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Summary

The control of population size and differentiation status is essential for the survival of 

all organisms. Tight regulation of these processes is o f particular importance for 

parasites. The African trypanosome, Trypanosoma bnicei, represents a highly 

successful parasite capable of surviving and indeed thriving in the harsh environment 

in the bloodstream o f vertebrate hosts, and in the midgut and salivary glands of the 

tsetse fly vector. This project seeks to address issues in relation to control mechanisms 

of population size and differentiation status of mammalian-infective forms of the 

African trypanosome via the identification, characterisation and elucidation of 

components of the signalling process. This includes the identification of a putative 

receptor/ transporter for a density controlling and differentiation signalling factor.

African trypanosomes exist in two stages in mammalian hosts, a long slender 

stage and a short stumpy stage. In the course of this work a putative transporter for the 

trypanosome stumpy inducing factor (SIF), also referred to as T-GIF, was identified. 

Candidates for the putative receptor/transporter thought to facilitate the internalisation 

o f the putative signalling factor were identified in the T. brucei database. The mostly 

likely candidate, an Expression Site Associated Gene, ESAGIO, was overexpressed in 

the T. bnicei cell. ESAGIO was implicated in the long slender to short stumpy 

differentiation of bloodstream forms.

In addition, the transformation from long slender to short stumpy cells 

involves a cell density dependent signalling cascade in which trypanosomal Arfl is 

implicated. Arfl is a small GTP binding protein, highly conserved from yeasts to
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humans. A rfl is involved in signal transduction, cytoskeleton dynamics and 

intracellular trafficking in the cell. ArfGEF and ArfGAP proteins are positive and 

negative regulators o f A rfl, respectively. In this study, we present data identifying, 

phylogenetically classifying and partially functionally elucidating Arfs, ArfGEFs and 

ArfGAPs in T. brucei. Subsequently, trypanosomal Arfl was shown to interact with 

ESAGIO.

Candidates for the density controlling and differentiation signalling factor 

were also examined in the T. brucei cell using in vivo and in vitro mechanisms of 

action. Trypanosomal Arfl was shown to interact with cAMP as part of the 

differentiation process and a model of this long slender to short stumpy differentiation 

process is proposed.
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Chapter 1: Introduction

1.1 Introduction to Trypanosoma brucei

1.1.1 Classification of the Trypanosome

The trypanosome is a unicellular, protozoan parasite. Trypanosomes are extracellular 

parasites and are classified with Leishmania, a related intracellular parasite, as 

kinetoplastids (Donelson et al. 1999). Kinetoplastids are so called due to the presence 

of a condensed body o f mitochondrial DNA, the kinetoplast. There are many species 

of trypanosomes, which infect a range of different hosts throughout the world. In 

Africa, there are three major species. Trypanosoma brucei. Trypanosoma vivax, and 

Trypanosoma congolense. T. vivax, T. congolense and T. brucei all infect cattle in 

Sub-Saharan Africa. T. brucei can infect both humans and cattle.

Based on the Lirmean classification, T. brucei belongs to the genus 

Trypanosoma, and the sub-section salivaria, which is further sub-divided into 

Dutonnella, Nannomonas, Trypanozoon and Pycnomonas, o f which T. brucei belongs 

to the subgenus, Trypanozoon. There are three subspecies o f T. brucei-, T. b. 

rhodesiense, T. b. gambiense and T. b. brucei. The first two sub-species are capable of 

infecting humans and cause the human form of the disease, sleeping sickness 

(Welbum et al. 2001). T. b. brucei cannot infect humans, but can cause nagana, the 

cattle form of the disease (Hajduk et al. 1989).
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A study using phylogenetic analysis of small subunit ribosomal RNA, 

SSUrRNA, and a cytosolic form o f heat shock 90 protein, Hsp90, showed that 

kinetoplastids could be classified into four clades. Clades 1-3 were comprised of 

bodonid kinetoplastids (free living flagellates) and trypanosomes and Leishmania 

comprised the fourth clade (Figure 1.1) (Simpson et al. 2002). Kinetoplastids are 

classified as Euglenozoa. T. brucei and other members o f the Euglenozoa have very 

long branch lengths indicating a high degree of divergence from other species 

(Cavaher-Smith 2004).
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Fig. 1.1. A phylogenetic tree o f kinetoplastids generated using SSUrRNA. The above figure depicts 

a maximum hkeiihood phylogenetic tree o f kinetoplastids, showing four well defined clades, of which 

the trypanosome and Leishmania compose one clade (Trypanosomatids). The figure is taken from 

(Simpson et al. 2002).
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1.1.2 Impact of Trypanosoma! Diseases

The World Health Organisation (WHO) estimates that up to half a million people are 

infected by sleeping sickness in Sub-Saharan Africa, particularly in war prone regions 

such as Angola, Sudan, and the Democratic Republic o f Congo. The Food and 

Agriculture Organisation o f the United Nations, the FAO, suggests that nagana (the 

cattle form) is a major factor in rural poverty in Sub Saharan Africa, severely limiting 

meat and dairy production (Kabayo 2002).

Chemotherapy of sleeping sickness (human African trypanosomiasis) is 

difficult. There is a high frequency of severe adverse side-effects, long duration of 

treatment, and high costs associated with the treatments. Many o f the drugs used to 

treat trypanosomiasis are outdated, and only one drug, melarsoprol, can treat severe 

cases (crossing the blood brain-barrier) but with severe side effects. In addition, there 

is very little pharmaceutical interest in producing new drugs to treat this disease, as it 

is not profitable. The African governments have set up a cross-country body, the Pan 

African Tsetse and Trypanosomiasis Eradication Campaign (PATTEC) in order to 

tackle trypanosomiasis. Using an area wide approach, they intend to eradicate tsetse 

infestation, creating tsetse-free zones. This step, though helpful, is unlikely to be 

sufficient to eradiate the disease. This disease requires integrated tsetse control, drugs, 

and vaccine development.

1.1.3 The Life Cycle of the African Trypanosoma, T. brucei

The T. brucei parasite has both vertebrate host and tsetse insect vector stages in its life 

cycle (Hammarton et al. 2003). To cope with the extreme environmental changes in
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its life cycle, the trypanosome undergoes extensive changes that allow the movement 

o f the trypanosome from the bloodstream o f the vertebrate host to the insect midgut 

(Vickerman et al. 1988). These include changes in morphology, division status, 

infectivity, coat-protein, gene expression, vesicular trafficking and respiration 

capacity. Differentiation also involves changes at the organelle level, including 

mitochondrial functionality, cell membrane functionality and flagellum appearance 

(Ziegelbauer et al. 1990).

The lifecycle o f the trypanosome involves several differentiation steps, (Figure 

1.2). Following a bite from an infected tsetse insect, trypanosom^es disseminate into 

the bloodstream of the mammalian host via the lymphatic system. Upon infection of 

the mammalian host, trypanosomes divide rapidly, have high virulence, and have a 

long slender morphology. As peak parasitaemia approaches, cells switch to a 

predominantly short and fat form. These forms are infective to the tsetse vector and 

do not divide.

After ingestion o f a bloodmeal by the tsetse fly, the parasites further transform 

into dividing procyclic trypomastigotes and colonise the insect midgut. These 

procyclic cells migrate to the proventriculus and the salivary glands of the tsetse 

where the cells differentiate into the epimastigote form and the trypomastigote form 

respectively, ready for infecting another vertebrate host.

Differentiation o f the trypanosomes from long slender to short stumpy stage 

coincides with a partial switch in energy metabolism from glycolysis to oxidative 

phosphorylation in the mitochondria (Vickerman 1965, 1985). There are substantial 

morphological differences between the different forms of the trypanosome during 

differentiation. This extensive reorganisation o f the cell is initiated in the first 24 

hours of differentiation and appears to occur in all cells at the same time (Ziegelbauer
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et al. 1990). It is believed that this non-dividing, stumpy form is preadapted to 

survival and establishment in the insect vector, the tsetse fly (Wijers and Willett 1960; 

Turner et al. 1988; Ziegelbauer et al. 1990).

These bloodstream form trypanosomes express a variant surface glycoprotein 

(VSG) coat that assists in evasion o f the host immune system. With the uptake of the 

trypanosome from the vertebrate host to the tsetse vector, the VSG coat is shed. 

Within the salivary glands o f the fly, T. brucei trypanosomes acquire a second new 

coat, called procyclin.

Fig 1.2. The life cycle o f T. brucei. The trypanosomes in this figure are indicted by the single-celled 

structure. The cells o f the metacyclic trypanosomes are inoculated into the vertebrate host in tsetse fly 

saliva when taking a bloodmeai. Here the extracellular parasites undergo asexual reproduction by 

binary fission in the bloodstream, and, later in the infection, the spinal fluid. Long slender forms 

transform to a form capable o f infecting the tsetse fly, the short stumpy form. When taken up by the 

tsetse fly in its bloodmeal into the fly's midgut, the parasite’s mitochondrion becomes active, and 

further cycles o f binary fission take place. The parasites migrate to the fly's proventriculus and salivary 

glands, where they transform to the epimastigote forms and further cycles o f binary fission take place. 

In the salivary glands, trypomastigote forms appear, capable of infecting the vertebrate host in the fly's 

blood meal. Figure is taken from http://www.tulane.edu/wiser/-protozoology/notes/kinet.html.
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1.1.4 71 brucei uses Variant Surface Proteins to Evade the Host Immune 

Response

African trypanosomes exist freely within the bloodstream and lymphatic system of the 

vertebrate host, and are subject to specific and non-specific immune attack. African 

trypanosomes combat this immune attack by concealing their invariant surface 

proteins and receptors from the host immune system and covering their entire outer 

membrane with an ever-changing VSG coat (Barry and Turner 1991). This allows the 

population to avoid antibody-mediated killing throughout infection (McCulloch 

2004). These changes in the coat are associated with waves o f proliferation of the 

parasite (Barry and Turner 1991).

Within the vertebrate host, T. brucei uses a class of expression sites (ESs) called 

bloodstream ESs, (BESs) (Berriman et al. 2002). BESs are long polycistronic units 

(up to 60 kb) containing up to a dozen genes that have been described as expression 

site associated genes, ESAGs. BESs are comprised of expression site associated genes 

(ESAGs) in conjunction with VSGs. The general structure of BESs is modelled with 

the VSGs located proximal to the telomere, many kilobases away from the promoter, 

but, the number and order o f the ESAGs differs between ESs (Berriman et al. 2002) 

(Figure 1.3).

Though there are multiple telomeric ESs where, VSGs are located, the 

trypanosome has developed a mechanism o f transcription to ensure expression of only 

a single VSG at any one time. Three processes account for the switching o f activity 

between different ESs. The first process involves the suppression o f an active BES, 

and the activation o f a silent BES (Navarro et al. 1999). The second, and more
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commonly occurring switching mechanism, involves genes conversion. Here a silent 

VSG is copied and moved to the active BES where the resident VSG is deleted and 

the new copy is inserted instead (McCulloch et al. 1997). This is the first 

demonstration o f gene expression being regulated at the level o f transcription among 

the Kinetoplastida-, all other developmentally regulated protein-coding genes 

examined in these organisms appear to be under posttranscriptional control (Graham 

and Barry 1995). Only active ES are contained within an expression site body (ESB) 

with Polymerase 1 (Poll), allowing only one ES to be active at any one time 

(Reviewed Borst 2002).

In T. b. rhodesiense for example, the serum-resistant associated gene (SRA) 

confers resistance to human APOL-I, a protein that can kill T. b. brucei parasites (De 

Greef et al. 1989; Xong et al. 1998; Vanhamme et al. 2003). Other important genes 

may be located in the VSG expression site in T. brucei.

P rom oters ESAGs
*10 * 7 6 5 4 8 8 3 2 11 1 9 VSG

'■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ I M
Key

SODp repeats |  70bp repeats |  Telomeric repeals

Fig 1.3. A bloodstream form VSG expression site. The expression site starts with a 50 bp repeat, and 

ends with a telomeric repeat. A 70 bp repeat region separates the ESAGs from the VSG gene. Not ail 

ESAGs are present at all expression sites; ESAGs 10, 11 and 9 are often omitted.
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1.1.5 The T. brucei Genome

The T. brucei genome is very gene dense, containing polycistronic transcriptional 

units, and only a single spliceosomal intron (Myler et al. 1999; Liniger et al. 2001). 

There are 11 pairs o f megabase-sized chromosomes, numbered I-XI, several 

intermediate-sized chromosomes (0.2-0.9 Mb), and a number o f mini-chromosomes 

(50-100 bp) (Desquesnes and Davila 2002). Most VSG genes are located in 

polycistronic transcriptional ESs at the telomeric ends of megabase and intermediate­

sized chromosomes. VSGs found on other chromosomes are usually silent or 

pseudogenes.

1.1.6 Endocytosis of VSGs

In the case of T. brucei, the majority o f transported proteins are variant surface 

glycoproteins (VSGs), which are transported to the cell surface where they attach via 

glycosylphosphatidylinositol (GPI) membrane protein anchors. VSGs make up 

approximately 10% of all the proteins in the T. brucei cell (Overath et al. 1994), 

unlike higher eukaryotes where GPI-anchored proteins are the minority. Interestingly, 

VSG equivalent to the area o f the flagellar pocket is intemalised every 2 mins 

(Coppens et al. 1987), and is quickly endocytosed and recycled (Seyfang et al. 1990).

The rate o f endocytosis is developmentally regulated, i.e. dependent on the life 

cycle stage of T. brucei (Morgan et al. 2001). The long slender stage o f bloodstream 

form cells have a surprisingly fast rate of endocytosis based on the rate o f biotinylated 

VSG endocytosis. Endosomal turnover is even faster in the short stumpy stage 

(Overath and Engstler 2004). However, once differentiation into the procyclic form
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has occurred, the rate o f endocytosis is dramatically reduced (Langreth and Balber 

1975).

T. brucei has a highly active endocytotic system which has been implicated in 

the uptake o f nutrients (Coppens and Courtoy 1995; Steverding et al. 1995), 

sensitivity to serum lytic factors (Hager and Hajduk 1997; Vanhamme et al. 2003), 

turnover o f VSG (Gruszynski et al. 2003), and removal o f surface immunocomplexes 

(O'Beime et al. 1998; Pal et al. 2003). It has a compact, highly polarised cell structure 

where nutrient uptake is restricted to the flagellar pocket. Endosomes are concentrated 

between the flagellar pocket, a deep invagination of the cell membrane at the base of 

the flagellum, and the nucleus o f the cell, creating a continuous system of 

cistemal/tubulovesicular structure. In addition, T. brucei only contains one Golgi, 

making it a compact model for study.

In Saccharomyces cerevisiae, GPI anchoring of proteins has been studied in 

detail. It has been shown that following the attachment o f a GPI-anchor, proteins are 

allowed to leave the endoplasmic reticulum (ER) (Doering and Schekman 1996). 

Movement of GPI-anchored proteins from the ER to the Golgi is facilitated by 

vesicular carriers in yeast (Muniz et al. 2001). Sorting o f GPI-anchored proteins 

occurs via Rab GTPase (member of the Ras superfamily of G-proteins) that use Sec 

34/35 (membrane proteins involved in translocating proteins) as a tethering factor 

(Morsomme and Riezman 2002).

In T. brucei, VSG is endocytosed from the cell surface via a clathrin-dependent 

mechanism (Grunfelder et al. 2003). This is an unusual mode o f internalisation as 

most organisms facilitate the concentration o f proteins using cytoplasmic receptors. 

Specifically, VSGs enter the cell at the site o f invagination, the flagellar pocket, in the 

form o f large clathrin coated vesicles (135 nm in diameter) that deliver cargo to the
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endosomes. In the lumen of the cisternal endosomes the VSG is concentrated by 

‘default’ because a distinct class of small clathrin coated vesicles budding from 

cistemae is depleted. T bR abll (a trypanosome Rab GTPase) mediates VSG positive 

disk-like carriers which fiise to the flagellar pocket and recycle VSG back to the 

surface (Overath and Engstler 2004).

1.1.7 Population Density and Control

During the life cycle o f  T. b. brucei in the mammalian host, the trypanosomes 

undergo a developmental transition from long slender stage to short stumpy forms. 

Vassella and Boshart (1996) established conditions for primary in vitro culture of 

trypanosomes undergoing this event. In the course o f these studies, it found that above 

a critical density, cuhures entered a stationary phase and were morphologically 

differentiated into stumpy forms (Vassella and Boshart 1996). These short stumpy 

forms have a relatively short half-life estimated to be between 24 to 72 hours.

Wild type trypanosomes undergo this process naturally, but, several lab-derived 

strains do not undergo this long slender to short stumpy transition (Vickerman 1985). 

These lab-derived strains are called monomorphic strains. Wild type trypanosomes 

that can undergo this long slender to short stumpy differentiation event are called 

pleomorphic trypanosomes (Vickerman 1985). In situations o f high culture density, 

long slender trypanosomes from monomorphic strains replicate continuously, without 

differentiating into short stumpy forms. Studies in vivo lead to extreme parasitaemia 

followed by rapid death of the host (Vassella et al. 1997).

Unlike monomorphic strains, the long slender stage of pleomorphic strains do 

differentiate into the short stumpy form upon reaching a threshold density (Vassella et
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al. 1997). These strains undergo a programmed cell death process if not taken up by 

the tsetse vector. This suggests that monomorphic trypanosomes are insensitive to or 

cannot detect or respond to cell density threshold markers whereas the pleomorphic 

trypanosomes can (Vassella et al. 1997).

Deciphering the mechanism by which cell density translates into a 

differentiation signal was difficult. Vassella et al. (1997) replaced 30% of the culture 

medium in agarose plates with conditioned medium taken from bloodstream cultures 

at maximal density, and recorded the percentage NADH dehydrogenase activity. The 

depletion of nutritional components o f grov/th factors in the culture medium was 

shown not to be a factor in this differentiation step. Rather, the accumulation of a 

differentiating inducing activity in the medium was found to be the cause. They 

named this factor stumpy-inducing factor (SIF).

SIF was postulated to be a pheromone-like factor (a signalling factor or a 

catabolite product) of T. brucei trypanosomes that acts as the initial differentiation 

signal and subsequently transduces along the cAMP pathway (Vassella et ai. 1997). 

Due to its apparent small size, SIF would be expected to be accessible to receptors 

buried within the VSG coat. The precise structure o f SEF was not deduced. 

Subsequent experiments showed the rapid rate o f differentiation induced upon take up 

o f the SIF factor. SIF is produced by both pleomorphic trypanosome strains capable 

o f differentiating between long slender and short stumpy forms, and monomorphic 

laboratory-derived strains that have lost the ability to differentiate (Vassella et al. 

