I  
LYS 

TTC 
Phe 

AGA TTT TGT AAA AAA AAA CTT AGG ATG GAC TCT CAG GCA 

CGA AGA ATA 
Arg k g  I l e  

AAT CCA GAT 
Asn Pro Asp 

M e t  Asp Ser Gln Ala 

CAT TTG TTT CGT CAG AAA CAA AAC ATA GAT 
His L e u  Phe Arg Gln Lys Gln Asn Ile Asp 

CCC TTC AAG ATA CCG CCA GAC ATG GCG . . . 
Pro Phe Lys Ile Pro Pro Asp M e t  Aïa . . , 

GCG 
ALa 

TGG 

T rp 

C 3' Untranslated Region 

7321 ... TTA AAG AAA TAA AGT AAA GAG TTT TTT ATA TTA TTA TTT TAA 

. - .  Leu L y s  Lys End T 

7366 AAA AAA AAA AAA AAA AAA AAA AAA AAA 



three other ciones (7174 and 7225 respectively) reflect the end of the Iast repeat in the 

open reading fiame Figure 9). Neither 3-6 or 3-7 containeci the stop codon at position 

7330 nor ciid they have a poly~'  tract (Figure 12, Panel A). The data suggest that therce is 

a polyadenylation site at position 7364. It is uncertain whether 3-6 and 3-7 are products 

of artifacî, or whether they represent true 3' RACE products that reflect alternative 

processing or termination The high Afï content, and long stretches of adenine residues 

is believed to account for false binding of the oligo d(T) primers dunng cDNA synthesis, 

resulting in the partial CDF-2 clone described by (Meysick, 1996). 

Primer Extension Analysis 

To detennine whether the ATG at position 877, the ATG at position 979, or some 

other ATG is the tnie start codon, and to elucidate the exact 5' end of the transcnipt, 

including its untranslated region, Primer Extension Andysis was performed. Dessite 

several attempts using different annealing temperatures, different annealing buffers, .and 

even redesigned primers, Primer Extension Analysis failed to identiQ the 5' end o f  the 

transcript and thus the tme 5' untranslated region. 

Sequence Analysis 

Using standard T7, Ml3 Reverse, SP6, and synthetic oligonucleotide primms, 

pCDF-2 and the cloned amplicons were sequenced by automated AB1 Bi-ye 

Terminator Cycle Sequencing (Applied Biosystems). These pnmers included: pCDE-2: 

T7, 675, f 246, 2169, 2192C, SP6 pORF: Ml3 Reverse, T7, 3039, 3876, 5242, 5S41, 

720 1 C, 3'RACE Ml3  Reverse, T7, 73C Al1 other clones, T7 and Ml 3 reverse, . and 

where required 450 1, 584 1, and 720 1C. Automated Sequencing typically yielded T O O -  



900 bp per reaction (Appendix A). The complete mcleotide sequence is presented in 

Appendix B and is published under Genbank Accession Nurnber AF257323. 

Sequence analysis revealed a potential translationai start codon at position 877, in 

addition to a second, in fiame, potential start codon at position 979 (Figure 12, Panel B). 

Sequence analysis of the region upstream of position 877 indicates that there are no other 

possible translational start sites in the +l reading f h n e  which would maintain an open 

reading fkame (a methionine exists at position 694, but it is followed by several stop 

sites). Further, the presence of a stop codon in the +1 reading frame at position 802 (and 

other similar stop codons in the other two reading Erames), suggest that the coding region 

could not begin any hrther upstream (Figure 12, Panel B). It is uncertain which of the 

two methionines is the true tandational start site, W l e  neither of the ATG start sites are 

surrounded by the strict Kozak sequence (GCC)GCCRCCATGG (Kozak, 1987), both 

start sites are surrounded by acceptable eucaryotic Kozak sequences as defined by Lackie 

and Dow (1999) (RNNMTGG). This data indicates that either of the start sites are Iikely 

to be fùnctional, although the Kozak sequence associated with the start codon at position 

979 fits the consensus sequence better, and may therefore be better finctioniiig. On the 

other hand, because K vasnalis genes are hown for their unusually short 5' UTR's, the 

location of the 52TTR may have provided enough information to i den te  the correct start 

codon. Primer extension analysis would have been usefûl in this regard. 

Because primer extension was not successfû~ it is was not possible to determine 

the end of the transcript or the 5' untranslated region. 5' RACE PCR suggests that the 

transcript begins at least 2 nucleotides upstream of the CDF-2 clone (position 882). Most 

T. vaginalis genes identified to date have demons~ated a short 5' UTR which includes the 



13 bp transcription initiation (INR) promotor consensus sequence 

(IGAdEWYWMWh.IITW) typically located 6 to 20 nucleotides upstream fkom the 

translational siart codon (Liston & Johnson, 1999; Liston & Johnson, 1998). The 

underlined portion is a highly conserved region surrounding the transcriptional start site; 

this TCA or 'ITCA motif has been reported to also fùnction as a ribosome binding 

domain (Musatovova & Alderete, 1998). Following the format of moa  published T. 

~a~r t~2 i . s  genes, it is expected that the transcript will end within 20 or so base pairs 

upstream fiom the ATG, and that the untranslated region will contain the INR consensus 

sequence. A search near both start codons for the T. vaginalis INR revealed TTCA 

motifs about 30 bp upstrearn fiom the ATG at position 979, and about 60 bp upstrearn of 

the ATG at position 877 (Figure 12, panel B). However, the 10 bp downstream fiom 

either motif did not conform to the published consensus sequence. It is possible that 

these sequences are nevertheless INR promotors since other genes have not conformed 

weli to the published consensus sequence (Bagnara ef al., 1996). While TATA-Iike 

boxes are not usual in I: vaginalis; some T. vaginalis genes have been identified which 

have Mi' rich regions, described as TATA-like, at the -30 position, which enhance 

promotor activity Giston & Johnson, 1999). The AIT nch sequences starting near 

positions 8 15 and 856 may have such a fûnction (Figure 12, Panel B). 

The ORF extends fiom position 877 to a stop codon at position 7330. Following 

this stop codon, there exist many stop codons in a11 three &ames. Through 3' RACE, the 

polyadenylation site was found at position 7364 (J?igure 12, Panel C). No polyadenylation 

signal, A A U U  (Proudfoot & Brownlee, 1976) was identified in the 3- however, 

a destabilising element similar to those described by Musatovovoa and Alderete (1998) 



was identified at the 3' end of the 3- These destabilising elements have the sequence 

UIJAUiLTUAUU and are believed to cause the mRNA to have a short half-life by causing 

rapid de-adenylation (Zubiaga et id, 1995). It is unclear whether this destabilising 

element plays any role in the fùnction of this transcrïpt. 

Nucleotide and codon usage patterns were mdysed and compared with the 

observations of Meade et al. (1997) who analysed the gDNA and cDNA usage patterns 

for 29 T. vasnalis protein coding sequences. Like other T. vagidis genes, there was a 

very strong MC' bias in the 3' UTR (90%). There was a very strong Mi' bias obsenred in 

the regions upstream of position 877 (77%), but not in the region upstream of position 

979 (50%). However, the A/T content of the coding region was found to be much higher 

(66%) than the average 51% previously reported. Wang & Wang (1985) reported that T. 

~ a ~ 1 ~ 1 2 i . s  has an AIT rich genome. Codon usage in this gene, as reported Meade et al. 

(1997) for T. va@ùtaÏ.s sequences, was biased toward purine bases in the first position 

(57%) and A/T bases in the second position (62%). This gene, unlike the report by 

Meade et al. (1997), was not biased toward pyrimidine bases in the third position. This 

was mainly due to the high A/T content of the sequence. Meade et al. (1997) reported 

four amino acids in particular (Gly, Leu, Val, and Ser) to show a very strong bias towards 

pyrimidines in the third position. The sequence characterïsed here, however, showed a 

strong bias toward A/T in the third position (ranging f?om 77-92%) for these amino acids; 

the A was fkequently presented instead of the C .  Of arnino acids utilising only 

pyrimidine bases in the third position, the bias for C>T was observed only for Tyr, and 

Phe, not for Asn, His, or Cys. Similar to the report of Meade et al. (1997), there was a 

strong bias (74%) for T X  for Asp. For amino acids containing third position purine 



bases only, A was favoured (79-82%); Meade et al. (1997) had reported a G bias for Gln 

and Lys. Meade et al. (1997) also observed a strong bias toward TAA stop codons-the 

stop codon for this gene is TAA Thus, codon usage was similar to that described by 

Meade et aL (1997), but skewed towards codons incorporating T and due to the A/T 

richness of the gene. 

When used in a non-redundant database search (Altschul et al., I99O) (Genbanlg 

EMBL, DDBJ, and PDB), the fi111 8.25 kb sequence showed no homology to other 

nucleic acids. However, when the translated ORF was used in a non-redundant database 

search (Altschul et al, 1997) (Genbank coding sequence translations, PDB, SwissProt, 

Spupdate and Pm), several peptide sequences were found to have significant probability 

scores. The most signincant peptides included Caenorhabditis elegans UNC-89 (Eienian 

et al, 1996) (probability e-17), Saccharomyces cerevisiae nuclear pore protein Nsplp 

(Galibert et al., 1996) (probability é17) and nucleoskeletal-like protein (probability e-16) 

(Hurt, 1988), and human zonadhesion (Glockner et al., 1998) (probability èL6). \Khile the 

similarity scores seemed high at first, a more detailed look at the alignments revealed that 

the matches resulted fiom repeated sequences. A BLASTp search of the non-redundant 

databases with the EEKPKL repeat revealed no homology with any known peptide 

sequences. The matches were therefore dismissed as not significant. 

