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ABSTRACT.

African trypanosomes, o f which Trypanosoma brucei may be considered a 

prototypic member, are protozoan parasites responsible for sleeping sickness in man 

and related diseases in cattle and other domestic animals. Although trypanosomes 

are obligatorily dependent on the uptake of factors from their hosts our 

understanding of the molecular machinery is limited. Glycans containing linear 

poly-A^-acetyllactosamine (pNAL) are associated only with proteins from the 

flagellar pocket and endocytic pathway in T. brucei. These glycoproteins bind to 

tomato lectin which has allowed their single step isolation. This study was aimed at 

identifying and characterising proteins that bind to tomato lectin using a number of 

approaches. Several new results were obtained. Firstly, a pulse/chase labelling 

approach demonstrated that metabolic turnover o f these proteins was rapid compared 

to the total pool o f cellular protein. Post translational processing of these proteins 

was assessed and was also found to be rapid. Secondly, selected clones were 

isolated by screening o f a cDNA library using antibodies against the tomato lectin 

binding fraction. A variety o f molecular, biochemical, cellular and immunological 

approaches were employed to characterise these candidates at a functional and 

molecular level. These studies also employed gene-knockdown techniques based on 

RNA interference to establish potential functions by phenotype analysis. All o f the 

candidate clones were expressed in vitro, and all represented likely transmembrane 

proteins. One of the selected cDNA clones represented a protein which was 

localised specifically to the flagellar pocket/endocytic pathway. Another of these 

clones, along with a related gene identified by screening o f the genome, encoded 

putative type I membrane proteins. These two proteins were expressed in a stage 

specific manner, were essential in their respective life cycle stages and were required 

for proper attachment o f the fiagellum. Loss o f these proteins caused detachment of 

flagellae from the cell body with the exception o f a single point at the base o f the 

flagellum. A block in cytokinesis, but not mitosis, and a corresponding increase in 

number o f nuclei/kinetoplasts, flagellae, and other organelles per cell was observed. 

Severe morphological changes occurred in these cells followed by ultimately, cell 

death. Similar general phenotypes have frequently been reported for constituents of
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the trypanosom e flagellum , which suggested involvem ent o f  these two proteins at 

this subcellular location.
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1.1 -  Introduction to trypanosomes.

1.1.1 -  History.

The first confirmed member o f the genus Trypanosoma to be identified was 

reported by Gruby in 1843, despite many earlier reports concerning parasitic eukaryotes 

which may also have been trypanosomes. He described Trypanosoma sanguinis, isolated 

from frogs (Gruby 1843). It was not until nearly 40 years later, in 1880, that trypanosoma 

were first implicated in disease. Griffith Evans reported a connection between the disease 

‘Surra’ o f camels and horses, and a trypanosome which subsequently became known as T. 

evansi (Evans 1843). The first o f the T. brucei group of African trypanosomes to be 

reported was described by Sir David Bruce in 1895. Bruce was working in Zululand (now 

Gauteng Province) in the 1890s. He had an excellent scientific reputation having already 

identified a bacterium which bore his name {Brucella melitensis), as well as having worked 

in Koch’s lab, three years prior to the publication of the famous postulates (Bruce 1888; 

Koch 1891). The Governor o f Zululand asked Bruce to investigate Nagana - a severe 

wasting disease of cattle - which was rife in the region (Hide et al. 1997). In 1895 Bruce 

published his report stating that the causative agent o f Nagana was a trypanosome, and that 

the tsetse fly (Glossina spp.) was the vector which transmitted the disease (Bruce 1895). 

The African group o f trypanosomes were named T brucei, and the species which caused 

Nagana was named T. brucei brucei after its identifier. In 1902 Dutton described T. b. 

gambiense and in 1910 Stephens and Fantham reported T  b. rhodiense, both present in the 

blood of humans (Dutton 1902; Stephens and Fantham 1910). In 1911 Bruce first reported 

the connection between trypanosoma and sleeping sickness in humans. He identified T. b. 

gambiense in the blood o f patients suffering from sleeping sickness and further identified 

G. palpalis as the vector o f the disease (Bruce et al. 1911). It is believed by many that 

Aldo Castellani, also attempting to identify the causative agent of the disease at this time, 

should get credit for the association of the disease with T. b. gambiense (Hide et al. 1997).
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In 1913 Bruce reported the association of T. b rhodiense with an apparently more severe 

form of sleeping sickness, and its transmission by G. morsitans (Bruce et al. 1913). 

Identification of the three T. brucei trypanosomes, and their respective diseases was thus 

completed, T. b. brucei causing Nagana, and T. b. gambiense & T. b. rhodiense causing 

sleeping sickness. In 1915 Bruce published a series of keynote lectures (Bruce 1915 a-d). 

Since these initial discoveries hundreds more trypanosomes have been described, present in 

a varied range of species from badgers, to bumblebees, to eels (Rioux et al. 1966; 

Langridge and McGhee 1967; Tandon and Chandra 1977). Many o f these trypanosomes 

live in synergy with their hosts (Rennie 1992). However the diseases caused by the T. 

brucei group of African trypanosomes still present at least as serious a problem in endemic 

areas today as they did at the time o f their discovery nearly 100 years ago (Rennie 1992; 

Hirst and Stapley 2000).

1.1.2 -  Taxonomy.

As mentioned previously Gruby identified the first trypanosome in 1843. It was 

also he who named the genus -  Trypanosoma. The genus is classified under the family 

Trypanosomatidae and order Kinetoplastida (Fig. 1.1). Kinetoplastida were first defined by 

Honigberg in 1963 (Honigberg 1963). They are a group of flagellated protozoa 

distinguished from other members o f the phylum mainly by presence o f a kinetoplast. The 

kinetoplast is the specialised DNA-containing region of the single mitochondrion, and is 

located at the base o f the flagellum. Within the order, the family Trypanosomatidae alone 

is characterised by the presence o f only a single flagellum. This family is further 

characterised by reduced or absent cytostomes and smaller kinetoplasts than other members 

of the order. Trypanosomatidae generally have complex life cycles going through several 

morphological stages and involving more than one host (section 1.1.4) (Hoare 1966). The 

family is further subdivided into 8 genera. O f these, members o f the genus Trypanosoma 

are parasites of vertebrates with intermediate invertebrate vectors. Development of the
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Kingdom -  

Phylum -  

Subphylum 

Class -

Order -  

Suborder-  

Family -

Genus -

Section -

Subgenus -

Protista 

Protozoa 

Sarcomastigophora 

Zoomastigophora

Kinetoplastida

Trypanosomatina

Trypanosomatidae

Trypanosoma

Salivaria

Trypanozoon

Eukaryotes, generally unicellular.

‘Animal-like’ protists, 
nutrition mainly by ingestion.

Use flagella for motility and 
feeding. M ostly unicellular.

Flagellated protozoa. 
Kinetoplast present.

Uniflagellates, complex lifestyles.

Parasites o f vertebrates with 
intermediate invertebrate hosts.

Undergo development in the 
foregut o f their vectors.

Indistinguishable morphologically, but 
differ biologically.

Species -

Sub species -

T. (t.) brucei
Intermediate vector is 
the tsetse fly.

T. (t.) brucei brucei 

T. (t.) brucei gambiense 

T. (t.) brucei rhodiense

Causative agent o f Nagana 
throughout tropical Africa.

Causative agent o f chronic sleeping 
sickness in W est and central Africa.

Causative agent o f acute sleeping 
sickness in East and South Africa.

Fig. 1.1 -  Classification of the T. brucei group of trypanosomes.
Classification o f the T. brucei trypanosomes, with brief descriptions o f the characteristics 
for each level. (Hoare, 1966).
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parasite within these invertebrate vectors determines the next level of classification. 

Members o f section Salivaria undergo their development in the anterior station, or foregut, 

o f their vectors. Transmission to the vertebrate is generally inoculative and species are 

typically pathogenic (Hoare, 1966). The subgenus Trypanozoon, within the section 

Salivaria, contains the three T. brucei trypanosomes causing Nagana and sleeping sickness, 

as well as T. equiperdum (Dourine in horses) and T. evansi (Surra in horses and camels) 

(Hoare, 1972).

1.1.3 -  Epidemiology.

The tsetse fly Glossina, which is the vector for the T. brucei trypanosomes, has its 

habitat over 10 million square kilometres o f sub Saharan Africa (Fig 1.2) (Hoare 1972; 

Baker et al. 2001). In East and South Africa Glossina morsitans and sometimes G. 

palpalis carry T. b. rhodiense which infects humans with an acute form of sleeping 

sickness. The disease caused runs a rapid course and culminates in death within months if 

left untreated (Hide et al. 1996). In West and Central Africa G. palpalis carries the T. b. 

gambiense trypanosome. T. b. gambiense causes a chronic form of sleeping sickness in 

humans, which the patient may survive for decades, suffering from extreme fatigue (Hoare 

1972; Despommier. et al. 2005). A total of sixty million people are estimated to be at risk 

from sleeping sickness within thirty-six African countries. There have been three major 

epidemics o f sleeping sickness in Africa over the past century (WHO 2001). The first of 

these, from 1899 -  1906, occurred in Uganda and the Congo basin and resulted in an 

estimated 500,000 deaths. The second epidemic began in the 1920s and was arrested due 

to aggressive screening o f millions o f people at risk and vector control policies. Due to 

these methods in the early 1950s sleeping sickness was almost under control. However in 

the 1960s several African countries gained independence resulting in changing policies and 

relaxation in screening and control (Kuzoe 1993). The third epidemic began in the 1970s 

and human trypanosomiasis is resurgent today (Hirst and Stapley 2000). In 1999 45,000
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Fig. 1.2 -  Distribution of tsetse fly populations and corresponding trypanosomiasis 
risk regions.
Panel A - The distribution of all tsetse species, which covers most of Africa between the 
Sahara and the Kalahari deserts. This map shows the species number -  highest in the 
wetter central and western parts of the Continent (www.fao.org).
Panel B - The distribution of three tsetse species groups: Morsitans (savannah species 
which include the most effective vector of sleeping sickness, Glossina morsitans)', Fusca 
(forest loving species); and Palpalis (which inhabit riverine habitats) (www.fao.org). 
Panel C -  Distribution of trypanosomiasis risk areas due to presence of either T. h. 
gambiense or T. b. rhodiense in sub-Saharan Africa, 1999 (www.who.org).
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cases were reported, although the World Health Organisation (WHO) estimate the real 

incidence level to be up to ten times greater with between 300 -  500,000 cases per year 

(WHO 1995). Currently, prevalence is as high as 50 % in certain provinces of Angola, the 

Congo, and southern Sudan, making sleeping sickness a greater cause of mortality than 

AIDS in these regions (WHO 2001).

More widespread than the human sleeping sickness epidemic however, is that of 

animal trypanosomiasis (Fig. 1.3). Nagana, a wasting disease of most mammals, has 

widespread occurrence throughout tropical Africa wherever tsetse flies are present, its 

principal vector being G. morsitans (Bruce et al. 1913). It affects all domestic and many 

other mammals, though humans and baboons are immune. The causative agents of Nagana 

are T. b. brucei, T. congolense and T. vivax (Despommier et al. 2005). Trypanosomes that 

infect livestock occur at levels 100- 150 fold higher than those infecting humans in their 

Glossina vectors. The livestock losses due to Nagana present a significant economic 

burden on already poverty stricken African countries. Furthermore four million square 

kilometres of grazing land is unavailable to livestock due to the threat of Nagana 

(Despommier et al. 2005).

1.1.4 -  Life cycle.

The life cycle of trypanosomes is complex, involving two different hosts and a 

number of distinct growth forms within each host (Fig 1.4). A vertebrate mammal is the 

final host for T. brucei trypanosomes. Members of the Glossina genus of bloodsucking 

vectors represent the intermediate hosts and allow transmission of parasites between 

vertebrates (Hoare 1949).

Bloodstream form trypanosomes which are taken up by the intermediate hosts in the 

act of feeding undergo one cycle o f development within the fly, culminating in the 

production of infective forms which can then be transmitted to new mammalian hosts.

Upon inoculation following an insect bite the infective forms of the trypanosome are
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Fig 1.3 -  Effects of tsetse fly distribution on cattle populations in Africa.
Co-distribution of cattle and tsetse flies across Africa. Where tsetse are prevalent cattle 
cannot be reared due to animal trypanosomiasis (www.fao.org).
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introduced into the mammalian host. These are the metacyclic trypanosomes and they 

establish themselves in the bloodstream of the host. The metacyclic forms transform into 

long slender dividing trypomastigotes with a long flagellum. In the bloodstream of the 

mammalian host the trypanosome shows a wide and continuous variation in form ranging 

from the long slender trypomastigotes through intermediate forms, to non-dividing short 

stumpy forms with no free flagellum (Vickermein 1962; Vickerman and Luckins 1968; 

Vickerman 1970; Nolan et al. 2000). Development of the short stumpy form appears to be 

induced through a density dependant cAMP signal transduction pathway (Hamm et al. 

1990; Vassella et al. 1997). These forms are thought to be pre-adapted for life in the insect 

vector, i.e. they are prepared for the rapid loss of glucose and drop in temperature 

experienced in the insect midgut (Matthews and Gull 1994). Followdng uptake by the 

tsetse fly short stumpy bloodstream forms differentiate into procyclic forms in the insect 

gut. The transformation is stimulated by a drop in temperature from that of mammalian 

blood (37 °C) to that of the insect gut (-27 °C) (Vickerman 1985; Matthews and Gull 

1997). The trypomastigote sheds its variant surface glycoprotein (VSG, section 1.1.5; 

1.1.7) coat and replaces it with an invariant coat of procyclin (Overath et al. 1986; Roditi et 

al. 1989; Roditi and Pearson 1990). A proportion of procyclics remain in the insect midgut 

for the life of the fly (several months). Procyclic forms multiply rapidly in the mid

intestine for a period o f 10-15 days, and then give rise to the proventricular forms which 

migrate to the salivary glands (Van Den Abbeele et al. 1999). The proventricular forms 

develop into epimastigote forms, followed by transformation into metacyclic 

trypomastigotes -  the only infective form found in the insect vector. This transformation 

occurs in the salivary glands of the fly, from where the insect is easily able to transmit the 

infection through inoculation o f a mammalian host by biting. The parasite life cycle is thus 

completed. In this study monomorphic bloodstream trypomastigote (long slender) forms 

and monomorphic procyclic forms o f T. brucei brucei were employed.
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1.1.5 -  Immune Evasion and Antigenic Variation.

When trypanosomes develop into metacyclic forms in the fly salivary glands they 

acquire a surface coat which consists of a single densely packed immunogenic protein, 

termed the variant surface glycoprotein, VSG (Fig. 1.5). This coat persists throughout the 

bloodstream forms of the parasite, being consistently present in the mammalian host 

(Vickerman 1985). The VSG coat provides the trypanosome with an efficient mechanism 

of immune evasion within the host. This protection is essential to the trypanosome which, 

as an exclusively extracellular parasite occupying the mammalian vasculature and 

interstitial spaces, is easily targeted by the host immune system. Epitopes on the surface of 

the VSG molecule are detected by the host immune system which responds as expected, 

endeavoring to clear the parasites from the bloodstream. Since the VSG is highly 

immunogenic the antibody response occurs with high efficiency. The trypanosome can, 

however, evade the immune response through its ability to undergo antigenic variation. 

Trypanosomes can, at any time, spontaneously switch their VSG coat which allows some 

of a given parasite population to escape the immune response directed against a previous 

VSG (Doyle 1977; Cross 1978; Vickerman 1978). The jV-terminal end (350- 400 amino 

acids), which corresponds to about 80 % of the VSG molecule, represents a variable 

domain consisting o f a number of peptide epitopes which are subject to complete antigenic 

variation. Antibodies directed against these domains do not cross react with variable 

domains from different VSG molecules (Hall and Esser 1984; Masterson et al. 1988; 

Carrington et al. 1991). The new trypanosome population thus proliferates in the blood, 

unharmed by antibodies previously produced by the host. The VSG coat switches at the 

rate o f ~10''' switches/cell/generation in vivo (Turner and Barry 1989). Switching is 

spontaneous, also occurring in culture in absence o f host antibodies (Doyle et al. 1980).

The VSG repertoire is large, but finite (-1000 in T. brucei) and the silent VSG repertoire 

has been estimated as roughly one-tenth of all trypanosome genes (Berriman et al. 2005). 

There is a loose sequence o f expression of different VSG antigens. The sequence is 

resumed at the start of each new infection, thus preventing exhaustion of the total antigen 

repertoire and ensuring a chronic infection (Gray 1965; Capbem et al. 1977; Barry 1986).

32



plasma m em brane

Fig, 1.5 -  Representation of the VSG dimer.
A model o f the MITat 1.2 VSG molecule showing N  and C- terminal domains. The two TV- 
terminal domains are shown in green and pink  and the two C-terminal domains in blue. 
(Chattopadhyay et al. 2005).

33



The underlying mechanism for this ‘semi-predictable’ variation is not known, but appears 

to be linked to the dynamics of trypanosome populations within hosts. There is also 

evidence that VSG genes are subject to differential activation levels depending on where 

they are located in the genome, resulting in ‘hierarchal’ VSG switching (Laurent et al.

1984; Robinson et al. 1999). The series of successive VSG changes are responsible for the 

characteristic ‘waves of parasiteamia’ seen to affect infected hosts (Barry 1986). The 

parasite population rapidly expands with each new VSG expressed, followed by production 

of host antibodies against each new epitope, resulting in the periodical fluctuating 

parasiteamia (Fig. 1.6).

The VSG is tightly packed on the surface of the parasite, with ~10^ molecules per 

cell, existing as homodimers (Fig 1.5). This dense packing prevents access by components 

of the host immune system to more conserved and invariable regions at the base of the 

VSG molecule -  the C-teiTninal 20 %, consisting of 50-100 amino acids (Carrington et al. 

1991; Blum et al. 1993; Chattopadhyay et al. 2005). Invariant surface proteins on the cell 

surface are also shielded from the host immime system by the VSG coat (Ferrante and 

Allison 1983; Blum et al. 1993; Overath et al. 1994) (Fig. 1.7). The exceptional rate of 

VSG trafficking from the surface of the trypanosome to within the cell further contributes 

to parasite evasion from the host immune response (Engstler et al. 2004). Host antibodies 

bound to the VSG are rapidly internalised and degraded by the parasite. Finally VSG is 

also released from the trypanosome cell surface into the host bloodstream. Host antibodies 

bind to the released VSG and are effectively useless, representing a waste of host resources 

(Turner 1985).
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Fig. 1.6 -  Development o f parasitaemia following tsetse fly infection.
Host immune system response against each surface antigen followed by changes in the 
parasite antigenic coat result in characteristic ‘waves o f parasitaem ia’ as represented above 
{Hide et al. 1997).
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1.1.6 -  Genomic Organisation.

The full genome sequencing of T. brucei has been completed by The Institute for 

Genomic Research (http://www.tigr.org/), the Sanger Institute 

('http://www.sanger.ac.uk/Proiects/T brucei/). and Pathogen genomics 

('http://www.niaid.nih.gov/dmid/genomes/) (Berriman et al, 2005). Sequencing was carried 

out using the TREU927 GUTat 10.1 strain of T. brucei (Turner et al. 1990; van Deursen et 

al. 2001). The Institute for Genomic Research and Pathogen genomics have also 

sequenced the genome o f the related Trypanosoma cruzi, a South American trypanosome, 

which is an intracellular rather than extracellular parasite like T. brucei (El-Sayed et al. 

2005). The genome of Leishmania major, a related intracellular pathogen of the immune 

system targeting macrophages and dendritic cells, has also been sequenced. Together these 

three medically important trypanosomatids make up the ‘Tritryps’ (Science 309, complete 

issue). All of the sequence data for these and other organisms is available in the GeneDB 

database (www. genedb.org) version 2.1, hosted by the Sanger Institute. This database 

covers a wide range of prokaryotic and eukaryotic organisms and contains all available 

sequence information from the Wellcome Trust Sanger Institute and other collaborating 

centres (Hertz-Fowler and Hall 2004; Hertz-Fowler et al. 2004).

T. brucei has a 26 megabase genome containing 9,068 predicted genes including 

-900 pseudogenes and ~1,700 T. brucei specific genes (Berriman et al. 2005). Many genes 

are represented as multiple copies either as tandem repeats or at several different 

chromosomal locations. The VSG gene is the most extreme example of this phenomenon 

(section 1.1.7). The genome is primarily diploid, with a haploid DNA content of ~ 4 x lO’ 

bp (Borst et al. 1982). As is the case with most kinetoplastids the genome is organised 

largely into long polycistronic transcription units with numerous genes oriented in the same 

direction and separated by only a few 100 bp (Pays 2005). There are 11 megabase-sized 

chromosomes, ranging in size from 0.5 Mb -  6 Mb. The remainder of the DNA is 

represented by the intermediate- and mini- chromosomes (Berriman et al. 2005). 

Intermediate chromosomes range in size from 200 kb -  700 kb (Gottesdiener et al. 1990). 

There are at least 100 minichromosomes from about 2 0 -  150 kb in size. The
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Fig. 1.7 -  Organisation of the surface coat of T. brucei.
Invariant surface glycoproteins (ISG) are shielded from host antibodies and the external 
environment by the VSG coat (Black and Seed 2002).
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minichromosomes account for ~ 25% of the haploid genome. They consist of Hnear DNA 

and contain highly repetitive 177 bp sequences. The 177 bp repeats are flanked by 

unexpressed telomere-linked VSG genes. Since they are transcriptionally silent, the 

minichromosomes may serve primarily as repositories for VSG genes (Weiden et al. 1991). 

The intermediate chromosomes also contain the same 177 bp repeat and flanking VSG 

genes, as w'ell as VSG expression sites. Sequencing of the 11 mega-chromosomes revealed 

that 20 % of these chromosomes encoded subtelomeric genes, the majority o f which were 

T. brucei specific and encoded different VSG molecules.

Of the total cellular DNA 30 % is located in the kinetoplast, (or single 

mitochondrion) of the trypanosome. Kinetoplastid DNA is organised into a network 

containing interlocking DNA circles o f two classes, maxi- and mini- circles. The 25- 50 

maxicircles have an average size of 20 kb and contain genes necessary for mitochondrial 

ribosomal RNAs (rRNAs), and mitochondrial metabolism. These genes are similar to the 

mitochondrial DNA of other eukaryotes. Minicircles are ~1 kb in size and are present in 

copies of 5,000 -  10,000. Unlike the maxicircles they are heterogeneous within a species. 

Minicircle DNA encodes guide RNAs (gRNAs) which serve as templates for editing 

maxicircle gene transcripts. gRNAs insert and delete uridine residues from precise 

positions in the transcript (Berme 1989; Benne 1992). Akinetoplastid trypanosomes are 

unable to undergo development in the tsetse fly, maxicircles being required for 

differentiation from bloodstream to procyclic forms (Stuart 1983; Stuart 1983).

1.1.7 -  VSG expression and switching.

A total of 806 VSG genes from the megachromosomes have been analysed to date. 

Of these only 7 % are functional. Pseudogenes containing frameshifts or stop codons 

represent 66 %, while 18 % are gene fragments (Berriman et al. 2005). Almost all o f the 

VSG genes or pseudogenes form arrays from 3 -  250 genes, mostly at subtelomeric 

locations, though some are found at chromosome internal locations
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Fig. 1.8 -  The bloodstream expression site of T. brucei.
The bloodstream expression site (BES) consists of up to 11 expression site associated 
genes (ESAGs) and a VSG gene at a sub-telomeric location. The VSG is located 
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VSG genes are co-transcribed from a single promoter which is downstream of the 50 bp 
repeats present at the start of each BES. Approximately 20 different BES are present in the 
T. brucei genome.
(Pays et al. 2001).
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(Borst and Rudenko 1994). More VSG genes are located adjacent to telomeres in the 

minchromosomes (Doneison 1995). Almost 90 % of VSG genes have 1 or more 70 bp 

repeat at their 5' end, and sequence homology at their 3' ends. Genes are manoeuvred by 

DNA recombination events into special telomere linked expression sites (BES -  

bloodstream expression sites, in bloodstream forms). Only one VSG gene is expressed in a 

single BES at a time by a given bloodstream trypanosome (Borst and Rudenko 1994; 

Doneison 1995). Active BESs are transcribed as long telomeric units. Each unit contains 

the VSG genes and up to eleven other genes -  the expression site associated genes 

(ESAGs) (Cully et al. 1985; Pays et al. 1989) (Fig. 1.8). ESAGs code for proteins that are 

essential to trypanosome survival within the mammalian host. ESAG 4 codes for a 

transmembrane receptor -like adenylate cyclase (Paindavoine et al. 1992). ESAGs 6 and 7 

code for proteins that associate into a heterodimeric receptor for transferrin (Salmon et al. 

1994; Steverding et al. 1994). The ESAG 8 gene product is a putative nuclear regulatory 

protein (Revelard et al. 1990) and ESAG 10 codes for a potential transmembrane 

transporter-like protein. ESAGs 1, 2 and 3 code for membrane proteins of unknown 

function (Gottesdiener 1994).

Several mechanisms for antigenic variation of an expressed VSG have been 

described to date. Three of these methods involve homologous recombination, while the 

fourth occurs via in situ switching (Fig. 1.9).

Firstly, the major method of antigenic variation occurs through gene conversion of 

either a silent chromosome internal VSG gene (duplicative transposition) or a telomeric 

VSG gene (telomere conversion) to an active expression site (Fig. 1.9a) (Cross 1990; 

Vanhamme and Pays 1995; Robinson et al. 1999). The VSG gene previously in the 

expression site is deleted and replaced by a copy generated from a silent VSG gene. Up to 

98% of the VSG repertoire is in non-transcribed loci which can be activated only by this 

method of recombination into the active expression site. This is the commonest method of 

switching occurring at a frequency of at least 80 % (Robinson et al. 1999).

Secondly, part transposition of pseudo-VSG genes, true VSG genes, or gene 

fragments can achieve antigenic variation by the mechanism of mosaic gene formation. A 

ftmctional VSG gene may be assembled from pieces of others(Pays 1989; Kamper and 

Barbet 1992). In this way chimeric VSGs are continuously created, contributing to the
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hyper-evolution of VSG repertoires. Both of the above methods of antigenic variation 

result in loss of the original VSG gene. The third method of antigenic variation via 

homologous recombination allows retention of the original VSG gene. A reciprocal 

exchange occurs between telomeric VSG genes into/out of the active site (Fig. 1.9c) (Pays 

et al. 1985). These three methods of antigenic variation all involve DNA rearrangements. 

The fourth mechanism differs in that no rearrangement of the expression site genes is 

required. The trypanosome can switch the expression site which is active at any given 

time, i.e. in situ switching (Fig. 1.9d) (Borst 1991). There are 20 -30 VSG expression sites 

per nucleus and each also contains slightly differing ESAGs. For example ESAGs 6 and 7, 

which encode the transferrin receptor, have different affinities for transferrin from different 

species depending on the expression site active at a given time. This variation may explain 

the requirement for multiple expression sites (Pays et al. 1994; Steverding et al. 1994; 

Vanhamme and Pays 1995). Since only one VSG expression site can be active at a time 

the other sites must be kept silent with high efficiency. The exact method of silencing is 

unknown, but one theory is that the activity at an active BES is due to selective 

recruitment of RNA elongation or processing factors (Navarro and Gull 2001; Vanhamme 

et al. 2001). Since inactive BES do not have these factors they express only short, 

incomplete transcripts.

1.1.8 -  Gene Expression and Regulation.

As mentioned in section 1.1.6 the T. brucei genome is, in general, organised into 

long polycistronic units of several genes, separated by a few hundred base pairs. These 

genes largely contain no introns (Perelman and Boothroyd 1990). In proliferative stages 

the polycistronic units appear to be continually transcribed. Post-transcriptional processing 

at the mRNA level is therefore a key factor in trypanosomes in determining protein 

expression at any given time. The main control points for gene expression must occur at
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the post-transcriptional level (Pays et al. 1994). Regulation of protein expression is largely 

due to two separate measures. Firstly sequence elements located in the intergenic regions 

contain signals required for correct processing of the pre-mRNA (Benz et al. 2005).

Signals within the intergenic regions of polycistronic transcripts allow recognition by the 

splicing machinery of the correct sites at which to splice. The resulting mono-cistronic 

mRNAs are all subjected to trans-splicing with the same 39 nucleotide sequence 

corresponding to the spliced 5' mini-exon. In the case o f all mature mRNA described to 

date the first ATG downstream of the mini-exon corresponds to the initiation codon for the 

protein (Alberts et al. 2002). Each mature trypanosome mRNA also possesses a 3' polyA 

tail. Secondly, the 3' untranslated region (UTR) of each polycistronic mRNA plays a role 

by affecting the stability of the transcript (Drozdz and Clayton 1999). O f the trypanosome 

polycistronic transcripts analysed to date RNA degradation and transcription are usually 

found to be regulated by sequences in the 3' UTR. An example of this phenomenon occurs 

during the cold shock experienced by bloodstream form cells on transition from 

mammalian to insect hosts (change from 37 °C to 22 °C). The cold shock stabilises the 3' 

UTR of the procyclin transcript, resulting in translation o f the procyclin protein and a 

change in the protein expressed on the cell surface (Vanhamme et al. 2000; Engstler and 

Boshart 2004).

Another different form of post-transcriptional regulation occurs within the 

kinetoplast of the trypanosome. Proteins encoded in the kinetoplastid genome undergo 

post-transcriptional processing by RNA editing (Simpson et al. 1988; Benne 1989). This 

process occurs in a variety of eukaryotic organisms, and trypanosome RNA editing is 

considered an extreme form. The process involves addition and/or removal o f up to 

hundreds of uridine (U) residues from otherwise untranslatable mRNA transcripts. Guide 

RNAs (gRNAs) transcribed from the DNA minicircles in the kinetoplast regulate the 

process o f RNA editing. gRNAs are 60 -  80 nucleotides long, have 3' oligo U tails and a 

central segment complimentary to the portion of the mRNA to be edited. Unedited 

transcripts and their gRNAs associate with each other and the editosome machinery and U 

residues are inserted/removed to yield the mature mRNA (Benne 1992).
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1.2 -  Endocytosis in Trypanosoma brucei.

1.2.1 -  Difficulties for trypanosome endocytosis.

As extracellular parasites trypanosomes are obligatorily dependant on the host for 

uptake of solutes and macromolecules. This represents a problem for the trypanosomes 

since they must achieve the required uptake without exposing the molecular machinery 

involved to the host immune system. In the case of small molecules this may be achieved 

by VSG shielding of receptors and transporters. It is likely that glucose, amino acids, and 

other solutes can diffuse past the VSG (Borst and Fairlamb 1998). However this is not 

possible for uptake of larger macromolecules. Trypanosomes restrict their endocytosis to 

an invagination of the plasma membrane at the base of the flagellum, the flagellar pocket. 

The plasmalemma of the cell body is continuous with that of the flagellum, through the 

flagellar pocket. The flagellar pocket region is enclosed around the flagellum resulting in 

only a narrow opening to the external envirormient (Fig. 1.10). This specialised structure 

means that the flagellar pocket is an immunologically privileged site, and is not accessible 

to the cellular aim of the immune response (Borst and Fairlamb 1998).

1.2.2 -  The Flagellar Pocket and Endocytic Pathway.

Free-living kinetoplasts, e.g. Bodo saltans have a close association between their 

cystosome (‘mouth’) and flagellar pocket. In many trypanosomes, including T. brucei, but 

not T. cruzi, these two structures have combined, resulting in presence of only a flagellar 

pocket (Webster and Russell 1993). The flagellar pocket is relatively shallow in 

Trypanosoma when compared to other species such as Crithidia. At the opening of the
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Fig. 1.10 -  A cross section through a T. brucei bloodstream form cell visualised by 
electron microscopy.
The flagellar pocket (FP) is clearly visible and contains heterogeneous material and 
globular particles o f  debris. Also visible in the section are: the kinetoplast (k), endoplasmic 
reticulum (e), coated vesicles (cv) and the subpellicular array o f  microtubules (mi).
Bar = 0.5 |.im.(Figure from Dr Derek Nolan).
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flagellar pocket the flagellum is surrounded by a desmosomal like thickening. It has been 

proposed that this ‘junction’ may restrict rates o f diffusion into/out o f the flagellar pocket. 

In this way the concentration of potentially harmful macromolecules within the flagellar 

pocket could be limited. Molecules as large as low density lipoprotein (LDL) can 

enter/leave the flagellar pocket, but the exact exclusion limit of the pocket is not known 

(Coppens e? a/. 1987).

The flagellar pocket in bloodstream form trypanosomes is filled with a 

glycoproteinaceous matrix which is also found in clathrin coated pits and vesicles, and 

which consists largely of poly-A^-acetyl lactosamine (pNAL) chains (Balber 1990; Salmon 

et al. 1994; Atrih et al. 2005; Engstler et al. 2005). The flagellar pocket region constitutes 

only ~ 0.5 % of the cell surface (~ 1- 2 nm), but has membrane turnover occurring at rates 

which are orders of magnitude higher than that reported for higher eukaryotes (Coppens et 

al. 1987; Balber 1990; Seyfang and Duszenko 1993; Webster and Russell 1993; Borst and 

Fairlamb 1998; Pays and Nolan 1998). The flagellar pocket membrane area may be 

internalised every 1-2 min and the equivalent volume o f the flagellar pocket can be taken 

up 5-10 times per hour (Coppens et al. 1987; Brickman and Balber 1993). The flagellar 

pocket lacks the array o f microtubules which are under the plasma membrane throughout 

the remainder of the cell, as seen in figure 1.10. The lack of subpellicular microtubules in 

this region means that the fusion and pinching of vesicles necessary for endo/exocytosis is 

possible. Endocytosed material is internalised from the flagellar pocket into clathrin coated 

pits and vesicles, with an average diameter of 135 mn, that bud from the pocket membrane 

(Fig. 1.11). Each minute 6-7 of these clathrin coated vesicles (CCVs) bud off from the 

flagellar pocket membrane. The CCVs fuse with intracellular organelles comparable to 

mammalian endosomes (Morgan et al. 2002; Morgan et al. 2002; Grunfelder et al. 2003). 

The endocytic organelles are located between the flagellar pocket and the nucleus in T. 

brucei (Langreth and Balber 1975; Coppens et al. 1987; Frevert and Reinwald 1988). 

Evidence for intracellular sorting of endocytosed material has been seen in trypanosomes. 

For example horseradish peroxidase (HRP) (taken up in a non-saturable manner by fluid 

phase endocytosis) is sequestered in different parts of the endocytic pathway to transferrin 

(Tf) (taken up by a specific receptor) (Webster and Russell 1993; Homann and Goringer 

1999). Similarly transferrin is excluded from endocytosed organelles containing VSG co-
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Fig. 1.11 - Schematic view of the posterior part of the bloodstream stage of T. brucei.
Endocytosed material is internalised from the flagellar pocket in clathrin coated pits and 
vesicles, that bud from the pocket membrane and are transported through the cell as shown. 
CCV I - class I clathrin-coated vesicles; CCV II - class II clathrin-coated vesicles; FP - 
flagellar pocket; EE - early endosomes; RE - recycling endosomes; LE - late endosomes; 
EXC - exocytic carrier vesicles; L - lysosome; ER - endoplasmic reticulum; G - Golgi 
complex; N - nucleus; PM - plasma membrane; F - flagellum.
Modified from Engstler et al. (Engstler et al., 2004).



internalised with host antibodies attached. Internalised ligands and antibodies cleared from 

the cell surface appear to be rapidly degraded, but the metabolic fate and turnover of 

protein constituents of the flagellar pocket and the endocytic pathway is less well 

characterised (Coppens et al., 1987). The only protein from the flagellar pocket which has 

been functionally characterised is the transferrin (Tf) receptor (Coppens et al. 1987;

Salmon et al. 1994; Steverding et al. 1994). In this case the receptor binds its ligand in the 

flagellar pocket and delivers it to lysosomes where transferrin is released. The unloaded 

receptor appears to be recycled to the flagellar pocket for further rounds of uptake 

(Biebinger et al. 2003); (Steverding et al. 1994). Host antibody associated VSG is also 

endocytosed through the flagellar pocket and the attached antibodies are degraded. 

However the VSG is not delivered to the lysosome and is also recycled to the cell surface 

(Engstler et al. 2004).

The flagellar pocket is also the major region for addition o f proteins to the 

membrane, e.g. VSG, which is transported from the ER via the Golgi to the flagellar pocket 

and added to the membrane. The VSG then diffuses laterally out o f the flagellar pocket 

while other flagellar pocket proteins are retained within the pocket by means unknown. 

Proteins are also excreted into the external environment from the flagellar pocket 

(Duszenko et al. 1988).

1.2.3 -  Proteins of the Endocytic Pathway.

TV̂ -linked glycans containing linear pNAL are associated with proteins of the 

flagellar pocket/endocytic pathway, and only these proteins in T. brucei. Tomato lectin 

binds specifically to these pNAL chains and can therefore be used as a useful tool when 

working with proteins from the flagellar pocket /endocytic pathway (Nolan et al. 1999) 

(Fig 1.12). The tomato lectin binding fraction also includes only resident proteins of the 

flagellar pocket /endocytic pathway in other trypanosomes such as T. congolense and T.
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Fig. 1.12 -  Localisation of tomato lectin binding sites in bloodstream forms of T. 
brucei.
The tomato lectin binding fraction of protein is localised between the nucleus and the 
kinetoplast, at a position which corresponds to the flagellar pocket/endocytic pathway. 
Blue: DAPI stain illustrating position of nucleus and kinetoplast (arrows)
Red: Texas red conjugated tomato lectin.
Taken from (Nolan et al. 1999).

49



vivax. Some of the constituents of the Tbrucei flagellar pocket are briefly discussed 

below.

Transferrin receptor:

Only a few proteins from the flagellar pocket /endocytic pathway have been 

characterised in any detail and only one at a functional level, the transferrin (Tf) receptor 

(Salmon et al. 1994; Steverding et al. 1994). This receptor is located only in the flagellar 

pocket and only in bloodstream forms of the trypanosome. The Tf receptor consists of a 

heterodimer of the products of two ESAGs, ESAGs 6 and 7, which are co-transcribed with 

the VSG (section 1.1.7). The ESAG6 protein has a GPI anchor present at its C-terminus, 

which attaches the receptor to the flagellar pocket membrane. ESAG7 dimerises with 

ESAG6 and only these heterodimers can bind T f The Tf receptor structure in T. brucei is 

very different to that of mammalian cells, in which the receptor is generally homodimeric 

and transmembrane (Hamilton et al. 1979; Seligman et al. 1979).

Binding studies indicate that there are 2-3 x 10'* Tf receptors per cell (Salmon et al. 1994). 

Each Tf receptor may bind a single molecule of Tf (Salmon et al. 1994). The receptor 

heterodimer has an affinity of ~1 |j,M for Tf which is compatible with the physiological 

concentration of 30-40 nM Tf in mammalian serum, though lower than that of most 

mammalian Tf receptors which are in the nM range (Karin and Mintz 1981; Shih et al. 

1990). As mentioned previously the Tf receptor is recycled, and can undergo several 

rounds of Tf uptake, with a half-life of ~2 hrs before being degraded (Grab et al. 1992; 

Steverding et al. 1995; Kabiri and Steverding 2000; Biebinger et al. 2003). Tf receptors 

encoded by different expression sites differ slightly, which strongly affects Tf binding 

affinity across different hosts. Switching expression site on transfer between hosts 

therefore allows efficient Tf uptake across a range of different species (Mussmarm et al. 

2004; van Luenen et al. 2005).
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CBl-gp/p67:

CBl-gp is a lysosomal membrane glycoprotein expressed only in bloodstream 

forms o f T. brucei. The precise function of this protein is unknown, however it is thought 

to be a trypanosomal analogue o f the mammalian LAMP protein. There is no significant 

sequence homology between p67/CBl and mammalian LAMP proteins. The association is 

made based on the location of the protein within the trypanosome, and organisation of the 

protein’s domains (Brickman and Balber 1994; Brickman and Balber 1994). The CBl 

protein passes through the flagellar pocket as it travels from the Golgi to the endosomal 

system. This is a pathway of intracellular transport which has been conserved in evolution 

from trypanosomes through to vertebrates (Brickman and Balber 1994). CBl is 

synthesised in the ER as a core protein of 67 kDa (p67) and undergoes several rapid late 

post-translational processing steps in the Golgi to yield firstly a 100 kDa glycoprotein.

This glycoprotein further matures into 150-180 kDa forms due to addition o f A^-linked 

oligosaccharide chains. The 150 kDa form travels to the cell surface at the flagellar pocket. 

CBl can be detected at the cell surface ~ 30 min after synthesis, and has an estimated half- 

life for turnover of 0.7 h (Kelley et al. 1999; Alexander et al. 2002). CBl is subsequently 

internalised in endocytic vesicles and transported throughout the endocytic pathway.

LDL receptor:

A 145 kDa protein acts as the trypanosomal low density lipoprotein (LDL) receptor. 

This protein was isolated by affinity chromatography and is located in the flagellar pocket 

and flagellar membranes (Coppens e/a/. 1988; Coppens e/a/. 1991). The trypanosome 

receptor resembles mammalian LDL receptors immunogenically, however the gene for the 

trypanosome receptor has not yet been cloned precluding further investigations (Bastin et 

al. 1994). Interestingly there is also evidence for the presence of a trypanosome high 

density lipoprotein (HDL) receptor from uptake studies o f HDL. While no such receptor 

has been identified to date the following protein, CRAM (cysteine rich acidic 

transmembrane protein), has been suggested as a candidate on the basis of its similarity to 

mammalian receptors (Hager et al. 1994; Liu et al. 2000).

51



CRAM:

CRAM is a ^ s te in e  rich acidic transmembrane protein with a molecular weight of 

130 kDa (Lee et al. 1990). The protein contains a large domain consisting of 66 repeats of 

a 12 amino acid cysteine rich repeat (Lee et al. 1990). It differs from the proteins found in 

the flagellar pocket mentioned so far in that it is present in both procyclic and bloodstream 

forms of the trypanosome and is actually expressed at a higher level in procyclic forms. 

Surface expression of CRAM is restricted to the flagellar pocket in both cases (Yang et al. 

2000). CRAM acts as a receptor in the trypanosome, however its ligand is unknown.

Protein Disulfide Isomerase 1/2:

Two protein disulfide isomerases (PDIs) have been characterised from the 

endocytic pathway of T. brucei (Rubotham et al. 2005) (Appendix 1). Both are 

bloodstream stage specific. PDIs catalyse formation, reduction, and isomerisation of 

disulfide bonds, as well as functioning as molecular chaperones (Noiva and Lennarz 1992; 

Freedman et al. 1994; Ferrari and Soling 1999). Both of the T. brucei PDIs have isomerase 

activity, however only one (TbPDI-1) possesses reducing activity. Neither of the TbPDIs 

is required for trypanosome growth in vitro despite the fact that they are normally 

considered essential for growth in eukaryotes (Noiva and Lennarz 1992; Freedman et al. 

1994; Ferrari and Soling 1999).

Both TbPDI-1 and TbPDI-2 from T. brucei are modified by jV-glycosylation. The 

mature form of TbPDI-1 migrates by SDS-PAGE close to the size predicted by the primary 

sequence o f the protein. However TbPDI-2 is much more heavily glycosylated and 

migrates at 80 kDa, which is ~25 kDa larger than the predicted size of 55 kDa. TbPDI-2 is 

post-translationally modified by A^-glycosylation with glycans containing pNAL. This type 

o f modification is indicative of processing in the Golgi, and is a characteristic o f proteins 

from the flagellar pocket/endocytic pathway. Both TbPDIs co-localise with markers o f  the 

endocytic pathway. This subcellular location differs to that of eukaryotic PDIs, which are 

generally located in the ER (Noiva and Lennarz 1992). A role in protein trafficking from 

the Golgi to the ER for TbPDIs has been suggested.
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ISGIOO:

Another protein which has been identified from the flagellar pocket region is 

(invariant surface glycoprotein) ISGIOO. This protein is bloodstream stage specific, and 

present in the genome as a single copy gene (Nolan et al. 1997; Morgan et al. 2002). 

ISGIOO is a serine-rich integral membrane protein o f 100 kDa. It has an external N- 

terminal domain o f  10 kDa, a large membrane internal domain consisting o f 72 repeats of 

an almost identical 17 amino acid stretch, followed by a transmembrane domain. The N- 

terminal region has three potential A^-glycosylation sites, and ISGIOO is heavily N- 

glycosylated. The function o f ISGIOO is unknown and it has no significant homology with 

other proteins o f known function. ISGIOO is found in the flagellar pocket, but is largely 

associated with the intracellular vesicles o f  the endo/exocytic pathway.

TbM BA Pl:

TbM BA Pl is a transmembrane acid phosphatase found in all endosomal 

membranes, but not lysosomal membranes, or on the cell surface. This protein is essential 

for both incoming and recycling membrane traffic (Engstler et al. 2005).

Several other proteins have been identified from the flagellar pocket/endocytic 

pathway. These include Tb-29 proteins containing an EARLRAEE repeat motif, which are 

membrane associated glycoproteins located in several endocytic compartments (Lee et al.

1994). Several small G proteins o f the Rab family have also been reported from this region 

(Field et al. 1998). G L Pl, a Golgi and lysosome-associated transmembrane glycoprotein, 

and gp65 were also identified as components o f this specialised area (Burleigh et al. 1993; 

Lingnau et al. 1999).
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1.2.4 -  A cDNA library.

As mentioned previously TV-linked glycans containing linear pNAL are associated 

with proteins from the flagellar pocket/endocytic pathway, and only these proteins.

Tomato lectin binds to these proteins, a property which has been exploited in the single 

step isolation of proteins from this compartment by using tomato lectin immobilised on 

resin beads (Nolan et al. 1999). A major goal has been to isolate and characterise as many 

proteins as possible from this fraction. This goal has been greatly assisted by completion 

of the trypanosome genome project. Two approaches have been previously employed to 

identify proteins isolated from the tomato lectin binding fraction, (i) Antibodies against the 

total tomato lectin fraction were raised in rabbits and affinity purified against the fraction. 

These antibodies were used in exhaustive screens of expression libraries, all positive clones 

were subjected to three rounds of screening and ultimately over 400 final positives clones 

(representing both full length and partial cDNAs) were assessed by sequence and southern 

blot analysis, (ii) The tomato lectin binding fraction was also subjected to one/two 

dimensional gel electrophoresis, and protein bands/spots were analyzed by mass 

spectrometry to obtain sequence information for database comparisons. Mass spectrometry 

confirmed many of the clones identified by expression cloning, especially the more 

abundant proteins such as p67/CBl, TbPDI2 and the acid phosphatases. Possible 

homologues to previously characterised proteins constituted 43 % of the tomato lectin 

binding pool. Many of these homologues were found to be PDIs, which have been 

researched by our lab (Rubotham et al. 2005). The fraction was also subjected to 

quantitative Western blotting with specific antibodies, obtained from colleagues, against 

known proteins. No VSG was detected in this fraction, while those proteins reported to be 

present specifically in the flagellar pocket/endocytic pathway, e.g. ESAG6 and 7, (i.e. the 

transferrin receptor), CBl/p67, and ISGIOO, were all detected in the tomato lectin binding 

fraction (Nolan et al. 1999).

These approaches have allowed the construction o f a mini library of putative 

proteins (~ 25) that potentially are constituents of the FP/endocytic pathway. A complete 

list of the proteins currently in hand plus the status of our profiling of each protein is given
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in appendix 2. This work expands considerably the number of proteins potentially resident 

in this pathway. Most proteins fall into the category o f conserved (among the 

kinetoplastids) unknowns. Many appear to be membrane proteins and most have multiple 

putative A^-glycosylation sites (in some cases more than twenty). Characterisation of these 

proteins by series o f profiling steps that include bioinformatic analysis, generation of 

specific antibodies and investigation of localisation, glycosylation status and expression 

profiles is currently underway.

Of the unidentified clones five were selected for further investigation in this study 

(Appendix 4). The names of the genes corresponding to each of these cDNA clones 

according to the T. brucei genomic database (http://vAvw.tigr.org/tdb/e2kl/tbal/) were 

Tb927.4.4060, Tb927.7.2130, Tb927.5.3840, Tb927.5.4570/Tb927.5.4580 and 

Tb927.8.4050/Tb927.8.4100.
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1.3 -  The Trypanosoma brucei flagellum.

1.3.1 -  Structure of the flagellum.

The central core defining eukaryotic flagellae is the axoneme. This structure is 

remarkably conserved for motile flagellae across a range of organisms from protists to 

mammals. The axoneme generally consists of 9 peripheral microtubule doublets 

surrounding a central pair (Fig. 1.13) (Dutcher 1995; Silflow and Lefebvre 2001; El Zein et 

al. 2003). Peripheral doublets are arranged at regular intervals around the central pair and 

are attached to each other via nexin links. One microtubule of each peripheral doublet 

contains dyenin motors which are involved in flagellar motility (DiBella and King 2001). 

The most abundant proteins present in the flagellar axoneme are a  and P tubulin and 

dyenin. Proteins are synthesised in the main cytoplasmic body and imported into the 

flagellum compartment. Microtubule subunits are added to the distal end o f the axoneme 

to construct the flagellum (Rosenbaum et al. 1969; Witman 1975; Pipemo et al. 1996). 

Subunits are transported to the end of the flagellum by the intraflagellar transport (IFT) 

system (Kozminski et al. 1993; Rosenbaum and Witman 2002). IFT particles may be 

visualised as electron dense particles associated with one of the two microtubules o f each 

of the nine peripheral doublets o f the axoneme (Ringo 1967). At least 15 different proteins 

are involved in IFT and those identified are conserved across most flagellated species (Cole 

et al. 1998; Cole 2003; Avidor-Reiss et al. 2004). These proteins are concentrated around 

the basal bodies of flagellae, and as discreet spots along the flagellum (Cole et al. 1998; 

Deane et al. 2001). Inactivation of just one IFT protein inhibits flagellar axoneme 

assembly (Pazour et al. 2000; Brazelton et al. 2001; Deane et al. 2001). The IFT system is 

probably responsible for determining the length of the flagellum (Kohl et al. 2003).
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Fig. 1,13 -  The T. brucei flagellum.
An electron micrograph showing the T. brucei flagellum and associated structures. The 
axoneme with its 9+2 microtubule organisation is shown. The paraflagellar rod is 
represented as an electron dense region beneath the axoneme. These structures are 
contained within the flagellar membrane which is attached to the cell body via the 
flagellum attachment zone.
(Bastin et al. 2000)
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In the T. brucei flagellum a secondary structure termed the paraflagellar rod (PFR), 

or paraxonemal rod, runs alongside the axoneme from the flagellar pocket to the flagellar 

tip (Fig. 1.13) (Vickerman 1962). This structure has so far been reported only in 

Kinetoplasts and Euglenoids (Bastin et al. 1996; Maga and LeBowitz 1999; Bastin et al. 

2000). The PFR is composed of finely organised filaments and is stably connected to 

peripheral doublets 4 and 7 of the axoneme by specific filaments (Russell et al. 1983). The 

PFR is always connected to these 2 doublets, being therefore always located between the 

cell body and the axoneme. Construction of the PFR is slower than that of the axoneme, 

and appears to be both axoneme and IFT dependent (Kohl et al. 2003; Kohl and Bastin 

2005). The T. brucei PFR is composed of at least 20 different proteins (Pullen et al. 2004). 

O f these, two major proteins have been purified. The corresponding genes have been 

identified and comparable genes in related kinetoplasts (but not eukaryotes) have been 

identified (Schlaeppi e/a/. 1989; Deflorin e/a/. 1994). Antibodies have been generated 

against proteins of the PFR by the Gull lab, which they have kindly supplied for use in this 

project (Kohl et al. 1999; Gadelha et al. 2004). Proteins of high molecular weights with 

repeated domains have been reported within the PFR following expression cloning, and 

may be involved in stabilisation of the PFR (Woodward et al. 1994; Imboden et al. 1995). 

Knockdown of PFR proteins by RNAi does not interfere with flagellar formation or nuclear 

mitosis. In bloodstream, but not procyclic, form cells cytokinesis is blocked following PFR 

knockdown (Bastin et al. 1998; Moreira-Leite et al. 2001; Broadhead et al. 2006). Cells 

have inhibited motility due to flagellar paralysis. The flagellae associated with these cells 

still twitch and undergo slow helical motion, but their activity is significantly reduced in 

comparison to control cells.

The flagellum attachment zone (FAZ) of trypanosomes consists of specific 

cytoskeletal structures which follow the attached flagellum along the cell body (Kohl and 

Gull 1998). The FAZ maintains attachment of the flagellum to the cell body from the 

flagellar pocket to the anterior tip of the cell. The FAZ consists of an electron dense 

filament lying underneath the flagellum, and a set o f four microtubules (Sherwin and Gull 

1989). FAZ filaments identified to date are large (>200 kDa), contain repeated domains, 

and are specific to the cell body (Kohl and Gull 1998). The set of 4 microtubules are 

positioned on one side of the FAZ and interact with the smooth ER (Angelopoulos 1970;

58



Sherwin and Gull 1989). A flagellar adhesion protein has been identified in T. brucei 

(Flal) and T. cruzi (GP72) and shares 44 % identity between species. In each trypanosome 

the respective protein is localised to the flagellar membrane (de Jesus et al. 1993; Nozaki et 

al. 1996). GP72 knockout resulted in a viable phenotype where the flagellum became 

detached from the cell body, but continued to beat rapidly (Cooper et al. 1993). For RNAi 

knockdown o f Flal a similar phenotype was revealed in T. brucei, however in this case the 

knockout was lethal (Moreira-Leite et al. 2001).

In procyclic form T. brucei cells a flagellar connector has been observed which 

connects the distal tip of a new flagellum to the side o f the old flagellum during its 

synthesis (Moreira-Leite et al. 2001). During Flal RNAi knockdown, although the new 

flagellum became detached from the main cell body, it remained attached to the old 

flagellum at its distal tip by the flagellar connector (Moreira-Leite et al. 2001).

1.3.2 -  Flagellar alterations during the life cycle.

During the T. brucei life cycle the location and length of the flagellum varies. In all 

bloodstream and most procyclic forms the basal body and flagellar pocket are located 

posterior to the centrally located nucleus. The flagellum extends along the length o f the 

cell body to the anterior end and, depending on the life cycle stage, for varying lengths 

beyond the cell (Vickerman 1962; Vickerman 1985). In epimastigote forms the flagellum 

is anterior to the nucleus, and is attached to the cell body for only one-third of its length. 

The remaining two-thirds of the flagellum extend beyond the cell body and are used for 

attachment to the microvilli of epithelial cells (Van Den Abbeele et al. 1999). Interestingly 

when cells change from promastigote to epimastigote forms IFT and PFR gene expression 

are strongly down regulated (Mishra et al. 2003).
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1.3,3 -  Functions of the Flagellum.

In T. brucei the main function o f  the flagellum is cell motility (Hill 2003). M otility 

o f the flagellum is both axoneme and PFR dependant (Bastin et al. 1996; Bastin et al.

1998; Bastin et al. 2000). However several other important functions for the flagellum 

have also been suggested, such as in cytokinesis, and in endocytosis o f surface proteins 

(Engstler et al. 2005; Kohl and Bastin 2005). Non-flagellated cells cannot maintain their 

polarity and develop a spherical shape (Kohl et al. 2003). The endocytic vesicles within 

these cells become dispersed throughout the cytoplasm. These cells duplicate their basal 

bodies, and nuclear mitosis can occur. However, cytokinesis does not occur, resulting in 

production o f multinucleated cells (Kohl and Bastin 2005).

The length o f the flagellum has been implicated in control o f cell body size. RNAi 

knockdown o f IFT proteins to generate cells with shorter flagellae also resulted in smaller 

cells (Bastin et al. 2000). The relationship between cell size and flagellar length was 

almost identical in these cells. This relationship is thought to reflect control by 

components o f the flagellum in initiation o f cell division. In particular the FAZ complex is 

thought to be involved in cell division and act as a guide for cell cleavage (Robinson et al. 

1995). A shorter flagellum would therefore initiate cell cleavage at a position which is 

more posterior than one o f normal length, resulting in a smaller daughter cell (Tyler et al. 

2001; Kohl et al. 2003). At the final point o f cytokinesis two daughter cells are connected 

by their posterior ends with their flagellae pulling in opposite directions. Flagellar motility 

is thought to be necessary for final cell separation since inhibition o f flagellar activity {e.g. 

by PFR knockdown) prevents final cell separation (Bastin et al. 1998; Godsel and Engman 

1999; Ridgley et al. 2000).

M otility o f the trypanosome due to flagellar activity has been implicated in uptake 

o f proteins from the cell surface, in particular VSG associated with host cell antibodies 

which is rapidly endocytosed through the flagellar pocket (Engstler et al. 2005). It has 

been hypothesised that the movement o f  the trypanosome creates ‘currents’ across the cell 

surface. Antibodies bound to the tightly packed VSG act somewhat like a sail to be driven
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by the surface current into the flagellar pocket for uptake by the host cell. In this way 

antibody bound VSG uptake is specific and efficient (Engstler et al. 2005).

The trypanosome flagellum contains several calcium binding proteins (Godsel and 

Engman 1999; Ridgley et al. 2000). Calcium has been implicated in both cell signaling 

and control o f  motility. This observation leads to the hypothesis that the trypanosome 

flagellum may also have an involvement in sensory function, particularly since 

trypanosomes swim with their flagellum leading.

1.4 -  A^-glycosylation.

1.4.1 -  Synthesis of 7V-gIycans in trypanosomes.

All eukaryotic cells produce TV̂ -linked glycans. iV-glycans are oligosaccharides linked to 

asparagine residues o f  proteins at the conserved sequence Asn-X-Ser/Thr. Biosynthesis o f  

7V-glycans begins in the ER with assembly o f  an oligosaccharide precursor linked to a 

dolichol lipid (Dol-P) (Fig. 1.14) (Varki et al. 2002). Synthesis o f  the oligosaccharide 

precursor is a highly conserved event. Briefly two core G lcNAc monosaccharides form a 

linkage, followed by addition o f  5 mannose residues, all in the cytosol o f  the ER. At this 

stage the oligosaccharide precursor ‘flips’ across the ER membrane to become oriented in 

the lumen. At this point, in most eukaryotes, a further 4 mannose residues, followed by 3 

glucose residues (donated by Dol-P-G lc) are added to complete assem bly o f  the 

oligosaccharide precursor. However in trypanosomes assembly differs at this stage since 

trypanosomes do not generate the glucosylated donor Dol-P-Glc. Instead a further 1-4 

marmose residues (depending on species) are added to give a lipid-linked oligosaccharide 

donor that is Man6 /7/8/9 G lcNAc2 -P-P-Dol. This non-glucosylated donor oligosaccharide is 

transferred to asparagine residues o f  newly synthesised glycoproteins in the lumen o f  the
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ER. A Maii6 /7/8/9 G lcNAc2 -Asn A^-glycan results. At this point trypanosome iV-glycans can 

be glucosylated by UDP-Glc:glycoprotein glucosyl transferase. Cycles o f  glucose addition 

and removal occur and are important for correct glycoprotein folding and for exit from the 

ER. In the Golgi oligosaccharides may be processed by removal o f  certain mannose 

residues to yield Man5G lcNAc2 -Asn. This basic oligosaccharide serves as a substrate for 

diversification o f  A^-glycans in the Golgi (Varki et al. 2002). There are three subtypes o f  

A^-glycan which are high mannose, hybrid, or complex. High mannose A^-glycans are 

oligosaccharides in which the mannose residues are unsubstituted, i.e. they remain the 

same as those added to the basic Dol-P precursor oligosaccharide. Hybrid iV-glycan 

structures are those which bear both substituted and unsubstituted mannose residues, while 

in complex A^-glycans both mannose residues are substituted with GlcNAc moieties. These 

latter two subtypes may have two or more GlcNAc bearing branches (antennae), and up to 

5 branches have been observed. Variable numbers o f  GlcNAc units are added. Sialic acid 

and/or fucose residues linked to the core o f  the oligosaccharide may also be added.

1.4.2 -  Poly-A^-Acetyl Lactosamine and Tomato Lectin.

Presence o f  A^-glycans containing linear pNAL is a key feature o f  trypanosome 

proteins from the flagellar pocket/endocytic pathway (Nolan et al. 1999). A^-acetyl 

lactosamine has the core unit G a ip i^ 4 G lcN A c p i—»3. Hybrid and complex A^-glycan 

subtypes may have many linear repeats o f  this core unit.

PNGase F is an enzyme which cleaves high mannose, hybrid, and complex 

structures from vV-linked glycoproteins, thus enabling detection o f  their association with 

proteins by observing changes in their apparent molecular weight by SDS-PAGE  

(Takahashi and Nishibe 1981; Elder and Alexander 1982). More specifically presence o f  

high mannose and hybrid A^-glycan structures may be detected using the enzyme 

endoglycosidase H, which cleaves only these structures, including some hybrid pNAL
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linked glycans (Hsieh e/fit/. 1983; Robbins e/a/. 1984; Parekh e/a/. 1987). A^-glycans 

containing three or more linear repeats o f the A^-acetyl lactosamine core unit may further be 

identified using tomato lectin. Tomato lectin will bind with high affinity to 7V-glycans of 

this type enabling detection of their presence (Nagata and Burger 1974). Tomato lectin is a 

lectin from a well characterised family o f plant lectins -  Leguminosae. Lectins are defined 

as proteins o f non-immune origin that bind carbohydrates without modifying them. Most 

of the leguminous lectins are metalloproteins requiring Ca^^/Mn^^ for carbohydrate binding 

activity (Sharon and Lis 2002). The use of lectins for identifying particular carbohydrates 

has been well characterised, and lectins have historically been used for blood typing 

(Robertson and Kermedy 1996; Sengupta et al. 1997; Khan et al. 2002). Tomato lectin 

binds to proteins from the flagellar pocket/endocytic pathway which are modified by 

addition of three or more NAL repeats (Nolan et al. 1999). Interestingly from the 

perspective o f this study some C-type dependant lectins, such as hepatic lectins, are 

capable o f mediating endocytosis o f bound ligands (Zelensky and Gready 2005).

1.4.3 -A^-glycan function.

The precise effect iV-glycosylation has on a given protein is unknown. Similarly 

any differences of function between the three different A^-glycan oligosaccharide structures 

(high mannose, complex, or hybrid) are unknown. However, certain general observations 

have been made. A^-glycan precursor attachment to nascent proteins in the ER can often be 

necessary for correct protein folding. Extracellular glycans have been implicated in roles 

regulating cell-cell adhesion and the activation of receptor complexes through endogenous 

lectin-ligand interactions (Varki et al. 2002). Glycans may also function through steric and 

conformational influences based on their size and ability to branch into several chains.

In most major parasites (including T. brucei) glyco-conjugates are important in the life 

cycle and pathogenicity of the organism. For example glycan binding to erythrocyte sialic 

acid is essential to Plasmodium spp (which cause malaria) for invasion of these cells
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(Pasvol et al. 1993). T. cruzi also requires glycan binding to sialic acid on host cells for 

attachment (Burleigh and Andrews 1995). There is also evidence that jV-glycans are 

involved as sorting signals in the secretory arm of protein traffic in surface polarised cells, 

such as T. brucei (Fiedler and Simons 1995; Scheiffele et al. 1995; Gut et al. 1998; Alfalah 

et al. 1999).

In T. brucei the fact that A^-glycans containing linear pNAL are restricted to 

glycoproteins o f the flagellar pocket and endocytic pathway and present only in 

bloodstream forms has given rise to the hypothesis that these glycans play a role in 

endocytosis in T. brucei. This role may be mediated by interaction with a tomato lectin

like protein in the flagellar pocket. Chitooligosaccharides (the hapten for tomato lectin) 

substantially inhibit uptake of Tf, HDL, and LDL while not affecting other sugars (Nolan et 

al. 1999). Therefore a possible model for endocytosis in T. brucei may involve an 

interaction between A^-glycans containing linear pNAL and a protein in the flagellar pocket 

which possesses an external domain with tomato lectin-like binding specificity and a 

cytoplasmic domain which interacts with the internal machinery o f the endocytic pathway 

(Nolan et al. 1999). This model also allows for the sequestration of specific pNAL 

attached proteins in the flagellar pocket while proteins lacking pNAL would be free to 

move out o f the flagellar pocket. Phosphodiester linked glycans may also be involved in 

flagellar pocket specific retention (Nozaki et al. 1996). Interestingly deletion of 29 -  40 

amino acids at the C-terminus o f CRAM results in CRAM dispersal out of the flagellar 

pocket and along the plasma and flagellar membranes. These amino acids may therefore 

constitute a flagellar pocket retention signal, though the precise nature of this signal is 

unknown (Yang et al. 2000).
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1.5 -  RNA interference.

1.5.1 -  Introduction.

RNA interference (RNAi) is a mechanism which occurs in many eukaryotes in 

which fragments o f double-stranded ribonucleic acid (dsRNA) interfere with the expression 

of a particular gene whose sequence is complementary to the dsRNA.

The phenomenon of RNA interference, though only relatively recently 

characterised, has been around for some time (Fire et al. 1998). Before complete 

characterisation o f the RNA interference process, it was known by other names including 

post transcriptional gene silencing, transgene silencing, and quelling. The first reported 

incident o f RNAi occurred when researchers attempting to enhance colours o f petunia 

plants, by introduction o f a gene encoding an enzyme for flower pigmentation, accidentally 

‘turned o ff  expression of both endogenous and introduced genes, leading to production of 

white flowers (Napoli et al. 1990). Antisense RNA was first used specifically to interfere 

with expression of genes in Caenorhabditis elegans (Guo and Kemphues 1995; 

Montgomery et al. 1998). It was subsequently discovered that it is presence o f double 

stranded armealed sense and antisense RNA strands (dsRNA) that is responsible for the 

interfering activity, reported in a seminal paper by Fire et al, for which Fire and Mello 

shared the 2006 Nobel Prize in Physiology or Medicine (Fire et al. 1998).

The ability of RNAi to dramatically and selectively reduce the expression of an 

individual protein in a cell makes it an important laboratory research tool, both in cell 

culture and in vivo in living organisms. It is particularly useful in certain organisms such 

as C. elegans, or indeed T. brucei, in which the gene silencing phenotype is heritable. The 

effectiveness of RNAi has been demonstrated in several eukaryotes not amenable to classic 

genetics as a tool to down regulate gene expression. RNAi also holds promise as a 

therapeutic technique in human disease.
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1.5.2 -  Mechanism of RNA interference.

It is thought that the mechanism of RNAi is part of the cell’s natural defence 

against viruses. The cell responds to a foreign dsRNA by destroying all internal mRNA 

molecules with the same sequence. The actions of RNA interference (RNAi) are highly 

specific and remarkably potent with only a few dsRNA molecules per cell required for 

effective interference. There is evidence that the primary interfering effects are 

posttranscriptional, in that only targeting exon sequences results in effective RNAi (Fire et 

al. 1998). Nascent transcripts can be detected but are degraded before leaving the nucleus, 

and transcription initiation and elongation appear unaffected (Montgomery and Fire 1998).

To date, RNAi has been reported to occur through three major classes of small 

RNA molecules of 20-26 nucleotides in length. Firstly, small interfering (si)RNAs are 

double stranded RNAs resuhing from cleavage o f longer dsRNA molecules (Elbashir et al.

2001). The siRNAs usually have a two base overhang at their 3' ends. The siRNAs guide 

specific degradation of complimentary target mRNA by base pairing with the 

corresponding sequence. RNAi occurring through siRNAs represents the ‘classic’ RNAi 

pathway. Secondly, RNAi may occur through micro (mi)RNA molecules (Pasquinelli

2002). The miRNAs are single stranded and are processed from ~70 nucleotide long 

hairpin loops. miRNAs are thought to bind to the 3' UTR of the target mRNA. miRNAs 

have been reported only in higher eukaryotes to date. Thirdly, small heterochromatic 

RNAs, derived from dsRNA transcripts representing heterochromatic chromosomal 

regions, have been implicated in the RNAi process (Reinhart and Bartel 2002). The exact 

mechanism through which each class of small RNA functions is unknown.

In this study RNAi occurred via the classical pathway involving specific 

degradation of homologous cellular transcripts by siRNAs. The probable process o f RNAi 

by this pathway is outlined in Fig. 1.15. The pathway involves cleavage of long dsRNA 

from endogenous, transgenic, or viral transcripts into 20 -26 nucleotide siRNAs. 

Alternatively, for many eukaryotic cells synthetic small interfering (si) dsRNA complexes 

must be generated in vitro and incorporated into the cell by electroporation or lipid assisted 

uptake. Cleavage of long dsRNA transcripts is facilitated by the enzyme DICER, which is
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related to RNase III. DICER is a multidomain protein comprising helicase, PAZ (piwi- 

argonaute-zwille), RNase III, and dsRNA binding motifs (Bernstein et al. 2001; Harmon 

2002). The distance between the RNase domain and the PAZ domain determines the 

length o f the siRNA formed. Once formed, the 20-26 nucleotide siRNAs associate with a 

multiprotein complex termed RISC (RNA induced silencing complex) (Hammond et al. 

2000). Several RISC proteins have been identified in Drosophila, and include an argonate 

family member protein (AGO), a VIG (vasa intronic gene) protein, a helicase, and a protein 

containing several nuclease domains as well as a Tudor domain (Caudy and Pikaard 2002; 

Ishizuka et al. 2002; Caudy et al. 2003; Schwarz et al. 2003; Sprangers et al. 2003). Tudor 

domains bind to modified amino acids. AGO proteins have been identified in all 

organisms in which RNAi has been effective to date, including T. brucei (Durand-Dubief 

and Bastin 2003). The siRNAs unwind in the RISC in an ATP dependant manner to 

activate the complex (Nykanen et al. 2001). The activated RISC is competent to recognise 

and cleave complimentary target mRNAs. The precise method o f recognition of the target 

mRNA is unknown, but extensive to complete sequence complimentarity between the 

target and the siRNA is required (Elbashir et al. 2001). The RISC facilitates cleavage of 

the target mRNA in the centre of the complimentary region (Schwarz et al. 2003). Target 

mRNA can clearly no longer undergo translation, leading to a knockdown in the 

corresponding protein. It is important to note that RNA interference results only in 

knockdown of a target protein and not in a complete knockout.

1.5.3 -  Usefulness of RNAi in trypanosomes.

Effectiveness o f RNAi in T. brucei was first reported in 1998 (Ngo et al. 1998) and has 

since been reported to also be effective in T. congolense, but not in T. cruzi or the related 

kinetoplastid, Leishmania major (Zhang and Matlashewski 2000; Inoue et al. 2002; 

Robinson and Beverley 2003; DaRocha et al. 2004). Ngo et al introduced dsRNA from the 

alpha-tubulin gene into T. brucei, leading to a loss of tubulin mRNA and subsequent
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Fig. 1.15 -  The Process of RNA interference.
Double stranded RNA (dsRNA) is recognised by the cell, bound by the enzyme DICER, 
and cut into -20-26 nucleotide dsRNA complexes termed small interfering RNAs 
(siRNAs). siRNAs are bound by a complex of proteins called the RNA Induced Silencing 
Complex (RISC). One strand of the ds siRNA is stripped off, leaving the complimentary 
strand in the RISC. The complex binds a complementary target mRNA using the siRNA as 
a template. The target mRNA is then cleaved enzymatically. (From Sima Therapeutics).
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rounding up o f cells to a so called FAT phenotype. For many eukaryotic cells, including 

human cells, synthetic small interfering (si) dsRNA complexes must be created in vitro and 

incorporated into the cell. This process results in potent, but transient RNAi phenotypes. 

Ngo et al employed this method of synthetic siRNA synthesis, as well as co-transfecting 

two separate expression fragments containing the tubulin DNA in either sense or antisense 

directions. While both methods were effective for tubulin mRNA knockdown the former 

was transient and the later involved extensive manipulation. However, since Ngo et al first 

performed these initial experiments a number of vectors for heritable and inducible RNAi 

in T. brucei have been generated (outlined below), such that RNAi is now recognized as 

the method of choice to down-regulate T. brucei gene expression.

Stable cell lines expressing dsRNA in the form of stem-loop structures, and 

under the control o f a tetracycline-inducible promoter were generated by Shi et al (Shi et 

al. 2000). The stem loop structures consisted of a sense sequence corresponding to part of 

the target gene, a stuffer which formed the loop, and a complementary antisense sequence. 

When transcribed the complementary sense and antisense sequences formed a region of 

double stranded RNA which corresponded to the target gene.

Vectors which had two tetracycline-inducible promotors arranged as an inverted 

repeat to allow transcription of both strands o f the DNA sequence between them were 

generated by LaCount et al (LaCount et al. 2000). These vectors integrate into the 

untranscribed rDNA spacer region o f the trypanosome genome. Since then Wickstead et al 

have also generated vectors for RNAi, with inverted tetracycline inducible promotors, that 

allow stable insertion of the construct into the transcriptionally silent minichromosomes of 

T. brucei. (Wickstead et al. 2002).

The bloodstream form trypanosomes used in this study (parental strain 328.114 for 

RNAi) had tetracycline operator and T7 polymerase genes stably transfected into their 

genome and maintained by selection with G418 disulphate (Wirtz et al. 1999). The 

procyclic cell line for RNAi used in this study was the 29.13 cell line. In these cells the 

tetracycline operator and T7 polymerase genes were maintained by separate selection using 

G418 disulphate and hygromycin (Wirtz et al. 1995; Wirtz et al. 1999).

In this study both the p2T7^‘B/GFP vector (LaCount et a l 2002) and the p2T7-177 

vector (Wickstead et al. 2002) were used. With the exception of a different region o f
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integration into the T. brucei genome, these two vectors are generally comparable 

(Methods, Fig. 2.2). The target sequence can be cloned into unique restriction enzyme sites 

within either vector located between the two opposing promotors. Expression o f the gene 

o f  interest is therefore under the control o f tetracycline inducible T7 bacteriophage 

promotors. The BLE gene also formed a part o f each vector to allow selection o f cells into 

which the vector was successfially incorporated, based on phleomycin resistance. 

Linearisation o f  each vector with the Not I restriction enzyme generated a fragment which 

could be incorporated into the T. brucei genome at either the ribosomal DNA (rDNA) 

spacer region (p2T7^‘B/GFP) or at the minichromosomes (p2T7-177). Neither o f these 

regions is normally transcribed, meaning in principle ‘leaky’ transcription o f the dsRNA 

should not occur, and the inserted vector should only be transcribed following addition o f 

tetracycline. Therefore cells into which the vector has been incorporated, but which are 

incubated in absence o f tetracycline, should not display the RNAi phenotype for 

knockdown o f the target mRNA since T. brucei does not normally transcribe from these 

loci. Furthermore, because o f the transcriptional silence o f either region, insertion o f genes 

for RNAi at these locations will not disrupt expression o f  host cell genes. Stable 

transfection o f the vector into the T. brucei genome also means that the vector may be 

inherited by daughter cells.

The mechanism o f RNAi in T. brucei has been investigated. A T. brucei DICER 

homologue, T bD cll, has been characterized (Shi et al. 2006). TbD cll has an unusual 

domain organization which is specific to trypanosomatids. O f the proteins comprising the 

RISC only an argonate homologue, TbA G O l, has been identified in T. brucei to date, and 

it is essential for RNAi in procyclic form trypanosomes at least (Durand-Dubief and Bastin 

2003; Shi et al. 2004; Shi et al. 2006).

To date many T. brucei proteins have been subjected to knockdown by RNAi revealing a 

wide range o f  phenotypes, some o f which are outlined in Table 1.1 below. However, 

relatively few proteins from the flagellar pocket / endocytic pathway have been subjected 

to RNAi, with those which have showing no apparent typical phenotype for members o f 

this pool. In contrast, RNAi against components o f the flagellum or associated proteins 

have revealed a general ‘flagellar phenotype’ which displays similarities in many cases 

(Broadhead et al. 2006). For example, RNAi knockdown o f the PFR, F lal (a flagellar
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adhesion glycoprotein), or Trypanin (a component of the dyenin regulatory complex) all 

revealed a phenotype which displayed significant similarities in bloodstream form cells 

(LaCount et al. 2000; Broadhead et al. 2006; Ralston and Hill 2006). The phenotype 

consisted of inhibition of cytokinesis, but not mitosis or organelle duplication. Cells were 

observed which were multinucleate, and had multiple flagellae and other organelles. It has 

been hypothesised that correct flagellar function along a morphogenetic axis is required for 

final cytokinesis in trypanosomes in order to pull the dividing cells apart in opposite 

directions. Consequently, for cells in which flagellar function has been impaired for any 

reason, cytokinesis may not occur, although cells continue to otherwise prepare for division 

by generation of daughter organelles.

Though a powerful and specific tool for knockdown of protein, RNAi has certain 

limitations. Most obviously RNAi results in only a knockdown, and not a complete 

knockout, of the target protein. Residual levels of mRNA, and corresponding protein 

expression are nearly always detected. For RNAi against a given protein which displays no 

phenotype the possibility cannot be ruled out that the residual levels of the protein present 

throughout RNAi are all that is required by the cell. Effectiveness of RNAi is dependant 

on both the abundance and the half-life of the target protein. A stable protein may persist 

in the cell despite immediate RNAi knockdown of the corresponding mRNA. Another 

limitation of RNAi in T. brucei has been reported. For RNAi knockdown of many T. 

brucei proteins, particularly when a lethal phenotype results, trypanosomes are often seen 

to ‘escape’ from the effects of RNAi over several days or weeks (Chen et al. 2003). This 

phenomenon is most likely due to loss of, or damage to, the dsRNA system in situ 

following recombination of the inverted repeats which flank the gene of interest (Ullu et al. 

2004). The trypanosome thus retains phleomycin resistance, but does not produce dsRNA 

corresponding to the target mRNA. In T. brucei the majority o f RNAi experimentation 

performed to date has been carried out in vitro, and using monomorphic cell lines. Certain 

proteins which are essential for host-parasite interactions, or to differentiate between life 

cycle stages, may not be required in culture, while essential for life in the host or vector. 

While RNAi o iT  .b. brucei has been attempted in mice, a monomorphic strain of 

trypanosome which was adapted to growth in mammals was used (Lecordier et al. 2005). 