1997). Specifically, a monomorphic strain, M ITatl.2, was found to be capable of 

producing SIF, but could not properly receive or transmit cell density information in 

the culture. Vassella et al. (1997) suggested that there was loss of a receptor to uptake 

SIF in the monomorphic strain. Purified pleomorphic surface proteins of the
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trypanosome were compared with those o f monomorphic strains, using a recently 

developed tomato lectin technology that enabled purification o f surface protein 

without VSG contamination (Murphy and Olijhoek 2001). Pleomorphic trypanosomes 

were shown to contain an abundant tomato lectin binding 69 kDa protein, TbPP69, 

which was significantly less abundant in monomorphic parasites (Figure 1.4) 

(Murphy and Olijhoek 2001). This TbPP69 protein was proposed to be the receptor 

that facilitates the recognition o f SIF, and triggers the long slender to short stumpy 

differentiation process. The composition o f this TbPP69 protein has not been 

deduced, and is one o f the aims o f this thesis.

200 _

Abundant 69 kDa protein 

in pleomorphic cells

Fig 1.4. A surface protein of 69 kDa displays differential abundance in pleomorphic and 

monomorphic trypanosomes. The above figure depicts a SDS-10% PAGE silver stained gel. T. 

brucei proteins that bind to tomato lectin from monomorphic (lane 1) and pleomorphic (lane 2) cells 

are shown (Murphy and Olijhoek 2001). Trypanosomes are o f the same serodeme. Note the abundant 

69 kDa protein, named TbPP69, in the pleomorphic parasites (lane 2).
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In conjunction with SIF, another low weight growth inhibitory and differentiation 

inducing factor, the trypanosome growth inhibitory factor (T-GIF) is produced by 

bloodstream forms o f the different species o f African trypanosomes and is active only 

in pleomorphic bloodstream forms (Murphy and Olijhoek 2001). Both SIF and T-GIF 

have stumpy inducing activities and have been derived from rapidly dividing long 

slender pleomorphic culture medium, the difference being that SIF was isolated from 

T. brucei cell culture medium and T-GIF was isolated from T. congolense cell culture 

medium. In the search for a target for this T-GIF factor, several candidates were 

examined, based on differential levels of mRNA expression within bloodstream form, 

o f the trypanosome. Trypanosomal ADP-ribosylation factor 1 (TbA rfl) was identified 

as a candidate, displaying a 5 to 7 fold increase in mRNA expression between long 

slender and short stumpy forms of the trypanosome (Murphy and Olijhoek 2001). 

When conditioned medium (containing T-GIF) was passed through a column, 

containing recombinant TbArfl, the T-GIF factor was removed from the medium 

(Murphy and Olijhoek 2001). This binding o f T-GIF to TbArfl was shown to be very 

strong, occurring in both native and denatured conditions o f the Arfl protein, and was 

shown by pepscan analyses to be specific to the helbc o3 region o f this protein 

(Murphy and Olijhoek 2001). From these experiments it was concluded that TbArfl 

was a likely target o f  T-GIF. An illustration o f the previously proposed model for 

population density control and the differentiation o f trypanosomes from long slender 

to short stumpy stage is shown (Figure 1.5).
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Receptor/T ransporter 
TbPP69
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cAMP Signalling Cascade Short Stumpy Form

Fig 1.5. Illustration o f previously proposed model for population density control and the 

differentiation o f trypanosomes from long slender to short stumpy stage. The above figure depicts 

a schematic diagram of the previously proposed model for long slender to short stumpy differentiation 

prior to work carried out in this thesis. Pleomorphic long slender cells export and sense a T-GIF 

differentiation factor using a TbPP69 kDa surface protein receptor or transporter. Trypanosomal A rfl, 

TbArfl, is the internal target o f  this factor, which subsequently triggers a cAMP dependent signalling 

cascade triggering the differentiation event into short stumpy cells.
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1.2 ADP-Ribosylation Factor 1 (Arfl)

1.2.1 Classification of ADP-Ribosyiation Factors

ADP-ribosylation factor (Arf) proteins are small GTP-binding proteins o f 21 kDa 

belonging to the Ras superfamily. Arfs function as molecular switches in fundamental 

cellular events such as signal transduction, cytoskeleton dynamics and intracellular 

trafficking (Brown et al. 1993). Arfs cycle between GTP bound active and GDP 

bound inactive forms. This cycling is mediated by specific guanine-nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs).

Arfl was originally identified by its ability to enhance ADP-ribosylation of 

Guanine nucleotide binding protein stimulating gene alpha (Gsu) by cholera toxin in 

vitro (Kahn and Gilman 1986). Subsequently, Arfl was found to have numerous 

properties in addition to its ribosylation effect. These other activities include 

activation o f phospholipase D activity and inhibition o f endosome-to-endosome and 

nuclear vesicle fusion (Donaldson et al. 1991; Bomancin et al. 1992; Donaldson et al. 

1992; Taylor et al. 1992; Brown et al. 1993; Cockcroft et al. 1994).

Six different Arfs have been found in mammals, designated A rf 1 to 6. Arfs are 

subdivided into three classes according to sequence identity. Class I consists o f  Arfl, 

Arf2 and Arf3, class II consists o f Arf4 and Arf5, and class III contains only Arf6. 

Little is known about class II Arfs (Donaldson et al. 2005). Class I Arfs have been 

implicated in trafficking in the endoplasmic reticulum (ER)-Golgi and endosomal 

systems (Takeuchi et al. 2002). A rfl was first discovered as a component o f the coat 

found on vesicles produced from isolated Golgi membranes. Arfl was subsequently 

found to be necessary to form these vesicles (COPI vesicles) in vitro (Donaldson et al.
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1992). Later, Arfl was found to be required to form clathrin-coated vesicles 

containing adaptor protein 1 (API) or adaptor protein 3 (AP3) adaptor complexes at 

the trans-Go\gi network (TGN) and on endosomes (Stamnes and Rothman 1993; Ooi 

et al. 1998). This role o f vesicle trafficking has been confirmed in vivo by expressing 

Arfl mutants that were defective in either GTP binding or GTP hydrolysis (See 

section 1.3.7 for further details on the roles o f  Arfl in vesicle formation).

Arf6, the only Class III Arf, functions exclusively in the endosomal plasma 

membrane system (D'Souza-Schorey et al. 1998). It is involved in endosomal 

recycling to the plasma membrane, in regulating secretion and in coordinating actin 

cytoskeleton changes at the plasma membrane (D'Souza-Schorey et al. 1998; Honda 

et al. 1999). Arf6 is present on the apical surface o f Madin-Darby Canine Kidney 

Cells (MDCK cells) where it plays a role in modulating clathrin endocytosis 

(Altschuler et al. 1999). Arf6 has also been implicated in Fc-mediated phagocytosis in 

macrophages (Zhang et al. 1998), in insulin-regulated adipsin secretion in 3T3-L1 

adipocyte cells (Yang and Mueckler 1999) and glucose transporter (GLUT4) 

translocation (Lawrence and Bimbaum 2001). Arf6 induces actin rearrangement 

through porin voltage-dependent anion channel (VDAC) POR-1, a protein that was 

implicated previously in mediating actin rearrangement induced by the small GTPase, 

Ras (D'Souza-Schorey et al. 1997).

1.2.2 Arf-Like Proteins

In addition to the six A rf proteins found in mammals, there is a sub-family o f highly 

similar homologous proteins, Arf-like proteins (Arls). These Arl proteins are 

structurally similar to the A rf proteins, but Arls appear to lack the cholera toxin
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cofactor activity o f the A rf proteins (Clark et al. 1993). At least 16 Arl proteins have 

been identified in mammals (Kahn et al. 2006). A ril has been shown to be essential 

for viability in Drosophila melanogaster (Tamkun et al. 1991) and appears to be 

closely related to A rf 1. Arl 1 has also been identified and studied in T. brucei, where 

Arl 1 was also shown to be essential for cell viability (Price et al. 2005a; Price et al. 

2005b).

1.2.3 ADP-Ribosylation Factor 1

The Arfl protein can be divided into a number of key domains. These include an N- 

terminal a  helix, four regions involved in GTP binding, two switch regions, switch 1 

and switch 2, and a helix o3 region (Figure 1.6). The switch 1 and 2 and a-helix 3 

regions react with effectors o f Arfl (Mossessova et al. 1998).

Arfl attaches to the membrane o f the cell using its myristoylated N-terminus. 

This involves the coupling o f the A rfl protein to the membrane, and occurs upon 

GTP-binding (Antonny et al. 1997). Early models o f Arfl function suggested that the 

myristyl group and the helix would be retracted into the core o f the protein in GDP- 

bound conformation, and upon GTP binding, they would be extended outward, 

allowing insertion o f myristate into membrane lipid bilayers (Franco et al. 1995). This 

has been confirmed by recent studies using neutron diffraction and circular dichroism 

(Harroun et al. 2005). Among the several models proposed, most suggested that the 

myristate group is exposed and interacts with phospholipids when Arfl is in the GDP- 

bound conformation. This weak membrane association is completely abolished if the 

myristate is removed. The A rf 1-membrane interaction is stabilised in the GDP-bound 

form by a conformational change in the N-terminal helix that exposes several
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hydrophobic residues, including Leu 8, Phe 9 and Phe 12 (which are buried inside the 

A rfl protein in its GDP-bound form), and allows their insertion into the membrane 

(Antonny ei al. 1997).

GNIFANLFKGLFGKKEMRILhMGLDAAGK'ITILYKLKLGEIVTTIPTIGFNVETVEYKNI

SFTVt^ V G G ^ KIRPLWRHYFQNTOGLIFWDSNDRERVNEAR£ELMRM:-;iEDELRDAVL

LVljMnC^LPNAMNAAEITDKLGLHSLRHRNWYIQjjlTCA^GDGLYEGLDWLSNQLRNQK

Fig 1.6. T he p r im a ry  s tru c tu re  o f h u m an  A rf l .  This figure depicts the amino acid sequence o f 

hum an A rfl (H sA rfl), The amino-term inal a  helix (underlined), the conserved Ras family GTP- 

binding proteins consensus sequence (black boxes), switch 1 (highlighted in red), switch 2 (highlighted 

in blue) and helix o3 (highlighted in green) are shown.

1.3 Arfl Associated Proteins

As with all GTPase type proteins, Arfl undergoes a nucleotide-dependent 

conformational change between a GTP-bound (on state) and GDP-bound (off state) 

form. GTPase-activating proteins (ArfGAPs) are negative regulators of this process. 

ArfGAPs recognise Arf-GTP and induce hydrolysis o f GTP (Szafer et al. 2001). 

Specifically, ArfGAPs hydrolyse GTP-bound Arf via a highly conserved zinc finger 

domain that mediates this catalysis. ArfGAPs are structurally diverse proteins
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containing catalytic, protein-protein and lipid interaction domains, in addition to the 

ArfGAP domain.

Guanine nucleotide exchange factors (ArfGEFs) are positive regulators o f Arf- 

GDP. All ArfGEFs identified to date possess a Sec 7 domain, a module of 

approximately 200 amino acids in length, that mediates the interaction with Arfl and 

catalyses the exchange of GDP for GTP (Klarlund et al. 1997; Abergel et al. 1998). 

Some ArfGEFs are involved in G-protein signalling pathways in response to extra- or 

intracellular signals, which can induce translocation of ArfGEFs to specific 

membrane compartments in the cell where they then activate G proteins. Certain 

ArfGEFs also mediate cross-talk between different receptor-mediated signalling 

pathways, thereby acting as signal integrators (Geiger et al. 2000). ArfGEFs also 

serve as an initial point of control for most G protein regulated pathways. Mammalian 

ArfGEFs comprise a family o f 14 proteins divided into two subfamilies, all containing 

a conserved Sec7 domain (Jackson and Casanova 2000).

1.3.1 GTPase Activating Proteins

ArfGAPs are structurally diverse proteins containing catalytic, protein-protein and 

lipid interaction domains, in addition to the ArfGAP domain. ArfGAPs interact 

directly with the switch 2 and helix o3 of the Arfl protein, although there is some 

evidence to suggest that the N-terminus is also important (Bemards 2003; Randazzo 

and Hirsch 2004). There is also speculation that different members o f the ArfGAP 

families interact with different parts o f the Arfl protein.

The human genome encodes 15 ArfGAPs, all possessing functional ArfGAP 

domains (Figure 1.7). There are two main classes, based on the positioning of the
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ArfGAP domain. These are further sub-divided based on accessory protein structure. 

The first major class consists o f proteins with the ArfGAP domain at the N-terminus 

(ArfGAP 1 type and G protein-coupled receptor kinase-interacting target, GITs). 

Those that contain a pleckstrin homology (PH) domain immediately N-terminal to the 

ArfGAP domain belong to the second group, ArfGAP with ankyrin repeat, pleckstrin 

homology domain (ARAP) (Nie et al. 2003a).

ArfGAP

AZAPs ikSAPi

ACAP

AGAP

Fig 1.7. Protein domains of mammalian ArfGAPs. The above figure depicts the classification of 

mammalian ArfGAPs, three major groups are presented: ArfGAPs, GITs, and AZAPs, as defined in 

surrounding text. ArfGAP 1 type proteins contain only an ArfGAP domain, lacking extra domains. 

Other ArfGAPs contain additional domains: the GITs have additional domains only to the C-terminus 

o f the ArfGAP domain and AZAPs: have additional domains on both sides o f the ArfGAP domain, as 

shown in the diagram above. AZAPs are further divided into ASAPs, ACAPs, ARAPs and AGAPs, 

which are defined based on presence o f additional domains. The above figure depicts the following 

abbreviated domains: (A)-ankyrin repeat; (BAR)-Bin, amphiphysin and Rvs 167 and Rvs 161; (GLD)- 

GTP-binding protein-like domain; (PBS)-paxillin-binding sequence; (PH)-pleckstrin homology; 

(SAM)-sterile a  motif; (SH3)-src homology 3 and (SHD)-spa-homology domain.
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ArfGAPs appear to bind preferentially to one particular A rf protein over the 

other Arfs. A rf GAP with GTP-binding protein-like, ankyrin repeat and pleckstrin 

homology domains 1 (AGAPl), for example, preferentially hydrolyses Arfl (Ooi et 

al. 1998), while A rf GAP with coiled-coil, ankyrin repeat and pleckstrin homology 

domains 1 (ACAPl) hydrolyses Arf6 (Jackson et al. 2000). ArfGAPs localise to 

specific areas o f the cell, contributing to the site-specificity of Arf, enabling efficient 

functioning and regulation o f A rf at each site independent of other sites. For instance, 

overexpression studies of ArfGAPl show that it binds to the cargo receptor at the 

Golgi apparatus (Aoe et al. 1997; Majoul et al. 2001).

1.3.2 Mechanism of ArfGAP Type 1

ArfGAPs can stimulate Arfl-bound GTP hydrolysis, returning Arfl to the inactive 

GDP-bound state. All ArfGAPs share a common ArfGAP domain o f approximately 

70 amino acids, that includes a zinc finger m otif of CXXCX(16-17)CXXC, which is 

critical for ArfGAP activity (Cukierman et al. 1995). In addition to this zinc finger, all 

ArfGAPs have a conserved arginine within the GAP domain, which is implicated in 

GTP hydrolysis. This arginine is positioned on the surface of the molecule, close to 

several hydrophobic residues. When it or adjacent hydrophobic residues are 

substituted there is a reduction in GAP activity (Mandiyan et al. 1999). A 100,000 

fold decrease o f GTPase activity was observed in the case o f a mutation o f the 

arginine (Randazzo et al. 2000).

As not all ArfGAPs function in the same manner, the mechanism for type 1 

ArfGAPs, the most fundamental ArfGAP, is described. All other ArfGAPs apart from
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type 1 ArfGAPs have additional domains, which contribute additional functions to the 

ArfGAPs. Goldberg (1999) demonstrated that the interface between A rfl and 

ArfGAPl occurs in the switch 2 and helix o3 domains of Arfl and in the strand (35- 

adjoining loop and hehx oF regions o f ArfGAPl. In this crystallization study, the 

switch 1 region was free, and the surface o f the zinc-finger motif including an 

arginine critical for activity was orientated away from A rfl. In support o f this model, 

the vesicle coat protein, coatomer, which binds to switch 1 and switch 2 o f A rfl was 

found to stimulate GAP activity (Zhao et al. 1997). This is consistent with the idea 

that Arfl is hydrolysed within a three-part complex consisting of A rfl, coatomer and 

ArfGAPl. However, this theory has been contested (Jacques et al. 2002) and there is 

mounting evidence against this proposed tripartite complex. Even the region of 

interaction is in question, the N-terminal a-helix has been implicated along with 

switch 1 in the interaction between Arfl and the ArfGAP (Jacques et al. 2002).

1.3.3 ArfGAPs in Saccharomyces cerevisae

Six yeast genes that encode proteins containing cysteine rich ArfGAP-like domains 

have been identified in the Saccharomyces cerevisae genome (Zhang et al. 1998). 

Four of these are functional: GCSl (1,3-beta-D-glucan synthase), G L03 (Gcsl like 

ORF), A G El, and AGE2 (ArfGAP Effector protein 1 and 2) (Cukierman et al. 1995; 

Poon et al. 1996). GCSl and G L03 have been imphcated in vesicular transport 

between the Golgi and the ER (Ireland et al. 1994), while GSC1 and AGE2 have been 

implicated in trans Golgi network (TGN) endosomal trafficking (Dogic et al. 1999; 

Poon et al. 1999; Poon et al. 2001). Deletion studies of S. cerevisiae ArfGAPs 

revealed that none was essential (Ireland et al. 1994; Zhang et al. 1998; Poon et al.
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1999). Double deletion mutants have shown there is redundancy in the yeast ArfGAPs 

(Poon et al. 1999; Poon et al. 2001). Triple mutants were also generated, showing that 

the gene encoding the G CS1 protein was more important then the other ArfGAPs. The 

reason for this effect appears to be related to the expression level o f the ArfGAP 

genes. GCS 1 was expressed at higher level than the other ArfGAPs. Expression o f the 

ArfGAPs, AGEl and AGE2 was undetectable (Zhang et al. 2003).

1.3.4 Guanine Nucleotide Exchange Factors

ArfGEFs have been subdivided into two classes based on molecular weight. Those 

with a higher molecular weight, greater than 100 kDa, and those less than 100 kDa. 

The higher molecular weight ArfGEFs function in the ER-Golgi system, and include 

guanine nucleotide exchange factor for ADP ribosylation factors (Gea)/ membrane- 

associated guanine-nucleotide exchange factor GNOM (S. cerevisae) and Sec7/ 

Brefeldin A inhibited guanine nucleotide exchange factor (BIG) (human) subfamilies. 