The predicted protein contains 2151 arnino acid residues, and has a calculated 

molecular weight of 232 kDa (Figure 13). The hexapeptide sequence, EEKPKL, is 

repeated 42 times in the polypeptide (Figure 13). In addition to the 37 EEKPKL repeats 

in the CDF-2 clone previously described (Meysick, 1996), one other was found within 

the CDF-2 sequence, and an additional 4 were found in the sequence downstream. 



Figure 13: Amino Acid Sequence of the Translated ORF 

The polypeptide consists of 2151 residues, producing a molecule of 232 ma. There are 
42 EEKPKL re eats (double underlined) which are found in two major motifs 
E E H ~ K L G ~ L N L { K ~ ~ P ~  or EEKPKLQLGGIKL (single underlïne). The polypeptide 
also has two tandem repeats of 103 arnino acids between residues 440 and 623 (yellow 
and green highiight respectively) and a simiIar truncated repat  of 84 amino acids at 
residues 1022 to 1 105 (green highlight). Further, there are 3 tandem repeats of 158-162 
amino acids located between residues 1458 and 21 14 (Mue highlights). The putative 
mitochondrial pre-sequence FRQKQ is located at position 14- 1 8 (boldhoxed). The 
inside-outside trammembrane helk is located at position 1642-1660 (boxed). Areas of 
sequence variability between isolates DG and 202 are indicated in red letters. This 
sequence is published under Genbank accession number AF257323. 



1 MDSQAAPKRR I--#I DWGE'NPDPFK I P P D M A D C W  TRNPVLSVLQ NQQRQITNEP 

61 Y I P K Q E T P A P  LNAÇVSQNQQ L T I N N S A S N I  AVQQKSEQPA GQDNKLSTIG QFPSIENKDA 

121 NNQTAPTISL SLKNPLKPAD NLLAKSGQEN ENKAESNTDS KPKLTAMNNQ FSLKPSTPNS 

1 8  1 EAKPAIGGNG LGLGMKLSSS K P L S N I S E X A  QDKPATGGLS L K L P S S K P L S  NIQAASEEKS 

241  QPSTGLKLGM KLPSNQASEE KPKLGLNLPK S P S N S T E E K P  KLGLNLGKSP STEEKPKLQL 

301  G G I K I G Q T P S  NSTEEKPKLG L N L P K S P S T E  EKPKLSLNLG KSPSTEEKPK LSLNLGKSPS 

361 NQSTEEKPKL GLNLPKSPSS QTSEEKPKLS LNLGKSPSNQ STEEKPKLQL GGIKLGQTQS 

4 2 1  NQKSEEKPKL SLNLGKSSTE EKPKLSLNLG KSPSNQSTEE KPKLGFNLEK APSNQTEEKO 

4 8 1 mGTGGISLN LGNKPQSEEK PKLSLGGIKL AQSPSNSN-: 

6 0 1  ~ L Q L G G I K L N  LGNKPQTETQ TEEKPKLQLG GIKLGQSPSN 

661 STEEKPKLQL GGIKLNLGSK PQTEEKPKLQ LGGIKLGTGG ISLNLGNKPQ SEEKPKLQLG 

7 2 1  GIKLGNSQPN Q P L E K P K S G I  NLNLGKSQPS SEEKPKLGLN LGKSPSNSTE EKPKLGTGGI 

781  - SLNLGNKPQT EEKPKLSLNL PKSPSNQNQS TEEKPKLQLG GLKLNLGNKP QTETQTEEKP 

8 4 1  KJQLGGIKLN LGSKSQTEEK PKFQLGGIKL G Q S P S N S T E E  KPKLSLGGIK L A Q S P S N E K  - 

901  E S P N L P K S  PSNQQTEEKP KGQLGGLKLN LGSKSQTEEK PKLSEGGIKL GNVSSSQTSD 

961  EKPKLGLGGI SLNFGNKQQT EEKPKLSSSQ NVEKPTLGLG GITLGQQTSE ENKPKLGLNL 

1021 

1 0 8 1  ~ L Q S D  EKPKFSLGGM KLGKVPSNES QEPPKETLNI  

1141 PKLPSNQAEQ NDGKPKLGLG GISLNLSQKK EENEEKPKLG I A P K P I Q S N Q  NKIEEKPKVT 

1201 NSVTKTEEKA ISAPGVKLDL KLPKKGFGLM RQPSKSLEVS NDSEQQNLSS FGQIHVTLPE 

1261 KKEENQPLSS FGQIHVTLPE KTQKKEENQP LSSFGQIHVT LPQKGQNEKV TEQKVTDEKS 

1321 L S S F G Q I H V T  IPEKLANKOE E K P L S T F E Q I  HVSIPEKTQK Q E E K I S S F G Q  I H V S I P E K L Q  

1381 KQEEKTSSFG Q I H V T I P E K L  QKQEGKSVID K L P E K T Q E L I  KNMPSEINVK IPEQVHSQQS 

1 4 4 1  NPLVPLGVSL NDVAKS 

1501 

1561 

1621 WLNLNNKTP LSNAPKPIAL S~LSNDGKKPS LAGLNISKGS ISLAÇVSINAL DKSGDDVPKZ. 

1 6 8 1  ALSIDKLRKE P P P P P T P P A V  TKPALATEKE I R E S S I A D V T  P L A M I T K I N S  AKKPDFSALK 

1 7 4 1  PNLGNKQQSS S S N E  

1 8 0 1  

1861 SNK 

1921 GQVQGALTIK P I P L S K G D K P  KADFQSLKLG KSLS,< 



The polypeptide also has two tandem repeats of 103 arnino acids between residues 440 

and 623 and a similar but tnuicated repeat of 84 amino acids at residues 1022 to 1105. 

Further, there are 3 tandem repeats of 158-162 amino acids located between residues 

1458 and 21 14 (Figure 13). 

No signal peptides, which would direct the protein to the endoplasmic reticulum, 

could be identified using either the SignalP (Neilson et al., 1887) program or the methods 

of McGeoch (1985) and VonHeijne (1986) using the PSORT (Nakai & Kanehisa, 1992) 

program PSORT, however, did ident* a putative mitochondrial pre-sequence by the 

method of Gave1 and VonHeijne (1990) at position 14-1 8 (FRQKQ) (Figure 13), and 9 

vacuolar targeting sequences (KLP/K/N/I> ftom positions 1221 to 2033. While T. 

vaginalis is a mitochondriate, the presence of mitochondrial pre-sequences has also been 

noted by Lahti et al., (1992) and Bradley et al. (1997) in several hydrogenosomal enzyme 

sequences. These sequences are believed to direct the protein to the hydrogensome. It is 

not known whether this element has any fûnction in the CDF-2 ORF. PROSITE (Bairoch 

et al., 1997) identified 37 N-glycosylation sites and 77 phosphorylation sites (1 

cAMP/cGMP dependent protein kinase phosphorylation site, 26 protein kinase C 

phosphorylation sites, 50 casein kinase II phosphorylation sites). While TMPred 

(EiofÎnann & Stoffel, 1993) identified one inside to outside transmembrane helix at 

position 1642-1660 (Figure 13), the protein was not predicted to be a transmembrane 

protein. SOUSI (Kirokawa et aL, 1998) calculated an average hydrophobicity of -0.976 

with no hydrophobie regions, and thus predicted the protein to be soluble. These results 

suggest that the protein is post-translationally processed, that it is transported through the 

Golgi apparatus, and that it is a soluble protein rather than a surface protein. Whether the 



protein is located intracellularly in the hydrogenosome or vacuole, or whether it is 

secreted extracellularly is unknown. This analysis does not predict the fùnction of the 

protein While the closest homologues were structural in nature, the rnitochondrial pre- 

sequence suggests that it rnay finction within the hydrogenosome; on the other hand, the 

vacuolar targeting sequences may suggest the protein may fùnction as lytic enzyme 

carrïed in the vacuoles. 

To determine whether the identified sequence could produce a polypeptide that 

could be recognised by rabbit antisemrn prepared against a purified preparation of CDF, 

the ORF was transcribed and translated zn vitro. The &Il-length ORF, which was cloned 

into pCR2.1 (pORF), was transcribed in vitro using the T7 RNA polymerase initiation 

site on the vector (Figure 14). The RNA was then translated in vitro using rabbit 

reticulocyte lysate in the presence of 3 S ~  methionine. The protein species were separated 

by SDS-PAGE, transferred by electroblotting ont0 a nitrocelhlose membrane, and 

immunoblotted with rabbit anti-serurn raised against a purified preparation of CDF. 

Western blot identified an immunoIogically reactive protein at approximately 200 Da, 

but similar bands appeared in the negative controls (data not shown). Despite attempts to 

increase the amount of product by increasing both the in vitro transcript in the in vib-O 

translation reaction and the protein load in the gel, the results were ambiguous. Inability 

to clearly detect the in vitro translated products by immunoblot with the anti-CDF serum 

was likely related to inadequate amounts of protein in the gels required for such 

detection. For this reason, geIs were overloaded purposefblly, in order to increase the 

Iikelihood of detection by both Western Blot and autoradiograph. 