Ideally a phleomorphic strain of T. brucei is required for comprehensive RNAi.
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Protein Phenotype observed Lethal

Actin' Bloodstream form - Gross enlargement o f the flagellar pocket.
- Arrest of cell division & cell death after ~ 4 days 

Procyclic form - Distortion of transGolgi
- No growth defect

Yes

No
Clathrin heavy 
Chain^

Bloodstream form - Cell death after ~ 24 h
Procyclic form - Large decrease in receptor mediated endocytosis

- Morphological change to round apolar
- Cell death after ~ 5 days

Yes

Yes

Mitochondrial
RNA-
binding proteins 
M RPl, MRP2''

Decrease in membrane potential. 
20 % decrease in respiration.

No

RABl,

RAB2
(small GTPases)^

Bloodstream form - Distended Golgi complex 
- Growth inhibition after 24 h 

Procyclic form - Growth inhibition after 48 h

Bloodstream form - Growth inhibition after 24 h 
Procyclic form - Accumulation o f vesicular structures 

- Growth inhibition after 4 days

Yes

Yes

Yes
Yes

Flagellar pocket / Endocytic pathway proteins.

TbMBAPl 
(membrane 
bound acid 
phosphatase)

Growth arrest following half a generation, and cell death. Yes

PDl-1 /PDI-2^ No phenotype for either protein in bloodstream or procyclic cells. No

Flagellar proteins

PFR2'’- ' Bloodstream form - Flagellar paralysis.
-Inhibition of cell division (mitosis still occurs) 
-Multiple flagellae 

Procyclic form - Flagellar paralysis.

Yes

No

Flal* Detachment of flagellum from cell body 
Inhibition of cell division (mitosis still occurs) 
Multiple flagellae.
Bloodstream forms -  No cell division after ~10 h 
Procyclic forms - No cell division after ~30 h

Yes
Yes

Trypanin'^’ Bloodstream forms -  Inhibition of cell division (mitosis still occurs)
Abnormal and impaired flagellar beat 
Multiple flagellae 

Procyclic forms -  Abnormal and impaired flagellar beat

Yes

No
Table 1.1 -  RNA interference phenotypes for a selection of T. brucei proteins.
l-(Garcia-Salcedo et al. 2004), 2- (Rubotham et al. 2005), 3- (Hung et al. 2004), 4- 
(Zikova et al. 2006), 5-(Dhir et al. 2004), 6-(Bastin et al. 2000),7-(Broadhead et al. 2006) 
8-(LaCount et al. 2000) 9- (Ralston and Hill 2006) 10 -(Hutchings et al. 2002).
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AIMS.

This study aims to use two separate approaches to investigate features of sequences 

identified in a mini-Ubrary of cDNAs that potentially encode proteins from the tomato 

lectin binding fraction, and hence the flagellar pocket/endocytic pathway, in T. brucei.

The first of these approaches aims to employ metabolic labelling studies to monitor 

the synthesis, post-translational processing, and turnover of the general pool of 

trypanosomal tomato lectin binding proteins with specific aims as follows:

- To investigate general stability and turnover of the pool of proteins from the 

tomato lectin binding fraction in comparison to total cellular protein to determine whether 

proteins associated with the endocytic pathway have a comparable half life with other 

cellular proteins, e.g. VSG.

- To investigate synthesis and post-translational processing of proteins from the 

tomato lectin binding fraction. These studies will involve the total fraction isolated from 

bloodstream forms as well as specific proteins, e.g. TbPDI-2, from the fraction.

The second major aim o f this study was to undertake functional and molecular 

characterisation of several individual proteins isolated specifically from the tomato lectin 

binding pool. This study aimed to use the following general methods for protein 

characterisation:

- In silico analysis using a range o f predictive computer programs to highlight 

potential features, such as putative modification sites or transmembrane domains, of each 

protein. Further analysis aims to take advantage o f various comparative programs to 

highlight similarities between the above proteins and proteins or protein domains found in 

other species.

- Generation of antibodies against each protein to allow analysis o f protein 

expression and localisation, in order to determine characteristics o f each of the proteins.
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- Functional characterisation of each protein through conditional RNAi, to 

knockdown expression o f the corresponding mRNA in vitro along with demonstration of 

loss of target (e.g. by Northern blot, QRT-PCR or Western blot). Subsequent analysis of 

any phenotype arising, such as growth, morphological, trafficking, metabolic, motility, 

ultrastructural or effect o f loss of the protein of interest on other structures, will be 

undertaken.

Together, the aim of these experiments is to obtain novel information regarding 

several trypanosomal proteins, in particular those from the flagellar pocket/endoc}4ic 

pathway. New features o f several previously uncharacterised T. brucei proteins will be 

revealed and outlined.
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Chapter 2

Materials and Methods.
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Methods:

2.1 - Preparation of reagents.

All reagents used were weighed using a Mettler (model KTT) top loading 

balance (Model R20) as appropriate. All solutions were made up using distilled 

deionised water unless otherwise stated. Liquid volumes from 2 |xl to 5 ml were 

dispensed using Gilson Pipetteman pipettes. The hydrogen ion concentration of 

solution was measured using an Amagruss glass electrode, which was connected to an 

EDT RE357 microprocessor pH meter. The hydrogen ion concentration o f solutions 

was adjusted as necessary using HCl (12 M) and NaOH (5 M). The pH meter was 

calibrated using standard buffer solutions o f pH 4, 7 and 10 from Sigma. 

Centrifugations were carried out using an M SE-0-1582-A centrifuge, a Sorvall RC5B 

refrigerated centrifuge and a bench Hermle BHG microspin centrifuge.

2.2 - Buffers.

Iso-osmotic TES buffer: TES (30 mM, pH 7.5) Na2HP0 4  (1 mM), NaCl (138 mM), 

KCl (4 mM), MgCl2 (3 mM), Adenosine (0.2 mM) Glucose (10 mM), Sucrose (55 

mM), pH 7.4. Adenosine was added from stock 100 mM solution dissolved in NaOH 

(IM ). Glucose and adenosine were added immediately prior to use.

TSB (trypanosome separation buffer): Na2HP0 4  (3 mM), NaH2P0 4  (57 mM), NaCl 

(44 mM), KCl (5 mM), Adenosine (0.2 mM), Glucose (10 mM), Sucrose (118 mM), pH 

8.0. Adenosine was added from stock 100 mM solution dissolved in NaOH (1 M). 

Glucose and adenosine were added immediately prior to use.

Phosphate Buffered Saline, PBS: KH2PO4 (3 mM) Na2HP0 4  (16 mM) NaCl (136 

mM) KCl (3 mM), pH 7.5.

Tris Buffered Saline, TBS: NaCl (155 mM), Tris (50 mM), pH 7.4.

Iso-osmotic Phosphate buffer, PSG: TSB buffer without sucrose.
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2.3 - Growth of cultured bloodstream form trypanosomes.

The trypanosomes employed in these experiments were monomorphic 

bloodstream trypomastigote forms of Trypanosoma brucei brucei, expressing MITat 

(Molteno Institute Trypanozoon antigen type) 1.2 VSG, from strain 328.114 (Wirtz et 

al. 1999). These cultured cells were grown in HMI-9 medium with 10 % heat- 

inactivated foetal calf serum (FCS) (Hirumi and Hirumi 1989). Media also contained 

G418 disulphate (2.5 |ig/ml). Cells were grown at 37 °C, 5 % CO2 in a water-jacketed 

CO 2 incubator (Thermo Forma). T-25 and T-75 flasks (Greiner bio-one) were used for 

the culture o f cells. Synchronous growth o f cells was achieved when the density of 

cells in the culture flasks was maintained below 2 x 10^ cells/ml.

2.4 - Purification o f T. brucei from infected blood.

Trypanosomes were isolated from infected blood by a modification o f the 

method of Lanham (1968) incorporating the modifications of Owen and Voorheis 

(1976) and Lonsdale-Eccles and Grab (1987). The host used to propagate the 

trypanosomes were large male Wistar rats. These were infected by intraperitoneal 

injection of previously infected blood (approximately 100 |o.l o f blood; 1 x 10  ̂cells/ml), 

resulting in a parasitaemia o f approximately 10  ̂cells per ml of blood 3 days post 

injection. After 3 days blood was harvested and centrifuged at 650 ^  for 10 min in an 

MSB (multex) centrifuge at 4 °C using a swing out rotor. The resulting plasma layer 

was removed and replaced with an equal volume of TSB and the underlying 

trypanosome layer gently resuspended. The suspension was removed and layered on to 

a short column of Whatman DEAE-cellulose that had been previously equilibrated with 

TSB at 4 °C. The blood cells bound to the column, while the trypanosomes were not 

retarded and appeared in the void volume of the column. Trypanosomes were collected 

by centrifugation at 650 g  for 10 min, 4 °C and were washed once with TSB using 

another cycle o f centrifugation/resuspension before finally resuspending the cells as a 

stock suspension in TBS buffer at 4 °C. Cells were held at 4 °C and used for 

experiments within 30 min of their isolation.
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2.5 -  Growth of cultured procyclic form trypanosomes.

The procyclic cell line used was the 29.13 line, generated from T. b. brucei 

strain 427 (Wirtz et al. 1999). This cell line expresses T7 RNA polymerase and the 

tetracycline repressor, along with linked hygromycin and G418 resistance genes. These 

cultured cells were grown in SDM-79 with 10 % heat inactivated FCS (Brun and 

Schonenberger 1981). Media also contained G418 (2.5 ^g/ml) and hygromycin (1 

Hg/ml) to maintain selection of the cell line. Cells were grown at 27 °C, 5 % CO2 in a 

water-jacketed CO 2 incubator (Thermo Forma). T-25 and T-75 flasks (Greiner bio-one) 

were used for the culture of cells. Synchronous growth of cells was achieved when the 

density o f cells in the culture flasks was maintained below 1 x 1 0 ^  cells/ml.

2.6 - Cell counting.

The density o f cells in each suspension was determined by counting the number 

o f cells in a sample of culture medium, using an improved Neubaur haemocytometer 

with a silvered stage (Gelman-Hawksley, Lancing, Sussex, U.K.) and a light 

microscope (Olympus CK2).

2,7 -  Detergent lysis of cultured cells.

Cultured cells were harvested by centrifugation at 1,500 g, 5 min for 

bloodstream forms, or 1, 000 g, 3 min for procyclic forms. Cell pellets were washed 

once in PSG buffer and resuspended in Tris (50 mM, pH 7.5), NaCl (150 mM), and 1 % 

CHAPS containing leupeptin (30 (xg/ml), PMSF (0.3 mM) and TLCK (0.1 mM) at a 

cell concentration o f 1-2 x 10  ̂cells/ml. Samples were incubated at 4 °C for 30 min 

with occasional mixing, then centrifuged at 15,000 g, 4 °C for 15 min. For SDS gels 

samples were mixed with an equal volume of sample buffer (Tris 0.5 M pH 6.8, 10 % 

glycerol, 0.02 % bromophenol blue in ethanol, 2.5 % (w/v) SDS, 2-mercaptoethanol (50 

|jl/ml)). All samples were boiled for 5 min prior to loading to the gel. The minimum 

loading per lane was 5x 1 0 ^  cells and SDS-PAGE was carried out as described in 

section 2.11.
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2.8 - Metabolic labelling o f cells.

Cultured trypanosom es w ere centrifuged for 5 min at 1,500 x g ,  and 

resuspended at a concentration o f - 5 x 1 0 ^  cells/ml in m inim um  essential medium, 

Eagle (M EM ) supplem ented w ith alanine (0.1 mM), glycine (0.1 mM ), serine (0.1 mM), 

proline (0.1 mM ), aspartic acid (0.1 mM ), L-glutam ine (2 mM ), hepes (50 mM ), bovine 

serum album in (Im g/m l), adenosine (0.5 mM), catalase (5 |ig /m l) and 10 % heat- 

inactivated foetal ca lf serum dialysed against PBS. M edia was used at 37 °C and 

equilibrated with 5 % CO 2 . The cells were incubated at 37 °C / 5 % CO 2 for 1 h in this 

m edia to allow exhaustion o f  the cellular pool o f cys/m et. C ells were centrifuged as 

before and resuspended at a concentration o f  2 x lO’ cells/m l in the same media. 

Labelled (^^S) cys/m et m ix (92.5 M Bq) (Promix, A m ersham ) was added to a final 

concentration o f  0.1 m Ci/m l. Cells were incubated for either 2 min or 10 min. The 

entire cell suspension was diluted 1:7 in HM I-9 m edia at 0 °C and centrifuged as before. 

The cell pellet was resuspended at 2 x 10^ cells/ml in HM I-9 at 37 °C. The first 

tim epoint (T=0, 2 x lO’ cells) was im m ediately removed and diluted 1:15 in TSB at 0 

°C. Cells were centrifuged as before. The remaining cell suspension was incubated at 

37 °C / 5 % CO 2 with sam ples after further tim epoints rem oved and treated in the same 

manner.

2.9 - Cell surface biotinylation of trypanosomes

All solutions were m aintained on ice at 4 °C throughout the w ashing and surface 

labelling o f  cells. Cells were w ashed in ice-cold TSB (x2) and the pellet was 

resuspended at 5 x lO’ cells/m l. Sulfo-NHS-LC-Biotin was weighed out at 3 mg/ml 

and added im m ediately to PBS. 100 p.1 o f  this solution was added to I ml o f  cells and 

incubated at 0 °C for 20 min. The biotinylation reaction was quenched by addition o f a 

tenfold volum e o f  ice-cold TSB containing 5 mM  glycine. The biotinylated 

trypanosom es were washed tw ice by centrifugation (1,500 g,  4 °C, 5 min).
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2.10 -  Lysis o f metabolically/surface labelled cells.

Labelled cell pellets w ere resuspended in 2 % CHAPS with protease inhibitors 

as follows, leupeptin (30 ng/m l), PM SF (0.2 mM), E-64 (20 ^M ), TLCK (50 ^M ), 

pepstatin A (10 jxM), antipain (5 |xM), and EDTA (1 mM ). Sam ples were incubated at 

0 °C for 30 min, then centrifuged at 13,200 x ^ ,  4 °C for 15 min. Supernatants were 

retained and stored at -8 0  °C (Polar 530 V freezer) for subsequent experim entation.

2.11 - SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE).

SDS-PA G E w as perform ed using a m odification o f  the method o f  Laemmli 

(1970). Gel com ponents are given in Table 2.1. Am m onium  persulphate was prepared 

im m ediately prior to use. The separating gel was loaded and left to polym erise with a 

layer o f  w ater saturated butanol on top (60 % dH20:40 % butanol). This was removed 

before the stacking gel was loaded. The stacking gel rem ained the same irrespective o f 

the com position o f  the separating gel. Samples for gel electrophoresis were prepared in 

an equal volum e o f  sam ple buffer (0.5 M Tris buffer pH 6.8, 10 %  glycerol, 0.02 % 

brom ophenol blue in ethanol, 2.5 %  (w/v) SDS, 2-m ercaptoethanol (50 ^l/m l)). All 

sam ples were boiled for 5 m in prior to loading. A vertical slab apparatus (Atto minigel 

system ) based on the original design o f  Studier (1973), connected to a BIO -RA D power 

pack 3000 was used for electrophoresis. Running buffer contained glycine (300 mM ), 

Tris base (80 m M ), and SDS (0.1 %). Gels were run at a constant current o f 25 mAmp 

until the dye front reached the base o f  the gel.

2.12 - Coomassie Blue staining.

SDS polyacrylam ide gels were stained using 0.2 %  Coom assie Brilliant Blue R- 

250 in a solution o f  m ethanol:acetic acid:w ater (10:7:83 by volume). Destaining was 

carried out by agitation in m ethanol:acetic acid:water (10:7:83 by volum e) at room 

tem perature with several changes o f  destaining solution.
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2.13 -  Silver staining.

Silver staining was carried out according to the method o f H eukeshoven and 

Dernick 1988 (H eukeshoven and D ernick 1988). Briefly, the electrophoresed gel was 

fixed overnight (40 % Ethanol, 10 %  acetic acid, 50 % distilled water). The gel was 

w ashed with distilled water, then placed in incubation solution (30 % Ethanol, 0.8 M 

Sodium  acetate, 8 mM Sodium thiosulfate, 12.5 |oM Glutaraldehyde) for 30 min at 

room  tem perature and washed again, 3 x 5  min in distilled water. The gel was 

incubated with silver solution (7 mM  Silver nitrate, 6.6 |iM  Form aldehyde) for 20 min 

at room tem perature. The gel was washed once, then colour was developed by 

incubation in developing solution (235 m M  Sodium carbonate, 3.3 |.iM  Form aldehyde) 

at room tem perature until bands were visible. Colour developm ent was stopped when 

required by incubation o f  the gel in 50 mM  EDTA solution.

2.14 - Preparation of SDS-PAGE gels for autorad.

After staining with Coom assie blue and destaining as described above, gels 

containing radioactive sam ples were soaked in Am plify solution (A m ersham ) for 30 

min at room tem perature. Gels were dried using a slab gel dryer (Savant) connected to 

a vacuum  pump for 1 h 30 m in at 80 °C. Dried gels were placed in film cassettes with a 

piece o f  Kodak X -O m at LS film (Sigm a) on top, and left at -8 0  °C for varying periods 

o f  tim e (from overnight to thirty days) depending on the am ount o f  labelled protein 

present in the sam ple loaded to the gel. Film was developed using an X-ray film 

processor (Fuji).

2.15 - Semi-Dry Western Blotting.

Transfer o f  protein from SDS polyacrylam ide gels to either Polyvinylidene 

D ifluoride (PVDF) or nitrocellulose m em brane was carried out according to the method 

o f  M atsudaira (1987). The electrophoresed gel, PVDF/nitrocellulose m em branes (pre

soaked in 100 % methanol for PVDF) and sections o f  chrom atography paper cut to size 

were soaked in transfer buffer (CAPS 10 mM , 10 % m ethanol, SDS 1.32 m M , pH 11) 

for 10 min. The gel was overlaid onto the PVD F/nitrocellulose sheet ensuring no air
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Gel Com ponents. 10 %  Separating 

Gel

15 %  Separating 

Gel

5 Vo Stacking 

Gel.

40 % acrj'lam ide/1 % 

bisactylamide stock 

solution.

5 ml 7.5 ml 500 \i\

1.5 M T ris  pH 8.8 5 ml 5 ml

0.5 M Tris pH 6.8 1.25 mi

10 % SDS solution 200 ^l 200 \i\ 50 nl

Distilled/deionised

water.

9.75 ml 7.25 ml 3.165 ml

10% Ammonium 

persulfate solution.

50 nl 50 ^l 25 ^l

TEMED 10 \i\ 10 \i\ 10 \i\

Table 2.1 -  C om ponents of SDS-PAGE gels.
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bubbles were present. Pre-soaked chromatography paper was placed on either side o f  

the gel-P V D F / nitrocellulose layer (6 sheets on each side). The entire assem bly w as 

placed in a Hoeter sem i-dry blotter and proteins were transferred to the membrane at 

100 m Am p for 1 h. F ollow ing transfer, proteins present on the membrane were view ed  

by staining with Ponceau Red. M olecular weight markers were marked on the 

membrane and it was washed ( 4 x 5  min) with dH20, to rem ove the stain.

2.16 - Immunoblotting.

The PV D F/nitrocellulose membrane w as incubated in blocking buffer (5 % 

(w /v) marvel, 0.05 % (w /v) T w een 20, in T B S) overnight at 4 °C  or at room  

temperature for 1 h 30 min, w ith gentle agitation (Stuart Scientific rocker). The 

membrane w as w ashed ( 3 x 1 0  min) in TBS, 0.05 % Tw een 20 (T B ST ), before 

incubation with primary antibody in 3 % (w /v) m arvel/TBST at room temperature for 1 

h with gentle agitation. The membrane was washed ( 3 x 1 0  min) and incubated with an 

alkaline phosphatase conjugated secondary antibody in 3 % (w /v) m arvel/TBST at 

room temperature for 1 h with gentle agitation. The PV D F/nitrocellulose membrane 

was washed again ( 3 x 1 5  min). Secondary antibody w hich had bound to the membrane 

was detected using the 5-brom o-4-chloro-3-indolyl phosphate/nitroblue tetrazolium  

(BC IP/N BT) substrate solution (R oche). The membrane was incubated in this solution  

with gentle agitation until the colour had developed to the desired degree. The reaction 

w as arrested by incubation in dH 20 and the im m unoblot w as scanned using an Epson  

scanner to obtain a permanent record o f  the result.

2.17 - Direct pulldown of Trypanosoma! Proteins.

Selected pools o f  trypanosomal proteins were extracted from w hole  

trypanosomal lysates, prepared as in section 2.10, by m ixing sam ples o f  the lysate with 

the appropriate ligand bound to sepharose beads. The resin was prepared by making a 5 

% solution o f  the sepharose bound ligand in PBS and allow ing the beads to sw ell 

overnight. The resin w as resuspended in a 1:1 slurry o f  resin:PBS, then added to the 

trypanosome lysate. The trypanosom e lysate-ligand sepharose mixtures w ere incubated
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at room temperature with gentle inversion for 1 h. Samples were centrifuged at 9000 x 

g  for 30 s to sediment the resin bound immune complexes.

2.18 - Immunoprecipitation of Trypanosomal Proteins.

Immunoprecipitation o f proteins from trypanosome cell lysates was performed 

using a modification o f the general method o f Anderson and Blobel (1983). 

Immunoprecipitations were performed by mixing samples o f lysed cells, prepared as in 

section 2.10, with 10-200 ^1 (determined by titration) o f the appropriate antiserum. 

These mixtures were incubated at room temperature with gentle inversion for 1 h. 

Protein A-sepharose slurry (in the case o f rabbit antiserum) was prepared by making a 5 

% solution o f the sepharose in PBS with sodium azide (0.02 %). After swelling 

overnight the swollen beads were adjusted to give a final 1:1 gelibuffer ratio. The 

antiserum treated lysates were then mixed with a slurry (1:1) o f protein A-sepharose in 

PBS in a ratio o f two volumes o f slurry for each volume o f antisera used in the 

immunoprecipitation. The mixture was subjected to gentle agitation for 1 h at room 

temperature before centrifugation at 9000 x g for 30 s to sediment the resin bound 

immune complexes.

2.19 - Washing and elution of resin bound protein.

Sedimented resin was washed by centrifugation/resuspension five times for 5 

min with Tris (25 mM), NaCl (150 mM), pH 7.5. For the final (sixth) washing 0.1 % 

Triton X-100 was added to the buffer. In the case o f immunoprecipitations using 

tomato lectin the buffer also contained CaCb (0.1 mM) for all washes. The resin was 

centrifuged for 2 min and repeated if  necessary to fully pellet the resin and remove as 

much excess buffer as possible. The immune complexes were eluted from the resin by 

boiling in SDS-PAGE sample buffer for use in direct electrophoresis.
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2.20 - Generation of anti-PDI-2 antibodies.

Antibodies against PDI-2 were generated using the general m ethod o f Sigel et al 

(1983). Fem ale New  Zealand W hite rabbits (2-3 kg) were injected between the toes 

with 0.9 %  (w/v) NaCl, 2 % (w/v) Evans blue dye. At least 1 h later rabbits were 

anaesthetised using 0.9 % (w/v) NaCl, sodium pentobarbital (16.2 m g/ml) injected into 

the ear. Recom binant PDI-2 protein at 100 |ig in 50 ^1 sterile PBS was taken and 

mixed with 50 ^1 F reund’s Com plete Adjuvant. The m ixture was em ulsified by vortex 

followed by suction up and dow n through a 1 ml syringe fitted with a '/a inch x 26- 

gauge needle (Braun). A sam ple o f  blood (1 ml) was withdraw n from the rabbit in 

order to obtain preim m une serum. Vertical skin incisions were m ade at the back o f  the 

rabbit’s knee and the popliteal lymph node (stained by Evans blue) was exposed. A 50 

|il volum e o f  em ulsified antigen was injected directly into the node on each side o f  the 

rabbit. Incisions were sutured. The first boost was made after 14 days. A 100 |ig 

sam ple o f  recom binant PDI-2 in 500 |il sterile PBS was taken and mixed with 500 îl 

Freund’s Incom plete Adjuvant. The m ixture was em ulsified by vortex, and suction up 

and down through a 1 ml syringe as before. The em ulsified adjuvant was injected in 

multiple subcutaneous sites on the rabbit’s back. Further identical boosts were given 

tw ice at 28 and 42 days post initial inoculation. On day 53, 0.5 ml blood was 

withdraw n from the rabbit and used in an ELISA assay (see below). On receipt o f  

satisfactory ELISA results the rabbit was term inally bled. Blood withdrawn from  the 

rabbit was allowed to clot. P lasm a was removed and centrifuged at 2,000 x 4 °C, for 

35 min. Supernatant was removed, aliquoted and stored at -20 °C.

2.21 - Immunoassay of antibody titre by direct ELISA.

Serial dilutions o f  appropriate recom binant protein, from I /I  00 to 1/100,000 

(stock concentration 4 |ag/ml) were made in 100 mM glycine pH 4 and used for coating 

an ELISA plate. A 100 fj.1 sam ple o f  each dilution was added, in quintriplicate, to high 

binding polystyrene m icrotitre im m unoassay plates (Im m ulon 2, Sigma). The plates 

were incubated at 37 °C for 1.5 h in a hum idified chamber. Following washing o f  the 

wells (x8) with Tris 100 m M , Tween-20 0.05 %, (w/v) pH 7.4, the plates were blocked 

with 200 |o,l o f  blocking buffer (Tris-Tw een 20 as above, BSA, 1 %, w/v) and incubated
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at 37 °C for 30 m in in a hum idified environment. The plates were again washed (x8) 

with Tris-Tw een 20  and incubated with the rabbit anti-serum to be titred (100 |il o f  

1/1000 dilution in blocking buffer) for 1 h at 37 °C in a hum idified environm ent. A  

single lane w as left untreated as a control. After w ashing (x8) with Tris-Tween 20, an 

anti-rabbit IgG alkaline phosphatase conjugate (100  )o.l o f  a 1 /30,000 dilution in 

blocking buffer) w as added to the w ells (1 lane left untreated as a control) and allow ed  

to incubate for 1 h at 37 °C  in a hum idified environm ent. Subsequent to a final w ashing  

(xlO ) with T ris-Tw een 20, the plates w ere developed with 100 |il/w ell o f  an alkaline 

phosphatase substrate solution (diethanolam ine 10 % (v/v), M gC b 1 m g /m l,/j-  

nitrophenyl phosphate 1 m g/m l, pH 9.8). The reaction w as stopped by addition o f  100 

|il o f  NaO H  (1.5 M). Absorbance readings were taken at 405 nm in a microtitre plate 

reader.

2.22 - Denaturation and digestion with PNGaseF.

An equivalent volum e o f  PBS containing SD S (4 %, w /v) w as added to 

im m unoprecipitated protein resin com plexes and incubated at 100 °C for 5 min.

Sam ples w ere im m ediately centrifuged at 9000 x ^  for 3 min and as much as possib le o f  

the supernatant w as removed. A fourfold volum e o f  PBS containing Triton X -100  (2.5  

%, w /v) and D TT (5 mM ) w as added. Sam ples were incubated on ice for 45 min and 

com plexed SD S w as removed by centrifugation at 10000 x g  for 10 min at 4 °C. This 

supernatant represents the denatured/reduced immunoprecipitated protein. A 1/5 

volum e o f  PN G aseF buffer (0.25 M N a2HP0 4 ; 50 mM EDTA, pH 7.6, DTT 5 m M ) w as 

added. Sam ple w as divided into two equal aliquots and w as incubated at 37 °C 

overnight plus and m inus PNGaseF (5 U /m l). After incubation the sam ple w as 

concentrated as fo llow s. Precipitation w as achieved by addition o f  5 ng R N A se A, 

fo llow ed  by 5 volum es o f  acetone at 0 °C, and incubation o f  the sam ple for 2 h at -20  

°C. The sam ple w as centrifuged for 15 min at 4 °C. The supernatant w as rem oved and 

the pellet a llow ed to air dry.
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2.23 - A garose Gel E lectrophoresis o f DNA.

Agarose powder (1 % w/v) was mixed with TAE electrophoresis buffer (Tris 

acetate (40 mM), EDTA (2 mM), pH 8), and heated in a microwave until completely 

melted. The solution was allowed to cool to ~ 50 °C and poured into a casting tray 

containing a sample comb to give a well depth of ~ 5/6 mm. The gel was allowed to 

solidify at room temperature. The comb was removed and the gel placed horizontally 

into an electrophoresis chamber (Medical Supply Company). TAE was added until just 

covering the gel. Samples for loading to the gel were prepared in loading buffer (20 % 

Ficoll 400, 0.1 M EDTA pH 8, 1 % SDS, 0.025 % bromophenol blue). After loading 

the gel was allowed to run at 70 V for ~ 1 h 30 min. The electrophoresed gel was 

placed in a solution o f ethidium bromide (0.5 fig/ml) in TAE and left to soak for 10 min 

to stain the DNA. Stained samples were visualised using a UV transilluminator (MSC).

2.24 - Polym erase C hain Reaction.

Primers were designed with standard criteria using cDNA sequence data for five 

putative flagellar pocket proteins (Tb927.4.4060, Tb927.7.2130, Tb927.5.3840, 

Tb927.5.4580 and Tb927.8.4100) and are shown in table 2.2 below. Restriction 

enzyme sites were incorporated into the ends o f each primer. Polymerase chain 

reaction (PCR) mixtures were made up in 50 |al total reaction volumes in thin wall PCR 

tubes (Molecular bioproducts) with components as shown in table 2.3. DNA from T. 

brucei was used as template DNA. After all additions had been made samples were 

centrifuged briefly then placed in a PCR Sprint machine (MSC). Amplification of 

DNA was achieved using the conditions in table 2.4.

2.25 - Purification  of PC R  products.

PCR products were purified by spin column purification using the ‘High Pure 

PCR Product Purification Kit’ (Roche).
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Tb927.4.4060 

forward primer

" GGC GGA TCC ATG CAA TAA CGA AGA G" Bam HI

Tb927.4.4060 

reverse primer

" GGG CTC GAG GAA CTG CAT GTT GTC C " Xhol

Tb927.7.2130 

forward primer

" GGG GGA TCC CGA TTT TGT CAG TGA G" BamHI

Tb927.7.2130 

reverse primer

" GG(i A AT TCA CGC GCA CTG CTA CGG" EcoRl

Tb927.5.3840 

forward primer

TAT GGA TCC TAA TGC ATG GAG CTT CAG TC" BamHI

Tb927.5.3840 

reverse primer

" ATA TCT CGA GTT ACA CTA CAT TGA TCT TTT C"' Xhol

Tb927.5.4570 

forward primer

" GTG AGG GTG GAT CCC GAT ACA TGG" BamHI

Tb927.5.4570 

reverse primer

" CCT TAC CTC GAG CAG TCG CAG CAG" Xhol

Tb927.8.4100 

forward primer

" CCG GAT CCG TCG CTG GAA GTA C" BamHI

Tb927.8.4100 

reverse primer

 ̂CGC TCG AGC AAT CGG GTT ATC TCA C" Xhol

Table 2.2 -  Primers used in PCR.
The forward and reverse primers used for PCR amplification o f each gene are shown, as 
well as the restriction enzyme site incorporated into each primer.

Component Tb927.4.4060/ Tb927.5.4580 Tb927.7.2130/ Tb927.5.4580/ 

Tb927.8.4100

1 Ox PCR buffer 5 nl 5 jil

MgCb 5 mM 2 mM

dNTPs 1 mM 1 mM

Primers (for and rev) 10 pM 10 pM

Template DNA 750 pg 750 pg

dHjO 30.5 nl 36.5 nl

Tag polymerase 2 U 2 U

Table 2.3 -  PCR reaction mixtures.
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Tb927.4.4060/

Tb927.5.3840

Tb927.7.2130 Tb927.5.4570/

Tb927.8.4100

Step 1 1 min 94 °C 1 min 94 °C 1 min 94 “C

Step 2 30 sec 94 °C 30 sec 94 °C 30 sec 94 °C

Step 3 1 min 62 °C 1 min 61 °C 1 min 62 °C

Step 4 1 min 72 "C 45 sec 74 °C 1 min 72 °C

Step 5 4 min 72 °C 4 min 74 “C 10 min 12°C

Table 2.4 -  PCR conditions.
The conditions employed for PCR of each gene are shown. Steps 2-4 were repeated 35 
times. After step 5 the holding temperature was 4 °C.

2.26 - Restriction enzyme digestion of DNA.
DNA samples were singly or doubly digested in sterile 500|j,l minifuge tubes 

(Starstedt) using 20 U o f each restriction enzyme in appropriate buffer (1/10 dilution of 

10 X stock supplied with the enzyme) for 3 h or overnight at 37 °C to ensure complete 

digestion.

2.27 -  Expression cloning into the pGEX vector.
The pGEX-5X vector system was used to express proteins o f interest (Fig. 2.1). 

This system allows expression of a GST fusion protein, in this case an A^-terminal 

fusion (Smith and Johnson 1988). The vector has a multiple cloning site (MCS) to 

allow insertion o f the gene of interest into several different restriction enzyme sites as 

required, with stop codons in all three frames downstream. The vector encodes an 

ampicillin resistance gene to allow for selection o f only E. coli in which it is present. A 

tac promotor is present upstream of the MCS to allow chemically inducible, high-level 

expression o f protein. IPTG is used to induce expression o f protein by this system. 

Between the promotor and the MCS the vector contains a gene encoding glutathione S- 

transferase which is co-transcribed with the inserted gene of interest. In principle this 

property allows easy purification o f the fiision protein from bacterial lysates using
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pGEX-5X-3 (27-4586-01)

B a m H  I E c o R l ^ s m l l  X h o l
Tlh111 I I  Aat II

Bal I

P la c  

BspM I ^

Pst 1

pGEX
-4900 bp

Nar I
AiwN I

p4.5EcoR V

BssH

Apa I pBH322
onBstE II

Fig. 2.1 -  The pGEX Expression System.
Map o f the pGEX glutathione S-transferase fusion vector showing the reading frame of 
the multiple cloning site, and the main features o f the vector.
(Smith and Johnson 1988)
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glutathione sepharose in a packed column. The protein may then be detected by 

Western blotting using an anti-GST antibody. Because GST has a molecular weight of 

~26 kDa proteins coexpressed with this tag are expected to migrate proportionately 

higher on SDS acrylamide gels.

2.28 - Gel purification of DNA.

Restriction enzyme digested vector and PCR products were gel purified to 

remove unwanted uncut DNA and restriction enzymes. Low melt agarose (I % w/v) 

was used to make the gel as in section 2.23, and the gel was electrophoresed at 4 °C. 

After staining with ethidium bromide (0.5 ng/ml) both vector and insert bands were 

excised from the gel using a sterile scalpel and placed in separate minifuge tubes. The 

gel fragments were completely melted at 65 °C, and the dissolved products were used 

directly in a ligation reaction as described below.

2.29 - Ligation of digested PCR product into digested vector.

The gel purified vector and PCR products were taken directly from the molten 

agarose solution and mixed in a 5:1 molar ratio of insert to vector. This mixture 

represented Ya o f the final ligation reaction mixture to ensure the agarose had been 

diluted sufficiently to prevent its re-solidification. The remainder of the reaction mix 

consisted of 400 U T4 DNA ligase, an appropriate dilution of lOX T4 ligase buffer, and 

sterile distilled water. The ligation reaction mixture was incubated overnight at room 

temperature.

2.30 - Preparation of competent E. coli DH5o.

DH5a E. coli were grown on antibiotic free Luria-Bertani (LB) agar (10 % w/v 

tryptone, 5 % w/v yeast extract, 5% w/v NaCl, 10 % w/v agar, 70% v/v dH20, 

autoclaved as standard) overnight at 37 °C in a bacterial incubator. LB broth (10 % w/v 

tryptone, 5 % w/v yeast, 10 % w/v NaCl, 75 % v/v dH20, autoclaved as standard) was
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inoculated with resulting colonies and incubated at 18 °C, 200 rpm in a rotary shaker 

(N ew  B runswick Scientific). Samples were taken periodically from cultures and culture 

density was m onitored at 600 nm in a spectrophotom eter until readings were between 

an optical density o f  0.4 -  0.6. At this point cells were centrifuged at 3000 rpm, 4 °C 

for 15 min. The supernatant was discarded and cells were resuspended in 1/3 volum e o f 

transform ation buffer (10 mM Pipes, 15 mM  C aC ^, 250 m M  KCl pH 6.8, 55 mM 

M gC b, filter sterilised) at 0 °C. Cells were gently resuspended at 4 °C and incubated 

for 10 min at 0 °C. Cells were again centrifuged and resuspended in 1/12.5 volum e o f 

transform ation buffer at 0 °C gently. DM SO was added to a final concentration o f  7 %, 

the suspension was mixed, and incubated for a further 10 m in at 0 °C. Cells were 

distributed in 1 ml aliquots in sterile m inifuge tubes and stored at -80°C for several 

m onths or until use.

2.31 - Transformation of competent bacterial cells.

C om petent cells were thawed on ice for 20-30 min. Follow ing this period 100 

ng o f  plasmid DNA was added to 50 -1 0 0  îl com petent cells and left on ice for 30 min. 

The cells were heat shocked for 2 min at 42 °C, after w hich they were incubated at 0 °C 

for 2 min. Cells were transferred into 1 ml LB broth at 37 °C and incubated at 37 °C for 

1 h at 200 rpm in a rotary shaker. After the incubation period, 100 |j 1 was taken and 

aseptically spread on sterile LB agar plates containing am picillin (50 H-g/ml). Plates 

were incubated overnight at 37 °C in a bacterial incubator.

2.32 - Selection of transformed colonies.

In order to select bacterial colonies containing vector into which desired DNA 

fragm ents had been ligated, random colonies were selected from those which had 

grown on LB Amp^ plates. Colonies were transferred to 5 ml LB broth containing 

am picillin (50 |xg/ml) and incubated at 37 °C overnight at 150-250 rpm in a rotary 

shaker. DNA was isolated from cell cultures (section 2.34) and subjected to enzym atic 

digestion o f  restriction enzyme sites at which DNA inserts were ligated. D igested DNA 

was loaded onto 1 % agarose gels to check for the presence o f  the insert.

95



2.33 - Generation of glycerol stocks.

Selected transformant cells (800 |il in LB broth) were mixed with a final 

concentration o f 80 % glycerol and stored in sterile cryotubes (Greiner bio-one) at 

-80° C.

2.34 - Purification o f plasmid DNA.

Plasmid DNA was purified from cells by both miniprep and, for larger cell 

cultures, by maxiprep.

For minipreps the method outlined by Zhou (1990) was employed. 1 ml of 

saturated cell culture was taken and centrifuged at 10,000 x g  for 20 sec to pellet the 

cells. The majority of the supernatant was removed with approximately 100 |il left in 

which the cells were resuspended by vortex (MSC). 300 |il TENS buffer (10 mM Tris, 

ImM EDTA, 0.1 M NaOH, 0.5 % SDS, pH 8) was added and the sample was mixed by 

inversion. Samples were incubated at 0 °C for at least 2 min before addition o f 150 |il 

sodium acetate (3 M, pH 8). Samples were immediately centrifuged at 13,200 x g, 4 °C 

for 5 min. The supernatant was transferred to a fresh minifuge tube and mixed with 900 

Hl 100 % ethanol at 0 °C. Sample was incubated at -20 °C for 10 min and centrifuged 

as before. The resulting pellet was resuspended in 1 ml 70 % ethanol at 0 °C and 

centrifuged once again. This final pellet was air dried, then resuspended in TE (1 mM 

Tris, 1 mM EDTA, pH 8) with RNAse A (10 |ig/ml) to the desired concentration (-50  

^1 for 1 ml minipreps).

For maxipreps plasmids were purified using the Qiagen plasmid maxi kit, as 

described by the manufacturer.

2.35 - Expression of recombinant protein in bacteria.

E. coli cells containing the plasmid required for expression o f the protein of 

interest were taken and grown to saturation in LB Amp^ medium overnight at 37 °C, 

150-250 rpm in a rotary shaker. A 1/100 dilution o f this culture was made into fresh 

LB Amp^ medium and cells were allowed to grow as before. Samples were taken 

periodically and culture density was monitored at 600 nm using a spectrophotometer
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until readings were between an optical density o f  0.3 -  0.6. The culture was split into 

tw o sam ples and incubated in the presence or absence o f  isopropyl-P -D- 

thiogalactopyranoside (IPTG) at a final concentration o f  0.2-1 mM  depending on the 

protein to  be induced. Sam ples were incubated at either at 20 °C or at 37 °C, 200 rpm in 

a rotary shaker overnight. Cell cultures were centrifuged at 5,000 x g  for 15 min at 4 

°C. The pellet was resuspended in 1/25 the original volum e in PBS. Cells were either 

diluted 1:1 in SDS sam ple buffer, boiled, and loaded to  SDS polyacrylam ide gels, or 

lysed for separation into soluble and insoluble fractions as described below.

2.36 - Lysis o f bacteria.

Sam ples o f  induced, or non-induced, bacteria w ere incubated with lysozyme 

(final concentration 1 m g/ml) at 0 °C for 15 min. The entire sam ple volum e was then 

subjected to a pressure o f  1.5 kPa by passage through a French Press apparatus. The 

sam ple w as passed through the m achinery three tim es to ensure maxim al lysis o f  cells 

was achieved.

2.37 - Purification of recombinant protein from bacterial lysates.

Purification o f  GST-tagged recom binant protein is in theory possible by single 

step affinity chrom atography. However in order to purily  protein in this m anner it m ust 

first be soluble. The procedure for solubilisation o f  recom binant proteins w as as 

follows. Lysates generated as in section 2.36 were centrifuged at 13,000 x g  for 15 min 

at 4 °C. Supernatants were retained and pellets were resuspended firstly in the same 

volum e o f  1 %  Triton X-100 in PBS, and subsequently in various concentrations o f  urea 

ranging from 0.5 M to 8 M as required. In some cases pellets were further incubated 

w ith a 2 %  (w/v) solution o f  A^-lauroylsarcosine, a m ild anionic surfactant. Samples 

w ere incubated for 4 hrs at 4 °C with each reagent before centrifugation. Supernatants 

w ere retained follow ing each incubation and pellets were resuspended in the subsequent 

reagent. All sam ples generated from the purification process were used for W estern 

im m unoblotting (section 2.15) with anti-GST antibody (A m ersham ) as the primary 

antibody to  assess purification o f the recom binant protein.
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2.38 - Concentration of protein.

D ilute pro te in  (as de term ined  by m easu rem en t o f  sam ple absorbance at A 280 nm 

using  a C ary  spectropho tom eter) w as concen tra ted  by u ltrafiltra tion  using  C en tricon  

cen trifugal co ncen tra to rs (A m icon). C en tricons w ith  a 10,000 D a m olecu lar w eigh t cut 

o ff, low  adso rp tio n  and hydroph ilic  m em branes w ere used. Sam ples w ere cen trifuged  

at 5 ,000  X g  until the  desired  concen tra tion  w as achieved.

2.39 -  Generation of anti -Tb927.4.460, -Tb927.5.3840, and -Tb927.7.2130 

antibodies.

P urified  recom binan t G S T -T b927 .4 .460 , G S T -T b927 .5 .3840 , and G ST - 

T b927 .7 .2130  pro te ins w ere used fo r an tibody  generation . Fem ale N ew  Z ealand  W hite 

rabb its  (2-3 kg) w ere in jected  subcu taneously  at four d iffe ren t sites w ith  an initial 

inoculum  o f  100 )j,g an tigen  in F reu n d ’s C om plete  A djuvan t. Each recom binan t p ro tein  

requ ired  a d ifferen t inocu la tion  schedule  as ou tlined  below , w hich  w as determ ined  from  

resu lts  o f  E L ISA  at app rop ria te  tim epoin ts. Subsequen t inoculations o f  100 ^lg G ST - 

T b 927 .4 .460  in F reu n d ’s Incom plete  A d ju v an t w ere g iven  at days 14 and 28 post initial 

inoculum . The an im al w as exsangu inated  by card iac  puncture  at day 42. In the case o f  

G S T -T b927 .5 .3840 , a fu rther 100 )xg p ro te in  in F reu n d ’s Incom plete  A djuvan t w as 

in jected  a t days 14, 28 and 56. The te rm ina l b leedout w as carried  out 70 days fo llow ing  

the initial inoculation . T he an im al inoculated  w ith  recom binan t protein G ST- 

T b 9 2 7 .7 .2 I3 0  w as boosted w ith  a fu rther 100 fig p ro tein  in F reunds Incom plete  

A d juvan t 14, 28 and  66 days after in itial in jection . E xsangu ination  w as carried  ou t on 

day  80. B leedou t d a tes for each  an im al w ere determ ined  by satisfac to ry  E L ISA  resu lts  

against the  app rop ria te  pro te in  using  a test am oun t o f  serum  at d ifferen t tim epoin ts. 

B lood  w ithd raw n  from  the rabb it w as a llow ed  to clo t at room  tem perature. P lasm a w as 

rem oved and cen trifuged  at 3 ,500  x ^ ,  4 °C, fo r 35 m in. Supernatan t w as rem oved, 

a liquo ted  and sto red  at -20 °C.
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2.40 -  Affinity purification of specific antibody from antiserum.

To purify specific antibodies from antiserum  produced as above the appropriate 

recom binant protein was loaded to all lanes o f a SDS polyacrylam ide gel. The gel was 

blotted onto nitrocellulose m em brane as described above and incubated with 5 % 

M arvel/PB S/0.1 % Tween 20 for 2 h at room tem perature. A single lane was removed 

and used to determ ine the position o f  the recom binant protein by detection with anti- 

GST antibody. The portion o f the nitrocellulose m em brane corresponding to the 

position o f  the recom binant protein was cut out and incubated with a 1/500 dilution o f 

corresponding antiserum  in 5 % M arvel/PB S/0.1 % Tw een 20 for 2 h at room 

tem perature. The m em brane was transferred to 100 m M  glycine pH 2.5 for 10 min at 

room  tem perature. Tris buffer (1 M, pH 8.0) was added to 10 % o f  the volum e and the 

entire volum e was concentrated to 1 ml using C entricon centrifugal concentrators as 

described above. This solution, containing the affinity purified antibody, was aliquoted 

and stored at -20 °C.

2.41 -  Generation of anti -Tb927.5.4580/Tb927.8.4100 antibodies.

Anti -Tb927.5.4580 and -Tb927.8.4100 antibodies were generated against 

peptides corresponding to the C-terminal regions o f  either protein. The peptides 

selected were N H 2 -CRVSN IG V PLTD G TTA P-CO O H  for Tb927.5.4580 and N H 2 - 

CDY A SA Y G N K ERV EQ -CO O H  for Tb927.8.4100. A BLA ST search indicated no 

cross- homology between these two peptides and other proteins in the trypanosom e 

genom e, including each other. Covalab generated antibodies against these peptides 

using female N ew  Zealand W hite rabbits as the host species. Five inoculations were 

m ade (an initial injection, followed by boosts on days 21, 42, 63, and 84), and the final 

bleed was perform ed on day 96, at which point both antiserum  and im m uno-affinity 

purified antibody isolated from this serum were provided. Covalab verified reactivity 

o f  the antiserum  against the selected peptides by ELISA. Affinity purified antibody 

was supplied at 225 |xg/ml for Tb927.5.4580 and 193 |ig/m l for Tb927.8.4100.
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2.42 -  RNA interference.

Either the p2T7^‘B/GFP or the p2T7-177 vectors were used to conduct RNAi 

against selected mRNA sequences (Fig. 2.2). The p2T7^‘B/GFP vector is a 

modification o f the LaCount vector (LaCount et al. 2000). The p2T7-177 vector was 

generated by Wickstead et al (Wickstead et al, 2002). The DNA fragment o f interest 

was inserted into either o f these vectors using appropriate restriction enzyme sites and 

the construct was used to transform bacterial cells by electroporation (section 2.43). 

Each vector contained a selection marker for bacteria (ampicillin) and one for 

transformed trypanosomes (phleomycin). In each case the vector was purified and 

linearised using the Notl restriction enzyme. The p2T7^‘B/GFP vector was stably 

inserted (by electroporation, see below) into the ribosomal locus o f the trypanosomal 

genome at the rDNA spacer region. The p2T7-177 vector inserts into the 

transcriptionally silent minichromosomes o f T. brucei. In both cases transcriptional 

control o f the dsRNA was under the control of flanking T7 promotors which were, in 

turn, under the control o f the tetracycline operator. The bloodstream form 

trypanosomes used (parental strain 328.114 for RNAi, gift from M. Harrington, 

Cambridge, UK) had tetracycline operator T7 polymerase genes stably transfected into 

their genome and maintained by selection with G418 disulphate. Once tetracycline was 

added to this system the repression was removed from the T7 promotors, leading to the 

production o f double stranded RNA (dsRNA) corresponding to the region o f interest in 

the selected mRNA. Trypanosomes positive for insertion o f the RNAi vector -  i.e. 

those resistant to phleomycin, were each plated in two wells of a 6-well plate (Greiner 

bio-one) at a concentration o f - 10  ̂cells/ml in an overall volume of 3 ml HMI-9, G418 

(2.5 M-g/ml), phleomycin (2.5 |xg/ml). To one o f the wells tetracycline was added to a 

final concentration o f 2 ng/ml in order to induce transcription o f the desired mRNA.

The other well was left tetracycline free. Growth rates o f cells in both wells were 

monitored by cell counting at regular intervals.
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Fig. 2.2 -  The vectors for use in RNAi.
The main features o f the p2T7^'B/GFP (Panel A) and p2T7-177 (Panel B) vectors for 
RNAi are outlined. Restriction enzyme cloning sites for insertion of the gene o f interest 
are shown. On insertion of the gene fragment o f interest the GFP ‘stuffer’ gene is 
displaced. Both vectors share a similar structure, except the p2T7-177 vector is flanked 
by 177 bp repeats for insertion in the minichromosomes, whereas p2T7^'B/GFP inserts 
at the rDNA spacer region.
Panel A -Black box - tetracycline operators 

Closed arrow - T7 promoter 
Open arrow - rRNA promoter 
Q - T7 transcription terminator.
(LaCount et al. 2002).

Panel B -P t? -  T7 promoters.
P rRNA -  rRNA promoters.
Black ovals -  tetracycline operators.
Clear rectangles -  117 bp repeats 
(Wickstead et al. 2002)
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2.43 - E lectroporation o f bloodstream  form trypanosom es.

Bloodstream  form trypanosom es (parental strain 328.114 for RNAi) grown in 

cell culture and m aintained by G-418 selection, were centrifuged at 1,500 x g  for 5 min. 

The cell pellet was washed once in the same volume o f  cytom ix (EGTA 2 mM , KCl 

120 mM , C aC b 0.15 mM, K2HPO 4 10 mM, KH 2PO4 10 mM , Hepes 25 mM , M gC b 5 

m M , G lucose 0.5 % w/v, bovine serum album in 100 ng/ml, hypoxanthine Im M , ATP 2 

mM , glutathione 5 mM ), then resuspended in 2 ml cytomix. The concentration o f cells 

in this 2 ml sam ple was determ ined by counting as described above and adjusted to ~3 x 

1 0 ’ cells/m l. 50 |j,g o f  the DNA o f  interest in 5-10 (il TE buffer was placed in a 2 ml 

electroporation cuvette (0.2 cm , Bio-rad) and 0.4 ml o f  trypanosom es (-1 .2  x lO’ total 

cells) were added. Cells were electroporated with a single pulse at 1.4 kV, 25 ^.F using 

a Gene Pulsar II (BioRad). Electroporated cells were transferred from the cuvette into 

36 ml HM I-9 m edia containing G418 (2.5 ^g/m l) and incubated at 37 °C, 5 % CO 2 

overnight to allow cells to recover. G-418 was present to maintain the inducible RNAi 

system  in these parental bloodstream  form cells.

2.44 - Selection o f electroporated bloodstream  form cells.

Phleom ycin was added to a final concentration o f  2.5 (xg/ml to cells 

electroporated as described above (the presence o f the plasmid confers phleom ycin 

resistance to the cell). The entire cell suspension was plated in a 24-well plate (G reiner 

bio-one) at 1.5 m l/well. The plate was incubated at 37 °C, 5 % CO 2 for 3-4 days until 

only cells containing the plasm id remained viable. Those cells successfully 

electroporated were diluted to a concentration o f  1 cell/m l, then plated at 1 ml/well. 

W ells in which cell growth occurred several days later theoretically arose from a single 

positive clone. These sam ples were grown for use in subsequent experim entation.

2.45 -  E lectroporation o f procyclic form trypanosom es.

Procyclic form trypanosom es (parental cell line 29.13 for RNAi) grown in cell 

culture and m aintained by G-418 disulpahte/hygrom ycin selection, were centrifuged at 

1,000 x ^  for 3 min. The cell pellet was washed once in the same volum e o f  ZPFM
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buffer (132 mM  NaCl, 8 mM KCl, 8 mM N a2 HP0 4 , 1.5 mM KH 2 PO 4 , 0.5 mM 

m agnesium  acetate, 0.09 mM calcium acetate), then resuspended in 2 ml ZPFM  buffer. 

The concentration o f  cells in this 2 ml sam ple was determ ined by counting as described 

above and adjusted to ~6 x lO’ cells/ml. 50 jxg o f  the DNA o f  interest in 5-10 fil TE 

buffer w as placed in a 2 ml electroporation cuvette (0.2 cm. B io-rad) and 0.4 ml o f 

trypanosom es in ZPFM  (-2 .5  x 10^ total cells) were added. C ells were electroporated 

w ith a single pulse at 1.4 kV, 25 |xF using a Gene Pulsar II (BioRad). Electroporated 

cells w ere transferred from the cuvette into 10 ml SDM -79 m edium  containing G 4I8  

(2.5 (Ag/ml) and hygrom ycin (1 |Ag/ml) and incubated at 27 °C, 5 %  CO 2 for 6 h to allow 

cells to recover.

2.46 - Selection of electroporated procyclic form cells.

C ells electroporated as described above were taken and phleom ycin was added 

to a final concentration o f  2.5 fig/ml. 1 ml was removed from the cell suspension and 

diluted 1/10 in conditioned SDM -79 medium containing G418 (2.5 |ig/m l), hygrom ycin 

(1 M^g/ml) and phleom ycin (2.5 ^ig/ml). Cells were incubated at 27 °C, 5 % CO 2 for 1 

week until only cells containing the plasm id remained viable. Surviving cells were 

subplated into conditioned SDM -79 medium  containing G418 (2.5 )J,g/ml), hygrom ycin 

(1 (ig/ml) and phleom ycin (2.5 ^ig/ml) for a further week. Cells surviving at this point 

were used in subsequent experim entation.

2.47 - Preparation of trypanosomes for storage in liquid nitrogen.

Cells at ~1 X 10^/ml were mixed 1:1 with 2X freezing buffer (30 %  glycerol, 20 

% foetal ca lf serum, in HM I-9) and transferred to cryovials. Sam ples were placed in an 

insulated container at -80°C for 5-6 hr, to allow slow freezing o f  cells. Sam ples were 

then transferred to liquid nitrogen for long term storage.
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2.48 -  RNA isolation.

For the isolation o f RNA all materials used were treated with 0.1 % 

diethylpyrocarbonate (DEPC), then autoclaved twice (Williamson et al. 1971). Total 

RNA was extracted by the method of Chomcynski and Sacchi (Chomczynski and 

Sacchi 1987; Chomczynski 1993). Briefly, trypanosomes grown in culture were 

centrifuged at 3,000 x g , 15 min. Cell pellets were thoroughly resuspended at 2 x 10* 

cells/ml in Trizol® reagent (Invitrogen). Chloroform (20 %) was added and samples 

were incubated at room temperature for 3 min. Samples were centrifuged at 11,500 x g, 

15 min, 4 °C, and the resulting clear upper layer was removed. Isopropanol was added 

to 50 % of the original sample volume and samples were incubated for 10 min at room 

temperature to precipitate the RNA. Samples were centrifuged at 11,000 x 10 min, 4 

°C. The resulting pellet was washed with 70 % ethanol and samples were vacuum 

dried. Pellets were resuspended in 1/50 the original volume dH20. The concentration 

o f RNA was determined by measuring the optical density at 260 nm/ 280 nm.

2.49 -  Agarose gel electrophoresis of RNA.

Agarose (1 %) was dissolved in 10 % 10 x MOPS buffer (200 mM MOPS, 80 

mM sodium acetate, 10 mM EDTA, pH 8.0) and 83 % dH20. Formaldehyde (6 %) was 

added and the gel was allowed to set at room temperature. The gel was placed in an 

electrophoresis chamber and covered with 1 x MOPS. RNA samples were prepared as 

follows: 21 % RNA, 44 % formamide, 8 % 10 X MOPS and 5 % formaldehyde solution 

were mixed and heated at 65 °C, 5 min. Samples were cooled on ice and 4.5 % glycerol 

and 3.5% ethidium bromide solution was added. Samples were loaded to the gel and 

run at 50 V, 4 °C for 4 hrs. Samples were visualised using a UV transilluminator 

(MSC).

2.50 -  Northern Blotting.

Northern blotting was carried out by the method of Alwine et al (Alwine et al. 

1977), outlined as follows. A ‘salt bridge’ o f filter paper soaked in 20 X SSC solution 

(3 M NaCl, 0.3 M Citric Acid, pH 7.0) was set up. Firstly, the electrophoresed RNA

104



agarose gel and secondly, the nitrocellulose membrane were placed on top, both pre

soaked in 20 X SSC. Filter paper, several pieces of tissue paper, and some weights 

were placed on top and the RNA was transferred from the gel to the nitrocellulose 

membrane by absorption overnight at room temperature. Nitrocellulose membrane was 

rinsed with dH20, then incubated at 80 °C for 2 h. Membranes were incubated in 15 ml 

pre-hybridisation buffer (6.6 x SSC, 5 x Denhart solution (Ficoll 0.02 %, 

Polyvinylpyrolidone (PVP) 0.02 %, BSA 0.02 %)) at 65 °C, 30 min. Radioactive DNA 

probes were prepared as follows. Template DNA (25 ng) obtained from PCR of the 

required gene was diluted in a total volume of 45 )xl dH20 and denatured at 95 °C, 5 

min. DNA was added to a ‘Rediprime Random Primer’ tube from a ‘rediprime IF kit 

from Amersham. 5 |il o f Redivue [^^P] dCTP (Amersham) was added and samples 

were incubated at 37 °C for 1 h. Samples were passed through sephadex spin column to 

remove unincorporated nucleotides. Salmon sperm DNA (100 |j,l) was added and 

probes were incubated at 95 °C, 10 min. A probe labeled with ^^P was added to 

membrane in pre-hybridisation buffer and incubated at 65 °C overnight. Membranes 

were washed with 1 x SSC, 0.1 % SDS at 65 °C for 3 x 3min, then 3 x 3 0  min. 

Membranes were dried at room temperature, then placed in film cassettes with a piece 

o f Kodak Biomax MS film (Sigma) on top, and left at -8 0  °C for varying periods o f 

time (from overnight to fourteen days) depending on the amount o f labelled DNA 

binding to the membrane. Film was developed using an X-ray film processor (Fuji).

2.51 -  Quantitative Real Time Polymerase Chain Reaction.

Quantitative real time reverse transcriptase polymerase chain reaction (QRT- 

PCR) was carried out according to the general method of Higuchi et al (Higuchi et al. 

1992; Higuchi et al. 1993). Briefly, RNA was isolated from cells as described in 

section 2.48. A one-step QRT-PCR reaction was carried out using the LightCycler 

RNA Master SYBR Green 1 mix, and a Thermal light cycler (Roche). The QRT-PCR 

reaction initially involved generation o f complimentary cDNA copies o f each RNA 

molecule using the enzyme reverse transcriptase. Subsequent amplification o f the gene 

o f interest from the cDNA mix was achieved by repeated rounds o f PCR (for primers 

and conditions see Tables 2.5, 2.6). The intercalating fluorescent dye, SYBR green, 

incorporated into newly synthesised double stranded DNA during each round of
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amplification which allowed the amount o f DNA produced over time to be monitored.

A ‘housekeeping gene’ o f constant expression level, was also amplified from the cDNA 

mix to confirm equal concentrations o f initial RNA between samples. Tubulin was 

selected as the housekeeping gene since it has generally comparable levels of 

expression throughout the cell cycle and between both bloodstream and procyclic 

trypanosome lifestyle stages (Gallo and Precigout 1988). DNA amplification by PCR 

undergoes a phase of exponential growth, and the cycle number at which this phase 

begins is dependant on the level o f the RNA of interest in the initial sample. For 

samples with higher initial amounts o f a given RNA, amplification by PCR enters the 

phase o f exponential growth at an earlier cycle number than those samples which 

initially contained a lower concentration o f the RNA of interest. The difference in 

cycle number at which the exponential phase begins between samples allows direct 

comparison o f the level o f a particular mRNA between these samples.

Tb927.5.4570 

forward primer

 ̂GTG AAT CCC TCC ACC AAT GCT ACT CC-*

Tb927,5.4570 

reverse primer

GGT TAT TCA AC A TCT CGT CCA AGT CAC G '

Tb927.8.4100 

forward primer

'  TTC GAT GTG TCG GAA TGC GTC GG"

Tb927.8.4100 

reverse primer

'  CGA CCC TTT CTT TGT TGC CGT AGG C '

Table 2.5 -  P rim ers used in Q R T-PCR .

Tb927.5.4570/

Tb927.8.4100

Step 1 Reverse transcription 10m in61 °C

Step 2 Denaturation 30 sec 95 °C

Step 3 Denaturation 5 sec 95 °C

Step 4 Annealing 10 sec 60 °C

Step 5 Extension 15 sec 72 °C

Step 6 Cooling 30 sec 40 °C

Table 2.6 -  Q R T-PC R  conditions.
Steps 3-5 were repeated 45 times. A single fluorescence reading was taken after step 5 
each time. After step 6 the holding temperature was 4 °C.
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2.52 - Fluorescein  Isothiocyanate labelling o f  transferrin.

H olo-Transferrin (final concentration 2 m g/m l) was diluted with carbonate 

buffer (sodium  carbonate 0.25 M, pH 9.3). Fluorescein Isothiocyanate (FITC), 5 mg, 

was dissolved in dim ethyl sulfoxide (DM SO) and diluted with carbonate buffer. The 

required volum e o f  diluted fluor (to give a 200 fold m olar excess o f  fluor to protein) 

was added dropw ise to the transferrin. Follow ing a 2.5 h incubation at room 

tem perature in the dark w ith constant gentle stirring, the unreacted fluor was separated 

from the fluorescent labelled protein conjugate by passage through a colum n o f 

Sephadex G-25 (0.4 cm  x 42 cm; medium  grade) w hich had been previously 

equilibrated with iso-osm otic TES buffer, pH 7.4. Free fluor eluted in approxim ately 

tw ice the inclusion volum e o f  the colum n whereas the conjugated protein eluted in the 

exclusion volum e.

2.53 - Incubation o f  cells w ith FITC labelled transferrin/antibody.

C ells were harvested from culture and washed or isolated from rats, and 

resuspended in iso-osm otic TES buffer at 37 °C. Cells were cold-quenched by washing 

in ice-cold TES buffer. The cells were resuspended in ice-cold TES buffer to give a 

final concentration o f  2 x 10* cells/ml. A ntibody or transferrin, labelled with FITC (20 

Hg/10* cells), was added at 0 °C with mixing. Follow ing a 30 min incubation at 0 °C 

the cells w ere w ashed (x2) w ith ice-cold TES buffer before final resuspension in TES

buffer at 37 °C at a concentration o f  3 x 10^ cells/m l.

2.54 - F luorescent spectrophotom etry.

C hanges in fluorescence o f  labelled transferrin, or antibody, following 

incubation w ith trypanosom es were m onitored continuously using a Perkin E lm er 

fluorescence spectrom eter (m odel LS-50B) coupled to a Digital Dec 386 or Gateway 

2000 P5-120 com puter. The slit width on each m onochrom ator was 5 nm. M atching 

four-sided quartz or four-sided polym ethylacrylate cuvettes, with a 3 ml capacity, were 

used throughout the study. Constant stirring o f  the incubation medium  was achieved by
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means o f  a magnetic stirrer at the base o f the cuvette holder. Constant tem perature was 

m aintained throughout the experim ent by connecting a circulating w ater bath set at 37 

°C to the cuvette holder. A dditions were made by rapidly lifting the lid o f  the 

spectrophotom eter and pipetting the solution into the buffered medium  in the cuvette. 

All additions to the cuvette took less than 10 s.

2.55 -  Cell fixation.

Paraform aldehyde solution (6 %) was prepared freshly on the day o f the 

experim ent or frozen as aliquots at -2 0  °C. Paraform aldehyde was added to 5 volum es 

o f distilled deionised water and titrated with NaOH (5 M) until fully dissolved. 10 

volumes o f PBS were added to the fixative and the pH was adjusted to 7.5 with HCl (5 

M). Final volum e was adjusted with distilled water as required such that the final 

paraform aldehyde concentration was 6 %. Bloodstream  or procyclic form 

trypanosom es were harvested from culture and washed, or bloodstream  form s were 

isolated from rats, and resuspended in PSG at a concentration o f  5 x 10^ cells /ml. An 

equal volum e o f  6 % parafom aldehyde solution was added. Bloodstream  form cells 

were incubated for 10 min, and procyclic forms for 30 min, on ice. Following this 

incubation the cells were washed tw ice with PBS buffer containing sodium azide (15 

mM) and stored at 4 °C.

2.56 -  Immunoflouresence assay.

M ultiwell slides (ICN biosciences) were coated with 10 %  poly-L-lysine 

solution. Fixed cells were allow ed to adhere to slides for 15 min at room  tem perature. 

Slides with attached cells were incubated with blocking buffer (PBS, 5 %  (w/v) BSA,

0.1 M m ethyalm ine) for 3 h at room  tem perature. Cells were incubated with primary 

antibody diluted as appropriate in PBS containing 5 % (w/v) BSA overnight at 4 °C. 

Following washing with PBS (x3) cells were incubated with secondary antibody 

conjugated to a fluor, diluted with PBS as appropriate, for 3 h at room tem perature in 

the dark. Following further w ashing with PBS (x3) cells were im m ersed in 5 fo.1 o f  anti-
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quench solution (PBS, p-phenyldiamine (2 mg/ml), sodium azide (15 mM), glycerol, 50 

% w/v) containing Hoechst solution (0.1 i-ig/ml). Coverslips were mounted onto the 

slides. The flourescent images were visualised using an epiflourescent microscope. 

Images were collected and processed using Axiovision software (Version 3.0).

2.57 -  Cell fixation for Electron Microscopy.

A total of 10* cells grown in culture were harvested by centrifugation at 1,500 x 

g  for 5 min. Cells were washed once with PSG, then gently resuspended in 0.5 ml o f a 

solution of 2.5 % glutaraldehyde in PBS such that cell ‘clum ps’ which had formed 

during centrifugation were maintained. Cells were incubated for 30 min at room 

temperature, then washed once with PBS and resuspended in 0.5 ml PBS.

Samples were stored at 4 °C and sent to David Perez-Morga who performed the 

remaining sample processing and electron microscope image capture.

2.58 - Incubation o f cells with agglutinating concentrations of antibody.

Cells were incubated at a concentration o f 2 x 10^ cells/ml in a stirred chamber at 

37 °C. A 10 |al sample was withdrawn from the incubation medium and examined 

using a microscope. The viability o f the cells was checked and the free cells present 

were counted. Purified anti-MITat 1.2 VSG IgM antibody was added to the incubation 

medium at the concentrations indicated in figure legends at a designated time (to). At 

subsequent specified times (t^) samples (10 |il) were removed from the incubation 

medium and the number o f free, unaggregated cells was counted by microscopy 

(O ’Beime et al 1998). The percentage aggregation was calculated according to the 

following equation :

(Number of free cells at to -number o f free cells at t^ ) x 100 

Number of free cells at to
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2,59 - Measurement o f oxygen consumption by T. brucei cells.

Cells were harvested from cuhure and washed or isolated from rats, and 

resuspended in TES buffer at 37 °C at a concentration o f  2 x 10^ cells/m l. G lucose 

supported respiration over tim e was measured using a Rank oxygen electrode w here the 

final volum e in the electrode cham ber was 2 ml and tem perature was 37 °C. Data was 

collected and analysed using Powerlab chart recorder software.

2.60 -  Glycolysis assay.

An assay to determ ine efficiency o f glycolysis in cultured trypanosom es 

involved detection o f  the presence o f pyruvate, an early product o f  glucose m etabolism  

by glycolysis (H ansen and Freier 1978). Detection o f pyruvate took advantage o f  the 

following reaction:

Pyruvate Lactate
Lactate Dehydrogenase

N A D H  N A D +

NADH consum ption in the presence o f  lactate dehydrogenase (LDH) at 37 °C was 

m easured by m onitoring its absorbance at 340 nm using a Cary spectrophom eter. This 

process allowed determ ination o f  the concentration o f pyruvate present in a given 

sam ple since 1 M o f  NADH consum ed due to LDH activity is equivalent to 1 M o f 

pyruvate initially present in the sample. KH 2 P O 4 0.1 M, LDH, 5 mU and N A D H , 100 

}iM were mixed in a cuvette. Trypanosom es (2 x lO’/m l) were incubated in TES buffer 

for 30 min at 37° C. The supem atent (1 ml sample) following the incubation w as added 

to the cuvette and the consum ption o f  N AD H was continuously m onitored until no 

further change in absorbance at 340 nm occurred.
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2.61 -  Folin-Lowry assay.

This assay is a modification of the method o f Lowry (Lowry et al. 1951) for use 

in 96-well plates (Greiner). A standard curve was prepared using serial dilutions of 

bovine serum albumin (BSA) (0 -  500 ng/ml) dissolved in distilled water. Samples to 

be tested were diluted such that they would fall within the BSA standard range (0-500 

^g/ml). Five volumes of a freshly made solution containing 2 % sodium carbonate, 

0.01% copper sulfate, and 0.02 % sodium potassium tartrate in 0.1 M sodium hydroxide 

was added to each sample and the BSA standards and mixed. Samples were incubated 

at room temperature for 10 min. Folin-Cocilteau’s reagent was added to each sample at 

1/10 of the volume and samples were incubated for a further 30 min at room 

temperature. Each sample (100 ul) was placed, in triplicate, in wells of a 96-well plate. 

The absorbance o f each well was measured at 750 nm. The BSA standards were plotted 

on a graph which showed protein concentration versus absorbance at 750 nm (Fig. 2.3). 

Protein concentration of unknown samples was determined by simple extrapolation of 

this graph.

BSA standard curve

0.7

0.6

E
= 0.4 

iC 0.3 
<

0.2

o o o o o
O  O  lO
T - T - CM CNJ

lo o lo o m o m
h - O  CM o eg
CM CO CO CO CO

Concentration ug/ml

o o
ID  O  
^  ID

Fig. 2.3 -  Standard protein curve using Bovine Serum Albumin.
Solutions of various concentrations o f Bovine Serum Albumin (BSA) (w/v) were used 
in a Folin-Lowry assay as described above. Absorbance at 750 nm was plotted against 
concentration. The above graph was used for investigation of the protein content in 
various samples by extrapolation of A750 nm values.
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Materials:

M iscellaneous.

2-mercaptoethanol Sigma

Acrylamide BDH

Adenosine Sigma

Agarose (for routine work) Duchefa

Agarose, low melting point (preparative grade) Promega

Alanine BDH

Ammonium persulfate Sigma

‘Amplify’ solution Amersham

Aspartic acid Sigma

ATP (adenosine triphosphate) Sigma

BCIP (5-bromo-4-chloro-3-indoyl phosphate) Roche

Bis-acrylamide BDH

Brilliant blue G (coomassie blue) Sigma

Bromophenol blue BDH

BSA (bovine serum albumin) Sigma

Calcium acetate BDH

Calcium chloride BDH

CAPS Sigma

CHAPS Duchefa

Chromatography paper Whatman

Citric acid BDH

Concanavalin A -  sepharose Sigma

Copper sulfate BDH

[^^S] cys/met in vitro cell labelling mix. Amersham

DEAE cellulose Whatman

Diethanolamine Sigma

Diethylpyrocarbonate (DEPC) Amersham

DTT (Dithiothreitol) Sigma

Disodium hydrogen phosphate Duchefa

Dipotassium hydrogen phosphate Riedel de Haen
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EGTA (Ethylene glycol-bis(2-am inoethylether) 

-N ,N ,N ’,N ’-tetraacetic acid) Sigma

Ethidium  brom ide Sigma

Evans blue Sigma

PCS (foetal ca lf serum) GibcoBRL

Ficoll 400 Pharm acia

Fluorescine Iso-thiocyanate Sigma

Folin-C ocilteau’s reagent BDH

F reund’s com plete adjuvant Sigma

F reund’s incom plete adjuvant Sigma

Glucose BDH

G lutathione Duchefa

G lutathione -  sepharose Sigma

Glycerol Sigma

Glycine Duchefa

Hepes Sigma

‘High Pure PGR product purification k it’ Roche

HM I-9 powder Sigma

H oechst solution M olecular Probes

Hum an serum Self-bleed.

Hypoxanthine Sigma

IPTG (isopropyl-P -D -thiogalactopyranoside) Duchefa

Kodak Biom ax M s film Sigma

Kodak X-O mat LS film Sigma

LB (luria bertani) agar Sigma

LB (luria bertani) broth Sigma

L-G lutam ine Sigma

LightCycler RNA M aster SYBR G reen 1 mix Roche

M agnesium  acetate Sigma

M agnesium  chloride Sigma

‘M arvel’ m ilk powder Prem ier Inti Foods

M axiprep kit Qiagen

M ethylam ine Sigma

M EM  (m inimum  essential m edium , Eagle) Sigma
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MOPS Sigma

M u-Phe-iiPhe-FM K  M D Biosciences

NAD H (P- N icotinam ide adenine di-nucleotide) Sigma

N B T (nitroblue tetrazolium ) Roche

N itrocellulose m em brane Pall Life Science

N -lauroylsarcosine Sigma

N P-40 / Igepal Sigma

Paraform aldehyde BDH

Pipes Sigma

PNPP (p-N itrophenyl phosphate) Sigma

Proline Sigma

Protein A -  sepharose Am ersham

Polyvinylidene difluoride (PVDF) M acherey Nagel

Polyvinylpyrolidone (PVP) Sigma

Poly-L-lysine Sigma

Ponceau red Sigma

Potassium  chloride Duchefa

Potassium  dihydrogen phoasphate M erck

p-Phenyldiam ine Sigma

Reduced glutathione Duchefa

Redivue [^^P] a  CTP Am ersham

Salmon sperm  DNA E ppendorf

SDM -79 pow der Sigma

SDS (sodium  dodecyl sulfate) Duchefa

Sephadex G-25 Sigma

Serine Sigma

Silver nitrate BDH

Sodium acetate Sigma

Sodium dihydrogen phosphate D uchefa

Sodium azide Sigma

Sodium carbonate BDH

Sodium chloride Duchefa

Sodium pentobarbital Sigma

Sodium potassium  tartrate Sigma
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Sodium thiosulfate Duchefa

Sucrose Duchefa

Sulfo-N HS-LC-Biotin Calbiochem

TEM ED ((N ,N ,N ,N ’,N ’)-tetra-m ethyl-ethylene-diam ine) Sigma 

TES (N -tris[hydroxym ethyl]m ethyl-2-

am inoethanesulfonic acid) Sigma

Tom ato lectin -  agarose V ector labs

Tom ato lectin -  FITC V ector labs

Tom ato lectin -  Texas red V ector labs

holo-Transferrin Sigma

Tris (2-am ino-2-hydroxym ethylpropane-l,3-diol) Duchefa

Triton X -100 Sigma

Trizol®  reagent Invitrogen

Tryptone Oxoid

Tween 20 (polyethylene glycol sorbitan m onolaurate) Sigma

Urea BDH

Yeast Difco

R eagents.

Acetic acid Reidel de Haen

Acetone Lennox

Butanol Lennox

Chloroform Lennox

DM SO (dim ethyl sulfoxide) BDH

Ethanol (DNA grade) BDH

Ethanolam ine BDH

Form aldehye BDH

Form am ide BDH

Glutaraldehyde Sigma

Hydrochloric acid Riedel-de Haen

Isopropanol Lennox

2 -  M ercaptoethanol Reidel de Haen

Sodium hydroxide M erck
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Markers.

Agarose gel m olecular w eight markers,

1 kb DNA ladder Invitrogen

SD S-PA GE m olecular w eight markers.

Perfect protein, 15-150 kDa Novagen

Peq gold II Peqlab

E nzym es.

Bam HI Sigma

Catalase Sigma

EcoRI Sigma

H indlll Sigma

LDH (lactate dehydrogenase) Sigma

Lysozym e Sigma

Notl Sigma

PNGaseF Roche

Xbal Roche

Xhol Sigma

RNaseA Sigma

Antibiotics.

A m picillin Duchefa

G -4 I8  dilsulfate Duchefa

Hygrom ycin Duchefa

Phleom ycin Duchefa

Tetracycline HCl Duchefa

C hloram phenicol Sigma
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Protease Inhibitors.

Antipain Sigma

EDTA (Ethylenediaminetetraacetic acid) BDH

E-64 Sigma

Leupeptin Sigma

Pepstatin A Sigma

PMSF (Phenylmetiiylsulfonyl fluoride) Sigma

TLCK (Na-Tosyl-L-lysine chioromethyl ketone) Sigma

M olecular Biology.

dNTPs Promega

25mM MgCb Sigma

PCR primers MWG Biotech

lOX PCR buffer Sigma

Taq polymerase Sigma

Restriction enzymes Roche/Sigma

lOX restriction enzyme buffer Roche/Sigma

T4 DNA ligase New England Biolabs

lOX ligase buffer New England Biolabs

tRNA Sigma

pGEX vector Amersham

pHis parallel vector Amersham

p2T7-177 vector Keith Gull, kind gift

2T7^'B/GFP Keith Gull, kind gift

BL21GroEL£. coli Seamus Browne, kind gift

BL21 E. coli Amersham

DH5a E. coli Amersham
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Antibodies.

G oat anti-rabbit IgG -  alkaline phosphatase conjugate. 

G oat anti-m ouse IgG- alkaline phosphatase conjugate. 

M ouse an ti-C B lgp  antibody 

M ouse anti - alpha-tubulin clone DM1 a  antibody 

R abbit anti - G ST antibody.

R abbit anti - M ITat 1.2 IgM antibody 

gift.