To further aid classification, larger ArfGEFs can be inhibited through the use o f 

Brefeldin A (BFA), an antiviral agent that inhibits an early step in secretion (Tamura 

et al. 1968), while the lower molecular weight class cannot.

The lower molecular weight ArfGEFs include the well-known human ADP- 

ribosylation nucleotide opener site (ARNO) subfamily and function primarily in the 

endosomal-plasma membrane system (Santy and Casanova 2001). They are involved 

in signalling pathways downstream o f phosphoinositide-3 (PI3 ) kinase, a lipid kinase, 

in actin cytoskeleton remodeling, and integrin signalling (Frank et al. 1998). All o f 

the low molecular weight family members contain a PH domain, that mediates 

membrane localisation via interaction with specific polyphosphoinositides, and an
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adjacent carboxy-terminal polybasic domain tiiat cooperates with the PH domain to 

enhance membrane-binding (Frank et al. 1998).

There are four ArfGEFs in S. cerevisae, Sec7 protein (Sec7p), synaptotagmin 1 

(Sytl), and guanine nucleotide exchange factors for A rf 1 and 2 (Geal, Gea2) 

(Peyroche et al. 1996; Peyroche et al. 1999; Sprang 2001). Geal and Gea2 can 

functionally replace one another (Peyroche et al. 2001), and have been assigned a role 

in the organisation of the actin cytoskeleton (Zakrzewska et al. 2003). Geal and Gea2 

have been shown to recognize an integral membrane protein, Golgi transmembrane- 

domain partner of any o f the high-molecular-weight ARF-GEFs (Gmhl), which is 

located in the cis-Golgi in S. cerevisae, acting as a positive regulator o f Gea 1 and 2 

(Chantalat et al. 2003).

1.3.5 Mechanism of ArfGEFs

The ArfGEF Sec7 domain engages both the switch 1 and switch 2 regions of the Arfl 

molecule during nucleotide exchange. These regions o f the A rfl molecule undergo 

substantial conformational changes that facilitate the exchange reaction (Chardin et 

al. 1996). Arfl can interact weakly with membrane phospholipids when bound to 

GDP, whereas its GTP-bound form is tightly membrane bound due to the interaction 

of the N-terminal helix o f Arfl with the lipid bilayer. The presence o f the membrane 

phospholipids alone can stimulate exchange o f GDP for GTP on A rfl in the absence 

of a ArfGEF (Franco et al. 1995) but this reaction is extremely slow compared with 

that catalysed by the Sec7-domain o f ArfGEF. It appears that these lipids are required 

first to interact with Arfl to free the sites of interaction, so that ArfGEF can engage
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with A rfl. ArfGEF accelerates nucleotide exchange on Arfl by 4-5 fold (Beraud- 

Dufour e/a /. 1998).

The crystal structure o f the human ARNO Sec7 domain has been solved at an 

approximately 2A resolution (Cherfils et al. 1998; Mossessova et al. 1998). It 

consists o f 10 alpha-helices (A-J) arranged in a right-handed superhelix, similar to the 

armadillo-repeat, 40 amino acid long tandemly repeated sequence m otif first 

identified in Drosophila melanogaster Hatzfeld et al. (1999). The C-terminus of the 

Sec7 domain mediates the interaction with Arfl through hydrophobic and polar 

residues. Specifically a  helices F, G and H form a deep hydrophobic groove. A 

hydrophilic loop between helices F and G acts as the binding site for nucleotide free 

Arfl. A conserved FRLPGE sequence makes up most o f a  helix H. This loop contains 

a large number o f  solvent exposed hydrophobic residues, and contributes most of the 

exchange activity. Point mutations in either o f these sequences dramatically reduces 

the ability to exchange nucleotides, demonstrating that this is the area of Sec7 activity 

(Betz eM/. 1998; Cherfils e? a/. 1998; Mossessova e? a/. 1998).

The nucleotide exchange activity o f ArfGEF molecules is dependent on a 

conserved glutamate residue located in the loop between helices F and G (Cherfils et 

al. 1998; Mossessova et al. 1998). It has been proposed that this invariant glutamate 

at the C-terminus o f the F-G loop (E l56 in ARNO) forms a “glutamatic finger” that 

inserts into the nucleotide-binding fold of A rfl, displacing the coordinating Mg^^ ion 

and possibly the (3-phosphate o f the bound GDP (Beraud-Dufour et al. 1998). The 

crystal structure o f  a complex between the Sec7 domain of Gea2p and nucleotide-free 

Arfl supports this model, indicating that the glutamate side chain comes within 3A o f 

the 3-phosphate site (bound to GDP) and is likely to exert steric and electrostatic 

repulsive forces on the bound nucleotide (Goldberg 1998).
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1.3.6 Additional Effectors of A rfl

Apart from ArfGEFs and ArfGAPs, A rfl interacts with several other proteins. In its 

GDP-form, Arfl interacts with members o f the p24 family of type I integral- 

membrane proteins, which are localised in the ER and the Golgi apparatus along with 

ArfGEFs (Donaldson and Lippincott-Schwartz 2000). These p24 proteins are thought 

to function as receptors for cargo exit from the ER and in transport vesicle formation. 

They contain diphenylalanine and dilysine sorting signals that are involved in coat- 

protein recruitment and anterograde and retrograde transport of the secretory pathway 

(Schimmoller et al. 1995; Stamnes et al. 1995; Belden and Barlowe 1996; Sohn et al. 

1996; Rojo e/a/. 1997; Bremser ef a/. 1999).

In its GTP bound form Arfl interacts with several vesicle coat components 

(COPI, Adaptin Protein 1/3/4, and GGAl/2/3), phospholipids (e.g. 

phosphatidylinositol) and other factors such as Arfaptin and phospholipase D (Nie et 

al. 2003a).

1.3.7 A rfl Involvement in Vesicle Formation

Arfl plays a key role in the composition o f vesicles used in vesicular trafficking 

(Balch et al. 1992). Arfl is involved in the formation o f vesicles composed of COPI 

and clathrin coatomer, but not in COPII vesicles. Formation of clathrin vesicles has 

not been fully elucidated yet, and involves many more proteins than COPI vesicle 

formation. Figure 1.8 depicts assembly o f clathrin coated vesicles.
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COPI vesicles are primarily involved in retrograde transport from the Golgi to 

the endoplasmic reticulum (ER) and also in forward transport from Golgi to the 

cistemae. Clathrin vesicles are involved in transport between the plasma membrane to 

early endosomes and from Golgi to the endosome. COPI vesicles are composed o f the 

COPI coatomer: a, p, P’, y, 6, e, and ^ subunits. COPI vesicles capture cargo with 

cytoplasmic carboxy-terminal domain sorting signals in the form of KKXX, dilysine 

motifs (Kirchhausen 2000). Coat assembly o f COPI is depicted in Figure 1.9. A rfl is 

activated by ArfGEF, and in its myristolated state Arfl binds to the Golgi membrane. 

Coat assembly is activated and the COPI vesicle forms.

Fig 1.8. The formation o f Clathrin-coated vesicles. Activation of Arfl occurs at the trans-Golgi 

network (TGN) triggering coat assembly. Coat assembly is activated at the plasma membrane. Adaptor 

proteins bind to cargo molecules and other coat components, including clathrin. Clathrin forms a cage 

around the cargo using clathrin triskellons that polymerise into hexagons and pentagons, leading to 

membrane deformation. When the coat is almost complete, dynamin and accessory proteins pinch off 

the vesicle. Uncoating o f  the vesicle is facilitated by ATP hydrolysis by Hsc 70 (cognate o f Hsp 70) 

and auxillin. Figure is taken from Kirchhausen (2000).
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Fig 1.9. The form ation of COPI-coated vesicles. Coat assembly is activated by recruitment of A rfl- 

GTP to the membrane, following activation of Arfl by ArfGEF. COPI is captured, cargo (material for 

transporting) is recruited, and membrane deformation occurs. When the coat has been completed, the 

vesicle buds. Arfl GAP enhances the GTPase activity of A rfl, and leads to the inactivation of Arfl and 

uncoating. Figure is taken from Kirchhausen (2000).
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1.4 Thesis Aims: Eludicating the Mechanism of Cellular 

Differentiation in T. brucei

Bloodstream forms o f T. b. brucei parasites undergo a long slender to short stumpy 

differentiation process. This process is cell density dependent (Vassella et al. 1997). 

Upon reaching a specified density, long slender cells release a T-GEF signal which is 

intemalised by other long slender cells initiating differentiation (Vassella et al. 1997). 

A receptor or transporter protein is required to take up this signal. A surface protein, 

TbPP69, is upregulated in differentiating pleomorphic strains and has been implicated 

in binding o f T-GIF (Murphy and Olijhoek 2001). One o f the objectives o f this thesis 

was the identification and characterisation of the TbPP69 receptor/transporter and its 

involvement in differentiation.

Arfl in T. b. brucei has also been implicated in differentiation as the internal 

target o f T-GEF (Murphy and Olijhoek 2001). TbArfl is one o f several proteins that 

are specifically upregulated in the long slender cells, where differentiation occurs 

(Murphy and Olijhoek 2001). Furthermore, T-GIF has been shown to bind TbArfl in 

the helix o3 region (Noel Murphy, unpublished). Antisera raised against T  b. brucei 

Arfl (TbA rfl) recognised the trypanosome endosomal system, suggesting a similar 

role for TbArfl in vesicle formation, as in its mammalian and yeast counterparts 

(Murphy and Olijhoek 2001, see Figure 1.10). Unexpectedly, TbArfl has also been 

localised to the flagellar region o f the trypanosome. This suggests a novel function in 

this flagellar organelle, that TbArfl is involved in signalling. The second objective of 

this project was the identification and characterisation o f A rfl effector proteins, in T. 

b. brucei, to examine their role in differentiation.
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The signal o f differentiation must be propagated throughout the cell via a signal 

transduction pathway. cAMP has been implicated in the differentiation o f long slender 

cells o f T. b. brucei, as shown by the addition o f a membrane permeable derivative of 

cAMP (pCPTcAMP) to monomorphic long slender cells (Breidbach et al. 2002). 

cAMP was sufficient to induce differentiation, independent o f T-GIF (SIF). The third 

objective of this thesis was the elucidation o f the role of cAMP pathways in A rfl- 

mediated T. b. brucei differentiation.

Fig 1.10. Localisation of Arfl in the T. b. brucei pleomorphic parasite with polyclonal IgG specific 

for the TbArfl. Nuclear and kinctoplast DNA are stained with DAPl (blue) and antibodies are stained 

with FITC (green). Note there is concentrated staining between the nucleus and kinetoplast where the 

endosomal and Golgi regions occur and where TbArfl is expected. However, there is also staining of 

TbArfl along the flagellum. This figure is taken from Murphy & Olijhoek (2001).
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Chapter 2: Materials and Methods

Bioinformatic Analysis

2.1 Identification and Analysis of Trypanosome and 

Leishmania Genes

2.1.1 Identification of Effectors of A rfl and A rl Proteins in T. b. brucei

ADP-ribosylation factor (Arf) genes, and their effectors related to vesicular signalling, 

that have been characterised in other species were identified in the literature. Protein 

sequences o f A rf l, Arf-like proteins (Arls) and effectors of Arfl (GTPase-Activating 

Proteins of Arfl (ArfGAPs) and Guanine Nucleotide Exchange Factors of Arfl 

(ArfGEFs)) from Homo sapiens, Mus musculus, Rattus norvegicus. Drosophila 

melanogaster, Xenopus laevis, Caenorhabditis elegans, Dictyostelium discoideum and 

Saccharomyces cerevisiae were downloaded from the NCBI database 

(http;//www.ncbi.nlm.nih.gov/). Each of these protein sequences was compared to the 

T. brucei gene database (GeneDB) (http://www.genedb.org/), using the OmniBLAST 

program (http://wvm.ncbi.nlm.nih.gov). A protein motif scan program, ScanProsite 

(http://www.expasy.-org/tools/scanprosite/), was used to confirm the presence of 

conserved domains in the newly identified homologues. Similarly, homologues were 

also identified in T. b. gambiense, T. cruzi, T. vivax, T. congolense, and L. major.
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T-coffee alignments o f the A rfl, Arf, Arl, ArfGAP and ArfGEF protein families 

were produced (T-coffee, Notredame et al. 2000). The Genedoc program was used to 

identify and extract conserved domains (Genedoc, Nicholas et al. 1997). Protein 

alignments were used to construct neighbour-joining phylogenetic trees (Mega 3.1, 

Kumar et al. 2004). T-coffee alignments o f the A rfl, Arf, Arl, ArfGAP and ArfGEF 

protein families were produced (T-coffee Notredame et al. 2000). The Genedoc 

program was used to identify and extract conserved domains (Genedoc, Nicholas et 

al. 1997). Protein alignments were used to construct neighbour-joining phylogenetic 

trees, using Mega 3.1. 1000 bootstrap replicates were carried out to assess the 

statistical significance of each node (Mega 3.1, Kumar et al. 2004).

2.1.2 Identification of the TbPP69 Putative Receptor

To identify candidates for the TbPP69 receptor/transporter, partially purified protein 

(tomato-lectin purified pleomorphic and monomorphic surface proteins, prepared 

from monomorphic strain T. brucei 328.114 and pleomorphic strain T. brucei 

IL T atl.l according to section 2.9) containing the putative TbPP69 factor was run on a 

SDS-12% PAGE gel and 69 kDa bands were extracted and subjected to tandem- 

tandem mass spectrometry analysis (as outlined section 3. 3, materials and methods 

are as described in Untalan et al. 2005).

Analysis produced strings o f peptide sequences which were compared with the 

T. b. brucei GeneDB database (http://www.genedb.org/), using the OmniBLAST 

server program (Hertz-Fowler et al. 2004) to produce best possible matches. The 

GeneDB OmniBLAST program performs a full database search using the Blosum 62 

matrix for scoring the protein alignments. The open reading frame finder (ORF finder,
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NCBI, http://www.ncbi.nlm.nih.gov/, Wheeler et al. 2007)was used to identify open 

reading frames o f the best matches that were then translated into protein sequences 

using protein translater program, Translate (Expasy http://www.expasy- 

.org/tools/dna.html). The TbPP69 receptor/transporter was known to be in the order of 

40-70 kDa. Proteins in this range were selected using a range exclusion function of 

GeneDB. Selected candidates were assessed using a transmembrane program to 

search for multiple domains as the TbPP69 protein was thought to be a multi-pass 

transmembrane protein. Candidates were tested with the TMHMM program (Krogh et 

al. 2001) for identification o f transmembrane helices in proteins (CBS; Denmark, 

http://www.cbs.dtu.dk-/services/TMHMM-2.0/). Subsequently, candidates were 

assessed using a program to identify signal cleavage sites, as the TbPP69 

receptor/transporter was known to possess an N-terminal signal peptide (Signal? 3.0, 

(Bendtsen et al. 2004)). A program to predict GPI-anchors was run on candidate 

sequences, to ensure that they did not have GPI-anchoring domains, DGPI 

(http://129.194.185.165/dgpi/index_en.html, Kronegg and Buloz, 1999).

Laboratory Work

2.2 Preparation of Nucleic Acids

2.2.1 Preparation of DNA

Bloodstream form T. brucei 328.114 trypanosomes grown according to conditions 

(section 2.11.3) were resuspended at a concentration o f 1 x 10  ̂cells/ml in NET buffer 

[150 mM NaCl, 100 mM ethylenediamine tetraacetic acid (EDTA), 10 mM Tris-HCl
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pH 7.4] which was brought to a final concentration of 1% SDS with 100 )ig o f boiled 

RNAse A added per ml. The trypanosomes were incubated at 37°C for 3 h to lyse the 

cells and digest the RNA. Proteinase K (10 mg/ml) was added to a final concentration 

of 50 ng/ml and the digestion reaction was allowed to continue overnight at 55°C. 

The lysate was then gently but thoroughly extracted with an equal volume of phenol 

pre-equilibrated with TE [10 mM Tris-HCl, pH 8.0, 1 mM EDTA]. Any residual 

phenol was removed by 2-3 extractions with ether. The DNA was precipitated by the 

addition o f 2.5 volumes o f cold absolute ethanol pre-chilled at -20°C  and pelleted by 

centrifugation at 14,000 rpm for 20 min at 4°C in an Eppendorf minifuge or mikro 

200R centrifuge. The DNA precipitate was washed twice with 70% ethanol then dried 

under a vacuum (Heto, spedivac). The pellet was re-dissolved in an appropriate 

volume o f sterile water or TE depending on the yield o f the DNA. The DNA 

concentration was estimated by measuring the absorbance at 260 nm in an Eppendorf 

photometer. The DNA was stored at 4°C for later use. For longer storage, the DNA 

was kept as an ethanol precipitate at -70°C.

2.2.2 Preparation of RNA

Isolation of RNA followed the procedure described by Chomczynski and Sacchi 

(1987). This procedure involved lysis o f trypanosomes in the presence o f a strong 

denaturant and RNAse inhibitor. To a pellet o f approximately 1x10^  trypanosomes, 2 

ml o f Solution D [4 M guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5% 

(w/v) sarcosyl, 0.1 M 2-mercaptoethanol], 200 îl of 2 M sodium acetate, pH 4.0, 2 ml 

o f water-saturated phenol and 400 ^1 o f chloroform were added. The contents were 

mixed vigorously by vortexing repeatedly.
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The resulting suspension was placed on ice for 10 min and then aliquoted into 

sterile 1.5 ml Eppendorf tubes, then centrifuged at 14,000 rpm for 10 min (Eppendorf 

minifuge or mikro 200R centrifuge). The RNA was completely dissolved in Solution 

D and precipitated using 2.5 volumes o f absolute ethanol for 10 min on dry ice. The 

RNA was recovered by centrifugation at 14,000 rpm for 10 min at 4°C (Eppendorf 

minifuge or mikro 200R centrifuge) and the resulting RNA pellet washed with 70% 

ethanol and dried under vacuum (Heto, speedivac). The RNA pellet was dissolved in 

100 nl of sterile RNase-free water.

The concentration of RNA was estimated by measuring the absorbance at 260 

nm (Eppendorf photometer). A 2-5 ng aliquot o f  the total RNA was electrophoresed 

on a 1.5% agarose gel to monitor the physical integrity of the nucleic acid. Aliquots 

were made and stored at -70°C  for later use.