Fipre 14: In vitro transcription of CDF-ORF 

CDF-ORF, which was cloned into pCR2.1 TOPO, was transaibed in vitro £kom the 
linearised plasmid using T7 RNA polymerase (Promega). Prior to transcription, the 10.5 
kb recombinant plasmid was 1inea.rised with BamHI which cut the plasmid in the multiple 
cloning region of the vector, 59 bp downstream of the end of the insert. The in viho 
products are visualised on a 0.8% non-denaturing agarose gel. Both the 10.5 kb 
linearised plasmid and the approximately 6.5 kb in vitro transcript are visible fiom 2.5 pL 
of the in vitro transcription mix which was electrophoresed on a 0.7% agarose gel. 
Molecular weights are indicated by the h Hindm rnarker @4) (GibcoLôRL). 
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To increase the specificity and sensitivity, immunoprecipitation with rabbit anti- 

semm was perforrned after translation. NuIl in vitro translation mix irnmunoprecipitated 

with immune rabbit anti-senun, and test hz Mtro translation mix imrnunoprecipitated with 

pre-immune rabbit serum served as negative controls. The immunoprecipitated products 

were separated on an SDS-PAGE gel, which were d k d  and exposed to X-ray film. 

While several radiolabelled in vitro translation products (>200, 165, 150, 13 0, 1 18,8O, 47 

kDa) were identified (Figure 15, Panel A), only two polypeptides o f  approximately 205 

and 220 B a  reacted strongly to rabbit antiserum raised against CDF (Figure 15, Panel 

B). It is not possible to determine at this point whether there are two true products, 

representing polypeptides initiated at different sites, or whether the smaller product is due 

to incomplete transcription, or whether they are different proteins. The first is udikely, 

however, since the two possible initiation codons are 100 bp apart, which would translate 

to a difference of 3.4 kDa, much srnaller than the 15 kDa observed. Why the many 

species of in vitro translated products present in 15A (which supposedly represent the 

CDF-2 ORE in vitro transcript) couid not be immunoprecipitated remains unexplained. 

However, both pre-mature termination and initiation of translation at multiple start 

codons may explain why so many products are observed in the in vitro translation mix 

before immunoprecipitation. 



Figure 15: In vitro translated products and Immunoprecipitation 

The CDF in vitro traoscript was translated in vitro in the presence of 3S~-methionine in a 
rabbit reticulocyte lysate system promega) with varying magnesium concentrations to 
optimise conditions. The proteins in 30 p L  (2/3) of the in vitro translation &es were 
then separated on a 7.5% SDS-PAGE gel and exposed to film. The gel was overloaded 
intentionally in order to increase the likelihood of detecting the M vitro translated 
products. Several in vitro translated products were identified, including bands at 200, 
165, 150, 130, 118, 80,47 kDa (Panel A). No radiolabelled proteins were identified in the 
negative control (-ve) (k vitro translation rnix with no in transcrïpt added). A 61 kDa 
Luciferase translation producf dong with several smaller products was found in the 
positive control (LUC). When the CDF in vitro translation mix was immunoprecipitated 
with CDF-immune rabbit sera, separated on a 5% SDS-PAGE gel, and again exposed to 
film, only two products at 220 kDa and 205 kDa could be seen (Panel B)- Based on the 
size of the ORF, the in vitro translation product is expected to be 230 kDa No products 
were imrnunoprecipitated by pre-immune rabbit serum fforn the CDF translation rnix nor 
were any products immunoprecipitated by CDF-immune rabbit serum fiom a nul1 in vitro 
translation mix. The positions of the High Range Protein Standards (205, 121, 74, 47 
D a )  @IO-RAD) are shown. 





CHAPTER 4: DISCUSSION AND CONCLUSIONS 

DISCUSSION 

The goal of this project was to determine whether the CDF-2 cDNA clone, 

previously identified by immunoscreen of a cDNA expression iibrary with rabbit anti- 

serurn raised against CDF, was a candidate gene for CDF. In order to answer this 

question, the sequences flanking CDF-2 were identified and charactensed. This was to 

have been done by screening an EMBL3 genomic DNA iibrary. In actual f a a  several 

approaches, including screening a genomic DNA library, performing inverse PCK and 

finally walking dong the genome fkom CDF-2 using RAGE PCR, were atîernpted before 

the sequence codd be obtained. Once the cornpiete open reading fiame, including the 

translational stop codon, polyadenylation site, and potential start sites were identified, the 

next step was to detennine whether the characterised gene could encode a polypeptide 

with properties consistent with CDF. In vitro transcription and translation experirnents 

were performed to help answer thÏs question- 

The identification of sequences flanking CDF-2 was harnpered by a variety of 

problems. Undoubtedly, the repeated elements present in CDF-2 and its flanking regions 

turned out to be the most significant problem. 

The repetitive sequences were likely responsible for hybridisation of the CDF-2 

probe with "negative" clones during the initial screening of the genomic DNA library. 

Other explanations that could account for the inconsistency of the screenings using the 

CDF-2U probe include inadequate wash stringency and autoradiographic overexposure 

(to increase sensitivity). Further, while many more clones were screened than were 



statistidly required (Seed et al., 1982) (the equivalent of over 28 genomes were 

screened), it is possioie that the library did not adequately represent the T. vagmaüs 

genomic D N A  sequences. The original library was constructed using 17-23 kb fkgments 

of an Md partial digest of high molecuiar weight T. vagi"Iis genomic DNA. The 

characterised sequence contains, as expected, many Mo1 sites. The possibility remains 

that the DNA may have been overdigested, and that fiagments containing CDF-2 

sequences were excluded fiom the Iibrary in 6actions containing smaller DNA 

fiagments . 

The repetitive nature of the T. vaginaIis genome was also likely responsible for 

the failure of the inverse PCR experiments. Aithough the primers for inverse PCR were 

designed according to established guidelines (Loffert et aL, 1997), experience of later 

PCR techniques would prove that non-specific primer binding, as well as the existence of 

more than one potential primer binding site due to large repeated elements, were senous 

complicating factors for many PCR experiments involving i? v a ~ i s  genomic DNA. 

The outcome of the inverse PCR experiments may have been improved by redesigning 

the primers to have higher melting temperatures, increasing the annealing temperature, 

including initial touchdown cycling, and performing secondary PCR reactions with 

nested primers. 

Despite the dficulties arising in the first two approaches for obtaining the 

sequence that flanks CDF-2, this task was accomplished by walking along the genome 

through RAGE PCR This technique was challenging, however. Primer design was 

extremeiy complicated due to the repetitive sequences, and the high A/T content of the 

sequence made design of  primers with T&70°C difficult. The existence of more than 



one true primer-binding site for primer 73C within the long repeats made results difficult 

to interpret- While the DNA in the original libraries may have contained single or double 

stranded breaks* the sequence obtained by RAGE PCR was shown to be contiguous and 

reliable. Four sets of data support this statement. First, the restriction map of the contig is 

consistent with the restriction map deduced by Southem blotting- Second, the ORF 

sequence was amplified end-to-end, producing an amplicon of expected size, which was 

then cioned- Third, restriction digests of the recombinant ORF plasmid were consistent 

with the restriction sites identified in the contig sequence- Finally, the sequence of the 

ORF was later confïmed to be as expected by spot sequencing ofpORF. 

Ironically, even though fieshly prepared genomic DNA seems to be most 

appropriate for this technique, PCR perforrned on the fieshly prepared libraries created 

with the blunt-cutting enzymes provided in the kit (EcoRV, &II, and ShrI) did not yield 

any suitable amplicons for cloning. For this technique to perform optimally, tailoring the 

choice of restriction enzymes to the characteristics of the genome (and region of genome) 

of interest may work best. For example, 1 vaginais DNA is particularly A/T rich. The 

libraries that worked really well with the T. vaginaZis DNA were created with Dra& 

which has an MI' rich recognition site, and EcoRI, for which restriction cleavage sites 

had been well mapped out by Southern blotting. In spite of Clontech's recommendations 

to use only restriction enzymes producing blunt ends, the EcoRI library seemed to work 

rather well. Another restriction enzyme that would have worked well is RsaI based on 

the data fkom the Southern blotting. Other good choices would have been enzymes that 

have A/T rich recognition sequences. 

Two possible translational start codons were identified, as well as the translational 



stop codon, iden-ing a full-length ORE At this point, primer extension analysis was 

performed in hopes of establishing the location of the end of the transcnpt. The primer 

extension analysis was a key experiment in this regard- Based on the typical structure of 

the T, vasnalis 5' UTR (Liston & Johnson, 1999; Liston & Johnson, 1998), much 

information about the location of the INR, and the probable location of the mie start 

codon could have been obtained simply by the identification of the 5' UTR. 

Sequence analysis alone could not determine which translational start codon was 

the true start codon. The ATG at position 877 is the most 5' translationd start wdon that 

would maintain an open reading h e .  This, coupled with the presence of a stop codon 

at position 802 in the +l reading f i m e  (and others in the other two reading fiames) 

suggests that the coding region cannot extend past this point. While this analysis defines 

the 5' limit of the coding region, it does not define which of the two possible translational 

start codons is the actuai one- Because the X vagimIzs 5' UTR's are so shorf and the 

start codon is expected to be within 20 bp of the end of the transcnpt, 5' RACE data 

should hclp in this regard, since it should identiQ the end of the transcript. The 5' RACE 

PCR products, however, extend only to position 884, just 2 bp upstream of the 5' end of 

CDF-2, and just 7 bases downstream of the start codon at 877. When preparing the 

Marathon RACE cDNA libraries, 0-20 bp are removed fiom the cDNA ends dunng the 

blunt-end step with T4 DNA polymerase (Clontech Laboratories, 1999). This suggests a 

model where the ATG at position 877 is the true translational start codon, and the 5' UTR 

and start codon were nibbled by T4 DNA polymerase. Inability to obtain the 5'UTR and 

start codon via 5'RACE PCR has been experienced by other investigators of T.  vaginalis 

(J. Alderete, personal communication). Altematively, secondary structure exists at this 



location of the RNA molecule (possibly preventing cDNA extension) and may also 

explain why the CDF-2 cDNA molecules consistently end at that location. Because the 

ATG at position 877 is more proximal to the end of the vanscript (as determined by 

S'RACE), and because of the typical structure of T vasnalis 5'UTRts usually place the 

end of the transcript within 20 bases of the start codon, the end of the transcript is not 

likely to extend 100 bases upstream of the start site at position 979. 