R abbit anti -  T om ato lectin antibody 

R abbit anti - Hise antibody 

S treptavidin-alkaline phosphatase conjugate.

G oat anti-rabbit IgG -  A lexa fluor 488 conjugate 

G oat anti-m ouse IgG - A lexa fluor 488 conjugate 

G oat anti-rabbit IgG - Cy3 conjugate.

D onkey anti- rabbit IgG -  Texas Red conjugate.

M ouse m onoclonal anti-PFR2 (L8C4)

M ouse m onoclonal anti-PFR l and PFR2 (L13D 6)

M ouse m onoclonal anti-paraflagellar rod proteins (R o d l) 

M ouse m onoclonal anti-flagellar attachm ent zone

Prom ega

Prom ega

Cedarlane Labs Ltd.

Sigma

Santa Cruz biotechnology 

Orla Hanrahan, kind

Sam Black, kind gift.

Santa Cruz biotechnology 

C albiochem  

M olecular probes 

M olecular Probes 

Sigma

Jackson Im m unochem ical 

Keith Gull, kind gift.

Keith Gull, kind gift.

Keith Gull, kind gift.

Keith Gull, kind gift.

Inhibitors of glycosylation.

Brom oconduritol Calbiochem

1-deoxynojirim ycin (dNM ) Calbiochem

Swainsonine Sigma

Tunicam ycin Sigma
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Addresses of suppliers:

Amersham pic
Am ersham  Place 
Little C halfont 
Buckingham shire 
HP7 9NA 
United Kingdom

BDH chemicals Ltd.,
Poole,
United Kingdom.

CEDARLANE Laboratories Ltd.
5516, 8th Line 
R.R.#2,
Hornby, Ontario, Canada 
LOP lEO

Covalab S.A.R.L
11, Avenue A lbert Einstein 
69100 V illeurbanne 
France

Difco
BD Biosciences 
BENEX. Ltd.
Shannon Industrial Estate 
Shannon,
Co. Clare,
Ireland

Duchefa
M elford Laboratories Ltd.
Bildeston Road 
Chelsworth, Ipswich 
Suffolk 
IP7 7LE U.K.

Eppendorf UK Limited
Endurance House 
Vision Park 
Chivers Way 
Histon 
Cam bridge 
CB4 9ZR 
UK

Invitrogen
(Including GibcoBRL and Molecular 
Probes).
Bio Sciences Ltd.
3 Charlem ont Terrace 
Crofton Road 
Dun Laoghaire

Jackson ImmunoResearch Europe Ltd.
Unit 4, Northfield Business Park, 
Northfield Road
Soham, Cam bridgeshire, UK CB7 SUE

Professor Keith Gull
Sir W illiam Dunn School o f Pathology, 
University o f Oxford,
South Parks Road,
Oxford 0X 1 3RE,
United Kingdom

Lennox Lab Supplies
J.F.K. Drive,
Naas Road,
Dublin 12.

MACHEREY-NAGEL GmbH & Co. 
KG
Postfach 10 13 52 
D -523I3 Duren 
Neum ann N eander Str. 6-8 
D-52355 Duren 
Germ any

Dr Mark Carrington
D epartm ent o f  Biochemistry,
U niversity o f  Cambridge,
Downing Street,
Cam bridge CB2 IGA,
United Kingdom

MD Biosciences,
Division o f  M orwell Diagnostics GmbH, 
Postfach,
Gew erbestrasse 9, 8132 Egg b.
Zurich
Switzerland
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MERCK BIOSCIENCES LTD. 
(Including Calbiochem and Novagen).
Boulevard Industrial Park
Padge Road
Beeston
N ottingham  N G 9 2JR 
UNITED KIN GDOM

MWG-BiotechAG
Anzingerstr.7a 
85560 Ebersberg 
Germ any

New England Bioiabs
73 Know! Piece 
W ilbury Way 
Hitchin, Herts. SG4 OTY 
United Kingdom

Orla Hanrahan
School o f  B iochem istry and 
Immunology,
Trinity College,
Dublin 2.

Oxoid Limited
W ade Road 
Basingstoke 
Hampshire 
RG24 8PW 
United Kingdom

Pall Life Sciences,
Rosanna Road,
Tipperary,
Co Tipperary

PEQLAB Biotechnologie GMBH
Carl-Thiersch-Str. 2b 
D-91052 Erlangen

Pharmacia LKB Biotechnology
S-75182
Uppsala
Sweden

Premier International Foods (UK) Ltd.
Bridge Road,
Long Sutton,
Spalding,
Linconshire 
PE 12 9EQ 
UK

Promega
M edical Supply Com pany 
D am astown 
M ulhuddart 
Dublin 15

QIAGEN Ltd.
QIAGEN House 
Flem ing Way 
Craw ley
W est Sussex, RHIO 9NQ 
UK

Riedel-de Haen
Sigm a-Aldrich Laborchem ikalien GmbH 
P.O. Box 100262 
30918 Seelze, Germ any

Roche Diagnostics Ltd.
Bell Lane,
Lewes
East Sussex BN7 ILG,
United Kingdom

Dr Sam Black
The University o f  M assachusetts, 
Amherst,
M A 01003,
USA

Santa Cruz Biotechnology, Inc.
Bergheim er Str. 89-2 
69115 Heidelberg,
Germ any

Dr Seamus Browne
School o f  B iochem istry and Im m unology, 
Trinity College,
Dublin 2.
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Sigma Chemical Company
Fancy Road 
Poole
Dorset BH17 7BR 
United Kingdom

Vector Laboratories, Ltd.,
3, Accent Park, Bakew ell Road 
Orton Southgate, Peterborough, 
PE2 6XS, England

Whatman International Ltd
Springfield Mill 
Jam es W hatm an Way 
M aidstone 
Kent
M E14 2LE 
UK
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Chapter 3

Turnover and Processing o f Proteins from  
the Endocytic Pathway.



3.1 - Introduction.

The metabolic turnover, or biological half life, o f  proteins in trypanosomes is a 

poorly characterised process. However there are several important reasons why the 

turnover o f  proteins is an important parameter for trypanosomal proteins in general and 

for proteins from the endocytic pathway in particular.

Firstly, bloodstream form trypanosomes have extremely high growth rates for a 

eukaryotic cell with doubling times o f  eight hours or less in culture and probably even 

faster in laboratory rodents. It is not known if  these high growth rates are matched by 

high rates o f  protein turnover, or whether trypanosomal proteins are metabolically 

relatively stable.

Secondly, bloodstream trypanosomes also have very high rates o f  endocytosis. 

Ligand uptake and membrane turnover from the flagellar pocket occurs at very high 

rates. In higher eukaryotes receptors for ligands, e.g. the transferrin receptor, are 

recycled and this feature is reflected in their relative metabolic stability (Ciechanover et 

al. 1983). It is not known with total confidence if  any other receptor is recycled in 

trypanosomes. Indeed the turnover o f  most proteins from the flagellar pocket/endocytic 

pathway remains to be characterised.

Thirdly, when using RNAi to inhibit synthesis o f  a protein it is usefiil to know 

the metabolic stability o f  that protein. If the protein has a relatively long turnover time 

any effects on the cell due to RNAi knockdown may not be apparent for some time as 

protein synthesised prior to initiation o f  RNAi could persist within the cell. These 

experiments were largely performed with this point in mind, since experimentation 

carried out in subsequent chapters places a strong emphasis on the effects o f  RNAi on 

knockdown o f  proteins investigated.

The most abundant trypanosomal protein at approximately lO’ m olecules/cell is 

the variant surface glycoprotein (VSG), which has been well characterised and 

previously reported to have a slow  turnover time with a T 1 /2 =  33 ±  9 h (Seyfang et al. 

1990). The fate o f  internalised ligand and antibody bound to the cell surface have also 

been thoroughly investigated, and appear to be rapidly degraded once internalised 

(Russo et al. 1993). Less well characterised however, is the metabolic fate and tumover 

rate o f  proteins constituents from the flagellar pocket (FP) region.
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In this study the turnover o f total cellular protein as well as the concanavalin A 

(con A) and tomato lectin binding fractions were investigated. In addition, the turnover 

o f one specific protein associated with the endocytic pathway, protein disulfide 

isomerase 2 (PDI-2) was examined. In order to investigate these processes radioactive 

pulse/chase labelling with Cys/Met was employed as described in the methods 

section.

Following analysis of the turnover of trypanosomal proteins under normal in 

vitro conditions, protein turnover was investigated in the presence of the inhibitory 

compound Mu-Phe-hPhe-FMK. This compound is a member of the fluoromethyl 

ketone (FMK) family of cysteine protease inhibitors. Members o f this family are 

irreversible substrate analogues with high specificity and minimal toxicity towards 

mammalian cells. The Mu-Phe-hPhe-FMK compound has previously been used for 

both in vitro and in vivo experimentation (Caffrey et al. 2001; Wasilewski et al. 1996). 

Mu-Phe-hPhe-FMK is an inhibitor of calpain, cathepsins B and L, and, significantly for 

the purposes of this study, the trypanosome protease trypanopain (Harth et al. 1993; 

Triggs and Bangs 2003). Trypanopain is the major lysosomal protease of trypanosomes 

which acts on the majority of proteins targeted to the lysosome to degrade them 

(Mbawa et al. 1992). A previous study by Triggs and Bangs investigated a VSG 

mutant lacking its GPI anchor which was targeted to the lysosome for degradation. 

Presence of Mu-Phe-hPhe-FMK protected the defective VSG from degradation at the 

lysosome. In the present study radioactive pulse/chase labelling was carried out in the 

presence of Mu-Phe-hPhe-FMK to investigate any changes in turnover of T. brucei 

proteins resulting from incubation with this inhibitor. The effects o f the inhibitor on 

total cellular protein and tomato lectin binding protein were examined.

Post-translational processing of trypanosomal proteins was also investigated, 

under normal in vitro conditions. Preliminary results for post-translational processing 

in the presence o f a series of inhibitors of glycosylation are also outlined. However, as 

discussed below, it was necessary to remove foetal calf serum from the media in order 

to carry out these inhibition experiments, which in itself had repercussions on protein 

synthesis and processing in vivo. These experiments are further outlined and discussed 

in Appendix 3.
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3.2 -  Turnover of total cellular protein.

Initial experiments were carried out on the total pool o f trypanosomal protein to 

determine the overall pattern o f protein degradation over time in the cell. Cells were 

pulse labelled for 10 min with Cys/Met prior to a chase period of 2 h (data not 

shown) or 24 h (Fig. 3.1). Each time point of the chase (or track) compares the same 

number of cells labelled during the initial pulse. Over a 2 h chase period no significant 

loss o f label was seen (data not shown). During a 24 h chase period (Fig. 3.1) there was 

a gradual decrease in labelled protein compared to that present immediately following 

the radioactive pulse (T=0). This decrease was most obvious at later times during the 

chase. The data indicated that turnover of total cellular protein was relatively slow and 

comparable to that reported previously for the VSG (Seyfang et al, 1990). The results 

are compatible with a T 1/2 for total cellular protein o f about 24 h. Thus, the high growth 

rates o f trypanosomes (doubling time of ~6 h) do not appear to be matched by rapid 

turnover of the total pool o f proteins. However, three exceptions to this general pattern 

o f relatively slow protein turnover were observed. Two labelled proteins were high 

molecular weight proteins, migrating well above 100 kDa, which were lost faster than 

the general pool and were completely absent after about 1 h or 24 h respectively. The 

third labelled protein, migrating below 35 kDa, was almost entirely lost after just 1 h. 

Each o f these proteins is indicated with an asterisk in Fig. 3.1.

3.3 -  Turnover of the Concanavalin A binding fraction of proteins.

The rate o f turnover of trypanosomal glycoproteins that bound to concanavalin 

A (Con A) was also investigated. This lectin binds to glycans which have two non

substituted or C-2 substituted a-mannopyranosyl residues in one glycan chain (Ogata et 

al. 1975). Concanavalin A can bind to high mannose and hybrid glycans and, therefore, 

to a wide range of glycoproteins but has an especially high affinity for glycoproteins 

which contain high mannose oligosaccharides, such as the VSG. The pulse/chase

128



Chase Time (hours)

0 1 3 8 12 24

Fig. 3.1 - Pulse-chase labelling of the total pool of cellular protein over a 24 h chase 
period (10 min pulse).
Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 10 min 
pulse period and subjected to a 24 h chase. At various times indicated the same volume 
of cell suspension (equivalent to ~10^ cells at time 0) was removed, centrifuged and 
lysed as described in the methods section. The lysates were subjected to SDS PAGE 
followed by fluorography. The figure represents an overnight exposure of the gel. 
Comparable results were obtained for 6 separate experiments.Arrow; VSG, the major 
labelled product.
Asterisk: Three proteins that appear to be lost relatively rapidly during the chase.
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Fig. 3.2 - Turnover of Con A binding proteins over 2 h.
Cells were radioactively labelled using Cys/Met S (0.1 mCi/ml) for a 10 min pulse 
period and subjected to a 2 h chase. At various times indicated the same volume o f cell 
suspension (equivalent to - 2 x 1 0 ^  cells at time 0) was removed, centrifuged and lysed 
as described in the methods section. Lysates were incubated with concanavalin A - 
sepharose beads (160 jug lectin/sample) for 1 h at room temperature on a roller, before 
loading the bead fraction onto a 10 % SDS PAGE gel. The gel was exposed for three 
days.Arrow: VSG, the major labelled product.
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Fig. 3.3 - Turnover of Con A binding^roteins over 24 h.
Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 10 min 
pulse period and subjected to a 24 h chase. At various times indicated the same volume 
of cell suspension (equivalent to ~2 x 10  ̂cells at time 0) was removed, centrifiiged and 
lysed as described in the methods section. Lysates were incubated with concanavalin 
A-sepharose beads (160 lectin/sample) for 1 hour at room temperature on a roller, 
before loading the bead fraction onto a 10 % SDS PAGE gel. The gel was exposed for 
four days.Arrow: VSG, the major labelled product.
Asterisk: A high molecular weight protein (~100 kDa) that appears to be lost relatively 
early in the chase.
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radioactive labelling procedure was carried out as described for the total cellular protein 

and the Con A binding fraction was analysed at various times during the chase (Figs. 

3.2, 3.3). Each time point represents the same number o f cells labelled during the initial 

radioactive pulse. The VSG was clearly present and was the most abundant labelled 

protein o f the Con A binding fraction (~59 kDa, Figs 3.2, 3.3). As observed for 

pulse/chase o f total cellular protein, no significant loss o f label from the Con A binding 

fraction was evident during the 2 h chase period (Fig. 3.2). Therefore, the chase time 

was increased to 24 h (Fig. 3.3). Overall the results from this longer chase period 

indicated a relatively slow turnover o f proteins present in the Con A binding fraction as 

illustrated in the case o f VSG which had a T \a o f approximately 24 h. Exceptions to 

this general pattern could be seen however, particularly at higher molecular weights, 

e.g. a protein migrating at -100  kDa which was lost relatively early during the chase 

(Fig. 3.3 *). Interestingly, maximal radioactive label was detected at the 0 timepoint o f 

the chase period. No subsequent increase in amount o f radioactive protein which bound 

to Con A was detected over time. This result implies that addition o f A^-glycans which 

bound Con A was almost complete after just a 10 min pulse period. Similarly no 

general increase in molecular weight o f proteins, in particular the VSG at -5 9  kDa, was 

detected over time. Most o f the protein detected must therefore be in its mature form, 

having fiilly completed post translational processing after just 10 min.

3.4 -  Turnover of Tomato Lectin binding protein.

The turnover o f  proteins from the flagellar pocket/endocytic pathway was also 

investigated. This fraction o f proteins was isolated from the whole cell lysate using 

either an antibody generated against the entire pool o f proteins which bound to tomato 

lectin (Sam Black, kind gift), or tomato lectin immobilised on sepharose beads. In 

order to compare these two methods cells that had been metabolically labelled with 

Cys/Met ^^S for 1 h were lysed and the tomato lectin binding fraction o f protein was 

extracted by either method. A sample o f  total cellular protein was also compared.

This sample was overexposed in comparison to the tomato lectin binding samples, but

132



W hole cell 
A nti-T L A b  T L -sepharose lysate

1 2  3 4

Fig. 3.4 -  Comparison of labelled protein bound by tomato lectin and that bound 
by an anti-tomato lectin binding fraction antibody.
Cells were radioactively labelled using labelled Cys/Met (0.1 mCi/ml) for a 1 h 
period. Cells (-10^ cells/sample) were washed and lysed as described in the methods 
section. Lysates were incubated with either tomato lectin-sepharose beads (20 jig 
lectin/sample) for 1 h, or with an anti-tomato lectin binding fraction antibody for 1 h, 
followed by protein A-sepharose for 1 h at room temperature, before loading protein 
immunoprecipitated by either method onto a 10 % SDS PAGE gel. Untreated lysates 
were also loaded. The figure represents an overnight exposure.
Lane 1 -  Labelled cell lysate immunoprecipitated with anti-tomato lectin binding 
fraction antibody #1.
Lane 2 -  Labelled cell lysate immunoprecipitated with anti-tomato lectin binding 
fraction antibody #2.
Lane 3 - Labelled cell lysate incubated with tomato lectin-sepharose beads.
Lane 4 -  Labelled whole cell lysate.
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demonstrated the proportion o f radioactive label which was present in the tomato lectin 

binding fraction. The general pattern o f protein precipitated was similar for both 

methods o f isolation o f the tomato lectin binding pool (Fig. 3.4). However, protein 

pulldowns using sepharose bound tomato lectin appeared to be the more efficient 

method for isolation o f these proteins. This method revealed more intense levels o f 

bound protein, as well as some additional proteins with a range o f molecular weights, 

compared to immunoprecipitation with the anti-tomato lectin fraction antibody.

Based on these results, tomato lectin fraction proteins were isolated in subsequent 

experiments by incubation with sepharose bound tomato lectin, since it appeared to be 

the more efficient method o f extraction. Tomato lectin ‘pull downs’ were performed 

during chase periods o f 24 h and 2 h, following an initial pulse o f 10 min in both cases 

(Figs. 3.5, 3.6). On the basis o f previous results initial experiments focused on a chasc 

period o f 24 h (Fig. 3.5). However, in contrast to the pattern o f a relatively slow protein 

turnover observed for total cellular protein and for the Con A  binding fraction, proteins 

from the tomato lectin binding fraction appeared to turnover much more rapidly.

Almost all the label had been lost within just 1 h o f the 24 h chase period. Therefore, a 

shorter chase period o f 2 h was employed (Fig. 3.6). Over 15 different labelled proteins 

migrating at varying molecular weights and with varying intensities were detected in 

the tomato lectin binding fraction following a 10 min pulse (Fig. 3.6). Significantly, 

none o f these bands increased in intensity over time nor was there an obvious shift in 

the relative electrophoretic mobility o f the proteins. Taken together these two 

observations suggested that the addition o f poly-7V-acetyllactosamine side chains that 

are specifically recognised by tomato lectin, was completed during the pulse period of 

10 min (Merkle and Cummings 1987; Merkle and Cummings 1987). In contrast to 

previous observations made for total cellular protein and for the Con A  binding fraction, 

a T i /2 o f -2 0  min was estimated for proteins from this pool. Exceptions were seen to 

this general pattern, with some proteins displaying a slower rate o f turnover. One clear 

example was a protein migrating at -4 0  kDa (Figs. 3.5 *, 3.6 * )  which remained present 

for a relatively longer period o f time, and appeared to have a turnover rate comparable 

with the half-life o f the VSG.
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3.5 -  TbPDI-2 Immunoprecipitation and turnover.

Recently, it was shown that bloodstream forms o f  T. brucei possess 2 unusual 

protein disulphide isomerases (TbPDIs) that co-localised with markers o f the endocytic 

pathway (Rubotham et al. 2005). O f these 2 proteins, one (TbPDI-2) was extensively 

A^-glycosylated, possessed iV-glycans containing poly-A^-acetyllactosamine, and bound 

to tomato lectin. The processing and turnover o f this protein was investigated as an 

example o f a specific protein from the tomato lectin binding fraction using antibodies 

raised against the full length recombinant protein fused to GST. These antibodies were 

used to immunoprecipitate TbPDI-2 from Cys/Met radioactively labelled 

pulse/chase samples. Immunoprecipitated protein was analysed by SDS- 

PAGE/autoradiography. The results obtained (Figs. 3.7, 3.8) indicated that in contrast 

to the general pattern o f relatively fast turnover observed for most o f the tomato lectin 

binding proteins, TbPDI-2 has a much slower rate o f  turnover with Tj^j o f 

approximately 24 h. No significant loss o f TbPDI-2 was observed during a 2 h chase 

period (Fig. 3.7) and the pattern o f turnover over a 24 h chase period (Fig. 3.8) was 

comparable to that observed for the VSG and cellular protein in general. TbPDI-2 had 

a predicted molecular weight o f 55 kDa from cDNA and genomic DNA sequences, yet 

migrated at ~80 kDa on SDS gels. This 80 kDa protein represented the mature N- 

glycosylated form o f the protein. Significantly the size o f TbPDI-2 did not change 

during the chase period which indicated that the post-translational addition o f A^-glycans 

was completed very rapidly. Even at the 0 timepoint, immediately after the 10 min 

pulse, almost all the protein migrated as the mature 80 kDa form and only a small 

fraction was detectable as the 55 kDa unprocessed form (Fig. 3.7, 3.8 asterisk).
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Fig. 3.5 - Turnover of Tomato lectin binding proteins over 24 h.
Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 10 min 
pulse period and subjected to a 24 h chase. At various times indicated the same volume 
of cell suspension (equivalent to ~2 x 10  ̂cells at time 0) was removed, centrifuged and 
lysed as described in the methods section. Lysates were incubated with tomato lectin- 
sepharose beads (20 lectin/sample) for 1 h at room temperature on a roller, before 
loading the bead fraction onto a 10 % SDS PAGE gel. The gel was exposed for four 
days.Asterisk: A -40  kDa protein that appears to turn over relatively slowly compared 
with the general pattern for proteins from this pool.
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Fig. 3,6 - Turnover of Tomato lectin binding proteins over 2 h.
35

Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 10 min 
pulse period and subjected to a 2 h chase. At various times indicated the same volume 
o f cell suspension (equivalent to ~2 x 10  ̂cells at time 0) was removed, centrifuged and 
lysed as described in the methods section. Lysates were incubated with tomato lectin- 
sepharose beads (20 )ig lectin/sample) for 1 h at room temperature on a roller, before 
loading the bead fraction onto a 10 % SDS PAGE gel. The gel was exposed for six 
days.Asterisk: A ~40 kDa protein that appears to turn over relatively slowly compared 
with the general pattern for proteins from this pool.
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Fig. 3.7 - Turnover of Protein Disulfide Isomerase-2 over 2 h.
35

Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 10 min 
pulse period and subjected to a 2 h chase. At various times indicated the same volume 
of cell suspension (equivalent to ~2 x 10  ̂cells at time 0) was removed, centrifuged and 
lysed as described in the methods section. TbPDI-2 was immunoprecipitated from the 
lysates as described in the methods section and loaded onto an SDS PAGE gel. The 
figure represents a 6 day exposure.
Asterisk -  Unprocessed TbPDI-2 migrating at -55 kDa.
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Fig. 3.8 - Turnover of Protein Disulfide Isomerase-2 over 24 h.
Cells were radioactively labelled using S labelled Cys/M et (0.1 mCi/ml) for a 10 min 
pulse period and subjected to a 24 h chase. At various times indicated the same volume 
o f cell suspension (equivalent to ~2 x 10^ cells at time 0) was removed, centrifuged and 
lysed as described in the methods section. TbPDl-2 was immunoprecipitated from 
these lysates as described in the methods section and loaded onto an SDS PAGE gel. 
This figure represents a 6 day exposure.
Asterisk -  Unprocessed TbPDI-2 migrating at ~55 kDa.

139



3 .6 - PNGase F treatment of TbPDI-2

In order to demonstrate that TbPDI-2 was post translationally processed by N- 

glycosylation, immunoprecipitated samples were treated with PNGase F, which cleaves 

most A^-glycans at the link between the asparagine residue o f the polypeptide and the 

first A^-acetyl-glucosamine o f the glycan. PNGase F treated TbPDI-2 clearly migrated 

at a lower apparent molecular weight (~60 kDa) than the untreated form (~80 kDa)

(Fig. 3.9). This result clearly demonstrated that TbPDl-2 was post translationally 

modified by the addition o f 7V-glycosyl side chains. However, other modifications may 

also occur post translationally since the PNGase F treated sample still migrated at a 

higher apparent molecular weight than the predicted molecular weight o f -5 5  kDa for 

unprocessed TbPDI-2. Alternatively some uncleaved glycans may have remained 

under these conditions.

3.7 -  Post translational processing of trypanosonial proteins.

The results obtained in the previous sections suggested that post translational 

processing o f trypanosomal proteins was very rapid and actually occurred during the 10 

min pulse period, as demonstrated by the presence o f the mature 80 kDa form o f 

TbPDI-2 at the 0 timepoint during the chase. In addition labelled proteins clearly 

bound to tomato lectin and Con A immediately after the pulse, with no apparent 

increase in intensity o f bound protein at later timepoints o f  the chase, again suggesting 

that post translational modification (e.g. A^-glycosylation) was very rapid.

Post translational processing o f  trypanosomal protein was investigated using a 

shorter pulse period o f 2 min. The total pool o f  cellular protein was radioactively 

labelled over 2 min in an attempt to obtain a general picture o f the pattern o f  post 

translational processing in the cell. As demonstrated in Fig 3.10, the synthesis and 

processing o f protein was very rapid since intensity and electrophoretic mobility did not 

appear to differ significantly during the subsequent chase from 0 - 4 0  min. No apparent 

change from lower to higher molecular weight was apparent for any protein, indicative
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Fig. 3.9 -  PNGase F treatment of immunoprecipitated TbPDI-2.
Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for 1 h at 37 
°C. Cells (2 X 10^) were removed, centrifuged and lysed as described in the methods 
section. TbPDI-2 was immunoprecipitated from the lysates obtained and samples were 
incubated in presence or absence o f PNGase F as described in the methods section. 
Samples were loaded onto a 10 % SDS PAGE gel. The above figure represents a 
fourteen day exposure to photographic film.
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of no further processing of the proteins after the initial radioactive pulse (2 min). This 

surprising result suggested that trypanosomal proteins have undergone all major 

processing events after just 2 min.

The rate of synthesis and processing of the pool of Con A binding proteins was 

also examined using an identical pulse/chase period (a 2 min pulse followed by a 40 

min chase). The results were similar to those obtained with total cellular protein (Fig.

3.11). The results were consistent with a very rapid rate o f synthesis and processing, 

e.g. addition o f high mannose glycans to these proteins. This result was clear for the 

VSG, since the relative intensity and electrophoretic mobility o f this protein did not 

appear to change during the chase. Indeed the VSG appeared to be fully processed after 

just a 2 min radioactive pulse.

The rate o f synthesis and processing of TbPDl-2 was also investigated (Fig.

3.12). The speed o f translational and post translational processing of the nascent 

polypeptide is of particular interest in the case o f TbPDl-2. TbPDI-2 has a total of 12 

potential A^-glycosylation sites. This protein is a member o f the tomato lectin binding 

fraction of proteins, implying presence of complex pNAL chains. In principle shorter 

pulse periods (2 min) should allow monitoring of the processing reaction, e.g. by 

detection of apparent increase in molecular weight due to addition o f carbohydrate. 

Although a small amount of unprocessed TbPDI-2 may be seen migrating at ~55 kDa 

(Fig. 3.12*), the majority of TbPDI-2 was present as the fully processed form, which 

migrated with an apparent molecular weight of -80  kDa. This result indicated that the 

synthesis and processing of this protein was extremely rapid and was essentially 

complete after a 2 min pulse incubation.
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Fig. 3.10 - Pulse-chase labelling of the total pool of cellular protein over a 40 min 
chase period (2 min pulse).
Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 2 min 
pulse period and subjected to a 40 min chase. At various times indicated the same 
volume o f cell suspension (equivalent to ~10^ cells at time 0) was removed, centriftiged 
and lysed as described in the methods section. Lysates were loaded onto a 10 % SDS 
PAGE gel. The figure represents a 12 day exposure o f this gel.
Arrow: VSG, the major labelled product.
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Fig. 3.11 - Pulse-chase labelling of Con A binding protein over a 40 min chase 
period (2 min pulse).
Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 2 min 
pulse period and subjected to a 40 min chase. At various times indicated the same 
volume of cell suspension (equivalent to ~5 x 10  ̂cells at time 0) was removed, 
centrifuged and lysed as described in the methods section. Lysates were incubated with 
concanavalin A-sepharose beads (160 fig lectin/sample) for 1 hour at room temperature 
on a roller, before loading the bead fraction onto a 10 % SDS PAGE gel. The gel was 
exposed for twelve days. Arrow: VSG, the major labelled product.
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Fig. 3.12 - Pulse-chase labelling of Protein Disulfide Isomerase-2 over a 40 min 
chase period (2 min pulse).

35
Cells were radioactively labelled using S labelled Cys/Met (0.1 mCi/ml) for a 2 min 
pulse period and subjected to a 40 min chase. At various times indicated the same 
volume o f cell suspension (equivalent to ~5 x 10  ̂cells at time 0) was removed and 
lysed on ice. Lysates were incubated first with anti-protein disulfide isomerase 2 
(TbPDI-2) serum antibody, then with protein A sepharose (30 ^ig/sample). The bound 
fraction resulting from this treatment was loaded onto an SDS PAGE gel. This figure 
represents a twelve day exposure o f the gel.
Asterisk -  Unprocessed TbPDI-2 migrating at -55 kDa.
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3,8 -  Preliminary investigation into the effect of a lysosomal cysteine protease 

inhibitor on turnover of proteins in bloodstream form T. brucei.

Trypanosomal protein turnover was analysed in the presence of the cysteine 

protease inhibitor Mu-Phe-hPhe-FMK. This compound is an inhibitor o f the 

trypanosome protease trypanopain (Harth et al. 1993; Triggs and Bangs 2003). 

Trypanopain is the major lysosomal protein of trypanosomes which degrades the 

majority of proteins targeted to the lysosome (Mbawa et al. 1992). Inhibition of VSG 

degradation by trypanopain in the presence of this inhibitor has been previously 

reported (Triggs and Bangs, 2003). Therefore changes in turnover of T. brucei proteins 

resulting from incubation with this inhibitor were investigated in this study.

Cells were metabolically labelled in the absence of foetal calf serum with 

Cys/Met for a 5 min pulse period in the presence or absence of Mu-Phe-hPhe-FMK. 

Changes in protein turnover resulting from inhibition of protein degradation at the 

lysosome were analysed over 2 or 24 h chase periods in presence of foetal calf serum. 

Foetal calf serum was absent during the pulse period since previous experimentation 

had suggested that the inhibitor absorbed to elements in the serum, and did not therefore 

inhibit its target protein (data not shown).

Analysis of the total pool o f cellular protein following radioactive pulse/chase 

revealed a pattern of labelled protein which was comparable in both the presence and 

absence of Mu-Phe-hPhe-FMK, throughout the 24 h chase period (Fig. 3.13). No 

obvious differences in intensity or number o f detected proteins were apparent at any 

timepoint for the duration o f the chase. In both presence and absence o f the Mu-Phe- 

hPhe-FMK inhibitor labelled protein was detected at a far lesser intensity than that 

previously observed for whole cell lysates, in particular the VSG at ~59 kDa (Fig. 3.1). 

This weaker metabolic labelling is due to the effect o f incubation in absence of foetal 

calf serum on cells. An increase in label detected at later timepoints of the chase is also 

apparent. These features o f metabolic labelling in the absence of foetal calf serum will 

be highlighted in greater detail in the discussion section.

The tomato lectin binding fraction of protein was isolated from cell lysates 

which had been metabolically labelled in presence/absence o f Mu-Phe-hPhe-FMK over 

a 2 h chase period, using sepharose bound tomato lectin. The 2 h chase period was
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selected based on previous results which demonstrated rapid turnover o f tomato lectin 

binding proteins under normal circumstances (Figs 3.5, 3.6). Presence o f Mu-Phe- 

hPhe-FMK appeared to slow the rapid turnover o f  proteins from this pool (Fig. 3.14, 

A). For example after a chase o f  2 h (120 min) the relative intensity o f proteins 

observed in presence o f  the inhibitor was higher than in a control incubation. However 

this was due to a loading error, and not specific loss o f signal o f bound proteins, as 

demonstrated by silver staining o f  the gel (Fig. 3.14, B).

The significance o f  the above results for trypanosomal protein turnover in the 

presence o f  M u-Phe-hPhe-FM K will be considered in the discussion section.

3.9 -  Post-translational processing of trypanosomal proteins in the presence of 

various inhibitors of glycosylation.

Further attempts were made to elucidate the types o f jV-glycans added to trypanosomal 

proteins post-translationally modified in this way. Cells were metabolically labelled 

using Cys/Met in the presence o f  various inhibitors o f glycosylation (tunicamycin, 

swainsonine, bromoconduritol, or 1-deoxynojirimycin (dNM)). In each case cells were 

pre-incubated firstly for 10 min in absence o f foetal calf serum (FCS), and secondly for 

5 min in the presence o f  the chosen inhibitor followed by a 5 min incubation with both 

Cys/Met and the inhibitor (no FCS). Samples were taken immediately, (T=0) and 

after a further 30 min incubation in absence o f  both radioactivity and inhibitor.

Samples were analysed for changes in the intensity or molecular weight o f detected 

protein resulting from inhibition o f  correct //-glycan generation. It was necessary to 

exclude foetal calf serum from the media prior to incubation with each inhibitor since 

previous results indicated that presence o f serum decreased or negated the effects o f 

various inhibitors (Appendix 3). In particular tunicamycin bears a fatty acid side chain 

making it highly susceptible to adsorption with the serum, and therefore ineffectual as 

an inhibitor in culture where FCS is present. However, throughout the course o f 

experimentation with each inhibitor, as well as during previous experimental work with 

the Mu-Phe-hPhe-FM K inhibitor in absence o f
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Fig. 3.13 - Pulse-chase labelling of the total pool of cellular protein over a 24 h 
chase period (5 min pulse) in presence or absence of Mu-Phe-hPhe-FMK.
Cells were incubated in the absence o f foetal calf serum for 10 min at 37 °C. Cells were 
further incubated for 5 min either in the presence or absence o f Mu-Phe-hPhe-FMK at a 
20 |j.M final concentration. Cells were radioactively labelled using labelled Cys/Met 
(0.1 mCi/ml) for a 5 min pulse period and subjected to a 24 h chase. At various times 
indicated, for cells incubated in either presence or absence of Mu-Phe-hPhe-FMK, the 
same volume of cell suspension (equivalent to ~10^ cells at time 0) was removed, 
centrifuged and lysed as described in the methods section. Lysates were loaded onto a 
10% SDS PAGE gel. The figure represents an overnight exposure o f the gel.
Control lanes -  Cells incubated in the absence of Mu-Phe-hPhe-FMK at 0, 3, 5, 8, and 
24 h respectively.
+ Mu-Phe-hPhe-FMK lanes - Cells incubated in the presence o f Mu-Phe-hPhe-FMK at 
0, 3, 5, 8, and 24 h respectively.
Arrow: VSG, the major labelled product.
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Fig. 3.14 - Turnover o f Tomato lectin binding proteins over 2 h in presence or 
absence of M u-Phe-hPhe-FM K.
Cells were incubated in the absence o f foetal ca lf serum for 10 min at 37 °C. Cells were 
further incubated for 5 min either in the presence or absence o f M u-Phe-hPhe-FMK at a 
20 [ô M final concentration. Cells were radioactively labelled using labelled Cys/Met 
(0.1 mCi/ml) for a 5 min pulse period and subjected to a 2 h chase. At various times 
indicated the same volume o f cell suspension (equivalent to ~2 x 10^ cells at time 0) 
was removed, centrifuged and lysed as described in the methods section. Lysates were 
incubated with tomato lectin-sepharose beads (20 jig lectin/sample) for 1 h at room 
temperature, before loading the bead fraction onto a 10% SDS PAGE gel.
Panel A-The gel was exposed to photographic film for 10 days.
Panel B-The gel was silver stained in order to visualise protein loading in each lane. 
Control lanes -  Cells incubated in the absence o f M u-Phe-hPhe-FMK at 0, 10, 60, and 
120 min respectively.
+ Mu-Phe-hPhe-FMK lanes - Cells incubated in the presence o f  Mu-Phe-hPhe-FM K at 
0, 10, 60, and 120 min respectively.
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FCS, it was observed that radioactive label incorporated into cellular protein 

was significantly decreased during a pulse where serum was not present. Therefore it 

was impossible to say with certainty whether differences in intensity and molecular 

weight o f  proteins detected under these conditions were due to the effect o f a particular 

inhibitor, or to the effect o f  the absence o f serum from the culture media. This is an 

area which clearly requires more study to adequately assess exactly how cultured cells 

are affected in absence o f FCS. Preliminary results from our lab suggest that in fact 

total cellular transcription shuts down when cells are incubated in absence o f serum. 

Results obtained in this study for inhibition o f  glycosylation in the absence o f FCS by 

tunicamycin, swainsonine, bromoconduritol, or 1-deoxynojirimycin, are outlined in 

Appendix 3.
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3.10 -  Discussion.

3.10.1-Turnover o f trypanosomal protein.

The results from the pulse/chase studies presented in this chapter indicated that 

the majority o f trypanosomal proteins appeared to turnover relatively slowly. This 

stability was especially obvious for the variable surface glycoprotein (VSG) the most 

abundant protein o f the cell. The data presented in this study was consistent with a half 

life o f ~24 h for the VSG, which was similar to the half life of 33 ± 9 h reported in a 

previous study (Seyfang et al. 1990). Another previous study investigated knock down 

of the VSG by RNAi (Sheader et al. 2005). An immediate precytokinesis cell cycle 

arrest resulted. No significant decrease in VSG levels was observed by Western blot, 

immunofluorescence, or TEM following 24 h o f VSG knockdown in vitro. However 

after 24 h o f VSG knockdown in vivo cells were rapidly cleared from the host 

bloodstream indicating targeting of the minimally compromised VSG by the host 

immune system. Since cells were not dividing in the normal manner during this study it 

is difficult to draw any information about the half-life of VSG. However the fact that a 

significant decrease in VSG protein levels was not detected following 24 h of RNAi 

supports general stability of the VSG.

A few exceptions to the general relative stability were observed. For example, a 

protein (-100 kDa) present in the Con A binding fraction appeared to be lost relatively 

early during the chase period and had an estimated half life o f ~1 h. Similarly, proteins 

that bound tomato lectin also appeared to have significantly shorter half lives than most 

of the other proteins o f the cell (~20 min). Interestingly, a protein comparable to the 

100 kDa protein which was lost relatively rapidly from the Con A binding fraction of 

proteins was observed in the tomato lectin binding pool. In this pool the 100 kDa 

protein had an apparent half-life o f less than 10 min. A protein of this molecular 

weight, ISGIOO, has been previously characterised from the tomato lectin binding 

fraction (Introduction 1.2.3) (Nolan et al. 1997; Morgan et al. 2002). It is tempting to 

speculate that the 100 kDa protein observed in both the Con A and the tomato lectin 

binding fractions represents ISGIOO. Overall the proteins present in the tomato lectin - 

binding fraction appeared to have an average half life of about 20 min. It should be 

noted that this fraction represented proteins from the region of the cell involved in 

endocytosis and membrane turnover and these activities occur at rates far higher in

151



trypanosomes than in higher eukaryotes (Overath et al. 1997). Therefore, it is possible 

that the high rate of protein turnover was linked to this factor and suggests that the 

constituents of this pool may not be recycled but are internalised and degraded. 

Interestingly, a recent study has suggested that the novel GPI-anchored heterodimeric 

transferrin receptor o f bloodstream forms of T. brucei has a half life o f about 2 h 

(Biebinger et al, 2003), which was much less than previously observed with tagged 

versions of the receptor for the homodimeric transmembrane Tf receptor o f mammals 

(Kabiri and Steverding, 2000). This latter study found that on average each 

trypanosome T f receptor takes 11 min to complete one cycle and is recycled 

approximately 60 times before being degraded. However, these results were obtained 

using a nonphysiological tagged version of the receptor and the possibility o f faulty or 

aberrant trafficking of the receptor cannot be discounted. In contrast the study of 

Biebinger et al probably provides a more reliable estimate for the Tf receptor half life 

since the estimate was based on direct immunoprecipitation of the native receptor 

during pulse/chase experiments. Previous studies on another constituent of the tomato 

lectin binding pool o f proteins, CB-1, reported a half life of -0 .7  h for this protein 

(Kelley et al. 1995; Alexander et al. 2002). This turnover time is comparable with the 

general pattern observed for this pool of proteins, and contrasts with the longer general 

turnover time observed for total cellular proteins. Taken together, these considerations 

would imply that in trypanosomes receptors may be of a ‘throw- away’ variety. This 

behaviour contrasts with receptors from mammalian cells. For example, the human 

LDL receptor appears to be recycled many times and has a half-life of approximately 20 

h (Brown and Goldstein 1986; Alberts et al. 2002). There are several possible reasons 

why T. brucei may discard rather that recycle receptors. Firstly, as parasites these cells 

can afford to be wastefLil, with all their energy requirements readily available within the 

host bloodstream. Secondly, discarding receptors may represent the most simplistic 

system for these cells. A scenario in which all receptors taken up were simply sent to 

the lysosome for degradation would represent a less complicated system than the 

process of receptor recycling. It is worth noting in this case that the VSG is recycled to 

the cell surface following internalisation and degradation of bound host antibody. 

However the pathway involving VSG uptake follows the classical lysosomal pathway, 

and differs from the receptor uptake pathway (Seyfang et al. 1990).

Exceptions to the generally relatively rapid turnover of proteins from the tomato 

lectin binding fraction were observed. The most obvious example was a protein that
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migrated with an apparent molecular weight of ~40 kDa. This protein appeared to be 

relatively stable with a half life of -24  h, similar to that o f the VSG and most other 

cellular proteins. Interestingly, a protein o f this size has been detected in the flagellar 

pocket (Homann and Goringer 1999). While the function of this protein remains to be 

established, this protein was bloodstream stage specific, a feature typical of many 

proteins present in the tomato lectin -binding fraction. The authors speculated that this 

40 kDa protein might be one of the two subunits of the heterodimeric transferrin 

receptor, namely that encoded by expression site associated gene (ESAG) 7. However 

it seems unlikely that the 40 kDa protein was ESAG 7, since the 40 kDa protein was 

present at a 25-fold higher copy number than that previously reported for ESAG7 

(Overath et al. 1994). Similarly it is unlikely that the 40 kDa protein from the tomato 

lectin binding fraction described in this study is ESAG7 since the half life of the protein 

(~24 h) was much longer than that of ~2 h reported for the transferrin receptor 

(Biebinger et al, 2003). Specific turnover o f the transferrin receptor has not been 

investigated in this study due to lack of an immunoprecipitating antibody. However, 

turnover o f another constituent of the tomato lectin binding fraction, TbPDI-2, was 

investigated. This enzyme did not, however, have a half life comparable with the 

average of ~20 min seen for this pool of proteins in general. Indeed turnover of TbPDl- 

2 was comparable with that of the VSG and cellular protein in general. It is possible 

that the relative stability of this protein is influenced by its function. TbPDI-2 is an 

enzyme, while the transferrin receptor is obviously a receptor protein. While a band 

corresponding to the TbPDI-2 protein was not observed in the tomato lectin binding 

fraction of proteins TbPDI-2 is a known constituent of the tomato lectin binding pool 

(Rubotham et al, 2005). TbPDI-2 may not have been detected in the tomato lectin 

binding fraction for several reasons. Firstly, TbPDI-2 may constitute only a small 

amount o f total protein found in within this fraction, and was therefore not detected in 

comparison to other, more abundant, tomato lectin fraction proteins. Secondly, TbPDI- 

2 is PNGase F sensitive, decreasing some ~20 kDa in size following incubation with 

PNGase F, but less sensitive to Endo H, decreasing only ~10 kDa in size following this 

enzymatic treatment (Rubotham et al\ 2005). This result implies that approximately 

half the A^-glycans associated to TbPDI-2 are likely to be complex oligosaccharides. 

However these complex A^-glycans may not necessarily represent pNAL chains since 

Endo H cannot cleave complex oligosaccharides of any variety (Tai et al. 1975). The 

actual amount of pNAL associated with TbPDI-2 need only be one linear repeat of 3
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(Gal-P-l,4-GlcNAc- P-1,3) residues (Merkle and Cummings 1987). TbPDI-2 may 

therefore bear shorter and fewer pNAL chains than other constituents of the tomato 

lectin binding fraction. Since tomato lectin binds to pNAL with increasing affinity in 

proportion to chain length these other proteins may compete with TbPDI-2 and 

preferentially bind tomato lectin (Stowell et al. 2004). In this scenario TbPDI-2 may 

not bind tomato lectin in sufficient quantities for detection within the overall pool.

3.10.2 -  Post-translational processing of trypanosomal protein.

Post-translational processing of newly synthesised proteins to generate mature 

forms of proteins appeared to occur extremely rapidly in bloodstream forms of T. 

brucei. For example even after a pulse of 2 min there was no apparent change in 

overall electrophoretic mobility o f total cellular protein as indicated by SDS PAGE 

autoradiography. Even allowing for the fact that this analysis cannot detect 

modifications that result in small changes in electrophoretic mobility, this finding 

suggests that most processing, e.g. addition of A^-glycans, may be completed very 

rapidly. Similarly there was no subsequent change in electrophoretic mobility or in 

intensity o f labelled protein bands in the Con A binding fraction (in particular the VSG) 

after a pulse of 2 min. This finding clearly suggests that addition o f high mannan 

glycans was completed after a surprisingly short two minute radioactive pulse period.

A previous study found that VSG was associated with Endo H resistant structures 

within just 30 sec of biosynthesis, indicating that A^-glycosylation and modification of 

glycans to complex oligosaccharides had occurred within this time (Bangs et al. 1988). 

Another study detected Endo H resistant A^-glycans associated with VSG within 3 min 

o f synthesis, and did not investigate any earlier timepoints (Jones et al. 2005). After a 

10 min pulse all major jV-glycosylation events, as well as subsequent modification of 

the glycans, for proteins from the tomato lectin binding pool appeared to be complete 

since these proteins clearly bound to tomato lectin at the zero timepoint of the chase and 

no obvious changes in electrophoretic mobility or in intensity o f the labelled protein 

bands occurred during the chase period.

Antibodies were raised against an unusual protein disulfide isomerase (TbPDI- 

2) that is present in the endocytic pathway (Rubotham et al. 2005). The processing of 

TbPDI-2 was investigated as a specific example of a protein from the tomato lectin 

binding fraction. This enzyme had a predicted molecular weight o f -55 kDa based on 

sequence analysis but migrated with an apparent molecular weight o f ~80 kDa on SDS
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polyacrylamide gels. Uniquely among the family o f PDIs this TbPDl has 12 putative 

A^-glycosylation sites, five of which are present as a cluster in the C-terminal 30 amino 

acids. This TbPDI binds to tomato lectin, and tomato lectin blotting demonstrated 

directly that the protein possessed 7V-glycans containing poly-A^-acetyllactosamine that 

were insensitive to endoglycosidase H (Rubotham et al. 2005). Immunoprecipitations 

of this enzyme from lysates of metabolically labelled cells showed post translational 

processing occurred rapidly, the majority of protein migrating as the fully processed 

form (80 kDa) even after a 2 min pulse. Poly-A^-acetyllactosamine side chains (which 

bind tomato lectin) are added to proteins in the Golgi to generate the typical complex N- 

glycans o f eukaryotes, rather than in the endoplasmic reticulum. Detection of the 

mature, fully glycosylated protein after a pulse o f 2 min suggests that delivery of 

TbPDl-2 from the ER to the Golgi and subsequent addition of pNAL and other N- 

glycans must be exceptionally fast since similar processing o f the ER glycoform of 

p67/CB-l requires about 25 min (Alexander, 2002; Brickman and Balber 1994). One 

possible reason for this apparent difference in processing times may be explained by the 

extent o f A^-glycosylation which occurs. TbPDI-2 increases approximately 25 kDa in 

size due to post translational modification. About 10 kDa of this increase in molecular 

weight can be attributed to addition o f high mannose or hybrid A^-glycan sidechains as 

demonstrated by PNGaseF and Endo H treatment (Rubotham et al., 2005). A^-glycans 

of these types might be expected to have shorter processing times compared to complex 

A^-glycans such as pNAL. In contrast p67/CB-l is extensively A^-glycosylated. The 

core polypeptide has a molecular weight of 67 kDa but is observed as a 100 kDa form 

in the ER due to cotranslational addition o f 7V-glycan (Kelley et al. 1995). These N- 

glycans are modified in the Golgi to yield a protein with an apparent molecular weight 

of 180 kDa. Furthermore many of the jV-glycans are complex and are added in the 

trans Golgi (Kelley et al. 1995). Both the amount and type of A^-glycan added to 

p67/CB-l may affect the relatively long, and possibly unusual, processing time 

reported. Indeed the VSG, which is also post translationally modified by addition o f N- 

glycans as well addition of a GPI-anchor, is detectable on the cell surface in its fully 

processed form 10 min after biosynthesis.

In general, A^-glycosylation is a relatively rare modification for enzymes and has 

yet to be reported for other PDIs. It is tempting to speculate that this modification 

directly affects the ftinction/location of this TbPDI since in general PDIs are thought to 

ftjnction exclusively in the endoplasmic reticulum where they are thought to catalyse
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the formation of correct disulphide bonds in proteins (Noiva and Lennarz 1992; 

Freedman et al. 1994; Ferrari and Soling 1999). The rapid processing of TbPDI-2 as 

well as the metabolic stability of the protein suggests that this TbPDI may be an 

atypical constituent of the endocytic pathway.

3.10.3 -  Turnover of Trypanosomal protein in presence of an inhibitor of trypanopain.

Cells were metabolically labelled in the presence of an inhibitor o f the major 

lysosomal cysteine protease inhibitor, trypanopain. Under these conditions turnover of 

the total pool o f trypanosomal protein was comparable to cells incubated in absence of 

an inhibitor o f trypanopain. Over 24 h no significant difference in detected label was 

apparent at any of the timepoints investigated. Detected label decreased over time at 

comparable rates in both cases. The overall half life of labelled protein was ~ 24 h for 

either sample. Therefore inhibition of trypanopain did not have any significant effect 

on turnover of general trypanosomal protein. While Mu-Phe-hPhe-FMK is an 

irreversible inhibitor, it was not present during the chase, so any new trypanopain 

generated over this period would not be inhibited. Furthermore degradation of protein 

also occurs in the cytoplasm at the proteasome in T. brucei (Hua et al. 1996). However 

despite these 2 factors it was still surprising to see no apparent delay in turnover of 

cellular protein when trypanopain was inhibited.

The effect o f inhibition of trypanopain on turnover of the tomato lectin binding 

pool of proteins was assessed over a 2 h chase period. Detected label initially increased 

in intensity slightly in comparison to the 0 timepoint in either presence or absence of 

inhibitor. This phenomenon, not observed over previous chase periods for tomato lectin 

binding proteins, can be attributed to absence of foetal calf serum (FCS) from the 

culture media during labelling and preincubation with the inhibitor. Evidence obtained 

in our lab suggests that in absence o f FCS trypanosomal protein synthesis slows or 

shuts down (Appendix 3 and unpresented data). Under these conditions some Cys/Met 

^^S is pooled within the cell, to become incorporated into protein following addition of 

FCS during the chase period. The result was an apparent increase in radioactive label 

after it had been removed. The effects of absence of FCS on cells, as well as some
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inconsistent sample loading means no conclusion can be drawn from this experiment as 

to the effect o f  inhibition o f trypanopain on tomato lectin binding protein turnover.
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Chapter 4

Sequence Analysis, Cloning and Functional 
Analysis o f three cDNAs encoding potential 

Flagellar Pocket/Endocytic Pathway
Proteins.
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4.1 - Introduction.

Tomato lectin chromatography was employed to isolate a fraction of proteins 

from bloodstream forms of T. brucei that potentially represented constituent/resident 

proteins of the flagellar pocket and endocytic pathway in these cells. Polyclonal 

antibodies were raised in rabbits against this fraction and after affinity purification, 

against the total fraction, the antibodies were employed to screen exhaustively a 

bloodstream cDNA library. After three rounds of screening, over three hundred 

positive clones were selected. Those clones that gave the strongest signal on the 

nitrocellulose filters were selected for further sequence and hybridisation analysis. The 

most abundant cDNA corresponded to the lysosomal membrane protein, p67, which 

represented about 20 % of the clones investigated (Brickman and Balber 1993). Also 

relatively abundant were cDNAs encoding novel protein disulphide isomerases (PDIs) 

which we have recently characterised (Rubotham et al, 2005). These TbPDIs, together 

with a number of known or previously reported proteins, plus a group of hypothetical 

proteins, represented more than half of the selected cDNA clones. These clones were 

represented more that once in the screening. Single clone selections represented about 

12 % of the candidates, while likely background candidates, such as the glycosomal 

enzyme aldolase, represented about 15 % of the total selected. The expression analysis 

was also complimented by a proteomic approach involving mass spectrometry analysis 

o f selected spots/bands following one or two dimensional gel analysis of the tomato 

lectin binding fraction. This analysis was performed during the course o f the thesis and 

is ongoing. To date both approaches have yielded a similar profile o f candidates.

This chapter describes the characterisation of three cDNAs identified by the 

expression cloning analysis. These cDNAs were selected because they remained 

strongly positive after three rounds of screening, were present as multiple selections and 

were full length cDNAs since they possessed a 5' miniexon sequence and a 3' polyA 

tail. Significantly, in all cases the 5' miniexon and untranslated regions were open and 

in frame with the downstream putative initiation codon of the cDNA and the upstream P 

galactosidase sequence. This observation demonstrated that genuine fusion products 

would have been expressed upon induction with IPTG during the screening.

161



4.2 -  Comparison of the predicted polypeptide sequences of three cDNA clones 

isolated by expression cloning, with predicted sequences from the genome of T. 

brucei.

The putative open reading frames of three cDNAs, arbitrarily termed clones 1, 2 

and 3 (Appendix 4), isolated by expression cloning were compared with putative 

polypeptide sequences from the T. brucei genome, hosted by the Sanger Institue 

(http://www.genedb.org/genedb/tryp/), using the omniBLAST program (Hertz-Fowler 

et al. 2004). Each of the open reading frames of the cDNA clones clearly corresponded 

to a putative protein predicted from the genomic sequence. The polypeptide sequence 

deduced from cDNA clone 1 was identical to that of a hypothetical conserved protein 

assigned the systematic identification Tb927.4.4060, except that the genomic analysis 

predicted a slightly longer polypeptide of 943 residues compared to 932 predicted from 

the cDNA clone. The genomic sequence inferred a protein 11 amino acids longer at the 

A^-terminal end compared to the cDNA clone due to an incorrect choice of initiation 

codon. The true initiation codon was that predicted by the cDNA clone, since this was 

the first ATG downstream from the miniexon sequence (Fig. 4.1).

The sequence of cDNA clone 2 was virtually identical to that of a hypothetical 

protein assigned the systematic identification number Tb927.7.2130 as there were only 

6 different residues between the sequences out of a total of 460 amino acids (Fig. 4.2). 

Of the 6 differences 4 appear to be conservative substitutions. These differences might 

reflect point differences between the strain of T. brucei used in genomic sequencing 

(GUTat 1.10) and that employed for generation of cDNA clones (AnTat 1.1). The 

remaining 2 residues were clearly different, and may represent sequencing errors. For 

example, a substitution of a thymine for a cytosine nucleotide in the case of residue C 

(TGC) for R (CGC) at position 326.

Finally, cDNA clone 3 clearly corresponded to the sequence of another 

hypothetical protein (Tb927.5.3840). This clone was predicted to encode a polypeptide 

of 499 amino acid residues. As observed for the other cDNA clones there were slight 

differences between the two sequences (a total of 10 residues out of the 575 amino 

acids) mainly in the C-terminal region of the polypeptide (Fig. 4.3).

Various physical parameters of the putative proteins (predicted from the cDNA 

and genomic sequences) are summarised in Table 4.1. Since the cDNA and genomic
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m i n i - e x o n  5 '  UTR
cct atg agg act ata ttg egg cca tcc atg cga tgc gag cag cDNA clone

p M R T I L R P S M A C E Q cDNA clone

(MSQKHIFQ) R P S M A C E Q Genomic 
sequence.

Fig. 4.1 -  The sequence of the 5' end of cDNA clone 1 compared to the predicted 
sequence of Tb927.4.4060.
The nucleotide and amino acid sequences of cDNA clone 1 were compared with the 
predicted amino acid sequence o f Tb927.4.4060. The cDNA clone 1 sequence shows 
the 5' miniexon (blue) and the short 5' UTR (green). The genomic sequence includes 
amino acids predicted from the upstream untranscribed region in parenthesis, plus a 
tripeptide corresponding to the true 5' untranslated region. The true TV-terminus of the 
Tb927.4.4060 open reading frame is shown in red.
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sequences were identical or virtually identical all subsequent analysis of the sequences 

was performed using those predicted from the genomic comparison, except in the case 

o f Tb927.4.4060, where the slightly shorter polypeptide using the correct initiation 

codon from the cDNA clone was used.

The primary sequences of each of the candidates were used to interrogate 

various genomes in order to identify potentially related proteins in (i) T. brucei itself,

(ii) other kinetoplasts, (iii) other parasitic protozoans and (iv) metazoan organisms. The 

similarity o f proteins was graded using their E (expectation)-values. The E-value is the 

theoretically expected number of false sequences retrieved per sequence query. 

Therefore, the lower the E-value the more likely that proteins matched share true 

identity as opposed to matches detected by chance. Good E-values are considerably 

less than 1, around 1 being the value expected entirely by chance. In this study E- 

values of 1 x lO'^e or less were considered potentially significant and proteins reported 

with higher E-values than this were disregarded. In each case the percentage 

identity/similarity as well as the number of matching residues of the total gene was 

given.

The sequences were compared with proteins in the genomes of closely related 

kinetoplasts as well as other protozoan parasites and metazoan organisms.

Significantly, these searches revealed potentially similar proteins only in the 

kinetoplastids. For example, there appeared to be no proteins that were likely to be 

related in any of the apicomplexan genomes analysed {Plasmodium spp., Giardia spp.). 

The sequences were compared with proteins encoded in the genomes o f metazoan 

organisms. However, no proteins with significant similarity to any of the cDNA clones 

were revealed.

Finally, the InterPro website (www.ebi.ac.uk/interpro/index.html) hosted by the 

European Bioinformatics Institute was used to investigate possible features o f each 

protein, as outlined in the following sections (Apweiler et al. 2001; Zdobnov and 

Apweiler 2001; Mulder et al. 2002). This website consists of a database o f protein 

families, domains, and functional sites from which identifiable features found in 

proteins of known function can be applied to unknown proteins.
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CDNA Clone2 MARVTVRTDFDDCAADYRILSVSADHFKEITCKVAACKQTGEEMGKINETYHEATTLMTM 60 
Tb927.7.2130 MARVTLREDFDDCAADYRILSVSADHFKEITCKVAACKQTGEEMGKINETHHEATTLMTM 60

cDNA Clone2 KGGSQLLLCDDERTFRVRRVEYSNTLLLAEAKAAKMHDTNGIIESDNASDAGEGREHWV 120 
Tb927.7.2130 KGGSQLLLCDDERTFRVRRVEYSNTLLLAEAKAAKMHDTNGIlESDNASDAGEGREHVW 120

cDNA Clone2 CSSERVFEVKPSVAYNDISQHLLESPLTLKELDTLGTVERSDENVEYIKREELENGTSSS 180 
Tb927.7.2130 CSSERVFEVKPSVAYNDISQHLLESPLTLKELDTLGTVERSDENVEYIKREELENGTSSS 180

cDNA Clone2 AQRFYTFPQLVALNRSSARELAVILSDMGAVVFNGYVRLLKPALMREALRASLNFFDAYD 240 
Tb927.7.2130 AQRFYTFPQLVALNRSSARELAVILSDMGAVVFNGYVRLLKPALMREALRASLNFFDAYD 240

cDNA Clone2 TMSWEGVMEQLCPSVYPHIVLRAVRAAYGNATASGETPRGMAAFLQVPKVLQALAASVLL 300 
Tb927.7.2130 TMSWEGVMEQLCPSVYPHIVLRAVRAAYGNATASGETPRGMAAFLQVPKVLQALAASVLL 300

cDNA Clone2 ADDAEQNTQFTEAELQDKKLSKSVNCRGSLFPELDFDIFYDSWTSSIPSSLFADGTLPSQ 360 
Tb927.7.2130 ADDAEQNTQFTEAELQDKKLSKSVNRRGSLFPELDFDIFYDSWTSSIPSSLFADGTLPSQ 360

cDNA Clone2 SDRNALLKFLYGSVIVVRNAEGDSHVGARAVWAPSNVLSTDVSLRTRQLFEIRPGRWEAE 420 
Tb92 7.7.2130 SDRNALLKFLYGSVIVVRNAEGDSHVGARAVWAPSNVLSTDVSLRTRQLFEIRPGRWEAE 420

cDNA Clone2 ELRAYVAPLLDPGVAFDHIIVRYSKEYRVPGRPVMYGSLS 460 
Tb927.7.2130 ELRAYVAPLLDPGVAFDHIIVRYAKEYRVPGRPVMYGNLS 460 

★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ * ★ * ★ ★ ★ ★ ★ ★ ★  • ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★  ★ ★

Fig. 4.2 -  A comparison of the encoded protein sequences of cDNA clone 2 and the 
genomic sequence Tb927.7.2130.
The encoded protein sequence of cDNA clone 2 was compared with that o f the genomic 
sequence Tb927.7.2130 using the ClustalW program (Thompson et al. 1994). A total 
o f 6 amino acids differed between the 2 sequences and o f these differences 4 
represented conservative substitutions (highlighted in blue). The two residues shown in 
red reflect divergent residues. * = identical residues, : = conserved substitutions, . = 
semi-conserved substitutions
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CDNA Clones MHGASVGATTSMLSAAVELGTSQRQLMRTRCFRSALRCGFRAVPPLLFTDCSQFLHQQRN 60 
Tb927.5.3840 MHGASVGATTSMLSAAVELGTSQRQLMRTRCFRSALRCGFRAVPPLLFTDCSQFLHQQRN 6o

cDNA Clones ASSFNKFEAVSYAGRSRNVANRFNPLELNLFDDPTGGLTAGPAEELPSTDIASQVRLCVA 12
Tb927.5.3840 ASSFNKFEAVSYAGRSRNVANAFNPLELNLFDDPTGGLTAGPAEELPSTDIASQVRLCVA 12

★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ■ A -

cDNA Clones TYSRHHYYLLFTPFVDVMSIVFQLGLAPNVARPGEVMARWFTDAVATLQNPSCMEEVMGL 18
Tb927.5.3840 TYSRHHYYLLFTPFVDVMSIVFQLGLAPNVARPGEVMARWFTDAVATLQNPSCMEEVMGS 18

c DNA Clones KAWQRLCEGLDKFYEDVEPVMPLTAAVRKHGLPENLLVPFMRQLAMDLLLPARRRGWEI 24
Tb927.5.3840 KAWQRLCEGLDKFYEDVEPVMPLTAAVRKHGLPENLLVPFMRQLAMDLLLPARRRGWEI 24

cDNA Clones LPGLILGLANGRAPPELGFSEAAGAAASTSTALKGAAEELQRKRATMAADLFLGVGQETG 30̂
Tb927 . 5 . 3840 LPGLILGLANGRAPPELGFPEAAGAAASTSTALKGAAEELQRKRATMAADLFLGVGQETG 30'

cDNA Clones NTDFAYLGIQLLRANDIAVPFPKQKQLTNVFSAATRIQTDWQMRVSGQLMEVLPKWMDYY 3fr
Tb927 . 5 . 3840 NTDFAYLGIQLLRANDIAVPFPKQKQLTNVFSAATRIQTDWQMRVSGQLMEVLPKWMDYY 3«.

cDNA Clones KTVYSDNMRAIKKLHEKSETNPERGNIKNPAASRGNKQSQQTQKGGDESDETRCTDVGSD 42
Tb927.5.3840 KTVYSDNMRAIKKLHEKSETIPERGNIKNPAASRGNKQSQQTQKEGDESDETRCTDVGSD 42

cDNA Clones NGDDGMHDYFTSNRRENIARVADLESRIEECDRKRDIEWRDDGDQLYGRFKRKKSLAAGG
Tb927.5.3840 NGDDGMHDYFTSNRRENIARVADLESRIEECVRKRDIEWRDDGDQLYGRFKRKKSLAAGG

★  ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ ★ • i t

cDNA Clones SLKNDVTSEDVAEGKDQCSVKWDAEGLVKAQRQTSMDLGDEDCADVASRFRVSTNQAPP 54
Tb927 . 5 . 3840 SLKNDVTSEDVAEGKDQSSAKWDAEGLVKAQRQTSMDLGDEDCADVASRFRVSTNQAPP 54

cDNA Clones EHLKKGMAEDNAFKSASKYHRGTINNCEEEEIWEL 575 
Tb927.5.S840 EHLKKSMAEDNAFKSASKYIRGTINSCEEEEIWEL 575

Fig. 4.3- A comparison of the encoded protein sequences of cDNA clone 3 and 
genomic sequence Tb927.5.3840.
The protein encoded by cDNA clone 3 was aligned with that of the genomic sequence 
Tb927.5.3840 using the ClustalW program (Thompson et al. 1994). A total of 10 
amino acids differed between the 2 sequences and of these differences 5 (highlighted in 
blue) represented conservative substitutions, whereas residues in red appear to be 
divergent residues. * = identical residues, : = conserved substitutions, . = semi
conserved substitutions



Tb927.4.4060 Tb927.7.2130 Tb927.5.3840
Open reading 
frame size

932 aa 460 aa 575 aa

Predicted 
molecular weight

102 kDa 51 kDa 64 kDa

Predicted 
isoelectric point

5.02 5.15 5.92

A^-glycosylation
sites

5 5 1

Protein Kinase C 
sites

14 10 5

Tyrosine kinase
Phosphorylation
sites

1 1 1

Myristylation sites 8 4 15

Casein Kinase 2 
phosphorylation 
sites

14 7 7

cAMP protein 
dependent kinase 
phosphorylation 
sites

2

Table 4.1 -  Physical parameters and number of consensus sequences for putative 
modification sites for Tb927.4.4060, Tb927.7.2130 and Tb927.5.3840 were 
identified based on sequence analysis.
A summary of the key physical features and common consensus sites for putative 
modifications based on sequence analysis for each of the three proteins investigated. 
Sequence analysis was carried out using various predictive computer programs 
(http://ca.expasy.org/tools/). The number of consensus sites for various putative 
modifications are given for each sequence.
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4.3 -  Bioinformatic analysis of protein encoded by cDNA clones Tb927.4.4060, 

Tb927.5.3840, and Tb927.7.2130.

4.3.1 - Tb927.4.4060.

Analysis o f the genome o f T. brucei demonstrated that the Tb927.4.4060 gene 

was present as a single copy located on chromosome 4 and was flanked by genes coding 

for other hypothetical proteins as well as a putative ABC transporter and 2 putative 

amino acid transporters within 10 kb upstream, all on the same coding strand.

An omniBLAST search of the genome of T. brucei clearly revealed the presence 

o f a protein (Tb927.8.8270) likely to be related to Tb927.4.4060. This putative protein 

contained approximately the same number of residues (928 aa) and was predicted to 

have a similar molecular mass (103 kDa) and pi (pH 5.0). Overall, Tb927.8.8270 

exhibited 54 % identity and 67 % similarity with Tb927.4.4060. As shown by an 

alignment of the two sequences this similarity was maintained throughout the 

polypeptide (Fig. 4.4). These findings, together with the very low E-value of the 

comparison (4.0e-246), suggested that the two proteins may be related. Interestingly, 

the Tb927.8.8270 gene was located on the chromosome in a similar genomic 

environment (surrounded by genes encoding proteins of similar fiinction) to that of 

Tb927.4.4060.

Analysis of the genomes of other kinetoplastids indicated the presence o f related 

proteins in other African trypanosomes (Table 4.2). For example, analysis demonstrated 

presence of a hypothetical protein in the genome of T. congolense 

(congo821c06.plk_29) with a similar size (932 residues) and mass (107 kDa) as 

Tb927.4.4060. Although overall identity was only 36 %, the E-value o f the comparison 

(9.3e -129) supported the view that the two proteins were related. The genomes of 

other kinetoplastids also appeared to possess related sequences, although as might be 

expected the overall similarity was less than that observed for sequences from the 

African trypanosomes.

A search for consensus domains within the Tb927.4.4060 sequence using the 

InterPro website (http://www.ebi.ac.uk/InterProScan/) and the NCBI conserved domain 

database (http://www.ncbi.nih.gov/Structure/cdd/cdd.shtml) revealed a weak identity
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Tb927.4.4060 MACEQVVGTAAVGTAVASPGSPAPAFDALQRISSLRRSLSNVVASRALSLDRSNTPNPRM 60 
Tb927.8.8270 MPCYTSTG— MTGICATSPTPATLPLDALQRISSLRQSLSSWASQAPSLDRPDTLSLHL 58

Tb927.4.4060 PPDTDGLQESTARQLLASSQRRVEELLRENHKLELLCMKQEDTIKEIQIEMTLNKKKEDE 120 
Tb927.8.8270 LQNSGVSKESTVMFLLTSSQRRMKELLNENHRLELLCIKQEDTIKEIRAEMSINKRHQH- 117

Tb927.4.4060 PAGNVADNAPGEPPNISQTHSISYKSRGPGTKSKAGRAPDNDGGDIAEAHDGTHRSPSVL 180 
Tb927.8.8270 — ATVADDWAEKPATSCVRSTPFGARRMGLRDRTDRGSKNEELESPGSFIGAFRSSSIA 175

★  ★ ★ •  ★ ★  *  -k • • • ic

Tb927.4.4060 AELDEWQQLVSTAIALFPELEARAESASRDGADEWSVARDIIHFIESHLEEWSDHASQE 24 0 
Tb927.8.8270 AELDDVVQQLVSTAIALFPELEVRMESACHNGADEWSTARDILYFIESHLEEWSGCASRE 235

Tb927.4.4060 NVDIGEASAMLSQTLTSVEEDQHEWGKSLFDLANRLQMAWSEQRHAITKRDFLISKLKKN 300 
Tb927.8.8270 NVSFRETSMLLSRVLTCIDTDQREWCECLFDIAYRLQAAWRGQKHAMERRDALICKLEDD 295

Tb927.4.4060 IKSLSTELSDAVEVRMQCECRCAELEGALSRMMENHVEHDANVQRLQQECNNLRSETNAL 360 
Tb927.8.8270 VKSLATELSDAVEVRMQCECRCAELEETLSRMMDKRAVHDGSVQSLQEERRIVRDEANSP 355

Tb927.4.4060 LALAGQEGTAAANSSNAGRDLDGISDSDMTKATENGAQSTTADRDAELLRHALERVTKER 420 
Tb927.8.827 0 LALADQEGITVIEASGVKRDVPGMSDGTMPKMSEDSLRRAVVEHDAEALRLSLDRITKER 415 

★  ★ ★ ★  ★ ★ ★  • • • • • ★ ★ ★  ★ *

Tb927.4.4060 DQLQVQLDVANDALKGAELRANVTKAEREAVFSNINEPQCSDVAVAANPAAWRFSQNSA 480 
Tb927.8.8270 DELRAQLRWNDALDEAELRVKVVGTEREMLQSEVGELKYCGGMLTVGSTAAPQPSLSST 475

Tb927.4.4060 DEAMMPLHGPLLSRSWNADDKT-CDTTVTPNIN-LLRIIGDIDADIWSEKNCGASEQG-G 537 
Tb927.8.8270 SEAMRPWCGPLLSRGCDHDLAEGGDAASNVSITGLLHVISDTTVDIFSVAHEHSSLRSPG 535 

★ ★★★ ★★★★★★ ★ 
Tb927.4.4060 LLFQVGCAIAQDSELFDGMPEPDLSLTAWKRLLLHIQNGFGSGPFHSADRAADNMQFFYS 597 
Tb927.8.8270 LLFHVGCAIALDSGAFNNMPKPDLSLTAWKRLLLHFQNGFVDVPFHNADRAADSLQFFYS 595

Tb927.4.4060 LMFHSGMLERMTPVERIATTTSALCAMYRYWPPSETHKSSDAQLRDVASVYPNSLEKEM 657 
Tb927.8.8270 LLFHSGMVEHMADVEIlASITSALCAMYVYVTPSSEGCRSLDVYSNSCAGGSSDSCEPLL 655

Tb927.4.4060 LESYCNYETICRLMGRCYFNFSAHWEAKDRDLLLRTMRALLLPQESLSQLECLIYAGDIE 717 
Tb927.8.8270 LEHSCSYETICRLMERSRFDFAALWEAEDRALLFQTMKALLLPQVSLYQLESLMYTSGIE 715 

★ ★ ★ ★★★★★★★★ ★ ★★ ★★★ ★★ 
Tb927.4.4060 RADGISPRLHAAPVRHQFVRLFIALAQHAFTMRTAAVSRYWASERFGLYQRQTQFINEPS 777 
Tb927.8.8270 AVSNISSRLHDPPVRHQLIRLLVALAHHAFTMRSASVNKYWANERFSLYQHQMRFRNEFG 775

Tb927.4.4060 VRPVEVPYNTRMVAEAQLLLINTTVLPLCQTAVRVFPRLQPCLVALQGNLCMWTLCNSDH 837 
Tb927.8.8270 EESIEVPYNMRAVAEAQLLLISTTVLPLCEAVVGVFPRLQPCLVALRGNLHMWTLCGSNG 835

Tb927.4.4060 GDVPPSSIALPPEMKVTPSIPEKNILCKDFGFRLVATEGVTPGTVTLDTAGFISTQDEVS 897 
Tb927.8.8270 GSTSPSSIASVLEQVTTPSTSEEKLPPGAANFKLVSSEEIKRGSLWDTGGFISMQEEIS 895 

★ ★★★★★ ★ ★★★ ★••• ★★★★ 
Tb927.4.4060 ALYKENAMLRGLLNRLFSEMDVPLECTESSQISGG- 932
Tb927.8.8270 ALYKENAVLRDMLQKLFHEMDS ARQHVRWGDE 928

★  ★ ★ ★ ★ ★ ★ • • * ■ ★  ★ ★ ★  • • •  ★

Fig. 4.4 -  Comparison of the Tb927.4.4060 sequence with a potential paralogue, 
Tb927.8.8270.
The sequence of Tb927.4.4060 was aligned with that of Tb927.8.8270, a potential 
paralogue present in the T. brucei genome. The 2 sequences have 54 % identity and 67 
% positive matches throughout the length of the polypeptide. The E-value for the 
sequence comparison was 4.0e-246.
* = identical residues
: = conserved substitutions
. = semi-conserved substitutions
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between Tb927.4.4060 and a 3'5'-cyclic nucleotide phosphodiesterase domain 

(Marchler-Bauer et al. 2002 a, b). Although the E-value for this comparison was 

relatively low (2.0e-05) the consensus domain was also detected in Tb927.8.8270 with 

an E-value o f 8.3e-9.0. Interestingly, a search of the sequences o f potential orthologues 

of Tb927.4.4060 in other kinetoplastid organisms (Table 4.2) revealed presence of this 

domain in the potentially related genes from T. vivax (E-value = 4.9e-7), T. congolense 

(E-value = 1.5e -9), T. cruzi (E-value = 1.4e -16) and L. major (E-value = 5.0e -  48).

4.3.2-Tb927.7.2130.

Analysis of the genome of T. brucei revealed that the Tb927.7.2130 sequence 

was present as a single copy on chromosome 7. Genes located upstream and 

downstream of Tb927.7.2130 were on the same coding strand and encoded hypothetical 

proteins of unknown function. In contrast to Tb927.4.4060, Tb927.7.2130 appeared to 

be a unique gene since no other sequences with significant similarity were detected in 

the T. brucei genome using omniBLAST analysis.

The Tb927.7.2130 sequence was used to interrogate the genomes o f other 

kinetoplastids. This search revealed several proteins from different organisms with a 

high degree o f identity (31 -  55 %) with Tb927.7.2130 (Table 4.3). All of these 

proteins were classed as conserved hypothetical proteins. As might be expected the 

highest level o f similarity was observed with a protein from T. congolense 

(congol94cl0.qlk_3). This protein was similar in size (469 amino acids), exhibited 55 

% identity and the comparison gave a very low E-value (7.0e-l 31).