2.2.3 Isolation of mRNA

Magnetic beads were used to further isolate mRNA from an RNA preparation 

according to manufacturer’s instructions (Promega Magnet Sphere Magnetic 

Separation Kit®, Madison, WI, USA). Promega Streptavidin Paramagnetic Particles 

(SA-PMP) beads were resuspended in solution by gently flicking the tube. 40 o f 

suspended bead solution were removed and transferred into a 0.5 ml Eppendorf tube, 

and placed in the supplied magnetic stand. Beads were washed 3x in 300 (il o f 0.5 x 

SSC [SSC containing 175.3 g/I NaCl, 88.2 g/1 sodium citrate], and were resuspended 

in 20 ^1 o f 0.5 x SSC.

0.1-1.0 mg o f total RNA and 10 pmol/(jJ biotinylated oligo dT primer (Primers 

listed in Table 2.1, supplied by MWG Biotech, Ebersberg, Germany) were placed in a
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0.5 ml Eppendorf tube, and heated on a PCR block (M.J. Research Inc., PTC-100 

thermo cycler) at 65°C for 10 min. 20 nl o f 20x SSC solution was added. The RNA 

solution was added to the SA-PMP beads and incubated at room temperature for 10 

min. Tubes were mixed by inversion every 2-3 min. The SA-PMP beads were 

captured in the magnetic stand and the supernatant was removed. Beads were washed 

5 times in 300 nl o f O.lx SSC. Supernatant was removed, and the RNA remained 

attached to the SA-PMP beads.

2.2.4 Com plem entary DNA (cDNA) Synthesis

The synthesis of cDNA was performed as described in the manufacturer’s protocol 

(Sensiscript® Reverse Transcription, Qiagen, West Sussex, UK). For first strand 

cDNA synthesis, the following reaction was set up in a 0.5 ml microfiige tube: 5 p.1 of 

mRNA (1-2 |J.g/jJ.l, attached to the SA-PMP beads) was heated at 75°C for 5 min and 

cooled on ice. To this, 2 )j,l o f lOx RT buffer (provided by manufacturers), 2 [j,l of 5 

mM dNTPs, 2 |j,l o f  100 ng/|il oligo (dT) primer (primers listed Table 2.1, supplied by 

MWG Biotech), and 13 |j,l RNase-free water were added. The reaction was initiated 

by addition o f 1 (il of Sensiscript® Reverse Transcriptase (4 U/p.1) and incubated at 

37°C for 1 h.

The second strand cDNA was PCR amplified using mini-exon and oligo (dT) 

primers. The PCR amplification reactions were set up in a final volume of 20 |il as 

described in the following section, using 2 jil o f 100 ng/|j.l o f oligo (dT) primer. The 

reaction mixtures were spun briefly in a microfuge. The PCR parameters: denature at 

94°C for 1 min, anneal at 50°C for 1 min, synthesise at 72°C for 2 min for 40 cycles 

with a final synthesise at 72°C for 5 min (M.J. Research Inc., PTC-100 thermo
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cycler). The thermal cycler was programmed to cool to 4°C at the end o f  the PCR. 

The double-stranded cDNA (ds-cDNA) was analysed by agarose gel electrophoresis, 

to assess its quality and concentration and then stored at -20°C  for later use.

2.3 PCR Amplification

A number o f  PCR amplification protocols were followed depending on the Taq 

polymerase used. It was found that certain Taq enzymes were optimal at amplifying 

different fragments o f  DNA.

2.3.1 Standard PCR amplification

Standard PCR amplification reactions were performed in final reaction volume o f  20 

or 50 1̂ 1 containing 1-10 ng/)il o f  DNA template, 2 mM MgCl2 buffer, 0.2 mM 

dNTPs, 0.4 mM forward and reverse primers [outlined in Table 2.1 (primers for 

chapter 3), Table 2.2 (primers for chapter 5), on Table 2.3 (primers used in 

Appendix)] and 1 unit Taq polymerase (Qiagen). Reactions were placed in a 

programmable heating block (PTC-100 thermo cycler, M.J. Research Inc.) and 

incubated at 94°C for 1 min, 50°C for 1 min and 72°C for 2 min, followed by 30-40  

cycles at 94°C for 30 s, 50°C for 1 min (the annealing temperature was optimised for 

the reaction) and 72°C for 2 min. A final elongation step o f  10 min at 72°C, and a 4°C 

cooling step followed.
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2.3.2 Qiagen Tag PCR Master Mix

For standard PCR am plification a PCR M aster M ix for Taq polym erase (Q iagen) was 

used, which gave effective results with httle effort. The PCR am plification reactions 

were performed in final reaction volum e o f  20 or 50 |j,l containing 1-10 ng/|j,l o f  D N A  

template, 2 x Qiagen Taq PCR M aster M ix (2.5 units Taq polym erase, 1 x Qiagen  

buffer [TrisHCl, KCl, (NH 4)2S0 4 , 15 mM M gC b, pH 8], 200 nM o f  each dNTP) and 

2 ng/)al final concentration o f  each primer (primer details see Tables 2.1 , 2.2 , and 2.3; 

supplied by M W G Biotech, Germany and Sigm a G enosys, W est Sussex, UK ). The 

PCR reactions were placed in a programmable heating block (PTC -100 thermo cycler, 

M.J. Research Inc.) and incubated at 94°C  for 1 min, 55°C for 1 min and 72°C  for 2 

min, fo llow ed  by 3 0 -4 0  cyc les at 94°C  for 30 s, 55°C  for 1 min (the annealing 

temperature was optim ised for the reaction) and 72°C for 2 min. A  final elongation  

period o f  10 min at 72°C, and a 4°C  cooling period follow ed. The annealing 

temperatures varied depending on the m elting temperatures o f  the individual primers.

2.3.3 Qiagen Proof Start ® PCR Kit

For long D N A  fragments a high fidelity  PCR kit was used, Proof-start® PCR Kit 

(Q iagen). The procedure w as fo llow ed  according to manufacturer’s guidelines. The 

kit proved difficult to optim ise, so other similar kits w ere tested. PCR am plification  

reactions were performed in a final reaction volum e o f  20 or 50 |j,l containing 1-10 

ng/ ĵ.1 o f  D N A  template, lOx Q iagen Proofstart® PCR buffer [Tris.Cl, KCl, 

(N H 4)2S0 4 , 15 mM  M gS0 4 , bovine serum albumin, Triton X-lOO, pH 8.7], variable 

quantities o f  M gS 0 4 , 10 m M  dNTPs, 2.5 U /^ l P roof Start® D N A  polym erase and 2
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HM final concentration o f  each primer. The PCR reactions were placed in a 

programmable heating block (PTC-100 thermo cycler, M J. Research Inc.) and 

incubated at 95°C for 5 min, followed by 35 cycles o f  94°C for 30 s, 55°C for 30 s, 

72°C for 1 min (adding 1 min per kb).

2.3.4 KOD Hot Start® DNA Polymerase

A second high fidelity PCR kit was used for important products that were difficult to 

obtain; this kit worked very well. The PCR amplification reactions were also 

performed in final reaction volume o f  20 or 50 |j,l using KOD hot start® DNA  

polymerase (Novagen, Nottingham, UK). Reactions were carried out according to the 

manufacturer’s guidelines, containing 1-10 ng/|j,l o f  DNA template, 1 unit KOD hot 

start® DNA polymerase, 0.3 nM 5 ’ primer, 0.3 )iM 3 ’ primer, 1 mM M gS0 4 , 0.2 mM 

dNTPs, lOx PCR KOD hot start® DNA polymerase buffer to a final concentration o f  

Ix DNA polymerase buffer. The PCR reactions were placed in a programmable 

heating block (PTC-100 thermo cycler, M.J. Research Inc.) and incubated at 94°C for 

2 min, followed by 35 cycles 94°C for 15 s, 60°C for 30 s, and 72°C for 20 s (with 

the addition o f  20 s per kb). A final elongation period o f 10 min at 72°C, and a 4°C 

cooling period followed. The annealing temperatures varied depending on the melting 

temperatures o f  the individual primers.

5 p,l PCR products were mixed with 6x loading dye (1 x TAE [40 mM Tris- 

acetate, 1 mM EDTA, pH 8.0], 50% glycerol, 0.25% (w/v) bromophenol blue, 0.25%  

(w/v) xylene cyanol) and resolved on 1% agarose gel made with Ix TAE buffer 

stained with ethidium bromide (0.5 ng/ml) and photographed under UV illumination 

(BioRad gel documentation system).
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Table 2.1. Primer Information. Names, sequences and restriction sites incorporated into the primers

used in chapter 3 are shown below.

Prim er Name DNA Sequence Restriction Site 

Incorporated

T7-SL-universaI TAATACGACTCACTATAGGGAGTAGAACAGTTTCTGTACTATA

T7-01igo -dT TAATACGACTCACTATAGGGAGATTTTTTTTTTTTTTTTTTTTTT

pLEW  lOOfwd (p2216F ) GAGTTTAACATGTTCTCGTCC

pLEW  1 0 0 R ev (P 2 2 1 6 R ) GTGCCATCAGATTACTCC

pLEW  lOOESAG lO Fw d GCTCTAGATAGCCATGCGATTTCTTTCCTTCATGTGC X b a l

pLEW  lOOESAG 10 Rev GCGGATCCGTTTCAGATATTACTTATGGGAGG Bam HI

p2216ESA G  lO F w d (E lO F ) CATAAGCTTATGCGATTTCTTT X b a l

p2216ESA G  lO R ev  (E lO R ) GTAGGATCCCTAATTGGCTGT Bam H I

ESAGIO internal reverse (ElO 

TR)

TCATTGCGTAACCCAACGAT

Splice leader Fwd TAGAACAGTTTC TGTACTATATTG

a-T ubulin Rev CCAGTGCAGTTGTCAGCGAGC

p-Tubulin Rev GACCGTATCATGATG

rDNA spacer Fw d (rDNA F) GAGGAAGGAGGGAAG

rDNA spacer Rev (rDNA R) ACAACCGAGCAATGA

Table 2.2. Primer Information. Names, sequence and restriction enzymes incorporated into the

primers used in chapter 4 are shown below.

Prim er Name DNA Sequence Restriction

Site

Incorporated

T bA rn  ORF 12R GGGCACATCACCAGAAC

TbA rfl ORF 3R CAAGCTCACAATTTTCGC

TbA rfl ORF 4R GGTATTAACAATAACCTACTTC

pET21 A rfG A P IF w d CATGGATAATCACATACTGCTGAGGATGG Bam H I

pET21 A rfG A P IR ev GCGTGTCGACGATTGGAAGTCCCCATCG

pET21 ArfGA P V Fwd CATGGATCCCAAGTCGTAATAGGGATGAAG Bam H I

pET21 ArfGA P V Rev GTCAAGCTTGTGCTTCTTACCAAAAGG H ind lll

pE T 2! ArfGA P V Trun Rev GGCAAGCTTGTTAGTATTCTGCTGTCG H ind lll

P51 ek/lic ArfGA P I Fwd GACGACGACAAGATGTCACATACTGCTGAG

P 5 1 ek/!ic A rfGA P I Rev GAGGAGAAGCCCGGTGATTGGAAGTCC

P 5 1 ek/Iic A rfGA P V Fwd GACGACGACAAGATGAGTCGTAATAGGGAT

P 5 1 ek/lic ArfGA P V Trun Rev GAGGAGAGGCCCGGAGTATTCTGCTGTCG

T7 Prom oter Fwd TAATACGACTCACTATAGGG

T7 Rev CTAGTTATTGCTCAGCGGT
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Table 2.3. Primer Information. Names and sequences o f the primers used in the Appendix are shown 

below.

Prim er N am e DNA sequence

ILTat 1.1 Fwd GACAGGCGCCGT CGGTAT CAC

ILTat 1.1 Rev TGGGAGTCCATCGTGCTGGCC

ILTat 1.2 Fwd CGGCGTAGCAGACTCTCACCA

ILTat 1.2 Rev GCCTGCTGTGCCTCCGTTAGT

ILTat 1.3 Fwd CTTTCAGACCTCGGCAAGTGG

ILTat 1.3 Rev GTTTGCGCTGCTGCGCGAAGT

ILTat 1.4 Fwd AAAGACGCCGAGCTGACAGCC

ILTat 1.4 Rev GTGCCGACACCAGTTTAGCGT

Biotin SL-brucei AACTAACGCTATTATTAGAACAGTTTCTG

SR-T23 GTTAACTCGAGAATTCTTTTTTTTTTTTTTTTTTTTTTT

2.4 Purification of DNA Products

2.4.1 Purification of PCR Products

Purification o f PCR products was performed using the JET® quick PCR purification 

spin icit (Genomed, Limerick, Ireland) to remove any contaminants that would 

interfere with further reactions. For each 100 (il o f PCR reaction sample, the aqueous 

phase was transferred to a 1.5 ml microfuge tube. To this, 400 p,l o f binding HI 

buffer [concentrated guanidine hydrochloride, EDTA, Tris/ HCl isopropanol] was 

added. The contents in each tube were inverted briefly. The DNA/Hl mix was then 

pipetted into the assembled spin column and 2 ml receiver tube and spun at 13,000 

rpm (Thermo lEC micromax centrifuge or mikro 200R centrifuge) for 1 min, the 

flow-through was discarded. 500 iJ,l o f a second H2 solution [ethanol, NaCl, EDTA 

and Tris/HCl] was added as a washing step. The column was spun again at 13,000 

rpm for 1 min, and the flow-through was discarded. The column required a second 

centrifugation step to remove residual ethanol. The used receiver tube was removed
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from the spin column and a second sterile receiver tube was put in its place. 50 )j.l of, 

pre-heated (65°C) TE buffer was added into the spin column and allowed to stand on 

the bench for at least 1 min. To elute DNA the spin column was then spun at 13,000 

rpm for 1 min, and purified PCR products were removed from the receiver tube, and 

stored at 4°C or -20°C  for later use.

A second similar PCR purification kit and protocol was also used to purify PCR 

products according to manufacturer's instructions (QIAquick® PCR purification kit, 

Qiagen).

2.4.2 Gel Extraction

Two gel extraction procedures were carried out according to the manufacturer’s 

guidelines with the following changes: samples were eluted with 20 p.1 warmed TE. 

Kits were obtained from JET® quick gel extraction spin kit (Genomed) and 

QIAquick® gel extraction kit (Qiagen).

2.4.3 Phenol-Chloroform Extraction

Equal volumes o f pheno 1-chloroform [phenol/chloroform/isoamyl alcohol (25:24:1)] 

and the sample for cleaning were placed into 1.5 ml eppendorf tubes. The tubes were 

spun in a centrifuge for 5 min at 13,000 rpm (Thermo lEC micromax centrifuge or 

mikro 200R centrifuge). Two phases were produced; the aqueous layer was removed 

and transferred into a new 1.5 ml eppendorf tube. Two volumes o f ice-cold 100% 

ethanol were added, and the eppendorf tube was stored in the freezer for 20 min. On 

removal, the eppendorf tube was spun in a centrifuge for 20 min at 13,000 rpm at 4°C,
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supernatant was removed, and 400 îl o f 70% ethanol were added. The tube was spun 

for a further 10 min at 13,000 rpm, the supematant was removed and the pellet was 

air-dried. The pellet was resuspended in an appropriate amount o f TE.

2.4.4 Ethanol Precipitation

Ethanol precipitations used 1 nl o f 100% glycogen, a tenth of the total volume of 3 M 

sodium acetate, pH 7, 2x volume o f ice-cold 100% ethanol and sample. The reaction 

was cooled at -20°C for 20 min, and sedimented at 13,000 rpm for 20 min at 4°C 

(Thermo lEC micromax centrifiage or mikro 200R centrifuge). The supematant was 

removed and the sample was washed with 70% ethanol, and sedimented for 10 min at 

13,000 rpm, the supematant was removed and the pellet was air-dried. The pellet was 

resuspended in an appropriate amount of TE.

2.4.5 Small Scale Plasmid DNA Preparation (Mini-Prep)

Two small scale plasmid preparation kits were used to prepare the DNA. Procedures 

were carried out in accordance with the manufacturer’s instmctions. A Nucleospin® 

Plasmid Kit (Macherey-Nagel, Diiren, Germany) and a QIAprep® Spin Miniprep Kit 

(Qiagen) were used.

2.4.6 Large Scale Plasmid DNA Preparation (Midi-Prep)

Larger scale preps were prepared according to manufacturer’s instmctions (Qiagen 

Qiaprep® plasmid midi kit), with the following changes. DNA was precipitated with
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Ix cold isopropanol, and cooled at -20°C before spinning in a centrifuge. On 

resuspending the pellet following isopropanol extraction, 200 ^1 of TE was used and 

pellet was briefly spun again to remove residual DNA.

2.5 Cloning of PCR Products

Primers were designed for the T. brucei putative gene sequences (Sigma Genosys and 

MWG). Primers contained 12-15 bp flanking the 5’ and 3’ regions o f interest, a 

restriction enzyme site (if required), and GC clamp. PCR products were acquired as 

outlined above (section 2.3 PCR amplification) using T. brucei strain 328.114 DNA.

2.5.1 Restriction Enzyme Digestion of Nucleic Acids

All restriction enzymes were used under optimal conditions as recommended by the 

manufacturer (New England Biolabs, Boston, USA and Sigma). Double digests of 

DNA were carried out with two enzymes simultaneously, using a single appropriate 

buffer as indicated by the supplier (New England Biolabs and Sigma). All buffers 

used were obtained as lOx stocks. Where indicated, one-hundredth o f the reaction 

volume of lOOx bovine serum albumin (provided by the supplier) was also used in the 

reactions. All digests o f DNA were carried out at 37°C for 2 or 3 hrs. All the DNA 

digests were separated by electrophoresis as described (section 2.6 Electrophoresis) 

and photographed.

Purification o f PCR products and plasmid DNA (the plasmids used are listed in 

Table 2.4) were described in section 2.4. Genomic DNA prepared from trypanosomes 

and other organisms was digested in a total reaction volume of 10 or 50 ^1. Each
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reaction contained 0.5 to 2 |xg o f DNA, 2 to 10 units o f appropriate restriction 

enzyme, 0.1 or 0.5 |il of lOOx BSA (if required), 1 or 5 |il o f appropriate lOx buffer 

and sterile water added to make the final volume. The restriction enzymes used for 

digestions included Bam HI (Sigma), Hind III (Sigma), Eag /, Pac /, Xba I  and Xho I  

(New England Biolabs).

Digested PCR products and plasmid preps were cleaned using phenol- 

chloroform extraction procedure as described (section 2.4.3).

Table 2.4. Table o f  plasm ids utilised. Plasmid name, antibiotic resistance geneand references are 

given.