While the 5' RACE PCR suggests that the ATG at position 877 may be the tme 

start codon, the more proximal location of potential I N R  promotors in the sequence in 

relation to ATG at position 979 point more toward this ATG as the true start codon- 

Furthermore, the more favourable Kozak consensus sequence dso points to the start 

codon at position 979 as the true translational start site. In vitro transcription/translation 

expenments, where the possible translational start sites are mutagenised one by one may 

help determine which ATG is the true start codon. 

Future work should include experiments that prove the location and fùnctionality 

of the potential INR promotor. Clearly, the primer extension analysis will need to be 

revisited in order to obtain more data about the 5' UTR- This will include redesigning the 

prirners for the experiment so they are closer to the ATG sites and so that they have lower 

Tm, so that lower annealing temperatures can be used. Multiple extensions, performed in 

a thermocycler (Hu ef al., 1998), could improve the number of copies of extension 

product, and could therefore increase the sensitivity of the technique, while increasing the 

melting temperature will ensure complete melting of the RNA, Another approach might 

be to use reverse transcriptase (RT) PCR using different sets of primer pairs (one which 

binds within 200-300 bp of the end of the cDNA and different primers which bind 



increasingly m e r  upstream) to determine how far upstream the sequence is transcribed. 

A third approach might be to perfom inverse RT-PCR on polyA' RNA that has been 

sel£-ligated into a circle, providing that the transcript is not 5' capped. While some 

authors have reported the absence of a 5' cap, Liston and Johnson (1999) have reported 

that T. vasnalis transcripts are capped. FinaIly, the SI nucIease mapping analysis used 

by Johnson et al. (1990) has been used successfirlly to obtain the 5' end of the transcrïpt. 

Whatever the method, care will have to be taken to ensure that the RNA has fist been 

completely melted to ensure that any secondaxy structure does not prevent extension. 

Once the end of the transcript has been Iocated, a more definite statement can be made 

about the location of the INR promotor and the tme start site. Promotor fùnction 

experiments for T. vaSmlis are described Kiston & Johnson, 1999) and involve ligating 

the promotor (and mutated promotor) onto reporter constructs, transfecting the plasmids 

into T. vagfmZis7 and studying the promotor activity of the normal vs. mutant reporter 

constructs. 

The 3' RACE PCR experiment was successfûl in determining the position of the 

po ly~ '  tail, 32 bp downstream nom the translational stop codon. These data are likely 

reliable, since 3 out of 5 clones were identical. Clones 3-6 and 3-7 (discussed in the 

Results), however, are not expected and are difncult to explain. Typically, sequence that 

is derived eom non-contiguous regions in genornic DNA but is found to be contiguous in 

cDNA is usuaily explained by splicing events during transcription. While T. vaginaEs 

was recently discavered to have a gene encoding spliceosomal component @re-mRNA 

processing 8 PRPS) (Fast & Doolittle, 1999), al1 genes characterised corn its genome 

(and al1 other parabasilid genomes) to date have been devoid of introns and trans-spliced 



5' muii-exons (Liston & Johnson, 1998). This does not exclude the possibility of splicing 

events, however, as it is unknown whether the lack of introns and mini-exons reflects an 

absolute absence of cis and tram splicing or whether it indicates that splicing is rare 

(Liston & Johnson, 1998). Other reasons usually offered to explain non-contiguous 

sequence include: that the gene is part of a multi-gene fh i ly ,  the open reading frame is 

polycistronic, or that there exists several polyadenylation sites. The first is more likely 

than the second, however, as T. vaginalis transcripts studied to date are known to be 

monocistronic, and members of rnulti-gene families do not usually reside within the same 

large (10-15 kb) genomic clone (Liston & Johnson, 1998). The third is unlikely, as the 

clones did not wntain poly~'  tails. The positions at which the clones end their 

homoIogy coincide with the ends or near the ends of long repeats. It is possible that the 

clones represent multiple alleles, as described for the variant-specific swface protein of 

Giardia Iantblia (Yang et aL, 1994). Most likely, however, is that clones 3-6 and 3-7 are 

products of artifact. RACE PCR is known to have many artifacts, particularly because of 

the many manipulations required in transforming p o l y ~ ~  RNA into cDNA The long 

length of the described transcript renders it even more susceptible to artifact. 

Several pieces of evidence suggest that the ORF associated with CDF-2 is a likely 

candidate gene for cell detaching factor. As discussed above, the sequence is contiguous. 

The size of the open reading fiame is consistent with the size of ce11 detaching factor, as 

is the sue of the transcnpt identified in the Northern BIot (al1 T. vaginaZis genes 

charactensed to date lack introns, thus the gene and the transcript are expected to be the 

sarne). The molecular weights of the largest in vitro translation products are consistent 

with the molecular weight of CDF. Finally, the in vitro translated products share sirnilar 



epitopes to CDF-that is îhey cm be immunoprecipÎtated by anti-semm raised against 

CDF- 

Ce11 Detaching Factor was approximated to be about 2200 kDa (Garber et aL, 

1989). Based on the molecular weight of CDF, and depending upon post-transcriptional 

modifications, processing and the degree of glycosylation, the transcrïpt was predicted to 

be up to 5.4 kb in size. The Northem blot identified a 6.5-7 kb transcript, which is 

consistent with the sequence analysis of the sequenced 6-5 kb open reading fiame. The 

molecular weight of the polypeptide sequence encoded by the open reading h e  was 

calculateci to be 232 kDa, and the molecular weights of the immunoprecipitated in vitm 

translation products were estirnated to be approximately 205 and 220 B a -  The 

molecular weights of both the encoded polypeptide sequence and the immunoprecipitated 

in vitro translated products are consistent with the approximated molecular weight of 

CDF. It is not known if the shorter of the two immunoprecipitated protein species 

represents a protein tnincated by premature termination during in vitro translation. It is 

unlikely that the two proteins were denved fkom different transcriptional initiation sites 

(at least for the two start codons described because the size difference between them is 

too big). However, both pre-mature termination and initiation of translation at multiple 

start codons May explain why so many products are observed in the in vitro translation 

mix before immunoprecipitation. Finally, in consideration of concems previously raised 

about the specificity of the rabbit anti-semm raised against a purified CDF preparation 

Weysick, 1996), it may be possible that the two immunoprecipitated proteins represent 

different species. Why the many species of in vitro translated products present in 15A 

(which supposedly represent the CDF-2 ORF in vitro transcript) could not be 



immunoprecipitated rem- unexplaineci. 

Of interest is an observation that the sequence obtained by RAGE PCR fiom T, 

vagimZis DG had three small areas of sequence which differed slightly fkom sequence 

obtained by RAGE PCR and ?'RACE PCR of  T vaginalis 202- These areas located near 

the ends of the long repeats consist of an addition of 9 nucleotides (CT AAA GAA G) at 

position 633 1 resulting in an addition of alanine-lysine-glutamatic acid, a substitution of 

9 nucleotides (TT AAT A4A G) for 24 nucleotides (GCG &U ACA GAA CAA CCA 

AAA ACA) at position 6499, resulting in a substitution of Val-Asn-Lys for Ala-Lys-Thr- 

Glu-Gln-Pro-Lys-Thr, and an addition of 12 mleotides (C CAA AAC CAA AA) at 

position 6981 resulting in an addition of Gln-ksn-Gln-Asn (Figure 13). It is interesting 

that these additions and substitutions Ml within multiples of 3, so that the reading fiame 

remains intact. These additions do not change the length of the open reading fiame; 

however, it is not known what impact they have on the structure andior fiinction of the 

protein These additions and substitutions are located within the three large repeats. 

A commonly seen phenornenon in protozoan proteins is gene size polyrnorphism 

between isolates due to a varied number of tandem repeats withxn a particular gene. This 

causes size polymorphism in the protein for which the gene codes. Once such example of 

this is the PZ70 protein described by (Alderete, 1999), while another example is the 

gamma-GCS gene fiom PIarmdum faZciparum (Luersen et ai-, 1999). Another 

possibility is that the two sequence variations represent multiple alleles within the 

genome. Multiple alleles of the variant-specific surface protein fkom Grada lamblia 

have been shown to represent different copies of the gene, which Vary in the number of 

tandem repeats (Yang et al., 1994). Since the length of the open reading fiame remains 



intact, simple genetic variation between the two T. vagimlis shains remains most likely. 

Sequencing of more Ml-length clones nom both genomic and cDNA from these isolates, 

carefiil cornparison between genoMc DNA and cDN& as well as comparing sequence 

Herences among several isolates will provide more information regarding these 

observations- Further, protein structure analysis will help determine whether the amino 

acid changes will a e c t  the structure, and possibly fiinction of the protein. 