Finally, a search of the NCBI consensus domain database revealed no 

significant identities with any of the domains in this database.
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Organism Proteins with Identity to 
Tb927.4.4060

Size Percentage
identity

E”Value

T. vivax Conserved hypothetical protein 
(tviv498hl0.qlk 24)

lOSlaa 35 % (142/399) 2.2e-49

T.
congolense

Conserved hypothetical protein 
(congo821 c06.pl k 29)

932 aa 36 % (347/952) 9.3e-129

T. cruzi Conserved hypothetical protein 
(TcOO. 1047053509237.20) 
Putative kinesin protein 
(TcOO. 1047053511253.31)

930 aa 

1397 aa

29 % (286/960) 

25 % (104/413)

2.0e-86

6.3e-08

Leishmania
major

Conserved hypothetical protein 
(LmjF29.2680)
Conserved hypothetical protein 
(LmJF03.0270)

1084 aa 

2354 aa

21 % (139/650) 

26 % (88/328)

6.1e-10

1.8e-08

Table 4.2 -  Proteins potentially related to Tb927.4.4060 in other kinetoplastids.
The sequence o f Tb927.4.4060 was used to interrogate the genomes o f kinetoplastids in 
the geneDB website using the omniBLAST suite of programmes. Potential orthologues 
in other parasites are listed along with E-values o f the comparison and percentage 
identities (matching residues/total residues compared). Tb927.4.4060 has a predicted 
size of 932 aa.
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Organism Proteins with Identity to 
Tb927.7.2130

Size Percentage
identity

E-value

T. vivax Conserved hypothetical protein 
(tvivl261cl2.plk 10)

477aa 46 % (222/479) 1.5e-95

T. congolense Conserved hypothetical protein 
(congol94cl0.qlk 3)

469aa 55 % (260/470) 7.0e-131

71 cruzi Conserved hypothetical protein 
(TcOO. 1047053511807.150)

444aa 42 % (200/472) 1.7e-82

Leishmania
major

Conserved hypothetical protein 
(Lm.jF22.0150)

475aa 31 % (157/493) 1.9e-52 <
}1
4T}
i

Table 4.3 -  Proteins potentially related to Tb927.7.2130 in other kinetoplastids.
The sequence of Tb927.7.2130 was used to interrogate the genomes of kinetoplastids in 
the geneDB site using the omniBLAST suite of programmes. Potential orthologues in 
other parasites are listed along with E-values of the comparison and percentage 
identities (matching residues/total residues compared). Tb927.7.2130 has a predicted 
size of 460 aa.
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Organism Proteins with Identity to 
Tb927.5.3840

Size Percentage
identity

E-value

T. vivax Conserved hypothetical protein 
(tviv390e06.qlk 0)

546aa 62 % (286/459) 1.2e-148

T.
congolense

Conserved hypothetical protein 
(congol468el l.p lk  2)

349aa 69 % (234/339) 5.6e-122

T. cruzi Conserved hypothetical protein 
(TcOO. 1047053510601.20)

546aa 66%  (148/221) 1.4e-78

Leishmania
major

Conserved hypothetical protein 
(LmjF16.0410)

575aa 35%  (117/228) 3.9e-70

Table 4.4 -  Proteins potentially related to Tb927.5,3840 in other kinetoplastids.
The sequence of Tb927.5.3840 was used to interrogate the genomes o f kinetoplastids in 
the geneDB site using the omniBLAST suite of programmes. Potential orthologues in 
other parasites are listed along with E-values of the comparison and percentage 
identities (matching residues/total residues compared). Tb927.5.3840 has a predicted 
size of 575 aa.
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4.3.3 -  Tb927.5.3840.

The Tb927.5.3840 gene is a single copy gene located on chromosome five. 

Genes for several putative enzymes are located up and downstream on the same coding 

strand. Interestingly, Tb927.5.3840 also appeared to be a unique gene, as no other 

proteins with significant similarity appeared to be present in the genome of T. brucei.

An omniBLAST search o f the Gene DB database using the Tb927.5.3840 

sequence revealed several proteins with similarity in genomes o f other kinetoplastids 

(Table 4.4). All of these proteins were conserved hypothetical proteins. As observed 

for the other candidates, proteins from T. vivax and T. congolense gave the best E- 

values for the comparison (1,2e-148 and 5.6e-l 22 respectively). The T. congolense 

sequence (349 aa) was shorter than that o f Tb927.5.3840 (575 aa), however it is worth 

noting that sequencing of the T. congolense genome is not yet fully complete and the 

protein reported may represent a partial sequence. No significant similarity with 

proteins in genomes of other protozoan parasites was reported.

A search for consensus domains within the Tb927.5.3840 sequence revealed no 

significant identity with any reported consensus domain.

4.3.4 -  Analysis of hydrophobicity of cloned protein sequences.

Since proteins from the flagellar pocket/endocytic pathway are likely to be 

directly or indirectly associated with membranes, they may be expected to have some 

regions of hydrophobicity within their sequences, e.g. A^-terminal leader sequences, 

transmembrane domains, or C-terminal hydrophobic extensions coding for the addition 

o f GPI-anchors. Therefore, the primary sequences of Tb927.4.4060 (cDNA clone 1), 

Tb927.7.2130 (cDNA clone 2) and Tb927.5.3840 (cDNA clone 3) were subjected to 

analysis by a series o f three programs from the ExPASy website 

(http://ca.expasy.org/tools) to search for the presence of hydrophobic regions. The 

results are summarised in Table 4.5. A Kyte-Doolittle hydrophobicity plot was 

generated for each sequence, using the TopPred program and window of 10 residues 

(Figs. 4.5, 4.6, 4.7) (Kyte and Doolittle 1982; Claros and von Heijne 1994).

174



Protein analysed A^-terminal 
leader sequence

Transmembrane
span

C-terminal
extension

Tb927.4.4060 Yes - amino acids 6- 
26
(probability = 0.604)

Probable - amino acids 
790- 810 
(score = 642)

None detected

Tb927.7.2130 None detected Probable -  amino acids 
201-221 
(score = 783)

None detected

Tb927.5.3840 Yes -  amino acids 2- 
21
(probability = 0.565)

Yes - amino acids 127- 
147
(score = 1359)

None detected

Table 4.5 -  Analysis of the hydrophobic regions present in the Tb927.4.4060, 
Tb927.7.2130 and Tb927.5.3840 sequences using several predictive computer 
programs.
Regions o f relative hydrophobicity in the Tb927.4.4060, Tb927.7.2130 and 
Tb927.5.3840 sequences were analysed using three different computer programs, the 
TopPred program (http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html), the 
TMpred program (http://www.ch.embnet.org/software/TMPRED_form.html) and the 
TMHMM program (http://www.cbs.dtu.dk/services/TMHMM-2.0/). The overall 
likelihood o f hydrophobic regions representing true transmembrane domains using 
information from all three programs is outlined. Probabilities for A^-terminal leader 
sequences are taken from the SignalP program
(http://www.cbs.dtu.dk/services/SignalP/). Scores for transmembrane domains are 
taken from the TMpred program which states that those above 500 are considered 
significant.
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This analysis revealed three regions o f  relatively high hydrophobicity with a peak o f  1 

or greater in Tb927.4.4060 (Table 4.5, Fig. 4.5). Both the TopPred and TMpred 

programs classed the first o f  these hydrophobic regions (amino acids 6-26) as 

having a significant likelihood o f being a helical domain (Claros and von Heijne 1994). 

W hile the TMHMM program classed this region as only a putative transmembrane 

domain it was the only region reported by this program. Given the jV-terminal location 

o f  this region it is tempting to suggest that this sequence may act as an A^-terminal 

leader sequence. This view was supported by analysis using the Signal? program 

which gave a probability o f 0.604 for presence o f  a signal peptide. The TopPred and 

TM pred programs also suggested that 2 other hydrophobic regions were putative 

membrane spanning domains, however the TMHMM program did not detect any other 

potential transmembrane regions. It seems likely that the first o f these regions was not 

a true transmembrane span due to relatively low hydrophobicity and presence o f a 

‘helix-breaking’ proline residue. The second o f  the potential hydrophobic regions had a 

higher overall hydrophobicity and was immediately followed by a positive arginine 

residue which may serve as an ‘anchor’ to the inside o f the cell and prevent further 

passage o f  the protein through the membrane (the ‘positive inside’ rule). This model, 

would describe a Type I membrane protein with a relatively large (790 residues) 

external A^-terminal domain, one membrane-spanning region, and a shorter C-terminal 

cytoplasmic domain (122 amino acids). By this model all 5 putative A^-glycosylation 

sites would be located externally. A C-terminal hydrophobic extension was not 

detected by any o f the programs used for this analysis, indicating that Tb927.4.4060 

was not GPI-anchored.

The hydrophobicity plot for Tb927.7.2130 clearly indicated two regions o f high 

hydrophobicity with a peak index greater than 1 and with a span o f  approximately 

twenty residues. O f these regions, one was classed as having a significant likelihood o f 

being a transmembrane domain by both the TopPred and TMpred programs, although 

these programs disagreed about the exact start o f  the domain (residues 197 and 201 

respectively) (Table 4.5, Fig. 4.6). Interestingly this potential transmembrane span ends 

with a positive lysine residue on the C-terminal side. The TMHMM program also 

suggested this region, beginning at amino acid 201, as a putative membrane spanning 

domain, but did not suggest any other transmembrane regions. The second region o f 

relative hydrophobicity detected in the Tb927.7.2130 sequence is less likely to 

represent a true transmembrane span since it contains a proline residue. None o f the
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Amino acid position

>Tb927.4.4060
MACEQWGTA AVGTAVASPG SPAPAFDALQ RISSLRRSLS NWASRALSL DRSNTPNPRM
PPDTDGLQES TARQLLASSQ RRVEELLREN HKLELLCMKQ EDTIKEIQIE MTLNKKKEDE
PAGNVADNAP GEPPNISQTH SISYKSRGPG TKSKAGRAPD NDGGDIAEAH DGTHRSPSVL
AELDEVVQQL VSTAIALFPE LEARAESASR DGADEWSVAR DIIHFIESHL EEWSDHASQE
NVDIGEASAM LSQTLTSVEE DQHEWGKSLF DLANRLQMAW SEQRHAITKR DFLISKLKKN
IKSLSTELSD AVEVRMQCEC RCAELEGALS RMMENHVEHD ANVQRLQQEC NNLRSETNAL
LALAGQEGTA AANSSNAGRD LDGISDSDMT KATENGAQST TADRDAELLR HALERVTKER
DQLQVQLDVA NDALKGAELR ANVTKAEREA VFSNINEPQC SDVAVAANPA AWRFSQNSA
DEAMMPLHGP LLSRSWNADD KTCDTTVTPN INLLRIIGDI DADIWSEKNC GASEQGGLLF
QVGCAIAQDS ELFDGMPEPD LSLTAWKRLL LHIQNGFGSG PFHSADRAAD NMQFFYSLMF
HSGMLERMTP VERIATTTSA LCAMYRYWP PSETHKSSDA QLRDVASVYP NSLEKEMLES
YCNYETICRL MGRCYFNFSA HWEAKDRDLL LRTMRALLLP QESLSQLECL lYAGDIERAD
GISPRLHAAP VRHQFVRLFI ALAQHAFTMR TAAVSRYWAS ERFGLYQRQT QFINEPSVRP
VEVPYNTRMV AEAQLLLINT TVLPLCQTAV RVFPRLQPCL VALQGNLCMW TLCNSDHGDV
PPSSIALPPE MKVTPSIPEK NILCKDFGFR LVATEGVTPG TVTLDTAGFI STQDEVSALY
KENAMLRGLL NRLFSEMDVP LECTESSQIS GG

Fig. 4.5 -  Hydrophobicity plot of protein Tb927.4.4060.
The hydrophobicity plot for protein Tb927.4.4060, using the Kyte-Doolittle method of 
calculation. There are 3 hydrophobic regions above the upper cutoff as marked by the 
vertical red lines. Those regions proposed as transmembrane domains using predictive 
computer programs (Table 4.5) are underlined in the sequence. The region of protein 
used to generate a GST-fusion protein was from amino acids 284 to 594 and is shown in 
bold (see also section 4.5).
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>Tb927.7.2130
MARVTLREDF DDCAADYRIL 
KGGSQLLLCD DERTFRVRRV 
CSSERVFEVK PSVAYNDISQ 
AQRFYTFPQL VALNRSSARE
TMSWEGVMEQ L CPSV Y PH IV  
ADDAEQNTQF TEAELQDKKL 
SDRNALLKFL YGSVIVVRNA 
ELRAYVAPLL D PGV AFD HII

SVSADHFKEI TCKVAACKQT 
EYSNTLLLAE AKAAKMHDTN 
HLLESPLTLK ELDTLGTVER
LAVILSDMGA VVFNGYVRLL 
LRAVRAAYGN ATASGETPRG 
SKSVNRRGSL F P E L D F D IF Y  
EGDSHVGARA VWAPSNVLST 
VRYAKEYRVP GRPVMYGNLS

GEEMGKINET HHEATTLMTM 
GIIESDNASD AGEGREHVW 
SDENVEYIKR EELENGTSSS
KPALMREALR ASLNFFDAYD 
MAAFLQVPKV LQALAASVLL 
D S W T S S IP S S  LFADGTLPSQ 
DVSLRTRQLF EIRPGRWEAE

Fig. 4.6 -  Hydrophobicity plot of protein Tb927.7.2130.
The hydrophobicity plot for protein Tb927.7.2130, using the Kyte-Doolittle method of 
calculation. There are 2 strongly hydrophobic regions as marked by the vertical red 
lines. The region proposed as a transmembrane domain using predictive computer 
programs (Table 4.5) is underlined in the sequence. The region of protein used to 
generate a GST-fusion protein was from amino acids 18 to 199 and is shown in bold 
(see also section 4.5).
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MHGASVGATT SMLSAAVELG 
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KAWQRLCEGL DKFYEDVEPV 
LPGLILGLAN GRAPPELGFP 
NTDFAYLGIQ LLRANDIAVP 
KTVYSDNMRA IKKLHEKSET 
NGDDGMHDYF TSNRRENIAR 
SLKNDVTSED VAEGKDQSSA 
EHLKKSMAED NAFKSASKYI

TSQRQLMRTR CFRSALRCGF 
NAFNPLELNL FDDPTGGLTA 
VFQLGLAPNV ARPGEVMARW 
MPLTAAVRKH GLPENLLVPF 
EAAGAAASTS TALKGAAEEL 
FPKQKQLTNV FSAATRIQTD 
IPERGNIKNP AASRGNKQSQ 
VADLESRIEE CVRKRDIEWR 
KWDAEGLVK AQRQTSMDLG 
RGTINSCEEE EIWEL

RAVPPLLFTD CSQFLHQQRN 
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FTDAVATLQN PSCMEEVMGS 
MRQLAMDLLL PARRRGW EI 
QRKRATMAAD LFLGVGQETG 
WQMRVSGQLM EVLPKWMDYY 
QTQKEGDESD ETRCTDVGSD 
DDGDQLYGRF KRKKSLAAGG 
DEDCADVASR FRVSTNQAPP

Fig. 4 .7- Hydrophobicity plot of protein Tb927.5.3840.
The hydrophobicity plot for protein Tb927.5.3840, using the Kyte-Doolittle method o f  
calculation. The regions o f high hydrophobicity are marked by the vertical red lines. 
Those regions proposed as transmembrane domains using predictive computer 
programs (Table 4.5) are underlined in the sequence. The region o f protein used to 
generate a GST-fusion protein was from amino acids 2 to 486 and is shown in bold (see 
also section 4.5).
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programs suggested a potential A^-terminal leader sequence, or a C-terminal 

hydrophobic extension for the putative protein encoded by cDNA Tb927.7.2130.

The hydrophobicity plot o f  Tb927.5.3840 revealed a region o f hydrophobicity 

with a peak index greater than 1.5 and another potential hydrophobic stretch with a 

peak o f just over 1. Significantly, the higher peak had the greatest hydrophobic index 

o f the three sequences investigated (Fig 4.7). Both the TMpred and TMHMM 

programs agreed that this region was likely to represent a transmembrane domain. All 

three predictive programs also agreed that the region from amino acids 2-20 was a 

putative transmembrane span. This region is o f  a length and location to suggest it may 

be a possible A^-terminal leader sequence, and the Signal? program gave it a probability 

o f 0.565 as a signal peptide. This model would describe a Type 1 membrane protein 

with a relatively short (115 residue) external A^-terminal domain, one membrane- 

spanning region, and a large C-terminal cytoplasmic domain (429 amino acids). 

Interestingly the C-tenninal end o f the protein was relatively hydrophilic. No C- 

terminal hydrophobic extension was suggested by any o f the predictive programs. The 

significance o f the results from the hydrophobicity analysis o f these proteins will be 

examined further in the discussion section.

The hydrophobicity plots were also used to select regions o f each sequence to be 

cloned into the pGEX-5X expression vector to generate recombinant fusion proteins. 

The relatively hydrophilic regions between amino acids 284 to 594 for clone 

Tb927.4.4060 and 18 to 199 for clone Tb927.7.2130 were selected as favourable 

regions for subcloning into expression vectors. In principal this selection was designed 

to ensure solublity o f  the respective fusion proteins by avoiding regions o f  high 

hydrophobicity (Figs. 4.5, 4.6, 4.7 highlighted). In the case o f  clone Tb927.5.3840 a 

larger portion o f  the sequence was selected from amino acids 2 -  486, which did 

incorporate the regions o f  high hydrophobicity within the sequence. In the case o f this 

clone this longer protein sequence was selected for subcloning, despite the 

hydrophobicity, in an attempt to create an antigenic protein with several epitopes and 

generate a strong immune response. The region o f clone Tb927.4.4060 selected for 

expression had a predicted molecular weight o f 33 kDa. When expressed as a GST 

fusion protein the predicted molecular weight was -5 8  kDa. In the case o f  clone 

Tb927.7.2130 the region selected had a predicted molecular weight o f  about 20 kDa 

while that o f  the GST-Tb927.7.2130 fusion protein was ~45 kDa. For clone
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Tb927.5.3840 the region used for cloning had a predicted molecular weight of 55 kDa 

without the GST tag and of ~80 kDa for the GST-Tb927.5.3840 fusion protein.

4.4 -  Polymerase Chain Reaction.

In order to characterise further the proteins encoded by Tb927.4.4060, 

Tb927.7.2130 and Tb927.5.3840, it was proposed to generate specific antibodies 

against recombinant proteins. As a first step towards this goal selected fragments of the 

genes encoding Tb927.4.4060, Tb927.7.2130 and Tb927.5.3840 were amplified by 

PCR using genomic DNA as a template. The specific conditions and primers employed 

are given in Table 2.2. The primers incorporated specific restriction enzyme sites to 

allow subcloning into the pGEX-5X expression vector, which allows expression of an 

yV-terminally fused GST protein upon induction with IPTG in an appropriate strain of E. 

coli.

The selected PCR amplification products o f Tb927.4.4060, Tb927.7.2130 and 

Tb927.5.3840 (methods, 2.24) migrated at 0.9, 0.55, and 1.5 kbp respectively (Fig. 4.8), 

as expected based on the regions selected for amplification. To purify the PCR product 

from the reaction mixture and to remove the primers and Tag polymerase the entire 

reaction volume was spin-column purified using the procedure described in the ‘High 

Pure PCR Product Purification Kit’ (Roche).

4.5 -  Cloning of PCR products into the pGEX expression vector.

Each purified PCR amplification product, and the pGEX-5X vector, was doubly 

digested with the appropriate restriction enzymes. Several difficulties were 

encountered at the ligation step using enzymatically digested vector and insert products 

which had been purified by agarose gel electrophoresis and subsequent column 

purification of the fragments excised from the gel. To resolve these technical
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1 2  1 2

Tb927.4.4060
900bp  Tb927.7.2130

SSObp

Tb927.5.3840
l,500bp

Fig. 4.8 -  Polymerase Chain Reaction amplification of fragments of Tb927.7.2130, 
Tb927.4.4060, and Tb927.5.3840 from genomic DNA.
Fragments of Tb927.7.2130, Tb927.4.4060, and Tb927.5.3840 were amplified by PCR 
using genomic DNA as a template and using conditions described in the methods 
section. A sample (5 |j.l) o f the product from each reaction was analysed by agarose gel 
electrophoresis (1 %). The gel was stained using ethidium bromide.
Panel A Lane 1 -  DNA ladder.

Lane 2 -  Tb927.7.2130 PCR product.
Panel B Lane 1 -  DNA ladder.

Lane 2 -  Tb927.4.4060 PCR product.
Panel C Lane 1 -  DNA ladder.

Lane 2 -  Tb927.5.3840 PCR product.
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Tb92 7.4.4060 
900bp

Fig. 4.9-Subcloning of a 900 bp fragment of Tb927.4.4060 into pGEX-5X.
The 900 bp PCR product of Tb927.4.4060, and the pGEX-5X vector were digested 
overnight at 37 °C using BamHI and Xhol restriction enzymes. Digested samples were 
gel purified using a low melt agarose, then incubated at ~5:1 insert:vector molar ratio 
with T4 DNA ligase overnight at 16 °C. Samples were transformed into competent 
DH5a E. coli and cells were plated onto LB agar with ampicillin (50 |ig/ml) overnight 
at 37 °C. DNA was extracted from cells in resulting colonies by mini-prep and plasmid 
DNA was incubated with BamHI/ Xhol. Restriction enzyme digested samples were 
analysed by agarose gel electrophoresis (1 %). A band corresponding to the expected 
size of the Tb927.4.4060 fragment was observed in the double digest.
Lane 1 -  DNA ladder.
Lane 2 -  pGEX-5X-Tb927.4.4060 vector digested with BamHI/ Xhol.
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1 2

bp

6108 -

5090 -

40 7 2 -

3054 -

2036 -

1636 -

1018 -

506

pGEX 4,900bp

Tb92 7.7.2130 
550bp

Fig. 4.10 -Subcloning of a 550 bp fragment of Tb927.7.2130 into pGEX-5X.
The 550 bp PCR product of Tb927.7.2130, and the pGEX-5X vector were digested 
overnight at 37 °C using BamHI and EcoRI restriction enzymes. Digested samples 
were gel purified using a low melt agarose, then incubated at ~5:1 insert:vector molar 
ratio with T4 DNA ligase overnight at 16 °C. Samples were transformed into 
competent DH5a E. coli and cells were plated onto LB agar with ampicillin (50|ag/ml) 
overnight at 37 °C. DNA was extracted from cells in resulting colonies by mini-prep 
and plasmids were incubated with BamHI/ EcoRI. Restriction enzyme digested 
samples were analysed by agarose gel electrophoresis (1 %). A band corresponding to 
the expected size o f the Tb927.7.2130 fragment was observed in the double digest. 
Lane 1 -  DNA ladder.
Lane 2 -  pGEX-5X-Tb927.7.2130 vector digested with BamHI/EcoRI.
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1 2  3 4

Tb927.5.3840
l,500bp

Fig. 4.11 -Sublconing of a 1.5 kb fragment of Tb927.5.3840 into pGEX-5X.
The 1.5 kb PCR product of Tb927.5.3840 and the pGEX-5X vector were digested 
overnight at 37 °C using BamHI and Xhol restriction enzymes. Digested samples were 
gel purified using a low melt agarose, then incubated at ~5:1 insert:vector molar ratio 
with T4 DNA ligase overnight at 16 °C. Samples were transformed into competent 
DH5a E. coli and cells were plated onto LB agar with ampicillin (50)j.g/ml) overnight at 
37 °C. DNA was extracted from cells in resulting colonies by mini-prep and plasmids 
were incubated with BamHI/ Xhol. Restriction enzyme digested samples were 
analysed by agarose gel electrophoresis (1 %). A band corresponding to the expected 
size of Tb927.5.3840 was observed in the double digest.
Lane 1 -  1 Kb DNA ladder.
Lane 2 -  Tb927.5.3840-pGEX-5X vector digested with BamHI 
Lane 3 -  Tb927.5.3840-pGEX-5X vector digested with Xhol 
Lane 4 -  Tb927.5.3840-pGEX-5X vector digested with BamHI/XhoI
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difficulties a high quality low melt agarose was employed. With this agarose it was 

possible to excise the band of interest, melt the gel and perform the ligation directly 

using molten agarose (see methods, 2.28, 2.29). Using this method successful ligation 

and generation o f the plasmid constructs were achieved. After transformation of 

competent E. coli with these plasmid constructs positive clones were selected based on 

ampicillin resistance. Colonies were selected at random and plasmid DNA was isolated 

by miniprep and subjected to restriction digest analysis using appropriate restriction 

enzymes. This analysis revealed successful subcloning of fragments o f clones 

Tb927.7.2130, Tb927.5.3840, and Tb927.4.4060 into pGEX-5X (Figs. 4.9, 4.10 and 

4.11). Each of these plasmids was sequenced to confirm that the correct and complete 

insert had been ligated into the expression vector in frame with the upstream GST gene 

(Fig. 4.12).

4.6 -  Induction and Purification of recombinant proteins GST-Tb927.4.4060, GST- 

Tb927.7.2130, and GST-Tb927.5.3840.

The pGEX expression constructs o f Tb927.4.4060, Tb927.7.2130 and 

Tb927.5.3840 were used to induce expression of the respective fusion proteins in E. 

coli, by addition of isopropyl-P -D-thiogalactopyranoside (IPTG) (Smith and Johnson 

1988). Expression o f each GST fusion protein in E. coli was induced using IPTG (0.2-1 

mM) and samples o f induced and non-induced cells were analysed by SDS-PAGE. The 

results demonstrated successfiil induction o f each o f the 3 fusion proteins, migrating at 

their respective expected apparent molecular masses in the induced cells (Fig. 4.13, 

arrows). Attempts were made to solubilise fusion proteins in order to allow subsequent 

purification on glutathione agarose. Cells were lysed by treatment with lysozyme (1 

mg/ml) followed by three passages through a French press. After centrifugation 

samples of the soluble (supernatant) and insoluble (pellet) fractions o f the lysate were 

analysed by SDS-PAGE (data not shown). All 3 fusion proteins were found to be 

extremely insoluble, even when inductions were performed in the presence o f urea (up 

to 8 M). These results precluded purification of the GST- tagged proteins by affinity 

purification. Therefore an alternative method was employed involving sequential
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GAA GGT CGT GGG ATC CAT GCA ATA ACG AAG AGG GAC TTC CTC A T T  AGT
E G R G I H A I T K R D F L I S

AAA CTA AAA AAA AAT ATC AAA TCG CTC TCC ACG GAG TTA TCT GAT GCA
K L K K N I K S L S T E L S D A

GTC GAG GTG CGC ATG CAA TGT GAG TGC CGT TGT GCG GAG TTG GAG GGT
V E V R M Q C E C R C A E L E G

A) The sequence of Tb927.4.4060 was cloned in frame with the GST sequence.

ATC GAA GGT CGT GGG ATC CGC ATT TTG TCA GTG AGC GCT GAC CAC TTC AAG
I E G R G I p. I L S V S A D H F K

GAG ATC ACA TGC AAA GTT GCG GCG TGC AAG CAA ACT GGT GAA GAA ATG GGG
E I T C K V A A C K Q T G E E M G

AAA ATC AAT GAA ACA TAC CAT GAG GCG ACA ACA CTA ATG
K I N E T Y H E A T T L M

B) The sequence of Tb927.7.2130 was cloned in frame with the GST sequence.

ATC GAA GGT CGT GGG ATC CTA ATG CAT GGA GCT TCA GTC GGA GCC ACT
I E G R G I M H G A S V G A T

ACT TCG ATG CTG TCA GCC GCG GTC GAG TTG GGA ACC AGT CAG AGA CAG
T S M L S A A V E L G T S Q R Q

TTG ATG CGA ACC AGG TGT TTT CGT TCC GCT TTG CGC TGT GGC TTC AGG
L M R T R C F R S A L R C G F R

GCG GTG CCG CCC CTC TTG TTT ACC GAT TGC TCG CAA TTT
A V P P L L F T D C S Q F

C) The sequence of Tb927.5.3840 was cloned in frame with the GST sequence.

Fig. 4.12 -  Sequencing of the expression vector constructs demonstrated cloning of 
the fragments of Tb927.4.4060, Tb927.7.2130 and Tb927.5.3840 were in frame 
with the upstream glutathione S transferase.
In order to ensure correct cloning of the fragments o f Tb927.4.4060, Tb927.7.2130 and 
Tb927.5.3840 into pGEX the constructs were sequenced on both strands starting with 
specific primers corresponding with sequences that flanked the cloning sites. This 
analysis confirmed that the correct sequences were cloned in frame with the upstream 
sequence o f the GST and the downstream stop codon sequence in the pGEX cloning 
site. The panels present the nucleotide sequence flanking the BamHI cloning site (red) 
and include the upstream GST sequence (green) and the sequence o f the forward primer 
(blue) employed for the PCR step.
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extractions of the insoluble pellet fraction with increasing concentrations of urea.

Using this approach it was intended to remove all other bacterial proteins, until the 

fusion proteins constituted the major protein species o f each respective insoluble 

fraction.

Following induction of GST-Tb927.4.4060 or GST-Tb927.5.3840 lysed cell 

pellets were incubated sequentially for 4 h at 4 °C with 1% Triton X-100 in PBS, 

followed by extraction with increasing concentrations of urea (2 M, 5 M or 8 M). The 

final pellet fraction obtained after extraction with 8 M urea was analysed by SDS- 

PAGE and the recombinant protein represented the major protein detected in this 

fi'action (Fig. 4.13, arrows in panels A and B).

Treatment of the pellet fraction o f cells in which the GST-Tb927.7.2130 protein 

had been induced with various concentrations of urea yielded no soluble recombinant 

protein. To purify this recombinant protein 2 further steps were taken. Firstly, the 

protein was expressed in BL21 E. coli cells which contained the GroEL chaperone 

rather than the DH5a E. coli cells previously employed. The GroEL chaperone aids in 

the correct folding of recombinant proteins (Tsurupa et al. 1998). Secondly, the pellet 

fractions were extracted with an anionic detergent, A^-lauroyl sarcosine. The most 

successful method of generating purified recombinant protein was found to be 

incubation of cell lysates with first 0.1 % Triton X-100, then 2 % A^-lauroyl sarcosine. 

The resulting recombinant protein remained in the insoluble fraction but with few other 

contaminating proteins as determined by SDS-PAGE analysis (Fig. 4.13).

The pellet fractions from cell lysates expressing each of the fusion proteins 

which had been treated in this way are shown in Fig. 4.13. In some pellet fractions, 

particularly in the case o f GST-Tb927.5.3840, proteins migrating at lower apparent 

molecular weights were also observed. It is possible these proteins represent 

degradation products of the recombinant protein since they were not solubilised from 

the pellet following any of the treatments. Each o f these pellets were mechanically 

resuspended in PBS by sonication and used directly to inoculate rabbits for antibody 

generation.
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Fig. 4.13 -  Induction o f expression o f GST-Tb927.4.406, GST-Tb927.7.2130 and 
Tb927.5.3840 fusion proteins, and purified samples of each fusion protein.
The pGEX-Tb927.4.4060, pGEX-Tb927.7.2130 and pGEX-Tb927.5.3840 plasmids 
were each transformed into competent E. coli (DH5a) and grown to an optical density 
o f 0.3-0.5 at A 660 nm.
Panel A - Expression o f the GST ftision proteins was induced by addition o f  IPTG (1 
mM) and cells were grown overnight at 37 °C. A control sample without IPTG was 
grown in parallel. Samples o f induced (+ IPTG) and non-induced (- IPTG) cells were 
analysed by SDS-PAGE. Induced GST-Tb927.4.4060 (58 kDa) appears fainter than the 
other products due to underloading o f the gel. Prominent bands corresponding to the 
expected size o f  Tb927.7.2I30 (45 kDa) and Tb927.5.3840 (80 kDa) were observed in 
the induced but not non-induced cells (arrows).
Panel B - Cells were lysed by addition o f lysozyme (1 mg/ml) at 0 “C for 1 h, followed 
by 3 passages through a French Press. Lysates were centrifuged at 13,000 x g  for 15 
min at 4 °C. For GST-Tb927.4.4060 and GST-Tb927.5.3840 supernatants were 
removed and pellets were resuspended for 4 h incubations at 4 °C in 1 % Triton X-100 
in PBS, followed by increasing concentrations o f  urea (2 M, 5 M and 8 M). For GST- 
Tb927.5.3840 supernatants were removed and pellets were resuspended for 4 hrs at 4 
°C firstly in 1 % Triton-X 100, and secondly in 2 % A^-lauroyl sarcosine. All samples 
were analysed by SDS PAGE electrophoresis.
S = supernatant fraction. P = pellet fraction after all solubilisation extractions.

189



4.7- Generation of anti GST-Tb927.4.4060, GST-Tb927.7.2130, and GST- 

Tb927.5.3840 antibody.

Immune sera against recombinant proteins GST-Tb927.4.4060, GST- 

Tb927.7.2130, and GST-Tb927.5.3840 were raised in rabbits as described in the 

methods section. Prior to terminal bleed the antibody titre was determined by ELISA 

for each immune serum produced. Titres are shown in table 4.6 below. A comparison 

of the immune versus preimmune sera in the ELISA indicated a relatively low titre 

using lysed trypanosomes as a ligand. The highest titre appeared to be the immune 

serum generated against GST-Tb927.4.4060, which gave a significantly higher response 

at 1/1000 dilution for 0.5 x 10̂  cell equivalents compared to other sera. A comparison 

of the preimmune and immune sera revealed a titratable difference for immune sera 

generated against GST-Tb927.4.4060 and GST-Tb927.7.2130, indicating a specific 

reaction for these 2 sera. These results represent a true reaction with trypanosomal 

protein as opposed to a cross reaction with the GST tag, since no GST is present in 

trypanosomal lysates. Less specific however, was the reaction of immune serum 

generated against GST-Tb927.5.3840. A comparison of preimmune and immune serum 

generated against this fusion protein revealed no significant difference for any 

concentration o f trypanosomal protein analysed. Indeed for several o f the samples 

assayed the preimmune serum gave a stronger reaction than that o f the immune serum. 

This result implies non-specific binding o f the GST-Tb972.5.3840 immune serum.

The immune sera were used in a series o f assays, such as Western blotting, 

immunoprecipitation and immunolocalisation, aimed at further characterisation of each 

of the proteins.
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Total cell 
equivalents 
/ well

A 405 nm

Tb927.4.4060 
immune 
serum 1/1000

Tb927.4.4060 
pre-immune 
serum 1/1000

Tb927.7.2130 
immune 
serum 1/1000

Tb927.7.2130 
pre-immune 
serum 1/1000

Tb927.5.3840 
immune 
serum 1/1000

Tb927.5.3840 
pre-immune 
serum 1/1000

5 x  10^ 1.821 (±0 . 107) 1.135 (±0 .093) 0.948 (±0 .088) 0.385 (± 0 .036) 0.677 (±0 .051) 0.746 (±0 .080)
1 X 10' 1.889 (±0 .093) 0.926 (±0 .084) 0.686 (±0 .051) 0.185 (±0.012) 0.544 (±0 .049) 0.415 (±0 .039)
0.5 X 10' 1.598 (±0 .072) 0.478 (±0 .033) 0.263 (±0 .019) 0.032 (± 0 .005) 0.248 (±0 .017) 0.215 (±0 .025)
b.l X 10' 0.393 (±0 .047) 0.027 (±0 .005) 0.22 (±0.020) 0 (±0.002) 0.173 (±0.011) 0 (±0 .003)

Table 4.6 -  Reaction of preimmune and immune sera generated against GST- 
Tb927,4.4060, GST-Tb927.7.2130, and GST-Tb927.5.3840 with bloodstream form 
trypanosomal cell lysates.
Preimmune and immune sera generated against GST-Tb927.4.4060, GST- 
Tb927.7.2130, and GST-Tb927.5.3840 were used as primary antibodies in ELISA 
assays against bloodstream form trypanosome cell lysates. Serum was applied at 
1/1000 dilution in each case. Detection o f bound serum was achieved using alkaline 
phosphatase conjugated to anti-rabbit IgG, followed by incubation with PNPP. 
Absorbance after 30 min incubation at 37 °C was measured at 405 nm for each sample 
as shown above. Each sample was corrected for background absorbance.
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4.8 -  Immunoblotting.

Immune sera against Tb927.4.4060, Tb927.7.2130 and Tb927.5.3840 clearly 

detected the appropriate recombinant proteins on Western blots. In each case there was 

a clear band at the expected size o f  the fiision protein, which was not detected by the 

preimmune serum (Fig. 4.14). Additional protein bands were present, but appeared to 

reflect cross reactions with bacterial proteins, probably due to the partially purified 

nature o f the antigen, as well as over-development o f  the blot. These sera were 

employed in Western blot analysis o f  total cell lysates o f bloodstream and procyclic 

forms o f T. brucei to determine if  the corresponding proteins were expressed and if  so 

to assess their apparent molecular weights (Figs 4.15, 4.16, 4.17).

Western blot analysis o f total lysates o f bloodstream and procyclic form 

trypanosomes using anti-Tb927.4.4060 immune serum clearly revealed the presence o f 

protein in bloodstream forms that migrated at approximately 102 kDa, the expected size 

o f  Tb927.4.4060 as predicted from the sequence o f  the polypeptide (Fig. 4.15). 

Significantly, this protein was absent from procyclic forms and was not detected by the 

preimmune serum. Additional weak bands were detected in bloodstream and procyclic 

forms and the preimmune serum, and most likely represented non-specific background. 

The 102 kDa protein was not detected in the tomato lectin binding fraction, although a 

heterogeneous band that migrated at approximately 55 kDa was clearly present and this 

band was not detected by the preimmune serum.

Immune serum against recombinant GST-Tb927.7.2130 was used to probe 

bloodstream and procyclic form trypanosome cell lysates. In both life cycle forms a 

band was detected migrating with an apparent molecular weight o f ~65 kDa (Fig 4.16). 

This band was more strongly detected in bloodstream form cells and was also detected 

in the tomato lectin binding fraction. The Tb927.7.2130 protein has a predicted 

molecular weight o f  51 kDa, but has 5 potential jV-glycosylation sites within the 

sequence, and post translational A^-glycosylation may account for the higher apparent 

molecular weight (65 kDa) on blots o f cell lysates. The 65 kDa band was not detected 

by the preimmune serum in any o f the fractions analysed.

As shown in Fig. 4.17, immune serum against Tb927.5.3840 clearly reacted 

with a protein in bloodstream form cell lysates that migrated with an apparent
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Bloodstream form cells Procyclic form cells

Tomato lectin 
binding fractionWhole cell lysate

Fig. 4.15 -  Immunoblot using anti-GST-Tb927.4.4060 immune serum.
Bloodstream form and procyclic form trypanosomes were harvested and lysed as 
described in the methods section. The tomato lectin binding fraction o f lysed cells was 
isolated as described in the methods section. Cells (lO’ cell equivalents) were loaded to 
each lane. Immunoblotting was carried out using a 1-1000 dilution o f  anti-GST- 
Tb927.4.4060 immune serum (lanes labelled I) or preimmune serum (lanes labelled PI) 
as the primary antibody, and a 1-10000 dilution o f  anti-rabbit IgG conjugated to 
alkaline phosphatase as the secondary antibody.
Lanes 1/2 - Bloodstream form trypanosome cell lysate ~ 10^ cell equivalents.
Lanes 3/4 -  Tomato lectin binding fraction ~ 10^ cell equivalents.
Lanes 5/6 -  Procyclic form trypanosome cell lysate ~ 10  ̂cell equivalents.
1= Immune serum
PI= Preimmune serum
— ► Tb927.4.4060, predicted at 102 kDa.
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Bloodstream form cells Pro eye lie form cells

W hole cell lysate Tomato l« t .„
binding ri action

I PI I PI I PI

Fig. 4.16 -  Immunoblot using anti-GST-Tb927.7.2130 immune serum.
Bloodstream and procyclic form trypanosomes were harvested and lysed as described in 
the methods section. The tomato lectin binding fraction o f lysed cells was isolated as 
described in the methods section. Cells (10^ cell equivalents) were loaded to each lane. 
Immunoblotting was carried out using a 1-1000 dilution o f anti-GST-Tb927.7.2130 
immune serum (lanes labelled I) or preimmune serum (lanes labelled PI) as the primary 
antibody, and a 1-10000 dilution o f anti-rabbit IgG conjugated to alkaline phosphatase 
as the secondary antibody.
Lanes 1/2 - Bloodstream form trypanosome cell lysate ~ 10^ cell equivalents.
Lanes 3/4 -  Tomato lectin binding fraction ~ 10^ cell equivalents.
Lane 5/6 -  Procyclic form trypanosome cell lysate ~ 10 cell equivalents.
1= Immune serum 
PI= Preimmune serum
— ► Tb927.7.2130, predicted at 51 kDa, migrating at ~65 kDa.
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molecular mass o f ~95 kDa. This protein was not detected using the preimmune serum. 

A weak band migrating at approximately 60 kDa may represent a slight cross 

reaction with the abundant VSG and was also detected by the preimmune serum.

Taken together, these data indicate that the immune serum was likely to be specific, 

despite the poor titre indicated by ELISA. Significantly, the protein detected appeared 

to migrate at a higher molecular mass (~95 kDa), than that predicted from the primary 

sequence of Tb927.5.3840 (64 kDa). Interestingly, the slightly heterogeneous nature of 

the band, plus the streaking at the edges of the band are typical o f glycoproteins, such as 

ISGIOO (Nolan et al. 1997). Post translational modification by A^-glycosylation alone is 

unlikely to account for this discrepancy since only one potential 7V-glycosylation site 

was present in the Tb927.5.3840 sequence. In procyclic form cell lysates a comparison 

o f proteins detected by both the immune and preimmune serum revealed no specific 

detection o f protein by the immune serum. This finding suggests that the protein 

Tb927.5.3840 may be bloodstream stage specific. The Tb927.5.3840 immune serum 

was also used to probe a sample o f the tomato lectin binding fraction isolated from 

bloodstream forms of T. brucei (Fig. 4.17). A faint band corresponding to the 95 kDa 

protein detected in bloodstream cells was observed along with a band that migrated at 

approximately 60 kDa. This band may represent at cross reaction with a protein present 

in the tomato lectin fraction.

4.9 -  Immunoprecipitation.

An immunoprecipitation/surface labelling assay was employed in order to 

determine if Tb927.4.4060, Tb927.7.2130 and Tb927.5.3840 represented surface 

proteins. Cell lysates o f bloodstream form trypanosomes that had been surface labelled 

by biotinylation were subjected to immunoprecipitation using anti-Tb927.7.2130, 

Tb927.4.4060, or Tb927.5.3840 immune serum following pre-clearance of each lysate 

with the corresponding preimmune serum. A control immunoprecipitation using anti- 

MiTat 1.2 VSG antibody was also performed. In each case the immunoprecipitates 

were subjected to blotting with streptavidin conjugated to alkaline phosphatase to probe 

for presence o f biotinylated proteins. Streptavidin bound to a range o f proteins
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Bloodstream form ceUs Procyclic form cells

Tomato lectin 
binding ftaction

Fig. 4.17 -  Immunoblot using anti-GST-Tb927.5.3840 immune serum.
Bloodstream and procyclic form trypanosomes were harvested and lysed as described in 
the methods section. The tomato lectin binding fraction o f lysed cells was isolated as 
described in the methods section. Cells (10^ cell equivalents) were loaded to lanes. 
Immunoblotting was carried out using a 1-1000 dilution o f anti-GST-Tb927.5.3840 
immune serum (lanes labelled I) or preimmune serum (lanes labelled PI) as the primary 
antibody, and a 1-10000 dilution o f anti-rabbit IgG conjugated to alkaline phosphatase 
as the secondary antibody.
Lanes 1/2 -  Bloodstream form trypanosome cell lysate ~ 10^ cell equivalents.
Lanes 2/3 -  Tomato lectin binding fraction ~ 10^ cell equivalents.
Lane 4/5 -  Procyclic form trypanosome lysate ~ 10 cell equivalents.
1= Immune serum 
P= Preimmne serum
— ► Tb927.5.3840, predicted at 64 kDa, migrating at ~95 kDa.
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Immunoprecipitating ajitibody

Fig. 4.18 -  Immunoprecipitation of Tb927.4.4060, Tb927.5.3840 and Tb927.7.2130 
proteins following surface biotinylation of bloodstream form trypanosomes.
Bloodstream form typansomes were surface labeled with biotin, then lysed as described 
in the methods section. Immunopreciptiations were carried out from these lysates using 
1/10 dilutions o f anti- GST-Tb927.5.3840, GST-Tb927.7.2130 or GST-Tb927.4.4060 
immune serum, following preclearance o f each lysate with preimmune serum, as 
described in the methods section. An immunoprecipitation using anti-MiTat 1.2 VSG 
was also performed. Samples were analysed by Western immunoblotting using alkaline 
phosphatase conjugated streptavidin to detect biotin labeled samples.
Arrow = VSG, migrating at ~59 kDa
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Immunoprecipitating antibody

Fig. 4.19 -  Immunoprecipitation of Tb927.4.4060, Tb927.5.3840 and Tb927.7.2130 
proteins following metabolic labelling of bloodstream form trypansomes.
Bloodstream form typansomes were metabolically labelled for 1 hr at 37 °C with 
Cys/Met then lysed as described in the methods section. Immunopreciptiations 
were carried out from these lysates using 1/10 dilutions o f Tb927.4.4060, 
Tb927.5.3840, or Tb927.7.2130 immune serum, follwing preclearance o f each lysate 
with preimmune serum. Samples were analysed by SDS-PAGE followed by expsosure 
to photographic film for 1 month at -8 0  °C.
White asterix -  A band in the Tb927.5.3840 immunoprecipitate migrating at ~95kDa. 
Yellow asterix - A band in the Tb927.7.2130 immunoprecipitate migrating at ~65kDa.
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migrating at different molecular weights in the biotinylated whole cell lysate, indicating 

biotinylation o f trypanosome proteins had been successful (Fig 4.18, lane 1). A 

biotinylated protein migrating at -5 9  kDa, the expected molecular weight for VSG, and 

only this protein, was detected in the anti-MiTat 1.2 VSG immunoprecipitation (Fig 

4.18, lane 2). Immunoprecipitations using all 3 immune sera detected a comparable 

protein migrating at 59 kDa, which is likely to represent a cross reaction with the 

abundant VSG (Fig 4.18, lanes 3-5). This was the only protein detected by the anti- 

Tb927.5.3840 immune serum. The Tb927.7.2130 immunoprecipitation revealed very 

faint detection o f a second protein migrating at ~65 kDa (Fig 4.18, lane 4). Biotinylated 

proteins precipitated by incubation with the anti-Tb927.4.4060 immune serum migrated 

at ~59, ~65, and ~95 kDa (Fig 4.18, lane 5).

Bloodstream form cells were metabolically labelled with Cys/Met ^^S for one 

hour at 37 °C and lysed as described in the methods section. Immunoprecipitations 

were carried out using anti-Tb927.4.4060, Tb927.5.3840, or Tb927.7.2130 immune 

serum, following pre-clearance with preimmune serum for each. Resulting 

immunoprecipitates were subjected to SDS-PAGE and radiolabelled proteins were 

detected by autorad. A range o f  ̂ ^S labelled proteins o f different molecular weights 

were detected in each immunoprecipitation (Fig 4.19). Some nonspecific 

immunoprecipitation may be expected in each sample since immune seurm which was 

not affinity purified was used to carry out immunoprecipitations. Proteins detected 

were comparable across all three immunopreciptations, suggesting the possiblity that 

these proteins represented non-specific binding by the immmune sera. However a few 

exceptions were observed. For example, a band migrating at ~95 kDa (Fig. 4.19 white 

asterix) was more strongly detected by Tb927.5.3840 immune serum, which may be 

significant since a protein migrating at this molecular weight was detected by Western 

blotting using this immue serum (Fig. 4.17). A protein migrating at ~45 kDa was 

observed in the immunoprecipitation using Tb927.4.4060 immune serum, and was not 

detected in the other two immunopreciptiations (Fig 4.19, lane 1). Since Tb927.4.4060 

has an predicted molecular weight o f  102 kDa, and was detected by Western blotting 

migrating at that molecular weight (Fig. 4.15), the ~45 kDa protein observed may 

represent a non-specific cross reaction. A 65 kDa protein, though detected in all three 

immunoprecipitations, was particularly strongly represented in the immunopreciptiation 

using Tb927.7.2130 immune serum (Fig 4.19, yellow asterix). Tb927.7.2130 is 

predicted at 51 kDa but was observed migrating at ~65 kDa by Western blot (Fig. 4.16).
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4.10 -  Immunofluorescence.

Antisera generated against proteins Tb927.4.4060, Tb927.7.2130 and 

Tb927.5.3840 were used as primary antibodies for immunoflourescence assays with 

fixed cells. Cultured bloodstream or procyclic form cells, or bloodstream form cells 

isolated after in vivo cultivation were fixed using paraformaldehyde as described in the 

methods section. Anti- Tb927.4.4060, Tb927.7.2130 or Tb927.5.3840 antisera were 

used to investigate the location o f each correponding protein within the cell. Detection 

o f bound antibody was achieved using anti-rabbit IgG conjugated to either Alexa fluor 

488 or Texas red.

The anti-Tb927.4.4060 immune serum gave a weak overall fluoresencent signal 

with fixed bloodstream forms o f T. brucei (Fig. 4.20). The pattern was similar in 

permeabilised fixed cells. In some cells spots o f  fluoresence were visible, but these 

spots exhibited no obvious pattern o f localisation. Significantly, the same pattern o f 

fluorescence was observed using the preimmune serum which suggests that the 

fluorescence signal represented non-specific binding o f the antibody rather than a 

localisation o f Tb927.4.4060.

In contrast to Tb927.4.4060 immune serum, protein detected following 

incubation o f  fixed cells with Tb927.7.2130 immune serum was present as a discreet 

spot between the nucleus and the kinetoplast (Fig 4.21). This spot was consistently 

detected throughout a field o f fixed cells and, significantly, could not be detected by the 

preimmune serum (Fig 4.21 D). Taken together these results imply specific binding o f  

Tb927.7.2130 immune serum at a distinct subcellular location. A co-incubation o f 

fixed cells with Tb927.7.2130 immune serum and FITC conjugated tomato lectin 

revealed colocalisation o f the resulting fluoresencent label (Fig 4.21 A). Protein 

detected by Tb927.7.2130 immune serum represented a subfraction within the larger 

pool o f flagellar pocket proteins detected by tomato lectin. Detecfion o f C B -lgp, a 

marker o f the endocytic pathway, and Tb927.7.2130 within a single cell revealed 

distinct colocalisation between the two bound anfibodies (Fig 4.21 B) (Brickman and 

Balber, 1994). However, C B -lgp could be detected away from the flagellar pocket as 

expected, throughout the endocytic system, and did not appear to colocalise with 

protein bound by Tb927.7.2130 immune serum in these regions. In fixed cultured 

procyclic cells Tb927.7.2130 immune serum bound throughout the cell (Fig 4.21 C).
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A - Immune serum, TritonX-100 0.1 %.

B -  Immune serum, detergent free.

C -Preimmune serum, TritonX-100 0.1 %.

Fig. 4.20 -  Immunofluorescence assay using anti-Tb927.4.4060 immune or 
preimmune serum.
Cells were fixed with 3 % paraformaldehyde, then incubated with either anti- 
Tb927.4.4060 immune serum (1/100) in presence or absence of detergent (A, B) or with 
preimmune serum (1/100) (C), followed by anti-rabbit IgG - Alexa 488 (1/2000). All 
cells were also incubated with Hoechst stain (1/100,000).
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Phase DNA A)-Tomato lectin Tb927.7.2130 Merged
B)-CB-1

A - Tomato lectin.

B -C B -1 .

C  - Immune serum in procyciic ceils.

Phase DNA Tb927.7.2130 Merged
reimmune serum

D - Preim m une serum.

Fig 4.21 -  Immunofluorescence assay using anti-Tb927.7.2130 immune or 
preimmune serum.
Bloodstream form cells were fixed with 3 % paraformaldehyde, then incubated with 
anti-Tb927.7.2130 immune serum (1/100) and either (A) tomato lectin-FITC (20 
l-ig/ml), (B) anti-CB-1 antibody (1/300); or with preimmune serum (1/300) (D) all in 
presence o f Triton X-100, 0.1 %. Procyciic form cells were also fixed and incubated 
with anti-Tb927.7.2130 immune serum (1/100) (C). Secondary antibody was either 
anti-rabbit IgG-Texas red/Alexa 488 (1/2000) or anti-mouse IgG-Alexa 488 (1/2000) 
All cells were also incubated with Hoechst stain.
A, B, D = bloodstream form cells. C = procyciic form cells.
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Interestingly, Tb927.7.2130 was the only one o f the three proteins investigated for 

which the immune serum detected a band by Western blot corresponding to the 

probable protein in procyclic cells (Fig. 4.16). Overall, results from 

immunofluoresence assay using Tb927.7.2130 immune serum imply a localisation for 

Tb927.7.2130 specifically within the flagellar pocket, and not throughout the endocytic 

pathway, or at any other subcellular location.

An incubation o f  Tb927.5.3840 immune serum with fixed cells resulted in 

detection o f  fluorescence throughout the cell with generally equal intensity (Fig 4.22).

A comparison with fluoresence detected by preimmune serum in these cells revealed a 

similar pattern, suggesting the possibility that fluorescence detected by Tb927.5.3840 

immune serum was the result o f  non-specific antibody binding. Taking into account the 

relatively low titre for this immune serum as revealed by ELISA this result is perhaps 

not surprising (Table 4.6). In an attempt to increase the specificity o f the immune 

serum an affinity purification against recombinant GST-Tb927.5.3840 was carried out 

as described in the methods section and fixed cells were incubated with the resulting 

antibody (Fig 4.22, C). However, the pattern o f  fluorescence detected following 

incubation with this antibody was again comparable with that o f the preimmune serum. 

Taken together results suggest that neither the Tb927.5.3840 immune serum nor the 

affinity purified antibody could specifically detect Tb927.5.3840 by 

immunofluorescence assay.
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Tb927.5.3840Phase

A - Immune serum

B - Preimmune serum.

■

C - Affinity purified anti-Tb927.5.3840 antibody.

Fig 4.22 -  Immunoflourescence assay using anti-Tb927.5.3840 immune or 
preimmune serum.
Cells were fixed with 3 % paraformaldehyde, then incubated with (A) anti- 
Tb927.5.3840 immune serum (1/100), (B) preimmune serum (1/100) or (C) affinity 
purified anti-Tb927.5.3840 antibody (no dilution), all in the presence of Triton X-100, 
(0.1 %), followed by incubation with anti-rabbit IgG-Alexa 488 (1/2000). All cells 
were also incubated with Hoechst stain.
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4.11 -  Functional characterisation of Tb927.7.2130, Tb927.4.4060, and 

Tb927.5.3840 through conditional RNA interference.

The Tb927.7.2130, Tb927.4.4060, and Tb927.5.3840 PCR products previously 

employed for cloning into the pGEX-5X expression vector (Fig. 4.8) were cloned into 

the vector for RNAi, p2T7^'B. This vector allows tetracycline inducible production o f a 

double stranded RNA corresponding to the fragment inserted between flanking T7 

promotors. Flanking BamHI and Hindlll sites were used to insert the amplification 

product o f  Tb927.4.4060, while BamHI and Xhol sites were used to clone the 

Tb927.7.2130 and Tb927.5.3840 PCR products. The constructs were analysed by 

appropriate restriction digest (Figs. 4.23, 4.24, 4.25) and the inserts were sequenced 

(MWG biotech) to ensure the correct sequence was present in each case. The various 

RNAi cell lines were generated by transfection o f the parental 328.114 single marker 

cell line with Notl linearised construct as described in the methods section. Positive 

clones selected in 24 well plates were expanded by growth in the presence o f  the 

selection antibiotic phleomycin (2.5 |xg/ml). Established cell lines for each construct 

were subjected to conditional RNAi o f the target mRNA by growth in presence of 

tetracycline (2 |.ig/ml).

For the Tb927.7.2130 RNAi cell line growth was monitored in the presence and 

absence o f  tetracycline and cumulative cell counts over time are shown in Fig. 4.26.

Cell growth rates were comparable over 72 hr in both presence and absence o f 

tetracycline. To confirm that knockdown o f the Tb927.7.2130 mRNA had occurred a 

Northern blot was performed. RNA was isolated from cells incubated in the presence 

o f tetracycline for 0, 24, or 48 h and used in a Northern blot to detect Tb927.7.2130 

mRNA. The results shown in Fig 4.27 clearly demonstrate that the Tb927.7.2130 

mRNA, while present in control cells as expected, was significantly decreased after 

either 24 or 48 h o f growth in the presence o f tetracycline.

At various timepoints following the addition o f  tetracycline cultured cells were 

harvested and fixed. Cells were examined firstly for loss o f  the Tb927.7.2130 protein 

as monitored by immunofluoresecence, and secondly for morphological changes 

resulting from this knockdown. Cells were fixed and analysed following 0, 24, or 48 h 

o f  growth in presence o f  tetracycline (Fig 4.28). The anti-Tb927.7.2130 immune serum 

detected protein at a region which overlapped closely with the tomato lectin binding
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1 2 3

(bp)
6000-----
5000------ p2T7^‘B 6,000 bp
4000------

3000-----

2000 -----

1650 -----

1000 ------

850 -----

The 550 bp fragment of Tb927.7.2130, and the p2T7^'B vector were digested overnight 
at 37 °C using Xhol and BamHl restriction enzymes. Digested samples were gel 
purified using a low melt agarose, then incubated at ~5:1 insert:vector molar ratio with 
T4 DNA ligase overnight at 16 °C. Samples were transformed into competent DH5a E. 
coli and cells were plated onto LB agar with ampicillin (50 |J.g/ml) overnight at 37 °C. 
DNA was isolated from cells in resulting colonies by miniprep and plasmids were 
digested with BamHI/XhoI. Digested samples were subjected to agarose gel 
electrophoresis.
Lane 1 -  Tb927.7.2130-2T7^'B vector digested with BamHl.
Lane 2 -  Tb927.7.2130-2T7^'B vector digested with Xhol.
Lane 3 -  Tb927.7.2130-2T7^‘B vector digested with BamHI/XhoL

600 ------ Tb927.7.2130, 550 bp 
500

Fig. 4.23 -  Subcloning of a 550 bp fragment of Tb927.7.2130 in the RNAi vector 
2T7^‘B.
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Tb927.5.3840 l,500bp

Fig. 4.24 -  Subcloning of a 1,500 bp fragment of Tb927.5.3840 into the RNAi 
vector 2T7^'B.
The 1,500 bp fragment of Tb927.5.3840, and the p2T7^‘B vector were digested 
overnight at 37 °C using Xhol and BamHI restriction enzymes. Digested samples were 
gel purified using a low melt agarose, then incubated at ~5:1 insert:vector molar ratio 
with T4 DNA ligase overnight at 16 °C. Samples were transformed into competent 
DH5a E. coli and cells were plated onto LB agar with ampicillin (50 |xg/ml) overnight 
at 37 “C. DNA was isolated from cells in resulting colonies by miniprep and plasmids 
were digested with BamHI/XhoI. Digested samples were subjected to agarose gel 
electrophoresis.
Lane 1 -  Tb927.5.3840-2T7^'B vector digested with Xhol.
Lane 2 -  Tb927.5.3840-2T7^'B vector digested with BamHI.
Lane 3 -  Tb927.5.3840-2T7^'B vector digested with BamHI/XhoI.
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Tb927.4.4060
900bp

Fig. 4.25 -  Subcloning of a 900 bp fragment of Tb927.4.4060 into the RNAi vector 
2T7^‘B.
The 900 bp fragment of Tb927.4.4060, and the p2T7^'B vector were digested overnight 
at 37 °C using BamHI and Hindlll restriction enzymes. Digested samples were gel 
purified using a low melt agarose, then incubated at ~5:1 insert:vector molar ratio with 
T4 DNA ligase overnight at 16 °C. Samples were transformed into competent DH5a E. 
coli and cells were plated onto LB agar with ampicillin (50 [xg/ml) overnight at 37 °C. 
DNA was isolated from cells in resulting colonies by miniprep and plasmids were 
digested with BamHI/Hindlll. Digested samples were subjected to agarose gel 
electrophoresis.
Lane 1 -  1 kb DNA ladder.
Lane 2 -  Tb927.4.4060 -2T7^‘B vector digested with BamHL 
Lane 3 -  Tb927.4.4060 -2T7^‘B vector digested with Hindlll.
Lane 4 -  Tb927.4.4060 -2T7^'B vector digested with BamHI/Hindlll.
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Fig. 4.26 -  Effect of Tb927.7.2130 RNAi on growth of bloodstream forms of T. 
brucei in vitro.
The Tb927.7.2130 RNAi cell line was grown in the presence and absence o f 
tetracycline (2 |xg/ml), and cell growth was monitored over time. Cells were 
subcultured into fresh media to 10^ cells/ml when the culture reached 10^ cells/ml. The 
cell density was expressed cumulatively taking into account the subculturing steps.
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A

T b927.7 .2130-^
mRNA

double —►
stranded RNA

B

Fig. 4.27 -  Northern blot against Tb927.7.2130 mRNA following 0, 24 or 48 h of 
RNAi.
Panel A - The Tb927.7.2130 RNAi cell line was incubated for 0, 24 h or 48 h in the 
presence o f  tetracycline, and RNA was isolated from cells as described in the methods 
section. Tb927.7.2130 mRNA was detected from each sample using a ~550 bp probe 
corresponding to a portion o f the Tb927.7.2130 sequence and labelled with by 
random priming. Samples were probed under high stringency conditions.
Panel B - Initial RNA loaded to the agarose gel (1 %) prior to transfer to nitrocellulose 
membrane for blotting was compared between samples by ethidium bromide staining 
following electrophoresis.
C = Cells incubated in absence o f  tetracycline.
24 h = Cells incubated in presence o f tetracycline for 24 h 
48 h = Cells incubated in presence o f tetracycline for 48 h
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fraction in control cells, as previously observed (section 4.10 above). The pattern o f 

protein detected by anti-Tb927.7.2130 immune serum was comparable between control 

cells and those incubated for 24 h in the presence o f tetracycline. However following 

incubation o f  cultured cells for 48 h with tetracycline anti-Tb927.7.2130 immure serum 

no longer detected protein at any cellular location (Fig 4.28 C). When viewed by phase 

microscopy no significant differences were apparent between cells pre- or post

initiation o f Tb927.7.2130 RNAi at any timepoint up to 48 h. No significant differences 

were observed for location or intensity o f  nuclear or kinetoplastid DNA between control 

cells and those subjected to Tb927.7.2130 RNAi. For cells subjected to 48 h of 

Tb927.7.2130 RNAi there appeared to be a slightly more diffiise pattern o f texas red 

conjugated tomato lectin binding within the cell, corresponding to a possible 

redistribution o f these proteins.

Trypanosomes selected for presence o f  the Tb927.5.3840-2T7^'B construct were 

incubated in the presence and absence o f tetracycline and cell growth over time was 

monitored (Fig. 4.29). Cell growth rates were similar in the presence and absence o f 

tetracycline up to ~60 h after addition o f  the antibiotic. At this point cells grown in the 

presence o f tetracycline stopped dividing, indicating a possible ver>' late stage growth 

effect for RNAi against Tb927.5.3840 mRNA. To investigate morphological changes 

resulting from Tb927.5.3840 knockdown cells were fixed at various timepoints 

following initiation o f  RNAi. Fixed cells could not be incubated with anti- 

Tb927.5.3840 immune serum to detect changes in location or intensity o f bound 

antibody resulting from knockdown o f Tb927.5.3840, due to poor specificity of this 

immune serum as revealed by previous immunofluorescence assays. Morphological 

changes to cells throughout the course o f  RNAi knockdown, as well as the position and 

shape o f the DNA and flagellar pocket were monitored. No morphological differences 

were observed between cultured cells pre- or post-knockdown o f Tb927.5.3840 for 

growth periods o f up to 72 h in the presence o f tetracycline (Fig. 4.30). No significant 

differences o f position, size/shape, or intensity o f  fluorescence for either the nucleus, 

kinetoplast or the tomato lectin binding proteins were observed for cells subjected to 

Tb927.5.3840 RNAi at any o f  the timepoints analysed. In order to confirm that 

Tb927.5.3840 knockdown resulting from RNAi had occurred successfiilly, detection o f 

Tb927.5.3840 mRNA in samples incubated for various times in presence o f  tetracycline 

was carried out by Northern blot (Fig 4.31). RNA was isolated from cultured cells 

which had been grown for 0 or 24 h in the presence o f tetracycline and used for
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Phase

A) Oh + tetracycline

B) 24 h + tetracycline

C) 48 h + tetracycline

Fig. 4.28 - Effect of Tb927.7.2130 RNAi on morphology of bloodstream form 
trypanosomes in vitro.
Cultured bloodstream cells subjected to Tb927.7.2130 RNAi were fixed using 3 % 
paraformaldehyde following 0, 24, and 48 h o f  incubation in the presence o f 
tetracycline as stated. Fixed cells were incubated with anti-Tb927.7.2130 immune 
serum (1/100) and anti-rabbit Alexa 488 (1/2000), as well as texas red conjugated 
tomato lectin at 2 ng/ml. All cells were also incubated with Hoechst stain.
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Fig. 4.29 -  Effect of Tb927.5.3840 RNAi on growth of bloodstream forms of T. 
brucei in vitro.
The Tb927.5.3840 RNAi cell line was grown in the presence and absence o f 
tetracycline (2 |J.g/ml) and cell growth was monitored over time. Cells were subcultured 
into fi'esh media to 10  ̂ cells/ml when the culture reached 10^ cells/ml. The cell density 
was expressed cumulatively taking into account the subculturing steps.

214



Phase DNA Tomato lectin

A) Oh  + tetracycline

B) 24 h + tetracycline

C) 48 h + tetracycline

D) 72 h + tetracycline

Fig. 4.30 -Effect of Tb927.5.3840 RNAi on morphology of bloodstream form 
trypanosomes in vivo.
Cultured bloodstream cells subjected to Tb927.5.3840 RNAi were fixed using 3 % 
paraformaldehyde following 0, 24, 48, and 72 h o f incubation in the presence of 
tetracycline as stated. Fixed cells were incubated texas red conjugated tomato lectin at 
2 |xg/ml. All cells were also incubated with Hoechst stain.



Northern blotting as described in the methods section. The results indicate that 

Tb927.5.3840 RNA was not, in fact, knocked down after cells had grown for 24 h in 

presence of tetracycline.

In the case o f the Tb927.4.4060 cell line no significant difference to growth in 

vitro was observed in the presence or absence of tetracycline, apart from a slight lag in 

growth over the first few hours. The cell densities increased by a -10  fold factor every 

24 h (Fig. 4.32). The same result was obtained with several different clones from the 

24 well selection. Overall, the growth rates observed in presence or absence of 

tetracycline were comparable over an 80 h timecourse. In order to examine 

morphological changes to cells resulting from Tb927.4.4060 knockdown cultured cells 

were fixed at various timepoints following addition of tetracycline. Cells were 

harvested and fixed as described in the methods section after 0, 24, 48 and 72 h of 

growth in the presence of tetracycline (Fig. 4.33). Cell morphology, shape and position 

o f nuclear DNA and shape and position of the flagellar pocket were compared 

throughout the timecourse o f RNAi. Since results from immunofluoresence showed 

that anti-Tb927.4.4060 immune serum incubation with fixed cells revealed only non

specific fluorescence this serum could not be used to detect any difference in the 

antibody binding pattern between control cells and those subjected to RNAi. Under 

phase microscopy no unusual features were apparent between control cells and those 

subjected to up to 72 h of RNAi (Fig 4.33). No significant changes in location or 

intensity o f tomato lectin binding proteins were observed following RNAi knockdown 

of Tb927.4.4060 protein. Nuclear staining using Hoechst showed no irregularities of 

nuclear or kinetoplastid location or size and shape resulting from Tb927.4.4060 

knockdown.

Cells which had been subjected to Tb927.4.4060 RNAi for various periods of 

time were harvested and lysed and analysed for presence of the Tb927.4.4060 protein at 

each timepoint of RNAi by Western immunoblotting. However, no protein 

corresponding to the molecular weight predicted for the Tb927.4.4060 protein (102 

kDa) could be detected in any sample (data not shown). Tb927.4.4060 was previously 

detected by Western blot migrating with a molecular weight o f -102 kDa using 

trypanosomes grown in vivo and subjected to a DEAE column purification step (Fig. 

4.15). In contrast cultured cells were used for RNAi and the high concentration of 

contaminating serum proteins present in these samples resulted in detection o f high 

levels o f background protein, and no specific detection o f Tb927.4.4060 protein.
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Fig. 4.31 -  Northern blot against Tb927.5.3840 mRNA following 0 or 24 h of RNAi. 
Panel A - The Tb927.5.3840 RNAi cell line was incubated for 0 or 24 h in the presence 
o f  tetracycline, and RNA was isolated from cells as described in the methods section. 
Tb927.5.3840 mRNA was detected from each sample using a ~1,500 bp probe 
corresponding to a portion o f the Tb927.5.3840 sequence and labelled with by 
random priming. Samples were probed under high stringency conditions.
Panel B - Initial RNA loaded to the agarose gel (1 %) prior to transfer to nitrocellulose 
membrane for blotting was compared between samples by ethidium bromide staining 
following electrophoresis.
0 = Cells incubated in absence o f tetracycline.
24 h = Cells incubated in presence o f tetracycline for 24 h

217



1.0E+09

1.0E+08

E 1.0E+07

" 1.0E+06

1.0E+05

1.0E+04
0 20 40 60

Time (hours)
80 100

• Control I 

- + tetracycline j|

Fig. 4.32 -  Effect of Tb927.4.4060 RNAi on growth of bloodstream forms of T. 
brucei in vitro.
The Tb927.4.4060 RNAi cell line was grown in the presence and absence o f 
tetracycline (2 ^ig/ml), and cell growth was monitored over time. Cells were 
subcultured into fresh media to 10  ̂ cells/ml when the culture reached 10^ cells/ml. The 
cell density was expressed cumulatively taking into account the subculturing steps.
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Fig. 4.33 -Effect of Tb927.4.4060 RNAi on morphology of bloodstream form 
trypanosomes.
Cultured bloodstream cells subjected to Tb927.4.4060 RNAi were fixed using 3 % 
paraformaldehyde following 0, 24, 48, and 72 h o f incubation in the presence o f 
tetracycline as stated. Fixed cells were incubated with texas red conjugated tomato 
lectin at 20 |J.g/ml. All cells were also incubated with Hoechst stain.



4.12 -  Discussion.

4.12.1 -  Characterisation of Tb927.4.4060.

Analysis o f the sequence of the cDNA clone which corresponded to the 

systematic gene Tb927.4.4060 revealed no significant sequence similarity with known 

proteins in current databases, meaning no indication o f the function of this protein could 

be derived by comparison o f sequences or protein family motifs. Interestingly however, 

a comparison of the cDNA clone and genomic sequences revealed an incorrect choice 

of initiation codon by the Institute for Genomic Research T. brucei database 

(www.genedb.org). The genomic sequence suggested an initiation codon for the 

protein 11 amino acids (33 nts) upstream of the cDNA initiation codon. All 

trypanosomal mRNAs are subjected to trans-splicing and start with the same 39 

nucleotide sequence corresponding to the spliced 5' miniexon. In the case o f all mature 

mRNA described to date the first ATG downstream of the miniexon sequence 

corresponds to the true initiation codon for the protein (Boothroyd and Cross 1982; 

Alberts et al. 2002). The cDNA clone sequence was clearly derived from the mature 

mRNA since it possessed a 5' miniexon and a 3' polyA tail and therefore encoded the 

complete true open reading frame. Thus, this study revealed the true start codon for the 

Tb927.4.4060 protein, as well as sounding a cautionary note against total reliance on 

the information contained in the genomic database.

Of the kinetoplastid species whose sequences were compared with 

Tb927.4.4060 the African trypanosomes T. congolense and T. vivax possess flagellar 

pockets to which tomato lectin binds. Since the cDNA clone corresponding to 

Tb927.4.4060 was identified from the flagellar pocket the comparison of its sequence 

with the sequences o f these organisms might be expected to reveal proteins with 

identity to Tb927.4.4060 within these species. Indeed this was the case, since m silico 

analysis revealed putative orthologues in both of these African trypanosomes as well as 

in other kinetoplastid species. Two proteins with identity to Tb927.4.4060 appeared to 

be present in the T. cruzi and L. major sequences. This finding complements the
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detection by this study of a protein with identity to Tb927.4.4060 within the T. brucei 

genome (discussed below). Interestingly, the more closely related T. congolense 

appeared to possess only a single protein (congo821c06.plk_29) which had identity 

with the sequence o f Tb927.4.4060, although this protein revealed the strongest identity 

(36 %) with Tb927.4.4060 across the species investigated.

Further in silico analysis revealed a protein with identity to Tb927.4.4060 in T. 

brucei, Tb927.8.8270, which had 54 % identity as well as a similar predicted size (103 

kDa) and pi (pH 5.0). Interestingly both Tb927.4.4060 and Tb927.8.8270 were present 

in similar genomic environments, both being on the same coding strand as putative 

amino acid and ABC transporters. A function for Tb927.4.4060 as a similar protein is, 

however, unlikely since transporters generally have multiple membrane spanning 

domains, and hydrophobicity analysis (discussed below) indicated this was not the case 

for Tb927.4.4060 (Castagna et al. 1997). Heterodimeric amino acid transporters have 

been reported, which mediate the transfer of amino acids between organs and between 

different cell types, and consist of a heavy chain and an associated light chain. The 

heavy chain is a Type II membrane protein with an intracellular amino terminus, a 

single transmembrane helix, and a large extracellular domain. The light chain, in 

contrast, is a typical helix-bundle protein with 12 putative transmembrane helices 

(Broer and Wagner 2002). However, it remained unlikely that Tb927.4.4060 could 

function even as the heavy chain of these transporters since Tb927.4.4060 possessed a 

very likely A^-terminal leader sequence (amino acids 1 to 26) and was strongly proposed 

as a Type I membrane protein with an external TV -̂terminal domain. Furthermore there 

was no sequence similarity between Tb927.4.4060 and the sequence of any 

characterised amino acid transporter heavy chain, meaning Tb927.4.4060 would have to 

represent a novel transporter heavy chain.

The proposed topological model preferred the second of two hydrophobic 

regions as a membrane spanning domain since it contained no ‘helix-breaking’ proline 

residues and further terminated with a positive arginine residue to ‘anchor’ the protein 

and prevent its fiarther passage through the membrane (the ‘positive inside’ rule) (von 

Heijne and Gavel 1988; Samatey et al. 1995). This model, though speculative, would 

describe a Type I membrane protein with a relatively large (790 residues) external N- 

terminal domain, one membrane-spanning region, and a shorter C-terminal cytoplasmic 

domain (122 amino acids). This model placed all five of the putative iV-glycosylation
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sites in the Tb927.4.4060 sequence externally, which is a prerequisite for N- 

glycosylation, and a characteristic of flagellar pocket proteins.

Weak identity was reported between the Tb927.4.4060 sequence and the 

consensus domain for a 3 -5 ' cyclic nucleotide phosphodiesterase. This consensus 

domain also had stronger identity with putative orthologues of Tb927.4.4060 from other 

kinetoplastids (E- values of 1.4e -16  in T. cm zi and 5.0e -  48 in L. major). The 3'-5' 

cyclic nucleotide phosphodiesterases are a family o f enzymes with a role in signal 

transduction, which have been reported in a range o f different cell types and in species 

as diverse as humans and fiingi (Charbonneau et al. 1986; Sass et al. 1986; Beavo and 

Reifsnyder 1990; Fujishige et al. 1999). A large number of receptor-like adenylate 

cyclases, which are type I transmembrane proteins, have been reported in trypanosomes 

(Seebeck et al. 2004). However, these sequences are often revealed as non-specific 

‘hits’ during BLAST searches. As such those comparisons which report weaker E- 

values of identity should be viewed with caution. The E-value for the comparison 

between this domain and Tb927.4.4060 was 2.0e-05, which was relatively weak (the 

cut-off E-value used in this study was less than 1 .Oe-08). Therefore the identity 

reported was likely to be non-specific and it was deemed unlikely that Tb927.4.4060 

functioned as an enzyme of this type.

The immune serum generated against Tb927.4.4060 gave the highest specificity 

against bloodstream form cell lysates by ELISA assay of all three antisera generated in 

this investigation. This specificity was further confirmed by detection o f a 102 kDa 

band, the predicted size for Tb927.4.4060, by Western blot. The Tb927.4.4060 protein 

was bloodstream stage specific but was not detected within the tomato lectin binding 

fraction by Western blot. The absence of Tb927.4.4060 from the tomato lectin binding 

fraction was somewhat surprising since the cDNA clone corresponding to 

Tb927.4.4060 was originally isolated by screening a cDNA expression library with 

antibodies purified against this fraction. However the fact that Tb927.4.4060 was 

detected migrating at its predicted molecular weight o f 102 kDa, and not higher, was 

consistent with little or no A^-glycosylation occurring. Taken together these results raise 

the possibility that Tb927.4.4060 is not itself an A^-glycosylated protein, but was 

isolated from the flagellar pocket fraction on the basis o f association with another Â - 

glycosylated protein from this region. Alternatively, Tb927.4.4060 may have only 

short A^-glycans (a linear repeat o f just 3 pNAL units is required for tomato lectin 

binding) which did not add significantly to its molecular weight (3 pNAL units are
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equivalent to 2.9 kDa) (Merkle and Cummings 1987 a). According to this hypothesis 

absence o f Tb972.4.4060 in the tomato lectin fraction could be due to presence o f other, 

larger TV-glycans in the whole cell lysate which bound preferentially to tomato lectin 

and effectively blocked binding of shorter A^-glycans by saturation of the lectin (Merkle 

and Cummings 1987 b).

Significantly, there was no direct evidence that Tb927.4.4060 was a surface 

protein. Tb927.4.4060 was not detected in immunoprecipitations from either 

biotinylated or metabolic cells lysates. It seemed likely that protein 

immunoprecipitated by anti-Tb927.4.4060 immune serum in the metabolically labelled 

fraction represented non-specific binding of the unpurified serum, since bands were 

generally comparable with those detected by either anti-Tb927.7.2130 or anti- 

Tb927.5.3840 immune sera. Absence from the biotinylated fraction alone would raise 

the possibility that Tb927.4.4060 was not present on the cell surface as proposed by the 

topological model above. However, non-detection of Tb927.4.4060 in the 

metabolically labelled whole cell lysate suggested that the anti-Tb927.4.4060 immune 

serum may not be an efficient immunoprecipitating immune serum. The presence of 

Tb927.4.4060 would certainly be expected in the metabolically labelled fraction since 

its expression was confirmed by Western blot.

Immunofiuoresence assays failed to reveal any specific localisation for 

Tb927.4.4060. Since Western blot clearly demonstrated expression of Tb927.4.4060 

protein in bloodstream form cells the immunofluorescence results may indicate that the 

anti-Tb927.4.4060 immune serum titre was too low for immunofluorescence 

experiments. Alternatively the Tb927.4.4060 protein may not be very abundant, or the 

epitopes for immune serum binding may not be accessible under the conditions 

employed.

RNAi against Tb927.4.4060 revealed only a slight initial growth lag for cells 

incubated in the presence of tetracycline. No fijrther growth or morphological effects 

on cells were observed in vitro. The initial growth lag for cells incubated in presence of 

tetracycline suggested a period of adjustment for these cells where compensation for 

lack of protein Tb927.4.4060 may have occurred. However effective knockdown o f 

Tb927.4.4060 cannot be confirmed since this protein could not be detected by Western 

blot analysis using cultured cells in samples from any timepoint of RNAi (Bosher and 

Labouesse 2000). Previous detection of Tb927.4.4060 in bloodstream form 

trypanosomes was achieved using cells grown in vivo and purified by passage through a
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DEAE sepharose column to remove the majority o f contaminating protein. In contrast 

the RNAi cell line was grown in the serum rich environment of the culture medium, 

leading to detection of high levels of background protein by Western blot. Detection of 

high levels of background protein might be expected using a whole serum antibody in 

the serum rich culture medium environment, and may have precluded more sensitive 

specific detection of Tb927.4.4060. Nonetheless, RNAi knockdown of Tb927.4.4060 

cannot be confirmed, rendering this result inconclusive.