Plasm id Nam e Resistance genes Reference/Source

plewlOO Ampicillin, Phleomycin Wirtz et al. 1999

pQE30 Ampicillin Qiagen

pET21a Ampicillin Novagen

pETlSb Ampicillin Novagen

pET28b Kanamycin Novagen

pET51aEk/LlC Ampicillin Novagen
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2.5.2 Ligation Reactions

The hgation reactions o f  the PCR products and plasmid vectors were performed at a 

molar concentration o f  2:1, respectively. Using the NEB Quick ligation® kit (New  

England Biolabs), each ligation reaction was set as follows; 3 )j.l o f  the vector (25 

ng/|j,l), 6 |j.l o f  appropriately diluted target DNA (25 ng/)al), 1 )o,l provided NEB  

ligase® enzyme (10 U/|al), 10 |j,l o f  2x ligation buffer [100 mM Tris-HCl, pH 7.8, 20 

mM MgCl2, 20 mM dithiothreitol (DDT)]. The ligation reaction tubes were incubated 

at 25°C  for 5 min (PTC-100 thermo cycler, M.J. Research Inc.). Up to 10 1̂ o f  each 

hgation mix were used to transform 200 |j,l competent Escherichia coli JM109 

bacterial cells.

2.5.3 Ek/LIC Cloning Mechanism, Novagen

Primers were designed and manufactured containing the integration sequence as given 

by the manufacturers, (5 ’ forward sequence GAC GAC GAC AAG ATX, 5 ’ reverse 

sequence GAG GAG AAG CCC GGT) with 12 bp flanking the gene sequence o f  

interest (Sigma Genosys). PCR products were amplified according to the KOD hot 

start polymerase directions (Novagen), as described (section 2.3.3, KOD hot start 

DNA Polymerase). PCR products were purified using PCR purification kits. Purified 

PCR products were treated with T4 DNA polymerase (Novagen) according to the 

manufacturer’s guidelines with 0.2 pmol purified PCR product in up to 14.6 |j,l TE 

buffer, lOx T4 polymerase buffer, 25 mM dATP, 100 mM DTT, 1 unit T4 DNA  

polymerase. The reaction was incubated at 22°C for 30 min, and inactivated at 75°C  

for 20 min (PTC-100 thermo cycler, M.J. Research Inc.).
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Following T4 polymerase treatment, the pET Ek/LIC 51a vector was annealed 

to the treated PCR product o f  interest. 1 1̂ o f  Ek/LIC vector (50 ng/^il) and 2 1̂ o f  T4 

polymerase treated Ek/LIC insert (0.02 pmol), were incubated for 5 min at 22°C. 1 (J 

o f  25 mM EDTA was added to the reaction, and was further incubated for 5 min at 

22°C. Up to 1 o f  annealed reaction was used in a transformation procedure.

2.5.4 Preparation of Competent Bacterial Cells

Preparation o f competent cells was based on the protocol o f  Sambrook et a i ,  (1989). 

The E. coli strains (Table 2.5) for transformation were streaked from a frozen stock 

onto agar plates and a single colony was used to grow a 10 ml overnight LB broth. 8 

ml o f  the overnight culture were inoculated into 200 ml LB broth in a 500 ml conical 

flask. The culture was incubated at 37°C in a thermal shaker (C25 incubator shaker, 

N ew  Brunswick Scientific or Multitron® H7 Infors AG C H ^103, Bottmingen, 

Switzerland) at 220 rpm until the cell density reached ODeoo = 0.6 as measured on a 

spectrophotometer (Biochrom). The cuhure was chilled on ice for 10 min. The cells 

were pelleted by centrifugation at 2,500 rpm at 4°C for 8 min (Centra CL3 centrifuge. 

Thermo lEC). The medium was decanted and the cells were resuspended in 25 ml o f  

50 mM CaCl2 and centrifuged at 2,500 rpm for 8 min, before the supernatant was 

removed. Cells were resuspended in 25 ml o f  10 mM NaCl, spun at 2,500 rpm for 8 

min, and the supematant was removed. Cells were incubated in 25 ml o f  CaCb for 30 

min on ice to make them competent. Cells were spun for a further 8 min at 2,500 rpm, 

and resuspended in 50 mM CaCb and 15% (w/v) glycerol.
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The cells were transferred in aliquots of 250 |xl into pre-chilled sterile Eppendorf 

tubes and frozen immediately. The tubes containing the cells were stored at -70°C  for 

later use.

Table 2.5. Strains of E.coli used in the study.

E. coli strain Genotype Reference

JM109 F"̂ , TraD36, proA *, proB^, la c \ \  IacZ /recA \, 

e n d A l, gyrA 96, NaF, thi, h s d R ll,  i«pE44, 

re lA l

Sambrooic et al. 1989

BL 21 DE3 hsd  S gal (Xcte857 ind\ Sam? ninS lac  UV5- 

T7 genel)

Studierand Moffatt 1986

2.5.5 Transformation

The procedure described by Sambrook et al. (1989) for transformation o f bacteria was 

used. The competent cells were thawed on ice and were gently mixed by inversion. 

200 nl aliquots were transferred into pre-chilled 1.5 ml Eppendorf tubes. 10 (il o f the 

ligation reaction mixture (see ligation reaction) were added to the competent cells, 

mixed gently and then incubated on ice for 5 min. The tubes were then placed in a 

water bath at 42°C for 45 s, to heat-shock the cells and then immediately chilled on 

ice for 3 min. To this, 0.9 ml o f LB broth (Sigma-Aldrich), preheated at 37°C, was 

added and then incubated in a thermal shaker at 37°C, 220 rpm for 45 min (C25 

incubator shaker. New Brunswick Scientific or Multitron® H7 Infors AG CH-4103 

Bottmingen, Switzerland). Dilute and lOx concentrated reaction volumes were plated
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onto agar plates containing 100 (pLEWlOO and pET21a vectors) or 50 (Ek/LIC 

vector) |xg/ml ampicillin or 30 |ig/ml kanamycin (pET28b vector). Plates were 

incubated inverted at 37°C overnight.

2.5.6 Identiflcation of Recombinant Clones

Clones were picked and spotted on agar plates and emulsified in 20 |il of deionised 

water, and denatured at 95°C for 5 min (M.J. Research Inc., PTC-100 thermo cycler). 

1 p,l o f the denatured DNA clone was amplified with selected primers (T7 Fwd and 

T7 Rev, and pLEWlOO Fwd and Rev primers, table 2.1, 2.2) to show presence of 

insert. Positive clones were prepared and restriction digests were preformed. Results 

were also confirmed by sequencing (MWG Biotech, GENE Crust, Poitiers cedex, 

France using the T7 forward or pLEW forward primer to check the reading frame, 

http://www.mwgbiotech.com/html/all-/index.php).

2.5.7 Glycerol Stocks

Glycerol stocks o f the positive recombinant clones were made using a 5 ml over night 

culture, which was centrifuged at 13,000 rpm for 15 min. The supernatant was 

removed and the pellet was resuspended in 30% glycerol-broth [30% (v/v) glycerol in 

L.B. broth]. Glycerol stocks were fast frozen, dipped in dry ice and ethanol, and 

stored at -70°C for future use.
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2.6 Electrophoresis

2.6.1 Conventional Agarose Gel Electrophoresis

Conventional agarose gel electrophoresis was used to fractionate various nucleic acid 

fragments that included restriction enzyme digests o f  genomic DNA, recombinant 

plasmid DNA and PCR products. The agarose gels were prepared with Ix TAE [40 

mM Tris-acetate, 1 mM EDTA, pH 8.0]. The gels were prepared by boiling agarose 

(Pronadisa, Conda laboratories) in Ix TAE containing 0.5 ng/ml ethidium bromide. 

Gels were placed in an appropriate horizontal electrophoresis tank (Thermo EC) 

containing sufficient Ix TAE buffer. The samples were mixed with 6x gel loading 

buffer [1 X TAE, 50% glycerol, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene 

cyanol] before loading into the wells. Gels were run at a constant voltage (usually 120 

V) using a Thermo EC 105 power supply source. The location o f nucleic acid 

fragments within the gels was determined by UV illumination (BioRad gel 

documentation system) and bands were compared with size markers (1 kb DNA  

ladder, Promega) to determine fragment size.

2.6.2 SDS PAGE Gels

SDS-12% Polyacrylamide gels were prepared. The resolving gel consisted o f  2.5 ml 

4x resolving gel buffer for protein separation (1.5 M TrisHCl, pH 8.8, 0.4% SDS), 3.5 

ml dd H2O, 4.0 ml AA/bis acrylamide (Protogel, National diagnostics), 50 )j,l 10% 

ammonium persulfate and 5 |j,1 N,N,N',N'-Tetramethylethylenediamine (TEMED). 

The stacking gel consisted o f  1.25 ml 6x stacking gel buffer (0.5 M TrisHCl, pH 6.8,
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0.4% SDS), 3.2 ml dd H2O, 0.5 ml AA/bis acrylamide, 100 |j.l 10% ammonium  

persulfate, 10 (j.1 TEMED.

20 nl o f  eluted purified protein fractions were mixed with 5x loading dye [56% 

volume/volume (v/v) glycerol, 11% weight/volume (w/v) o f  10% SDS, 2.8% (v/v) P- 

mercaptoethanol, 1.4% o f  0.5% (w/v) bromophenol, 7% (v/v) 0.5 M TrisHCl, pH 

6.8]. Samples were denatured, boiled at 95°C for 5 min, cooled to 4°C for 5 min, and 

centrifuged quickly on the minifuge.

Prepared samples were loaded onto SDS-12% PAGE gels. Samples were 

compared with a 220 kDa bench m>ark ladder (PEQ lab, bench mark protein ladder) 

and run at 150 V on the electrophoresis apparatus (Consort E815) in a running buffer 

[Ix  running buffer: 14.4 % (w/v) glycine, 3% (w/v) Tris base, 1% (w/v) SDS] for~75  

minutes.

Polyacrylamide gels (Invitrogen, Dublin, Ireland, NuPAGE® 12% Bis-Tris gel, 

1.0 mm X 12 well) were also used at 200 V on the electrophoresis apparatus in a 

running buffer [10% SDS, 5% 20x 3-N-morpholino propansulfonic acid; 4- 

Morpholinepropanesulfonic acid (MOPS)] for -4 5  minutes.

2.6.3 2-D Electrophoresis

Two-dimensional electrophoresis was carried out according to Reiber et al. (2005), 

with the following changes. Protein samples were precipitated with acetone, as 

follows: 4x volume o f  ice cold 100% acetone was added to the sample. Sample was 

treated vigorously on a vortex, before incubation in freezer for 2 hours. Samples were 

sedimented on the centrifuge at 4°C at 14,000 rpm for 15 min (Mikro 200R). A white
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pellet was produced, and the supernatant was discarded. The pellet was dried in a 

Spedivac® for 5 min (Heto).

Pellets were resuspended in 250 ^1 lEF buffer [30°C in 3-[(3-

Cholamidopropyl)dimethylammonio]-l-propanesulfonate hydrate (CHAPS) buffer (7 

M urea, 2 M thiourea, 2% CHAPS, 2% ampholytes 3-10 (Amersham, Bucks, UK), 65 

mM DL-Dithiothreitol (DTT), 0.1 % bromophenol blue)] and loaded onto 

immobilized pH gradient (IPG) strips (Amersham, 7 cm, pH range 3-10) for 

isoelectric focusing (lEF). Following the initial conditioning step, voltage ramping 

was set at 2,000 volts for 2 hours, 3,500 volts for 2 hours and a further 3,500 volts for 

1 hour. A final step o f 200 volts for 10 hours was used to keep the sample intact.

Treated IPG strips were incubated with solution 1 for 10 min [IPQ buffer (6 M 

urea, 375 mM Tris/HCl pH 7.4, 2% SDS, 2% glycerol), 2% (w/v) DTT], followed by 

solution 2 [IPQ buffer, 2.5% (w/v) iodacetamide, bromophenol blue crystals] for 10 

min.

Second dimension SDS-PAGE gels were prepared using double the quantities 

that are previously described, as 2 mm thick bioRad gel plates were used. Gels were 

prepared only from resolving gel components. Each strip was placed onto the gel, the 

protein ladder (PEQ labs) was loaded, and strip was overlaid with 1.5% agarose 

(Pronadisa, Conda laboratories) containing bromophenol blue. Gels were run as 

previously described (section 2.6.2) a longer running time o f 1 hour 30 min was used.

2.6.4 Coomassie Blue Staining of SDS-PAGE Gels

Gels were stained in Coomassie blue stain [1% (w/v) coomassie blue, 45% (v/v) 

methanol, 10% (v/v) glacial acetic acid; filtered] for 2 h or overnight while agitating
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on a rocker (Bellco technology), and destained in 25% (v/v) methanol, 2% (v/v) 

glacial acetic acid.

2.6.5 Colloidal Blue Staining of SDS-PAGE Gels

Gels were stained according to Neuhoff et al. (1988). Gels were fixed for 1-4 days in 

50% (v/v) ethanol, 3% (v/v) orthophosphoric acid. Gels were washed three times in 

ddH20, and equilibrated for 1 hour in N euhoff s solution [16% (w/v) ammonium 

sulphate, 25% (v/v) methanol, 5% (v/v) orthophosphoric acid]. 1 g o f Coomassie blue 

(CBB) G-250 was sprinkled into solution, and the gel was stained for 2-3 days.

2.6.6 Silver Staining o f Gels

SDS-PAGE gels were silver stained based on the Amersham protocol 

(wolfson.huji.ac.il/purification/PDF/Stains/PHARMACIA_SilverStainKit.pdf) with 

the following deviations. Gels were incubated in silver stain destain [100 mM sodium 

thiosulfate, 13 |jM Potassium ferricyanide] for 5 min, and washed vigourously in 

ddH20. Gels were then fixed in 40% (v/v) ethanol, 10% (v/v) acetic acid for 30 min 

or overnight. Gels were then washed in 50% (v/v) methanol for 10 min, followed by 

ddH20 for 10 min. Gels were then sensitised for 25 min in 30% (v/v) ethanol, 6.8% 

(w/v) sodium acetate, 0.2% (w/v) sodium thiosulfate, 0.125% (v/v) glutaldehyde. Gels 

were subsequently rinsed in ddH20, washed for 5 min with ddH20, rinsed ddH20 

again and washed for 3 min in ddH20. Gels were stained for 30 min in 0.25% (w/v) 

silver nitrate. Gels were then rinsed ddH20, washed for 5 min with ddH20, rinsed 

ddH20 again and washed for 3 min ddH20. Gels were developed in 2.5% (w/v)
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sodium carbonate, 0.015% (v/v) formaldehyde. Developing was stopped by addition 

o f 5% acetic acid. Gels were preserved in 30% (v/v) ethanol, 4% glycerol.

Gels were also silver stained according to manufacturer’s guidelines (Invitrogen, 

silver staining kit), with the following changes, volumes o f 50 ml were used for gel 

staining instead of 100 ml volumes.

SDS-PAGE gels were gel-dried, following incubation in preserving solution for 

1 hour or more, gels by placing onto pre-wetted cellophane and drying according to 

the manufacturer’s guidelines (Heto master jet and gel drier).

2.7 Protein Expression

Protein expression and purification was based on manufacturer’s guidelines (Novagen 

and Qiagen) with the following deviations, to produce an optimised method.

2.7.1 Recombinant Protein Expression (Small Scale)

The protein expression plasmid o f interest (Novagen and Qiagen) was transformed 

into BL21 DE3 competent cells (Novagen) and the bacteria were plated onto 

appropriate antibiotic plates. A single colony from these plates was picked and 

emulsified in 5 ml o f 2 x YT media (16 g/1 tryptone, 5 g/1 NaCl, 1 Og/1 yeast extract) 

and 5 nl of ampicillin (100 or 50 ng/ml) or kanamycin (30 |^g/ml) and grown in a 

thermal shaker (C25 incubator shaker. New Brunswick Scientific) overnight. The 

starter culture was diluted 1 in 500 to the desired volume and was grown at 37°C until 

it reached an ODeoo o f 0.6, when isopropyl-beta-D-thiogalactopyranoside (IPTG) was 

added to a final concentration o f 0.5 mM. The induced culture was grown for another
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3-5 h, the ODeoo readings were taken and com pared to noninduced cuhure. Cultures 

were centrifuged at 3,500 rpm for 15 min (Thermo lEC, Centra CL3 centrifuge).

2.7.2 Recombinant Protein Purification (Small Scale, Denaturing Conditions)

Small scale purification conditions were based on the m anufacturer’s guidelines 

(Qiagen). The pellet was resuspended in lysis buffer [100 mM NaH 2? 0 4 , 10 mM 

TrisHCl, 8 M urea, pH 8], The material was incubated on ice for 30 minutes, and 

sonicated 6x for 10 seconds at 15-20% intensity (Bandelin Sonoplus sonificator, 

probe UW  2200). The lysed solution was transferred in the 1.5 ml Eppendorf tubes 

and was centrifuged at 4°C at 13,000 rpm for 30 minutes (Thermo lEC micromax 

centrifuge or M ikro 200R). The supernatant was kept and placed in Qiagen 5 ml 

polypropylene columns, and incubated with 1 ml N i2+ resin (Qiagen) for 45 minutes. 

The N i2+ prepared column was allowed to stand, and the flow-through was discarded. 

The column was washed 2 tim es with lysis buffer, and then washed 5 tim es in wash 

buffer [100 mM NaH 2? 0 4 , 10 mM TrisHCl, 8 M urea, pH 6.3]. The Hise-tagged 

protein was eluted in three fractions o f  elution buffer [100 mM NaH 2P0 4 , 10 mM 

TrisHCl, 8 M urea, pH 4.5]. The pellet was incubated in 1 ml lysis buffer, for 

solubility studies. Samples from  all stages o f  the process were taken to assess the 

solubility o f  the protein.
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2.7.3 Recombinant Protein Puriflcation (Small Scale, Native Condition- 

Phosphate Buffer)

Small scale purification conditions were based on m anufacturer’s guidelines (Qiagen). 

The procedure was followed as described above, but the buffers differed. The lysis 

buffer consisted o f  50 mM N aH 2P0 4 , 300 mM  NaCl, 10 mM imidazole, pH 8, the 

W ash buffer consisted o f  50 mM NaH2? 0 4 , 300 mM NaCl, 20 mM  imidazole, pH 8, 

1 mM ATP and the Elution buffer o f  50 mM N aH :P0 4 , 300 mM  NaCl, 250 mM 

im idazole, pH 8.

2.7.4 Recombinant Protein Purification (Small Scale, Native Conditions-Tris 

Buffer)

The procedure was followed as above, but the buffers differed. Lysis buffer and wash 

buffer consisted o f  10 mM TrisHCI, 150 mM NaCl, 10 mM M gC h, 10 mM P- 

m ercaptoethanol, and the Elution buffer o f  10 mM TrisHCI, 150 mM  NaCl, 10 mM 

M gC b, 10 mM P-mercaptoethanol, 250 mM  imadazole, pH 7.7.