Sequence analysis has indicated a number of tandem EEKPKL repeats, as well as 

large tandem repeats (100 bp and 450 bp) within this gene. Whiie tandem repeats are 

well known among protozoan genes, it is still uncertain as to the fûnction of these repeats 

in this gene. These repeats are not likely to be mini/micmsateIlites, which can be very 

short (2-6 bp) and very AIT rich in protozoa (Bishop et al., 1998; Field & Wills, 1996), 

because they are also transcribed. The most cornmonly described fùnction of tandem 

repeats in protozoa is immunomoduIation. Atderete (1999b) has described a P270 

immunogenic protein of T. vagzgrnaIis- P270 has a 333 bp tandem repeating element which 

contains a DREGRD epitope. Size polymorphism in P270, due to varying numbers of the 

tandem repeated element, are thought to be involved in immune evasion (Alderete, 

1999b). A similar example exists in the merozoite surface protein of P. fdczparum. 

Variation in the number of tandem repeats of the MSP protein is thought to dlow the 

parasite to avoid high avidity antibody binding mord-Cartwright  et al, 1996). 

Another example of immunomoddation is the immunodominant epitope of the B13 

antigen of Trypanosoma c m -  (Duranti et al., 1999). This protein has a repeated motif 

containing the core hexapeptide AAAGDK, which is believed to al!ow the protein to 

switch from a random to a helical conformation at the antigen:antibody interface; this 



transformation mela tes  directly with the protein's antigenicity. Short amino acid 

tandem repeats in P. falci&mm are also believed cause ineffective T-celI-independent 

antibody response by the host (Verra & Hughes, 1999). 

Other fùnctions have aiso been described. Tandem repeats in T. Antigen 13 

and Shed-Acute-Phase-Antigen stabilise the tram-sialidase catalytic activity in blood. 

This stabilisation effect of the tandem repeats was found to be less in the intracellular 

protein and more in the shed proteins. The repeats are also associated with increasing the 

persistence of chimeric glutathione-S-transferase (Buscaglia et al., 1999). In P. 

f a l c z r ,  the hexapeptide repeats Ala-His-His-Ala-Ala-Asp in the histidine nch protein 

II fùnction to bind haem pandey et al., 1997). In Leishmmia mexkmza, large tandem 

repeats in the secreted acid phosphatases are believed to function as targets for 

glycosylation (Stierhof et al., 1998). Several other functions were reviewed by Meysick 

(1996). Whatever the fiinetion may be of these EEKPKL and long tandem repeats in the 

putative CDF gene sequence will remain a mystery until analysis of protein structure and 

function sheds more light. 

This project will not be complete until it has been shown that the CDF-2 ORF is 

the gene which codes for CDF. One strategy is to sequence the native protein, and 

compare the sequence of the native protein to the encoded CDF-2 protein. The more 

important question to answer, however, is: does the CDF-2 protein encode the activity 

observed in T. va@naZis culture supernatants. Until now, there has been a Iack of models 

in which to express recombinant T. vaginalis proteins in order to study their funaion. To 

date, al1 recombinant T. vagrnalis genes have been expressed as in E. coli systems. Such 

proteins have al1 been small metabolic enzymes. This system is unlikely to work for this 



gene, since it is post-translationally processed (phosphorylated and glycosylated, and may 

require proteolytic cleavage), and it is very large. A more suitable system for expression 

of this protein might be yeast or baculovirus in insect cells. Recently, a model for 

transfection of i? vaginalis has been described @elgadiilo et aL, 1997), which has been 

used to çtudy fÙnctionaii@ of T. vaginalis promotors (Liston & Johnson, 1999). This 

model could also be used to produce recombinant protein in either a knock-out strain or 

perhaps in Pentatrichomonas hominzs, which lacks CDF activity. Whatever the system, 

the CDF-2 ORF coding region will have to be inserted into an expression vector which is 

capable of handling such a large insert. Since most eucaryotic expression systems allow 

the protein to be tagged using histidine (rather than by GST-fision), the recombinant 

protein can be recovered by means of a nickel column. The protein can then be tested for 

CDF-activity- Two experiments can be devised which will show whether the 

recombinant protein possesses the activity encoded by CDF: does the recombinant 

protein cause monolayer ce11 detachment and can the CDF rabbit anti-serum block this 

activity? Several authors have accomplished the task of comparing finction of the the 

recombinant protein to the native protein simply by preparing ce11 lysates of transfected 

and non-transfected host cells (E. COQ, and comparing activity through a specific 

biochernical assay. Such a strategy is not recommended in this situation, however, since 

ce11 detachment is not a phenomenon that can be measured through a defined biochemical 

assay. Several conditions are known to cause ce11 detachment, including toxicity of the 

culture. Using cell lysate, it would be impossible to determine whether ce11 detachement 

is caused by the recombinant protein or by something else in the lysate. For this reason, 

it would be better to isolate the recombinant protein for anaiysis. 



While protein sequence analysis was able to determine that the CDF-2 ORF 

protein is likely to  be soluble, and may be associated with the hydrogenosome or 

vacuoles, its location in the ce11 through processing and whether the protein is excreted 

extraceliularly remains unknown. Utimately, it will be relevant to determine the location 

of the protein within the ce11 (perhaps by means of intracellular staining) and determine 

what fûnction or relevance it has to the organism. Whetier the protein is a 

hydrogenosomal metabolic enzyme or a lytic enqme carried in vacuoles, or whether it 

has some other fûnction to T- vasnaIzs remains unknown, Extensive biochemicd 

analysis wiI1 be required to answer these questions. To date, however, not enough is 

known about native CDF in regards to its location and fiinction/relevance of the protein 

to the organism. It is hypothesised that the protein degrades the basement membrane of 

the cells in the vaginal tract in order to reach betîer nutrient supplies within the lower 

levels o f  the epithelium. A more fûndamental understanding of the native protein with 

regards to its location and biochemical interactions within (and outside) the organism 

must be reached before it can be compared with the protein encoded by CDF-2 ORF. 

Eventirally, it may be of interest to compare not only the fiinction of the recombinant 

protein to the native protein, but also the structure, by means of spectroscopy and 

c r y d l o g r a ~ h ~  - 

Undoubtedly, there were several pitfalls in the original approach used to clone the 

CDF gene, which can now be addressed using the new information obtained fiom this 

work That two unrelateci clones were obtained f?om the screening of the cDNA library 

with the rabbit ami-serum prepared against a purified preparation of CDF raises concerns 

about the specificity of the antiserum. Meysick (1996) showed that the antiserum did in 



fact have mdtispecificities, which could lead to the identification of irrelevant clones. 

Fufther, she aîîributed her failure in ident-ng the true CDF gene to inadequate 

representation of the CDF mRNA in the cDNA library. In consideration of these two 

problems, several items need consideration if screening of a cDNA library is to be 

attempted a second tirne- In immunoblot assays, the assay is only as good as the 

antibody, and the antibody is only as good as the original protein used for its preparation. 

The antibody could be made more specific by first re-p-ng the CDF protein to ensure 

a highly pure product, and then preparing a panel of monoclonal antibodies. Such 

antibodies are not a sensitive as polyclonal se- but are certainly more specific. 

The problem of adequate representation of the protein in the expression library is 

more difficult to assess. Because much manipulation occurs to transform the mRNA into 

cDNA, which is then cloned and expressed, loss of representation may occur at any step 

dong the way. Poor representation of the mRNA can be attributed to low number of 

mRNA molecules in the RNA rnix before the preparation of the c D N q  problems 

accurately reverse-transcrïbing the polyA' RNA into cDN4 problems packaging the 

cDNA into the expression vector, and problems expressing the recombinant protein- 

Several of these factors may have corne into play when the original cDNA expression 

library was prepared. If this technique is to be used again, a new library should be 

prepared taking into account several changes. To increase the transcription of the CDF 

mRNq the T. vaginais cells should be grown in the presence of eucaryotic cells. 

Experimentation with different cDNA preparation kits should be performed to ensure that 

there is adequate representation of the transcript. Some pitfalls experienced during the 

course of this research have included fdse priming of the oligo d(T) primer at A rich 



regions of the transcript and early termination of the cDNA molecule, possibly due to 

secondary structure. Finally, a different expression vector other than hgtIl is 

recommended for two reasons: its packaging lirnit is 7 kb, which may limit its usefulness 

in packaging a transcript approaching that size, and it has diicu1ty expressing proteins 

with repeats (Promega Technical Support, personal communication). 

Given that there are so many problems with the cDNA Iibrary screening, it might 

be necessary to abandon this approach in favour of others- One approach is to sequence 

the native CDF protein. If only sorne of the protein is sequenced, degenerate 

oligonucleotides can be prepared fkom this sequence and can be used either to probe a 

genornic DNA library or used as pnmers for RAGE PCR If the entire protein is 

sequenced, a BLAST search can be performed, which may pull out not only an identity, 

but also a getre sequence. 

CONCLUSIONS 

The first objective of this study, to determine and characterise the full-length gene 

surrounding CDF-2 was accomplished. The second objective, however, was not 

completed. To date, the data supports the hypothesis that the fiill-length CDF-2 clone 

could be a candidate for CDF, but does prove it. There is no hard evidence to either 

confirm or refute that CDF-2 encodes a protein that possesses the activity that is observed 

in T. ~a~m2i . s  supernatants. 