4.12.2 - Characterisation of Tb927.7.2130.

An examination of the genomic sequence of Tb927.7.2130, which represents the 

sequence corresponding to cDNA clone 2, revealed that this was apparently a unique 

gene in T. hrucei. However, proteins with sequence identity were identified in several 

other kinetoplastid species, all o f which were also represented as single copy genes in 

each organism. All o f the sequences reported represented hypothetical proteins of 

unknown fianction.

Further analysis o f the amino acid sequence of Tb927.7.2130 allowed deduction 

of a possible model for the topology of the protein. While there was no apparent leader 

sequence, meaning orientation of the protein could not be confirmed, the most likely 

topological model for Tb927.7.2130 consisted of a membrane spanning protein with an 

external A^-terminus. A hydrophobic region of twenty amino acids in length (amino 

acids 200-220) seemed likely to represent a membrane spanning domain in the N  - C 

orientation due to presence of two hydrophilic lysine residues near the C-terminal end 

of the stretch and absence of any ‘helix breaking’ proline residues (von Heijne and 

Gavel 1988; Samatey et al. 1995; Nilsson et al. 1998; Nilsson and von Heijne 1998). 

Tb927.7.2130 would therefore represent a membrane-embedded protein with an 

external .V-terminal domain consisting o f 200 amino acids and containing four out of 

five of the sequence’s putative A^-glycosylation sites, and a 260 residue internal C- 

terminus.

A 65 kDa protein was detected by Western blotting with anti-Tb927.7.2130 

immune serum in bloodstream cells grown in vivo. Although sequence analysis
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predicted a molecular weight of 51 kDa for Tb927.7.2130, post translation processing, 

such as addition of A^-glycans, may account for the discrepancy in size. A 65 kDa 

protein was also weakly detected in immunoprecipitations using anti-Tb927.7.2130 

immune serum from both a surface biotinylated cell lysate and a metabolically labelled 

cell lysate. Detection of Tb927.7.2130 in the surface biotinylated cell lysate would 

support the membrane spanning topological model for the protein presented above. 

However the protein was only weakly detected in immunoprecipitations from either 

lysate, and may represent non-specific binding o f Tb927.7.2130 immune serum, since a 

comparable pattern o f protein was immunoprecipitated using either of the other two 

immune sera, in either lysate.

Western immunoblotting revealed presence o f the 65 kDa protein in both 

bloodstream and procyclic form trypanosomes, indicating that Tb927.7.2130 is 

expressed in both of these life cycle stages, albeit at approximately five-fold higher 

levels in bloodstream forms. It is not uncommon for trypanosome proteins expressed in 

both life cycle stages to be represented at higher levels in bloodstream forms. For 

example the BiP chaperone protein, which is several-fold more highly expressed in 

bloodstream forms in comparison to procyclic form trypanosomes (Bangs et al. 1993).

Western immunoblot analysis further revealed that in bloodstream form cells 

Tb927.7.2130 was present within the tomato lectin binding fraction of proteins. Since 

the cDNA clone which represented Tb927.7.2130 was originally isolated from this 

fraction this result was not unexpected. This result supports post translational 

modification o f Tb927.7.2130 by A^-glycosylation and a corresponding increase in the 

molecular mass of the protein, since addition o f linear pNAL is a prerequisite for 

tomato lectin binding (Merkle and Cummings 1987). 7V-glycosylation o f the protein 

further supports the orientation o f the topological model presented above, since this 

model (with an external A^-terminus) proposed 4 out o f 5 putative jV-glycosylation sites 

externally.

The presence o f Tb927.7.2130 in the tomato lectin binding fraction was 

confirmed by immunofluorescence assay, which clearly demonstrated that 

Tb927.7.2130 colocalised with tomato lectin. Tb927.7.2130 also colocalised with CB- 

1, an endosomal marker. Taken together these results suggest distribution of 

Tb927.7.2130 throughout the endocytic pathway, as well as within the flagellar pocket 

(Brickman and Balber 1994; Nolan et al. 1999). In procyclic form cells 

immunofluorescence analysis demonstrated no such specific localisation of
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Tb927.7.2130, which was detected throughout the cell. In this life cycle stage the 

flagellar pocket is significantly smaller in comparison to bloodstream form cells, being 

roughly one-third the volume (Webster and Fish 1989). Previous studies have shown 

that procyclic form cells can make the pNAL glycan only at very low levels (Hwa and 

Khoo 2000). Tomato lectin does not bind to procyclic form cells, however proteins 

from the tomato lectin binding fraction o f bloodstream cells might still be present in this 

life cycle stage (Nolan et al. 1999). For example, p67/CBl was originally thought to be 

a bloodstream stage specific protein. It was later revealed that the CB-1 glycan {i.e. the 

epitope for C B-1 antibody binding) was not present on the p67 core protein in procyclic 

forms, although the p67 protein was expressed in both bloodstream and procyclic form 

cells (Kelley et al. 1995; Kelley et al. 1999; Alexander et al. 2002). In procyclic cells 

p67 was targeted to the lysosome directly from the ER based on cytoplasmic signalling 

domains in the sequence (Kelley et al. 1995). In bloodstream form cells p67 undergoes 

further modification in the Golgi before transport to the lysosome via the flagellar 

pocket and endocytic pathway (Brickman and Balber 1994; Kelley et al. 1995). It has 

been hypothesised that pNAL chains act as a signal for retention of tomato lectin 

binding proteins in the flagellar pocket/endocytic pathway (Nolan et al. 1999). In 

procyclic form cells with little or no pNAL synthesised no such localisation would 

occur. The protein detected by Tb927.7.2130 immune serum in procyclic cells may 

therefore represent Tb927.7.2130 protein which does not localise specifically to the 

endocytic pathway in this life cycle stage.

RNAi against Tb927.7.2130 revealed no effect on growth rates or overall 

morphology of bloodstream form cells in vitro. Knockdown of Tb927.7.2130 mRNA 

was confirmed after 24 h by Northern blot. However Tb927.7.2130 protein could still 

be detected in many cells by immunofluorescence assay at this timepoint. Following 48 

h o f RNAi knockdown neither Tb927.7.2130 mRNA nor protein was detected by 

Northern and immunofluorescence assay respectively. Taken together these results 

imply that the Tb927.7.2130 protein may be relatively stable, in that it persisted in cells 

for 24 h, despite knockdown of the corresponding mRNA. Western blot could not be 

used to confirm knockdown of Tb927.7.2130 protein since high levels o f background 

protein were again detected in these cultured cells, compared to cells grown in vivo and 

subsequently purified which were previously used. Following complete knockdown of 

Tb927.7.2130 a slight apparent dispersal o f tomato lectin binding proteins was 

observed. Tomato lectin appeared to bind over a larger area o f the cell, although
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generally still localised between the nucleus and the kinetoplast,. The slight 

redistribution of tomato lectin binding proteins revealed no corresponding effect on cell 

growth.

The Tb927.7.2130 protein is clearly present in the flagellar pocket and 

endocytic pathway and is likely to be a membrane glycoprotein. Tb927.7.2130 

expression was detected in both bloodstream and procyclic form cells, but was at 

significantly higher levels (~5 fold) in bloodstream forms. Tb927.7.2130 is a 65 kDa 

protein and roughly 14 kDa of the molecular mass is due to post translational 

modification, at least some of which is due to A^-glycosylation with pNAL chains. The 

protein is not essential for growth in vitro. Knockdown of the protein has no effect on 

cell morphology or motility. One possible reason for the lack of apparent phenotype is 

that another T. brucei protein can compensate for loss of Tb927.7.2130. However, 

given that no proteins with significant identity to Tb927.7.2130 were identified in the T. 

brucei genome it seems unlikely that this is the case. It is possible that Tb927.7.2130 is 

not required for growth in vitro yet has a function in vivo, for example an involvement 

in host-parasite interactions (Rinehart et al. 2004). Finally, it may be the case that 

Tb927.7.2130 is simply a non-essential trypanosomal protein, and that cells may 

survive in its absence.

4.12.3 -  Characterisation of Tb927.5.3840.

The third cDNA clone sequence analysed in this investigation corresponded to 

the genomic sequence Tb927.5.3840. This was a single copy gene which had identity 

with single copy proteins in other kinetoplastid species, all o f unknown function. 

Tb927.5.3840 was suiTounded by putative enzymes on the same coding strand of 

chromosome 5.

The Tb927.5.3840 sequence possessed a likely A^-terminal leader 

sequence as well as a hydrophobic domain of a length (20 amino acids) likely to 

represent a transmembrane domain. The putative membrane spanning domain had 

positive lysine residues at both ends and contained no proline residues, suggesting a 

true transmembrane domain (von Heijne and Gavel 1988; Samatey et al. 1995; Nilsson

227



et al. 1998; Nilsson and von Heijne 1998). The resulting topological model for 

Tb927.5.3840 was that o f a Type 1 membrane protein with an external A^-terminus of 

115 residues and a relatively large internal C-terminal domain o f 430 amino acids.

ELISA results revealed specificity of this immune serum was poor, with the 

lowest titre of the three antisera generated in this study. Despite this, however. Western 

blotting with anti-Tb927.5.3840 immune serum revealed a protein migrating at 95 kDa, 

detected in bloodstream, but not procyclic, form cells. The predicted molecular weight 

o f Tb927.5.3840 is 64 kDa and there is just one putative A^-glycosylation site in the 

sequence. To migrate at 95 kDa Tb927.5.3840 would therefore have to undergo 

addition of almost 30 kDa in molecular mass by post-translational processing at a single 

site. Similar post translational processing has previously been reported for ISG 100 

(Nolan et al. 1997). The 95 kDa protein was detected in the tomato lectin binding 

fraction confirming, at least to some extent, modification by glycans containing pNAL. 

Furthermore, a band migrating at 95 kDa was observed following immunoprecipitation 

o f protein from metabolically labelled cells using anti-Tb927.5.3840 immune serum.

Tb927.5.3840 was not detected amongst a fraction of surface biotinylated 

proteins, which contrasts with the proposed topological model. However the proposed 

model suggests a relatively small external domain o f just 115 residues (incorporating 

the single putative //-glycosylation site). Assuming Tb927.5.3840 is post 

translationally modified at this proposed external domain to the extent suggested by a 

-3 0  kDa increase in molecular mass, it is likely that no exposed lysine residues are 

accessible to allow attachment of biotin to the protein.

No specific localisation could be determined for Tb927.5.3840 by 

immunofluorescence assay, even when the immune serum was affinity purified. This is 

most likely a consequence of the low antibody titre as determined by ELISA.

Knockdown o f Tb927.5.3840 by RNAi revealed a potential very late growth 

defect phenotype in bloodstream form trypanosomes. Once induction of dsRNA 

against the Tb927.5.3840 sequence was initiated cell growth continued for 

approximately 60 h at a rate comparable with the control cells. However after this 

period cell growth in the presence o f tetracycline appeared to cease. Cells stopped 

dividing, but maintained their morphology and motility. Indeed no alteration in cell 

morphology was observed in these cells up to 90 h of RNAi. Following ~95 h o f RNAi 

cells appeared to undergo an ‘escape’ from the effect o f RNAi (Chen et al. 2003).

Since trypanosomes undergo a complete cell cycle every ~6 h under normal culture
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conditions the 60 h timepoint at which an effect on growth was observed represents ~10 

cell divisions, meaning only -0.097 % {i.e. less that 1/1000) o f the original level of 

Tb927.5.3840 protein would be present in each daughter cell (should no degradation 

occur), assuming efficacious RNAi. However, Northern blotting revealed that 

following 24 h of incubation with tetracycline Tb927.5.3840 mRNA levels remained 

unchanged. Once again Western blot could not be used to confirm knockdown of the 

protein since high levels of background signal were again detected in these cultured 

cells compared to cells purified following growth in vivo. It seems highly likely, 

however, that Tb927.5.3840 mRNA knockdown did occur at a later stage of the 

incubation period with tetracycline, given the growth phenotype observed. This bizarre 

occurrence has never before been reported, the opposite (cells escaping from the effects 

o f RNAi) being generally true. Some trypanosomal proteins decrease very slowly 

following knockdown of the mRNA, for example actin may still be detected by Western 

blot for 3 -4 days following induction of dsRNA in bloodstream forms and for almost 6 

days in procyclic cells (Garcia-Salcedo et al. 2004). It is possible that sufficient 

Tb927.5.3840 mRNA was present to ‘top up’ residual protein levels over the time 

period of normal cell growth observed, and that this was eventually overcome such that 

Tb927.5.3840 protein levels fell below the threshold level o f requirement for cell 

growth. This result sounds a cautionary note for RNAi experimentation, which may not 

always result in efficient and complete knockdown of the protein (Chen et al. 2003). 

The result implies that Tb927.5.3840 may be an essential T. brucei protein when 

effectively knocked down, since cell death occurred during RNAi. However it has not 

been confirmed that specific knockdown of Tb927.5.3840 occurred in these cells. It is 

also unclear what the precise cause of cell death may be since cells appeared to have 

normal morphology and motility by phase microscopy, and no increase in number of 

multinucleated cells (corresponding to a block in cytokinesis) was observed during the 

period of inhibition of cell growth.
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Chapter 5

Identification and characterisation of two 
essential, stage specific Trvvanosoma brucei 

proteins required for attachment of the
flagellum.



5.1 -  Introduction.

The previous chapter describes the characterisation o f three proteins from T. brucei 

that were selected for analysis on the basis of discovery of their corresponding ftill length 

cDNAs {i.e. containing a complete open reading frame) in a “mini-library” o f cDNAs that 

potentially code for proteins that bind to tomato lectin. The tomato lectin binding group of 

proteins contains those which potentially function as receptor proteins or are involved in 

endo- or exocytosis (Gull 2003). This chapter describes the characterisation o f a protein 

encoded by a partial cDNA isolated by the expression cloning approach as well as a closely 

related protein isolated by a BLAST analysis o f the completed genome.

The genomic sequences corresponding to these two proteins were each present in 

the genome in duplicate and were named Tb927.5.4570/Tb927.5.4580 and 

Tb927.8.4050/Tb927.8.4100 according to the Sanger Institute database (Berriman el al. 

2005). The proteins encoded by all four genes were previously uncharacterised and were 

classed as hypothetical proteins by this database. For simplicity, when referred to by their 

genomic names, the two proteins of interest in this study were given the same names as the 

first o f their corresponding genomic sequences.

Characterisation of the proteins encoded by these genes was undertaken. Each was 

subjected to in silico analysis by interrogation o f the programs and databases outlined 

below. Antibodies were generated against each protein and a range o f experimental 

techniques were performed to obtain further knowledge regarding the possible function of 

these proteins. Knockdown o f each protein was performed by conditional RNA 

interference to allow functional investigation o f each protein.
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5.2 -  Bioinformatic analysis of proteins encoded by Tb927.5.4570 / Tb927.5.4580.

5.2,1 -  Tb927.5.4570 and Tb927.5.4580

Screening o f a bloodstream expression library with antibodies against the total 

tomato lectin binding fraction resulted in the selection o f several partial cDNA clones. One 

o f these cDNAs was represented in fourteen clones that remained strongly positive after 

three rounds o f selection, i.e. gave a very strong signal on the filters. These cDNAs ranged 

in size from 550 bp to 1.3 kb and cross hybridized on Southern blots performed under high 

stringency conditions (data not shown). The sequence o f the largest o f these clones lacked 

a mini-exon but contained a poly A tail and clearly represented the C-terminal end o f a 

protein with a 3 ’ untranslated region and poly A tail. Analysis o f the sequence revealed an 

open reading frame o f 1032 bp in frame with a stop codon at position 1033 (Appendix 4, 

Fig. A4.5).

The sequence encoded by this partial cDNA clone was compared to sequences o f T. 

hrucei genes present in the parasite genome database by BLAST alignment 

(http;//www.genedb.org/genedb/seqSearch.jsp). This search resulted in the identification 

o f two sequences located on chromosome five that clearly corresponded to the cDNA 

clone. A comparison of the sequences revealed that the partial cDNA identified during the 

screening coded for the C-terminal region (1,032 bp) of these much larger genes, consisting 

of 2,457 bp (Appendix 4, Fig. A4.6). These genes were given the systematic identification 

Tb927.5.4570 and Tb927.5.4580. The two copies of the gene were separated by ~1.5 kbp 

of non-coding sequence. Alignment o f the sequences of Tb927.5.4570 and Tb927.5.4580 

revealed that they were virtually identical (91 % identity) and had an E value o f 0, 

therefore essentially encoding the same protein (Fig. 5.1). The region which displayed the 

maximum number o f differences between the two sequences was from amino acids ~ 110 - 

180. This tandem was flanked upstream by genes encoding a putative receptor-type 

adenylate cyclase and a putative guanine deaminase, while downstream were a pseudogene 

and a putative expression site associated gene (ESAG) (Berriman et al. 2005).
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Tb927.5.4580 MCFIFGVEMSNLAKRPMSLRKLPQLLLLIMIGIAFVAVECIGAPVKLPRRVDTVAGQFGF 60 
Tb927.5.4570 MCFIFGVEMSNLAKRPMSLRKLPQLLLLIMIGIAFVAVECIGAPVKLPRRVDTVAGQFGV 60

Tb927.5.4580 DGTTDGSSNVSMLSSPYALCRGRTNDEILVGSSNSFRNYSRKTKETGTFLRGGPTGGLVS 120 
Tb927.5.4570 EGETNGYPNTTRLTEPYALCRGRTNDEILVGSSNSFRNYSRKTKETGTYLRYNVGDSVIS 120

• ★ -k » ie ★ • - k ' k ' f i r - k - k ' t r ' k - i c i e ' k ' k ' k i c - k ' k ' i c ' i c - k ' i c i t ' k ' i e ' k ' ^ e ' k - k ' k ' k ' k i f - k - k ' k t ' k ' k

Tb927.5.4 580 ADAKISKPRSCVRRGSGNHTIlYFVDDQNGLKYINDNEIQHVTVGNGLSLTSVAIYEKDL 180 
Tb927.5.4 570 GSSTINKPRSCVRRGSGNHTIIYFVDDQKDIKYIVGDDVSSFSVPTSGSLNAVAVHEGTL 180 

★ •***•*****★****★*•*•**•** + ★. .**+ ... .* ** .★*..* *
Tb927.5.4580 YVTDQNNKSVWRCNVGGAGKPQNCEEKKFTGLTFTAKPEGIAVTSKGIFVAARDSSNKGA 240 
Tb927.5.4570 YVTDQNNKSVWKCGLGGAGKPQSCEEKKFTSVTLDAKPEGIAVTSKGIFVTARDSSNKGA 240 

***********.* .★*■***** ******■*■ ***★**★*•*•**•**■**•.***•*■***★*
Tb927.5.4580 LLWLDMNGGGSKGNVSGGFVDVFSTESGMLYAATEKELYTVTATGSAFSVTSFAGKNTSS 300 
Tb927.5.4570 LLWLDMSGGNRKGNVSGGFVDVFSTESGVLYAATEKELYTVTATDTSLSVTSFAGKNTSQ 300

Tb927.5.4580 CYSHANGEDIVLCDNSRLLVIEEYEMYVTSKEKHTMRALTLPPVNLTAIFRGRPAPVGYP 360 
Tb927.5.4570 CYFPTNGEDIVLCDNSRLLVIEEYEMYVTSKAKHTMRALTLPPVNLTAIFRGRPAPVGYP 360 

** .*********■*■*■************■*:** ****************************
Tb927.5.4580 NTTIMEQFVASLTEDVNKALGTNDSYVDPDSVRVDPDTWETNFTVFVQQTRFDNTTEEKL 420 
Tb927.5.4570 NTTIMEQFVASLTEDVNKALGTNDSYVDPDSVRVDPDTWETNFTVFVQQTRFDNTTEEKL 420

Tb927.5.4580 RSLTYTQTDKTVDEYYGLTDEYVYIDTVLVPFCDDASLVTIQRALAREAGRALNFSLIYA 480 
Tb927.5.4570 RSLTYTQTDKTVDEYYGLTDEYVYIDTVLVPFCDDASLVTIQRALAREAGRALNFSLVYA 480

Tb927.5.4580 DKPITFGSDVAENVTAVKLLMPHSFKNATTPKQLSAANLTDFAHNLVKDLRASDTRVDIT 540 
Tb927.5.4570 DKPITFGSDVAENVTAVKLLMPHSFKNATTPKQLSAANLTDFAHNLVKDLRASDTRVDIT 540 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Tb927.5.4580 FPDPPFNFSAVVPEREQEVRWFVHGKVMKQLEICERLGSQGDPJWIAAAPAATARGKANV 600 
Tb927.5.4570 FPDPPFNFSAVVPEREQEVRWFVHGKVMKQLEICERLGSQGDAAVIAAAADATARGKANV 600 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * *

Tb927.5.4580 TLNTSGVKANDTGVGPNTTNTAGGANTTANVVANGTANVIVNPSTNATPTGTTNASVTNT 660 
Tb927.5.4570 TLNTSGVKANDTGVGPNTTNTAGGANTTANVAANGTANVIVNPSTNATPTGTTNASVTNT 660 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * *

Tb927.5.4580 TERAVPVVAPTQPSNGYAECRSAITNRTETQNMEPPYDRKHRYEVFLPKKYDFNVSWCVD 720 
Tb927.5.4570 TERAVPVVAPTQPSNGYAECRSAITNRTETQNMEPPYDRKHRYEVFLPKKYDFNVSWCVD 720

Tb927.5.4 580 IIDWRDLDEMLNNRTDEVVEKSLSWCGHGCIIAFAVVGSLIAACLVVLAVVLTSKRRRLA 780 
Tb927.5.4570 IIDWRDLDEMLNNRTDEVVEKSLSWCGHGCIIAFAVVGSLIAACLVVLAVVLTSKRRRLA 780

Tb927.5.4580 AVVAPPRPKFVSTVEDDEEDRVSNIGVPLTDGKGTTAP 818 
Tb927.5.4570 AVVAPPRPKFVSTVEDDDEDRVSNIGVPLTDGKGTTAP 818

4 ' ^ - k - k - k - k - k - k - k - k - k ' k ' k - k - k - k ' k ' i e  •

Fig. 5.1 -  Genomic environment and comparison of proteins encoded by Tb927.5.4570 
and Tb927. 5.4580.
Panel A: The genes Tb927.5.4570 and Tb927. 5.4580 are present on T. brucei 
chromosome 5. They are part of a tandem separated by ~1.5 kbp of non-coding region. 
Panel B: Comparison of the amino acid sequences demonstrated that the predicted proteins 
are virtually identical (91 % identity) with an E value = 0 for their comparison, and an 
alignment score of 4574 according to the ClustalW program (Chenna et al. 2003).
*=  identical residues :=conserved substitutions .=semi-conserved substitutions.
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Open reading frame 
ofTb927.5.4570

Open reading frame 
ofTb927.5.4580

Open reading frame size 818 aa 818 aa
mRNA size 2457 bp 2457 bp

Predicted molecular weight 89 kDa 89 kDa
Predicted isoelectric point 5.71 5.80
A^-glycosylation sites 27 27

Protein Kinase C sites 18 18

Tyrosine kinase 
Phosphorylation sites

1 1

Myristylation sites 25 26

Casein Kinase 2 
phosphorylation sites

16 15

cAMP dependent protein 
kinase phosphorylation sites

2 2

Table 5.1 -  Summary of the Key Features of Tb927.5.4570 and Tb927.5.4580.
A summary of the key features and putative modification sites for each genomic copy of 
the sequence corresponding to the partial cDNA clone. Putative modifications were 
proposed by the Scanprosite program (http://ca.expasy.org/tools/scanprosite/) (Falquet et 
al. 2002).
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The proteins encoded by Tb927.5.4570/Tb927.5.4580 were predicted to have 

identical molecular weights (~ 89 kDa) and similar isoelectric points (5.7/5.8). Both 

sequences possess an unusual number o f potential jV-glycosylation sites (27) relative to the 

size o f the protein. The details o f other potential modifications to these sequences are 

outlined in Table 5.1 (Falquet et al. 2002).

5.2.2 -  Analysis of hydrophobicity of Tb927.5.4570 and Tb927.5.4580 sequences.

Since proteins from the flagellar pocket/endocytic pathway are likely to be directly 

or indirectly associated with membranes, they may be expected to have some regions of 

hydrophobicity within their sequences, e.g. A^-terminal leader sequences, transmembrane 

domains or C-terminal extensions coding for the addition of GPI-anchors. Therefore, the 

primary sequences o f Tb927.5.4570 and Tb927.5.4580 were subjected to analysis by a 

series o f three programs from the ExPASy website (http://ca.expasy.org/tools) to search for 

the presence o f hydrophobic regions (Hofmann and Stoffel 1993; Claros and von Heijne 

1994; Moller et al. 2001). The results are summarised in Fig. 5.2, panel B. This analysis 

revealed two regions of relatively high hydrophobicity in the Tb927.5.4570/Tb927.5.4580 

sequences (Fig. 5.2). The three programmes employed agreed that the region 

encompassing residues 22-41 was likely to represent a hydrophobic alpha helix. The 

proximity o f this region to the A^-terminus o f the sequence suggests that it may act as a 

leader sequence. Indeed a further two programs (Interpro and Target?) supported this 

view, and another, the Signal P program (http://www.cbs.dtu.dk/services/SignalP/), gave a 

probability o f 0.98 that this domain functioned as a leader sequence (Apweiler et al. 2001; 

Bendtsen et al. 2004).

All three programs also detected one other strongly hydrophobic region, which was 

suggested as a putative membrane spanning domain. This region was located near the C- 

terminus of the sequence (amino acids 751-773). This region represented a likely 

transmembrane domain since it had a high average hydrophobicity index, was of a length
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A
>Tb927.5.4570
MCFIFGVEMS NLAKRPMSLR KLPQLLLLIM IGIAFVAVEC IGAPVKLPRR VDTVAGQFGV
EGETNGYPNT TRLTEPYALC RGRTNDEILV GSSNSFRNYS RKTKETGTYL RYNVGDSVIS
GSSTINKPRS CVRRGSGNHT IIYFVDDQKD IKYTVGDDVS SFSVPTSGSL NAVAVHEGTL
YVTDQNNKSV WKCGLGGAGK PQSCEEKKFT SVTLDAKPEG lAVTSK G IFV TARDSSNKGA
LLWLDMSGGN RKGNVSGGFV DVFSTESGVL YAATEKELYT VTATDTSLSV TSFAGKNTSQ
CYFPTNGEDI VLCDNSRLLV lEEYEMYVTS KAKHTMRALT LPPVNLTAIF RGRPAPVGYP
NTTIMEQFVA SLTEDVNKAL GTNDSYVDPD SVRVDPDTWE TNFTVFVQQT RFDNTTEEKL
RSLTYTQTDK TVDEYYGLTD EYVYIDTVLV PFCDDASLVT IQRALAREAG RALNFSLVYA
DKPITFGSDV AENVTAVKLL MPHSFKNATT PKQLSAANLT DFAHNLVKDL RASDTRVDIT
FPDPPFNFSA WPEREQEVR WFVHGKVMKQ LEICERLGSQ GDAAVIAAAA DATARGKANV
TLNTSGVKAN DTGVGPNTTN TAGGANTTAN VAANGTANVI VNPSTNATPT GTTNASVTNT
TERAVPW AP TQPSNGYAEC RSAITNRTET QNMEPPYDRK HRYEVFLPKK YDFNVSWCVD
IIDWRDLDEM LNNRTDEWE KSLSWCGHGC IIAFAVVGSL lAACLVVLAV VLTSKRRRLA
AVVAPPRPKF VSTVEDDDED R V S N IG V P L T  DGKGTTAP

B
A^-terminal 
leader sequence

T ransmembrane 
span

C-terminal
hydrophobic
extension

Tb927.5.4570 Yes -  amino acids 
22-41.
(Probability = 0.98)

Yes — amino acids 
751-773.
(Probability = 0.96)

None detected

Fig. 5.2 -  Analysis o f the hydrophobic regions present in the Tb927.5.4570 sequence. 
Panel A - Hydrophobicity analysis o f the Tb927.5.4570 sequence revealed 2 strongly 
hydrophobic regions, underlined in the sequence. The region o f protein used for cloning 
and expression was from amino acids 179 -  740 (in bold in the sequence). The C-terminal 
region in italics was the peptide antigen for antibody generation (Section 5.6). Putative N- 
glycosylation sites in the sequence are highlighted in blue.
Panel B - Regions o f relative hydrophobicity in the Tb927.5.4570 sequence were analysed 
using three different computer programs, the TopPred program 
(http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html), the Tmpred program 
(http://www.ch.embnet.org/software/TMPRED_form.html) and the TMHMM program 
(http://www.cbs.dtu.dk/services/TMHMM-2.0/). The overall likelihood o f hydrophobic 
regions representing true transmembrane domains using information from all three 
programs is outlined. Probabilities are taken from the TMpred program. (Hofmann and 
Stoffel 1993; Claros and von Heijne 1994; Moller et al. 2001)
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consistent with membrane spanning (22 amino acids) and was immediately followed by 

four positive residues (KRRR) which may serve to anchor the protein in its transmembrane 

position on the cytoplasmic side (the ‘positive inside’ rule). A putative model for the 

topology o f the protein would be that o f a Type 1 membrane protein with a large external 

domain o f 710 amino acids, and a relatively short (38 amino acids) C-terminal cytoplasmic 

domain. By this model all 27 putative jV-glycosylation sites would be located externally. 

No C-terminal hydrophobic extension was identified in the Tb927.5.4570 sequence, 

suggesting that this protein was not GPI-anchored.

5.2.3 - Identification of sequences related to Tb927.5.4570 / Tb927.5.4580 in T. brucei 

and other protozoan parasites.

The Tb927.5.4570 / Tb927.5.4580 sequences were used to screen a variety of 

genomes to determine if  related proteins were present.

Firstly, a BLAST search o f the complete T. brucei genome revealed the presence o f 

a protein with 45 % identity that was encoded by two near identical genes located on 

chromosome 8. These genes have been assigned the systematic identification numbers 

Tb927.8.4050 and Tb927.8.4100 (Table 5.2). These protein sequences and their similarity 

will be examined in detail in a following section (Section 5.3).

Secondly, a comparison with sequences in genomes of related parasites revealed the 

presence o f potentially similar proteins in other African trypanosomas, as well as in T. 

cruzi and several Leishmania species (Table 5.2). The highest degree o f similarity was 

with conserved hypothetical proteins from T. congolense (~ 46 % identity over 592 

residues) and T. vivax (40 % identity over 608 residues). All the proteins reported were o f 

unknown function.

Thirdly, a search o f the genomes o f metazoan organisms revealed no significant 

similarity with any sequences. Finally, a search o f the NCBI conserved consensus domain
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Organism Proteins with Identity to 
Tb927.5.4570/Tb927. 5.4580

Size Percentage
Identity

E-value
(P/N)

T. b. brucei Tb927.8.4050
Tb927.8.4100

750 aa 
750 aa

45 % (272/602) 
45 % (272/602)

4.5e-172
4.5e-172

T. vivax Conserved, hj^othetical protein 
(T v iv l7 4 2 h ll.p lk  4)

713 aa 40 % (249/608) 4.7e-149

T.
congolense

Conserved, hypothetical proteins 
(congol 132d08.plk_8;
Congo 1125hl0.qlk_6 on c/some 8 
and congo439fD5.pl k 1 on c/some5)

862 aa 
711 aa 
711 aa

46 % (276/592) 
44 % (257/379) 
44 % (256/579)

8.7e-179,
l.Oe-175,
5.7e-175

T. cruzi Conserved, hypothetical protein 
(TcOO. 1047053503571.19)

708 aa 34%  (201/579) 7.2e-122

Leishmania
major

Conserved, hypothetical protein 
(Lmj FI 0.0620)

757 aa 24 % (94/388) 2.9e-44

Leishmania
braziliensis

Conserved, hypothetical protein 
(LbrM 10.0500)

756 aa 25 % (100/395) 6.6e-53

Leishmania
infantum

Conserved, hypothetical protein 
(LinJ 10.0960)

756 aa 25 % (98/380) 2.2e-45

Table 5.2 -  Proteins potentially related to Tb927.5.4570 / Tb927.5.4580 from T. brucei 
and other closely related parasitic protozoans.
The sequence o f Tb927.5.4570 was used to interrogate the genome o f various protozoan 
parasites in the geneDB database using the omniBLAST suite o f programmes. Potential 
orthologues in other parasites are Hsted along with E-values for the comparison and 
percentage identities (matching residues/total residues compared). Tb927.5.4570 has a 
predicted size o f (818 aa) (aa = amino acids).
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database revealed no significant identities with any of the domains in this database. A cut 

off E value of 1 x lO'^e or less was used for all comparisons. Taken together, these 

findings suggest that the protein encoded by Tb927.5.4570/Tb927.5.4580 is likely to be 

specific to Trypanosoma and closely related protozoan parasites.

5.3. -  Bioinformatic analysis of proteins encoded by Tb927.8.4050/Tb927.8.4100

5.3.1 -  Tb927.8.4050 and Tb927.4.100.

The two T. brucei genes, Tb927.8.4050 and Tb927.8.4100, which were identified as 

having a significant similarity to Tb927.5.4570/Tb927.5.4580 by a BLAST search of the 

genome are identical (data not shown). An alignment of the sequences of Tb927.8.4050 / 

Tb927.8.4100 with Tb927.5.4570 is shown in Fig 5.3. The two sequences exhibited 45 % 

identity and had an E-value of 4.5c-172 for the comparison. Overall the sequence 

similarity/identity was evenly distributed throughout the polypeptides, with two exceptions. 

Firstly, the protein encoded by Tb927.5.4570 clearly contained an insertion of 71 amino 

acids, located between residues 575 to 646, that was absent in Tb927.8.4050/

Tb927.8.4100. Secondly, the final C-terminal residues were clearly different in both 

sequences. Over the last 25 amino acids of Tb927.5.4570 only 5 (20 %) were identical to 

amino acids from the equivalent region of the Tb927.8.4050 sequence.

Analysis of the primary structure revealed that Tb927.8.4050 encoded a protein 

containing 750 amino acids, with a predicted molecular weight of 83 kDa and an isoelectric 

point (pi) of 5.05. There were a total of 14 putative A^-glycosylation sites present. These 

and other putative modification motifs are listed in Table 5.3 (Falquet et al. 2002). Both 

Tb927.8.4050 and Tb927.8.4100 were located on chromosome 8 but not as a tandem (Fig. 

5.4). Examination of the surrounding genomic region revealed a probable duplication of a 

unit of five genes. This region appeared to consist of the following order of genes: (i) a 

flagellum adhesion glycoprotein, (ii) two conserved hypothetical proteins, (iii) a putative
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Tb927.5.4570 — MCFIFGVEMSNLAKRPMS----LRKLPQLLLLIMIGIAFVAVECIGAPVKLPRRVDTV 54
Tb927 . 8 .4050 MPLWKQTNCEVETMNVREWGTVHLGYVSQMLLLVAT-VATIWRSGAAPIELKRHVTTV 59

• ★ • -ir • -k -k -k • • -k • -k - k - k t ^ - k - k t - k - k - k

Tb927.5.4570 AGQFGVEGETNGYPNTTRLTEPYALCRGRTNDEILVGSSNSFRNYSRKTKETGTYLRYNV 114 
Tb927.8.4050 AGKYGHIGDKDGFPGMSELSSPHAMCRGRNSDEILLGTVDRFRAFSRKNRETTTITAWET 119

★ • k  • k t k t k k k k  k  "k k  k  • k  • • ★ ★  » k  k  k  k

Tb927.5.4570 GDSVISGSS--TINKPRSCVRRGSGNHTIIYFVDDQKDIKYIVGDDVSSFSVPTSGSLNA 172 
Tb927.8.4050 DEDQKSGSRSVKVDKPRACVQWTVGGSTFVYFVESMGEVKYFKDSGVFSHDVVRNGSLTG 179

• • * ' k k k * ' k k *  k  'k * • k  k  k  • • • k  k  • ★ ★  k  k  k  k

Tb927.5.4570 VAVHEGTLYVTDQNNKSVWKCGLGGAGKPQSCEEKKFTSVTLDAK-PEGIAVTSKGIFVT 231 
Tb927.8.4050 VALYGNHLYLTEQNTNTVWTCEVGSDGDPIACHSHVALSANCSIYGPIGIAATQQGIFVV 239

• -k k k - k k k * k k k k

Tb927.5.4570 ARDSSNKGALLWLDMSGGNRKGNVSGGFVDVFSTESGVLYAATEKELYTVTATDTSLSVT 291 
Tb927.8.4050 ARGPAKQGTICWFDLQG-HKIAEVDGEYVDITSTRSGDLLAATQNELHRVSTDGNKLTTK 298

★ ★ ••• + «» k •• * k  k  • k  k  • k  k  k  k ★ k k k ^ t k i r *  -k • • k  •

Tb927.5.4570 SFAGKNTSQCYFPTNGEDIVLCDNSRLLVIEEYEMYVTSKAKHTMRALTLPPVNLTAIFR 351 
Tb927.8.4050 RFAGGSTNSCLPNTEGDDTLLCEITRLLVVTEYEMYVTSEKKSVLRSVTLPPVYVQGLFP 358

* * *  * * * . * . *  . * * .  . * * * * .  **■*■*****. * . -k > . 'k -k -k -k -k . .*

Tb927.5.4 57 0 GRPAPVGYPNTTIMEQFVASLTEDVNKALGTNDSYVDPDSVRVDPDTWETNFTVFVQQTR 411 
Tb927.8.4 050 GRPLPVGYPDKDIMEWIVGNLTEDINTALGTTESIVASSSVHVDSTTWLTNFTAGVQQPD 418

* * *  -k k  -k k  -k .  ̂ k  k  k  • k  * + * * . *  * * * *  .* * k  k  . -k k  k  -k k  -k k  k  k  -k k

Tb927.5.4570 FDN-TTEEKLRSLTYTQTDKTVDEYYGLTDEYVYIDTVLVPFCDDASLVTIQRALAREAG 470 
Tb927.8.4050 FDDEKTEQALHESNYEHTKEAADEYYNLTDEQVYMDSTMVPYCNRLSLDALRRKLAKEAG 478

* * .  k .* .. *  -k k-k k  *  k  k  * * . * .  . k  k  • -k • k  -k . . . +  -k k  • -k k  k

Tb927.5.4570 RALNFSLVYADKPITFGSDVAENVTAVKLLMPHSFKNATTPKQLSAANLTDFAHNLVKDL 530 
Tb927.8.4050 EVLNFTLIYADMPLKAESSDAENITTVKLLMPASFNNTVTHDLLSDANLTETAHSFIKYL 538

Tb927.5.4570 RASDTRVDITFPDPPFNFSAVVPEREQEVRWFVHGKVMKQLEICERLGSQGDAAVIAAAA 590 
Tb927.8.4050 RSSDTHVDVTFSNPPFNFSSLTPDEEQEVRWYIHDEVMNQIKKCE---------------- 583

★. k k k - k k k » ' - k  • * * • * » .

Tb927.5.457 0 DATARGKANVTLNTSGVKANDTGVGPNTTNTAGGANTTANVAANGTANVIVNPSTNATPT 650 
Tb927.8.4050 ---------------------------------------------------------ERST 587

k

Tb927.5.4570 GTTNASVTNTTERAVPVVAPTQPSNGYAECRSAITNRTETQNMEPPYDRKHRYEVFLPKK 710 
Tb927.8.4050 GRSMARREEVGDHSRTTIATALDSNVTGVCQSTITNRTVSLFYQPPYVEMSLYEVFIPGN 647

•k • "k « ••• k k  - k t - k t k k k k k *  • k  k  k  k  -k k  k  • k  •

Tb927 . 5. 4570 YDFNVSWCVDIIDWRDLDEMLNNRTDEWEKSLSWCGHGCIIAFAWGSLIAACLWLAV 770 
Tb927.8.4050 YTFDVSECVGEIDWQDLNDHLNNDTVRPTTEKAPKCGRVCLIIIAWCALIVAVLIVLAV 707

★ k  -k k k k » k k » »  k  k  k  k  • k  k  • k  • k: • k  k  k  • k  k  k  k  • -k k  k  k

Tb927 . 5.4570 VLTSKRRRLAAVVAPPRPKFVSTVEDDDEDRVSNIGVPLTDGKGTTAP 818 
Tb927.8.4050 VFTSKRRRLAAVVAPARPKFVSTLDEDEQDYASAYGN---- KERVEQ 750

k * k k : k k k k k k k k ’k k k  k k k k ' k k k » » » k * » k  k  k  k

Fig. 5.3 -  Alignment of Tb927.5.4570 and Tb927.8.4050.
Tb927.5.4570 and Tb927.8.4050 were aligned using the ClustalW program(Chenna et al.
2003). The alignment had an E-value of 4.5e-172. The two sequences had 45 % identity with 
one another over the entire sequence. An insertion of 71 amino acids, located between residues 
575 to 646 was present in the Tb927.5.470 sequence, which did not correspond to the 
Tb927.8.4050 sequence. Amino acids highlighted in red are identical between the two 
sequences (62 %).
*= identical residues :=conserved substitutions .=semi-conserved substitutions.
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Open reading frame of 
Tb927.8.4050

Open reading frame of 
Tb927.8.4100

Open reading frame size 750 aa 750 aa
mRNA size 2253 bp 2253 bp

Predicted molecular weight 83 kDa 83 kDa
Predicted isoelectric point 5.05 5.05
A-glycosylation sites 14 14

Protein Kinase C sites 13 13

Tyrosine kinase 
Phosphorylation sites

1 1

Myristylation sites 8 8

Casein Kinase 2 
phosphorylation sites

16 16

cAMP dependent protein 
kinase phosphorylation sites

- -

Table 5.3 -  Summary of the Key Features of Tb927.8.4050 and Tb927.8.4100.
A summary of the key features and putative modification sites proposed by the Scanprosite 
program (http://ca.expasy.org/tools/scanprosite/) for the Tb927.8.4050 and Tb927.8.4100 
sequences (Falquet et al. 2002).
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Tb927.8.4000
conserved
hypothetical
protein.

Tb927.8.4010
Fla 1 -  
flagellum 
adhesion 
qlvcoprotein'.

1 2 0 6 0 0 0  

□ □

Tb927.8,4020/
Tb927.8.4030
conserved
hypothetical
proteins.

120?006 1210000 
□ □ [H

Tb927.8.4050
conserved
hvDothetical orotein.

Tb927.8.4070/
Tb927.8.4080
conserved
hypothetical
proteins.

Tb927.8.4040
Putative
pnrlnniir.lpfl<;p! n

Tb927.8.4060
Putative flagellum
adhesion
olvcoD rotein.

1215000

Tb927.8.4100
conserved
hypothetical
protein.

Tb927.8.4090
Putative
f in r ln n u r .Ip a s e  H

I22OOOO 122S000
□ □

Tb927.8.4120/
Tb927.8.4130
conserved
hypothetical
proteins.

Tb927.8.4150
conserved
hypothetical
protein.

Tb927.8.4110
Putative
flagellunn
adhesion
glycoprotein.

Tb927.8.4140
conserved
hypothetical
protein.

Tb927.8.4160
conserved
hypothetical
protein.

Fig. 5 .4 - Genomic layout of Tb927.8.4050 and Tb927. 8.4100.
The genes Tb927.8.4050 and Tb927.8.4100 are present on T. brucei chromosome 8. Each gene is part of a five gene group which is 
completely repeated once, and partially repeated a second time as indicated by the lines above the gene diagram. (Nozaki et al. 
1996).

First unit Second unit E -  value 
compared 
to first unit

% identity' 
compared to 
first unit

Third unit E -  value 
compared to 
first unit

% identity 
compared to 
first unit

T b927.8 .4010- 
F la l, flagellum adhesion 
glycoprotein '

T b927.8 .4060- 
Putative flagellum 
adhesion glycoprotein

1.6e-199 64% T b927.8 .4110-
Putative flagellum adhesion
glycoprotein

1.2e-207 6 8 %

T b927.8 .4020- 
Conserved hypothetical 
protein (contains zinc- 
finger motif)

T b927.8 .4070- 
Conserved hypothetical 
protein

2.5e-131 100% T b927.8 .4120-
Conserved hypothetical protein

2.5e-131 100%

T b927.8 .4030- 
Conserved hypothetical 
protein

T b927.8 .4080- 
Conserved hypothetical 
protein

5.9e-123 100% T b927.8 .4130-
Conserved hypothetical protein

3.6e-84 7 4 %

T b927.8 .4040- 
Putative Endonuclease G

Tb927,8.4090 -  
Putative Endonuclease G

4.4e-279 9 9 % Not repeated - -

T b927.8 .4050- 
Conserved hypothetical 
protein

T b927.8 .4100- 
Conserved hypothetical 
protein

0 100% Not repeated

Table 5.4 -  Identities between genes on T. brucei chromosome 8 from Tb927.8.010 to Tb927.8.4100.
A unit o f five genes on chromosome 8 is repeated once, and partially repeated a second time. The percentage identity and E-value 
for each repeated gene in comparison with its corresponding member in the first unit o f five genes is shown. (Nozaki et al. 1996).
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endonuclease G and (iv) the genes o f interest in this study (Tb927.8.4050/ Tb927.8.4100). 

These duplicated units were followed by an incomplete version of the repeat unit that 

contained only the first three candidates (Fig. 5.4). The first unit contained a known 

flagellar adhesion glycoprotein and component o f the FAZ (Fla 1) (Tb927.8.4010) (Nozaki 

et al. 1996; Moreira-Leite et al. 2001; LaCount et al. 2002; Berriman et al. 2005), while 

the second unit and the final incomplete unit commenced with genes (Tb927.8.4060 and 

Tb927.8.4110 respectively) that clearly coded for a Fla 1-like protein (Table 5.4). The 

second and third genes o f the repeated unit (Tb927.8.4020 and Tb927.8.4030) were 

conserved hypothetical proteins and were repeated twice each. The protein encoded by 

Tb927.8.4020 was predicted to contain a zinc finger domain, which suggested a possible 

involvement in nucleic acid binding (Carballo e/a/. 1998; Lai a/. 1999). The fourth 

repeated gene was a putative endonuclease G (Berriman et a l 2005). The final gene of the 

unit was Tb927.8.4050/Tb927.8.4100, the gene o f interest in this study. Interestingly, the 

first genes o f each unit, Fla 1 and related proteins, were the least conserved, while the other 

four genes o f the unit were basically identical to their repeated copies. Taken together, 

these findings indicate a probable duplication event for the group o f 5 genes, as well as 

another duplication event for the first 3 of these genes. The first members o f the duplicated 

units, Flal and related proteins, are Type I transmembrane proteins. Hyrdrophobicity 

analysis (discussed below) suggested that the Tb927.8.4050 / Tb927.8.4100 proteins, 

which are the last members o f the repeated unit, may also represent Type I transmembrane 

proteins.

5.3.2 -  Analysis of hydrophobicity of Tb927.8.4050 and Tb927.8.4100 sequences.

Analysis o f the hydrophobicity of the Tb927.8.4050 protein sequence also revealed 

2 regions o f very strong hydrophobicity. The first o f these two hydrophobic regions 

(amino acids 23-43) was at a similar posidon in the sequence compared to Tb927.5.4570, 

and had a high probablity as a hydrophobic alpha helix (Fig. 5.5, panel B). Again it is
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A

>Tb927.8.4050
MPLWKQTNCE VETMNVREVV GTVHLGYVSQ 
GKYGHIGDKD GFPGMSELSS PHAMCRGRNS 
EDQKSGSRSV KVDKPRACVQ WTVGGSTFVY 
ALYGNHLYLT EQNTNTVWTC EVGSDGDPIA 
RGPAKQGTIC WFDLQGHKIA EVDGEYVDIT 
AGGSTNSCLP NTEGDDTLLC EITRLLWTE 
PLPVGYPDKD IMEWIVGNLT EDINTALGTT 
DEKTEQALHE SNYEHTKEAA DEYYNLTDEQ 
LNFTLIYADM PLKAESSDAE NITTVKLLMP 
SDTHVDVTFS NPPFNFSSLT PDEEQEVRWY 
SRTTIATALD SNVTGVCQST ITNRTVSLFY 
WQDLNDHLNN DTVRPTTEKA PKCGRVCLII 
APARPKFVST LDEDEQDYAS AYGNKERVEQ

MLLLVATVAT I W RSGAAPI ELKRHVTTVA 
DEILLGTVDR FRAFSRKNRE TTTITAWETD 
FVESMGEVKY FKDSGVFSHD WRNGSLTGV 
CHSHVALSAN CSIYGPIGIA ATQQGIFWA 
STRSGDLLAA. TQNELHRVST DGNKLTTKRF 
YEMYVTSEKK SVLRSVTLPP VYVQGLFPGR 
ESIVASSSVH VDSTTWLTNF TAGVQQPDFD 
VYMDSTMVPY CNRLSLDALR RKLAKEAGEV 
ASFNNTVTHD LLSDANLTET AHSFIKYLRS 
IHDEVMNQIK KCEERSTGRS MARREEVGDH 
QPPYVEMSLY EVFIPGNYTF DVSECVGEID 
lAVVCALIVA VLIVLAVVFT SKRRRLAAW

B

A^-terminal 
leader sequence

Transmembrane
span

C-terminal
hydrophobic
extension

Tb927.8.4050 Yes -  amino acids 
23-43.
(Probability = 0.975)

Yes -  amino acids 
688-711.
(Probability = 0.96)

None detected

Fig. 5.5 -  Analysis of the hydrophobic regions present in the Tb927.8.4050 sequence. 
Panel A - Hydrophobicity analysis o f the Tb927.8.4050 sequence revealed 2 strongly 
hydrophobic regions, underlined in the sequence. The region of protein used for cloning 
and expression was from amino acids 58-340 (in bold in the sequence). The C-terminal 
region in italics was the peptide antigen for antibody generation (Section 5.6). Putative N- 
glycosylation sites in the sequence are highlighted in blue.
Panel B - Regions o f relative hydrophobicity in the Tb927.9.4050 sequences were analysed 
using three different computer programs, the TopPred program 
(http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html), the Tmpred program 
(http://www.ch.embnet.org/software/TMPRED_form.html) and the TMHMM program 
(http://www.cbs.dtu.dk/services/TMHMM-2.0/). The overall likelihood o f hydrophobic 
regions representing true transmembrane domains is outlined, using information from all 
three programs. Probabilities are taken from the TMpred program. (Hofmann and Stoffel 
1993; Claros and von Heijne 1994; Moller et al. 2001)
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tempting to suggest that this region may act as an A^-terminal leader sequence. The Signal 

P program supported this hypothesis, assigning the region a probability of 0.975 as a leader 

sequence. The second region of hydrophobicity detected by the predictive programs 

interrogated was located towards the C-terminal end of the protein (amino acids 688-711). 

This region had the highest average hydrophobic index (-2.6) of all the putative 

transmembrane domains revealed by this analysis. This region was also of a length 

consistent with a membrane spanning domain (24 amino acids), as well as terminating with 

four positive residues (KRRR). The predicted topological model for this sequence was 

similar to that suggested for Tb927.5.4750, with a large external domain (644 amino acids) 

encompassing all putative A^-glycosylation sites, and a short cytoplasmic C-terminus (39 

residues).

5.3.3 - Identification of sequences related to Tb927.8.4050 / Tb927.8.4100 in T. brucei 

and other protozoan parasites.

A comparison of Tb927.8.4050 with sequences from all organisms in the GeneDB 

database revealed the presence of several proteins with high identity across a range of 

Trypanosoma and Leishmania species (Table 5.5). The highest degree of similarity was 

with a conserved hypothetical protein from T. congolense (~53 % identity over 387 

residues). All of the reported proteins were of unknown function.

There was no significant similarity between the sequence of Tb927.8.4050 and 

proteins present in metazoan databases using a cut off E-value of comparison of 1 x 10'*e 

or less. A search of the NCBI conserved consensus domain database 

(http://www.ncbi.nih.gov/Structure/cdd/cdd.shtml) revealed no significant identities 

between Tb927.8.4050 and any o f the domains in this database.

Taken together, these findings suggest that the protein encoded by 

Tb927.8.4050/Tb927.8.4100 is likely to be specific to Trypanosoma and closely related 

protozoan parasites.
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Organism Proteins with Identity to 
Tb927.8.4050 / Tb927.8.4100

Size Percentage
identity

E-
value

T. b. brucei Tb927.5.4570
Tb927.5.4580

818 aa 
818 aa

45 % (272/602)
46 % (279/603)

4.5e-171,
7.3e-171

T. vivax Conserved hypothetical protein. 
(T v iv l7 4 2 h ll.p lk  4)

713 aa 40 % (293/719) 2.1e-135

T.
congolense

3 Conserved hypothetical proteins 
(congol 132d08.plk_8;
Congo 1125hl0.qlk_6 on c/some 8 
and congo439tD5.pl k Io n  
c/some5)

862 aa 
711 aa 
711 aa

53 % (387/720) 
47 % (334/710) 
4 6 %  (332/710)

8.7e-204,
1.6e-170,
3.1e-169

T. cruzi Conserved hypothetical protein 
(TcOO. 1047053503571.19)

708 aa 38 % (274/706) 3.0e-124

Leishmania
major

Conserved hypothetical protein. 
(LmJ FI 0.0620)

757 aa 27 % (173/624) 7.5e-56

Leishmania
braziiiensis

Conserved hypothetical protein. 
(LbrM 10.0500)

756 aa 28 % (156/543) 1.3e-46

Leishmania
infantum

Conserved hypothetical protein. 
(LinJ 10.0960)

756 aa 28%  (176/624) 1.3e-52

Table 5.5 — Proteins potentially related to Tb927.8.4050/Tb927.8.4100 from T. brucei 
and other closely related parasitic protozoans.
The sequence o f Tb927.8.4050 was used to interrogate the genome o f various protozoan 
parasites in the geneDB database using the omniBLAST suite of programmes. Potential 
orthologues in related parasites are listed along with E-values for the comparison and 
percentage identities (matching residues/total residues compared). Tb927.8.4050 has a 
predicted size o f (750 aa) (aa = amino acids).
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5.4 -  Life cycle stage specificity of Tb927,5.4570 and Tb927.8.4050.

5.4.1-Tb927.5.4750.

The hfe cycle stage expression o f the Tb927.5.4570 gene was determined by 

Northern blot analysis o f total polyA RNA prepared from bloodstream and procyclic form 

cells. A labelled probe complementary to a -600  bp region of the Tb927.5.4570 

sequence was prepared by random priming. A single transcript was clearly detected in 

RNA extracted from bloodstream, but not procyclic form cells under high stringency 

conditions (Fig. 5.6, A). Equal loading o f the blot was demonstrated by comparison of 

RNA samples electrophoresed on agarose gel prior to transfer and blotting (Fig. 5.6, B).

The life cycle stage expression o f Tb927.5.4570 was also investigated by 

quantitative real time PCR (QRT-PCR). RNA was extracted from both bloodstream and 

procyclic form cells. Tb927.5.4570 mRNA was detected in each life cycle stage by reverse 

transcription of the mRNA followed by amplification o f the resultant DNA with 

Tb927.5.4570 specific primers (Fig 5.7). Fluorescent dye (SYBR-green) bound to each 

molecule o f dsDNA synthesized during the amplification, which allowed quantitative 

detection o f product at the end of each cycle. In each case the expression o f tubulin 

mRNA, which exhibits consistent levels in either life cycle stage, was also assessed and 

used as a reference to indicate that comparable amounts o f mRNA were present in each 

amplification. Results from QRT-PCR analysis were consistent with those obtained by 

Northern blotting, in that Tb927.5.4570 mRNA was clearly expressed at much higher 

levels in bloodstream form cells compared to procyclic form cells. Indeed detection of 

Tb927.5.4570 mRNA in procyclic cells by this method revealed lower fluorescent levels 

than that of the water control, which had no primers present (Fig. 5.7, A). No DNA 

product was detected from procyclic form cells following agarose gel electrophoresis at the 

endpoint o f the QRT-PCR reaction (Fig 5.7 C). Analysis o f tubulin mRNA levels revealed 

initial RNA sample loading to be equal for both life style stages (Fig 5.7, D). The level of 

Tb927.5.4570 transcript in bloodstream form cells appeared to be far lower than tubulin
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levels in the same cells. For example, tubulin amplification entered linear log phase by 

cycle number 14, whereas amplification o f Tb927.5.4570 entered this phase at -cycle 19- 

20, approximately 6 cycles o f amplification later. This difference would be expected to 

correspond to a 64-fold difference in initial transcript between these two mRNAs.

Taken together these results demonstrated that expression o f Tb927.5.4750 was 

likely to be bloodstream stage specific, at least at the transcript level.

5.4.2 - Tb927.8.4050.

The life cycle expression o f Tb927.8.4050 mRNA was investigated by Northern 

blot analysis using RNA extracted from bloodstream form and procyclic form cell lysates. 

Samples were mcubated with a P labelled probe (prepared by random pnmmg) 

complimentary to ~800 bp of the Tb927.8.4050 sequence. A significantly higher level of 

expression of Tb927.8.4050 mRNA was observed in procyclic forms compared to 

bloodstream forms. Comparison o f the intensities suggested a 10-fold difference in 

expression between these two life cycle stages (Fig 5.8, A). The presence o f equal levels 

of total RNA in each sample was confirmed by incubation o f the samples with a labelled 

probe complimentary to histone2B mRNA, which is expressed at constant levels between 

the two life cycle stages (Fig. 5.8, B).

The stage specificity o f Tb927.8.4050 mRNA expression was also assessed by 

QRT-PCR. RNA was extracted from both bloodstream and procyclic form cells.

Tb927.8.4050 mRNA was detected in each life cycle stage by reverse transcription o f the 

mRNA followed by amplification o f the resulting DNA with Tb927.8.4050 specific 

primers (Fig 5.9). Tubulin mRNA expression was examined in each sample as a reference 

for comparison o f initial RNA levels between samples. Results from QRT-PCR analysis 

were consistent with the result obtained from Northern blotting, in that Tb927.8.4050 

mRNA was expressed at a higher level in procyclic form cells in comparison to 

bloodstream form cells. Measurement o f fluorescence associated with dsDNA generated 

during PCR showed that samples from bloodstream form cells entered the log phase o f
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4570

/

B i  N
Fig. 5.6 -  Detection of Tb927.5.4570 mRNA in bloodstream and procyclic form 
trypanosomes.
Panel A - RNA was isolated from bloodstream and procyclic form trypanosomes.
Tb927.5.4570 mRNA was detected from each sample using a -600 bp probe corresponding 
to a portion of the Tb927.5.4570 sequence and labelled with by random priming. 
Samples were probed under high stringency conditions.
Panel B - Initial RNA loaded to the agarose gel ( 1 %), prior to transfer to nitrocellulose 
membrane for blotting, was compared between samples by ethidium bromide staining 
following electrophoresis.
Lane 1 -  Tb927.5.4570 RNA in bloodstream form cells.
Lane 2 -  Tb927.5.4570 RNA in procyclic form cells.
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Fig. 5.7 -  Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT- 
PCR) analysis of Tb927.5.4570 mRNA levels in bloodstream and procyclic cell lysates.
Total cellular RNA was isolated from bloodstream or procyclic form trypanosomes.
Tb927.5.4570 mRNA (Panels A,B) or tubulin mRNA (Panel D) was amplified from each 
sample by QRT-PCR and resulting DNA was detected by binding o f SYBR-green 
following each amplification cycle (Roche) (Methods, 2.51 for primers and conditions). 
Panel A ~ QRT-PCR of Tb927.5.4570 mRNA in each life cycle stage.
Panel B -Melting curve for DNA products generated during QRT-PCR in each sample. 
Panel C -DNA products generated for each sample at the endpoint o f the Tb927.5.4570 
QRT-PCR reaction were electrophoresed on agarose gel and stained with ethidium bromide 
(BF=bloodstream form, PF=procyclic form).
Panel D -QRT-PCR of tubulin mRNA in each life cycle stage (reference mRNA).
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Tb927.84050 
RNA —►

Fig. 5.8 -  Detection of Tb927.8.4050 mRNA in procycllc and bloodstream form 
trypanosomes.
Panel A - RNA was isolated from procyclic and bloodstream form trypanosomes.
Tb927.8.4050 mRNA was detected from each sample using a -800  bp probe corresponding 
to a portion o f the Tb927.8.4050 sequence and labelled with by random priming. 
Samples were probed under high stringency conditions.
Panel B - Loading controls were obtained for each sample by using a radiolabelled 
probe corresponding to histone 2B mRNA to reprobe the blot.
Lane 1 -  Tb927.8.4050 RNA in procyclic form cells.
Lane 2 -  Tb927.8.4050 RNA in bloodstream form cells.
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Fig. 5.9 -  Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT- 
PCR) analysis of Tb927.8.4050 mRNA levels in bloodstream and procyclic cell lysates.
Total cellular RNA was isolated from bloodstream or procyclic form trypanosomes.
Tb927.8.4050 mRNA (Panels A, B) or tubulin mRNA (Panel D) was amplified from each 
sample by QRT-PCR. and resulting DNA was detected by binding o f SYBR-green 
following each amplification cycle (Roche) (Methods, 2.51 for primers and conditions). 
Panel A -  QRT-PCR of Tb927.8.4050 mRNA in each life cycle stage.
Panel B - Melting curve for DNA products generated during QRT-PCR in each sample. 
Panel C - DNA products generated for each sample at the endpoint o f the Tb927.8.4050 
QRT-PCR reaction were electrophoresed on agarose gel and stained with ethidium bromide 
(BF = bloodstream form, PF = procyclic form).
Panel D -  QRT-PCR of tubulin mRNA in each life cycle stage (reference mRNA).
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DNA expansion approximately three cycles after samples from procyclic form cells (Fig. 

5.9, A). Since DNA levels are roughly doubled for every cycle o f PCR this result would 

suggest an initial Tb927.8.4050 mRNA level which is ~8-fold higher in procyclic form 

cells in comparison to bloodstream form cells. Analysis o f tubulin mRNA levels revealed 

the initial amount o f RNA present to be equal between samples from either life style stage 

(Fig 5.9, D). At the endpoint o f the QRT-PCR reaction products o f identical sizes and 

meltpoint were detected in procyclic and bloodstream samples (Fig. 5.9, B + C).

The results from Northern blot and QRT-PCR analysis both clearly demonstrated a 

significant up regulation in the expression o f Tb927.8.4050 mRNA in procyclic form cells 

compared to bloodstream form cells.

5.5 - Induction and purification of recombinant proteins GST-Tb927.5.4570 and GST- 

Tb927.8.4050.

In order to generate pure antigen and raise antibodies against Tb927.5.4570 and 

Tb927.8.4050, recombinant proteins were generated. Selected regions o f each sequence 

were subcloned into the pGST-parallel 3 vector to generate pGST-parallel 3-Tb927.5.4570 

and pGST-parallel 3-Tb927.8.4050 constructs. Transcription o f genes in the pGST-parallel 

3 vector is under the control o f an IPTG sensitive T7 promotor. Induced recombinant 

proteins are conjugated to A^-terminal GST. In principle this feature allows the single step 

purification o f recombinant proteins by affinity chromatography on a glutathione sepharose 

column (Smith and Johnson 1988). The regions o f the Tb927.5.4570 (394-595) and 

Tb927.8.4050 (58-340) sequences to be cloned were selected based on 

hydrophobicity/sequence analysis and were predicted to be relatively hydrophilic and likely 

to represent extemal/luminal regions o f the proteins (Figs 5.2, 5.5). These regions were 

amplified by PCR using a proof reading polymerase and cloned into the BamHI/XhoI sites 

of the vector. Cloning o f the appropriate fragments was verified by restriction enzyme 

digest and sequence analysis to confirm that the inserted regions were in frame with the TV- 

terminal GST tag (data not shown).
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W hole cell
Ivsate Supernatant

Fig. 5.10 -  Induction and purification of recombinant protein GST-Tb927.5.4570.
The GST-parallel 3-Tb927.5.4570 plasmid was transformed into competent BL21 E. coli, 
using ampicillin (50 |^g/ml) as a selector for presence o f the plasmid. Cells were grown to 
an optical density o f 0.3-0.5 at nm. IPTG was added at 1 mM final concentration and 
cells were allowed to grow for 4 h at 37 °C. A control sample without IPTG was grown in 
parallel. Cells were lysed by addition o f lysozyme (1 mg/ml) at 0 °C for 30 min, followed 
by sonication. Lysates were centrifuged at 13,000 x g  for 15 min at 4 °C. Supernatants 
were removed and pellets were resuspended sequentially in the same volume o f 0.1 % 
Triton X-100 in PBS, 5 M urea, 8 M urea and 2 % A^-lauroyl sarcosine and incubated for 4 
hrs at 4 °C in each buffer. 15 |j,l o f each sample was loaded to a 10 % SDS PAGE gel. Gel 
was stained using coomassie blue.
Lanes, L-R - Whole cells, 0 IPTG

- Whole cells, 1 mM IPTG
- Cell supernatant after incubation with 0.1 % Triton X-100
- Cell supernatant after incubation with 5 M urea.
- Cell supernatant after incubation with 8 M urea.
- Cell supernatant after incubation with 2 % A^-lauroyl sarcosine.
- Cell pellet after all above treatments.

Arrow = Protein GST-Tb927.5.4570
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Expression of the GST-Tb927.5.4570 recombinant protein in E. coli was induced 

by addition of 1 mM IPTG. Induced protein was clearly detectable in whole cells lysates, 

migrating with an apparent molecular weight of over 100 kDa, which was not far from the 

expected molecular weight o f -86 kDa for the region of the Tb927.5.4570 selected, 

including the molecular weight of the GST tag (Fig. 5.10). A 4 h induction at 37 °C was 

found to yield more recombinant protein compared to an overnight induction (data not 

shown). The GST-Tb927.5.4570 recombinant protein was found to be insoluble following 

sonication or treatment with lysozyme (1 mg/ml). The recombinant protein remained 

insoluble when incubated with 0.1 % Triton X -100 or 2 % iV-lauroyl-sarcosine, but was 

soluble in 5 M or 8 M urea (Fig. 5.10). Induced GST-Tb927.5.4570 recombinant protein 

was also subjected to immunoblotting using anti-GST antibody (data not shown). This blot 

confirmed that the protein migrating at ~ 110 kDa was indeed conjugated to a GST-tag.

The immunoblot further confirmed that a relatively large amount of recombinant protein 

had been solubilised by incubation with 5 M or 8 M urea. However dialysis of these 

samples to remove urea resulted in precipitation of the recombinant GST-Tb927.5.4570 

protein. Variations of the conditions under which recombinant protein was induced, such 

as temperature (20 °C) and IPTG concentration (0.5 mM) failed to increase solubility of the 

induced protein.

Expression of the GST-Tb927.8.4050 recombinant protein was similarly induced by 

incubation with I mM IPTG for 4 h at 37 °C. Recombinant GST-Tb927.8.4050 protein 

was detected in whole cell lysates migrating with an apparent molecular weight o f -58 kDa 

(data not shown). The predicted molecular weight of the region of Tb927.8.4050 selected 

for expression was -56 kDa including the GST tag. Recombinant GST-Tb927.8.4050 was 

not solubilised by sonication or treatment with lysozyme (1 mg/ml). This protein also 

remained insoluble in 0.1 % Triton X-100, 2 % A^-lauroyl-sarcosine, or concentrations of 

urea up to 8 M (data not shown).
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5.6 -  Generation of anti-Tb927.5.4570 and anti-Tb927.8.4050 antibodies.

Both the GST-Tb927.5.4570 and the GST-Tb927.8.4050 recombinant proteins had 

similar solubiUty problems to those encountered in previous work, (proteins Tb927.7.2130, 

Tb927.4.4060 and Tb927.5.3840 in Chapter 4). Antibodies generated against insoluble 

pellet fractions for these previous proteins were o f poor specificity for the target antigen in 

most cases. Therefore a different approach was taken to generate anti-Tb927.5.4570 and 

anti-Tb927.8.4050 antibodies. In both cases a region o f the C-terminal amino acid 

sequence was selected and a synthetic peptide corresponding to the region was generated 

by a commercial company (Covalab, Lyon, France). The sequence selected for 

Tb927.5.4570 was r v s n i g v p l t d g t t a p  (residues 801-818), while the 

DYASAYGNKERVEQ sequence (residues 736-750) was selected for Tb927.8.4050 (Figs 5.2, 

5.5, italics). These peptides were selected from a region o f relatively low identity between 

the two proteins, thus theoretically precluding the possibility o f antibody cross reactivity 

(Fig 5.3). A BLAST search o f the entire T. hrucei genome using each peptide did not 

reveal any significant identity with other proteins present in T. hrucei. The peptides were 

generated and female New Zealand white rabbits were inoculated (according to the 

inoculation schedule in the methods section, 2.41) by Covalab. This company provided 

anti-Tb927.5.4570 and anti-Tb927.8.4050 immune serum as well as each antibody 

immunoaffmity purified against the respective peptide-sepharose affinity column. ELISA 

(carried out by Covalab, and confirmed by subsequent repetition) for reactivity o f anti- 

Tb927.5.4570 or anti-Tb927.8.4050 antibodies against their respective peptides revealed 

high litres for the antibodies. For the anti-Tb927.5.4570 antibody a titre o f 16000, 

equivalent to 16 ng/ml, was reported while the anti-Tb927.8.4050 antibody had a titre of 

32,000, equivalent to 8 ng/ml against the appropriate peptide. These titres were defined as 

the lowest concentration o f antibody giving an optical density reading greater than 1 in the 

ELISA assay under standard coating conditions. The efficacy o f either the anti- 

Tb927.5.4570 or anti-Tb927.8.4050 immune sera or affinity purified antibodies were 

assessed by Western blot analysis o f trypanosome whole cell lysates using different 

dilutions o f each antibody or immune serum as shown in Figs 5.11 and 5.14.
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Tb927.5.4570.

The anti-Tb927.5.4570 immune serum detected several faint bands that 

corresponded to proteins with apparent molecular weights from ~35 kDa to above ~ 1 16 

kDa in bloodstream form cell lysates (Fig 5.11). These bands were barely detectable even 

at highest concentration of immune serum (1/50). However, the purified anti- 

Tb927.5.4570 antibody detected only 2 major bands. The two proteins detected by the 

purified antibody migrated with apparent molecular weights o f ~55 kDa, and ~ 110 kDa.

O f these the band migrating at ~ 110 kDa (arrow. Fig 5.11) seems most likely to correspond 

to the mature form o f the protein encoded by Tb927.5.4570, given that the predicted 

molecular weight for Tb927.5.4570 based on sequence analysis is 89 kDa. Since 

Tb927.5.4570 has 27 putative A^-glycosylation sites within the sequence it seems 

reasonable that modification by A^-glycosylation may occur and that the mature protein 

would therefore migrate with a higher molecular weight on SDS polyacrylamide gels.

The specificity of the anti-Tb927.5.4570 antibody was evaluated by performing the 

Western blots in the presence of the peptide antigen. This procedure blocked binding of 

the antibody to the specific protein without affecting non-specific binding. Significantly, 

the antibody preincubated in presence o f the peptide antigen failed to detect the ~ 1 10 kDa 

protein, whereas the band migrating at 55 kDa was clearly detectable (Fig. 5.12).

In procyclic foiTn cell lysates the anti-Tb927.5.4570 antibody detected a protein 

corresponding to the -55  kDa protein previously observed in bloodstream fonn cells (Fig.

5.13). However no protein migrating with a molecular weight o f ~ 1 10 kDa as observed in 

bloodstream form cells was detected in procyclic cell lysates. Equal loading o f protein to 

this gel was confirmed by re-probing the blot with an antibody against the trypanosomal 

chaperone protein BiP (data not shown) (Bangs et al. 1993). Taken together with the 

Western blot analysis using anti-peptide antibodies, these results support previous Northern 

blot/QRT-PCR data suggesting that expression o f Tb927.5.4570 is likely to bloodstream 

stage specific.
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Fig. 5.11 - Imm unoblot using anti-Tb927.5.4570 immune serum or antibody against 
bloodstream  form cell lysates.
Bloodstream fonn trypanosomes were harvested and lysed as described in the methods 
section. 10 cell equivalents were loaded to each lane. Immunoblotting was earned out as 
described in the methods section using a 1-50, 1-100 or 1-200 dilution o f either affinity 
purified anti-Tb927.5.4570 antibody (lanes 1-3) or anti-Tb927.5.4570 immune serum 
(lanes 4-6) or preimmune serum (lane 7), as the primary antibody, and a 1-10,000 dilution 
o f anti-rabbit IgG conjugated to alkaline phosphatase as the secondary antibody. Bound 
antibody was visualised using the NBT/BCIP system.
Lanes L-R - First three lanes were incubated with affinity purified anti-Tb927.5.4570 

antibody at dilutions o f 1/50, 1/100 and 1/200 as indicated.
- Next three lanes were incubated with anti-Tb927.5.4570 immune serum at 

dilutions of 1/50, 1/100 and 1/200 as indicated.
- Final lane was incubated with 1-100 dilution o f anti-Tb927.5.4570 preimmune 

serum.
Arrow = Tb927.5.4570 migrating at ~ 110 kDa
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Fig. 5.12 - Immunoblot using anti-Tb927.5.4570 antibody or anti-Tb927.5.4570 
antibody preincubated with CRVSNIGVPLTDGTTAP peptide.
Bloodstream form trypanosomes were harvested and lysed as described in the methods 
section. 10  ̂cell equivalents were loaded to each lane. Immunoblotting was carried out as 
described in the methods section using either a 1-100 dilution o f anti-Tb927.5.4570 
antibody, or a 1-100 dilution o f anti-Tb927.5.4570 antibody which had been preincubated 
overnight with CRVSNIGVPLTDGTTAP peptide, as the primary antibody. A 1-10,000 
dilution of anti-rabbit IgG conjugated to alkaline phosphatase was used as the secondary 
antibody. Bound antibody was visualised using the NBT/BCIP system.
Lanes L-R - Bloodstream form cell lysate ~ 1-100 affinity purified anti-Tb927.5.4570 
antibody.

- Bloodstream form cell lysate ~ 1-100 affinity purified anti-Tb927.5.4570 
antibody preincubated with CRVSNIGVPLTDGTTAP peptide (‘blocked’ antibody).
Black arrow = Protein detected by untreated antibody, but not by the ‘blocked’ antibody, 
migrating at ~110 kDa
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Fig. 5.13 -W estern blot analysis of Tb927.5.4570 in bloodstream and procyclic form 
trypanosomes.
Bloodstream or procyclic form trypanosomes were lysed and ~10^ cell equivalents/sample 
were added to lanes of a 10 % SDS-PAGE gel. The gel was transferred to nitrocellulose 
membrane. Protein Tb927.5.4570 was detected in each track using a 1/200 dilution o f its 
antibody, followed by a 1/10,000 dilution of anti-rabbit IgG alkaline phosphatase 
conjugate. Bound antibody was visualised using the NBT/BCIP system.
Lanes L-R - Bloodstream form cell lysate incubated with anti-Tb927.5.4570 antibody.

- Procyclic form cell lysate incubated with anti-Tb927.5.4570 antibody.
Red arrow = Tb927.5.4570 migrating at ~ 110 kDa in bloodstream form cells.
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Tb927.8.4050.

The quality o f the antibody generated against a peptide from the Tb927.8.4050 

sequence was assessed by Western blot analysis using the immune serum from the terminal 

bleed, or the antibodies prepared by immunoaffmity chromatography on immobilised 

peptide antigens, at varying concentrations (Fig. 5.14). A major band was strongly 

detected migrating at ~58 kDa using both the antibody and the immune serum in 

bloodstream form cell lysates. This band is likely to correspond with a cross reaction of 

the immune serum/antibody, possibly with the serum albumin, since the band is less 

strongly detected by the purified antibody in comparison with the immune serum. Previous 

investigation o f the life cycle stage specificity o f Tb927.8.4050 suggested that it would be 

only weakly expressed in bloodstream form cells, if at all, so it is possible that other 

proteins which were faintly detected in the bloodstream cell lysate represented only 

background non-specific bands. However a band detected very faintly migrating at ~115 

kDa is of a molecular weight which may be consistent with that o f Tb927.8.4050 (predicted 

at 83 kDa, with 14 putative 7V-glycosylation sites). A Western blot was performed using 

anti-Tb927.8.4050 antibody in the presence o f its peptide antigen, which revealed only the 

~58 kDa band, and with much lesser intensity compared to with purified antibody (data not 

shown).

The anti-Tb927.8.4050 antibody detected three major bands in procyclic form cells 

(Fig. 5.15). Proteins migrating at -58  kDa and ~83 kDa observed in bloodstream forms 

cells were also detected in procyclic forms, as well as a protein which migrated at -115 

kDa, and which was observed only very weakly in bloodstream forms following 

overexposure of the blot, and at the limit o f detection by this antibody (Fig. 5.15). Equal 

loading o f samples to this blot was confirmed by assessing the level o f BiP protein in each 

track (data not shown). The predicted molecular weight o f Tb927.8.4050 based on 

sequence analysis is 83 kDa. However since there are 14 putative A'^-glycosylation sites 

within the Tb927.8.4050 sequence it is reasonable to assume that post translational 

modification o f the protein and a corresponding increase in molecular weight may occur. 