2.7.5 Recombinant Expression of TbArfGAP I and TbArfGAP V (Large Scale)

N ovagen plasm ids p51 Ek/LIC containing putative genes o f  interest were transformed 

into BL21 DE3 com petent cells (Novagen) and the bacteria were plated onto 

am picillin (50 ^g/m l) antibiotic plates. A single colony was em ulsified in 20 ml o f  2 x 

YT m edium  [16 g/1 tryptone, 5 g/1 NaCl, lOg/1 yeast extract] and 10 o f  ampicillin 

(100 m g/ml) and grown in a thermal shaker overnight (C25 incubator shaker. New
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Brunswick Scientific). The starter culture was diluted 1 in 500 to the desired volum e  

and w as grown at 37°C  until it reached an ODeoo o f  0.6, w hen IPTG (Sigm a) was 

added to a final concentration o f  0.5 mM . The induced culture was grown for another 

3-5 hours at 37°C  (TbArfGAP V ) and 28°C  (TbArfGAP I). The ODeoo readings were 

taken and com pared to uninduced culture. Cultures were placed into pre-cooled  

centrifuge tubes for the 3500 Sorvall. Cultures were centrifuged at 6 ,500 rpm for 30 

m in at 4°C  (RC 5C Plus, Sorvall). Pellets were stored at -20°C overnight, and purified  

the fo llow in g day.

2.7.6 Purification of Recombinant TbArfGAP I and TbArfGAP V (Large Scale)

The pellet, as described in section 2.7.5, w as thawed on ice, and resuspended in 10-30  

ml (300 ml culture is lysed in 10 ml lysis buffer) o f  native Tris lysis buffer (section  

2.7 .4). The culture was lysed  on ice for 30 minutes, and sonicated at 15-20%  

(Bandelin Sonoplus sonicator, probe UW  2200) 6 tim es for 20 seconds, until v iscosity  

w as reduced. The lysed  solution w as transferred to SS34 tubes and centrifuged at 4°C  

at 15,000 rpm for 30 minutes (RC 5C Plus, Sorvall). The supematant was reserved for 

further purification. The pellet was preserved to test protein solubility, and the pellet 

w as lysed in a 5 ml o f  lysis buffer for analyses.

10 ml o f  supematant were placed in Qiagen 5 ml polypropylene colum ns, and 

incubated with 0.5 m l N i2+ agarose resin (Q iagen) for 30 min to 4  hours. The colum n  

w as allow ed to stand, and the flow-through w as discarded. The colum n was washed 3 

tim es with 10 ml native Tris wash buffer, and then washed once in 10 ml native Tris 

wash buffer. The bound protein was eluted w ith one 2 ml elution, and two 1 ml 

elutions with native Tris elution buffer. A  solution o f  0 .5 M NaOH w as used to clear
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remaining proteins from  the N i2+ resin before the colum n was washed in 10 ml H 2O, 

and stored in 30% (v/v) ethanol. Samples from  all stages o f  the process were taken to 

optimise the purification procedure. The His^-tag purification step was repeated, to 

further purify the product.

2.7.7 Use of Millipore Amicon Membranes

Following the initial Hise-tag purification step, it w as found that the recom binant 

protein was not as pure as required, therefore another procedure was undertaken to 

increase the purify o f  the fraction. An A m icon ultra-4® centrifugal filter device 

(M illipore) was utilised to  exclude all proteins above 50 kDa in m olecular weight. 

The centrifugal device was washed with Tris wash buffer. 4 ml o f  the desired fraction 

was loaded onto the fiher and it was spun in 4,000 rpm  at 4°C (Therm o lEC, Centra 

CL3 centrifuge). Protein <50 kDa flowed through the filter, >50 kD a proteins 

rem ained in the retainate. This enabled the elution o f  a purer recom binant fraction, 

and rem oval o f  unwanted larger proteins.

2.7.8 Recombinant Co-Expression Studies

Based on the m ethod used in M ossessova et al. (1998), co-expression o f  tw o plasmids 

w ith different antibiotic resistance m arkers was carried out. The plasm ids were 

transform ed into com petent BL21 DE3 cells, and plated onto am picillin (100 |ag/ml) 

and kanam ycin (30 |ig/m l) plates. Resistance colonies were picked, and inoculated 

into larger cultures as described in section 2.7.1.
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2.7.9 Desalting Samples using PD 10 Columns (2.5 ml Volumes)

Following purification procedures, the eluted proteins contained 250 mM imadazole, 

had to be desalted for future use. Elutants were rebuffered in native Tris buffer 

(detailed in sction 2.7.4) using PDIO columns according to manufacturer’s guidehnes 

(GE Healthcare).

2.7.10 Desalting Samples using Nap 10 Columns (1 ml Volumes)

Elutants were rebuffered in native Tris buffer using Nap 10 columns according to 

manufacturer’s guidelines (GE Healthcare).

2.8 Recombinant TbArfl Protein Interaction Assay

Ni2 +-NTA® Hise bind resin (Novagen) was packed into a 1 ml Qiagen column. The 

beads were equilibrated with 10 ml native Tris buffer [10 mM Tris, 20 mM NaCl, 10 

mM MgCl2 , 10 mM 3 -mercaptoethanol, pH 7.8]. The stopper was placed into 

position, and 300 ^g of recombinant TbArfl (wild type or mutant, depending on the 

experiment) was loaded onto the column. The cap was placed onto the column, and 

the column was incubated on a rocker for 4-24 hours at 4°C.

Potential signalling factors were added to the column several hours after loading 

with recombinant TbArfl. Prostagladins D 2, E2 , F 2 , cAMP, cGMP, were all added to 

column in lOx molar excess quantities of recombinant TbArfl. Signalling factors and 

Arfl were incubated at 4°C on a rocker ovemight.
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Trypanosome protein lysates were produced using 4x 10* trypanosomes per 300 

p.g recombinant TbArfl. Trypanosome pellets were produced from bloodstream form 

328.114 T. brucei cells, and frozen at -70°C for future use. Pellets were thawed, and 

lysed in protein lysis buffer on ice for 1 hour [25 mM 4-(2-hydroxyethyl)-l- 

piperazineethanesulfonic acid (HEPES), 50 mM NaCl, 1% (v/v) CHAPS, 30 |j,g/ ml 

leupeptin, 0.2 mM phenylmethanesulphonylfluoride (PMSF), 20 )j,M (2S,3S)-3-(N- 

{(S )-1 -pSl-(4-guanidinobutyl)carbamoyl]3 -methylbutyl} carbamoy l)oxirane-2- 

carboxylic acid (E-64), 50 |j,M Na-Tosyl-Lys-chloromethylketone-HCl (TLCK), 1 

mM EDTA], Lysed protein pellets were spun at 15,000 rpm for 30 min at 4°C (Mikro 

200R) and the supernatant was used in the following steps.

Arfl was allowed to flow through column, and was washed in two 2 ml volumes 

o f  low salt buffer [10 mM TrisHCl, 10 mM MgCh, 20 mM NaCl, pH 7.5]. 

Trypanosome protein lysates were added to the columns and incubated on a rocker for 

1 hour at room temperature.

The lysate was allowed to flow  through, and the column was washed twice 

with 2 ml low salt buffer. The column was then washed with 4x 2 ml volumes o f  high 

salt buffer [10 mM TrisHCl, 500 mM NaCl, 10 mM MgCl2 , pH 7.5]. Proteins were 

eluted in 3x 1 ml 250 mM imidazole buffer [10 mM TrisHCl, 150 mM NaCl2 , 10 mM 

MgCl2 , 10 mM (3-mercaptoethanol, 250 mM imidazole, pH 7.7]. The resin was treated 

with 0.5 M NaOH on a rocker at room temperature, before the columns were treated 

with 10 ml H2O, and stored in 30% (v/v) ethanol.
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2.9 Tomato Lectin Based Interaction Assay

T. brucei 328.114 bloodstream form cells, and cells transfected with ESAGIO 

pLEWlOO overexpression plasmid (both induced and uninduced cells) were lysed, 

and protein was extracted as described below. Surface protein was isolated using 

agarose tomato-lectin containing beads. As described below protein extracts were run 

on an SDS-10%PAGE gels, and expression of surface proteins was compared.

4 X 10* cells were lysed as in section 2.8 for 1 hour on ice. The lysate was spun 

in a centrifuge at 15,000 rpm for 30 min at 4°C (Mikro 200R); the supernatant was 

removed and incubated with 100 |il of tomato-lectin agarose beads (Vector labs, 

Peterborough, UK) for 1 h at room temperature. The supernatant was then spun in a 

centrifuged at 15,000 rpm for 10 min at 4°C, and the supernatant was again removed. 

The pellet was washed in 500 jil of Tris buffer [10 mM TrisHCl, 10 mM MgCb, 20 

mM NaCl, pH 7.5] (to remove non-tomato lectin binding proteins), and spun again in 

a centrifuge at 15,000 rpm for 10 min at 4°C. The washing step was repeated twice 

more. The resulting pellet was resuspended in 40 ^1 of Tris buffer, and run on a SDS- 

10% PAGE gel as described previously.

2.10 Trypanosome Culturing Techniques

Culturing media were prepared based on the TrypanoFAN protocols 

(W W W  .trypanofan.org).
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2.10.1 HMI-9 Medium

Bloodstream form trypanosomes require a rich medium such as HMI-9 for growth. 

One portion o f  HMI-9 medium powder [Sigma, 90.8 g containing 0.005 mM 

bathocuproine, 1.50 mM L-cysteine, 1.00 mM hypoxanthine, 1.00 mM sodium  

pyruvate, 0.16 mM thymidine] makes up 5 litres o f  medium. To complete the medium 

15.12 g NaHCOa, and 71.15 |il 2-mercaptoethanol were added to 4.5 1 ddHjO. The 

medium was mixed vigorously and the pH was adjusted to 7.5.

50 mg o f  Pen/Strep (Gibco, Dublin, Ireland), and G -418 (Sigma, 25 (ig/ml) and 

100 ml o f  thawed foetal bovine serum (BioSera, heat inactivated at 56°C for 30 min) 

were added to 1 1 o f  medium before filter sterilisation (0.22 |im filters, Sarstedt, 

Niimbrecht, Germany). The medium was stored at 4°C until use.

2.10.2 SDM-79 Medium

SDM -79 powdered medium was acquired from Sigma. To complete the medium, 2 g/1 

sodium hydrogen carbonate and 10 % foetal bovine serum (Jenna Biosciences) were 

added, and the pH was adjusted to 7.3.

2.10.3 Culturing Cells

T. b. brucei bloodstream form 328.114 cells (acquired from Derek Nolan, Dept, o f  

Biochemistry, Trinity College Dublin) were cultured in T25, T40 and T400 flasks at 

37°C, 5% CO2, with HMI-9 medium until they reached 2 x 10® cells/ml (as counted 

by a haemocytometer). (G -418 at 2.5 (xg/ml concentration was required to keep the
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strain from reverring back to wild type strain, losing the plasmid that allowed for the 

necessary machinery for the transfection to work).

T. b. brucei procyclic form 2930 cells (acquired from Derek Nolan, Dept, of 

Biochemistry, TCD) were cultured in T25, T40 and T400 flasks at 27°C, with no 

additional CO2 , in SDM-79 medium, keeping growth between 5 xlO^ and 1 

xlO^cells/ml. (Hygromycin [25 ^g/ml], and G-418 [7 ng/ml] were required to keep the 

strain from reverring back to wild type strain, losing the plasmid that allowed for 

transfection).

2.11 Prostaglandin Response Assays

The response of bloodstream form T. b. brucei 328.114 cells to prostaglandins was 

measured as described by Figarella et al. (2005). Prostaglandins were resuspended in 

sterile HMI-9 medium and added to the trypanosome cells. Prostaglandins D2, E2 , and 

F2 (PGD2 , PGE2 , PGF2) were added to the cells in 2.5, 5.0 and 7.5 |oM concentrations; 

PGE2, PGF2 were also added in 100, 200 and 300 nM concentrations. Based on assays 

by Vassella et al. (1997), cAMP and a control cGMP were added in 1, 2, and 4 mM 

concentrations. The effects o f the prostaglandins, cAMP and cGMP on the cells were 

noted using daily cell counts o f the cells with a haemocytometer.

2.12 Trypanosome Transfection Procedure

Transfection of trypanosomes was carried out based on the method o f Wirtz et al. 

(1999).
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2.12.1 Preparation of Cytomix

Cytomix is required by trypanosome cells to buffer the electroporation process. A 

stock cytomix solution was made, containing 2 mM Ethylene- 

bis(oxyethylenenitrilo)tetraacetic acid (EGTA) (pH 7.6), 120 mM KCl, 0.15 mM 

CaCl2, 10 mM K2HPO4 /KH2PO4 (pH 7.6). Subsequently, less stable components: 25 

mM HEPES, 5 mM MgCl, 0.5% (w/v) glucose, 100 ng/ml BSA (defatted), 1 mM 

hypoxanthine, 2 mM ATP, 5 mM glutathione were added to the stock solution upon 

use. The cytomix solution was filter sterilised (Millipore 0.22 ^m) before use.

2.12.2 Transfection

Bloodstream form 328.114 cells were cultured to a density o f 2-3x lO’/ml. The 

culture was centrifijged at 1500 rpm for 5 min (Thermo lEC, Centra CL3 centrifuge), 

and supernatant was siphoned off. Cells were washed once in 10 ml volume of 

cytomix. The cells were counted, and cell density was adjusted with cytomix to give 

3x lO’/ml. 10 (xg o f Notl digested plasmid DNA of interest was placed in an 

electroporation cuvette, and 0.4 ml o f cells resuspended in cytomix were added. The 

settings for electroporation were 1.4 kV and 25 ^F. Cells were removed from the 

cuvette and added to 36 ml of complete HMI-9 medium and incubated at 37°C in the 

incubator overnight (Nuaire DH Autoflow CO2 air-jacketed incubator).

10-14 hours later, 36 o f lOOOx phleomycin (2.5 ng/ml) were added and the 

cells were aliquoted into a 24 well plates and incubated for 7-14 days. As the 

overexpression plasmid encoded phleomycin, clones which had taken up the 

overexpression vector were able to grow in the presence o f phleomycin.
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2.12.3 Assessing Effectiveness of Transfection

The effectiveness of the electroporation was assessed by comparing pre- and post­

electroporated cells. The percentage death o f the trypanosome cells was calculated. 

70% - 90% o f the cells must die in the electroporation process for the procedure to be 

successful.

2.12.4 Selecting a Clone

Phleomycin resistant growth was expected in 1-5 of the 24 wells, within 7 days, for 

successful transfection. In the presence o f trypanosome growth (live, motile cells), 

clones were monitored and subsequently subcultured in complete HMI-9 medium 

with continued selection with phleomycin. Once successful growth had been 

achieved, aliquots of cells were frozen down, and tetracycline induction (section 

2.13.5) was carried out.

2.12.5 Tetracycline Induction

Tetracycline induction allowed for expression o f the cloned pLEWlOO plasmids in the 

T. b. brucei 328.114 cells. Growth of trypanosome cultures was followed over a 

period of 6-7 days to monitor the effect of induced versus uninduced cultures, based 

on cell density. Effective expression o f the deleterious overproduced protein was 

expected to reduce cell growth as compared to cells not expressing protein.
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2.12.6 Making Liquid Nitrogen Stocks

Bloodstream forms were grown to a cell density of Ix 10® cells/ml, spun at 1,500 rpm 

for 5 min (Thermo lEC, Centra CL3 centrifuge) before the supernatant was siphoned 

o ff Cells were resuspended in HMI-9 freezing buffer (20% FCS (foetal calf serum), 

30% glycerol in HMI-9 medium). Cells were aliquoted in 1.5 ml cryotubes, and 

wrapped up in gloves and tissue for slow freezing at -70°C before being transferred 

into liquid nitrogen 8-12 hours later, for long term storage. For procyclic cells, SDM- 

79 medium was used instead of HMI-9 medium.

2.13 Microscopy Procedures

2.13.1 Slide Preparation

Premium microscope slides (Ultima, 76 x 26 mm) were coated with poly-L-lysine (10 

Hl) and air-dried overnight. Bloodstream form cells were grown to a density of 

10®cells/ml, they were spun at 1,500 rpm for 5 min (Thermo lEC, Centra CL3 

centrifuge), and the supematant was siphoned o ff  Cells were resuspended in sterile 

PBS (Sigma-Alrich), spun at 1,500 rpm for 5 min, and supematant was siphoned off. 

Cells were resuspended in PBS so that 100 )al o f PBS contained lO'' cells. Wax circles 

were drawn on the slides, and 100 fxl o f  resuspended cells were placed on the slides. 

Slides were air-dried for 10 min to allow adherence o f the poly-L-lysine, excess PBS 

was removed and the slides were air-dried. Slides were incubated in 100% ice-cold 

methanol at -20°C for 5 min and subsequently air-dried. Slides were wrapped in tin 

foil and stored at -20“C until required.



2.13.2 DAPI Staining

A 20 mg/ml solution of 4',6-diamidino-2-phenylindole (DAPI Sigma) was prepared, 

and diluted 1 in 200 in Ix TBS [10 mM TrisHCl, 15 mM NaCl, pH 7.5], Prepared 

slides were placed at room temperature and incubated with a 50 )il drop of DAPI in 

the dark for 5 min. The slides were rinsed with PBS and tapped dry. 5 fil of 

Vectashield® (Vector Labs) mounting medium was used, and overlaid with a 

coverslip.

2.13.3 Tomato Lectin staining

A 1 mg/ml solution of Texas Red Lycopersicon esculentum tomato-lectin (Vector 

Labs) was diluted 1 in 200 in Ix TBS. Prepared slides were thawed and incubated 

with 50 ^1 drop o f tomato-lectin in the dark for 30 min. The slide was then rinsed with 

PBS and tapped dry. 5 fil o f Vectashield® (Vector Labs) mounting medium was used, 

and overlaid with a coverslip.

2.13.4 Immune Fluroescent Histochemistry

Slides were thawed at room temperature, equilibrated with Ix TBS and the excess 

removed. Slides were blocked in a 1 in 5 dilution o f blocking serum [20% goat serum, 

Dako, Dublin, Ireland in Ix TBS] for 30 min at room temperature. Slides were 

incubated in a 1 in 50 dilution with the primary antibody [Arfl antibody, BT164 (not 

commercially manufactured, produced by Dr. Noel Murphy, referenced: Murphy and
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Olijhoek 2001)] in Ix TBS overnight at 4 “C. Slides were washed with Ix TBS-T [Ix 

TBS + 0.1% Tween] and rocked for 3 min. This step was repeated twice more. The 

slides were incubated with a 1 in 50 dilution o f the secondary antibody (fluorescein- 

labelled affinity purified antibody to bovine IgG) in 20% goat serum for 30 min in at 

room temperature in the dark. The previous washing step was repeated. Slides were 

mounted with 5 o f Vectashield®, and overlaid with a coverslip.