Several pieces of evidence suggest that the ORF associated with CDF-2 is a likely 

candidate gene for cell detaching factor. It is transcribed, and the size of the open reading 

fiame is consistent with the approximate size of the transcript identified in the Northern 

Blot, as well as the CDF protein. The molecular weight of the in vitro translated product 



is J s o  consistent with the molecular weight of CDF. Finally, the in Mao translated 

products are antigenically similar to CDF-that is they can be immunoprecipitated with 

anti-CDF rabbit serum. It is not known at this time whether the two proteins (205 and 

220 kDa) identifiai in the immunoprecipitatîon represent different proteins, or tmncated 

versions of the same protein (produced as an artifact of in vitro f rarz .~~on) ,  or whether 

they represent a variable len* protein. 

What remains to be determined is the exact location of the 5' UTR, and in doing 

so, the INR and the true translational start site will be identified. This can be 

accomplished through primer extension, RT-PCR., or inverse RT-PCR or S 1 nuclease 

assay. More study regarding the location of the true translational start codon is required. 

Mutagenesis experiments of the potentiai ATG's, followed by in vitro 

transcription/translation may help in this regard. Once a putative INR has been 

identified, its finction can be verified by studying the effect of mutagenesis on its ability 

to direct transcription and translation either in HeLa ce11 extracts or in T. vaginalis. More 

study regarding the sequence variation that was found between the DG and 202 strains 

will be required. This can be accomplished by comparing sequence of Ml-length ORF 

and cDNA clones fiom severd different strains of T, vaginalis. Finally, protein fiinction 

studies are required in order to prove that CDF-2 encodes the CDF activity seen in T. 

~a~ru12i.s filtrates. Further, protein function studies will allow for more study of the 

repeated elernents. ûther strategies for determinkg whether the CDF-2 ORF encodes the 

CDF protein include comparing not only fiinction, but sequence and structure of the two 

proteins. More fimdamental information regarding the location and biochemical 

interactions of native CDF within and outside the organism is required before f i d e r  



analsysis on the recombinant protein is to proceed. Ultimately, the goal is to shtdy gene 

expression and regdation of CDF, and this can be accomplished using the recombinant 

protein in carefirlly controIled assays. 
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APPENDIX A: Primers and Adaptors 

Inverse PCR PrUners  

95C 5 ' -GTC TGG CGG TAT CTT GAA GG-3 ' 

1 8 4  5'-AAC AAG AGA CAC CAG CAC CA-3' 

631C 5'-TTG TCT TGA GCT GCT TCG GA-3' 

7 1 0  5 ' -ATC GCA ACC ATC TAC AGG AC-3 ' 

Sequencing Primers 

T7 5 ' -TAA TAC GAC TCA CTA TAG GG-3' 

M l  3 R e v  5'-CAG G M  ACA GCT ATG AC-3' 

S P 6  5 '-GAT TTA GGT GAC ACT ATA G-3' 

6 7 5  5 ' -CCA TTA TCA AZZT ATC CAA GC-3 ' 

1 2 4 6  5 ' -CAC AAT CAA ATT AAA AAT CA-3 ' 

2 1 6 9  5 ' -AAT TCT CAA CCA AAT CAA CC-3 ' 

2192C 5 '  -CAA TGG TTG ATT TGG T'TG AG-3' 

3 0 3 9  5 ' -AAT CAA ACT CGG TAA TTC TCA ACC AA-3 ' 

3 8 7 6  5 '-TGG AAT CAC ATT AGG GCA ACA AAC ATC-3' 

4 5 0 1  5 ' -3AA GCA ATT TCC GCA CCA GG-3 ' 

5 1 4 2  5 ' -CAT GCC TTC AGA AAT AAA TGT CAA GAT TCC-3' 

5 8 4 1  5 ' -TAT TAG CAA AGG ATC ATC TC-3 ' 

7201C 5'-AGG CTC GGA AGA CCC ATT TC-3' 

P r i m e r  Extension Primers 

PEI-Gspl-163C 5'-GTG ATT TGG CGC TGC TGA TTC TGT A-3' 

PE2-GSP2-89C 5 ' -CGG TAT CTT GAR GGG ATC TGG ATT GA-3' 



Genome Walker A d a p t o r s  and Primers 

Genome V7alker A d a p t o r  

Genorne Wal ker A d a p t o r  P r i m e r s  

AP1 5 ' -GTA ATA CGA CTC ACT ATA GGG C-3 ' 

AP2 5 '-ACT ATA GGG CAC GCG TGG T-3' 

Genome Walker 

G s p l - 1 6 3 C  

GSP2-8 9C 

G s p l - 3 8 7 6  

Gsp2-3889  

G s p l - 2  OIC 

Gsp2-7 3 

Gspl-5 1 4 2  

Gsp2-5 1 6 0  

G s p l - 7 2 2 4  

Gsp2-7284  

ORF-8 68 

ORF-745 1 C  

G e n e  S p e c i f  ic P r h e r s  

5 ' -GTG ATT 

5 ' -CGG TAT 

5 '-TGG AAT 

5 '-GGG CAA 

5 ' -TAG TTC 

5 '-AAA CAC 

5 '-CAT GCC 

5'-TCC AGA 

5 ' -ACT TCA 

5 '-TTT CAA 

5 ' -AAA CTT 

TGG CGC TGC TGA 

CTT GAA GGG ATC 

CAC ATT AGG GCA 

CAA ACA TCA GAA 

ATC AGG CAA ATT 

CAC TTT CTA ATG 

TTC AGA AAT AAA 

ACA AGT TCA CTC 

GTT GAA CCT TAA 

CA& GCC AGG TAT 

AGG ATG GAC TCT 

TTC 

TGG 

ACA 

GAG 

CGA 

CAC 

TGT 

ACA 

TGG 

TCA 

CAG 

TGT 

ATT 

AAC 

AAC 

AGT 

CGA 

CAA 

ACA 

wui 

GAG 

GCA 

A-3' 

GA- 3 ' 

ATC-3 ' 

AAA-3 ' 

TCC-3 ' 

AA -3' 

GAT TCC-3' 

AAG TAA-3 ' 

TGG TC-3' 

GTT G-3' 

GC-3 ' 

5'-TGT TAT CAT GCA TTT CCT ACT GAT CAA TGA-3' 



Marathon RACE Adaptors and Primers 

Marathon EUiCE lSt Strand Synthesis Primer 

NNTTTT30 

Marathon cDNA Adaptor 

Marathon RACE P r i m e r s  

RACE-APl 5 '-CCA TCC TAA TAC GAC TCA CTA TAG GGC-3' 

RACE -AP2 s'-ACT CAC TAT AGG GCT CGA GCG GC-3' 

RACE G e n e  Specific P r h e r s  

5 '- RACE 

3 ' RACE 

GSP1-5862 

nGSP2-5880 

5 ' -GTG ATT TGG CGC TGC TGA T T C  TGT A-3 ' 

5 '-CGG TAT CTT GAA GGG ATC TGG ATT GA-3' 

5 '-TCC TAA TCC AAG ACC GTT TCC TCC GA-3 ' 

5 ' -ATT GCT GGT T T C  GCC TCA GAG TTT GG-3' 

5 ' -TGC ATC TGT ATC RAT Cm GCG ATT GGA-3 ' 

5 '-CGC ATT GGA CAA ATC AGG AGA TGA CG-3 ' 



APPENDM B: CEFARACTERISED SEQUENCE 

AAC- 
GATCGCATTC 
GAMTTTCCG 
GATTCGTACA 
AGCTCATTAT 
TGACAGTGTT 
AACGCACTTA 
AATTTGCTCA 
AATGATTCAT 
CATTACATTA 
TTTGAATTTT 
TATATGACAT 
ATTTCCACCT 
ACGCTTTTTA 
ACCAACGATA 
CGAAGAATAC 
TTCRAGATAC 
TTACAGIATC 
GCACCATTAA 
AATATCGCTG 
ATTGGCCAAT 
TCATTATCAC 
GAAAaTGAAA 
AACCAATTTA 
AACGGTCTTG 
GCAGCTCAAG 
TTATCAAATA 
GGCAT GAAGT 
CCTAAATCTC 
TCTCCATCTA 
CCATCTAATT 
ACAGAAGAAA 
CCAAAACTTT 
AAATTAGGAT 
TTAAGTTTGA 
CAATTAGGTG 
AAATTAAGCT 
CTTGGCAZAAT 
CCTAAAGCTC 
TTGAACTTAG 
AAACTCGCAC 
CCTAZIATCTC 
AAAGCTCCAT 
AACTTAGGAA 
CTCGCACAAT 
AAATCTCCAT 
TTAAACTTAG 

GTCACAAAAC 
ATTCTACACT 
TT TAACCAAT 
AGCAGATCTA 
CCACGAGTTT 
TATTTATTCT 
TTAaAAGACA 
TCATTATGGC 
ATTTGTTATC 
GGACCAATTC 
TCAGGTTAGT 
AAATACCTAA 
TCTATCATAA 
ATTATTTACA 
AGAGATTTTG 
ATTTGTTTCG 

CCGTCATATC 
ATCCTGTGAT 
ATGATTTGTG 
TACAGATATT 
TTATTAATTT 
GCCGTCGCAC 
AAAATTGGAT 
TTTTGTAAAT 
CAATTCGTGT 
AAGCATTAAT 
ATCAATAAAA 
TTCGTGATGA 
AACTTATTGC 
GTAAATCAAG 
T- 
TCAGAAACAA 