This being the case, the -115 kDa band detected on the blot constituted the most likely 

candidate to represent the Tb927.8.4050 protein. Significantly, RNAi against 

Tb927.8.4050 in procyclic cells resulted in knockdown o f this 115 kDa protein (Section 

5.18.2). These results suggest that the Tb927.8.4050 protein is predominately present in
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Fig. 5.14 - Im m unoblot using anti-Tb927.8.4050 immune serum  or antibody in 
bloodstream  form cells.
Bloodstream form trypanosomes were harvested and lysed as described in the methods 
section. 10  ̂ cell equivalents were loaded to each lane. Immunoblotting was carried out as 
described in the methods section using a 1-50, 1-100 or 1-200 dilution o f either affinity 
purified anti-Tb927.8.4050 antibody (lanes 1-3) or anti-Tb927.8.4050 immune serum 
(lanes 4-6) or preimmune serum (lane 7), as the primary antibody and a 1-10,000 dilution 
o f anti-rabbit IgG conjugated to alkaline phosphatase as the secondary antibody. Bound 
antibody was visualised using the NBT/BCIP system.
Lanes L-R - First three lanes were incubated with affinity purified anti-Tb927.8.4050 

antibody at dilutions o f 1/50, 1/100 and 1/200 as indicated.
- Next three lanes were incubated with anti-Tb927.8.4050 immune serum at 

dilutions of 1/50, 1/100 and 1/200 as indicated.
- Final lane was incubated with 1-100 dilution o f anti-Tb927.8.4050 preimmune 

serum.
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procyclic form cells as a ~ 115 kDa protein. Both Northern blot and QRT-PCR analysis 

confirmed that Tb927.8.4050 mRNA expression occurred at higher levels in procyclic 

forms than bloodstream forms. However, in contrast to the situation with Tb927.5.4570, 

where expression o f mRNA and protein was detected exclusively in one life cycle stage, 

Tb927.8.4050 mRNA was detected in both life cycle forms, albeit at significantly lower 

levels in bloodstream form cells. This factor, combined with very faint detection of the 

~ 115 kDa protein in bloodstream form cells in Fig. 5.14, and following overexposure o f the 

blot in Fig. 5.15, suggests that Tb927.8.4050 protein, though clearly expressed more 

strongly in procyclic forms, may not be exclusive to this life cycle stage.

Tb927.5.4570 and Tb927.8.4050 in the tomato lectin binding fraction.

To further investigate the subcellular location o f the Tb927.5.4570 and 

Tb927.8.4050 proteins immunoblotting for either protein was carried out against the 

tomato lectin binding pool o f proteins (Fig. 5.16). The Tb927.8.4050 protein may be 

concentrated in the tomato lectin binding fraction, allowing its detection if expressed only 

at low levels. Also, the Tb927.5.4570 partial cDNA clone was originally detected from 

this pool. Tb927.5.4570 was detected in bloodstream form cells migrating at ~ 110 kDa as 

previously observed. The cross reacting protein migrating at ~58 kDa was also seen. 

However neither o f these bands could be detected by the anti-Tb927.5.4570 antibody in the 

tomato lectin binding pool o f proteins. Indeed no major protein o f any molecular weight 

was detected by this antibody in this fraction.

Proteins detected by the anti-Tb927.8.4050 antibody were observed migrating at 

~83 kDa and ~55 kDa in bloodstream form cells. The ~115 kDa protein previously weakly 

observed in bloodstream form cell lysates was not detected in this instance. Neither of the 

proteins seen in bloodstream form cell lysates, or any other proteins o f other molecular 

weights, were detected by the anti-Tb927.8.4050 antibody in the tomato lectin binding 

fraction o f proteins.
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Fig. 5.15 -  Detection of Tb927.8.4050 in bloodstream and procyclic form 
trypanosomes.
Bloodstream or procyclic form trypanosomes were lysed and ~10^ cell equivalents were 
added to lanes o f a 10 % SDS-PAGE gel. The gel was transferred to nitrocellulose 
membrane. Protein Tb927.8.4050 was detected in each track using a 1/200 dilution o f the 
anti-peptide antibody, followed by a 1/10,000 dilution o f anti-rabbit IgG alkaline 
phosphatase conjugate. Bound antibody was visualised using the NBT/BCIP system. 
Lanes L-R - Bloodstream form cell lysate incubated with anti-Tb927.8.4050 antibody.

- Procyclic form cell lysate incubated with anti-Tb927.8.4050 antibody.
Blue arrow = Tb927.8.4050 migrating at ~115kDa.
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Because the genomic names for each of these two proteins were cumbersome and 

somewhat confusing, the proteins were assigned new names. Based on the molecular 

weights o f either protein determined from the above Western blots (-110 kDa for 

Tb927.5.4570, and ~ 115 kDa for Tb927.8.4050), and because both represented likely 

membrane proteins (sections 5.2.2, 5.3.2), Tb927.5.4570 was referred to as TbMPl 10, and 

Tb927.8.4050 as TbMPl 15 for the remainder o f this study.

5.7 -  Immunofluorescent localisation of Tb927.5.4570 (TbMPl 10) and Tb927.8.4050 

(TbM Pl 15).

To investigate the subcellular location of the Tb927.5.4570 (TbMPl 10) and 

Tb927.8.4050 (TbMPl 15) proteins their respective antibodies were incubated with fixed 

trypanosomes, and bound antibody was detected using an anti-rabbit IgG fluorescent 

conjugate. Localisation o f TbMPl 10 was investigated in bloodstream form cells only, 

since expression o f this protein was previously detected only in this life cycle form. 

Localisation of TbMPl 15 was investigated in procyclic form trypanosomes, since previous 

experimentation revealed that TbMPl 15 mRNA was expressed at ~9 fold higher levels in 

procyclic form cells in comparison to bloodstream forms, and because Western blotting 

detected this protein only weakly (Fig. 5.14, 5.15), or in some cases not at all (Fig. 5.16) in 

bloodstream form cells.

Binding o f anti-TbMPl 10 antibody to fixed bloodstream form trypanosomes was 

analysed in the presence o f three different detergents; Triton X-100, NP40 and CHAPS 

(not shown). O f these, incubation of the antibody in the presence o f NP40 gave the lowest 

level o f background fluorescence. In the presence o f this detergent, bound antibody was 

detected as a single distinct spot o f intense fluorescence located close to the nucleus (Fig. 

5.17, A, B). Some weaker fluorescent signal was also detected nearby, along the flagellar 

edge o f the cell. This weaker signal was also detected by the preimmune serum, however 

the spot o f intense fluorescence was not detected in these samples (Fig. 5.17, C).

Specificity o f the anti-TbMPl 10 antibody for the intense spot observed was further

266



anti-Tb927.5.4570 anti-Tb927.8.4050

Fig. 5.16 — Detection of Tb927.5.4570 or Tb927.8.4050 in bloodstream form 
trypanosome cell lysates and the tomato lectin binding fraction.
Bloodstream form trypanosomes were lysed and the tomato lectin binding fraction of 
protein was extracted. Either bloodstream cell lysates, or the tomato lectin binding 
fraction, were applied to an SDS-PAGE gel at ~10 cell equivalents/sample. The gel was 
transferred to nitrocellulose membrane. The Tb927.5.4570 or Tb927.8.4050 proteins were 
detected from each lysate using a 1/200 dilution o f their respective antibodies, followed by 
a 1/10,000 dilution o f anti-rabbit IgG alkaline phosphatase conjugate. Bound antibody was 
visualised using the NBT/BCIP system.
Panel A:
Lanes L-R - Bloodstream form cell lysate incubated with anti-Tb927.5.4570 antibody.

- Tomato lectin binding fraction incubated with anti-Tb927.5.4570 antibody.
Panel B:
Lanes L-R - Bloodstream form cell lysate incubated with anti-Tb927.8.4050 antibody.

- Tomato lectin binding fraction incubated with anti-Tb927.8.4050 antibody. 
Black arrow = Tb927.5.4570 migrating at ~ 110 kDa in bloodstream form cells.
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A) anti-TblMPl 10 antibody.

B) an t i-T bM P I 10 antibody, close-up of a selected cell.

C) pre-im m une serum.

Fig 5.17 -  Anti-TbMPl 10 antibody binding in bloodstream form trypanosomes.
Bloodstream form trypanosomes were fixed using 3 % paraformaldehyde and incubated 
with either anti-TbMPl 10 antibody (1/350) (A, B) or with preimmune serum (1/200) (C), 
both in the presence o f 1 % NP40. Bound TbM Pl 10 antibody was detected using anti
rabbit IgG-Alexa 488 (1/2000). Cells were subjected to Hoechst staining for the nucleus 
and kinetoplast.
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A) a n ti-T b M P l 15 antibody.
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Fig 5.18 -  Anti-TbM Pl 15 antibody binding in procyclic form trypanosomes.
Procyclic form trypanosomes were fixed using 3 % paraformaldehyde and incubated with 
either anti-TbMPl 15 antibody (1/350) (A, B) or with preimmune serum (1/200) (C), both 
in the presence o f 1 % CHAPS. Bound TbM Pl 15 antibody was detected using anti-rabbit 
IgG-Alexa 488 (1/2000). Cells were subjected to Hoechst staining for the nucleus and 
kinetoplast.
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confirmed by absence o f the spot when fixed cells were incubated with antibody which had 

been preincubated with the peptide sequence against which it had been generated, thereby 

blocking its specific action (not shown). The position at which TbM Pl 10 was detected, in 

close proximity with the Hoechst stained nucleus and usually on the posterior face {i.e.-on 

the kinetoplast side o f the nucleus), suggested possible localisation of TbMPl 10 to a 

perinuclear compartment (Fig 5.17, B). Significantly, in dividing cells which possessed 

two nuclei TbM Pl 10 was detected as two distinct spots, one adjacent to each o f the two 

nuclei.

Localisation o f TbM Pl 15 was investigated in fixed procyclic form cells (Fig. 5.18). 

Anti-TbMPl 15 antibody binding was compared in the presence o f three different 

detergents (CHAPS, Triton X-100, and NP40 -  comparison not shown). O f these, the most 

specific fluorescence and the lowest level of background signal was observed in presence 

o f 1 % CHAPS along a region o f cell body associated with the flagellum, mainly 

concentrated in the anterior end o f the cell (Fig. 5.18 A, B). Cells incubated in the 

presence o f preimmune serum revealed a low level of background fluorescence which 

showed none o f the more intense fluorescence along the cell body seen for incubations with 

the TbM Pl 15 antibody. A pattern of non-specific fluorescence was also observed 

following incubation o f cells with antibody whose specificity had been blocked by 

preincubation with the peptide antigen (not shown).

5.8 -  Immunofluorescent colocalisations.

The locations at which anti-TbMPl 10 or anti-TbMPl 15 antibodies bound in fixed 

cells were compared with the locations o f a range o f T. brucei proteins o f known function 

(Figs 5.19, 5.20). The TbM Pl 10 protein was colocalised with the tomato lectin binding 

fraction in bloodstream form cells (Fig. 5.19, A). Tomato lectin is a marker o f the flagellar 

pocket and endocytic vesicles, and tomato lecfin binding proteins are generally located 

between the nucleus and the kinetoplast (Nolan et al, 1999). At this region some 

colocalisation was observed between protein bound by the anti-TbMPl 10 antibody and
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Tomato lectin

B) CB-»

C) PFR

D) FAZ

E) alpha-Tubulin

Fig 5.19 -Colocalisation of TbM PllO and various T. brucei proteins in bloodstream  
form trypanosomes.
Cells were fixed with 3 % paraformaldehyde, then co-incubated with anti-TbMPl 10 
antibody (1/200) and either (A) Tomato lectin-FITC (20 ng/ml), or antibodies against (B) 
CB-1 (1/200); (C) PFR (1/50); (D) FAZ (1/350) or (E) alpha-tubulin (1/350) (all in 
bloodstream form cells). Secondary antibody was either anti-rabbit IgG-Cy3 (1/500) or 
anti-mouse IgG- Alexa 488 (1/2000). All cells were also subjected to Hoechst staining for 
the nucleus and kinetoplast.
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protein bound by tomato lectin. A portion of the tomato lectin binding fraction nearest the 

nucleus overlapped partially with the region o f TbM Pl 10 fluorescence observed. Co

localisation o f CB-1, a marker o f the endocytic vesicles, with protein bound by anti- 

TbM Pl 10 antibody revealed some colocalisation between these two antibodies, slightly 

stronger than that observed between the tomato lectin binding fraction and TbMP 110 (Fig. 

5.19, B) (Brickman and Balber; 1994). TbMPl 10 was next detected along with one o f the 

two major paraflagellar rod proteins, PFR2 (Gadelha et al. 2005) (Fig. 5.19, C). Anti- 

PFR2 antibody bound specifically along the length of the flagellum as expected and no 

significant colocalisation o f the two proteins was revealed. Comparison o f protein bound 

by the TbM Pl 10 antibody and protein bound by an antibody against the flagellar 

attachment zone (FAZ) (Keith Gull, kind gift) also revealed no significant colocalisation o f 

these two antibodies (Fig 5.19, D) (Robinson et al. 1995). An antibody against alpha- 

tubulin, clone D M la, was incubated with fixed cells alongside anti-TbMPl 10 antibody 

(Fig. 5.19, E). As expected the anti-tubulin antibody was detected throughout the cell and 

along the length o f the flagellum. While the anti-TbMPl 10 antibody colocalised with 

tubulin in certain regions, this could not be reported as a specific colocalisation o f these 

two proteins. Tb.MPl 10 was detected as a strong signal mainly in a single spot localised 

close to the nucleus.

Localisation o f protein bound by the anti-TbMPl 15 antibody was compared with 

localisation o f previously characterised T. brucei proteins in procyclic form cells (Fig.

5.20). In these cells fluorescence corresponding to TbM Pl 15 appeared to localise beneath 

the PFR2 protein on the cellular side along part o f the length o f the flagellum (Fig. 5.20,

A). There did not appear to be significant specific localisation between these two proteins. 

Colocalisation o f the FAZ and TbMPl 15 revealed some overlap o f protein bound by these 

two antibodies along the cell body at the base o f the flagellum on the anterior side o f the 

nucleus (Fig. 5.20, B). The anti-alpha tubulin antibody was detected bound evenly 

throughout the cell as expected (Fig. 5.20, C). In these cells TbM Pl 15 antibody was 

detected with greatest intensity at and along the cell body beneath the flagellum and 

colocalised with alpha tubulin only at these regions. Colocalisations between TbM Pl 15 

and the tomato lectin binding fraction, or CB-1, were not performed in procyclic cells, 

since both tomato lectin binding glycans and the CB-1 epitope, which is itself a glycan, are 

present only in bloodstream form cells.
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Fig 5.20 -Colocalisation of T bM P llS  and various T. brucei proteins in procyclic form trypanosomes.
Cells were fixed with 3 % paraformaldehyde, then coincubated with anti-TbMPl 15 antibody (1/300) and antibodies against either 
(A) PFR (1/50); (B) FAZ (1/350); or (C) alpha-tubulin (1/300). Secondary antibody was either anti-rabbit IgG-Cy3 (1/500) or anti
mouse IgG- Alexa 488 (1/2000). All cells were also subjected to Hoechst staining for the nucleus and kinetoplast.
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5.9 -  RNAi knockdown of TbM PllO and T bM PllS  in bloodstream form cells.

5.9.1 -  Introduction.

Appropriate regions o f the TbMPl 10 or TbM Pl 15 genes were amplified by PCR 

and subcloned into the p2T7-177 RNAi vector at the BamHI and Xhol restriction enzyme 

sites. In the case o f TbM Pl 10 the primers corresponded to internal BamHI and Xhol sites 

and allowed amplification o f a 600 bp fragment (nucleotides 1182-1781). In the case o f 

TbM Pl 15 the primers were designed with added restriction sites, and allowed 

amplification of an 800 bp fragment (nucleotides 172-969). Although the TbMPl 10 and 

TbM Pl 15 sequences had a high degree o f identity with each other, the regions selected for 

RNAi had similarity with each other which was below the cut off for specific action o f 

RNAi. Therefore the selected sequences should cause specific knockdown o f their 

corresponding mRNA, and only this mRNA (Fire et al. 1998). A BLAST search o f the 

entire T. brucei genome revealed no significant identity between either o f the sequences 

selected for RNAi and other T. brucei proteins.

The TbMPl 10-2T7-177 and TbM Pl 15-2T7-177 vectors were enzymatically 

digested at the sites o f insertion o f the selected sequences (BamHI/XhoI in both cases), as 

well as linearised with Notl (Fig. 5.21). The resulting band pattern revealed insertion of 

fragments o f the expected sizes for the regions o f TbM Pl 10 and TbMPl 15 selected and 

cloned into each vector. Each vector was sequenced at the regions o f insertion, which 

confirmed that the correct fragments were cloned into the 2T7-177 vector in both cases 

(MWG-biotech).

Either the TbMPl 10-2T7-177 or the TbM Pl 15-2T7-177 vector was electroporated 

into bloodstream form trypanosomes. Cells which had been successfully transfected with 

one o f these vectors were selected on the basis o f phleomycin resistance, and RNAi cell 

lines were maintained by growth in presence o f phleomycin.
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Fig. 5.21 -  Restriction enzyme digestion of TbMP110-2T7-177 and TbMP115-2T7-177 
vectors.
TbM Pl 10-2T7-177 and TbMPl 15-2T7-177 vectors were generated and plasmids were 
transformed into competent DH5a E. coli. Cells were plated onto LB agar with ampicillin 
(50 ^g/ml) overnight at 37 °C. Resulting colonies were maxi-prepped and plasmids were 
digested with BamHI/XhoI or linearised with Notl. Digested samples were 
electrophoresed on 1% agarose gels and stained using ethidium bromide to confirm 
presence o f an insert o f the correct size.
Lane 1 -  1 Kb DNA ladder.
Lane 2 -  TbM Pl 15-2T7-177 vector digested with BamHI/XhoL 
Lane 3 -  TbM Pl 15-2T7-177 vector digested with Notl.
Lane 4 -  TbM Pl 10-2T7-177 vector digested with BamHI/XhoI.
Lane 5 -  TbM Pl 10-2T7-177 vector digested with Notl.
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5.9.2 -  RNAi knockdown of TbM PllO in bloodstream form cells.

Production o f double-stranded RNA corresponding to the region o f  TbMPl 10 

mRNA selected was induced by addition o f tetracycline to the culture media. Cell density 

was monitored by cell counting at regular intervals. Growth curves were generated for 

cells incubated in presence or absence o f tetracycline with cell counts plotted cumulatively 

against time (Fig. 5.22). Analysis o f growth by counting o f cells demonstrated a 

significant growth phenotype in the presence o f tetracycline. The cells appeared to 

complete one round o f cell division after addition o f the antibiotic to synthesise dsRNA, 

before clear signs o f cell death were apparent after 10 h o f growth with the inducer present. 

After 24 h the cells exhibited an aberrant morphology but remained phase dense. No live 

cells were detectable 60 h following addition o f tetracycline.

To confirm that the growth phenotype observed during incubation with 

tetracycline was due to specific knockdown o f TbM Pl 10 mRNA and corresponding 

protein. Northern blotting, QRT-PCR, Western blotting, and immunofluorescence analysis 

were performed using samples taken at different timpoints o f RNAi. The region o f the 

TbMPl 10 gene selected for RNAi was used as a probe to perform a Northern blot. RNA 

was isolated from either control cells or cells which had been incubated for 24 h in the 

presence o f tetracycline (Fig 5.23). TbM Pl 10 mRNA was clearly detected in control cells 

which had been selected for presence o f the TbM Pl 10-2T7-177 vector and incubated in the 

absence o f tetracycline. Following 24 h o f  growth in the presence o f tetracycline the 

TbM Pl 10 mRNA level was less that 5 % o f that detected in the control sample (Fig. 5.23, 

A). Substantial knockdown o f the TbM Pl 10 mRNA had occurred. Examination of total 

RNA initially loaded to the gel for the Northern blot suggested that TbM Pl 10 knockdown 

may have occurred to an even greater extent than that indicated since a larger amount of 

total RNA had been loaded for the sample incubated with tetracycline in comparison to the 

control sample (Fig. 5.23, B).

Knockdown o f TbMPl 10 mRNA was also confirmed by QRT-PCR. TbM Pl 10 

mRNA levels were assessed in control cells, and following 20 or 24 h of
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Fig. 5.22 -  Effect of TbM PllO RNAi on growth of bloodstream form trypanosomes in 
vitro.
A bloodstream form TbMPl 10 RNAi cell line that was growing in a stable and exponential 
manner in the presence of the phleomycin (2.5 |J.g/mi) selection marker was subcloned to a 
density of 1 x 10̂  cells/ml. The production of dsRNA was induced by the addition of 
tetracycline (2 |jg/ml). The growth of cells was monitored in the absence or presence of 
tetracycline by cell counting at various times during the incubation. Cell growth was 
plotted cumulatively.
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Fig. 5.23 -Detection of TbM Pl 10 mRNA following 0 and 24 h of growth of 
bloodstream form trypanosomes during TbM Pl 10 RNAi.
Panel A - The TbM Pl 10 RNAi cell line was incubated for 0 or 24 h in the presence of 
tetracycline, and RNA was isolated from cells as described in the methods section.
TbMPl 10 mRNA was detected from each sample using a -600 bp probe corresponding to 
a portion o f the TbMP 110 sequence and labelled with P^  ̂by random priming. Samples 
were probed under high stringency conditions.
Panel B - Initial RNA loaded to the agarose gel ( 1 %) prior to transfer to nitrocellulose 
membrane for blotting was compared between samples by ethidium bromide staining 
following electrophoresis.
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A  — TbMPllO mRNA levels during RNAi in bloodstream form trypanosomes.
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Fig. 5.24 -  Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT- 
PCR) analysis of TbM PllO mRNA levels during RNAi in bloodstream form cells.
The TbMPl 10 RNAi cell line was incubated for 0, 20 or 24 h in the presence of 
tetracycline and total cellular RNA was isolated from each sample. TbM Pl 10 mRNA was 
amplified from each sample by QRT-PCR and resulting DNA was detected by binding of 
SYBR-green following each amplification cycle (Roche) (Methods, 2.51 for primers and 
conditions).
Panel A- QRT-PCR of TbMPl 10 mRNA at each timepoint o f RNAi.
Panel B- QRT-PCR of tubulin mRNA at the 0 and 24 h samples o f TbM Pl 10 RNAi as a 
reference mRNA.
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incubation in the presence o f tetracycline (Fig. 5.24, A). A clear knockdown in TbMPl 10 

mRNA levels was detected between control cells and those which had been subjected to 20 

or 24 h RNAi. Samples from cells subjected to RNAi reached log phase o f TbMPl 10 PCR 

approximately 3 cycles later than control cells, suggesting approximately 8 fold less 

TbMPl 10 mRNA in the initial samples. No appreciable difference in TbM Pl 10 mRNA 

levels was detected between the 20 and 24 h samples. The initial level o f RNA present was 

assessed in both the control sample and the sample following 24 h o f TbM Pl 10 

knockdown, by comparison o f tubulin mRNA levels in each (Fig. 5.24, B). This analysis 

revealed a greater amount o f RNA in the 24 h sample in comparison to the control sample, 

suggesting that knockdown o f TbMPl 10 may have been greater than indicated by QRT- 

PCR comparison.

Knockdown o f the TbM Pl 10 protein was assessed by Western immunoblot. Cells 

were harvested and lysed at various timepoints o f growth in the presence o f tetracycline. 

The anti-TbMPl 10 antibody was used as a primary antibody to detennine presence of 

TbMPl 10 protein in each sample (Fig. 5.25). The TbM Pl 10 protein was clearly detected 

in control samples migrating with an apparent molecular weight o f ~ 1 10 kDa as expected. 

Following a 12 h incubation in the presence o f tetracycline the TbM Pl 10 protein was 

detected with significantly less intensity (<50 %) compared to the control sample by 

Western blot. Following 24 h o f cell growth in presence o f tetracycline TbMP 110 protein 

could barely be detected in cell lysates. Consistent loading o f protein to the gel for each 

sample was assessed using the ~50 kDa band which cross-reacted with the anti-TbMPl 10 

antibody as an inbuilt control. The intensity level o f this protein was comparable across all 

samples, and at a slightly higher level at the 12 h timepoint.

Cells which had been subjected to TbM Pl 10 knockdown by RNAi were fixed at 

various timepoints (Fig. 5.26). Control cells incubated in absence o f tetracycline appeared 

healthy and were o f normal shape and size, which was consistent throughout the 

timecourse. A single nucleus and kinetoplast were observed in the majority o f these cells. 

TbMPl 10 was detected mainly as a single intense region o f fluorescence which localised 

near the nucleus in these cells (Fig. 5.26, A). Following incubation o f cells for 6 h in 

presence of tetracycline cells still appeared healthy when observed by phase microscopy.
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Fig. 5.25 -Detection of TbM PllO protein in bloodstream form trypanosomes during 
RNAi knockdown of TbMPllO.
Bloodstream form cells selected for presence o f the 2T7-177-TbMPl 10 plasmid were 
incubated in presence o f tetracycline for various durations as indicated. At each timepoint 
cells were harvested, washed, and lysed using 1 % CHAPS. Lysates, consisting o f 10  ̂cell 
equivalents/sample, were loaded to a 10 % SDS gel, then transferred to nitrocellulose 
membrane. Presence o f TbM Pl 10 in each sample was detected by incubation with a 1/100 
dilution o f anti-TbMPl 10 antibody followed by a 1/10,000 dilution o f alkaline phosphatase 
conjugated anti-rabbit IgG antibody. Bound antibody was visualised using the NBT/BCIP 
substrate system.
Lanes L-R = Bloodstream form cell lysates incubated for 0, 6, 12, 18, or 24 h as indicated 
in presence o f tetracycline.
Arrow = TbMPl 10, migrating at ~ 110 kDa.
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and had a morphology comparable with control cells. However, the fluorescence due to 

TbM Pl 10 antibody binding appeared to be more spread out in these ceils, with 2-3 intense 

spots o f fluorescence apparent at this timepoint (Fig. 5.26, B). After a 12 h incubation with 

tetracycline the first morphological changes became apparent under phase microscopy. A 

second flagellum was observed on the majority of cells and this flagellum appeared to be 

detached from the cell body. Nuclear staining with Hoechst reagent revealed presence o f 2 

nuclei and 2 kinetoplasts in many cells. TbM Pl 10 was detected with significantly reduced 

intensity at this timepoint (Fig. 5.26, C). Following 18 h o f incubation in presence of 

tetracycline cells had an altered morphology in comparison to control cells. They appeared 

larger and did not have the classic trypanosome ‘double S’ shape, being instead more 

rounded in appearance. Many o f these cells had large vacuoles present. All of the cells 

bore at least 2 flagellae which were detached from the cell body and anchored only at the 

point o f entry into the cell. Cells were observed at this timepoint with up to 3 flagellae. 

Nuclear staining revealed presence o f an increased number of nuclei and kinetoplasts in 

each cell. Detection o f TbMPl 10 resulted in only faint background fluorescence spread 

non-specifically throughout the cell (Fig. 5.26, D). After 24 h of incubation with 

tetracycline cells were completely misshapen. Vacuoles were observed in several cells.

All cells bore multiple flagellae and all were detached. Up to 4 flagellae were observed on 

a single cell at this timepoint. Hoechst staining o f the nuclear material revealed multiple 

nuclei and kinetoplasts. Indeed so much nuclear material was detected in a single cell at 

this timepoint that it was frequently difficult to differentiate between individual nuclei. 

TbMPl 10 antibody could be detected with only very weak intensity bound non-specifically 

within these cells (Fig. 5.26, E). At all o f the above timepoints the cells remained highly 

motile in culture media. Flagellae, though detached, continued beating with rapidity 

comparable with control cells. However cells with detached flagellae lacked directionality 

tending rather to twist and rotate.
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Fig. 5.26 -  Effect of TbM PllO RNAi on morphology of bloodstream form 
trypanosomes in vitro.
Cultured bloodstream form cells from the TbMPl 10 RNAi cell line were fixed using 3 % 
paraformaldehyde following 0, 6, 12, 18 and 24 h o f incubation in the presence of 
tetracycline {i.e. during TbM Pl 10 knockdown) as stated. Fixed cells were incubated with 
anti-TbMPl 10 antibody at 1/250 dilution followed by anti-rabbit lgG-Cy3 at a 1/500 
dilution. Cells were subjected to Hoechst staining for the nucleus and kinetoplast.
Bars = 10 |o,m.
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5.9.3 -  RNAi knockdown of T bM PllS  in bloodstream form cells.

Production o f double stranded RNA corresponding to the region o f TbMPl 15 

mRNA selected was induced in phleomycin resistant cells by the addition o f tetracycline to 

the culture media. Cell density was monitored by cell counting at regular intervals. Growth 

curves were generated for cells incubated in the presence or absence o f tetracycline with 

cell count plotted cumulatively over time (Fig 5.27). Growth rates were comparable in 

both the presence and absence of tetracycline. Over a total period o f 70 h no significant 

difference in cell growth was observed due to TbM Pl 15 knockdown in bloodstream form 

cells. The morphology o f cells subjected to TbMP 115 RNAi was analysed over time. At 

various timepoints cells were fixed and incubated with Hoechst stain (Fig. 5.28). Control 

cells appeared healthy and generally contained 1 nucleus and kinetoplast. The general 

morphology o f cells subjected to TbMPl 15 RNAi was comparable for cells fixed every 24 

h up to 96 h o f incubation in presence o f tetracycline. No major variations in nuclear 

staining were observed for cells at different timepoints o f TbMPl 15 RNAi. The majority 

(-80 %) of cells fixed at any timepoint analysed generally had 1 nucleus and 1 kinetoplast 

o f comparable size and position within the cell.

Since no gro'vth or morphological changes to cells occurred due to TbMPl 15 RNAi 

it was necessary to ensure that TbMPl 15 protein levels had indeed been knocked down. 

Cells were harvested and lysed following incubations o f various durations in presence of 

tetracycline, and analysed by Western immunoblot for presence o f the TbM Pl 15 protein 

(Fig 5.29). The TbMPl 15 protein was very faintly detected in control samples migrating at 

~ 115 kDa as previously observed. Following 24 h o f growth in presence o f tetracycline the 

TbMPl 15 protein was no longer detectable within bloodstream form cells. Similarly after 

48 or 72 h o f TbMPl 15 RNAi no TbMPl 15 protein was detected. The amount o f protein 

loaded to the gel was assessed for each sample by comparison of the ~58 kDa band which 

cross reacted with the anti-TbMPl 15 antibody. This band was detected with equal 

intensity across control, 24 h and 48 h samples, and at a higher intensity in the 72 h sample.
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Fig. 5.27 -  Effect of T bM P llS  RNAi on growth of bloodstream form trypanosomes in 
vitro.
A bloodstream form TbM Pl 15 RNAi cell line that was growing in a stable and exponential 
manner in the presence o f the phleomycin (2.5 |ig/ml) selection marker was subcloned to a 
density o f 1 x 10  ̂cells/ml. The production o f dsRNA was induced by the addition of 
tetracycline (2 ^g/ml). The growth o f cells was monitored in the absence or presence of 
tetracycline by cell counting (in quadruplicate) at various times during the incubation. Cell 
growth was plotted cumulatively over time.
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Fig. 5.28 -Effect of T bM P llS  RNAi on morphology of bloodstream form 
trypanosomes in vitro.
Cultured bloodstream form cells from the TbM Pl 15 RNAi cell line were fixed using 3 % 
paraformaldehyde following 0, 24, 48, 72 and 96 h o f incubation in the presence of 
tetracycline as stated. Cells were subjected to Hoechst staining for the nucleus and 
kinetoplast.
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Fig. 5.29 - Detection of T bM PllS  protein in bloodstream form trypanosomes during 
RNAi knockdown of T bM PllS.
Bloodstream form cells selected for presence o f the TbM Pl 15-2T7-177 plasmid were 
incubated in presence o f tetracycline for various durations as indicated. At each timepoint 
cells were harvested, washed, and lysed using 1 % CHAPS. Lysates, consisting o f 10  ̂cell 
equivalents/sample, were loaded to a 10 % SDS gel, then transferred to nitrocellulose 
membrane. Presence o f TbM Pl 15 in each sample was detected by incubation with a 1/100 
dilution of anti-TbMPl 15 antibody followed by a 1/10,000 dilution o f alkaline phosphatase 
conjugated anti-rabbit IgG antibody. Bound antibody was visualised using the NBT/BCIP 
substrate system.
Lanes L-R = Bloodstream form cell lysates incubated for 0, 24, 48, or 72 h as indicated in 
presence of tetracycline.
Arrow = TbMPl 15 migrating at ~ 115 kDa
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5.10 -  Visualisation of bloodstream form cells subjected to TbM PllO RNAi by 

Transmission Electron Microscopy.

Bloodstream form cells which had been subjected to TbM Pl 10 RNAi were 

harvested following 0, 12 or 24 h of incubation in the presence o f tetracycline. Cells were 

fixed using 2.5 % glutaraldehyde and transmission electron microscope (TEM) images of 

cross-sections o f cells at each timepoint o f RNAi were obtained. A cross section through a 

control cell visualised by TEM is shown in Fig. 5.30. This was a dividing cell, captured 

before cytokinesis, and had two flagellae (red/green arrows). The paraflagellar rod (PFR) 

(green arrows), which lies along the tlagellar axoneme (red arrows) on its cellular side, is 

indicated in this image. The paraflagellar rod region is visualised as a circular electron 

dense area o f roughly the same diameter as the flagellar axoneme. The tlagellar attachment 

zone (FAZ) is apparent as a region o f greater electron density along the cellular edge of 

each flagellum, attaching it to the cell membrane (purple arrows). The electron dense VSG 

coat was also observed along the outside of the cell membrane.

Following a 12 h incubation o f these cells in the presence o f tetracycline cell 

morphology was significantly altered in comparison to control cell morphology when 

viewed by TEM (Fig 5.31). Multiple nuclei (in this case 4) were present within each cell, 

as previously observed at this timepoint by epifluorescent imaging following Hoechst 

staining (Fig. 5.26, C). As also observed under phase microscopy each cell bore multiple 

flagellae. Visualisation by TEM revealed the number of flagellae associated with a single 

cell to be much higher than that suggested by phase microscopy. In the cross section 

shown in figure 5.31 a total o f 13 flagellae are present. Some o f these flagellae appeared to 

be attached to the outside of the cell and were comparable with flagellae o f control cells. 

However some displayed usual features, and these flagellae are highlighted (red arrows). 

Several anamolous flagellae were internalised within the cell, either in an enlarged vacuole 

which possibly represents the flagellar pocket, or in smaller vacuoles within the cytosol 

which usually contained 2 flagellae. The remainder o f the flagellae were detached from the 

cell body and are visualised in this cross section standing apart from the cell. It is likely
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Fig. 5.30 -  Dividing bloodstream form trypanosome visualised by Transmission 
Electron Microscopy.
Bloodstream form cells were harvested and washed, then fixed using 2.5 % glutaraldehyde 
and visualised using a transmission electron microscope (David Perez-Morga).
Bar = 0.2 |j,m
Blue arrow = Nucleus
Red arrows = Flagellar axoneme
Green arrows = Paraflagellar Rod
Puiple arrows = Flagellar attachment zone.
Black arrow = Electron dense surface coat o f VSG.
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Fig. 5.31 -  Bloodstream form trypanosomes following 12 h of TbM Pl 10 RNAi 
visualised by Transmission Electron Microscopy.
Bloodstream form cells which had been selected for the presence o f the TbM Pl 10-2T7-177 
plasmid were incubated for 12 h in the presence o f tetracycline (1 |j,g/ml). Cells were 
harvested and washed, then fixed using 2.5 % glutaraldehyde and visualised using a 
transmission electron microscope (David Perez-Morga). Bar = 1 jum 
Red arrows = Anomalous flagellae 
Blue arrows = Nuclei
Purple arrows = Flagellar attachment zone.
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Fig. 5.32 -  Some bloodstream form trypanosomes following 12 h of TbM PllO RNAi 
have alterations to the paraflagellar rod region as visualised by Transmission 
Electron Microscopy.
Bloodstream form cells which had been selected for the presence o f the TbMPl 10-2T7-177 
plasmid were incubated for 12 h in the presence of tetracycline (1 fig/ml). Cells were 
harvested and washed, then fixed using 2.5 % glutaraldehyde and visualised using a 
transmission electron microscope (David Perez-Morga). Bar = 0.2 jam 
Red arrows = 2 flagellae, one with an extremely large PFR region, and one with no 
apparent PFR
Green arrow = enlarged PFR
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however, that these flagellae were attached to this cell at some position outside this cross 

section since completely detached flagellae are not o f a mass sufficient to be precipitated 

by the centrifiagal force used to pellet whole cells. Some o f the flagellae observed in this 

cross section, and others from this timepoint, appeared to have abnormalities of the 

paraflagellar rod (PFR). In some cases the PFR appeared to be enlarged in comparison to 

that o f control cells, while for some o f the flagellae the PFR appeared to be completely 

absent. These two observations regarding PFR abnormalities are highlighted in Fig. 5.32 in 

greater detail. O f the 2 flagellae shown in this figure, one was an internal flagellum which 

had a grossly enlarged PFR, 3-4 times the size of the flagellar axoneme or a normal PFR. 

The second flagellum, which was detached from the cell body, had no apparent PFR 

present.

Following 24 h o f growth in presence o f tetracycline TEM showed cells to be 

completely amorphous and to contain an increased number o f nuclei in comparison to cells 

which had undergone 12 h o f TbMPl 10 knockdown (Fig. 5.33). These results are 

comparable with results obtained from phase microscopy and epifluorescent microscopy of 

Hoechst stained cells at this timepoint (Fig. 5.26, E). Each cell fixed at the 24 h timepoint 

also bore multiple flagellae, although in this instance TEM revealed that few were internal, 

and most had apparently normal structure (Fig. 5.33, red arrows). In this cross section 4 

flagellae which were apparently abnormal in terms of structure were observed (Fig. 5.33, 

yellow arrows). O f these, 3 had no apparent PFR present, while the fourth appeared to 

consist o f two axonemes sharing a single enlarged PFR within a single flagellar membrane. 

In addition to these structural anomalies, several flagellae which were detached from the 

cell body were observed, as previously noted during epiflourescent microscopy at this 

timepoint.
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Fig. 5.33- Bloodstream form trypanosomes following 24 h of TbM Pl 10 RNAi 
visualised by Transmission Electron Microscopy.
Bloodstream form cells which had been selected for the presence o f the TbM Pl 10-2T7-177 
plasmid were incubated for 24 h in the presence of tetracycline (1 |ig/ml). Cells were 
harvested and washed, then fixed using 2.5 % glutaraldehyde and visualised using a 
transmission electron microscope (David Perez-Morga). Bar = 1 )j.m 
Red arrows = Flagellae with apparently normal axoneme/PFR structure, either detached or 
attached to the cell body.

arrows = Flagellae with apparent anomalous structure, e.g. apparent lack o f  PFR. 
Blue arrows = nuclei
Purple arrows = Flagellar attachment zone.



5.11 -  Effect of TbM PllO RNAi on the cell cycle as determined by nuclear/kinetoplast 

ratio.

Both epifluorescent microscopy and TEM revealed an increase over time in the 

number o f nuclei (N) and kinetoplasts (K) present in bloodstream form cells which had 

been subjected to TbM Pl 10 RNAi. To obtain a more specific pattern o f nuclei and 

kinetoplast number during TbM Pl 10 RNAi, and also because the K and N ratio is a key 

indicator of cell cycle progression, N/K counts were made using cells fixed at various 

timepoints of TbMPl 10 knockdown (Matthews and Gull 1994). Nuclei and kinetoplasts in 

at least 100 cells were counted at every timepoint (Fig 5.34). In control cells as expected 

for normal log phase growth ~80 % o f cells contained 1 nucleus and 1 kinetoplast (IN  IK) 

(Woodward and Gull 1990). The remaining 20 % of the population had more nuclei / 

kinetoplasts than this and represented cells at various stages o f division. No cells from this 

sample contained more than 2N2K, and this pattern was observed in 8 % o f the population. 

These figures were roughly comparable after 2, 4, or 6 h o f incubation in presence o f 

tetracycline, with a slight increase in the number o f cells with 2N2K observed over time. 

Following 8 h o f incubation with tetracycline 20 % of the cell population had 2N2K. At 

the 12 h timepoint of TbM Pl 10 knockdown this figure had more than doubled with ~ 45 % 

o f the population having 2 nuclei and 2 kinetoplasts. The increase in multinucleated cells 

occurred at the expense o f cells which had a single nucleus and kinetoplast (1N 1K). Cells 

with IN IK represented 22 % of the population at the 24 h timepoint, compared with 77 % 

in control cells. Following 18 h of incubation with tetracycline the proportion o f 2N2K 

cells had again increased, this time only slightly, to -48  % of the population. The main 

change observed at this timepoint was for cells which contained more than 2N2K. These 

cells now represented 15 % of the population. No cells o f this type were observed in a 

control cell sample, and just 1 % o f cells were of this type following 12 h o f TbM Pl 10 

knockdown. After 24 h o f growth with tetracycline present no IN 1K cells were observed. 

The percentage o f cells with 2N2K had decreased from that seen at the 18 h timepoint (48 

%) to just ~8 %, while those cells which had greater number o f nuclei and kinetoplasts 

(>2N2K) now represented over 80 % o f the cell population.
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Fig. 5 .34- Nucleus and kinetoplast number throughout TbM PllO RNAi in 
bloodstream form trypanosomes.
Bloodstream form cells containing the TbMP 110-2T7177 RNAi vector were incubated in 
the presence of tetracycline for various durations as shown. Cells were fixed using 3 % 
paraformaldehyde, stained with Hoechst stain, and examined for number o f nuclei and 
kinetoplasts present at each timepoint. For each timepoint >100 cells were included. The 
percentage o f cells with each number o f nuclei and kinetoplasts is shown.
Legend - 1N1K= 1 nucleus and 1 kinetoplast

- 1N2K = 1 nucleus and 2 kinetoplasts
- 2N 1K = 2 nuclei and 1 kinetoplast
- 2N2K = 2 nuclei and 2 kinetoplasts
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Taken together the results suggest that a precytokinesis block in cell division, but not 

mitosis, occurred. The number o f nuclei/kinetoplasts in cells increased in a time dependant 

manner, doubling roughly every 12 h. For example from 0 -  12 h o f cell growth in the 

presence o f tetracycline there was a 40 % increase in cells which had 2N2K. Similarly in 

the growth period from 12 -  24 h the number of cells with >2N2K increased by -40  %. 

Similar results have been observed during RNAi knockdown o f several different T. brucei 

proteins, including the PFR, and the Flal flagellar adhesion glycoprotein (LaCount et al. 

2002; Sheader et al. 2005; Broadhead et al. 2006). These results will be considered further 

in the discussion section.

5.12 -  Lytic effect of human serum on cells subjected to TbM PllO RNAi.

Human serum contains a serum resistance antigen (SRA) which rapidly lyses 

bloodstream form T. b. brucei cells under normal growth conditions (Xong et al\ 1998, 

Vanhamme et al; 2003). The lytic effect o f human semm on cells which had been 

subjected to TbMPl 10 RNAi was examined in order to assess whether this effect was 

enhanced or impaired during TbMPl 10 knockdown. Cells which had been subjected to 

TbMPl 10 knockdown for 0, 6 or 18 h were resuspended in media containing 10 % human 

serum (HS), or 10 % foetal calf serum (FCS). Cells were counted following 1 or 2.5 h of 

incubation in their respective sera, and surviving cells were plotted against time for all 6 

samples (Fig. 5.35). Cells subjected to either 6 or 18 h of TbM Pl 10 RNAi, then 

resuspended in media with 10 % human serum present, died rapidly over a 2.5 h period, at 

rates comparable with control cells. Cells treated in the same way, but resuspended in 

media with 10 % FCS present, decreased slightly in number over the same period o f time, 

as expected due to the effect o f TbMPl 10 RNAi, while control cells grown in presence of 

FCS increased in number slightly over the 2.5 h period as expected. The results suggest 

that following 6 or 18 h o f TbM Pl 10 RNAi endocytosis of the lytic factor from human
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Fig, 5 .35- Lytic effect of human serum on bloodstream form trypanosomes subjected 
to TbM Pl 10 RNAi for 6 or 18 h.
Bloodstream form cells which had been selected for presence o f the TbM Pl 10-2T7-177 
vector were incubated with tetracycline for 0, 6 or 18 h at 37 °C / 5 % CO 2. These cells 
were resuspended in either 10 % human serum  (HS) in HMI-9, or 10 % foetal ca lf serum 
(FCS) in HM I-9 and further incubated in presence or absence o f  tetracycline at 37 °C. 
Cells were counted at timepoints as shown.
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serum continued to occur, and that endocytosis continues to occur during 

TbM Pl 10 RNAi knockdown (at least up to 18 h).

5.13 -  Effect of TbM Pl 10 RNAi on respiration of bloodstream form cells.

Changes in glycolysis due to TbM Pl 10 knockdown were assessed by two separate 

methods. Firstly, the rate of oxygen consumption at various timepoints o f RNAi was 

assessed. Secondly, the amount o f pyruvate produced in a set time was assayed for 

samples taken at various timepoints over the course o f TbMPl 10 RNAi.

The TbMPl 10 RNAi cell line was incubated for various durations in the presence 

of tetracycline, following which cells (5 x 10  ̂cells/ml) were placed in the chamber o f an 

oxygen electrode, and their rate o f oxygen consumption over time was measured (as 

described in the methods section). In each case oxygen consumption of an equivalent 

number o f control cells was assayed in parallel. The rate o f oxygen consumption by 

control cells was expressed as 100 % and oxygen consumption at each timepoint of 

TbMPl 10 RNAi was expressed as a percentage o f control cell consumption. The results 

are outlined in Fig 5.36 and each timepoint represents an average value for at least three 

assays. After 6 or 12 h o f incubation in presence o f tetracycline, no statistically significant 

difference in the rate o f oxygen consumption was observed for these cells in comparison to 

control cells. After 18 h o f incubation with tetracycline the rate o f cellular oxygen 

consumption had increased in comparison to control cells. In this case the difference in 

rate was statistically significant, and was between 70 and 110 % faster than control cell 

oxygen consumption. Following 24 h o f growth in the presence of tetracycline cellular 

consumption o f oxygen displayed huge variation between rates from different assays at this 

timepoint, meaning no statistically significant difference in rate was observed in 

comparison to control cells. Since cells at this timepoint o f RNAi were generally observed 

to be very unhealthy dying cells the variation in rate probably reflected differences between 

separate RNAi assays, which would be magnified at this timepoint. Alternatively, cells at
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Fig. 5.36 - Effect of TbM PllO RNAi on oxygen consumption in bloodstream form 
trypanosomes.
Bloodstream form cells selected for possession o f  the TbM Pl 10-2T7-177 vector were 
incubated in the presence o f  tetracycline (1 |J.g/ml) for durations as shown. At each 
timepoint 5 x 1 0 ^  cells were harvested and washed in TES buffer. Cells were placed in a 
Rank oxygen electrode and O2 consumption over time was measured. Consum ption o f 
oxygen by control cells was set as 100 %. Oxygen consumption at each tim epoint o f RNAi 
was plotted as a percentage o f  control cell rate.
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this timepoint may be more sensitive to the washing and resuspension procedures involved  

in the O2 assay, resulting in fewer viable cells during the actual assay. A significant result, 

however, was the apparent increase in the rate o f  oxygen consum ption by cells at the 18 h 

timepoint o f  RNAi. It was hypothesised that since cells subjected to TbM Pl 10 R N A i did 

not divide they instead becam e enlarged, and that this increased size  w as responsible for 

the increase in the rate o f  oxygen consumption observed. Folin-Low ry assays were carried 

out to determine the amount o f  protein present in equivalent numbers o f  cells at each 

timepoint o f  RNAi. Follow ing 12 h o f  incubation with tetracycline cells had ~85 % o f  the 

amount o f  protein contained in an equivalent number o f  control cells. However cells which  

had been subjected to 18 h o f  incubation with tetracycline had an average o f  16 % more 

protein compared to an equivalent number o f  control cells.

The amount o f  pyruvate produced during a 30 min incubation was assessed for 

control cells and cells subjected to TbM Pl 10 RNAi knockdown for 12 or 18 h. The 

amount o f  pyruvate generated over this time could be related to the total change in 

absorbance o f  the supernatant at 340 nm on addition o f  lactate dehydrogenase (LDH), as 

described in the methods section (Hansen and Freier 1978). Addition o f  LDH to the 

supernatant follow ing a 30 min incubation with control cells induced a change in A 3 4 0  o f  

0.80. After 12 h o f  TbM Pl 10 RNAi the change in A 340  w as 0.76 (5 % decrease compared  

to control samples), w hile cells subjected to 18 h o f  TbM Pl 10 RNAi revealed a change in 

A 34 0  o f  0.89 (11 % increase over control samples) for the pyruvate to lactate conversion. 

Since the pyruvate assay em ployed is accurate to ±  5.2 % the change in production o f  

pyruvate observed at the 12 h timepoint is not statistically significant (Hansen and Freier 

1978). The 11 % increase in pyruvate production observed follow ing 18 h o f  TbM Pl 10 

RNAi is statistically significant, with standard deviation ±  5.2 %.

The general pattern o f  an increase in the rate o f  g lycolysis in comparison to control 

cells follow ing 18 h o f  TbM Pl 10 RNAi was comparable for results obtained from both the 

oxygen consumption assay and the pyruvate production assay.
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5.14 -  Antibody clearance from the cell surface of bloodstream form trypanosomes 

during TbM PllO RNAi knockdown.

In vivo host antibodies constantly bind to the VSG over the entire surface of 

trypanosome cells. These antibodies are cleared from the cell surface by internalisation of 

the VSG-antibody complex though the flagellar pocket, degradation o f the antibody, and 

recycling o f the VSG back to the cell surface (Balber et al. 1979; Webster et al. 1990; 

Webster and Duguay 1990). This process was assayed in cells in vitro using anti-MiTat 

1.2 VSG antibodies conjugated to fluorescene isothiocyanate (FITC). These antibodies 

were allowed to adhere to the trypanosome cell surface at 0 °C. Cells were then incubated 

at 37 °C and changes in fluorescent intensity were recorded. The fate o f the FITC-labelled 

antibody can be determined based on these changes. Initial fluorescence levels measured 

by the fluorimeter were due to the presence of FITC-antibody bound to VSG on the surface 

of the cell. A drop in fluorescence indicated internalisation o f the FITC-antibody -V SG  

complex into acidic endocytic vesicles at which FITC fluoresced with lower intensity. 

Degradation o f the FITC-antibody complex was revealed by a subsequent increase in 

fluorescence as free FITC was released from cells and could be detected at a greater 

fluorescent intensity. The pattern o f change in fluorescent intensity over time described 

above {i.e. an initial drop in fluorescent intensity followed by an overall increase) was 

observed for both control cells and cells which had been subjected to 6 h o f TbM Pl 10 

RNAi (Fig. 5.37, Panel A). In both samples FITC-labelled antibody bound to VSG was 

internalised, degraded, and the fluor was released. No significant differences in the rate or 

degree o f change in fluorescence were observed between these two samples. However, 

following an 18 h incubation o f cells in the presence o f tetracycline the pattern o f bound 

FITC-antibody internalisation was significantly altered in comparison to control cells (Fig. 

5.37, Panel B). Initial fluorescence indicating FITC-antibody bound to the cell surface was 

detected and was comparable with the initial level o f fluorescence in control cells.

However no subsequent decrease in fluorescent intensity resulting from internalisation of 

the FITC-antibody-VSG complex was detected in these cells. Fluorescent intensity 

subsequently increased only very slightly, indicating that the majority o f FITC remained

301



'tj 6 h +tet
C3

-I—  Control

4̂u
eV 
ViV
o B s

——  18 h +tet 

..1—  Control

Time (sec)

Fig. 5.37 -  Uptake of anti-Mitat 1.2 antibody following 6 or 18 h of TbM PllO RNAi in 
bloodstream form trypanosomes.
Bloodstream form cells selected for possession o f the TbM Pl 10-2T7-177 vector were 
incubated in presence o f tetracycline for 6 h (Panel A) or 18 h (Panel B). Cells were 
harvested and washed in TES buffer at 0 °C. FITC-labelled anti-Mitat 1.2 antibody (20 
|o.g/l 0** cells) was incubated with the cells for 30 min at 0 °C. Samples were washed at 0 
°C, then added to TES buffer prewarmed to 37 °C. Fluorescence intensity was monitored 
immediately and continuously for each sample.
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Fig. 5.38 - Disaggregation o f bloodstream form trypanosomes incubated with 
agglutinating concentrations of anti-MiTat 1.2 VSG antibody during TbM PllO RNAi.
Bloodstream form cells which had been selected for presence of the TbM Pl 10-2T7-177 
plasmid were incubated with tetracycline for 6 or 18 h. Cells were harvested, washed with 
TES buffer, and resuspended at 5 x 10  ̂cells/ml in TES buffer at 37 °C. A 1/20 dilution o f 
anti-Mitat 1.2 antibody, sufficient to cause immediate agglutination o f cells, was added. 
Samples were analysed at timepoints following addition o f antibody as indicated. The 
percentage o f cells in aggregates at each timepoint was counted.
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conjugated to the antibody and bound to the cell surface. This result suggests two 

possibilities. Firstly, the VSG-antibody was internalised, but TbMPl 10 RNAi caused a 

change in the pH of the endosomal compartments, such that a drop in fluorescence was not 

detected. The second possibility is that the VSG-antibody-FITC complex was not 

internalised following 18 h of TbMPl 10 RNAi. Previous results for uptake of human 

serum lytic factor demonstrated that endocytosis can still occur at this timepoint of 

TbMPl 10 RNAi. However, a recent study suggested that clearing of surface bound 

antibody requires directional motion of the cell since the opposing flow across the cell 

surface sweeps antibody towards the flagellar pocket for subsequent endocytosis (Engstler 

el al. 2005). Since flagellae are detached from cells at the 18 h timepoint of TbMPl 10 

knockdown cells have lost their directionality, raising the possibility that surface bound 

antibody may not be driven to the flagellar pocket for endocytosis as required.

5.15 -  Disaggregation of bloodstream form trypanosomes incubated with 

agglutinating concentrations of antibody during TbM Pl 10 RNAi.

Bloodstream form cultured trypanosomes were caused to aggregate into large clumps by 

incubation with agglutinating concentrations of anti-MiTat 1.2 VSG antibody as described 

in the methods section (O'Beime et al. 1998). The time taken until cells had completely 

disaggregated was compared for control cells and those subjected to 6 or 18 h of TbMPl 10 

RNAi knockdown (Fig 5.38). Control cells disaggregated rapidly with 50 % of cells free 

from agglutinated clumps after ~3 min. Complete disaggregation was achieved within 30 

min. Cells subjected to 6 h of TbMPl 10 RNAi behaved in a manner comparable with 

control cells, displaying 50 % disaggregation after ~3 min, and complete disaggregation 

following 30 min of incubation at 37 °C. Cells incubated with tetracycline for 18 h were 

somewhat slower to disaggregate. In this instance 50 % disaggregation was achieved after 

10-15 min and 100 % disaggregation was observed 50 min after introduction of anti-VSG 

antibody to the sample.
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5.16 -  Localisation of several T. brucei proteins during TbM PllO RNAi in 

bloodstream form cells.

The localisation of a selection of T. hrucei proteins was investigated throughout 

TbMPl 10 RNAi. Changes in levels or location of each protein due to TbMPl 10 

knockdown were noted.

5.16.1 -  Flagellar pocket proteins.

Tomato lectin conjugated with FITC was incubated with fixed bloodstream form 

cells which had been subjected to TbMPl 10 RNAi (Fig 5.39). In control cells tomato 

lectin bound to proteins at a concise spot between the nucleus and the kinetoplast, 

representing the flagellar pocket as expected (Nolan et at, 1999). After just 6 h of 

incubation of cells in the presence of tetracycline the binding pattern of tomato lectin had 

altered. While tomato lectin binding proteins were still located between the nucleus and 

the kinetoplast at this timepoint, the usual single spot observed in control cells had 

dispersed into 2-3 separate spots, as well as associated background fluorescence (Fig. 5.39, 

B). Dispersion of the tomato lectin binding fraction at the 6 h timepoint was reminiscent of 

the dispersion of the TbMPl 10 protein itself at this timepoint of RNAi (Fig. 5.26, B). Over 

the period of cell growth from 12 -  24 h in the presence of tetracycline, tomato lectin 

binding proteins could be detected as a series of separate spots which were more 

widespread throughout the cell in comparison with previous timepoints. Since in normal 

dividing trypanosomes containing two kinetoplasts a second tomato lectin binding region 

(i.e. flagellar pocket) may be observed it is tempting to speculate that the spots detected 

throughout TbMPl 10 RNAi represent ‘daughter’ flagellar pockets, which have built up in a 

single cell due to the block in cytokinesis occuring during TbMPl 10 knockdown.
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Fig 5.39 -  Effect of TbM PllO RNAi knockdown on tomato lectin binding to 
bloodstream form trypanosomes.
Bloodstream form trypanosomes which had been subjected to RNAi knockdown of 
TbMPl 10 were fixed with 3 % paraformaldehyde at various timepoints following 
incubation in presence o f tetracycline as indicated. Fixed cells were incubated with FITC 
conjugated tomato lectin (20 |^g/ml). Cells were subjected to Hoechst staining for the 
nucleus and kinetoplast.
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Fig 5.40 -  Effect of TbM PllO RNAi knockdown on the flagellar attachment zone in 
bloodstream form trypanosomes.
Bloodstream form trypanosomes which had been subjected to RNAi knockdown of 
TbMPl 10 were fixed with 3 % paraformaldehyde at various timepoints following 
incubation in presence o f tetracycline as indicated. Fixed cells were incubated with anti- 
FAZ antibody (1/50) (Keith Gull, kind gift), followed by anti-mouse IgG antibody 
conjugated to Alexa fluor 488 (1/2000). Cells were subjected to Hoechst staining for the 
nucleus and kinetoplast.
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5.16.2 -  Flagellar Attachment Zone.

The effect o f TbM Pl 10 RNAi knockdown on the flagellar attachment zone was 

investigated. The flagellar attachment zone (FAZ) is located inside the cell running along 

its length beneath the flagellum. The antibody used to detect the FAZ (Keith Gull, kind 

gift) bound to a distinct region along the flagellar side o f the cell in control cells (Fig. 5.40, 

A). Following 12 h o f TbM Pl 10 RNAi the FAZ was detected at a comparable position. In 

some cases however, two FAZ could be observed within cells at this timepoint running 

roughly alongside each other (Fig. 5.40, B). Detection o f a second FAZ is consistent with 

cells which are preparing to divide (Kohl and Bastin 2005). The increase in FAZ number 

was also consistent with the increase in number o f flagellae that occurred during TbMPl 10 

knockdown at this timepoint. No further increase in FAZ number was apparent however, 

between 12 and 24 h o f cell growth in the presence of tetracycline, despite an increase in 

the number o f flagellae associated with cells over this time period. While the majority of 

cells at the 24 h timepoint o f TbM Pl 10 RNAi had two FAZ, no cell was observed with a 

greater number of FAZ (Fig. 5.40, C). Significantly, despite the fact that flagellae were 

generally detached from the cell at this timepoint o f RNAi, the FAZ appeared to be intact 

and was detected in a location comparable with control cells, i.e. this structure remained 

associated with the cell body.

5.16.3 -  Alpha tubulin.

To investigate the effects o f TbMPl 10 knockdown on cell-wide structural protein, 

cells at various timepoints o f TbM Pl 10 RNAi were assessed for the integrity and level of 

alpha tubulin present (Fig. 5.41). An antibody which bound to alpha tubulin clone DM la , 

was incubated with control cells. Bound antibody was detected at an even level throughout 

the cell as expected. The pattern o f alpha tubulin localisation was comparable after 6 h o f 

incubation with tetracycline. In the case o f both control cells and those subjected to 6 h o f 

TbMPl 10 knockdown a small region where the anti-alpha tubulin antibody appeared to
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Fig 5.41 -  Effect of TbM PllO RNAi knockdown on alpha tubulin in bloodstream  
form trypanosomes.
Bloodstream form trypanosomes which had been subjected to RNAi knockdown of 
TbMPl 10 were fixed with 3 % paraformaldehyde at various timepoints following 
incubation in presence o f tetracycline as indicated. Fixed cells were incubated with anti
tubulin clone DM la  antibody (1/350), followed by anti-mouse IgG antibody conjugated to 
Alexa fluor 488 (1/2000). Cells were subjected to Hoechst staining for the nucleus and 
kinetoplast.
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bind less strongly was detected between the nucleus and the kinetoplast. This region 

corresponds to the flagellar pocket which does not contain alpha tubulin protein.

Following 15 or 24 h o f TbM Pl 10 knockdown alpha tubulin was detected with greater 

intensity levels throughout the cell, which may suggest an increase in the overall amount of 

tubulin present in comparison with control cells, or a redistribution o f tubulin protein. An 

increase in tubulin levels in cells at later timepoints of RNAi could correspond with 

synthesis o f tubulin by cells in anticipation o f cell division, which fails to occur during 

TbM Pl 10 RNAi, leading to a possible build up o f tubulin within the cell.

5.16.4 -  Paraflagellar Rod.

Cells subjected to TbMPl 10 RNAi knockdown for various periods of time were 

fixed and incubated with an anti-PFR2 antibody, L8C4, in presence o f 1 % Triton X-100 

(Fig. 5.42) (Gadelha et al. 2005). In control cells this antibody bound specifically along 

the length o f the flagellum and no appreciable fluor was detected elsewhere in these cells. 

The pattern of anti-PFR2 antibody binding was comparable in cells which had been 

incubated in the presence o f tetracycline for 6 h prior to fixation. However after a 12 h 

period o f T bM P l! 0 RNAi the anti-PFR2 antibody binding pattern within cells was 

significantly altered. Cells at this stage o f RNAi bore multiple flagellae which were 

detached from the cell body as previously observed. The anti-PFR2 antibody could not 

detect its antigen within these detached flagellae under these conditions. Indeed the PFR2 

protein was not detected at any subcellular location at this timepoint o f RNAi. The only 

fluorescence observed in these cells was low-level non-specific background fluorescence. 

Following 18 or 24 h periods o f TbM Pl 10 knockdown numbers o f detached flagellae 

associated with cells increased over time as previously observed. However, no specific 

localisation of the anti-PFR2 antibody was observed at any o f the multiple flagellae 

associated with cells at these timepoints under these conditions. This phenomenon will be 

further investigated in the following section (Section 5.17).
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Fig. 5.42 - Effect of TbM PllO RNAi knockdown on PFR2 antibody binding in 
presence o f 1 % Triton X-100 in bloodstream form trypanosomes.
Bloodstream form trypanosomes which had been subjected to TbMPl 10 RNAi knockdown 
were fixed with 3 % paraformaldehyde at various timepoints following incubation in 
presence o f tetracycline as indicated. Fixed cells were incubated with anti-PFR2 antibody 
(L8C4) (1/50) followed by anti-mouse IgG-Alexa 488 (1/2000). Cells were subjected to 
Hoechst staining for the nucleus and kinetoplast.

311



5.17 -  Effect of TbM Pl 10 knockdown on the Paraflagellar Rod.

Detection o f the paraflagellar rod during TbM Pl 10 RNAi revealed an apparent 

corresponding knockdown of PFR protein throughout the timecourse o f RNAi (Section 

5.16.4 above). This phenomenon was investigated further. Firstly, cells fixed at various 

timepoints o f TbM Pl 10 RNAi knockdown were incubated with the anti-PFR2 antibody in 

presence o f 1 % NP40 in place o f the Triton X-100 previously used (Fig. 5.43). Under 

these conditions the anti-PFR2 antibody could be detected specifically bound to flagellae at 

all timepoints of TbMPl 10 knockdown. No difference in fluorescent intensity was 

observed between attached or detached flagellae. For cells which bore multiple flagellae 

fluorescence was detected with equal intensity at each o f the flagellae. Anti-PFR2 

antibody binding was specific to the flagellum at all timepoints assessed.

Secondly, integrity o f the paraflagellar rod throughout TbMPl 10 knockdown was 

investigated using the Rod 1 antibody (Woods e /a/. 1989). T heR odl antibody recognises 

several PFR proteins and was incubated with fixed cells at various timepoints o f TbMPl 10 

knockdown in presence o f 1 % NP40 (Fig. 5.44). Under these conditions the Rodl 

antibody was detected bound specifically along the full length o f the flagellum at all 

timepoints investigated. In cells which bore multiple flagellae fluorescent intensity levels 

were comparable for each. The pattern o f antibody binding was comparable to that 

observed when cells were incubated with anti-PFR2 antibody in presence o f 1 % NP40.

To further confirm that PFR protein levels were not affected during TbMPl 10 

RNAi, cells which had been incubated with tetracycline for various durations were lysed 

and analysed by Western immunoblotting. Successful TbMPl 10 knockdown was 

confirmed by probing for this protein in each sample. Presence o f the either the PFR2 

protein (L8C4 antibody, Fig. 5.45) or both PFRl and PFR2 proteins (L13D6 antibody. Fig. 

5.46) (Kohl et al. 1999) was investigated in each sample. The PFR proteins were clearly 

detectable in cells at all timepoints o f RNAi investigated (PFR2 migrating at ~65 kDa and 

PFRl and 2 as a doublet between 65-68 kDa). The levels of PFR proteins detected were 

comparable at all timepoints of TbMPl 10 RNAi analysed using either antibody. Equal 

loading o f overall protein for each sample was confirmed by comparison o f the ~50 kDa
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protein which cross reacts with the anti-TbMPl 10 antibody and revealed some 

underloading o f the control sample, as well as some overloading o f the 24 h sample, for the 

immunoblot using L13D6 antibody (Fig. 5.46).
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Fig. 5.43 - Effect of TbMPllO RNAi knockdown on PFR2 antibody binding in 
presence of 1 % NP40. in bloodstream form trypanosomes.
Bloodstream form trypanosomes which had been subjected to RNAi knockdown of 
TbMPl 10 were fixed with 3 % paraformaldehyde at various timepoints following 
incubation in presence o f tetracycline as indicated. Fixed cells were incubated with anti- 
PFR2 antibody (L8C4) (1/50) followed by anti-mouse IgG-Alexa 488 (1/2000) in presence 
o f 1 % NP40. Cells were subjected to Hoechst staining for the nucleus and kinetoplast.
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C) 12 h + tetracycline.

D) 18 h + tetracycline.

E) 24 h + tetracycline.
Fig. 5.44 - Effect of TbM Pl 10 RNAi knockdown on ROD 1 antibody binding in 
presence of 1 % NP40 in bloodstream form trypanosomes.
Bloodstream form trypanosomes which had been subjected to TbMPl 10 RNAi knockdown 
were fixed with 3 % paraformaldehyde at various timepoints following incubation in 
presence o f tetracycline as indicated. Fixed cells were incubated with the Rod 1 antibody 
against PFR proteins (1/50) followed by anti-mouse IgG-Alexa 488 (1/2000). Cells were 
subjected to Hoechst staining for the nucleus and kinetoplast.
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Fig. 5.45 -  Effect of TbM PllO RNAi knockdown on PFR2 protein level in 
bloodstream form trypanosomes.
Bloodstream form cells selected for presence o f the 2T7-177-TbMPl 10 plasmid were 
incubated in presence o f tetracycline for various durations as indicated. At each timepoint 
cells were harvested, washed, and lysed using 1 % CHAPS. Lysates, consisting of 10  ̂cell 
equivalents/lane, were loaded to a 10 % SDS gel, then transferred to nitrocellulose 
membrane. Presence o f TbM Pl 10 in each sample was detected by incubation with a 1/100 
dilution o f anti-TbMPl 10 antibody followed by a 1/10000 dilution o f alkaline phosphatase 
conjugated anti-rabbit IgG antibody. Bound antibody was visualised using the NBT/BCIP 
substrate system. Nitrocellulose membrane was stripped by incubation with 3 changes of 
glycine buffer, 100 mM, pH 9.5. Presence of PFR2 in each sample was detected by 
incubation using a 1/1000 dilution o f anti-PFR2 antibody (L8C4) followed by a 1/10000 
dilution o f alkaline phosphatase conjugated anti-mouse IgG antibody. Bound antibody was 
visualised using the NBT/BCIP substrate system.
Lanes L-R = Bloodstream form cell lysates incubated for 0, 6, 12, 18, or 24 h as indicated 
in presence o f tetracycline.
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Fig. 5.46 -  Effect of TbM Pl 10 RNAi knockdown on PFRl and PFR2 protein levels in 
bloodstream form trypanosomes.
Bloodstream form cells selected for presence o f the 2T7-177-TbMPl 10 plasmid were 
incubated in presence of tetracycline for various durations as indicated. At each timepoint 
cells were harvested, washed, and lysed using 1 % CHAPS. Lysates, consisting o f 10 cell 
equivalents/lane, were loaded to a 10 % SDS gel, then transferred to nitrocellulose 
membrane. Presence o f TbMPl 10 in each sample was detected by incubation with a 1/100 
dilution o f anti-TbMPl 10 antibody followed by a 1/10000 dilution o f alkaline phosphatase 
conjugated anti-rabbit IgG antibody. Bound antibody was visualised using the NBT/BCIP 
substrate system. Nitrocellulose membrane was stripped by incubation with 3 changes of 
glycine buffer, 100 mM, pH 9.5. Presence o f PFRl and PFR2 proteins in each sample 
were detected by incubation using a 1/200 dilution of L13D6 antibody followed by a 
1/10000 dilution o f alkaline phosphatase conjugated anti-mouse IgG antibody. Bound 
antibody was visualised using the NBT/BCIP substrate system.
Lanes L-R = Bloodstream form cell lysates incubated for 0, 6, 12, 18, or 24 h as indicated 
in presence o f tetracycline.
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5.18 -  Knockdown of TbM PllO and T bM P llS  by RNAi in procyclic form ceils.

The effect o f TbM Pl 10 or TbM Pl 15 RNAi knockdown on procyclic form 

trypanosomes was investigated.

5.18.1 -  Knoclidown of TbM PllO by RNAi in procyciic form cells.

Although the mRNA for TbMPl 10 was not detectable by standard Northerr. blots 

(Fig. 5.6) or QRT-PCR (Fig. 5.7) in procyclic cells, there are examples where a transcript is 

significantly down regulated in procyclic forms but where RNAi experiments have still 

revealed a growth and morphological defect, e.g. the clathrin heavy chain (Allen et al. 

2003). Therefore, procyclic form cells were subjected to TbMPl 10 RNAi using the 

TbMPl 10-2T7-177 construct. After selection o f transformants with phleomycin, cell 

growth was monitored in presence or absence of tetracycline by counting at regular 

intervals. Cell counts were plotted cumulatively against time (Fig 5.47). Over a 96 h 

period o f TbM Pl 10 RNAi cell growth rates in both presence and absence of tetracycline 

were comparable. No differences in cell density between control cells and those subjected 

to TbMPl 10 knockdown were observed at any point during the 96 h incubation. 

Furthermore, cells continued to grow in culture at rates comparable to control cells for at 

least three weeks.

The morphology o f procyclic form cells at different timepoints o f TbM Pl 10 RNAi 

was investigated (Fig. 5.48). Cells were fixed following incubation in the presence of 

tetracycline every 24 h up to 72 h. Control procyclic form cells displayed the long slender 

moiphology typical o f these cells. Following incubations with tetracycline o f up to 72 h 

procyclic form cells maintained morphologies which were comparable to control cells. No 

changes in size or shape o f cells due to TbM Pl 10 RNAi were observed throughout the 

timecourse (Fig. 5.48, B-D). Finally, analysis o f the pattern o f Hoechst staining
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Fig. 5.47 -  Effect of TbMPl 10 RNAi on procyclic cell growth in vitro.
The TbMPl 10-2T7-177 RNAi vector was introduced into procyclic form trypanosomes by 
electroporation. Insertion of the vector was confirmed by phleomycin resistance (2.5 
l^g/ml). The production o f dsRNA corresponding to a region of TbM Pl 10 mRNA was 
initiated by addition of tetracycline (2 |ag/ml). Cell growth was monitored over time in 
both the presence and absence o f tetracycline at 27 °C and plotted cumulatively.
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demonstrated no significant change in the nucleus to kinetoplast number ratio in :he 

procyclic cell population subjected to TbM Pl 10 RNAi. Most o f the cells had IN IK  

(-80% ) with the remainder representing cells at various stages o f cell division.

5.18.2 -  Knockdown of T bM P llS  by RNAi in procyclic form cells.

Procyclic form cells were transfected with the TbM Pl 15-2T7-177 vector, and cells 

which had successfully incorporated the plasmid were selected on the basis o f phleomycin 

resistance. TbMPl 15 RNAi was initiated by addition of tetracycline. Cell density was 

monitored over time by cell counting at regular intervals and cumulative cell growth in 

both presence and absence o f tetracycline was plotted against time (Fig. 5.49). Cell 

numbers were comparable between control cells and those subjected to TbMPl 15 RNAi 

for the first 48 h of growth. However subsequent cell counts revealed a slowing and 

eventual stoppage o f cell growth in presence o f tetracycline at later timepoints. Over the 

period from 48 to 96 h following addition o f tetracycline cells subjected to TbMPl 15 

RNAi grew with a rate which was approximately one-third that of control cells over the 

same period. Over the period 96 -  144 hr following initiation o f RNAi cells ceased 

growing completely, with no significant increase in the population observed over this 

timeframe. Following ~144 hr cells underwent an ‘escape’ from RNAi, and began growing 

at rates and with morphologies comparable to control cells (data not shown).

TbMPl 15 knockdown was confirmed by QRT-PCR. TbMPl 15 mRNA levels were 

assessed in control cells, and following 24 or 48 h o f incubation in the presence of 

tetracycline (Fig. 5.50, A). A clear knockdown o f TbMPl 15 mRNA levels was detected 

between control cells and those which had been subjected to 24 or 48 h RNAi. No 

significant difference in TbMPl 15 mRNA level was observed between the 24 and 48 h 

samples. Samples from cells subjected to 24 h RNAi reached log phase o f TbMPl 15 PCR 

approximately 6 cycles later than control cells, suggesting around 64-fold less TbMPl 15 

mRNA in the 24 h sample. The initial amount o f RNA present was assessed for all three 

samples by comparison o f tubulin mRNA levels in each (Fig. 5.50, B). This comparison 

revealed a greater amount o f RNA initially present in the control sample in comparison to
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Phase DNA

A) Control cells.

B) 24 h + tetracycline.

C) 48 h + tetracycline.

D) 72 h +tetracycline.

Fig. 5.48 -  The effect of TbM PllO RNAi on procyclic form trypanosomes in vitro.
Cultured procyclic form cells selected for presence of the TbM Pl 10-2T7-177 vector were 
fixed using 3 % paraformaldehyde following 0, 24, 48, and 72 h o f incubation in the 
presence o f tetracycline as stated. Cells were subjected to Hoechst staining for the nucleus 
and kinetoplast.
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Fig. 5.49 -  Effect of TbM PllS RNAi on procyclic cell growth in vitro.
The TbMPl 15-2T7-177 RNAi vector was introduced into procyclic form trypanosomes by 
electroporation. Insertion o f the vector was confirmed by phleomycin resistance (2.5 
|ig/ml). The production o f dsRNA corresponding to a region o f TbM Pl 15 mRNA was 
initiated by addition on tetracycline (2 |ag/ml). Cell growth was monitored over time in 
both the presence and absence of tetracycline at 27 °C and plotted cumulatively.
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Fig. 5.50 -  Quantitative Reverse Transcriptase Polymerase Chain Reaction (QRT- 
PCR) analysis of TbM Pl 15 mRNA levels during RNAi in procyclic form cells.
The TbMP 115 procyclic RNAi cell line was incubated for 0, 24 or 48 h in the presence o f 
tetracycline and total cellular RNA was isolated from each sample. TbM Pl 15 mRNA was 
amplified from each sample by QRT-PCR and resulting DNA was detected by binding of 
SYBR-green following each amplification cycle (Roche) (Methods, 2.51 for primers and 
conditions).
Panel A- QRT-PCR of TbMPl 15 mRNA at each timepoint o f RNAi.
Panel B- QRT-PCR of tubulin mRNA at each timepoint o f TbMPl 15 RNAi as a reference 
inRNA.
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either the 24 or 48 h samples, suggesting that the knockdown of TbM Pl 15 was not as 

extensive as indicated by comparison o f TbM Pl 15 mRNA between these samples.

Tubulin mRNA from the control sample entered log phase of PCR (following reverse 

transcription) approximately 3 cycles earlier than for samples from 24 or 48 h timepoints, 

suggesting approximately 8-fold more total RNA present in the control sample. The level 

of TbMPl 15 mRNA following 24 h knockdown was therefore not 64 fold less than that of 

the control, but instead approximately 8 fold less for an equivalent amount o f RNA.

Despite the difference in initial RNA concentrations between samples, significant 

knockdown of TbMPl 15 mRNA could be confirmed following either 24 or 48 h of RNAi.

Knockdown o f TbM Pl 15 protein in procyclic cells during RNAi was confirmed by 

Western immunoblot using cell samples lysed at various timepoints (Fig. 5.51). Cells were 

lysed every 24 h up to 120 h o f incubation with tetracycline present. The TbMPl 15 protein 

was clearly detected in control cells migrating with a molecular weight o f ~ 1 15 kDa as 

previously observed. Following 24, 48 or 72 h o f incubation with tetracycline present the 

TbMPl 15 protein was still detected at this molecular weight, but with a much lesser 

intensity, approximately 10 % of the level observed in control cells. After 96 or 120 h of 

TbMPl 15 RNAi the TbMPl 15 protein was no longer detectable in procyclic form cell 

lysates by Western immunoblot. Loading o f samples to each lane of the immunoblot was 

compared using the ~55 kDa protein which cross reacted with the anti-TbMPl 15 antibody. 

This band was detectable across all samples at an intensity comparable with or higher than 

that o f the control sample, with the exception o f the sample from the 24 h timepoint, which 

was slightly underloaded.