2.13.5 Microscopy

Slides were viewed under 40x power using an Olympus BioSystems illumination 

system MT20. Cell and Cell software 2.1 (Olympus) was used to visualise and record 

the image. Images were superimposed on one another using this programme.
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Chapter 3: Identifying the TbPP69

Receptor/Transporter Involved in T. 

brucei Differentiation

3.1 Summary

T-GIF is an external signalling factor that is released by long slender bloodstream 

form T. b. brucei cells which causes differentiation into short stumpy cells. Though 

both pleomorphic (cells capable of differentiation from long slender to short stumpy 

bloodstream forms) and monomorphic cells (cells incapable o f this differentiation 

process) are able to produce T-GIF, it is thought that a loss or deficiency of a receptor 

or transporter renders the monomorphic cells unable to sense T-GIF (Vassella et al. 

1997). Examination o f this theory in more detail via a comparison of tomato lectin 

binding proteins o f pleomorphic and monomorphic cells showed that there was an 

abundant protein o f 69 kDa in pleomorphic cells that was significantly less abundant 

in monomorphic cells (Murphy and Olijhoek 2001). This 69 kDa protein referred to as 

TbPP69, was proposed to be the T-GIF receptor/transporter.

An expression site associated gene, ESAGIO, was investigated as a candidate 

for TbPP69 transporter protein. ESAGIO was chosen as a candidate for TbPP69 as it 

conformed to the criteria for TbPP69 as it is predicted to be a transmembrane protein, 

with a predicted glycosylation site and a predicted N-signal cleavage site. ESAGIO
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also had sequence similarity to a transporter, B T l, which has been implicated in 

differentiation in Leishmania donovani (Lemley et al. 1999). This ESAGIO protein 

was overexpressed and a number of assays were carried out to assess what impact this 

had on the cell. Overexpression o f ESAGIO resulted in greater expression o f a protein 

that migrated by SDS-PAGE similarly to the TbPP69 protein, and also altered the 

location of a protein with suggested involvement in differentiation, TbArfl. This 

suggested that ESAGIO was likely to be the TbPP69 receptor that facilitated the 

differentiation event.

3.2 Investigating the TbPP69 Receptor/Transporter

Differentiation of long slender, bloodstream forms of T. b. brucei occurs via a cell 

density dependent mechanism (Vassella et al. 1997). A signalling factor, T-GIF is 

released and is subsequently taken up by a receptor or transporter protein o f long 

slender cells, initiating differentiation. A surface protein, TbPP69, was previously 

identified as being upregulated in pleomorphic cells (which are capable of 

differentiating from long slender to short stumpy forms) and not in monomorphic 

cells (lab derived cells, which are unable to differentiate) (section 1.1.7, Figure 1.4; 

Murphy and Olijhoek 2001). T-GIF, an external differentiation factor, was implicated 

in binding to and internalisation by the TbPP69 surface protein (Murphy and Olijhoek 

2001). The uptake o f T-GIF was postulated to trigger the differentiation o f actively 

dividing long slender cells to non-dividing short stumpy bloodstream forms (Noel 

Murphy, personal communication). The identity of the TbPP69 receptor or transporter 

is currently unknown. In this chapter, I present a series o f experiments that were 

carried out to identify and characterise the TbPP69 receptor/transporter.
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The TbPP69 receptor/transporter was proposed to be located on the 

trypanosome cell surface, to facilitate interaction with the external T-GIF factor. A 

variant surface glycoprotein (VSG) coat covers the surface o f the trypanosome, 

helping the organism to evade immune attack. Other surface proteins are located in 

the flagellar pocket, hidden from the immune system (Coppens et al. 1988). The 

TbPP69 receptor/transporter is likely one o f these flagellar pocket surface proteins. 

The abundance of VSGs, however, makes the identification of any other surface 

receptors or transporters very difficult. Fortunately, a procedure has been developed 

that allows the purification of surface proteins other than VSGs (Nolan et al. 1999).

Surface proteins localised in the flagellar pocket are associated with glycans 

(linear chains of poly-N-acetyllactosamine, pNAL) (Lee et al. 1990), which aid the 

sorting of membrane proteins in polarised cells of other organisms (Fielder et al. 

1995; Scheiffele et al. 1995; Gut et al. 1998; Alfalah et al. 1999). Tomato lectin, a 

very stable glycoprotein isolated from the tomato, Lycopersicon esculentum, has been 

found to bind with high affinity to flagellar pocket surface proteins which contain 

three or more linear disaccharide repeats of N-acetyllactosamine (Merkle and 

Cummings 1988). This characteristic of tomato lectin is frequently used to extract 

surface proteins of interest from the trypanosome (Nolan et al. 1999).

The tomato lectin isolation method was used to purify surface proteins o f the T. 

b. brucei strain ILTat 1.1 (a pleomorphic strain o f T. b. brucei). These tomato lectin 

isolated proteins were subsequently electrophoresed on a SDS 12% polyacrylamide 

gel and stained with colloidal blue. A dominant protein band of approximately 69 kDa 

was evident in all preparations (Figure 3.1). This band was implicated in 

differentiation as it is more abundant in pleomorphic cells, which can undergo 

differentiation from actively-dividing long slender to non-dividing short stumpy
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bloodstream forms, than in monomophic cells, which cannot (see Introduction section 

1.1.7). This evidence correlates well with the hypothesis that a defect in monomorphic 

strains o f T. brucei, thought to be due to an alteration in a surface receptor or a 

transporter, prevents cells from differentiation (Vassella et al. 1997). Specifically, 

both monomorphic and pleomorphic cells are capable o f producing the stumpy 

inducing factor (SIF or T-GIF), but monomorphic strains caimot transmit or interpret 

cell density information (Vassella et al. 1997).

The 69 kDa band was cut from the gel, and sent away for mass spectrometry 

analysis at the proteomics unit of the University o f Victoria, Canada, in an attempt to 

determine the identity o f the TbPP69 receptor/transporter.
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Fig 3.1. Tomato lectin purified surface protein of pleomorphic T. b. brucei, ILTat 1.1. Tomato 

lectin purified proteins from the pleomorphic strain ILTat 1.1 were run on an SDS-12% PAGE gel and 

stained with colloidal blue. Lane M: protein marker. Lane 1: Tomato lectin protein preparation. There 

was an abundant protein band located at 69 kDa, as indicated. This was the proposed TbPP69 

receptor/transporter protein.
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3.3 Twin Mass Spectrometry Analysis of Tomato Lectin 

Purified Surface Proteins

A liquid chromatography mass spectrometry-mass spectrometry (LC-MS-MS) 

approach was used to identify the TbPP69 receptor/transporter protein. This allowed 

the determination o f the amino acid sequence from the starting peptide, which could 

be subsequently searched against a protein database to identify the protein in question. 

A high performance liquid chromatography (HPLC) machine is firstly used to 

separate the digested protein fragments into identical peptides. These peptides were 

subsequently ionised via an electrospray ionisation step (ESI). The first mass 

spectrometry stage uses a quadrupole mass filter to select a peptide to a single mass, 

other peptides were discarded. A collision cell fragmented the peptide into sequential 

amino acids, and a second time of flight mass filter separates and detects the amino 

acid composition o f the peptide (details o f materials and methods: as described 

Untalan et al. 2005, technique reviewed McLafferty and Turecek. 1993, Roepstorff. 

1997).

3.3.1 Matches of Peptides Derived from Purified Surface Proteins to the Sanger 

T. brucei Database

Approximately twenty peptide sequences ranging in length from six to twelve amino 

acids were generated. The derived peptide sequences were individually compared to 

the r. b. brucei Sanger database (http://www.genedb.org/) using the OmniBLAST
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program. The Sanger OmniBLAST program performed a full database search using 

the Blosum62 matrix for scoring the protein alignments. In addition, sequences were 

compared to the NCBI non-redundant database using the BLASTP program 

(http;//www.ncbi.nlm.-nih.gov/BLAST/) to allow comparison to sequences from other 

trypanosome isolates. A number o f different ‘hit’ proteins were identified with 

significant identity to the query sequences.

The 69 kDa band that was excised from the gel and sent away for mass 

spectrometry analysis appears to have contained several different proteins. Several of 

the peptide sequence fragments matched to one of the four variants o f ILTat 1.4 VSG, 

a variant surface glycoprotein (Donelson et al. 1982; Rice-Ficht et al. 1982) (Figure 

3.2). There was sufficient coverage to conclude that the ILTat 1.4 VSG protein was 

one o f the proteins present in the 69 kDa band.

It would not be surprising to have had minor VSG contamination in the proteins 

sent for mass spectrometry analysis given their abundance on the cell surface. In this 

case, however, there seem to be significant levels o f contamination since the VSG 

appears to be the major protein in the preparation. Why this occurred is not known; it 

is possible that ILTat 1.4 VSG is sufficiently different from the ILTat 1.1 VSG or is 

processed differently causing it to bind to the tomato lectin resin.

The tomato lectin technique was designed specifically to exclude isolation of 

VSG (Nolan et al. 1999). VSGs are constantly recycled in T. b. brucei cells and 

therefore VSGs are processed in a different manner to other proteins along the Rabl 1 

pathway (as outlined in the introduction, section 1.1.6). This tomato lectin purification 

protocol has been optimised to exclude the ILTat 1.1 VSG protein (Nolan et al. 1999). 

ILTat 1.1, VSG appears to have been successfully excluded in this case but there is 

contamination with ILTat 1.4 VSG. To confirm that T. brucei pleomorphic strain
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ILTat 1.1 used in the purification of surface proteins, predominantly expressed VSG 

1.1, as expected, VSG expression was examined by RT-PCR. This was confirmed to 

be the case; although other VSGs were also expressed (see appendix, section 7.1).
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KAaGVCDAKDA£AIAKCILFl4M̂ Â Ui9rYgtlQTKVKHl.CC;YLEITSGAGBTTLSLK
HmPIAQDGVHKSaOLLGZlg t g L A ¥ i j i a g D T T E rK m )H S IIR S A > A IASTLEAAV5z3ii
fcKLAW fETDQEiajqamADir IK E f^ /f i.^ W T T to ltA»r.irLK.<!TKVKnTF.AKPITFCTI.Kn

ITHIIAKLVSAl*IYtISSAi:SKU)liAt:TKLA*TKAAAEKVPTAfKPDICKAKKGOTCKD<I

CKKDSDGBMKKCWDPKlfTKK

Fig 3.2. Schematic o f mass spectrometry generated peptide fragments that align to ILTat 1.4 

VSG variants. The figure depicts sequence fragments o f the ILTat 1.4 VSG variants 23, 24, 25, 26 and 

the regions to which mass spectrometry generated 69 icDa peptide sequences align. ILTat 1.4 VSG 

sequences which align to mass spectrometry fragments are presented in boxes.

A possible reason for this may be that in cloned populations o f trypanosomes 

such as cells grown for protein preparation or RNA there may be minor contamination 

by a second population possibly due to a low level o f  VSG switching. This is in 

agreement with the RT-PCR results (detailed in Appendix, Chapter 7) where ILTat 

1.3 VSG transcripts were detected in a cloned population o f cells expressing ILTat 1.1 

VSG. The population o f cells used in preparation o f the tomato lectin binding
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proteins, however, were from a different batch from those used in the RT-PCR results. 

Therefore, it is possible that the same phenomenon is occurring again in this case: 

some cells were expressing ILTat 1.4 VSG in a major population o f ILTat 1.1 VSG 

expressing cells and through the tomato lectin purification procedure these ILTat 1.4 

VSG expressing cells were being enriched.

3.4 TbPP69 Receptor/Transporter Candidates

3.4.1 A Candidate Approach to Identifying the TbPP69 Receptor/Transporter

Due to contamination with VSG surface proteins the mass spectrometry analysis 

failed to identify any suitable candidate for the TbPP69 receptor/transporter. As an 

alternative, a candidate based approach was implemented. Candidates were identified 

based on several likely characteristics o f the TbPP69 receptor/transporter.

The TbPP69 receptor/transporter was originally proposed to be a 69 kDa 

protein. Following deglycosylation of the protein with the yV-linked-glycopeptide-(A^- 

acetyl-beta-D-glucosaminyl)-L-asparagine amidohydrolase (PNGaseF) enzyme, the 

calculated size of the transporter was 55 kDa (N. Murphy, unpublished). (The TbPP69 

preparation was treated with PNGaseF enzyme, and subsequently untreatead and 

treated preparations were run on an SDS-PAGE gel). Enzymatic treatment, however, 

may not have removed all the sugar groups as some may be buried and inaccessible. 

Thus, the molecular weight o f the mature deglycosylated protein may be less than 55 

kDa. Furthermore, as a membrane protein, the TbPP69 receptor/transporter was
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expected to contain an N-terminal signal peptide and at least one transmembrane 

domain.

3.4.2 Expression Site Associated Genes (ESAGs)

Previous studies have shown that T. brucei parasite strains are capable of switching 

from a pleomorphic phenotype to a monomorphic phenotype (Barry and Turner 

1991), a process which can involve switching of VSG expression site (see 

introduction, chapter 1). For instance, ILTat 1.1 is a pleomorphic clone that expresses 

the VSG 1.1 gene (Williams et al. 1980), whereas monomorphic strains express 

alternative VSGs from a different expression site (Matthews et al. 1990). Similar 

observations have been made for the AnTarl serodeme (E. Pays, personal 

communication). Furthermore, the serum resistance associated (SRA) gene, which 

confers human infectivity to T. b. rhodesiense (Xong et al. 1998), is activated via a 

switch in expression site. This suggested the possibility that pleomorphism could also 

be determined by an expression site associated gene (ESAG). Several ESAG genes 

have been documented in the last two decades (see introduction, section 1.14). Of 

these, ESAG 10 best fits the criteria of the TbPP69 putative receptor/transporter.

3.4.3 ESAGIO as a Candidate for the TbPP69 Receptor/Transporter

ESAGIO is located in the promoter region of an expression site (clone 13J) in T. 

brucei strain 427 variant VSG 221a (Zeng et al. 2001; Berriman et al. 2002), on 

chromosome 10 sequenced from T. brucei strain 118 (Gottesdiener 1994) and also 

present on an intermediate-sized chromosome in the T. brucei TREU 927 strain
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(Berriman et al. 2005), where it may be differentially expressed. There are three other 

sequences with high similarity (92-96% identity) to ESAGIO found in the Sanger T. 

brucei database (http://www.genedb.org). These genes are not associated with 

expression sites, but are arranged in tandem on chromosome VIII. These genes 

encode truncated versions o f the ESAGIO sequence, containing a stop codon within 

the first 60 amino acids of the sequence. These genes appear to encode folate 

transporters. In addition, there are several more distantly related pteridine transporters 

within the T. b. brucei genome.

ESAGIO possesses many of the requirements o f a potential candidate for the 

TbPP69 receptor/transporter, containing an N-terminal signal peptide, 12 

transmembrane domains (Figure 3.3), no GPI-anchorage, and possible surface 

exposed N-glycosylation sites (to allow tomato lectin to bind to it) (Figure 3.4). The 

ESAGIO protein is, however, outside the molecular weight range o f the 

receptor/transporter molecule. ESAGIO has a predicted molecular weight o f 76 kDa 

(73 kDa when the N-terminal signal peptide is cleaved). Furthermore, glycosylation 

would be expected to considerably increase the molecular weight. ESAGIO, as 

mentioned earlier, has been shown to be related to a biopterin transporter (B T l) in 

Leishmania donovani. BTl displays anomalous migration in SDS-polyacrylamide 

gels. B Tl has a predicted molecular weight of 69.7 kDa, but runs on a polyacrylamide 

gel at 45 kDa (Lemley et al. 1999). This anomalous migration o f integral membrane 

proteins on SDS-PAGE gels is not uncommon (Mueckler et al. 1985). Since ESAGIO 

is closely related to B T l, it is likely that it also displays aberrant migration on SDS- 

PAGE gels, displaying a smaller molecular weight than predicted. Under those 

circumstances, ESAGIO would fulfill all the requirements specified for the TbPP69 

transporter o f T. b. brucei.
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Fig 3.3. Protein sequence of ESAGIO showing the predicted transmembrane domains. The figure 

above depicts the protein sequence of ESAGIO less the predicted signal sequence, which is cleaved 

during processing of the protein. The predicted transmembrane domains, indicated with a grey 

background, were predicted using the THMM program (http://www.cbs.dtu.dk/services/TMHMM/, 

Krogh et al. 2001). The possible N-glycosylation sites are underlined.
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Fig 3.4. ESAGlO’s predicted N-glycosylation sites. The figure above depicts the predicted ESAGIO 

glycosylation site at position 355 and 476. Glycosylation sites are shown by vertical green lines, which 

exceed the threshold level (blue horizontal line). This analysis was performed using the glycosylation 

prediction program (http://www.cbs.dtu.dk/services/YinOYang/) (Gupta et al. 1999).

101



3.4.4 ESAGIO is Developmentally Regulated

To determine whether the expression o f ESAGIO was developmentally regulated, i.e. 

differentially regulated depending on the life cycle stage o f T. b. brucei cDNA was 

generated from the long slender and short stumpy stages of the bloodstream form, and 

from the procyclic stage, o f T. b. brucei. Oligonucleotides were designed to amplify 

sequences specific to the ESAGIO gene (and not the ESAG 10-like genes found on 

chromosome VIII). To avoid amplification of genomic DNA, a spliced leader forward 

primer, that only amplifies cDNA, was used. As controls, the cytoskeletal protein 

genes, a- and (3- tubulin, were also amplified. ESAGIO appears to be developmentally 

regulated, as its expression was only detected in the short stumpy form (Figure 3.5). 