AGCAGCGCCA 
ATGCTTCTGT 
TCCAACAZUW 
TTCCAAGTAT 
TCAAGAATCC 
ATAAGGCCGA 
GCTTGAAGCC 
GATTAGGAAT 
ACAAACCAGC 
TCCAAGCTGC 
TACCTTCAAA 
CTTCTAATTC 
CAGAAGAAAA 
CAACAGAAGA 
AGCCAAAGTT 
CTCTAAATCT 
TAAATCTTCC 
ACCTTGGTAA 
GAATCMLACT 
TAAATCTTGG 
CTCCTTCTAA 
CATCAAATCA 
GMTAAACC 
AATCTCCATC 
CATCAAATCA 
CAAATCAAAC 
ATAAACCACA 
CTCCATCAAA 
CAAATCAATC 
GAAATAAACC 

AATCACTAAC 
TTCTCAAAAT 
ATCTGAACAA 
TGAAAATAAA 
TCTTZlAGCCA 
GTCAAATACA 
ATCTACACCA 
GAAACTTTCT 
TACAGGCGGT 
TTCTGAAGAG 
CCAAGCTTCA 
AACAGAAGAG 
ACCTAAGCTT 
GAAACCAAAA 
AAGTTTGAAC 
TGGTAAATCT 
TAAATCTCCA 
ATCTCCTTCA 
CGGACAGACA 
AAAATCATCA 
TCAATCTACA 
AACAGAAGAA 
ACAATCAGAA 
AAATTCAAAT 
ATCAACAGAA 
AGAAGAAAAA. 
ATCAGAAGAG 
TTCAAATGAA 
AACAGAAGAG 
ACAGACAGAA 

CTACTACTCG 
A?ITGGTGCAT 
ACGTTGATAT 
ACACAACT CT 
CTTCGTGCCA 
ATATAAAATT 
ACTGATTATG 
TCATTATCTG 
TGCATGTCTA 
CAGAATGGAA 
CTACAACAAC 
ATCATGTAAA 
TTTTTACTTA 
TTCCATAATA 
CTTA-TE 
AACATAGATT 
GTTGTAACGC 
GAACCATACA 
CAGCAATTAA 
CCTGCAGGTC 
GATGCAAATA 
GCTGATAACT 
GATTCGAAGC 
AACTCT GAGG 
TCTTCaAaGC 
CTTTCATTGA 
AAATCGCAAC 
GAAGAAAAAC 
AAACCTAAAC 
CAATTAGGTG 
TTAGGATTAA 
CTTGGTAAAT 
CCTTCTAATC 
TCAAGTCAAA 
AATCAGTCTA 
CAATCAAATC 
AC AGAAGAGA 
GAAGAAAAAC 
AAACCAAAXT 
GAGAAACCAA 
GAAGAAAAAC 
GAGAAACCAA 
CCAAAATTAG 
AAACCAAAAC 
GAAAAACCAA 
AAACCAAAGC 
ACACAAACAG 

GATCTGAATC 
CATGTTATTT 
TGT CCAGCAG 
ATAACTACTG 
AAATGTGACA 
GAGAAAAATG 
CGCTTAACAC 
AGATTAAATT 
CGCATAGATG 
ATTGAATGAG 
TTAGCTAAAC 
ATTTAGGAGA 
AAAATTCCAT 
TTTTAAAAAT 
ACTCTCAGGC 
GGGGGTTCAA 
GTARTCCTGT 
TTCCTAAACA 
CAATTAACAA 
AAGATAATAA 
ATCAAACAGC 
TACTTGCTAA 
CAAAGCTTAC 
CGAAACCAGC 
CATTATCTAA 
AGCTTCCTTC 
CATCTACAGG 
CTAAACTTGG 
TTGGCTTGAA 
GAATCAAAAT 
ATCTTCCTAA 
CTCCTTCTAC 
AATCAACAGA 
CTTCTGAAGA 
CAGAAGAGAA 
AAAAATCAGA 
AACCAAAACT 
CAAAGCTAGG 
TAGGAACAGG 
AACTTTCATT 
CAAAACTTTC 
AGCTAGGATT 
GAACAGGTGG 
TTTCATTAGG 
AACTTTCTCT 
TTCAACTTGG 
AAGAGAAGCC 

ATGAGAATTT 
CATTTAAATG 
CGAATTGAAC 
AATATCAGAT 
ATTTTGAATA 
AGATCATGAA 
ACCAAGAAAC 
GAA-TAAATTT 
AGAGXGATG 
TGGAATATCA 
CAAGGACTTT 
TTTTGCTAAA 
CATATAAGTC 
TGTGGACTCT 
AGCGCCGAAA 
TCCAGATCCC 
TTTGTCTGTT 
AGAGACACCA 
TTCTGCATCT 
ATTATCCACT 
TCCAACAATA 
ATCAGGCCAA 
TGCAATGAAC 
AATCGGAGGA 
CATTTCCGAA 
TTCAAAGCCA 
ACTGAAACTT 
CTTGAACCTT 
CCTCGGTAAA 
CGGACAGACA 
ATCTCCATCA 
AGAAGAAAAG 
AGAAAAACCA 
AAAGCCAAAG 
ACCAAAACTT 
AGAGAAACCG 
TTCTCTAAAT 
ATTTAATCTT 
TGGAATTTCA 
AGGTGGAATT 
TCTAAATCTT 
TAATCTTCCT 
AATTTCATTG 
TGGAATTAAA 
W C T T C C T  
TGGAATTAAA 
AAAACTCCAA 



2821 TTAGGAGGCA TCAAATTAGG TCAATCTCCT TCTAATTCAA CAGAAGAGAA GCCAAAACTT 
2881 CAATTAGGAG GAATCAAACT AAACTTAGGA AGTAAACCAC AAACAGAAGA GAAACCAAAG 
2 9 4 1 CTTCAATTAG GTGG-AATCAA ATTAGGAACA GGTGGAATTT CATTGAACTT AGGZLAATAAA 
3 0 0 1 CCACAATCAG AAGAGAAACC AAAACTTCAA CTTGGTGGAA TCAAACTCGG TAATTCTCAA 
3 0 61 CCAAATCAAC CATTGGAAZA ACCAAAGTCA GGAATTAATC TCAACTTAGG AAAATCTCAA 
3121 CCTTCTTCTG AAGAGAAACC AAAACTTGGA TTGAATCTCG GTAAATCTCC ATCAAATTCA 
3181 ACAGAAGAGA AACCGAAATT GGGAACAGGC GGAATTTCAT TAAACTTAGG AAATAAACCA 
3241 CAAACAGAAG AGAAACCAAA ACTTTCTCTA AATCTTCCTA AATCTCCATC AAATCAAAAT 
3301 CAATCAACAG AAGAAAAACC AAAACTCCm TTAGGAGGAT TGAAATTAAR CTTAGGAAAT 
3 3 61 AAACCACAGA CAGAAACACA AACAGAAGAG AAACCAAAGC TTCAACTCGG TGGAA!I'TAAA 
3421 TTAAACTTAG GAAGTAAATC ACAGACAGAA GAGAAACCTA AATTCCAAT'E AGGAGGAATC 
3481 AAATTAGGTC AATCTCCTTC TAATTCAACA GAAGAAAAAC C-GCTTTC ATTAGGTGGT 
35 4 1 ATCAAACTTG CACAATCTCC ATCAAATGAA GAGAAGCCAA. AACTTTCTCC AAATCTTCCT 
3 6 0 1 AAATCTCCAT CAAATCAACA AACAGAAGAA AAGCCAAAAC TCCAATTAGG TGGACTGAAA 
3 6 61 TTAAACTTAG GAAGTAAATC ACAGACAGAA GAAAAGCCAA AACTTAGTGA AGGCGGAATC 
37 2 1 AAATTAGGAA ATGTTTCTTC AAGTCAAACT TCTGATGAZ4.A AACCAAAACT TGGTTTAGGA 
3 7 8 1 GGAaTTTCTC TTAACTTCGG AAATAAACAG CAAZlCAGAAG AAAAACCAAA ATTATCTTCA 
3 8 4 1 TCACAAAACG TTGAGAAACC AACACTTGGA TTAGGTGGAA TCACATTAGG GCAACAAACA 
3901 TCAGZLAGAGA ACAAACCAAA ACTTGGATTA AATCTTCCTA AATCAAATCA AACAGAAGAA 
3 9 6 1 AAACCGAAAT TAGGAACAGG TGGAATTTCA CTAAACTTAG GAAATAAACC ACAATCAGAA 
4021 GAGAAACCAA AGCTTCAATT AGGTGGAATT AAACTCGCAC ATTCTCCATC AAATCAATCA 
4 0 8 1 ACTGAAGAGAGA AGCCAAAACT TTCTTTAAAT CTTGGTAAAT CTCCATCAAA TCAATCAACT 
4141 GAAGAGAAGC CAAAACTTGG ATTGGGAGGA CTGGAAACTA AACCTTGGAA ATCATCTCCA 
4 2 0 1 TCAGATGAAA AACCAAAGTT CAGTCTTGGA GGAATGAAAC TCGGAAAAGT TCCTTCAAAC 
4261 GAATCACAAG AGCCACCGAA ATTCACTCTA AACATTCCTA AACTTCCTTC AFlACCAAGCT 
4321 GAACAAAATG ATGGAAAACC AAAGCTTGGA TTAGGCGGAA TCTCTTTGAA TCTTTCGCAG 
4381 AAGAAAGAAG AAAATGAAGA GAAGCCAAAA CTCGGAATTG CTCCAAAACC AATTCAATCA 
4 4 4 1 AATCAAAATA AAATTGAAGA AAAACCAAAA GTGACAAATT CTGTCACAAA AACAGAGGAA 
4501 AAAGCAATTT CCGCACCAGG AGTCAAGCTT GATTTAAAGC TTCCTAAGAA AGGATTTGGA 
45 61 TTAATGAGAC AACCATCTAA ATCATTAGAA GTTTCAAATG ATTCTGAACA ACMUA.ATTTG 
4621 TCAAGTTTCG GACAAATCCA CGTAACTCTT CCAGAAAAGA AAGAAGAGAA CCAACCATTG 
4681 TCTAGCTTTG GTCAGATCCA TGTAACTCTT CCAGAGAAAA CAC-GAA AGAAGAGAAT 
4741 CAGCCATTAT CCTCTTTCGG ACAAATTCAT GTTACATTGC CTCAAAAAGG TCAAAATGAA 
4 8 0 1 AAAGTGACaG MCAAAAAGT GACAGATGAA AAATCGTTAT CCTCATTTGG ACAAATACAT 
4861 GTAAC?iATTC CAGAGAAACT AGCAAATAAA CAAGAAGAAA AGCCACTTTC TACATTTGAA 
4 9 2 1 CAAATTCACG TTTCAATTCC TGAAAAAACA CAAAAACAAG AAGAAAAAAT TTCCAGTTTT 
4 9 8 1 GGACAAATCC ATGTTTCAAT TCCTGAAAAA CTCCAGAAAC AAGAAGAAAA GACATCATCA 
5041 TTTGGCCAAA TACATGTAAC A.ATTCCTGAA AAACTCCAGA AACAAGAAGG AAAATCAGTA 
5 1 0 1 ATAGATA-ZAC TTCCAGAAAA AACTCAGGAA TTAATTAAAA ACATGCCTTC AGAAATAAAT 
5161 GTCAAGATTC CAGAACAAGT TCACTCACAA CAAAGTAATC CATTAGTTCC TTTGGGTGTT 
5 2 2 1 TCCTTAAATG ATGTTGCTAA ATCCCAAAAT CCAACACAAA ATAAACCAGA TTTAAGTTCA 
5281 TTGAPiACCAC CACAAAAATC AGAAGAAAAC AAACCATCAT TAGGACTT- ATTACCAAAT 
5341 AAACCTAATT TCAGTTCATT AAAACCACCA CAGAGTCAAA CAGAGTCAAA ACCAAAT=T 
5401 TTAAGTTCAT TGTTACCTCC AAAACAAACA TTAGGACTTA AACTTCCAAC TTCATCTAAT 
5 4 61 TCAGGTCTTA AATTACCAAT TAAACTTCCA AACCAAAACC GAAACCAAAh CCAAGAAGCT 
5 5 2 1 AAAGAAGTTA AAGAAACTAA AGAAGTTAAA GCTAAAGAAG AACCAAAGAA AGAACTTGGC 
5 5 8 1 TTC?iAGTCCG ATTTCAAGAT CGAAGGTGCA AGTTTCAAAG GCATCAATCT TAGTTCATCA 
5641 GGCAAATTCG AAGTTCCAAG TGGAAAAAGT TTTGATGACA TGATCAAACA AAAAGTTAAT 
5 7 0 1 AAAGCAGAAG AAAACAAACC AAAATTCAGT TTTAACTTGA ACTTAAATCT GAACAATAAA 
5 7 6l ACACCACTTT CTAATGCACC GAAACCAATT GCACTTTCTC TTTCAAATGA TGGAAAGAAA 
5 8 2 1 CCAAGTTTGG CCGGATTAAA TATTAGCAAA GGATCATCTC TTGCATCTGT ATCAATCAAC 
5881 GCATTGGACA AATCAGGAGA TGACGTTCCA AAACTCGCTC TTTCCATTGL CAAACTTAGA 