The morphology o f cells subjected to TbM Pl 15 RNAi was investigated at various 

timepoints. Localisation of the anti-TbMPl 15 antibody was also assessed during the 

course o f TbM Pl 15 RNAi (Fig. 5.52). In control cells anti-TbMPl 15 antibody could be 

detected with greatest intensity along the cell body at the base of the flagellum. After a 24 

h incubation with tetracycline cells maintained their general morphology, with the 

exception of the fiagellae, which appeared to be partially detached from the cell body at 

this timepoint. Anti- TbMPl 15 antibody was detected with greatest intensity at the 

flagellum, particularly towards the base (Fig. 5.52, B). After 48 h o f TbM Pl 15 RNAi
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Fig. 5.51 - Detection of TbMP115 protein in procyclic form trypanosomes during 
RNAi knockdown of TbMP115.
Procyclic form trypanosomes selected for presence of the TbMPl 15-2T7-177 vector were 
incubated in the presence o f tetracycline for various durations as indicated. At each 
timepoint cells were harvested and lysed using 1 % CHAPS. Lysates, consisting o f 10 cell 
equivalents/sample were loaded to a 10 % SDS gel, then transferred to nitrocellulose 
membrane. Presence o f TbM Pl 15 in each sample was detected by incubation with a 1/100 
dilution of anti-TbMPl 15 antibody followed by a 1/10,000 dilution o f alkaline phosphatase 
conjugated anti-rabbit IgG antibody. Bound antibody was visualised using the NBT/BCIP 
substrate system.
Lanes 1-5 = Procyclic form cell lysates incubated for 0, 24, 48, 72, 96 or 120 h as indicated 
in presence o f tetracycline.
Arrow = TbMPl 15 migrating at ~ 115 kDa
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changes in procyclic cell morphology were observed. Several cells bore 2 flagellae which 

were completely detached from the cell body. Despite being detached these flagellae 

maintained their motility, and were observed by phase microscopy beating at speeds 

comparable to flagellae o f control cells. Cells with detached flagellae did, however, lose 

their directionality during TbMPl 15 RNAi. Hoechst staining revealed that cells at this 

timepoint of RNAi contained additional nuclei (usually o f total o f 2/cell). The anti- 

TbMPl 15 antibody was detected with lesser intensity at this timepoint, bound to the cell 

body at the base of detached flagellae (Fig. 5.52, C). Over the time period from 72 - 144 h 

o f TbMPl 15 knockdown cells were observed with progressively increasing numbers of 

flagellae, all detached from the cell body, with up to six detached flagellae observed on a 

single cell following 144 h o f RNAi (Fig. 5.52, G). The anti- TbMPl 15 antibody was 

detected bound non-specifically to the cell body o f cells over this time period. Over the 

timecourse o f RNAi from 72 -  144 h, a progressive increase in the number o f nuclei and 

kinetoplasts within a single cell was apparent, with at least 3N2K observed following 120 h 

o f cell growth in the presence o f tetracycline. At the 144 h timepoint o f RNAi the Hoechst 

stain within each cell merged, which precluded assessment o f nucleus/kinetoplast number 

in these cells.
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Phase DNA T bM PllS Merged

A) 0 h + tetracycline.

' I

B) 24 h + tetracycline.

C) 48 h + tetracycline.

? ; ■
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D) 72 h + tetracycline,

A
E) 96 h + tetracycline.
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F) 120 h + tetracycline.

G) 144 h + tetracycline.
Fig. 5.52 - Effect o f TbMP115 RNAi on morphology of procyclic form trypanosomes 
in vitro.
Cultured procyclic form cells from the TbMPl 15 RNAi cell line were fixed using 3 % 
paraformaldehyde following 0, 24, 48, 72, 96, 120 and 144 h o f incubation in the presence 
o f tetracycline as stated. Fixed cells were incubated with anti-TbMPl 15 antibody (1/100) 
and anti-rabbit IgG-Alexa 488 (1/2000). Cells were subjected to Hoechst staining for the 
nucleus and kinetoplast. B ar=  10 (im.
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5.19 -  Visualisation of procyclic form cells subjected to T bM P llS  RNAi by Electron 

Microscopy.

Procyclic form cells which had been subjected to TbM Pl 15 RNAi were han'ested 

following 0, 72 or 120 h o f incubation in the presence o f tetracycline. Cells were fixed 

using 2.5 % glutaraldehyde, and transmission electron microscope (TEM) images were 

obtained for cross sections of cells from each timepoint. Cross sections through three 

different control cells are shown in Fig. 5.53. The flagellar axoneme and paraflagellar rod 

are highlighted for each cell, including one which was dividing and had 2 flagellae. 

Following 72 h o f TbM Pl 15 knockdown dramatically altered morphologies were observed 

by TEM in procyclic cells (Fig. 5.54). Many cells were attached together in pairs and cross 

sections from the anterior end o f the cell revealed multiple flagellae associated with cells at 

this timepoint o f RNAi (Fig. 5.54 A, B, and C). In general each o f the flagellae appeared 

to have an intact axoneme and paraflagellar rod, but a number o f ultrastructural 

abnormalities were observed in these cells. The most obvious of these was detachment of 

some o f the flagellae from the cell body. Several cells possessed multiple PFR/axoneme 

pairings which were present within a single enlarged flagellar membrane, with up to 6 

axoneme/PFR units observed sharing a single membrane (Fig. 5.54, Panel A, insert).

While some o f the axonemes in this image appear distorted, this may be an artifact of 

preparation o f the sample for TEM. The flagellar adhesion zone (FAZ) could be observed 

within these cells at the base o f the flagellar membrane on the cellular side and appeared to 

be intact within these cells. Some internal flagellae were also observed within the cell at 

this timepoint (Fig. 5.54, C). Several cells contained enlarged nuclei and cross sections 

through the cell revealed a large proportion o f cells which contained more than one 

kinetoplast (Fig. 5.54, D). Cells at this timepoint appeared to be significantly enlarged in 

comparison to control cells. Following 120 h o f TbM Pl 15 RNAi dramatic morphological 

differences were revealed by TEM between these cells and control cells (Fig. 5.55). 

Multiple detached flagellae were observed, all with axonemes and PFRs which appeared 

normal (Fig. 5.55, A). All of the axoneme/PFR pairings observed in this cross section 

appeared to have unique flagellar membranes, in contrast to the pattern observed at the
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Fig. 5.53 -  Procyclic form trypanosomes visualized by Transmission Electron 
Microscopy.
Procyclic form trypanosomes were harvested and washed, then fixed using 2.5 % 
glutaraldehyde and visualised using a transmission electron microscope (David Perez- 
Morga). The anterior ends o f three cells are shown (Panels A-C), one o f which is dividing 
and bears two flagellae (Panel B). Bar = 0.2 |j.m for all panels.
Red arrows = Flagellar axoneme 
Green arrows = Paraflagellar Rod 
Purple arrows = Flagellar Adhesion Zone
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►Kinetoplast/Mitochondrion

Fig. 5.54 -  Transmision electron microscopy analysis of procyclic form cells subjected 
to 72 h of TbMP115 RNAi demonstrates significant alteration o f the structure of the 
flagellum.
Procyclic form cells which had been selected for the presence o f the TbMPl 15 -2T7-177 
plasmid were incubated for 72 h in the presence o f tetracycline (I |ig/ml). Cells were 
harvested and washed, then fixed using 2.5 % glutaraldehyde and visualised using a 
transmission electron microscope (David Perez-Morga). Bars -  Panel A = 1 )o,m, insert = 
0.2 i^m. Panels B, C = 1 |^m. Panel D = 0.2 |u.m

m
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—► Flagellar axoneme 
—► Paraflagellar Rod 
—►Flagellar Adhesion Zone

Fig. 5.55 -  Procyclic form trypanosomes following 120 h of TbM Pl 15 RNAi visualised 
by Transmission Electron Microscopy.
Procyclic form  cells which had been selected for the presence o f  the T bM Pl 15 -2T7-177 
plasm id were incubated for 120 h in the presence o f  tetracycline (1 |ig/ml). Cells were 
harvested and washed, then fixed using 2.5 % glutaraldehyde and visualised by 
transm ission electron microscopy (David Perez-M orga).
Bars -  Panel A  = 1 |j.m, Panel B = 0.2 |j.m.
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72 h timepoint. Despite detachment o f the flagellae, the FAZ appeared to remain intact at 

this timepoint o f RNAi. The FAZ may clearly be seen in Fig 5.55, Panel B, despite the fact 

that no flagellum was associated with it.

5.20 -  The effect of T bM P llS  RNAi on respiration in procyclic form ceils.

Procyclic form cells which had been selected for presence of the TbMPl 15-2T7- 

177 vector were incubated with tetracycline for 72, 96, or 122 h. These timepoints were 

chosen since both cell counts and immunofluorescence assays indicated that the effects of 

TbMPl 15 RNAi were at their most profound following incubations o f these durations. At 

each timepoint the effect o f TbM Pl 15 knockdown on the rate o f cellular oxygen 

consumption was assessed. The results revealed that the rate o f oxygen consumption by 

cells did not alter significantly throughout TbM Pl 15 RNAi, or in comparison to control 

cells (Fig. 5.56). A slight decrease in the rate o f oxygen consumption following 72 h of 

incubation with tetracycline was observed. A rate o f oxygen consumption which was 4 % 

or 5 % faster in comparison with control cells was recorded at 96 h or 122 h o f TbMPl 15 

RNAi respectively. However none o f these results represented statistically significant 

differences in comparison to the control cell rate. It should be noted, however, that for 

procyclic form cells the overall rate o f oxygen consumption is significantly lower than for 

bloodstream form cells. Bloodstream form cells are solely reliant on glycolysis for 

production o f ATP, whereas procyclic form cells utilise the mitochondrion for more 

efficient ATP production, and therefore require less oxygen. Since procyclic cell oxygen 

consumption is lower, it is possible that differences in the rate o f consumption during 

TbMPl 15 RNAi are less easy to detect.
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Time + tetraycline (hours)

Fig. 5.56 - Effect of TbMP115 RNAi on oxygen consumption in procyclic form 
trypanosomes.
Procyclic form cells selected for possession o f  the TbM Pl 15-2T7-177 vector were 
incubated in the presence o f  tetracycline for durations as shown. At each timepoint 5 x 1 0 ^  
cells were harvested and washed in TES buffer. Cells were placed in a Rank oxygen 
electrode and O 2 consum ption over time was measured. Consum ption o f  oxygen by 
control cells was set as 100 %. Oxygen consumption at each tim epoint o f  RNAi was 
plotted in comparison to that o f  control cells.
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5.21 -  Localisation of T. brucei proteins during TbM Pl 15 RNAi in procyclic form 

cells.

The localisation o f a selection o f T. brucei proteins at different timepoints of 

TbMPl 15 RNAi was investigated. Changes in levels or location o f each protein due to 

TbMPl 15 knockdown were noted.

5.21.1 - Paraflagellar Rod.

Procyclic cells which had been selected for presence o f the TbM Pl 15-2T7-177 

RNAi vector were incubated for 96 h in the presence o f tetracycline with cell samples 

harvested and fixed every 24 h. Each sample was incubated with the anti-PFR2 antibody in 

order to investigate any effect o f TbMPl 15 RNAi on location or level o f this protein (Fig 

5.57). In control cells the anti-PFR2 antibody was detected specifically bound along the 

length o f the tlagellum. This pattern of anti-PFR2 antibody binding was comparable for all 

samples assessed during the course of TbMPl 15 RNAi. The PFR2 protein was localised to 

the flagellum, or multiple detached flagellae, at all timepoints of RNAi analysed. Indeed in 

some cells a newly forming daughter PFR was detected, suggesting normal PFR generation 

(Fig. 5.57, D). At later timepoints o f RNAi an increasing amount o f background 

fluorescence was also observed in the cell body o f these cells, however detection of PFR2 

at and along the flagellae o f these cells was maintained.

5.21.2 - Flagellar attachment zone

In control procyclic cells the anti-FAZ antibody bound along the edge o f the cell 

body beneath the flagellum as expected and previously observed (Fig. 5.58, A). During 

TbMPl 15 knockdown intact FAZ could still be detected within cells at all timepoints 

analysed (24 -  96 h). However, the FAZ appeared to localise only with attached flagellae. 

Detached flagellae coincided with only short FAZ and only at their bases at the point of 

attachment to the cell (Fig. 5.58).
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Phase

A) 0 h + tetracycline.

B) 24 h + tetracycline.

C) 48 h + tetracycline.

D) 72 h + tetracycline.

E) 96 h + tetracycline.

DNA PFR Merged

Fig. 5.57 - Effect of TbMP115 RNAi on the PFR2 protein in procyclic cells.
Procyclic form trypanosomes which had been subjected to TbM Pl 15 RNAi were fixed 
with 3 % paraformaldehyde following various incubation periods in presence of 
tetracycline as indicated. Fixed cells were incubated with anti-PFR2 antibody (L8C4) 
(1/50) followed by anti-mouse IgG-Alexa 488 (1/2000). 1 % NP40 was present during all 
incubation steps. Cells were subjected to Hoechst staining o f the nucleus and kinetoplast.
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Phase DNA FAZ

A) 0 h + tetracycline.

B) 24 h + tetracycline.

C) 48 h + tetracycline.

D) 72 h + tetracycline.

Merged

E) 96 h + tetracycline.

Fig 5.58 -  Effect of TbM Pl 15 RNAi knockdown on the Flagellar Adhesion Zone in 
procyclic cells.
Procyclic form trypanosomes which had been subjected to RNAi knockdown o f TbMPl 15 
were fixed with 3 % paraformaldehyde at various timepoints following incubation in 
presence o f tetracycline as indicated. Fixed cells were incubated with anti-FAZ antibody 
(1/50), followed by anti-mouse IgG antibody conjugated to Alexa fluor 488 (1/2000).
Cells were subjected to Hoechst staining o f the nucleus and kinetoplast.
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Phase DNA a-Tubulin Merged

A) 0 h + tetracycline.
"isgiyi

B) 24 h + tetracycline.

C) 48 h + tetracycline.

D) 72 h + tetracycline.

F) 120 h + tetracycline.

G) 144 h + tetracycline.

Fig 5 .5 9 -  Effect of T bM PllS  RNAi knockdown on alpha-tubulin in procyclic cells.
Procyclic form trypanosomes which had been subjected to RNAi iaiockdown of TbM Pl 15 
were fixed with 3 % paraformaldehyde at various timepoints following incubation in 
presence o f tetracycline as indicated. Fixed cells were incubated with anti-tubulin clone 
DM la  antibody (1/350), followed by anti-mouse IgG antibody conjugated to Alexa fluor 
488 (1/2000). Cells were subjected to Hoechst staining o f the nucleus and kinetoplast.
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5.21.3 - Alpha tubulin.

In order to investigate whether TbM Pl 15 RNAi had an effect on structural protein, 

localisation o f alpha tubulin throughout RNAi was investigated (Fig 5.59). In control cells 

alpha tubulin was detected with even fluorescent intensity throughout the cell. This pattern 

o f alpha tubulin localisation did not change during the course of TbM Pl 15 knockdown. 

Alpha tubulin continued to be detected throughout the cells at all timepoints o f TbMPl 15 

RNAi analysed, including when cell morphology was altered at later timepoints of RNAi. 

Alpha tubulin was detected with greater intensity at later timepoints o f RNAi, suggesting 

an accumulation o f this structural protein within cells in anticipation o f cytokinesis. Alpha 

tubulin localisation throughout the course o f TbM Pl 15 knockdown revealed an interesting 

facet o f this RNAi phenotype. Anti-alpha tubulin antibody binding in samples fixed from 

the 72 h timepoint onwards revealed that many o f these ‘cells’ actually consisted of two 

procyclic cells apparently attached together and unable to separate. Up to 72 h of RNAi 

each o f the conjoined cells generally had 1 o f the 2 detached tlagellae and appeared to 

contain 1 o f the 2 nuclei/kinetoplasts detected. At later timepoints o f RNAi (120 or 144 h) 

cells generally had greater numbers o f tlagellae and contained increased numbers o f 

nuclei/kinetoplasts. However since cells were amorphous at these timepoints it was 

difficult to say whether the extra flagellae and nuclei/kinetoplasts resulted from an 

increased number o f conjoined cells. It is worth noting, however, that cells had a tendency 

to clump together in groups o f 20 or more cells at these timepoints (data not shown).
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5.22 -  Discussion.

The partial cDNA clone analysed in this investigation clearly corresponded to the 

tandem genes Tb927.5.4570/Tb927.5.4580 (encoding TbM Pl 10). These genes had 

significant identity with another double gene, Tb927.8.4050/Tb927.8.100 (encoding 

TbM Pl 15) (discussed below). The Tb927.5.4570/Tb927.5.4580 genes also had identity 

with genes from several other kinetoplastid species. O f these species only one (T. 

congolense) reported more than one gene with significant identity to TbM Pl 10, the other 

species reporting only one gene each. Sequence analysis revealed a probable signal peptide 

early in the TbM Pl 10 sequence (amino acids 22-41) based on hydrophobicity, length and 

location (Bendtsen et al. 2004). A probable transmembrane spanning domain was also 

present in the sequence, (residues 751-773). This region was of a length and 

hydrophobicity consistent with a transmembrane domain, as well as being immediately 

followed by four positive amino acids (1 lysine and 3 arginine) - a classic example o f the 

‘positive inside’ rule for membrane spanning domains (von Heijne and Gavel 1988; Claros 

and von Heijne 1994). Taken together, the hydrophobic domains detected strongly 

suggested a Type 1 membrane protein with a 750 amino acid external .V-terminal domain, 

incorporating all 27 putative jV-glycosylation sites, and a relatively short 48 residue internal 

C-terminus. Expression o f TbMPl 10 is developmentally regulated at the mRNA and 

protein level. Significantly, Northern blotting and QRT-PCR analysis demonstrated that 

the transcript was considerably more abundant in bloodstream form cells in comparison to 

procyclic forms. Western blots demonstrated the presence o f a protein with an estimated 

molecular weight o f 110 kDa in bloodstream but not procyclic cells. This size is higher 

than the molecular weight o f 88 kDa predicted from the open reading frame (ORF). One 

possible explanation for the size difference observed might be post-translational 

modification by A^-glycosylation, especially since the protein possesses a relatively large 

number o f putative A^-glycosylation sites (27). Modification with poly A^-acetyllactosamine 

(pNAL) could not be cont'irmed since the protein could not be detected by Western blot of 

the tomato lectin binding fraction using specific anti-peptide antibodies (Fig. 5.16). 

However, it is possible that TbM Pl 10 possesses pNAL chains which are relatively short 

and that in the case of fractionation o f total cell lysates other proteins, for example ISG 

100 or p67 (Nolan et al. 1997; Kelley et al. 1999), that possess extensive poly N- 

acetyllactosamine chains compete for binding to tomato lectin such that only relative small
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amounts o f TbM Pl 10 are bound. If TbM Pl 10 possesses only the minimum 3 pNAL 

repeats required for tomato lectin binding at each o f its 27 putative A^-glycosylation sites 

this modification would result in an increase in molecular mass o f over 78 kDa (Merkle 

and Cummings 1987). Indeed TbMPl 10 need only possess 3 pNAL repeats on 7 of the 

putative A^-glycosylation sites to account for the observed increase in molecular mass. 

Immunofluorescent analysis revealed TbMPl 10 localised to a single region in bloodstream 

form cells, adjacent to the nucleus and generally on its posterior side. TbM Pl 10 

colocalised partially with tomato lectin binding proteins, and slightly more strongly with 

CB-1 (Fig. 5.19). Based on the localisation o f TbM Pl 10, it is a possibility that this protein 

may represent a constituent o f the single trypanosome Golgi (Field et al. 2000). Both 

tomato lectin and C B -1 antibody bind at the Golgi since it represents the region where 

pNAL chains are added to proteins (Brickman and Balber 1994; Nolan et al. 1999).

Perhaps surprisingly, given the RNAi phenotype for TbM Pl 10 (discussed below), no 

colocalisation was observed with either the PFR or the FAZ (Fig. 5.19) (Kohl et al. 1999).

The identical genes Tb927.8.4050 / Tb927.8.4100 (encoding TbM Pl 15) are related 

to the sequences encoding TbMPl 10 at the amino acid level, sharing 45 % identity and an 

E-value o f 4.5e-172 for the comparison. The genes encoding TbM Pl 15 were found to be 

part o f a duplicated five gene unit, which was also partially repeated a third time. 

Significantly, given the RNAi phenotype for TbM Pl 15 (discussed below), the Flal 

flagellar adhesion protein, (Nozaki et al. 1996) was a member o f this repeated unit. 

Although Flal had a shorter ORF (546) than either TbMPl 10 or TbM Pl 15, the pattern of 

putative transmembrane domains present was similar for all three sequences. For example, 

Flal has a signal peptide sequence between amino acids 10-29, and a membrane spanning 

domain between amino acids 508-530 (Nozaki et al. 1996). Flal is a Typel membrane 

protein with a relatively large (-500 residue) external A^-terminus and a short, 38 residue, 

internal C-terminal domain. Flal is expressed in both bloodstream and procyclic life cycle 

forms and is TV-glycosylated in both (more extensively in bloodstream forms) (Nozaki et al. 

1996). Flal is concentrated along the fiagellum and in the flagellar pocket in both 

bloodstream and procyclic form trypanosomes. The RNAi phenotype for Flal knockdown 

is compared with TbM Pl 10 or TbMPl 15 in either life cycle stage below.

TbM Pl 15 also had identity with genes from other kinetoplastids, which were 

identical to those with identity to TbMPl 10. The number o f sequences with identity to 

TbM Pl 15 revealed in each o f the kinetoplast species (one in most cases, and three in T. 

congolense), compared to the four T. brucei genes which had identity with each other,
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suggests that the TbM Pl 15 duplication event may not have occurred in these other species, 

with the possible exception o f T. congolense. Both T. brucei and T. congolense are African 

trypanosomes and so might be expected to share greater overall sequence similarity in 

comparison to the other species (Bringaud et al. 1998).

The topological model suggested for TbM Pl 15 was similar to that proposed for 

TbM Pl 10. An TV-terminal signal peptide was proposed in the sequence based on location, 

length (residues 23-43) and hydrophobicity. A likely transmembrane domain (amino acids 

688-711) was also suggested, which was of a length compatible with membrane spanning, 

as well as being immediately followed by the same ‘KRRR’ strongly positive sequence 

observed for TbM Pl 10. Therefore a Type I membrane protein with a 644 residue external 

A^-terminus, including all 14 putative yV-glycosylation sites, and a short internal C-terminal 

o f 39 amino acids was strongly proposed. Analysis o f the mRNA for TbMP 115 by QRT- 

PCR suggested that TbM Pl 15 was approximately 8-fold more strongly expressed in 

procyclic form cells, and Northern blot confirmed significantly higher mRNA levels in 

comparison to bloodstream form cells. Western blot clearly demonstrated the presence o f a 

protein with an estimated molecular weight o f 115 kDa in procyclic form cells, but only 

weakly in bloodstream form cells, at the limit o f detection by the anti-peptide antibodies. 

Taken together these results suggest that the TbM Pl 15 protein is significantly more 

strongly expressed in procyclic form cells. The molecular weight at which TbMPl 15 was 

detected is larger than the size predicted from the ORF (83 kDa), suggesting post 

translational modification of the protein. Immunofluorescent analysis revealed a possible 

sub-localisation for TbM Pl 15 between the PFR and the cell body, showing some 

colocalisation with the FAZ, but also with adjacent regions o f cell body. TbMPl 15 was 

detected on the cellular side o f the PFR, and did not appear to colocalise significantly with 

this region.

RNAi knockdown of TbM Pl 10 or TbM Pl 15 mRNA revealed a dramatic phenotype

which was stage specific in bloodstream or procyclic forms respectively, but which

otherwise shared comparable features. This phenotype developed at later time points of

TbM Pl 15 RNAi in procyclic forms, in comparison with TbMPl 10 in bloodstream forms,

which may reflect the comparatively slower rates o f growth and metabolism in procyclic

life cycle forms. In procyclic forms the protein may also have greater stability since these

cells grow at a lower temperature (27 °C). indeed, following 24 h o f incubation in

presence o f tetracycline ~ 5-10 % of the TbM Pl 15 present in control cells was still

detected in these cells (Fig. 5.51). The RNAi phenotype o f TbMPl 10 or TbM Pl 15 in their
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respective life cycle stage was characterised by development of multiple detached flagellae, 

an increase in nucleus and kinetoplastid number, severe morphological changes, a block in 

cytokinesis and ultimately cell death. Multiple rounds o f mitosis occurred in both 

phenotypes, as well as pre-cytokinetic production o f new flagellae, however cytokinesis 

failed to occur.

A similar general phenotype has been observed for knockdown o f components of 

the flagellum and associated structures {e.g., PFR, F lal, discussed below) (Bastin et al. 

1998; LaCount et al. 2000; LaCount et al. 2002; Kohl et al. 2003; Broadhead et al. 2006; 

Ralston and Hill 2006; Ralston et al. 2006). It has been hypothesised that ultimate 

cytokinesis requires two flagellae pulling the cell in opposite directions to facilitate cell 

separation (Kohl and Bastin 2005). Detached flagellae, which have lost their 

morphogenetic axes, may be unable to accomplish this feat.

Neither TbMPl 10 nor TbMPl 15 RNAi knockdown revealed any effect on cells in 

reciprocal life cycle stages {i.e. TbMPl 10 knockdown in procyclic forms and TbM Pl 15 in 

bloodstream forms). This result was not unexpected since TbMPl 10 was not expressed in 

procyclic forms, and TbM Pl 15 protein was only very weakly detected in bloodstream form 

cells. These results imply that these proteins are effectively life cycle stage specific.

Electron microscope images o f bloodstream form cells subjected to TbM Pl 10

knockdown confirmed an increase over time in the number o f nuclei and kinetoplasts

within each cell, confirming that mitosis occurred throughout RNAi. These images also

demonstrated a dramatic increase in the number o f flagellae during TbM Pl 10 knockdown.

An increase in the number o f other organelles, e.g. glycosomes, within each cell was also

observed by EM. The images suggested that both mitosis and organelle division had

occurred within these cells in apparent preparation for cjaokinesis. Following 18 h of

TbM Pl 10 RNAi uptake o f FITC labelled anti-VSG antibody at the flagellar pocket failed

to occur (Fig. 5.37). Similarly disaggregation o f cells incubated with agglutinating

concentrations o f anti-VSG antibody took almost twice as long in cells at this timepoint of

RNAi compared to control cells (Fig.5.38). Taken together these results indicate that the

ability o f these cells to clear antibodies bound to VSG was impaired (Webster et al. 1990;

O'Beime et al. 1998). Since cells at this timepoint o f RNAi were lysed by the serum

resistance antigen o f human serum with comparable kinetics to control cells, failure to clear

surface bound antibody is unlikely to reflect a shut down o f endocytosis in these cells

(Xong et al. 1998; Vanhamme et al. 2003). Rather the inability to clear surface bound

antibody in these cells was likely to represent a secondary effect on the cell due to loss of
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directionality by cells with detached flagellae. It has been hypothesised that clearance of 

surface bound antibody is largely facilitated by fluid or hydrodynamic forces operating 

across the smooth VSG surface which force exposed bound antibodies towards the 

posterior end o f the cell (and the flagellar pocket), as these cells swim in the anterior 

direction (Engstler et al. 2005). Since during TbM Pl 10 RNAi flagellae become detached 

and cells lose their directionality the ‘current’ across the cell surface which would drive 

surface associated antibody specifically towards the flagellar pocket may be lost, or may 

drive antibodies in the wrong direction.

During TbM Pl 10 RNAi an interesting phenomenon was observed while assessing 

the effects of TbMPl 10 knockdown on the PFR2 protein. In presence o f 1 % Triton X-100 

the PFR2 protein could not be detected at later timepoints o f RNAi. However, in the 

presence of 1 % NP40 (and under otherwise identical conditions) the PFR2 protein was 

clearly detected at all timepoints, localised to detached flagellae as expected (Kohl et al. 

1999). The dramatic difference observed between these two detergents was somewhat 

surprising since both are non-ionic detergents commonly used for membrane 

permeabilisation and have similar critical micelle concentration (0.25 x 10'  ̂ for NP40 and 

0.2 x 10’̂  for Triton X-100). The main difference between these two detergents is that 

Triton X-100 is slightly more hydrophilic than NP40, and is generally considered the 

milder of the two detergents (Rodriguez-Linares and Watson 1996). Integrity o f the 

paraflagellar rod throughout TbMPl 10 RNAi was confirmed by Western blotting with 

either the PFR2 or the Rodl antibody, and by immunofluorescence assay using the Rodl 

antibody. Taken together these results imply that loss o f TbMPl 10 may affect the 

constitution o f the flagellar membrane or cause a change in flagellar membrane 

permeability. Significantly, although the flagellar membrane is in continuity with the cell 

body membrane, its composition is not identical (Kohl and Bastin 2005).

The above change in flagellar membrane permeability did not appear to occur 

during TbMPl 15 knockdown for detached flagellae on procyclic form cells. Electron 

microscopy confirmed an increase in flagellar number during RNAi, and revealed that 

many o f the axoneme/PFR units were contained within a single flagellar membrane. Up to 

six axoneme/PFR units were observed sharing a single flagellar membrane of large 

circumference. This differed to the pattern observed for flagellae during TbM Pl 10 

knockdown in bloodstream form cells, all o f which had their own unique flagellar 

membrane.
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Knockdown of several T. hrucei flagellar components has previously been performed 

by other research groups (Bastin et al. 1998; LaCount et al. 2000; LaCount et al. 2002; 

Kohl et al. 2003; Broadhead et al. 2006; Ralston and Hill 2006; Ralston et al. 2006). In 

many o f these knockdown experiments a typical ‘flagellar phenotype’ similar to that 

described above has been observed for proteins from the flagellar region, including those 

with disparate ftinctions. This ‘flagellar phenotype’ generally appears to correspond to a 

block in cytokinesis but not mitosis or organelle division. The block in cytokinesis most 

probably occurs because flagellae lose their ability to specifically pull dividing cells in 

opposite directions along a common axis in order to facilitate final cell separation (Kohl 

and Bastin 2005). For example, knockdown o f Trypanin, a component o f the flagellar 

dynein regulatory complex, results in flagellar paralysis (but not detachment), an increase 

in multinucleated cells and in the number o f flagellae associated with each cell, a block in 

cytokinesis, and eventual cell death in bloodstream form cells (Ralston and Hill 2006). A 

similar phenotype occurs for knockdown o f Trypanin in procyclic form cells, but is not 

lethal (Hutchings et al. 2002). Similarly, knockdown o f the PFR2 protein results in 

paralysis o f flagellae which beat more slowly, or not at all. Procyclic form cells remain 

viable, and maintain cytokinesis (Bastin and Gull 1999). However bloodstream form cells 

display a phenotype in which cytokinesis is inhibited, while mitosis and organelle 

duplication is not, resulting in multinucleated, multitlagellated cells, which eventually die 

(Broadhead et al. 2006). For both o f the above phenotypes all flagellae remain attached to 

the cell along the cell body, or (for bloodstream form cells) internalised inside a misshapen 

flagellar pocket. The flagellae o f cells subjected to TbMP 110 or TbMP 115 RNAi were 

detached from the cell body, and furthermore, continued to beat at rates which were 

comparable with control cells. Therefore these proteins were considered unlikely to 

function as flagellar structural proteins, since in general cells in which flagellar structural 

proteins are depleted (such as the PFR2) have paralysed flagellae.

A phenotype similar to that observed in this study, was observed in the case o f Fla 1

RNAi knockdown. Significantly, Flal is part o f the set o f repeated genes o f which

TbM Pl 15 is also a member (Nozaki et al. 1996). Notably Flal knockdown displayed a

similar phenotype in both procyclic and bloodstream form cells, namely increase in

multinucleated cells, presence of detached flagellae, inability to undergo cytokinesis and

ultimately cell death (LaCount et al. 2000; LaCount et al. 2002). As mentioned previously

Flal is a Typel membrane protein with a relatively short cytoplasmic domain, which is

similar to the proposed topology for the TbMPl 10 and TbM Pl 15 proteins. However, Flal
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did not have any significant sequence similarity with either the TbMPl 10 or TbM Pl 15 

sequences. Flal knockdown exerted its effects on cells more rapidly than either TbM Pl 10 

or TbM Pl 15 in bloodstream or procyclic form cells respectively. In bloodstream form 

cells growth arrest following Flal knockdown was immediate, as opposed to following one 

cell division during TbMPl 10 RNAi. Detached flagellae were observed in Flal deficient 

cells as early as at 6 h o f knockdown, as opposed to ~12 h for TbMPl 10 knockdown. In 

procyclic form cells Flal RNAi caused growth arrest after two rounds o f cell division as 

opposed to after four rounds o f division for TbM Pl 15 RNAi. Detached flagellae were 

observed 24 h after Flal knockdown in these cells, but not until 48 h o f Tb297.8.4050 

RNAi (LaCount et al. 2000; LaCount et al. 2002). The comparative delay in onset of the 

phenotype for both TbMPl 10 and TbM Pl 15 RNAi suggested that these proteins may be 

more stable than Flal in vitro. Since the TbMP 115 gene is a part o f a repeated unit on the 

chromosome which also includes Flal, it could be hypothesised that their functions might 

be complimentary. Similarly TbMPl 10, by virtue o f its similarity to TbM Pl 15, as well as 

the stage specific nature of these two proteins, might also be expected to play a 

complimentary role. The RNAi phenotypes for Flal and either TbM Pl 10 / TbM Pl 15 were 

comparable, with one significant exception. Flal knockdown did not result in generation 

o f multiple flagellae to the same extent as either TbMP 110 or TbMP 115 knockdown. In 

bloodstream form cells following 24 h o f Flal RNAi cells generally possess just one 

detached flagellum, compared to as many as four per cell for TbMPl 10 knockdown. In 

procyclic forms Flal deficient cells also had a single detached flagellum after 60 h of 

knockdown while TbMPl 15 RNAi revealed two flagellae per cell at a corresponding 

timepoint, which increased to up to four per cell at later timepoints (LaCount et al. 2000; 

LaCount et al. 2002).

Taken together, results suggest that loss o f either TbM Pl 10 or TbM Pl 15 results in a 

comparable phenotype in bloodstream or procyclic forms respectively, which implies that 

these proteins are likely to be required for similar functions in the different life cycle forms. 

Both proteins are essential in their respective life cycle stage, and both are required for 

flagellar attachment. Taken together with the phenotype observed following Flal 

knockdown, results indicate that attachment o f the flagellum is essential for cytokinesis in 

both life cycle forms. In contrast knockdown o f PFR2 or Trypanin proteins, which result 

in impaired flagellar beating but not flagellar detachment, block cytokinesis in bloodstream 

forms cells only.
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Significantly, both immunofluorescent localisation with anti-FAZ antibody, and 

ultrastructural analysis by electron microscopy, demonstrated that the FAZ remained intact 

and associated with the cell body throughout either TbMPl 10 or TbM Pl 15 RNAi (Kohl et 

al. 1999). The anti-FAZ antibody performs poorly in immunoblotting experiments, hence 

changes in the level o f the FAZ protein during TbM Pl 10 or TbMPl 15 RNAi could not be 

monitored. However the FAZ was clearly detected at the expected position by 

immunofluorescence assay throughout RNAi against either protein and was intact when 

viewed by EM. Indeed this structure appeared to replicate, along with the other organelles, 

during knockdown o f TbMPl 10 or TbMPl 15. Under normal circumstances the FAZ 

replicates along with the flagellum, beginning replication before the PFR, although the 

latter eventually outstrips FAZ generation (Kohl and Bastin 2005). At later timepoints of 

TbMPl 10 RNAi (18-24 h) it appeared that the PFR underwent replication independent of 

the FAZ since more flagellae than FAZ were observed associated with these cells.

Based on the sequence similarity o f TbM Pl 10 and TbMPl 15, as well as their life 

cycle stage specificity it might be expected that these proteins perform complimentary 

functions in either life cycle form. However, certain discreet differences were observed 

between each RNAi phenotype. For example, multiple flagellae synthesised during 

TbMPl 10 RNAi each had their own unique flagellar membrane, while up to 6 

PFR/axoneme units were observed to share a single flagellar membrane following 72 h of 

TbMPl 15 knockdown. The flagellar membrane appeared to be significantly enlarged 

during TbMPl 15 RNAi, although each PFR/axoneme unit appeared to maintain its normal 

size. TbMPl 10 knockdown resulted in a change in the permeability o f the flagellar 

membrane, suggesting the loss o f this protein may affect the lipid composition o f the 

flagellar membrane, such that Triton X-100 is less able to solubilise it. Interestingly,

Triton X-100 is not effective for solubilisation o f membrane domains which are enriched 

with cytoplasmically oriented signaling molecules, and which have glycosphingolipids and 

cholesterol as their major lipid component (Schroeder et al. 1994; Kubler et al. 1996). The 

ability o f NP40 to facilitate immunoprecipitation o f a greater number o f proteins in 

comparison to Triton X-100 has been reported, since Triton X-100 is considered a 

relatively milder detergent (Rodriguez-Linares and Watson 1996).

The TbMPl 10 and TbM Pl 15 RNAi phenotypes clearly indicate that each protein is

required for flagellar attachment in their respective life cycle stages. Further analysis of

the phenotype suggested each protein may also have an affect on the flagellar membrane in

their respective life cycle stages, albeit with apparently different action. The difference in
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composition of the flagellar membrane in comparison with that of the cell body implies the 

possible existence o f a factor or factors which control recruitment o f proteins specific to 

this region (Kohl and Bastin 2005). Furthermore, other components o f the flagellum are 

recruited by specific machinery (the intraflagellar transport complex (IFT) recruits 

axonemal proteins) or based on sequence motifs (for the PFR proteins) (Bastin et al. 1999; 

Bastin et al. 1999; Qin et al. 2004). Immunofluorescent analysis placed only the TbMPl 15 

at or near to the flagellar membrane. However the localisation o f TbM Pl 10 suggests it 

may correspond with the Golgi meaning it may be possible that TbM Pl 10 could mediate 

transport of flagellar membrane proteins at this region. Two membrane bound Golgi 

proteins, TbRAB 1 and TbRAB2, have been previously reported as mediators of ER to 

Golgi and intra-Golgi transport processes in T. hrucei (Dhir et al. 2004). This being the 

case knockdown o f TbMPl 10 or TbM Pl 15 in their respective life cycle stages could lead 

to dramatic changes in the constitution of the flagellar membrane and resulting detachment 

from the FAZ. This scenario would subsequently lead to development o f the typical 

‘flagellar phenotype’ with cells continuing to undergo mitosis and organelle replication but 

failing to complete cytokinesis due to loss o f morphogenetic axes by the flagellae.

The proteins investigated in this chapter represented two previously uncharacterised 

proteins, with no homology or relationship with other proteins of known function. This 

study evaluated these proteins as stage specific proteins, which are similar in sequence and 

topology, and essential in their respective life cycle stages. Both proteins are essential for 

attachment o f the flagellum in each corresponding life cycle stage. TbMP 110 and 

TbMPl 15 represent two different proteins which appear to perform the same function at 

different stages of the trypanosome life cycle.
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Summary.

Investigation of the rates of turnover of trypanosomal proteins revealed that, in 

general, total trypanosomal protein had a half life of ~ 24 h, characterised in particular by 

the abundant VSG. In contrast proteins specifically isolated from the flagellar 

pocket/endocytic pathway had much shorter half lives of ~20 min for this pool of protein. 

The possibility that proteins from this region of rapid endocytosis are degraded rather 

than recycled has been the subject of several previous studies with conflicting 

conclusions. The results of this study suggested that, in general, degradation and not 

recycling may indeed be a possibility, and was complimented by previous studies 

assessing the half life of the transferrin receptor and TbCB-1 (2 h and 0.7 h respectively). 

In contrast, however, the LDL receptor has a longer half life of ~20 h. TbPDI-2 also had 

a relatively longer half life of 24 h in comparison to general protein from this pool, which 

may be a reflection of this protein’s function as an enzyme as opposed to a receptor.

Most bloodstream form T. brucei proteins underwent extremely rapid post- 

translational processing. The very abundant VSG protein (-10^ molecules/cell) was 

detected in its mature form, after just 2 minutes, with no subsequent increase in 

concentration apparent. Similarly, significant post-translational processing of TbPDI-2, 

corresponding to an increase in protein molecular weight of 25 kDa, was largely 

completed (~80 %) following the 2 min labelling period, and fully completed by 10 min. 

The earliest timepoint assessed for post translational processing of the total fraction of 

tomato lectin binding proteins was 10 min, and was at this point essentially complete. 

Investigation into post translational processing of these proteins at earlier timepoints, 

such as 2 min, may be the subject of interesting future work.

Investigation into the effects of inhibition of protein degradation on protein 

turnover revealed only a very strong dependence of T. brucei cells on the presence of 

serum in the culture medium in vitro. These and other preliminary results from our lab 

suggest that the effect of serum depletion on bloodstream form trypanosomes may be 

profound, and any experimentation carried out in a serum free environment should 

undergo strict optimisation. No conclusions could be drawn based on results from this
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study regarding the effect o f inhibition o f protein degradation in cells, since the effect of 

serum depletion clearly hindered the experiment. Future work may incorporate 

investigation of the specific effects of serum depletion on cells, and allow optimisation of 

the above protocol.

The existence of a flagellar pocket ‘library’ of cDNA clones originally isolated 

from the flagellar pocket/endocytic pathway was the basis of further investigation 

performed in this study. Three full length cDNA clones were selected from the library 

for molecular and functional characterisation. Sequence analysis identified the genomic 

copies of the cDNA clones, Tb927.4.4060, Tb927.7.2130, and Tb927.5.3840. In silico 

work revealed proteins with sequence identity in other kinetoplastids for all three of the 

proteins, as well as one in T. brucei for Tb927.4.4060. An incorrect start codon for the 

Tb927.4.4060 sequence was reported in the genomic database- the true one was revealed 

by the cDNA clone used in this study. Both Tb927.4.4060 and Tb927.5.3840 were 

probable Type I membrane proteins, while Tb927.2130 was most likely a transmembrane 

protein with an external A^-terminal domain. This feature might be expected for proteins 

from the flagellar pocket, which are likely to be directly or indirectly associated with 

membranes. Another typical feature of proteins from this region is post translational 

modification by A^-glycosylation, and both Tb927.5.3840 and Tb927.7.2130 underwent 

post-translational modification leading to an increase in apparent molecular weight. No 

such increase in molecular weight was observed for Tb927.4.4060, which migrated at the 

molecular weight predicted by sequence analysis. This result might represent 

conservative post translational modification of the Tb927.4.4060 protein, undetectable by 

the methods employed. Both Tb927.4.4060 and Tb927.5.3840 were bloodstream stage 

specific proteins, and Tb927.7.2130 was ~5 fold more strongly expressed in this life 

cycle form in comparison to procyclic cells. Within bloodstream form cells 

Tb927.7.2130 was detected uniquely within the flagellar pocket/endocytic pathway by 

immunofluorescence assay. Tb927.5.3840 was also revealed as a component of the 

flagellar pocket / endocytic pathway by Western blot, while Tb927.4.4060 was not 

detected at this region. These results are consistent with the proposed post translational 

modifications of the Tb927.5.3840 and Tb927.7.2130 proteins and support that at least
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some of this modification is due to A^-glycosylation with pNAL sidechains. Again, 

failure to detect Tb927.4.4060 may reflect conservative post translational modification of 

this protein. Functional characterisation by conditional RNAi revealed no phenotype for 

Tb927.4.4060 in vivo, although effective RNAi could not be confirmed. Tb927.7.2130 

knockdown revealed a possible very late stage growth phenotype in bloodstream form 

cells, however again specific RNAi against Tb927.7.2130 was not established. Depletion 

of Tb927.4.4060 mRNA during RNAi was confirmed by Northern blot. No growth or 

morphological phenotype was revealed in these cells, however a slight possible dispersal 

of flagellar pocket proteins was observ'ed.

A partial cDNA clone present in the flagellar pocket library was next selected for 

characterisation since the full length genomic copy of this gene was represented twice in 

the T. brucei genome (Tb927.5.4570/Tb297.5.4580, encoding TbMPl 10), as well as 

displaying 45 % identity with a further two genes (Tb927.8.4050/Tb927.8.4100, 

encoding TbMPl 15). These genes had no sequence identity with any previously 

characterised proteins or protein domains. The two proteins encoded by these four genes 

each had large numbers of putative A^-glycosylation sites within their sequences (27 and 

14 respectively). In silico analysis predicted both proteins to be likely Type I membrane 

proteins with the majority of each protein, including all possible A^-glycosylation sites in 

both cases, external to the cell. Indeed both proteins migrated with higher apparent 

molecular weights than those proposed based on sequence analysis, confirming post- 

translational modification of each. TbMPl 10 was bloodstream life cycle stage specific 

and localised to a region near the nucleus which may correspond to the Golgi. TbMPl 15 

was effectively procyclic stage specific, since only residual, barely detectable levels of 

this protein were present in bloodstream form cells. TbMPl 15 localised along the cell 

body at the base of the flagellum in procychc cells. Knockdown of the proteins by RNAi 

in their respective life cycle stages revealed a comparable phenotype in both cases, 

characterised by a block in cytokinesis, but not mitosis or organelle replication, as well as 

generation of multiple flagellae which were detached from the cell body but nevertheless 

continued to beat. This phenotype has similarity to a general ‘flagellar protein’ 

phenotype previously reported for many components of the flagellum or associated
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proteins. Knockdown of TbMPl 10 also led to changes in the permeability of the 

flagellar membrane. Electron microscope images revealed that TbMPl 15 knockdown 

resulted in several axoneme/PFR units becoming contained within a single flagellar 

membrane. These changes to membrane constitution during either TbMPl 10 or 

TbMPl 15 knockdown in their respective life cycle stages led to a tentative proposition 

for involvement o f these proteins in the composition/constitution of the flagellar 

membrane.
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Proteins from the endocytic pathway in bloodstream  
forms of Trypanosome hrucei are modified by the addi
tion of linear poly-A^-acetyllactosamine side chains, 
which permits their isolation by tomato lectin affinity 
chromatography. Antibodies against this tomato lectin  
binding fraction were employed to screen a cDNA ex
pression library from bloodstream forms of T. brucei. 
Two cDNAs were prominent among those selected. 
These cDNAs coded for two putative protein disulfide 
isomerases (PDIs) that respectively contained one and 
two double-cysteine redox-active sites and corre
sponded to a single domain PDI and a class 1 PDI. Assays 
of the purified recombinant proteins demonstrated that 
both proteins possess isomerase activity, but only the 
single domain PDI had a reducing activity. These PDIs 
possess a number of unusual features that distinguish  
them fi*om previously characterized PDIs. The expres
sion of both is developmentally regulated, they both 
co-localize with markers of the endocytic pathway, and 
both are modified by A^-glycosylation. The larger PDI 
possesses iV-glycans containing poly-iV-acetyllac- 
tosamine, a modification that is indicative of processing 
in the Golgi and suggests the presence of a novel traf
ficking pathway for PDIs in trypanosomes. Although 
generally PDIs are considered essential, neither activity 
appeared to be essential for the growth of trypano
somes, at least in vitro.

Afncan tiypanosomes, e.g. Trypanosoma brucei, are extracel
lular protozoan parasites, transmitted by tsetse flies, that cause 
sleeping sickness in humans and Nagana in cattle. The life cycle 
of trypanosomes involves stage-specific forms adapted for life in 
the mammalian host and the tsetse fly vector (1). Bloodstream 
forms of T. brucei evade the mammalian immvme response pri
marily by antigenic variation of their surface coat, which consists 
of a single, tightly packed and highly immunogenic protein spe
cies (the variable surface glycoprotein) that covers their entire 
cellular surface. All variable surface glycoproteins exhibit a con
served pattern of cysteine residues that participate in disulfide 
bonds essential for the common rod-like structure of the protein 
(2). However, these unicellular eukaryotes depend on receptor- 
mediated uptake of host-derived factors, e.g. transferrin and li
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poproteins, for growth. Bloodstream forms have high rates of 
endocjrtosis, whereas this activity in procyclic forms appears to be 
absent or significantly reduced (3-5). Endocytosis and exocytosis 
are restricted entirely to a small invagination of the plasma 
membrane at the base of the flagellimi called the flagellar pocket 
that represents ~0.5% of the cellular surface (6, 7). Significantly, 
A^-glycans containing linear poly-iV-acetyllactosamine are associ
ated only with proteins, including receptors for host ligands and 
invariant proteins, fi*om the flagellar pocket/endocytic pathway 
(8). These glycoproteins bind specifically to tomato lectin, a prop
erty that has allowed isolation of at least 20 different proteins 
fi"om bloodstream forms of T. hrucei. Antibodies raised against 
the total tomato lectin binding fraction isolated from bloodstream 
forms were used to screen a bloodstream form cDNA expression 
library to select for genes that potentially code for proteins from 
the flagellar pocket/endocytic pathway. Interestingly, two cDNAs 
were abimdant among the clones selected and appeared to code 
for two distinct protein disulfide isomerases (PDIs). ̂  One of these 
cDNAs was originally identified 15 years ago by Hsu et at. (9) as 
part of their studies on gene expression in trypanosomes, but the 
putative PDI was not characterized. The PDIs are thiol-disulfide 
oxidoreductases that catalyze the formation, reduction, and 
isomerization of disulfide bonds, depending on the redox environ
ment, and can eJso function as molecular chaperones, in which 
they assist in the folding of proteins (10-12). Here we describe 
the first detailed characterization of two PDIs present in the 
tomato lectin binding fi*action fi’om T. brucei bloodstream forms. 
Both these PDIs possess isomerase activity, are bloodstream 
stage-specific, and co-localize with the endocytic pathway. Signif
icantly, both PDIs are iV-glycosylated, and at least one possesses 
extensive iV-glycans containing poly-N-acetyUactosamine, which 
indicates post-translational modification of the protein in the 
(jolgi complex.

EXPERIMENTAL PROCEDURES
Trypanosomes—Procyclic T. brucei EATR01125 cells were grown at 

27 °C in SDM-79 medium supplemented with 15% fetal bovine serum 
(13). Bloodstream forms of T. brucei were grown at 37 °C in HMI-9 
medium supplemented with 10% fetal bovine serum and 10% SERUM 
PLUS™ (14). Cell media were supplemented with G418 (2 jtig/ml) for 
maintenance of the 328.114 cell line and with both G418 (2 îg/ml) and 
hygromycin (2 p,g/ml) for maintenance of the 13.90 cell line. The 
T. brucei variant clone AnTat 1.1 was grown in mice, and trypanosomes 
were purified as described previously (15).

Cloning and Identification of PDI Genes—A cDNA expression library 
was constructed in A-Zap using poly(A) mRNA isolated fi"om bloodstream

 ̂The abbreviations used are: PDI, protein disulfide isomerase; Tb- 
PDI, Trypanosoma brucei protein disulfide isomerase; TLCK, 1-chloro- 
3-tosylamido-7-amino-2-heptanone or AT“-p-tosyl-L-lysine chloromethyl 
ketone; PBS, phosphate-buffered saline; CHAPS, 3-[(3-cholamido- 
propyl)dimethylammonio]-l-propanesulfonic acid; GST, glutathione S- 
transferase; Tes, 2-([2-hydroxy-l,l-bis(hydroxymethyl)ethyI]amino)- 
ethanesulfonic acid; RNAi, RNA interference.
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forms of T. brucei (AnTat 1.1). Polyclonal antibodies prepared against a 
fraction of T. brucei proteins that bind specifically to tomato lectin were 
used to screen 2.5 X 10® clones. The positive plaques were purified by 
repeated screening. The isolated cDNA inserts were excised out of the 
pico-Bluescript-cytomegalovirus phagemid vector. The resulting phage- 
mids were added to Escherichia coli XLOR bacteria as part of the excision 
process. Sequencing of the DNA was performed using the Amersham 
Biosciences thermo sequenase radiolabeled terminator cycle sequencing 
kit. Sequence analysis was carried out using the European Molecular 
Biology Laboratory (EMBL) Parasite Genomes WU-Blast2 program.

Protein Induction and Antibody Production—Fragments of 1.2 and 
1.5 kb corresponding to the open reading frames of the TbPDI-1 and 
TbPDI-2 genes, respectively, were amplified by PCR. The forward and 
reverse primers for TbPDI-1 contained EcoRI and Notl sites and were 
5'-TCGAATTCTCCTCTGGTGTTGTGGAGCTA-3' and 5'-ATGCGGC- 
CGCTCCTTCGGCTGCTCCTTCGT-3'. respectively; whereas the for
ward and reverse primers for TbPDI-2 contained BamHI and Xhol sites 
and were 5'-TCCGGATCCCCCATGCGCGCTATTTTTCTTGTTGC-3' 
and 5 '-GAGCTCGAGCTACAGATCTTGTTTATCAACATTG-3'. respec
tively (corresponding restriction sites are underlined). Digestion with 
these restriction enzymes allowed the insertion of the amplification 
product into the pGEX-5x-l multiple cloning site. Flanking primers 
specific for the pGEX vector were employed to sequence the constructs 
and confirm tha t both open reading frames had been cloned in-frame 
with the GST open reading frame of the expression vector. Expression 
of the recombinant fusion proteins in coli (DHIOB) was induced by an 
overnight incubation with 1 mM isopropyl-/3-D-l-thiogalactosidase with 
gentle agitation a t 15 °C. Bacteria were harvested by centrifugation 
(4000 X g, 15 min); resuspended in ice-cold phosphate-buffered saline 
(PBS; pH 7.3) containing 16 mM Na2HP0 4 , 4 mM NaH2P 0 4 , 150 mM 
NaCl, 30 ptg/ml leupeptin, 0.2 mM phenylmethylsulfonyl fluoride, 10 /xM 
antipain, 20 yM E-64, and 50 yM TLCK; and lysed by sonication on ice. 
Soluble proteins were separated from the insoluble proteins by retrieval 
of the supernatant after centrifugation (4000 X g,  15 min). The recom
binant GST fusion proteins were purified by affinity chromatography 
using glutathione-Sepharose (Amersham Biosciences). The purity of 
recombinant proteins was confirmed by SDS-PAGE and Coomassie 
Blue staining. Polyclonal anti-GST-PDI antibodies were raised against 
the purified recombinant fusion proteins in rabbits and mice as de
scribed previously (16).

Gels and Immunoblotting—SDS-PAGE and Western blots were per
formed as described previously (16).

DNA and RNA Analysis—The procedures for the isolation of DNA 
and RNA as well as Southern and Northern blot hybridizations have 
been described elsewhere (17).

N-Glycopeptidase F  and Endoglycosidase HDigestion o f Immunopre- 
cipitates—The PDIs were immunoprecipitated from detergent lysates 
prepared by the method of Anderson and Blobel (18). The immune 
complexes were eluted from the protein A resin by boiling (2 min) in a 
phosphate buffer (pH 7.5) containing 80 mM NagHPO^, 20 mM 
NaH2P0 4 , 0.1 M NaCl, and 4% (w/v) SDS followed by centrifugation 
(9000 X g, 3 min). Four volumes of PBS containing 2.5% (w/v) Triton 
X-100 and 5 mM dithiothreitol were added to the denatured immvmo- 
precipitated protein complexes, which were incubated on ice for 45 min. 
After centrifugation (10,000 X g,  10 min), the supernatants were re
moved, and 0.2 volume of 0.25 M Na2HP0 4  (pH 7.6) containing 50 mM 
EDTA and 5 mM dithiothreitol was added. The samples were incubated 
overnight at 37 °C in the presence and absence of iV-glycopeptidase F (5 
units/ml). The reaction was terminated by the addition of 5 /xg of RNase 
A followed by 5 volumes of ice-cold acetone. After a 2-h incubation at 
-2 0  °C, samples were centrifuged (9000 X g, 2 min), and the resulting 
pellets were air-dried. SDS-PAGE sample buffer was added to the 
samples, which were boiled (5 min) and subjected to electrophoresis. 
Digestion with endoglycosidase H (3 units/ml) was carried out exactly 
as described for iV-glycopeptidase F digestion but in 50 mM NaCHgCOO 
(pH 5.5) containing 5 mM dithiothreitol and 2.5 mM phenylmethylsul
fonyl fluoride.

Tomato Lectin Blotting—Blots were incubated overnight at 4 °C with 
PBS containing 4 p,g/ml biotinylated tomato lectin, 0.1 mM CaCla, and 
2% (w/v) poljrvinyl pyrrolinone, followed by three washes in 50 mM Tris 
(pH 7,5) containing 15 mM KCI and 5 mM MgCl2. The blots were 
incubated at 4 °C for 3 h with streptavidin alkaline phosphatase (Pro- 
mega) in 50 mM Tris (pH 7.5) containing 15 mM KCI, 5 mM MgClg, 0.1 
mM CaClj, and 0.1% (w/v) Tween 20 and then subjected to three wash
ing steps (5 min) using PBS containing 0.1 mM CaClg and 0.1% (w/v) 
Tween 20. The blots were then incubated in alkaline phosphatase 
developing solution containing 100 mM Tris (pH 9), 150 mM NaCl, and

1 mM MgClg and the two substrates nitro blue tetrazolium and 5-bromo- 
l-chloro-3-indylo phosphate.

Preparation of Whole Cell Extracts—Bloodstream and procyclic cells 
were washed once in PBS buffer containing 83 mM glucose and 128 mM 
sucrose and then resuspended in the same buffer before the addition of 
an equal volume of SDS loading buffer (2X) to give a concentration of 
5 X 10® cells//xl. Samples were boiled immediately for 5 min

Fractionation o f Cells—For detergent extraction, bloodstream 
trypanosomes were incubated (1 X 10® cells/ml) on ice for 1 h in 50 mM Tes 
buffer (pH 7.5) containing 150 mM NaCl, 2% (w/v) CHAPS, 1 roM EDTA, 
30 ^ig/rol leupeptin, 0.2 mM phenylmethylsulfonyl fluoride, 10 /u-M anti
pain, 20 /xM E-64, and 50 yM TLCK The extract was centrifuged (12,000 X 
g, 30 min). The supernatant (the soluble fraction) was retained, and the 
pellet (the insoluble fraction) was washed once in 50 mM Tes (pH 7.5) 
containing 150 mM NaCl and then resuspended in 8 M xirea. Bloodstream 
trypanosomes were also fractionated by mechanical disruption using a 
combination of sonication and a freeze-thaw cycle. The cells were sus
pended in 25 mM Tris buffer (pH 7.5) containing 20 mM NaCl, 1 mM EDTA, 
30 Mg/ml leupeptin, 0.2 mM phenylmethylsulfonyl fluoride, 10 /am anti
pain, 20 /xM E-64, and 50 /xM TLCK and subjected to a 30-s sonication step 
followed by a single freeze-thaw cycle. The soluble fraction was isolated by 
centrifugation (12,000 X g,  30 min), and the insoluble or pellet fraction 
was treated as described above for detergent extraction.

Enzymatic Assays—Purified recombinant GST-PDI was used in each 
assay. The ability of PDIs to catalyze the refolding of “scrambled” 
bovine pancreatic RNase type III-A was determined as described by 
Freedman and co-workers (19-21). The ability of PDIs to reduce the 
disulfide bonds between insulin chains with 0.5 mM dithiothreitol was 
measured as the change in absorbance at 650 nm (20).

Immunofluorescence and Confocal Microscopy—Bloodstream trypano
somes (AnTatl.l; 1 X 10  ̂cells/ml) were fixed in PBS containing 3% (w/v) 
paraformaldehyde on ice for 10 min. The fixed cells were washed once in 
PBS containing 5% fetal bovine serum and 0.01% (w/v) Tween 20 and 
resuspended in the same solution (2.5 X lO’’ cells/ml). The cell solution was 
smeared onto poly-L-lysine-coated glass slides and air-dried. Slides were 
incubated in acetone and then incubated in methanol at -20  °C for 5 min 
each. After blocking nonspecific protein binding sites with the PBS/fetal 
bovine serum/Tween 20 solution, the cells were treated with primary anti
body solutions followed by the appropriate secondary antibodies (anti-mouse 
IgG/IgM or anti-rabbit IgG) conjugated to fluorescein isothiocyanate, Alexa 
594, or Texas Red. The anti-CBl mouse monoclonal IgM was obtained from 
Cedarlane. The slides were then washed with PBS/fetal bovine serum/ 
Tween 20 solution before moimting in PBS containing 50% (w/v) glycerol 
and 4',6-diamidino-2-phenylindole (DAPI) blue stain (0.1 /xg/ml). Images 
were taken on a Zeiss Axioskop 2 microscope coupled to a chai^e-coupled 
device camera and processed by ISIS 3. Confocal microscopy was carried out 
using a Lecia TCS SP2 confocal microscope.

Generation o f RNAi Constructs—A  500-bp fragment from the open 
reading frame of each TbPDI gene (nucleotides 280-851 of TbPDI-1 
cDNA and nucleotides 537-1076 of TbPDI-2 cDNA) was amplified by 
PCR using primers tha t incorporated H indlll and Xhol sites at the 
respective 5'- and 3 '-ends of the amplification products. These products 
were ligated into the pZJM vector using the same restriction sites. The 
pZJM vector carries a phleomycin resistance gene and upon transfec
tion was integrated into the ribosomal DNA spacer region of the genome 
(22). The p2T7ver3-PDI-2 construct was generated by subcloning the 
500-bp amplification product of the TbPDI-2 gene directly into vector 
tha t had been previously digested with Xcml (23). The 500-bp fragment 
of the PDI gene was amplified by PCR using Thermus aquaticus (.Taq) 
polymerase (Sigma), which added a single adenosine to the 3 '-ends o 
the double-stranded DNA product. The ligation was mediated by the 
complementarity between the PCR product 3 '-A overhang and t e 
vector 3'-T overhang generated by digestion of Xcml. The p2T7ver 
vector carries a hygromycin resistance gene and is integrated into 
177-bp repeats of the mini-chromosomes (23).

RNA Interference o f TbPDI Genes—The bloodstream form 
90-13 contains integrated genes for both T7 polymerase (pLEW 13/G 
selection) and the tetracycline repressor (pLEW90/hygromycin se ec 
tion) and requires both antibiotics for m aintenance (22). 
these cells (400 /xl of 2 X 10^ cells) w ith 20 /xg of N o tl-lin e a r iz ed  
was carried out as described previously (22). Transfected cells wer 
incubated for 6 - 8  h in HMI-9 medium at 37 °C before drug se ec i 
(2.5 fig/ml phleomycin) in 24-well plates. RNA interference was ^  
by incubation w ith tetracycline (2 /xg/ml). The single marker 
stream T. brucei cell line (328,114) described by Wirtz et al. >
contains both T7 polymerase and tetracycline repressor genes 
same cassette and requires only one selection drug (G418). 
transfected with the Notl-linearized pZJM-PDI-1 construct exac
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described above. After drug selection, the same cells were re-transfected 
vdth a Notl-linearized p2T7ver3-PDI-2 construct to obtain a double 
rNAi cell line after selection with phleomycin and hygromycin.

RESULTS
Isolation and Characterization of Two PDI Genes from 

T. brucei—Polyclonal antibodies were raised against proteins 
present in the tomato lectin binding fraction isolated from 
bloodstream forms of T. brucei. These antibodies were affinity- 
purified and used to screen a T. brucei bloodstream form cDNA 
expression library. A total of 2.5 X 10® clones were screened, 
and more than 100 positive plaques were isolated and sub
jected to three additional roimds of screening to generate a 
collection or “mini-library” of cDNAs that potentially coded 
from proteins present in the endocytic pathway/flagellar 
pocket. Sequence analysis revealed that these cDNAs fell into 
three groups. First, there were cDNAs coding for known resi
dent proteins of the flagellar pocket/endocj^tic pathway such as 
CB1/P67 and EARLRAEE (26, 27). A second group of cDNAs 
(full length and partial) had no significant homology with pro
teins in current databases. The last group represented poten
tial homologues of known proteins not previously reported to be 
associated with the endoc5rtic pathway. Two cDNAs of the 
latter group were especially prominent, and based on their 
similarity with other sequences, these cDNAs were predicted to 
code for protein disulfide isomerases (Fig. 1). These potential 
homologues were termed TbPDI-1 and -2 because they respec
tively possessed one or two thioredoxin-like domains contain
ing the double-cysteine redox-active CXXC motif (Fig. 1). Tb- 
PDI-1 was encoded by a cDNA (~1.7 kb) that contained a single 
open reading frame for a polypeptide of 413 residues with a 
predicted molecular mass of 45 kDa and pi of 9.0. This protein 
contained a typical PDI redox-active site (FYAPWCGHCK) 
located between residues 54 and 63 as well as an N-terminal 
signal peptide (Fig. LB). Thus, TbPDI-1 appeared to be a mem
ber of the recently described group of PDIs found in other 
protozoan parasites that contain a single redox-active site (28- 
30). Interestingly, the protein did not possess the C-terminal 
KDEL-type endoplasmic reticulum retention motif foimd on 
most PDIs. A search of the parasite gene databases revealed 
that the highest identity (75%) was with a single domain PDI in 
the genome data base of the African trypanosome T. congo- 
lense. A lower level of identity was observed with sequences in 
the more distantly related parasites T. cruzi and Leishmania 
major, which respectively exhibited 54% and 40% identity with 
TbPDI-1 (Fig. LB). TbPDI-2 was encoded by a full-length cDNA 
(~2 kb) that coded for a polypeptide of 497 residues with a 
predicted molecular mass of 55 kDa and a pi of 5.3 and was 
identical to the BS2 gene product described by Hsu et al. (9). 
TbPDI-2 contained two double-cysteine, redox-active sites lo
cated at the C- and N-terminal regions of the protein and 
separated by 224 residues (Fig. 1C). Therefore, TbPDI-2 corre
sponded to a class 1 PDI according to the classification of Kanai 
et al. (31). As observed for most PDIs described so far, TbPDI-2 
has an N-terminal signal sequence and a C-terminal KDEL- 
like endoplasmic reticulum retention motif. The highest iden
tity was with a sequence identified in the T. congolense data 
base (65% identity). The level of identity was lower with PDI 
sequences from less closely related parasitic protozoans such as 
T. cruzi, L. major, and Plasmodium falciparum, which respec
tively had 50%, 36%, and 30% identity with TbPDI-2, whereas 
identity with metazoan class 1 PDIs was typically less than 25%. A 
closer analysis of the sequence of TbPDI-2 revealed two features 
apparently vmique to the class 1 PDIs from African trypanosomes. 
First, the C-terminal redox-active site (PWCGHCK) was identical 
to the classical motif fovind in most PDIs, but the N-terminal 
redox-active site (VDTCGYCQ) in TbPDI-2 was atypical. Second,

TbPDI-2 contained multiple consensus sites for N-glycosylation (a 
total of 12), with an obvious cliistering of five sites in a unique 
stretch of 26 residues (residues 465-490) located between the C- 
terminal redox-active domain and the potential KDEL retention 
sequence. Interestingly, the PDI-2 homologues from T. congolense 
and T. vivax also have atypical N-terminal redox centers and pos
sess multiple A -̂glycosylation sites, e.g. 15 in the case of T. vivax. 
However, there was only a single AT-glycosylation site in the homo- 
logue from P. falciparum, and none at aU in the case of T. cruzi, L. 
major, and metazoan oi;ganisms. In addition, in aU of these para
sites, the C-terminal redox centers were of the standard type. This 
analysis suggested that Afiican trypanosomes possess an unusual 
class 1 PDI.

PDI Genes in Parasitic Protozoans—The isolation of two 
genes for PDIs from T. brucei prompted us to search the almost 
complete parasite genome data base for potential genes for 
PDIs in T. brucei, T cruzi, and L. major (Table I). The genome 
of each of these parasites contained at least five genes that 
were predicted to code for PDIs based on level of sequence 
identity, size, and the presence of thioredoxin-like redox-active 
sites, N-terminal signal peptides, and C-terminal endoplasmic 
reticulum retention sequences. In the case of each parasite, 
three of these PDIs were single domain PDIs and can be ar
ranged into a hierarchy of small, medium, and large proteins, 
based on their expected size (ranging from 15 to 65 kDa). In 
addition, all three parasites contained two genes that code for 
PDIs possessing the classical arrangement of two thioredoxin- 
like domains containing the double-cysteine redox-active 
CXXC motif. Based on the location of these two domains, these 
genes can be subdivided into a single representative of a class 
1 and 2 PDI (31). The analysis also supported the view that 
T. brucei contains an unusual class 1 PDI (TbPDI-2) in terms of 
the number of potential glycosylation sites gind the atjqjical 
redox site. These features were not present in any other PDI 
from T. brucei or the other parasite genomes.

Enzymatic Activities of Recombinant TbPDI-1 and TbPDI- 
2—In order to determine whether TbPDI-1 and TbPDI-2 pos
sessed activities associated with PDIs, recombinant proteins 
were expressed in E. coli as GST fusion products. Upon induc
tion, both fusion proteins were recovered in the soluble fraction 
isolated after disruption of the bacteria and affinity-purified 
using immobilized glutathione. The ability to refold scrambled 
RNase is the standard assay for PDI activity, and recombinant 
TbPDI-1 and TbPDI-2 both had significant activity in cata
lyzing the restoration of RNase A activity in this assay (Fig. 
2A). Recombinant TbPDI-1, but not TbPDI-2, was also able to 
catalyze the reduction of insulin in the standard reduction 
assay (Fig. 2B). Both of these activities have also been observed 
with a similar-sized single domain PDI from Giardia lamblia 
and L. donovani (28, 30).

Genomic Organization and Expression of TbPDI-1 and Tb
PDI-2—Analysis of the genome of T. brucei predicted that that 
both genes are present as single copies, and this status was 
confirmed directly by Southern blotting (data not shown). 
Northern blot analysis indicated that the transcripts for both 
genes were significantly more abundant in bloodstream than 
procyclic forms of the parasite (Fig. 3A). These results were in 
agreement with those of Hsu et al. (9), who observed a 15-fold 
down-regulation of the BS2 mRNA in procyclic forms. Western 
blot analysis, using polyclonal antibodies raised against the 
recombinant proteins, demonstrated directly that both Tb
PDI-1 and TbPDI-2 were expressed only in bloodstream forms 
(Fig. 3B). Antibodies against TbPDI-1 did not cross-react with 
TbPDI-2 and vice versa, which was consistent with the low 
overall identity between the two proteins. Significantly, this 
Einalysis also demonstrated that TbPDI-2 migrated with an
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HQî sriAriviciai.ix;n̂ M*̂  
ifp!«nrrs5XJxrwsrvFwrvRsii .;^•L f̂Hr*'TClHD<A£i•^y.rlTK^Xi 
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F ig . 1. The structure and amino acid sequence o f TbPDI-1 and TbPDI-2. A, the domain structure of TbPDI-2 corresponded to that of 
classical PDI, with five characteristic domains, a, a', b, b', and c. TbPDI-1 contained domains a and b. The redox-active sites (CXXC) were present 
in domains a and a'. Both proteins contained N-terminal signal peptides (SP). The C-terminal regions of both TbPDIs were acidic but did not 
contain the classical (KDEL) endoplasmic reticulum retention signal. B, multiple sequence alignment of T. brucei PDI-1 (Sanger sequencing project 
Tb04.lH19.870) with G. lamblia PDI-2 (GenBank™ accession number U65017) and homologues from T. cruzi (Sanger sequencing project 
TcOO. 1047053506559.200), L. major (Sanger sequencing project LmjF34.2200), and T. congolense (sequence assembled manually using data from 
the Sanger pathogen sequencing unit and OMNIBLAST searches). C, multiple sequence alignment of T. brucei PDI-2 (GenBank'^^ accession 
number J02865) with PDI from L. major (GenBank™ accession number AAN75008), Homo sapiens (GenBank™ accession number Z49835), 
P. falciparum (GenBank™ accession number AJ250363) and homologues from T. cruzi (Sanger sequencing project TcOO.1047053507611.370) and 
T. vivax and T. congolense (both sequences assembled manually using data from the Sanger pathogen sequencing \init and OMNIBLAST searches). 
Amino acids identical in all sequences are shaded in gray, putative N-terminal signal peptides are in bold, conserved thioredoxin sites are boxed, 
and predicted iV-glycosylation sites are underlined.

a p p a r e n t  m o le c u la r  m a s s  o f  ~ 8 0  k D a ,  w h i c h  w a s  s i g n i f i c a n t l y  
h ig h e r  t h a n  t h e  5 5 - k D a  m a s s  p r e d ic t e d  b y  t h e  p r im a r y  s e 
q u e n c e  o f  t h e  p o ly p e p t id e .  I n  c o n t r a s t ,  T b P D I -1  m ig r a t e d  c lo s e  
to  t h e  e x p e c t e d  s i z e  o f  4 5  k D a .

C h a r a c t e r i z a t i o n  o f  T b P D I -1  a n d  T b P D I - 2 — B lo o d s t r e a m  
f o r m s  o f  T . b r u c e i  w e r e  s u b j e c t e d  t o  d e t e r g e n t  e x t r a c t io n  o r  
m e c h a n ic a l  d i s r u p t io n  a n d  s e p a r a t e d  in t o  p e l l e t  a n d  s u p e r n a 
t a n t  f r a c t io n s  b y  c e n t r i f u g a t io n .  W e s t e r n  b lo t  a n a l y s i s  o f  t h e s e  
f r a c t io n s  d e m o n s t r a t e d  t h a t  b o t h  P D I s  w e r e  r e c o v e r e d  t o  s a m e  
e x t e n t  in  t h e  s u p e r n a t a n t  f r a c t io n  a f t e r  d e t e r g e n t  e x t r a c t io n  o r  
m e c h a n ic a l  d i s r u p t io n ,  w h i c h  in d i c a t e d  t h a t  T b P D I -1  a n d  T b 

P D I -2  b e h a v e  a s  s o l u b l e  p r o t e in s  ( F ig .  4 A ) .  A s  e x p e c t e d ,  b o th  
p r o t e in s  w e r e  d e t e c t e d  a l o n g  w i t h  ISG ^qq (8 ) i n  t h e  to m a t o  
l e c t in  b in d in g  f r a c t io n  i s o l a t e d  f r o m  T . b r u c e i ,  w h e r e a s  t u b u l in  
w a s  n o t  ( F ig .  4 B ) . T h e  la r g e  d i s c r e p a n c y  b e t w e e n  t h e  o b s e r v e d  
a n d  e x p e c t e d  s i z e  o f  T b P D I -2  a s  w e l l  a s  t h e  p r e s e n c e  o f  m u l t i 
p l e  iV - g ly c o s y la t io n  s i t e s  r a i s e d  t h e  p o s s i b i l i t y  t h a t  t h e  p r o t e in  
w a s  m o d if ie d  b y  A T -g ly c o s y la t io n , a  f e a t u r e  o b s e r v e d  fo r  s e v e r a l  
p r o t e in s  t h a t  b in d  t o  t o m a t o  l e c t i n  (8 ). I n  o r d e r  t o  i n v e s t ig a t e  
A T -g ly c o s y la t io n  o f  t h e s e  T b P D I s ,  t h e  p r o t e in s  w e r e  im m u n o -  
p r e c ip i t a t e d  f r o m  d e t e r g e n t  e x t r a c t s  o f  c e l l s  u s i n g  r a b b it  o r  
m o u s e  a n t ib o d i e s  a n d  t h e n  d i g e s t e d  w i t h  A ^ -g ly c o p e t id a s e  F
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Table I
Comparison of putative PDIs from parasitic protozoans 

The sequences were identified by OMNIBLAST analysis of parasite genome databases (Gene DB) of T. brucei, T. cruzi, and L. major. The table 
presents the predicted size, the sequence of the active sites, and a classification of putative PDIs according to Kanai et al. (31).

Predicted size A^-Glycosylation sites Redox-active motif Class Leader sequence

kDa

T. brucei
Tbl0.6kl5.2290 (PDI-2) 55 12 CGYC/CGHC Class 1 Yes
Tb07.27Mll.560 42 0 CGHC/CGHC Class 2 Yes
Tb07.10C21.170 15 0 CGHC Single domain Yes
Tb04.lH19.870 (PDI-1) 45 2 CGHC Single domain Yes
TB05.28F8.290 65 0 CGHC Single domain Yes

T. cruzi
TcOO. 1047053507611.370 53 0 CGHC/CGHC Class 1 Yes
TcOO. 1047053508209.140 42 0 CGHC/CGHC Class 2 Yes
TcOO. 1047053506559.200 48 1 CGHC Single domain Yes
TcOO. 1047053508173.150 26 0 CVHC Single domain Yes
TcOO. 1047053472777.30 18 0 CGHC Single domain Yes

L. major
LmjF36.6940 52 0 CGHC/CGHC Class 1 Yes
LmJF26.0660 40 0 CGHC/CGHC Class 2 Yes
LmjF34.2200 47 0 CGHC Single domain Yes
LmjF06.1050 15 0 CGHC Single domain Yes
LmjF26.0670 19 1 CRYC Single domain Yes

B

Fig. 2. Assay o f TbPDI-1 and Tb
PDI-2. A, the ability of TbPDIs (0.5 l̂g) to 
restore enzymatic activity to scrambled 
RNase was determined by monitoring the 
activity of the refolded RNase as de
scribed under “Experimental Proce
dures.” ■, TbPDI-1; A, TbPDI-2; O, buffer 
control minus TbPDIs. B, the TbPDI-cat- 
alyzed reduction of insulin was measured 
spectrophotometrically at 650 nm. In 
each case, the data are fî om a typical 
representative of multiple assays per
formed as described under “Experimental 
Procedures.” ■, TbPDI-1; O, TbPDI-2.
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Fig. 3. Expression o f the genes for TbPDI-1 and TbPDI-2. A, total RNA (15 /̂ g) fi-om bloodstream form (AnTat 1.3A) and procyclic form 
(EATRO 1125) trypanosomes was separated on a formaldehyde agarose gel, transferred to Hybond-C extra nitrocellulose filters, and probed with 
a “ P-Iabeled EcoRI and Notl fragment of the TbPDl-1 gene and a ^^P-Iabeled EcoRI and Xbal fragment of the TbPDI-2 gene. B, Western blots of 
whole cell extracts from procyclic and bloodstream form trypanosomes (5 X 10® cells) were probed with antibodies against the recombinant PDIs. 
The same extracts were probed with anti-tubulin antibodies as a loading control.