5941 AAGGAACCTC CGCCACCTCC TACTCCTCCT GCTGTGACTA AACCAGCTCT TGCAACAGAG 
6001 AAAGAGATAA GAGAATCATC AATTGCTGAT GTAACTCCTT TGGCAATGAT TACTAAGATA 
6061 AATTCAGCTA AGAAACCTGA TTTCAGTGCA TTGAAACCAA ATCTAGGAAA CAAACAACAG 
6121 AGTTCTTCTT CTAATGAACA AAAACCACTC AACAAACCTA ATTTTAGTGC ATTAAAACTA 
6181 CCACAGAAAT CAGAAGAAAC AAAACCAAAT AACTTAAGTT CATTGTTACC TCCAAAACAA 
6241 ACATTAGGAC TTAAACTTCC AACTTCATCT AATTCAGGTC TTAAATTACC AATTAAACTT 
6301 CCAAACCAAA ACCAAAACCA AAACCAAGAA GTTAAAGAAT CTAAAGAAGT TAAAGCTAAA 
6361 GAAGAACCAA AGAAAGAACT TGGCTTCAAG TCCGATTTCA AGATCGAAGG TGCAAGTTTC 
6421 AAAGGCATCA ATCTTAGTTC ATCAGGCAAA TTCGAAGTTC C-AAGTGGGAA AAGTTTTGAT 
6481 GACATGATCA AACAAAAAGC GAZllLACAGAA CAACCAAAAA CAGAAGAAAA CGAACCAAAA 
6541 TTCAGTTTTA ACTTGAACTT AAATCTGAAC AATAAAACAC CACTTTCTAA TGCACCGAAA 
6601 CCAATTGCAC TTTCTCTTTC AAATGATTCA AACAAAGGAC AAGTGCAAGG TGCATTGACA 
6661 ATTAAACCAA TTCCTCTTTC AAAAGGAGAT AAACCAAAAG CAGkTTTTCA GTCACTTAAA 
6721 TTAGG-9AAAT CTCTTTCAAA TCCAACACAA AATAAACCAG ATTTAAGTTC ATTGAAACCA 
6781 CCACAAAAAT CAGAAGAAAA CAAACCATCA TTAGGACTTA AATTACCAAA. TAAACCT2LA.T 
6841 TTCAGTTCAT TAAAACCACC ACAGAGTCU CAAGAGTCAA AACCAAATAA CTTAAGTTCA 
6901 TTGTTACCTC CAAAACAAAC ATTAGGACTT AAACTTCCAA CTTCATCTm TTCAGGTCTT 
6961 AAATTACCAA TTAAACTTCC AAACCAAAAC CAAGAAGCTA AAGAAGTTAA AGWCTAAA 
7021 GAAGTTAAAG CTAAAGAAGA ACCAAAGAAA GAACTTGGCT TCAAGTCCGA TTTCAAGATC 
7 0 8 1 GAAGGTGCm GTTTCAAAGG CATCAATCTT AGTTCATCAG GCAAATTCGA AGTTCCAAGT 
7141 GGTAAAAGTT TTGATGACAT GATCAAACAA AAAGCGAAAA CAGAACAACC AAAAACAGAA 
7201 GAAAACAAGC CAAAACTTCA GTTGAACCTT AATGGAAATG GTCTTCCGAA GCCTGGACTT 
7261 CCAAZlACCTC TGCCTTTCAA CAAGCCAGGT ATTCAGAGGT TGAATTTCTC TGCTATTAAT 
7 3 2 1 TTAAAG+-~GTAAAAA AGAGTTTTTT ATATTATTAT TTTCACATTT CAAAAACTAT 
7 3 8 1 TTTTTATATA CATTCTAAAT TATATTACAA TATCATTGAT CAGTAGGAAA TGCATGATAA 
7441 CATGATTATT TAAZiTCAAAA TAACATTTTA AAGAGAGATT CTCAAACTTT CAAGCAG-AAA 
7501 CTGCAAAAAA ATTATGATAR TTCGGATAGA TATATGCATA TGCATTAGTT TATCATGAAA 
7 5 61 TTTGACTAGT ATATCAGGTC ATTGAGTAAT GCTGTAAAAA TTTAGAAATT GTAATTATTT 
7621 TTACTTTAAG TTAAGATAAA AGTATAGTAA ACTACTACTA GATAGAGAAA ATGGCGGCTG 
7 68 1 ACATTTGTTA GATTCTGGAT ATTGAGAAGA AAATATATAG GTTATATTAT TTTCTTTGAA 
7741 ATCAGCTCTT TCAAAAGCTA AAGTTGGTGC AATGCTTAGT TTCATCTGTC CAAAACTTCT 
7 8 0 1 AAAAACAATA ATCTCTTTTA TCTTGCTCCC AACATCATAT AAGAAAGCAG GGTCAATTGT 
7 8 61 CGAAACTGAA TCAGGAATGA TAATTCTCTC TAAATAGACA AATCGTGTCA TTGAAACTTG 
7921 AAATAATTTA ACTACGGTGT TTGAAATTAT ATAAGTGGTA TCTTTTTTGA ATCTTGGATA 
7981 AGCAATT- GTCTTCATAT CCTTGGAAAA TATTACACCA TTTTGCGAGC AAAAACATTT 
8 0 4 1 ATTATCTTTA TCCACTTCAA ATTCTTCTAC ATGCGATTGA TCAAATGGAT TATCTATAAA 
8101 TTTAGTAACA TTTTTTGGAA TAAATAGATG TTTCAAAAAG GATGTGAATA AACATCCTTC 
8161 GTTArJ.CAATA GTAGTAAGCG TTTCAGGAAG AGACACATTT ATTARGTTCT TAAAGTTATA 
8221 AAATGTGTTA GCAGGGAGGA ATT 