(which cleaves most AT-glycans) or endoglycosidase H (which 
cleaves high mannose or hybrid but not complex structures). 
These digests were then subjected to Western blot analysis 
using the corresponding rabbit or mouse anti-PDI antibodies 
(Fig. 4, C and D). The results clearly demonstrated that incu
bation of TbPDI-2 with AT-glycopeptidase F resulted in a sig
nificant shift in the apparent molecular mass of the protein, 
which now migrated close to the expected size of 55 kDa. 
However, treatment with endoglycosidase H only resulted in a

small shift (~5  kDa) in the apparent molecular mass of the 
protein (Fig. 4D). In contrast, treatment of PDI-1 with N- 
glycopeptidase F or endoglycosidase H resulted in the same 
small shift in apparent molecular mass (Fig. 4, C and D). Taken 
together, these results support the view that TbPDI-2 is exten
sively AT-glycosylated and that the majority of these glycans are 
of the complex type and contain poly-AT-acetyllactosamine. In 
contrast, PDI-1 possesses only relatively short AT-glycan chains, 
and these are unlikely to be complex in nature. This view was
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Fig. 4. C haracterization o f TbPDI-1 and TbPDI-2. A,  bloodstream trypanosomes were fractionated by detergent extraction into a soluble 
supernatant fraction (SI) and a detergent-insoluble pellet fraction (PI). Proteins were also fractionated by mechanical disruption, resulting in a 
soluble supernatant fraction (S2) and an insoluble pellet fraction (P2). All fractions were probed with the mouse antibodies against both TbPDIs. 
B, the tomato lectin binding fraction isolated from bloodstream trypanosomes was probed on a Western blot using antibodies against both TbPDIs, 
ISGjoo> tubulin, which served as a negative control. C, N-glycopeptidase F digestion of TbPDIs. The TbPDIs were immunoprecipitated using 
the appropriate mouse serum. The immunoprecipitated TbPDIs were mock-treated (lanes 1 and 3) or treated (lanes 2  and 4) with AT-glycopeptidase 
F (GP-F). Samples were analyzed on an SDS-PAGE gel, and blots were subsequently probed with the rabbit anti-TbPDI antibodies. D, 
endoglycosidase H digestion. The TbPDIs were immunoprecipitated from cells using rabbit antibodies and then probed with the mouse antibodies 
after treatm ent with endoglycosidase H (ED-H). The immunoprecipitated TbPDIs were mock-treated (lanes 1 and 3) or treated (lanes 2 and 4) with 
endoglycosidase H. E, tomato lectin blot. The TbPDIs, ISG^oo. and tubulin were immunoprecipitated from bloodstream trypanosomes using 
appropriate rabbit serum. Immunoprecipitates were analyzed by SDS-PAGE and tomato lectin blotting. The position of molecular mass standards 
is indicated to the left, of each panel.

supported by the results of tomato lectin blots, which demon
strated directly that TbPDI-2 and ISGjoq but not TbPDI-1 and 
tubulin interact with tomato lectin (Fig. 4E).

Localization o f TbPDI-1 and TbPDI-2—The localization of 
TbPDI-1 and TbPDI-2 in fixed cells was investigated by indi
rect immunofluorescent antibody staining of fixed cells (Fig. 
5A). Both proteins were located primarily in the posterior end 
of the cell and clearly concentrated between the nucleus and 
kinetoplast. This region of the cell is the site of the highly active 
endocytic pathway in bloodstream trypanosomes. Significantly, 
there was good co-localization of both TbPDIs with p67/CB-l, a 
resident membrane glycoprotein of the lysosome and endocytic 
pathway. (Fig. 5B) (32-34). Confocal microscopy was employed 
to investigate in more detail the localization of both TbPDIs 
(Fig. 5 0 .  These high resolution immunolocalizations were per
formed in parallel with co-localization studies with tomato 
lectin, which is an established marker for the endocytic path
way of T. brucei (8). There was a strong correlation between the 
localization of TbPDI-1 and TbPDI-2 and fluorescein isothio- 
cyanate-labeled tomato lectin in a series of sections taken 
through the same cells (Fig. 5C). Taken together, these data 
fi"om epifluorescence and confocal microscopy supported the 
view that TbPDI-1 and TbPDI-2 were resident enzymes of the 
endocj^ic pathway in bloodstream forms of T. brucei.

TbPDI-1 and TbPDI-2 Are Not Essential—Conditional abla
tion of mRNAs through RNA interference has become a pow
erful method for investigating gene function in trj^anosomes 
(35-40). We employed a construct that allowed the tetracy- 
cline-inducible production of a double-stranded RNA contain
ing 500 bp of the open reading frame of TbPDI-1 or TbPDI-2. 
Analysis of growth curves over a period of 15 days indicated 
that the presence of tetracycline had no effect on the growth of

the TbPDI-1 and -2 RNAi cells, although these cell lines grew 
at slightly lower rate than observed for the parental cell line 
used for the RNAi analysis (Fig. 6A). Significantly, the mRNA 
for TbPDI-2 was barely detectable, whereas the TbPDI-1 tran
script was absent after a 48-h induction of the double-stranded 
RNA with tetracycline (Fig. QB). In addition, both TbPDIs were 
no longer detectable by Western blot analysis after a 48-h 
induction of the corresponding double-stranded RNA, and this 
loss was maintained up to 1 week of induction (Fig. 6C). A 
double RNAi cell line was generated to determine whether the 
loss of both TbPDIs affected growth. Significantly, induction of 
the double-stranded RNA for TbPDI-1 and TbPDI-2 had no 
effect on the growth of the double RNAi cells cells, even though 
a Western blot was consistent the complete loss of both proteins 
in cells incubated in the presence of tetracycline (Fig. 6I>)- 
Taken together, these results indicated that neither TbPDl, 
either individually or in combination, was essential for growth 
of bloodstream forms, at least in culture.

DISCUSSION
PDIs are well-described members of the thioredoxin super

family that are considered to be essential in eukaryotes be
cause of their role in ensuring the formation of correct disulfide 
bonds and the subsequent processing and maturation of pro
teins in the endoplasmic reticulum (10—12). This study pre
sents the first detailed characterization of two PDIs fi'om the 
African trypanosome T. brucei. These TbPDIs possess severa 
unusual features that distinguish them from described previ 
ously PDIs. First, the expression of TbPDI-1 and -2 is clear y 
developmentally regulated at the mRNA and protein level ^  
is restricted to bloodstream forms of the parasite. Nei ® 
enzyme is expressed in procyclic forms of T. brucei, which are
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»PDI-1 Phase TbPDI-2

CB-1/B Phase

TbPDl-2 CB-I/D67Phase

TbPDI'l Tomato Icctin Merge

TbPDI-2 Tomato Icctin Merge

F ig . 5. Localization o f TbPDI-1 and TbPDI-2. Bloodstream 
tiypanosomes were fixed and probed with anti-TbPDI mouse serum. 
4',6-Diamidino-2-phenylindole stain (blue) indicated the position of nu
cleus and kinetoplast. A, localization of TbPDIs. B, co-localization of 
PDI (green) and CB-l/p67 (red). C, confocal microscopy demonstrating 
co-localization of TbPDIs (red) and tomato lectin binding (green) in a 
series of sections through fixed cells.

the major proHferative stage in the tsetse fly vector. In con
trast, the expression of PDIs in other parasitic protozoans, e.g. 
G. lamblia (28-29) or L. donovani (30), does not appear to vary

during the life cycle. An interesting exception might be the 
single class 1 PDI from L. major, which is more abundant in 
highly virulent strains of the parasite (41). However, to date, 
the expression of a PDI has not been reported to be restricted 
solely to a specific life cycle stage of any parasitic protozoan. 
The same appears to be true for metazoan organisms, in which 
expression of PDIs also appears to be constitutive, although the 
actual levels may be higher during fetal development, when 
large amounts of proteins are being synthesized (42). A pan
creas-specific PDI family member appears to be the sole exam
ple of a tissue-specific form in adults (43). Thus, the finding of 
two developmentally regulated PDIs in T. brucei contrasts with 
the consensus view in the literature that PDIs are constitu- 
tively expressed in eukaryotic organisms because of their es
sential role in protein folding.

A second significant difference between the TbPDIs and 
other PDIs is that both proteins are post-translationally mod
ified by N-glycosylation. It seems unlikely that glycosylation is 
required for enzymatic activity because both enzymes possess 
isomerase activity when expressed in E. coli. It is generally 
accepted that AT-glycosylation is rare among enzymes, and to 
date, the only previous example of a glycosylated PDI is a class 
1 PDI from yeast (44). The extent of glycosylation of TbPDI-1 
appears to be modest and apparently contributes —2-3 kDa to 
the mature form of the protein, which was also the case for the 
yeast PDI (44). These glycans can be completely removed with 
AT-glycopeptidase F or endoglycosidase H and probably repre
sent an endoplasmic reticulum glycoform or possibly a small 
hybrid structure. Although TbPDI-1 was detected in the iso
lated tomato lectin binding fraction, the protein is unlikely to 
contain poly-AT-acetyllactosamine because it was not detectable 
by tomato lectin blotting. Therefore, the presence of TbPDI-1 in 
the tomato lectin binding fraction may be due to association 
with proteins that contain poly-AT-acetyllactosamine (8). In con
trast, AT-glycans account for a significant proportion of the 
apparent molecular mass of native TbPDI-2. Moreover, the 
significant differential sensitivity of TbPDI-2 to AT-glycopepti- 
dase F and endoglycosidase H suggests that the majority of 
these glycans are likely to be complex rather than high man- 
nose or hybrid structures. In addition, TbPDI-2 is a constituent 
of tomato lectin binding fi-action and was also detectable by 
tomato lectin blotting. Together, these data indicated that Tb- 
PDI-2 is modified by the addition of glycans containing linear 
repeats of poly-iV-acetyllactosamine and represents the first 
example of such a modification for any PDI. The biosynthesis of 
complex carbohydrate chains and the addition of poly-AT- 
acetyllactosamine are thought to occur exclusively in the Gk)lgi 
complex. Interestingly, neither TbPDI appears to be secreted 
because they were not detectable in the medium of cells grow
ing in culture (data not shown). These considerations imply 
that a trafficking pathway must operate for TbPDI-2 that in
volves export of the newly synthesized protein fi*om the endo
plasmic reticulum followed by modification in the (jolgi be
cause only the mature fully glycosylated form of the protein 
was detected in cells.

There are several indications that class 1 PDIs from other 
African trypanosomes are processed in a similar fashion. First, 
the related proteins from T. congolense and T. vivax also con
tain an unusually high number of potential AT-glycosylation 
sites. Second, a Western blot analysis revealed that antibodies 
against TbPDI-2 cross-reacted with a protein with a molecular 
mass of —80 kDa in these trypanosomes (data not shown), 
which was significantly higher than the mass of 55 kDa pre
dicted fi*om the sequences in the parasite genome data base. 
Finally, tomato lectin also binds exclusively to proteins fi'om
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the endocytic pathway in these trypanosomes.^ All of these 
trjTJanosomal PDIs possess an unusual C-terminal redox-ac- 
tive center, (T/S)CGKY/F)C. This motif is similar to the redox- 
active site (TCGYCH) of DsbC in E. coli (45). Interestingly, 
DsbC appears to act primarily as a reductant or isomerase in 
the bacterial periplasm, whereas another member of the family 
DsbA, which has a CPHC motif, acts as an oxidant to form 
disulfide bonds (46-48). Perhaps a similar role applies to the 
class 1 PDIs from Africem trypanosomes.

A third major difference between TbPDI-1 and -2 and PDIs 
in other eukaryotes is their subcellular location. The widely 
held view in the literature is that members of the PDI family 
are resident proteins of the lumen of the endoplasmic reticu
lum, where they were thought to play a key role in the folding

 ̂D. P. Nolan and N. B. Murphy, unpublished data.

and maturation of newly synthesized proteins (10-12). The 
evidence for secretion and other locations for PDIs has been 
attributed to leakage during isolation and cell f r a c t io n a t io n  or 
the propensity of PDIs to bind to unfolded or incorrectly folded 
proteins and peptides (12, 49). However, the localization s tu d 
ies presented here, involving standard epifluorescence and con- 
focal sectioning, indicated that TbPDI-1 and TbPDI-2 co-local- 
ized with markers of the endocjrtic pathway. This lo c a liz a tio n  
was consistent with the novel AT-glycosylation and trafficking of 
TbPDI-2, the presence of both proteins in the tomato lectin 
binding fraction, and the finding that neither protein is se
creted. In other eukaryotes, lysosomal enzymes are ro u te d  to 
endosomes by a mannose 6-phosphate receptor that in te ra c ts  
in a  reversible manner with phosphorylated mannose r e s id u e s  
on N-glycans of the cargo protein (50). Interestingly, in a pre
scient comment, Hsu et al. (9) observed that the n u m b e r  of
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AT-glycosylation sites in BS2(TbPDI-2) was rare among en- 
zymes and that if the protein was glycosylated, the location of 
the protein might be affected, even though a C-terminal KDEL- 
like sequence was present. However, there is no evidence for a 
phosphomannose trafficking mechanism in trypanosomes, nor 
do homologues of the mannose 6-phosphate receptor appear to 
be present in the genome. This leaves the possibility that the 
TbPDI glycans play a role in the trafficking of the protein from 
the Golgi to the endosomal compartments, as has been pro
posed for the poly-iV-acetyllactosamine repeats of membrane 
proteins of the endocytic pathway in T. brucei (8). Alterna
tively, these glycans may function to protect the TbPDIs from 
the resident hydrolases present in the lumen of the endosomal/ 
lysosomal compartments, as suggested for poly-iV-acetyllac- 
tosamine-containing glycans of lysosomal membrane proteins 
in higher eukaryotes (51). Irrespective of how the TbPDIs are 
delivered to the endosomal compartments, their function in 
this location is likely to be different from the conventional 
oxidation functions ascribed to PDIs in the endoplasmic retic
ulum because endosomes are thought represent a more reduc
ing environment (52).

Finally, the use of RNAi clearly indicated that these TbPDIs 
were not required for growth of bloodstream forms in culture. 
This was a surprising result, given that both proteins are 
expressed only in bloodstream forms and the general view that 
PDIs are essential proteins (10-12). The latter requirement 
has been demonstrated directly for the class 1 PDI from yeast, 
where the protein has an essential role in unscrambling non
native disulfide bonds (53, 54). Why do trypanosomes specifi
cally up regulate the expression of these TbPDIs in blood
stream forms when they are apparently not required? It 
remains possible that residual levels of either PDI that are 
sufficient to support normal growth may remain in the RNAi 
cells, but the finding that growth was not affected in the double 
RNAi cells when neither TbPDI was detectable by Western 
blotting makes this unlikely. Another possibility is that there is 
redundancy of function, given that there are five potential 
TbPDIs in the genome. Although this possibility cannot be 
discounted unequivocally, it seems unlikely because the five 
putative TbPDIs are very different in class and size and have 
little sequence identity. A more intriguing possibility is that 
these TbPDIs are not required for growth in vitro but have a 
function in vivo. Interestingly, there is some evidence for an in 
vitro role for a class 1 PDI in L. major, where expression 
appears to be linked to virulence (41). What might this role be 
in the case of T. hrucei? It is becoming clear that the high rates 
of endocjrtic activity and the clearance of surface-bound anti
bodies may be connected (55, 56). It has been proposed that the 
rapid clearance of surface-bound antibodies and their delivery 
to an endosomal/lysosomal compartment, where they are de
graded to small fragments, form part of the parasite’s defense 
against the host immune system and function to aid survival 
before the occurrence of a variable surface glycoprotein switch
ing event (55). Given their location, expression profile, activity, 
and redundancy in culture, it is tempting to speculate that 
these TbPDIs might have a role in this mechanism, perhaps by 
assisting in the reduction of disulfide bridges or otherwise 
unfolding the internalized antibodies to allow for rapid prote
olysis. This view is consistent with evidence in the literature 
that a PDI is responsible for the unfolding of internalized 
cholera toxin (57).
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APPENDIX 2

Proteins present in the tomato lectin binding fraction 
isolated from bloodstream forms o f T. brucei



Protein Size L TM TV-Glvco TL Expression location/notes
ORF/Native 2lvcans stage reported

Known or previously described
Tb927.5.1810
p67/CBl 72.5 kDa (0) yes y e s(1) yes (14) yes BF/PC Lys/Endo '
Type I transmembrane >150 kDa (N,BF) TL blot

100 kDa (N,PC) confirmed
Tbl 1.01.7130
EARLRAEE 80 kDa(O) ? ? yes(3) ? BF/PC endosomal membrane?^
Reiterative >200 kDa (N)
Tb927.5.630
Acidic 43 kDa (0) yes y es(l) yes (8 ) yes BF FP/surface^
Ectoprotein Phosphatase 115 kDa (N) TL blot
Tbll.01.4701
Acidphosphatase 59 kDa (0) yes y es(l) yes (8) yes BF endosomal"*
Type I TM 72 kDa* TL blot RNAi lethal
Tb927.8.1870( tGLP-1) 67 kDa (0) yes y es(l) yes (3) Yes BF higher endosomes/golgi^

85 kDa (N) confirmed TL blot
ESAG2 51 kDa(O) yes GPI Yes (9) Yes BF immmunoflourescence

-110 kDa (N) PNGaseF TLblot FP/Endosomal, RNAi lethal
sensitive confirmed Surface labels

ESAG6 Tf receptor subunit 42 kDa (0) yes GPI yes yes BF FP/endosomes
55-60 kDa (N) TL

ESAG7 Tf receptor subunit 42 kDa yes no yes No BF FP/endosomal

Proteins with unknown functions and/or not previously described
Tbl0.6kl5.2290 55 (0) yes no Yes (12) Yes BF endosomal
TbPDl-2 75 kDa(N) confirmed TL blot RNAi no growth phenotype
Tb927.4.24 44 kDa (0) yes no Yes (2) No BF endosomal
TbPDI-1 47 (N) PNGase & high RNAi no growth pheno

Endo H sens mannose PDI activity by assay
recombinant protein

Putative transmembrane proteins:
Tb927.5.4580 85kD a(0 ) yes Y es(l) yes (27) no BF RNAi lethal (18 hours), multiple
Type I TM protein detached flagellae & block in

cytokinesis. 
lOOkDa (N)

There are two copies of an almost identical gene (Tb927.5.4570 and 
Tb927.5.4580). The tandem is -1.3 mb apart.



Protein Size L TM A^-Glvco TL ExDression location/notes
ORF/Native slvcans Stage reoorted

Tb927.8.4100 82kDa (0) ? y es(l) y e s (14) ? stronger in PF RNAi lethal in PF, mulitple
Putative type 1 TM 100 kDa (N) detached flagellae & block in
Two genes 7 kb apart (Tb927.8.4050 and Tb927.8.4100) cytokinesis.
Tb927.5.310 44.5 kDa (0) yes y es(l) ? (8 ) ? BF RNAi slow growth
Type 1 TM protein 1SG65-Iike protein
African tiypanosom e only acidic phosphatase ?
Tb927.5.3840 64 kDa (0) ? y es(l) ? (1 ) ? BF RNAi late growth phenotype
TM protein Conserved unknown FP/endosomal
TblO.389.1260 23 kDa (0) no y es(l) no no ? RNAi lethal
Putative TM protein Possible VAMP/longin protein
Tb927.5.440 84 kDa (0) yes y es(l) ?(2) ? ? Concanavilin A-like
Type 1 TM lectin/glucanase trans-sialidase like
Tb927.7.6670 333 kDa (0) yes yes(3) ?(29) ? ? large extraceilular/lumen doinain
Tb927.8.940 Type 1 TM 240 kDa (0) yes yes ?(23) ? Bf large extracellular/lumen domain
Tb10.26.0900 Type 1 TM 168 kDa (O) yes yes ?(17) ? BF large extracellular/lumen domain
Tb927.4.1390 Type 1 TM 100 kDa (0) yes yes ?(15) ? BF large extracellular/lumen domain
Tbl 1.01.3610 Type 1 TM 53 kDa (0)) yes yes ?(3) 7 7 acid phosphatase
Tbl 1.01.6230 55 kDa (0) yes GPI ?(6) ? 7 ESAG2 like
Putative protein kinase-like:
Tbl 1.46.0003 81 kDa (0) no no ?(8) ? BF RNAi slow growth
Putative protein kinase (ser/the)
Tb927.5.3160 155kDa(0) yes no ?(19) ? 7 Ser/Thr kinase motif
Clear N-terminal leader sequence preset
O ther Proteins:
Tb927.7.2130 51 kDa (0) yes y es(l) 5 sites yes BF Endosomal/FP
Conserved unknown 85 kDa (N) Confirmed TL blot RNAi, TL fragmentation.
TblO.26.0850 200 kDa (0) no ? 9 sites ? BF RNAi no growth effect
Conserved unknown Processed (N)
Tb927.4.4060 102 kDa 0 ) no y e s(1) 5 sites ? 7 RNAi no growth effect
Conserved unknown
Tbl 1.52.0008 147 kDa (0) yes ? ?(4) ? 7 C-terminal repeat domain
Conserved unknown 60 amino acid motif -myosin-like
The genes are listed using the systematic listing o f the database or by accession number (where available). Sizes were predicted from the putatuve ORFs(O) or by Western blots 
(N) using specific antibodies or from published data. The sequences were analyzed for the presence o f an iV-tenninal leader (L), transmembrane spans and A^-glycosylation sites, 
numbers in brackets. In some cases A^-glycosylation and presence o f pNAL was confirmed by PNGase F /EndoH digestion and TL blotting respectively o f  the immunoprecipitated 
protein. Expression stage was determined by Western or Northern blotting. Where available the effect o f  RNAi on growth is noted, as well as location, possible domains and other 
features o f  the protein.Superscripts refer to published data concerning the proteins. PDI: disulphide isomerase; TM; transmembrane protein; S: soluble protein; ?: unknown, unclear 
or not determined yet. (1) Kelley, K et al. (1999) Mol. Biochem. Parasitol. 98: 17-28 ; (2) Lee, M. et al. (1994) J. Biol. Chem. 269: 8408-8415 ; (3) BakalaraN. et 
al. (2000) J. Biol. Chem. 275, 8863-8871(4) Engstler M. et al. (2005) J. Cell Sci. 118, 2105-2118; (5) Lingnau, A. et al. (1999) J. Cell Sci. 112: 3061-3070
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APPENDIX 3

Preliminary investigations regarding post-translational 

processing o f T, brucei proteins in the presence o f  

various inhibitors o f glycosylation.



A3.1 - Effects of several inhibitors of glycosylation on post-translational processing 

of T. brucei proteins.

Preliminary results for experiments investigating the effects of various inhibitors 

of glycosylation on T. brucei proteins are reported here. Various difficulties were 

encountered with the basic experimental set-up which are discussed below.

The inhibitors selected for these experiments each affected the post-translational 

processing o f proteins at various different stages of synthesis, thereby theoretically 

supplying information regarding the types of glycans added (Fig. 1.14, Introduction). 

Tunicamycin is an antibiotic which irreversibly inhibits the first step in the biosynthesis 

o f the lipid linked 7V-glycan oligosaccharide: Dol-P —+ Dol-P-P-GlcNAc. Therefore, 

proteins synthesised in the presence of tunicamycin should bear no A^-linked 

oligosaccharides, though they may still have 0-linked oligosaccharides (Duksin and 

Mahoney, 1982; Tropea et al., 1988; Winkler and Segal, 1984). The second inhibitor of 

A^-glycan synthesis used was 1-deoxynojirimycin (dNM). This compound is a glucose 

analogue which inhibits the actions of both glucosidase I and glucosidase II by 

irreversibly binding to their active sites. The three glucose residues on oligosaccharide 

precursors are removed by glucosidase I (first glucose residue) and glucosidase II 

(second and third glucose residues). Retention of all three glucose residues on the 

precursor molecule results in blocking of all subsequent processing reactions.

Therefore in the presence o f dNM extensive oligosaccharides are not formed (Gross et 

al., 1983). Bromoconduritol is a myo-inositol derivative which irreversibly inhibits the 

action of only glucosidase II as opposed to both glucosidases as in the case of dNM. In 

the presence of bromoconduritol processing reactions leading to production of hybrid 

and complex A^-glycans cannot occur. However high mannose T'Z-glycans may still be 

generated (Datema et al., 1982). Swainsonine is an alkaloid which reversibly inhibits 

the Golgi enzyme a-mannosidase II. The a-mannosidase II enzyme removes two 

mannose residues from the oligosaccharide precursor, a process which is essential for 

formation of complex oligosaccharides. Thus in the presence of swainsonine proteins 

may be post-translationally modified with high mannose or hybrid oligosaccharides, 

such as those which bind to Con A, but not with complex A^-glycans (Tropea et al.,

1988; Winkler and Segal, 1984). Protein modification with poIy-#-acetyllactosamine 

(pNAL) sidechains may still occur in presence of swainsonine since pNAL sidechains 

may be generated on the substituted branch of hybrid oligosaccharides. However,
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complex oligosaccharides potentially bearing twice the number o f pNAL sidechains per 

molecule cannot be generated in presence of swainsonine. Therefore the overall level 

of pNAL detected in samples incubated with this inhibitor should be decreased in 

comparison to untreated samples.

Initial experimentation was carried out in presence of foetal calf serum. Cells 

were preincubated for 5 min with each inhibitor, then labelled during a 5 min pulse with 

Cys/Met. However, following inhibition of glycosylation with tunicamycin, 

bromoconduritol, or swainsonine results revealed comparable patterns of labelled 

protein in both presence and absence of inhibitor (Fig A3.1). Following the 30 min 

chase there appeared to be less overall radioactive label present in the control sample in 

comparison to samples with inhibitor present. However previous results suggest that 

total cellular protein is much more stable than this, having a half life of -24  h (Chapter 

3) so that this result most probably reflects a loading error. Taking into account this 

loading error, no differences in either amount or molecular weight of labelled protein 

detected was apparent between samples incubated with or without inhibitor. 

Bromoconduritol treated samples had a lesser intensity o f labelled protein present, 

however the pattern o f protein detected was comparable with the control sample. Taken 

together these results suggest that post translational processing of proteins was not 

inhibited in presence of these inhibitors since no differences in molecular weights of 

detected proteins were observed between samples. This result was highly surprising 

particularly in the case of tunicamycin which blocks the first step in A^-glycan synthesis 

(Duksin and Mahoney, 1982; Tropea et al., 1988; Winkler and Segal, 1984). Further 

examination of tunicamycin structure revealed presence of a fatty acid side chain. It 

was deemed likely that presence of this side chain resulted in adsorption of tunicamycin 

to albumin, or other factors within the foetal calf serum (FCS) present in the culture 

media. Tunicamycin would therefore not access its target site to act effectively as an 

inhibitor. This phenomenon would affect effective concentration of inhibitor. In an 

attempt to overcome this issue, subsequent labelling experiments with inhibitor present 

were performed in the absence of FCS.

The tomato lectin binding fraction o f trypanosomal proteins must contain N- 

glycans in the form of pNAL (Nolan et al., 1999). This pool o f protein was extracted 

from cells which had been metabolically labelled in absence o f foetal calf serum with 

tunicamycin present. Control samples were also metabolically labelled in either the 

presence or absence of foetal calf serum (Fig A3.2). FCS was present during the chase
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Fig. A3.1- Effect of various inhibitors of glycosylation on T. brucei proteins over 30 
min.
Cells were incubated for 5 min in the presence of either tunicamycin (10 |jg/ml), 
swainsonine (2 i^M), bromoconduritol (2.5 mM), or with no addition (foetal calf serum 
present in all cases). Cells were radioactively labelled using labelled Cys/Met (0.1 
mCi/ml) for a 5 min pulse period with inhibitor present and subjected to a 30 min chase 
in presence of FCS with no inhibitor. At 0 or 30 min the same volume o f cell 
suspension (equivalent to ~2 x 10  ̂cells at time 0) was removed, centrifuged and lysed 
as described in the methods section. Lysates were incubated with tomato lectin- 
sepharose beads (20 |xg lectin/sample) for 1 h at room temperature on a roller, before 
loading the bead fraction onto a 10 % SDS PAGE gel. The gel was exposed for five 
days.
Lane 1 -  Cells incubated with no inhibitor o f glycosylation, 0 min chase (control).
Lane 2 -  Cells incubated with tunicamycin, 0 min chase.
Lane 3 -  Cells incubated with swainsonine, 0 min chase.
Lane 4 -  Cells incubated with bromoconduritol, 0 min chase.
Lane 5 -  Cells incubated with no inhibitor of glycosylation, 30 min chase (control). 
Lane 6 -  Cells incubated with tunicamycin, 30 min chase.
Lane 7 -  Cells incubated with swainsonine, 30 min chase.
Lane 8 -  Cells incubated with bromoconduritol, 30 min chase.
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Fig. A3.2- Effect of tunicamycin / absence of foetal calf serum on glycosylation of 
tomato lectin binding proteins over 30 min (5 min pulse).
Cells were incubated in presence or absence o f foetal calf serum for 30 min at 37 °C. 
Cells were further incubated for 5 min in absence of FCS, either in the presence of 
tunicamycin (10 |xg/ml), with no addition, or with no addition and in the presence of 
FCS. Cells were radioactively labelled using ^^S labelled Cys/Met (0.1 mCi/ml) for a 5 
min pulse period and subjected to a 30 min chase in presence of FCS. At 0 or 30 min 
the same volume of cell suspension (equivalent to ~2 x 10  ̂cells at time 0) was 
removed, centrifuged and lysed as described in the methods section. Lysates were 
incubated with tomato lectin-sepharose beads (20 )jg lectin/sample) for 1 h at room 
temperature on a roller, before loading the bead fraction onto a 10 % SDS PAGE gel. 
The gel was exposed for five days.
Lane 1 -  Cells incubated with no inhibitor of glycosylation, FCS present, 0 min chase. 
Lane 2 -  Cells incubated with tunicamycin, FCS absent, 0 min chase.
Lane 3 -  Cells incubated with no inhibitor of glycosylation, FCS absent, 0 min chase. 
Lane 4 -  Cells incubated with no inhibitor o f glycosylation with FCS, 30 min chase. 
Lane 5 -  Cells incubated with tunicamycin, FCS absent, 30 min chase.
Lane 6 - Cells incubated without an inhibitor o f glycosylation, FCS absent, 30 min 
chase.
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period for all samples. At the 0 timepoint no labelled protein could be detected in the 

presence of tunicamycin compared with detection of several labelled proteins in the 

control sample with FCS present. However in the absence of PCS or an inhibitor of 

glycosylation only a faint band, migrating at ~59 kDa, was detected. Following a 30 

min chase period the pattern and intensity of labelled proteins detected for control 

samples labelled in presence or absence of FCS was comparable. This result 

demonstrated a significant increase in labelled protein for the sample labelled in 

absence o f FCS, and chased in presence of FCS. The pattern of protein detected 

between these samples and the tunicamycin treated sample was also comparable. 

However, these samples differed significantly in the intensity of label detected.

Labelled protein detected in samples incubated with tunicamycin was approximately 40 

% that o f the control samples following the 30 min chase. Taken together these results 

suggest that while tunicamycin may have had an inhibitory effect on 7V-glycosylation of 

proteins, absence of FCS during the pulse period may have affected protein synthesis. 

Samples labelled in absence of FCS underwent subsequent protein synthesis / 

glycosylation during the chase period, which occurred to a much greater extent in this 

sample than in the tunicamycin treated sample. It is therefore not possible to confirm 

the specific inhibitory effect due to tunicamycin on glycosylation of protein, since 

absence o f FCS clearly exerted a separate effect on protein synthesis.

As previously shown TbPDI-2 is a heavily A^-glycosylated protein (Chapter 3, 

Fig 3.9). TbPDI-2 was immunoprecipitated from cells which had been incubated in the 

presence of either tunicamycin or dNM as well as fi"om control samples labelled +/- 

foetal calf serum (Fig. A3.3). In the presence o f tunicamycin labelled proteins were 

weakly detected at ~35 kDa and ~45 kDa immediately following the radioactive pulse. 

No processed TbPDI-2 protein (~80 kDa) was detected. However, neither was any 

processed TbPDI-2 detected in cells which had been labelled in absence of FCS or an 

inhibitor o f glycosylation. Control cells labelled in presence of FCS revealed TbPDl-2 

migrating at the mature ~80 kDa form, as well as the unprocessed -55 kDa form, as 

expected. Surprisingly, this pattern was comparable for dNM treated cells. Following a 

30 min chase period mature TbPDI-2 was detected in cells labelled in presence or 

absence o f FCS with comparable intensities. Unprocessed TbPDI-2 migrating at ~55 

kDa was detected in the tunicamycin treated sample (Fig A3.3, lane 6). Fully processed 

TbPDI-2 migrating at ~80 kDa was also weakly detected in this sample, although at a 

much lesser intensity (~10 %) compared to the same band detected in control cells at
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Fig. A3.3 -  Effect of tunicamycin / deoxynojirymycin on glycosylation of Protein 
Disulfide Isomerase-2 over 30 min.
Cells were incubated in the presence or absence o f  foetal calf serum for 1 h at 37 °C. 
Cells were further incubated for 5 min in the presence o f either tunicamycin (10 |ig/ml), 
1-deoxynojirymycin (6 mM) with no addition, or with no addition and in the presence 
o f  foetal calf serum. Cells were radioactively labelled using labelled cys/met (0.1 
mCi/ml) for a 5 min pulse period and subjected to a 30 min chase. The same volume o f 
cell suspension (equivalent to ~2 x 10^ cells at time 0) was removed at each timepoint 
and lysed on ice. TbPDI-2 was immunoprecipitated from the lysates as described in the 
methods section and loaded onto an SDS PAGE gel. The figure represents a ten day 
exposure.
Red asterisk -  Unprocessed TbPDI-2 migrating at -5 5  kDa.
Green asterisk -  Processed TbPDI-2 migrating at -8 0  kDa.
Lane 1 -  Cells incubated without an inhibitor o f  glycosylation, 0 min chase.
Lane 2 -  Cells incubated with tunicamycin, FCS absent, 0 min chase.
Lane 3 -  Cells incubated with 1-deoxynojirymycin, FCS absent, 0 min chase.
Lane 4 -  Cells incubated without an inhibitor o f glycosylation, FCS absent, 0 min 
chase.
Lane 5 -  Cells incubated without an inhibitor o f  glycosylation, 30 min chase.
Lane 6 -  Cells incubated with tunicamycin, FCS absent, 30 min chase.
Lane 7 - Cells incubated with 1-deoxynojirymycin, FCS absent, 30 min chase.
Lane 8 - Cells incubated without an inhibitor o f  glycosylation, FCS absent, 30 min 
chase.
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this timepoint. The general pattern of protein labelled in the presence of dNM was 

comparable with control cells following a 30 min pulse, however protein intensities 

differed. In presence of dNM there was a larger amount of unprocessed TbPDI-2 

migrating at ~55 kDa (-200 %), and a lesser amount of mature glycosylated TbPDI-2 at 

~80 kDa (~30 %) compared to a control sample at the same timepoint.

A3.2 - Discussion

Experimental results revealed no effect for several inhibitors of glycosylation on 

post-translation processing of proteins from cells incubated in presence of PCS (Fig. 

A3.1). Labelled proteins detected at either 0 and 30 min of chase following metabolic 

labelling were comparable between control samples and samples incubated with 

tunicamycin, swainsonine or bromoconduritol. No increase in electrophoretic mobility 

corresponding to decrease in addition of A^-glycan sidechains was detected for cells 

incubated in presence of an inhibitor. The fatty acid side chain present on tunicamycin 

makes it likely that this inhibitor at least was adsorbed by albumin or other components 

of the foetal calf serum in the culture media, and thereby rendered ineffectual. Previous 

studies on the effect of tunicamycin on post-translational processing of VSG have been 

carried out (Ferguson et al., 1986). In this study the authors metabolically labelled cells 

in the presence of both tunicamycin and BSA. Tunicamycin (0.8 |Jg/ml) blocked 

addition of A^-glycan sidechains to VSG under these conditions. VSG migrated at a 

molecular weight of 53 kDa under these circumstances compared to the mature 59 kDa 

form. The only modification made by the authors to the culture media for metabolic 

labelling in presence of tunicamycin was substitution of glycerol for glucose. It is 

possible that in this study the VSG migrates at this lower molecular weight in presence 

of tunicamycin since the small change in electrophoretic mobility may not be visible in 

a whole cell lysate (Fig A3.1). However it was surprising that the overall pattern of 

labelled protein detected was identical in presence or absence of tunicamycin. All 

bands detected were comparable across all molecular weights. Similar results were 

obtained when the action of two other inhibitors of glycosylation (swainsonine or 

bromoconduritol) were investigated under these conditions. Since three inhibitors with 

different mechanisms of action all yielded the same pattern of labelled protein
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compared to each other and to control cells it is highly likely that inhibition of 

glycosylation did not occur under these conditions. Therefore glycosylation inhibition 

experiments were attempted in absence of FCS. Rather than detecting labelled proteins 

from whole cell lysates the effect of inhibition o f glycosylation on either the tomato 

lectin binding pool of protein, or TbPDI-2, was investigated. This was done firstly 

because small changes in molecular weight of proteins resulting from inhibition of 

glycosylation may be masked due to high overall protein levels in total cell lysates. 

Secondly, proteins detected in the tomato lectin binding pool must have undergone 

post-translational processing by addition of A^-glycans, and these A^-glycans must be 

either complex or hybrid structures (Nolan et al., 1999). Similarly, TbPDI-2 was 

clearly modified by addition of A^-glycan sidechains as revealed by digestion with 

PNGase F (Chapter 3, Fig 3.9) (Rubotham et al., 2005). Labelling of the tomato lectin 

binding pool o f protein in presence of tunicamycin demonstrated inhibition of 

glycosylation by this antibiotic in absence o f serum. However, significantly less 

labelled protein was detected in a sample labelled in absence o f FCS in comparison 

with cells labelled when FCS was present. This result suggests that the apparent 

inhibitory effect seen when tunicamycin was present during metabolic labelling cannot 

be attributed to the effect of tunicamycin alone. Over the chase period when FCS was 

present in all samples, an increase in labelled protein was detected in the cells labelled 

in absence of FCS. It is possible that this increase in label corresponds to a slowing or 

shut down of translation in absence of FCS and pooling of ̂ ^S Cys/Met within the cell 

during the label period. On addition o f FCS and increased translation o f protein during 

the chase this label would become incorporated into cellular protein. After a 30 min 

chase the radioactive label detected in these cells was comparable with cells labelled in 

presence of FCS. In contrast tunicamycin treated cells did not display an increase in 

detected protein to the same degree. Detected protein following a 30 min chase with 

cells labelled in presence o f tunicamycin and absence of FCS was about 50 % that of 

cells labelled in absence o f FCS at the same timepoint. Results obtained for N- 

glycosylation o f TbPDI-2 in presence o f tunicamycin were comparable. Labelled 

TbPDI-2 was not detectable at the 0 timepoint following metabolic labelling in presence 

of tunicamycin and absence o f FCS. After a 30 min chase in presence of FCS TbPDl-2 

could be detected as both the unprocessed 55 kDa form and the mature 80 kDa form. 

However in the tunicamycin treated sample these forms o f TbPDI-2 were detected with 

much lesser intensity compared with the same bands in samples labelled in absence of
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FCS at this timepoint. It may be suggested that the difference in intensity of labelled 

protein between these 2 samples at this timepoint, could reflect the specific inhibitory 

effect o f tunicamycin. Despite absence of tunicamycin during the chase period, it is an 

irreversible inhibitor and A^-glycan synthesis should still not be possible. However, 

since labelled protein could be immunoprecipitated by tomato lectin A^-glycan synthesis 

must have occurred during the chase. One possible explanation for this phenomenon is 

that synthesis of new, and therefore uninhibited, GlcNAc-1-phosphotransferase enzyme 

occurred during the 30 min chase period. Overall, results demonstrate that while N- 

glycan synthesis is inhibited in presence o f tunicamycin this apparent inhibition, at least 

partially, may also be attributed to the absence of FCS from culture media and a 

corresponding decrease or block in protein synthesis. The degree of the effect of 

inhibition by tunicamycin on A^-glycan synthesis in T. brucei can therefore not be 

concluded without further work in this area.

When cells were metabolically labelled in presence of 1-deoxynojirymycin 

(dNM) TbPDl-2 was detected as both the unprocessed 55 kDa form and the mature 80 

kDa form. Following a 30 min chase in absence of dNM TbPDl-2 was detected with 

greater intensity in both these forms, although primarily in the lower molecular weight 

form. Inhibition by dNM prevents synthesis of all complex oligosaccharides. In the 

case o f TbPDI-2 this should mean detection of only the 55 kDa form. Since TbPDI-2 

was detected as the -80  kDa form with far greater intensity than the 55 kDa form in 

control samples inhibition by dNM appeared to be effective. Inhibition of dNM is 

irreversible, however some TbPDI-2 was detected migrating at 80 kDa following a 30 

min chase in samples labelled in presence of dNM. This may reflect synthesis of new 

glucosidase I and glucosidase II enzymes since dNM was not present during the chase 

period. The 80 kDa form of TbPDl-2 was detected in the samples labelled in absence 

of FCS with approximately 2-3 times the intensity o f that seen for samples labelled in 

presence of dNM and absence o f FCS. Therefore, dNM clearly had an inhibitory effect 

on synthesis o f complex //-glycans. However, this apparent effect must also be at least 

partially due to absence of FCS since mature TbPDI-2 detected at the 30 min timepoint 

in this sample was approximately 60 % of that observed for the sample labelled in 

presence o f FCS. The 80 kDa form was detected even at the 0 timepoint following 

labelling in presence o f FCS. In contrast no labelled protein was detected in samples 

labelled in absence of FCS at the 0 timepoint.
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The results presented in this appendix demonstrate that the presence of FCS in 

culture medium appears to block the effect o f inhibitors of vV-glycan synthesis. While 

labelling of cells in absence of FCS does reveal an inhibitory effect by these 

compounds, the absence of FCS itself in these cells appears to inhibit protein synthesis, 

at least to some degree. Further elucidation of the exact effects of absence o f FCS 

alone on cultured cells is required. These preliminary results suggest that removal of 

FCS may have a profound effect in cultured bloodstream form T. brucei cells, possibly 

preventing translation of new protein entirely.
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APPENDIX 4

Sequences o f cDNA clones corresponding to the 

T. brucei database genomic sequences investigated

this study.



>cDNA clone
cctatgagga
aactgcagca
cattcgatgc
gttgtggcgt
gcgcatgccg
tgctcgcctc
aaattagagc
aattgaaatg
tggcggacaa
atttcgtaca
gcctgataat
gcagtccttc
agtactgcca
ctcacgtgac
tcattgaaag
gtggatatcg
ggaagaagat
ggcttcagat
ttcctcatta
atctgatgca
tggagggtgc
aacgtacagc
tgctctcttg
caaatgcagg
gcaactgaga
gctgcgacac
tgcaactgga
aatgttacga
acagtgctct
ctcgcagaat
tctcccgcag
cccaacatta
gtctgagaaa
ttggttgtgc
ccggacttat
tggatttggg
tgcagttctt
gacaccagtg
atcggtatgt
ttacgtgatg
ggaaagctat
actttaactt
cgaaccatga
atgcctgatt
ggttacacgc
ctcgctcaac
ggcaagtgaa
agccgagtgt
gaggcacagt
cgcggttcgt

1
ctatattgcg
gtggggacgg
tctgcaacgg
ccagagcact
cctgataccg
ctcgcagcgg
ttctctgcat
acactcaaca
tgcaccgggg
agtcccgtgg
gacggaggcg
cgtcctggcg
tcgcattgtt
ggtgctgatg
tcaccttgag
gggaagcaag
caacacgagt
ggcgtggtcg
gtaaactaaa
gtcgaggtgc
actttcccgc
ggctgcagca
gctctggctg
ccgtgacctg
atggtgctca
gcattagaac
tgttgcaaat
aggcggaaag
gacgttgcgg
tcggcggatg
ttggaatgcg
accttctacg
aactgcggcg
tattgctcaa
ccttaactgc
agtgggcctt
ctatagcctt
gaaaggatcg
cgtcccccca
tcgcgagtgt
tgcaactatg
ttctgcacac
gggcactcct
tatgctggag
agccccagtt
atgcctttac
aggttcggtc
gaggcctgtt
tgttgctaat
gtatttccta

gccatccatg
ctgttgcctc
atcagcagcc
ttcattggac
atgggttgca
cgtgtcgagg
gaaacaagaa
agaaaaagga
gagccaccca
gccgggcacg
acatcgccga
gaattggatg
tccagagctg
agtggagtgt
gagtggagtg
cgctatgttg
ggggcaagtc
gagcagcggc
aaagaatatc
gcatgcaatg
atgatggaga
ggagtgcaac
gacaggaggg
gacggaatta
gagcactacg
gtgtaaccaa
gacgcgttaa
ggaggcagtt
tggcggcaaa
aagccatgat
gatgacaaaa
tattattggt
catcggagca
gactctgaac
gtggaaacgc
ttcatagcgc
atgttccatt
ccaccacaac
agtgaaactc
ctatccgaat
agacaatttg
tgggaagcga
actgcctcaa
atatcgaaag
cgtcatcagt
tatgcgtacc
tttatcaacg
gaggttcctt
taataccaca
gattacaacc

gcgtgcgagc
tcccggctcg
tgcgacgctc
cgcagcaaca
ggaaagtaca
agttgctgcg
gacaccatca
agatgaacca
atataagcca
aaaagtaaag
agctcatgat
aagtggtaca
gaagcccgcg
tgctcgcgac
atcatgcctc
tcgcaaacac
gttattcgat
atgcaataac
aaatcgctct
tgagtgccgt
accatgtgga
aaccttcgca
caccgccgct
gtgatagtga
gcagaccgcg
agaacgagat
agggagcgga
ttctctaaca
cccggcaccg
gccattgcat
catgtgacac
gacatcgacg
gggtgggctc
ttttcgacgg
ctgctgcttc
tgaccgtgca
cagggatgct
gtcggcgtta
acaagtcgtc
tctcttgaaa
caggttgatg
aggatcgtga
gaatcgctgt
agctgacggc
ttgttcgctt
gctgctgtga
ccaaacgcag
acaatacgcg
gtgcttccgc
gtgtttagta

aggttgtagg 
ccagccccgg 
gctcagtaat 
caccgaaccc 
gccaggcaac 
ggagaatcac 
aagaaataca 
gcgggtaatg 
gactcactcc 
caggacgcgc 
ggaacgcacc 
acaattggtg 
cggagtctgc 
ataatccact 
gcaagaaaat 
ttacaagtgt 
cttgctaata 
gaagagggac 
ccacggagtt 
tgtgcggagt 
gcatgatgcc 
gtgaaaccaa 
gccaattcct 
tatgaccaag 
acgcggaatt 
cagctgcagg 
gttgcgtgcg 
tcaacgagcc 
tagtccgctt 
ggaccgctcc 
cactgtcacc 
ctgatatctg 
ctctttcagg 
catgccagag 
acattcagaa 
gcggacaaca 
ggaacg tat 
tgcgcgatgt 
agatgcccaa 
aagaaatgct 
ggacggtgtt 
tctacttctc 
cgcagctgga 
atatccccgc 
gtttattgcg 
gcaggtactg 
tttataaatg 
gatggttgcg 
tctgccaaac 
gctcttcaag
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gaaatttgtg
ccctcctcca
tgaaaaaaat
aaggtgtcac
acgcaggatg
tttgctcaac
aaagcagtca
ttcagctgta
tccctcctcc
cagcgcatac
gaactggttt
tattttgatt
gccttgagtt
tcaacacccc
gcagttgtta
gtgtggcacc
ttatatgtgt
cttcLc^uc^aaa

catgtggaca
tcgcattacc
atattatgta
acccggcaca
aggtgtcagc
aggctattta
gataagtgga
gttttttttt
tgcagttcga
cgaagcaaat
tttttctttt
cgcatggatc
attggcacga
cactttagga
accagttacc
ccgcatactg
atggatatat
aaaaaaa

ttatgtaact
ccctgaaatg
aggacttcgg
gtcacgctgg
tctttacaag
gcgaaatgga
ggttagggga
cccattttcc
acgattcttg
gcatactcga
tttttttgct
attccgccca
caaatggtct
gattgagtga
tagccgtgtg
cagtcacagt
ctatatgtgt

ctgatcacgg
aaagtaacac
cttcagactt
acaccgctgg
gaaaatgcca
cgtacccctg
agggataagt
taatcccttt
ggtttcgcgg
ctttttagta
tcttgtgttc
tccctccttc
cactcgccac
actttttttt
tttctttttg
aatgcgggtt
gtgtgtgtgt

tgacgtccct
catcgatacc
gtcgcaacag
gttcatatca
tgcttcgtgg
gaatgcacgg
aagtacgcgt
cccctcatca
tgtaggaaag
ccgttcttgc
gttgtgtcct
caaaattgat
tccaacaacg
ttaaattact
tactgatcat
atctgcgcat
acctgtattt

Fig. A4.1 -  The nucleotide sequence of cDNA clone 1.
The sequence of cDNA clone 1, which corresponds to the Tb927.4.4060 gene in the 
T. brucei genomic database. The start and stop codons are shown (red), as well as the 
5' and 3' untranslated regions (UTRs) (green), the mini exon (blue), and the polyA tail 
(pmk).
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>cDNA clone
gaggctgtac
ccgctgtcgg
tgatggcgcg
taccgcattt
agttgcggcg
cataccatga
cttttatgtg
caacacactt
atggcatcat
catgtggtgg
agcctacaac
aggagctcga
tacataaaaa
tttctacacc
aactggctgt
gttcgcttat
gaatttcttc
agctctgtcc
gcatacggca
gtttttgcag
tcgctgatga
gacaagaaac
gcttgatttc
cgttatttgc
ttaagttttt
agtcacgtgg
agacgtttca
gggaggcgga
gttgcgtttg
tggtcgtcca
gtgcgcaacg
gttggagtac
agatttctct
taatgtgtta
taaaggtgag
accactccat
tttcttcctt
atgcctcacc
cctaagtttt
aattgcattg
atttgtgctt
tttactatag
acgcgtgaac
gaaaggagga
ttgtattcgt
ttcgttcagt
catacccaac
tacactatcc
gcaactgtga
gtgctgccac

2
tatattgcag
aaggagggaa
ggtaaccgta
tgtcagtgag
tgcaagcaaa
ggcgacaaca
atgatgagcg
ctccttgcag
tgagtctgac
tgtgctcgtc
gatatctcgc
cactcttggt
gggaggagtt
tttcctcaac
aattctttct
tgaaacccgc
gatgcgtatg
atcagtttac
acgcaaccgc
gtaccgaaag
tgcagagcag
tttcgaaatc
gacattttct
ggatgggacg
atacggctcg
gtgctcgtgc
ttgcgcactc
ggagcttcgt
atcacattat
gtaatgtatg
ctcacaagtg
catcttttcc
ttggtgccta
agcagcaatg
aaaacccctg
cactttctgc
tgccatatct
acacactctc
atttcttcaa
ataaggattt
tcactacgaa
ttcgttcgat
aaaagctttt
aagaggaagg
tccgggggtt
ttcgttgctg
tattgcagga
gcggggctgc
cgacacggtt
gcgattgtac

gtaaaacctg
accctcagcg
cggacggatt
cgctgaccac
ctggtgaaga
ctaatgacta
gacattccgt
aagcaaaagc
aatgcttccg
tgagcgggtc
aacacttatt
acagtggaac
ggaaaatggt
tcgtagctct
gatatggggg
actcatgcgt
acaccatgtc
ccgcacattg
aagtggtgaa
tgttgcaagc
aatacgcagt
ggtcaattgt
acgactcatg
ctaccatcac
gtgattgtcg
tgtatgggcc
ggcaattgtt
gcgtacgttg
cgttcgttac
gcagcctctc
ttgtttgttg
acctctcttt
tcacttatga
gctgcagaaa
tggcgaatca
tttgatcgct
cttatcgctc
tctatttata
ctcggcggag
tacgcgcaca
gagaagaaaa
gtcgaatact
ttttatttgc
agatttggtc
ggccattttt
ccgtacaatt
gggtgtgaag
attgcatacg
gcggtcttca
agtagaaaga

ccacggtagc
ttgtgtgaga
ttgacgactg
ttcaaggaga
aatggggaaa
tgaagggagg
gtgcggcgtg
agcgaaaatg
atgcgggaga
ttcgaggtta
ggaatctccc
gttcagacga
acctcaagtt
gaaccgtagc
ctgtagtgtt
gaagccctgc
atgggaagga
tcctgcgggc
acccctcgag
actcgctgct
ttactgaagc
cgtggttccc
gacgtccagc
aatcggaccg
tccgtaatgc
ccgagcaatg
tgaaattcga
caccgctgct
tctaaggagt
ttaacacacg
tctaacggta
cttttttttt
atgataggcg
aagagagaag
atggaacttc
tgcagtgacg
cccttttgtc
tatacatatc
cctcacgtgt
cactcactag
aaaatatata
ggttgcatca
gcgcccttaa
cctcttcttt
tttttattat
ttgttgtttt
gcaaaagtat
gtgacatgca
cgcgggaaat
ctagttaact

aacggaactg
gggaaacttg
cgccgcggat
tcacatgcaa
atcaatgaaa
cagtcaactg
ttgagtactc
cacgatacaa
agggcgagag
aaccctccgt
cttacattaa
aaatgtggaa
ccgctcaacg
agtgcgcgtg
caatgggtat
gagcatcgtt
gtcatggaac
tgtacgggca
ggatggcggc
tcagtgttgc
ggagttacag
ttttcccgga
atcccgtcct
gaatgcattgc
tgaaggtgac
tcctctcaac
cctggacggt
ggatcccggt
atcgtgtacc
catacgcgat
ccttgccaat
taaaaaaaag
acggtacaga
gggataggaa
ttcacctcaa
gtccatgtga
ccttttcctt
ttccgtgtag
cgcaaacgat
gatttagtta
tatatatata
tacttagtat
aaaataaaag
ttcatccttc
tagtattggc
tctacttcct
tttgattaaa
tcaaacgtct
catagacctc
tccttgtgaa
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tcagtacgac
taggcccgtg
gagcttccca
gcatccgtac
aaccacaaca
tattcgccaa
ttcacctcca
cgacttccga
tcagcttttg
tgccgcaaca
atattacacg
gatgattttc
gtctccgcgg
gaaacgtgtt
ctcgcagccg
ccgtggaaag
ttcgctcagg
gatgggatat
gaaaacaatg
tggttaatca
gaacttatgc
cgaatggcgg
aggacaacct
tcagcaatca
aggcaacttg
aaaaa

tacccaaaag
cagtgcattg
caaacgtttc
tgcacgcaac
aaacgacacc
agcagcgaac
ttggcatcat
gcatcaatcc
aatcagcaaa
gggcggcaaa
tagcagtttc
aacctgatat
tcagtagtgt
gcttacatta
tagcacagga
cagctaaata
agttggtacc
attctcttta
ctgattgaaa
agatggactt
gcattctttt
ttgagacgca
taaggttgat
ggaagaaatg
agaagggagc

ggactcgaat
agtgattttc
gcagcgctgt
aacaaacaga
ttgccataca
atttgcttcg
tgagtggatg
gttggtaatg
tagccgtcct
cgataccgtc
acaacagaat
gaagcagcaa
cgctccgttg
ccggatgagg
gccacggctt
acttgagcac
attgaacctg
cttttccccc
ttgagtcaaa
acactaaacc
tcgtacggac
aacaagccgt
ggggtggtgt
gaggaggagg
ccaacagtaa

agtacacgac
cagatggatc
cgagtgcagt
ctccccaagg
ataggacgat
ggtgtgcgct
gcagtcaccc
acacgcgata
caaacctccc
gcctatgggg
ctgaaagtgc
agtcagccat
cttgtctcct
ccacgctgga
gcaggatgta
caaactctct
tgcccatcaa
aacgaagtca
tatagccgct
agagacaggg
ggattaaatg
taagcgccta
aagaagatgt
aggaagaggg
caaatgaaaa

taccaagaga
acttatcatt
cacatcatca
cagcagggcc
ggagtccgcg
tgagtggtgg
aaacggcagc
ctctgcaccc
atcataacaa
gtgccatcaa
gaaggcggct
cagaaccctt
ggtctgaagc
tgatgtactt
aacttgtttt
agctgcggca
ccccgacgcg
atggtgtcca
atggaaccga
ttactatgag
atttagagga
acagagctgc
gtttgcagtt
ggggggagag
aaaaaaaaaa

Fig. A4.2 -  The nucleotide sequence of cDNA clone 2.
The sequence o f cDNA clone 2, which corresponds to the Tb927.7.2130 gene in the 
T. brucei genomic database. The start and stop codons are shown (red), as well as the 
5' and (relatively long) 3' untranslated regions (UTRs) (green), the mini exon (blue), 
and the polyA tail (pink).
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>cDNA clone 3
a a t t c g g c a c
t a g a a a t c c t
t c a g c c g c g g
g t g t t t t c g t
t g t t t a c c g a
t t t a a c a a g t
g a a t c g t t t t
g c c t t a c t g c
c a g g t c c g g c
c t t c a c g c c t
c t c c g a a t g t
g c t g t g g c a a
g a a a g c a t g g
t g g a a c c g g t
g a g a a c t t g t
c c g g c g c g c a
t c t t g c t a a c
g a g c a g c c g c
c a a c g a a a g c
g g a a a c g g g a
c a a a c g a c a t
t t t t c c g c t g
c c a a c t t a t g
a t a g c g a c a a
a a t c c g g a g c
a c a a t c g c a g
g c a c c g a c g t
a c a a g c a a c c
t a t t g a g g a g
a t c a a t t g t a
t c t t t a a a a a
a t g t a g t g t a
a g a c a a g t a t
t t c a g g g t t t
g g c t g a a g a c
t t a a c a a t t g
a a t t t t t t t t
c g t a t c t c a g
g c g t t g a t t c
c g t t t c a t a a
c g a c c g t a t g
t g t c c a c c a t
t a g t t c t c c a

g a g g g t t t c t
a a t g c a t g g a
t c g a g t t g g g
t c c g c t t t g c
t t g c t c g c a a
t t g a g g c g g t
a a c c c a c t a g
t g g t c c t g c g
t t t g t g t t g c
t t t g t a g a c g
g g c g c g a c c t
c a t t g c a g a a
c a a c g a c t c t
a a t g c c g c t t
t g g t a c c t t t
g g c g a g g a g t
g g a a g a g c a c
a t c g a c g t c c
g a g c c a c c a t
a a c a c g g a c t
c g c a g t c c c t
c g a c a a g a a t
g a g g t g c t g c
c a t g c g t g c c
g g g g t a a c a t
c a a a c c c a a a
t g g a a g t g a c
g g a g g g a a a a
t g c g a t c g g a
t g g t c g g t t c
a t g a c g t g a c
a a a g t g g t t g
g g a t t t g g g g
c c a c c a a t c a
a a c g c g t t c a
c g a a g a g g a a
t a t g t g t g t g
g g c a c t a a a a
t t t g t t t t a a
g a a c c t t c a t
t g c c a c t g c t
g c a t c a c c g c
a a a a a a a a a a

g t a c t a t a t t
g c t t c a g t c g
a a c c a g t c a g
g c t g t g g c t t
t t t c t g c a c c
c t c c t a t g c g
a g t t a a a t t t
g a g g a g c t t c
c a c a t a c t c t
t t a t g t c g a t
g g t g a a g t g a
c c c t t c t t g t
g c g a g g g a c t
a c c g c t g c t g
c a t g a g a c a a
t g t g g a g a t c
c t c c g g a a c t
a c a g c g t t a a
g g c g g c a g a t
t t g c c t a c c t
t t c c c a a a g c
t c a a a c a g a t
c c a a a t g g a t
a t c a a g a a g t
c a a a a a t c c c
a a g g g g g a g a
a a t g g c g a t g
c a t t g c t c g t
a g a g a g a c a t
a a g c g g a a g a
t a g t g a a g a c
a c g c g g a a g g
g a t g a g g a t t
g g c a c c a c c t
a g a g c g c c t c
g a a a t a t g g g
t g t a t a t g c t
c t a t t c g t c t
t g g t g t c c c t
g g c g a c g t a c
a a t g t g t a t t
g t a c c a g c g t

g g g g g t a t c a
g a g c c a c t a c
a g a c a g t t g a
c a g g g c g g t g
a g c a a c g c a a
g g t c g t t c t c
g t t t g a c g a t
c a t c t a c t g a
c g t c a t c a c t
t g t t t t c c a a
t g g c t c g a t g
a t g g a a g a g g
t g a t a a a t t c
t g c g a a a a c a
c t t g c t a t g g
t t g c c a g g g t
t g g g t t t t c g
a g g g t g c t g c
c t c t t c c t t g
t g g t a t t c a g
a a a a g c a a c t
t g g c a g a t g c
g g a t t a c t a c
t a c a c g a g a a
g c t g c t t c t c
c g a a t c t g a c
a t g g t a t g c a
g t t g c c g a t c
t g a g t g g c g t
a g t c c c t g g c
g t g g c g g a a g
t t t g g t t a a g
g c g c t g a t g t
g a g c a c t t a a
g a a a t a c c a t
a a c t g t a a g c
c g t g t a a a g g
t t t t t t t t t t
a c t g a t a a t c
a a c g g a t a a a
t t a g a c a g t c
t t g c a c g g g g
a a a a a

g a a a c c t t t t
t t c g a t g c t g
t g c g a a c c a g
c c g c c c c t c t
t g c a a g t a g c
g c a a t g t g g c
c c g a c t g g t g
t a t c g c g a g c
a t t a c c t g c t
c t t g g t t t g g
g t t c a c a g a t
t g a t g g g g t t
t a t g a a g a t g
t g g g c t a c c g
a t t t g t t g c a
t g a t a t t a g g
g a g g c t g c g g
t g a g g a g c t g
g t g t a g g g c a
c t c c t g c g c g
g a c c a a t g t t
g g g t g a g t g g
a a a a c g g t g t
a a g t g a g a c g
g g g g t a a t a a
g a a a c a c g g t
t g a c t a c t t c
t a g a g a g t c g
g a c g a c g g t g
t g c t g g a g g g
g a a a a g a t c a
g c g c a g a g g c
c g c t t c t a g g
a a a a a g g t a t
a g g g g a a c c a
c c t t t a a a t g
t g t g g a c a g c
t t t a a t g c c c
t g t g t g t t t a
t t t c c g a t t t
c g a a t a a t g t
a a t c a g t g t t

a a a a a a a a a a  
Fig. A4.3 -  The nucleotide sequence of cDNA clone 3.
The sequence of cDNA clone 3, which corresponds to the Tb927.5.3840 gene in the 
T. brucei genomic database. A frameshift error was present in the cDNA clone 3 
sequence between the 2 residues highlighted and underlined, leading to premature 
termination of the protein sequence and a long 3' untranslated region (UTR). The 
start and stop codons are shown (red), as well as the 5' and 3' UTRs (green), the mini 
exon (blue), and the polyA tail (pink).
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>cDNA clone
a a t t c g g c a c  
t a g a a a t c c t  
t c a g c c g c g g  
g t g t t t t c g t  
t g t t t a c c g a  
t t t a a c a a g t  
g a a t c g t t t t  
g c c t t a c t g c  
c a g g t c c g g c  
c t t c a c g c c t  
c t c c g a a t g t  
g c t g t g g c a a  
g a a a g c a t g g  
t g g a a c c g g t  
g a g a a c t t g t  
a c c g g c g c g c  
g t c t t g c t a a  
g g a g c a g c c g  
g c a a c g a a a g  
a g g a a a c g g g  
g c a a a c g a c a  
t t t t t c c g c t  
g c c a a c t t a t  
t a t a g c g a c a  
g a a t c c g g a g  
a a c a a t c g c a  
t g c a c c g a c g  
c a c a a g c a a c  
g t a t t g a g g a  
g a t c a a t t g t  
g t c t t t a a a a  
a a t g t a g t g t  
c a g a c a a g t a  
g t t c a g g g t t  
t g g c t g a a g a  
a t t a a c a a t t  
g a a t t t t t t t  
c c g t a t c t c a  
c g c g t t g a t t  
a c g t t t c a t a  
t c g a c c g t a t  
t t g t c c a c c a  
t  t a g t t c t c c

3 frameshift corrected
g a g g g t t t c t  g t a c t a t a t t  g g g g g t a t c a  

g c t t c a g t c g  
a a c c a g t c a g  
g c t g t g g c t t  
t t t c t g c a c c  
c t c c t a t g c g  
a g t t a a a t t t  
g a g g a g c t t c  
c a c a t a c t c t  
t t a t g t c g a t  
g g t g a a g t g a  
c c c t t c t t g t  
g c g a g g g a c t  
a c c g c t g c t g  
c a t g a g a c a a  
t t g t g g a g a t  
c c t c c g g a a c  
c a c a g c g t t a  
t g g c g g c a g a  
t t t g c c t a c c  
t t t c c c a a a g  
t t c a a a c a g a  
c c c a a a t g g a  
c a t c a a g a a g  
t c a a a a a t c c  
a a a g g g g g a g  
c a a t g g c g a t  
a c a t t g c t c g  
a a g a g a g a c a  
c a a g c g g a a g  
c t a g t g a a g a  
g a c g c g g a a g  
g g a t g a g g a t  
a g g c a c c a c c  
a a g a g c g c c t  
a g a a a t a t g g  
g t g t a t a t g c  
a c t a t t c g t c  
a t g g t g t c c c  
t g g c g a c g t a  
t a a t g t g t a t  
c g t a c c a g c g  
a a a a a a a a a a

Fig. A4.4 -  The nucleotide sequence of cDNA clone 3, corrected for frameshift.
The frameshift error in the cDNA clone 3 sequence, between the 2 residues 
highlighted and underlined, was corrected by addition of a thymine residue as indicted 
from the corresponding genomic sequence, Tb927.5.3840. The stop codon occurred 
much later in the sequence, corresponding to the genomic sequence, and a shorter 3' 
untranslated region (UTR) resulted. The start and stop codons are shown (red), the 5' 
and 3' UTRs (green), the mini exon (blue), and the polyA tail (pink).

a a t g c a t g g a
t c g a g t t g g g
t c c g c t t t g c
t t g c t c g c a a
t t g a g g c g g t
a a c c c a c t a g
t g g t c c t g c g
t t t g t g t t g c
t t t g t a g a c g
g g c g c g a c c t
c a t t g c a g a a
c a a c g a c t c t
a a t g c c g c t t
t g g t a c c t t t
a g g c g a g g a g
c g g a a g a g c a
c a t c g a c g t c
c g a g c c a c c a
a a a c a c g g a c
t c g c a g t c c c
g c g a c a a g a a
g g a g g t g c t g
a c a t g c g t g c
c g g g g t a a c a
g c a a a c c c a a
t t g g a a g t g a
c g g a g g g a a a
g t g c g a t c g g
a t g g t c g g t t
a a t g a c g t g a
a a a a g t g g t t
t g g a t t t g g g
t c c a c c a a t c
c a a c g c g t t c
g c g a a g a g g a
t t a t g t g t g t
g g g c a c t a a a
c t t t g t t t t a
a g a a c c t t c a
g t g c c a c t g c
t g c a t c a c c g
a a a a a a a a a a

g a g c c a c t a c
a g a c a g t t g a
c a g g g c g g t g
a g c a a c g c a a
g g t c g t t c t c
g t t t g a c g a t
c a t c t a c t g a
c g t c a t c a c t
t g t t t t c c a a
t g g c t c g a t g
a t g g a a g a g g
t g a t a a a t t c
t g c g a a a a c a
c t t g c t a t g g
c t t g c c a g g g
t t g g g t t t t c
a a g g g t g c t g
t c t c t t c c t t
t t g g t a t t c a
c a a a a g c a a c
t t g g c a g a t g
t g g a t t a c t a
t t a c a c g a g a
c g c t g c t t c t
a c g a a t c t g a
g a t g g t a t g c
t g t t g c c g a t
t t g a g t g g c g
a a g t c c c t g g
c g t g g c g g a a
g t t t g g t t a a
t g c g c t g a t g
t g a g c a c t t a
c g a a a t a c c a
g a a c t g t a a g
t c g t g t a a a g
t t t t t t t t t t
t a c t g a t a a t
c a a c g g a t a a
t t t a g a c a g t
t t t g c a c g g g
a a a a a a

g a a a c c t t t t
t t c g a t g c t g
t g c g a a c c a g
c c g c c c c t c t
t g c a a g t a g c
g c a a t g t g g c
c c g a c t g g t g
t a t c g c g a g c
a t t a c c t g c t
c t t g g t t t g g
g t t c a c a g a t
t g a t g g g g t t
t a t g a a g a t g
t g g g c t a c c g
a t t t g t t g c t
t t g a t a t t a g
g g a g g c t g c g
c t g a g g a g c t
g g t g t a g g g c
g c t c c t g c g c
t g a c c a a t g t
c g g g t g a g t g
c a a a a c g g t g
a a a g t g a g a c
c g g g g t a a t a
c g a a a c a c g g
a t g a c t a c t t
c t a g a g a g t c
t g a c g a c g g t
c t g c t g g a g g
g g a a a a g a t c
g g c g c a g a g g
t c g c t t c t a g
a a a a a a g g t a
t a g g g g a a c c
c c c t t t a a a t
g t g t g g a c a g
t t t t a a t g c c
c t g t g t g t t t
a t t t c c g a t t
c c g a a t a a t g
g a a t c a g t g t
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>Partial cDNA c lo n e  4
TTCTCTTTGATATACGCTGACAAGCCCATAACCTTTGGTAGTGACGTTGCGGAGAATGTCACTGCAGTA
AAGCTTTTGATGCCTCATTCATTCAAGAACGCAACGACACCTAAGCAGCTATCGGCTGCGAACCTCACT
GACTTTGCGCACAACTTGGTCAAGGACTTGCGTGCTTCAGACACTCGTGTCGATATCACATTCCCCGAT
CCCCCGTTTAATTTTTCAGCTGTTGTCCCTGAACGTGAGCAGGAAGTACGTTGGTTTGTCCATGGGAAA
GTAATGAAGCAGCTTGAGATTTGTGAGAGACTTGGTAGCCAGGGCGATGCGGCCGTTATTGCAGCTGCA
GCTGCTGCGACTGCTCGAGGTAAGGCCAATGTCACATTGAATACCAGCGGAGTCAAGGCAAATGATACA
GGGGTTGGTCCCAACACCACAAATACCGCTGGTGGGGCCAATACTACTGCTAATGTTGTCGCTAATGGC
ACTGCCAATGTTATTGTGAATCCCTCCACCAATGCTACTCCAACTGGAACCACCAATGCTAGTGTCACT
AATACTACCGAGAGAGCTGTTCCTGTTGTTGCCCCTACTCAGCCTTCTAATGGATATGCGGAGTGTCGA
TCCGCTATAACCAACCGCACGGAAACACAGAACATGGAACCACCTTACGACAGGAAACACCGATATGAG
GTATTCCTACCTAAAAAGTATGACTTCAATGTGTCATGGTGCGTGGACATCATTGACTGGCGTGACTTG
GACGAGATGTTGAATAACCGCACAGATGAGGTGGTGGAAAAGTCCCTTTCATGGTGCGGCCACGGTTGC
ATTATTGCGTTTGCGGTGGTAGGTTCCCTGATTGCTGCGTGTCTAGTGGTGCTGGCTGTGGTGTTGACA
TCGAAGAGGAGGCGTCTTGCTGCTGTGGTTGCTCCACCGCGCCCAAAGTTTGTATCAACAGTGGAAGAT
GATGAAGAAGATCGTGTATCAAACATCGGTGTGCCACTGACCGATGGGAAGGGAACCACCGCACCGTAA
GTCACGTGCGTTGTAGCTGTATGTGTAACATCACATTCCTTGTGTTTGTGTGGTGTGTTTGCATGCATA
GAATATAATCGGACTAGAAAACACTTTATTTGAGCGTACCCCTGTCCTTGAGTGACACTCTCAGGGGAT
GACGCTGCTTAACATTGTGGAGAGGAAGAGACACAACAGAGAGTAGAGTAATATGTTTGTGTGCAAGAG
ATAATAGAAAGGAGGGGGGGGGGTGGTGTGACTCTGTGTCTTGCTTATGTTATTACCTTCCCTCACTGT
TTCCCCCCCCCCCACATACACACGTACCGGAATCCGTAATATACACGGTATTT

Fig. A4.5 -  The nucleotide sequence of partial cDNA clone 4.
This partial cDNA clone isolated from screening o f a flagellar pocket library is 1,364 
bp long and lacks a 5' minexon or poly A tail. A stop codon is present and is 
highlighted in red. During screening 14 positive clones were identified. A search o f  
the T. brucei database revealed that this partial clone represented the C-terminus o f 
the Tb927.5.4570 protein (see below, Fig A3.6).
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> T b 9 2 7 . 5 . 4 5 7 0  
A T G T G T T T T A  T A TTTG G TG T 
AAGCTACCAC A G G T TC T T TT  
ATTGGA GCTC CTGTTA AACT 
GAAGGCGAAA CTAATGGATA 
CGAGGGAGGA CAAACGATGA 
CGCAAAACAA AAGAAACTGG 
GG GTCCTCTA CTATAAACAA 
A T C A T T TA C T  TTGTTGACGA 
T C TT T C A G T G  TGCCCACAAG 
TACGTAACAG ACCAGAATAA 
CCTCAAAGTT GTGAAGAGAA 
ATTG CCG TG A  CTTCTAAAGG 
TTG TTG TG G C  TGGATATGAG 
GA TG TA TTCA  GCACTGAGTC 
GTCACTGCCA CCGACACTTC 
TG TTA C TTG C  CTACCAATGG 
ATTGAAGAAT ATGAGATGTA 
C TCCCTCC AG TCAACTTAAC 
AACACAACAA TTATGGAGCA 
GGTACCAATG ATAGCTATGT 
A CG AATTTCA C T G T T T T T G T  
CGGAGTCTGA CATACACACA 
GAGTATGTGT ACATTGATAC 
ATCCAGCGTG CGTTGGCGCG 
GACAAGCCCA TAACCTTTG G 
A TG C C TC A TT CATTCAAGAA 
GACTTTGCGC ACAACTTGGT 
TTC C C C G A TC  CCCCG TTTA A  
TG G TTTG TC C  ATGGGAAAGT 
GGCGATGCGG CCGTTATTG C 
ACATTGAATA CCAGCGGAGT 
ACCGCTGGTG GGGGCAATAC 
GTGAATCCCT CCACCAATGC 
ACCGAGAGAG C T G TTC C TG T 
CGATCCGCTA TAACCAACCG 
CACCGATATG AG GTATTCCT 
A TC A TTG A C T GGCGTGACTT 
A A G TC C C TTT CATGGTGCGG 
ATTGCTGCGT GTCTAGTGGT 
G CTGTGG TTG CTCCACCGCG 
CGTGTATCAA ACATCGGTGT

TGAGATGAGT AACCTAGCAA 
GCTCATCATG ATTG G TA TTG  
TCCCCGACGC GTGGATACTG 
TCCAAATACT ACGAGACTTA 
AA TTTTA G TG  GGGAGTTCCA 
TA C A TA TTTG  AGATACAATG 
ACCTCGTAGT TGTGTCCGTC 
CCAGAAAGAT ATTAAATATA 
C G G TTC C TTG  AATGCTGTAG 
CAAATCGGTG TGGAAGTGTG 
AAAATTTACG AGCGTGACAC 
A A T T T T T G T T  ACCGCACGCG 
CGGTGGTAAC AGAAAGGGAA 
A G GTGTGTTA TATGCAGCCA 
ACTCAGTGTA ACA TCA TTTG  
AGAAGATATT GTATTATG TG 
TGTGACTTCG AAGGCCAAGC 
CGCCA TCTTC CGTGGGCGAC 
GTTTG TGG CA AGTCTTACGG 
GGACCCCGAT TCTGTGAGGG 
TCAGCAAAGG CGTTTTGA CA 
AACGGATAAG ACTGTTGACG 
C G TC C TTG TG  C C A TTC TG TG  
TGAAGCTGGA CGTGCACTGA 
TAGTGACGTT GCGGAGAATG 
CGCAACGACA CCTAAGCAGC 
CAAGGACTTG CGTGCTTCAG 
T T T T TC A G C T  GTTG TCCCTG  
AATGAAGCAG CTTG A G A TTT 
AGCTGCAGCT GATGCGACTG 
CAAGGCAAAT GATACAGGGG 
TACTGCTAAT GTTGCCGCTA 
TACTCCAACT GGAACCACCA 
TG TTG C C C C T ACTCAA CCTT 
CACGGAAACA CAGAACATGG 
ACCTAAAAAG TATGACTTCA 
GGACGAGATG TTGAATAACC 
CCACGGTTGC A TTA TTG C G T 
GCTGGCTGTG GTGTTGACAT 
CCCAAAGTTT GTATCAACAG 
GCCACTGACC GATGGGAAGG

AGAGGGCAAT GAGCCTGAGG 
C A TTTG TTG C  GGTTGAGTGC 
TTG CCGGTCA ATTTG GCGTG 
GAGAACCCTA CGCA TTGTGT 
ACA GCTTCCG CAA CTA CTCT 
TAGGTGATAG C G TG A TTTC A  
GCGGCTCTGG TAATCACACA 
TTGTAGGGGA TG A TG TTTC G  
CTGTACATGA AG GCACTTTA 
GTTTAGGCGG CGCCGGGAAG 
TCGACGCAAA AGGGGAAGGA 
ATTG A TC TA A  CAAGGGAGCT 
ATGTAAGTGG T G G T T TT G T T  
CGGAGAAGGA ATTGTACACC 
GAGGGAAGAA TACGAGCCAG 
ACAACTCACG AC TG C TC G TC  
ACACTATGGG TG C C TTA A C T 
CAGCACCTGT AGGTTACCCC 
AGGATGTAAA TAAAGCACTC 
TGGATCCCGA TACATGGGAA 
ATACGACGGA GGAGAAATTA 
AGTATTACGG TC TTA C TG A T 
ACGATGCAAG C C TTG TC A C T 
A T T T C T C T T T  GGTATACGCT 
TCACTGCAG T A A AGCTTTTG 
TATCGGCTGC GAACCTCACT 
ACA CTCG TG T CGATATCACA 
AACGTGAGCA GGAAGTACGT 
GTGAGAGAGT TGGTAGCCAG 
CTCGAGGTAA GGCCAATGTC 
TTG GTCCCAA CACCACAAAT 
ATGGCACTGC CA A TG TTA TT 
ATGCTAG TG T CACTAA TA CT 
CTAATGGATA TGCGGAGTGT 
AA CCACCTTA CGACAGGAAA 
ATGTG TCA TG  GTGCGTGGAC 
GCACAGATGA GGTGGTGGAA 
TTGCGGTGGT AG G TTCCCTG  
CGAAGAGGAG G CG TC TTG C T 
TGGAAGATGA TGATGAAGAT 
GAACCACCGC ACCGTAA

Fig. A4.6 -  The nucleotide sequence of partial cDNA clone 4 represents the C- 
terminus of the Tb927.5.4570 sequence.
The first 1,031 bases of partial cDNA clone 4 isolated from screening o f a flagellar 
pocket library correspond to the C-terminal end of the larger (2,457 bp) Tb927.5.4750 
sequence. The region over which the two sequences overlap is highlighted in blue. 
The start and stop codons are shown in red.
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