Although, the reference genes, alpha and beta tublin, are both more highly expressed 

in the short stumpy developmental stage are suggesting that ESAGIO could be present 

in both o f the other developmental stages, long slender and procyclic, but is not 

visible.
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Fig 3.5. ESAGIO  is specifically expressed in the short stumpy form. The above figure depicts a 

1% agarose gel displaying RT-PCR results o f  amplified a-tubulin, P-tubulin and ESAGIO in long 

slender, short stumpy and procyclic cDNA. There are two bands apparent in the short stumpy P- 

tubulin amplified fragment and in the short stumpy ESAGIO amplified fragment, these may be 

splice variants.
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3.5 Transfection Studies

3.5.1 The Overexpression Plasmid of Choice

The aim o f this part o f the project was to overexpress ESAGIO, the candidate TbPP69 

transporter, in bloodstream form trypanosomes, to determine its role in T. brucei 

differentiation. Overexpression of the TbPP69 protein should enable the pleomorphic 

cells to detect the signalling density factor, T-GIF, and differentiate into their short 

stumpy forms, and eventually die. An overexpression plasmid, pLEWlOO, has been 

developed by George Cross and colleagues to allow protein overexpression in the 

trypanosome (similar to Figure 3.6 without the addition yellow fluorescent protein, 

'Wirt7 et al. 1999).

The pLEWlOO plasmid is based on the T7 promoter and integrates into the 

ribosomal DNA (rDNA) spacer region o f T. b. brucei genome. The plasmid contains 

two antibiotic resistance genes for ampicillin and phleomycin. The ampicillin 

resistance allows for selection of the plasmid for manipulation and growth. 

Phleomycin resistance ensures selection o f the trypanosomes that have integrated the 

pLEWlOO plasmid into their rDNA spacer region. Addition o f tetracycline to the 

medium induces the expression o f the tetracycline-responsive procyclic acidic 

repetitive protein (procyclic abundant surface proteins, PARP) promoters to drive 

expression o f the selectable marker and gene of interest (Wirtz et al. 1999). The 

plasmid also contains a luciferase open reading frame (ORF), which can be cut out o f 

the plasmid using H indlll and BamHI restriction enzymes, facilitating the insertion of 

a gene o f choice. The gene encoding ESAGIO, the TbPP69 candidate, was cloned into 

this vector for overexpression studies.
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3.5.2 The p2216 Plasmid for Transfection Studies

Due to difficulties with the pLEWlOO system, mainly the inability to achieve a 

positive transfection, a second plasmid, p2216, was acquired for use in overexpression 

studies (donated by Derek Nolan, TCD, constructed by Mark Carrington). This p2216 

plasmid is derived from the original pLEWlOO plasmid, but possesses an additional 

open reading frame adjacent to the luciferase ORF. This 740 bp ORF encodes a 

yellow fluorescent protein (EYFP), which enables the plasmid-bearing cells to be 

detected using a fluorescent microscope, and aids in the identification o f transfected 

cells. The ESAGIO gene also was amplified and cloned in this plasmid (Figure 3.6).

Fig 3.6. Schematic representation of the p2216 plasmid. The yellow fluorescence 

reporter ORF is depicted by the shorter pink/purple arrows. See figure 3.6 for other 

details. The figure was generated using ‘PlasMapper’ (Dong et al. 2004).
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3.5.3 Cloning of the ESAGIO gene into pLEWlOO and p2216 Plasmids

Oligonucleotides were generated for ESAGIO (Table 2.1). The ESAGIO gene was 

successfully amplified and cloned into the pLEWlOO overexpression plasmid for 

transfection studies. The ESAGIO gene was also cloned into the p2216 vector. PCR 

products were produced and a restriction digest was carried out to confirm the 

presence of the ESAGIO insert (Figure 3.7). As anticipated, the ESAGIO insert was 

recovered from X bal and BamHI double digests only. Clones were also sequenced by 

MWG Biotech (Ebersberg, Germany) to ensure that the gene of interest had been 

inserted into the pLEWlOO and p2216 plasmids correctly.
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Fig 3.7. Digests to confirm presence of ESAGIO  inserts in the pLEWlOO and p2216 vectors. The

above figure depicts five lanes o f  a 1% agarose gel. Note the presence of the ESAGIO insert at the 

expected size (1.5 kb) in the ESAGIO  PCR product and in the double digest o f the fS/iG /O -bearing 

pLEWlOO and p2216 plasmids.
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3.5.4 Transfection with the pLEWlOO ESAGIO Overexpression Plasmid

Transfections were carried out using 2 x 1 0 ^  cells, with the addition of phleomycin to 

select for positive clones, as described in Materials and Methods. If  transfectants were 

not produced, cells failed to proliferate in the presence o f phleomycin and died within 

the first seven days. It proved difficult to achieve positive results so the protocol was 

altered in an attempt to optimise the experiment. A series o f modifications were made 

to the protocol to achieve this. First, the cell number was altered. Experiments were 

carried out with 2 x 10^ 1 x lO’, 2 x 10^, 5 x 10^, 1 x 10* and 2 x 10* cells. It was 

found that with less than 2 x 1 0 ^  cells, insufficient numbers survived the transfection 

procedure, and thus no clones were obtained. With greater than 2 x 10  ̂ cells, cells 

survived the electroporation step in greater numbers, and continued to survive long 

into the phleomycin selection, such that the possibility o f obtaining false positives 

clones increased.

A second approach was taken to optimise the transfection by altering the 

quantity of DNA used. Experiments were carried out with 100 ng, 500 ng, 1 \ig, 5 \ig, 

10 ng and 20 [ig o f N otl digested DNA. Experiments using less than 5 (ig of DNA 

produced no clones. When greater than 10 ng o f DNA was used, clones were 

produced.

As a further step, electroporation o f the cells was optimised for killing. Cells 

were pulsed with a single 1.4 kV pulse, a double 1.4 kV pulse and triple 1.4 kV pulse. 

It was found that the pulse required to produce optimal killing of greater than 90% 

depended on the number o f cells being used. A single 1.4 kV pulse was sufficient to 

kill greater than 90% o f the cells when the recommended 2 x lO’ cells were used. In
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total, more than forty pLEWlOO ESAGIO transfections were carried out. I was unable 

to generate a true positive ^S^G/O-transfected clone using the pLEWlOO system.

3.5.5 Transfection with the p2216 ESAGIO Overexpression Plasmid

Transfections were also carried out with ESAGIO gene inserted into the p2216 

plasmid, a variant of the pLEWlOO plasmid, as described in the materials and 

methods section 2.13.2. The transfection procedure was carried out three times using 

this p2216 ESAGIO plasmid. A null p2216 plasmid was used as a control. Following 

the second transfection procedure, cells began to proliferate in a single well, and a 

positive transfection result was achieved. The transfected cells were subsequently 

assessed as described in the following section.

It is unclear why the transfection was unsuccessful using the pLEWlOO plasmid 

but was successful with the p2216 plasmid. Other groups have also reported that the 

pLEWlOO plasmid expression system is problematic (D. Nolan, personal 

communication).

3.6 Analysis of ESAGIO Positive Clones

3.6.1 Growth Curves to Assess Transfection

To assess whether transfection o f the ESAGIO containing p2216 plasmid was 

successful, growth curves o f the positive clones were produced. Induced and 

uninduced cells were monitored over five consecutive days and counts were taken on 

each day, as shown in the growth curves below (Figure 3.8). The induced cells were
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expected to grow at a slower rate than uninduced cells, as overexpression of protein 

would require large amounts of the cell’s energy. Figure 3.8 shows, however, equal 

rates of growth in the induced and uninduced cells. Over production of this protein 

did not appear to have a deleterious effect on the tetracychne induced cells.

Under stressful conditions, the effect of over-producing a protein in T. bnicei is 

more obvious than when cells are not stressed (D. Nolan, personal communication). A 

second growth curve was undertaken to elucidate whether stressful conditions 

impacted the growth of induced cells, as compared to uninduced cells (Figure 3.9). To 

create stressful conditions the amount of serum required in the standard growth 

medium HMI-9 was lowered from 10% to 5%. Little difference, however, was again 

observed between the induced and uninduced cells in these conditions.

There were two likely explanations for this. Either the induced and uninduced 

cells did not produce the ESAGIO protein, or the overexpression system was leaky in 

uninduced cells. p2216 is known to have a leaky promoter (G. Cross, Laboratory 

Webpage, http://tryps.rockefeller.edu/) and it is possible that the induced cells also 

expressed the product of the transfected gene. Further investigation was required to 

ensure that the transfection was successful.

109



10000000

30 2 4 5 61

T im a in D ays

- T E T  INDUCED ■ -T E T  UNINDUCED |

Fig 3.8. G row th curve of induced versus uninduced positive p2216 ESAGIO  clones. The above 

graph depicts a log growth curve o f the tetracycline induced cells (2 ng/|il tetracycline) as indicated by 

the blue line, versus the cells without addition of tetracycline, as indicated by the pink line. Cell counts 

were performed daily in triplicate using a haemocytometer. Cells were initially seeded at 10'* per ml 

and were subsequently daily re-seeded at 10''. Standard error bars are shown.
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Fig 3.9. G row th curve o f  induced versus uninduced positive p2216 ESAGIO clones in stressful 

conditions. The above log graph depicts a growth curve o f  the tetracycline induced cells as indicated 

by the blue line, versus the cells without addition o f  tetracycline, as indicated by the pink line. Cell 

counts were perform ed daily in triplicate using a haem ocytom eter. Cells were initially seeded at 10^. 

Standard error bars are shown.
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3.6.2 Confirmation that ESAGIO has Inserted in the T. brucei Genome

To show that the ESAGIO p2216 vector had been correctly inserted into the ribosomal 

DNA (rDNA) spacer region of the T. brucei genome, a series o f PCR experiments 

were carried out as detailed below. The primers were designed as indicated in the 

figure below (Figure 3.10). The PCR experiment showed that the p2216 ESAGIO 

plasmid had been successfully inserted into the rDNA spacer region o f the T. brucei 

genome (Figure 3.11).

The gel results show that the pLEWlOO plasmid has inserted into the 

transfected DNA, and is not present in the untransfected genomic DNA (pLEW F + R 

primers). Also, that ESAGIO is in the genomic DNA, plasmid construct and in the 

transfected DNA but not in the empty p2216 plasmid (ElO F + R primers). Finally, 

that ESAGIO has inserted correctly into the transfected genome such that a product is 

formed from ESAGIO forward primer and a reverse rDNA primer (ElO F + rDNA R 

primers), and likewise the reverse ESAGIO  primer with a forward rDNA primer 

(rDNA F + ElO R primers) only in the transfected genome, such that it is concluded 

that ESAGIO  has inserted correctly into the transfected trypanosome genome.
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Fig 3.10. Designing PCR experiments to show that the p2216 ESAGIO  plasmid was inserted 

correctly into the rDNA spacer region. The p22I6 F and p2216 R primers were designed to confirm 

the presence o f the plasmid in the transfected cells. The rDNA F and ElOT R and the rDNA R and ElO 

F primers were designed to test for the presence o f the ESAGIO insert in the rDNA spacer o f the T. 

brucei genome. The ElO F and ElO R primers were designed to confirm that the insert was indeed 

ESAGIO.
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Fig 3.11. PCR to confirm that p2216 ESAGIO  was inserted into the rDNA spacer region of the 

ribosomai DNA. Lane 4 shows the ESAGIO  insert in transfected T. b. brucei genomic DNA.
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3.6.3 RT-PCR to Show Expression of the Inserted ESAGIO ORF

To demonstrate the expression oiESAGIO  at the mRNA level, mRNA was generated 

from both induced and uninduced ESAGIO transfected cells, and untransfected cells. 

cDNA was generated from the mRNA using a reverse transcriptase enzyme, and a 

PCR reaction was carried out to show that there was expression o f the ESAGIO  gene 

(Figure 3.12). A control reaction, showing that the mRNA was present, used the 

spliced leader forward primer with the a-tubulin house-keeping gene. A truncated 

version o f the ESAGIO gene was used with the spliced leader forward primer, and the 

amplified products showed that there was expression o f ESAGIO.

The results o f this RT-PCR reaction showed that ESAGIO was expressed in both 

the ^S/iCyO-transfected, induced and uninduced cells. This expression o f the ESAGIO  

in both the induced and uninduced ESAGIO transfected cells confirms the speculation 

that the overexpression plasmid is leaky, and that expression is achieved in both the 

induced and uninduced cells. As expected, expression of ESAGIO was not detected in 

the untransfected parental cells. This result complements that result of the above 

section Figure 3.8, where ESAGIO expression was not detected in the long slender 

cDNA, but its expression was detected in the short stumpy forms.
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Fig 3.12. RT-PCR to conflrm that there was expression of the ESAGIO  in the transfected cells.

The above figure depicts the RT-PCR results showing that the ESAGIO gene was expressed in 

transfected cells. Upper panel; Lane 1: untransfected T. b. brucei cDNA, Lane 2: cDNA from T. b. 

brucei transfected with the ESAG10-p22\6 plasmid and induced with tetracycline, Lane 3: cDNA from 

T. b. brucei transfected with the ESAG10-'p22\6 plasmid, but not induced. The RT-PCR products o f the 

ESAGIO truncated product, which gives a product in the case of both the ESAGIO transfected induced 

and uninduced cDNA, showing that mRNA from ESAGIO is being expressed. There appears to be a 

smudge present in the case o f  untransfected RNA (Lane 1, ESAGIO) which may be due to non-specific 

amplification. Lower panel; Lanes 1-3: RT-PCR products o f the a-tubulin.

3.6.4 Induction of ESAGIO Protein

To test whether the induced transfected cells, which overexpressed ESAGIO, also 

overexpressed the TbPP69 protein, protein extracts were generated from untransfected 

cells, and cells transfected with ESAGIO, both induced and uninduced. These protein 

extracts were incubated with tomato lectin agarose beads, washed and subsequently 

run on an SDS-10% PAGE gel as described in the materials and methods section 2.9. 

The gel was then silver stained. The gel depicts three lanes, the untransfected cells, 

the induced ESAGIO transfected cells and the uninduced ESAGIO transfected cells
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(Figure 3.13). A large band in the region o f 70 kDa can be seen in each of the three 

lanes. This band is much more intense in the case of the induced ESAGIO cells 

compared to the uninduced ESAGIO transfectants, or the untransfected cells’ protein 

extracts.

This resuh mirrors the original gel on which the project was based which 

showed the upregulation of a 69 kDa putative receptor/transporter in pleomorphic 

cells as compared to monomorphic cells, (Figure 1.4). The induced ESAGIO 

transfected surface protein extract shows up-regulated expression of a band in the 

69/70 kDa region, which is the same position as the proposed TbPP69 

receptor/transporter, giving further support for ESAGIO as the receptor/transporter in 

question.

Although RT-PCR suggested that ESAGIO was expressed at equal levels in 

induced and uninduced cells, it is apparent that ESAGIO displays higher levels of 

expression at the protein level in induced cells. It should be noted that RT-PCR is not 

a very reliable quantitative measure o f expression.
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Fig 3.13. Comparison of surface proteins purified from induced versus uninduced ESAGIO  

transfected ceils. The above figure depicts an SDS-10% PAGE gel o f surface proteins purified from 

induced and uninduced ESAGIO  transfected cells, and untransfected cells. Lane M: the 220 kDa ladder 

(Peq labs). Lane 1: untransfected T. b. brucei tomato lectin binding surface proteins, Lane 2: induced 

ESAGIO  transfected T. b. brucei tomato-lectin binding surface proteins. Lane 3: uninduced ESAGIO 

transfected T. b. brucei tomato lectin binding surface proteins. There is an abundant protein visible at 

the 70 kDa region; this is proposed to be the overexpressed ESAGIO protein, and also the TbPP69 

receptor/transporter.
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3.6.5 Immunofluorescence Analysis of ESAGIO Transfected Cells

TbA rf 1, a T b. brucei vesicular trafficking protein, has been previously implicated in 

differentiation o f long slender to short stumpy forms o f T. b. brucei (Murphy and 

Olijhoek 2001). TbArf 1 has been shown to bind specifically to T-GIF, the 

trypanosome differentiation inducing factor, and likely plays a key role in transducing 

the differentiation signal throughout the cell. To investigate the potential interaction 

o f ESAGIO and TbArfl, a series o f co-localisation studies was carried out. 

Bloodstream form trypanosome cells were adhered to poly-L-iysine coated slides and 

were fixed in methanol before blocking and incubation ovemight with a primary 

antibody specific to T bA rfl.

A tomato lectin Texas red conjugated stain, which binds to glycosylated cell 

surface proteins, was used to monitor ESAGIO protein location in non-transfected and 

transfected induced and uninduced T. b. brucei cells (Figure 3.14). Overexpression of 

ESAGIO (Texas red) in transfected induced and uninduced cells resulted in 

upregulation o f cell surface proteins mainly along the flagellum. (Though tomato 

lectin detects other tomato lectin-binding proteins apart from ESAGIO, upregulation 

o f the Texas red staining in transfected versus untransfected cells is most likely due to 

increased ESAGIO). In comparison, the untransfected cells showed Texas red staining 

only in the area around the Golgi, endosome and flagellar pocket. This is typical o f T. 

b. brucei cells, where staining of tomato lectin binding proteins occurs in the vicinity 

o f the flagellar pocket (Nolan et al. 1999). In addition, a specific stain for Golgi and 

nucleus, such as TbRab 31 which localises to the trypanosome Golgi complex (Field 

et al. 2001), could also be used to confirm the location o f the Golgi and ER.
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TbArf 1 localisation and expression was monitored using a primary Arfl -specific 

antibody, which was detected using a secondary antibody conjugated to fluorescein in 

its reactive isothiocyanate form (FITC). A secondary antibody control was carried out 

using buffer, instead of the primary antibody, confirming that the secondary antibody 

was specific. ESAGIO overexpression in transfected T. b. brucei cells altered the 

pattern of TbArfl expression and its cellular localisation such that TbArfl, which was 

previously localised around the Golgi and endosomal system, was now apparent 

throughout the cell. In particular, intense staining of TbArfl was noted in regions 

close to the cell surface and in the flagellar region. Furthermore, ESAGIO and TbArfl 

were co-localised together suggestive of a direct interaction between the two proteins.

Fluorescently stained cells were viewed under an Olympus BioSystems 

fluorescent microscope, 40x power and photographs were taken of the different stains. 

A blue fluorescent stain, DAPI, which specifically binds nuclear and mitochondrial 

DNA in the nucleus and the kinetoplast, assisted in the identification of the Golgi, 

flagellar pocket, and in the orientation of the cell. The results of Figure 3.14 were 

replicated in several other T. b. brucei cells in a separate series of experiments to 

confirm the observed results (Figure 3.15).
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Fig 3.14. Results o f the immunofluorescence experiments carried out on ESAGIO transfected 

cells. Pink arrows indicate location of the nucleus, yellow arrows indicate location o f the kinetoplast. 

(1) The secondary antibody control. No primary antibody was used and as expected no specific FITC 

staining is evident. (2) Untransfected T. b. brucei cells. Texas red stained tomato lectin binding proteins 

(proteins containing linear chains o f poly N-acetyl glucosamine) and FITC stained TbArfl was evident 

only in the vicinity o f the Golgi and flagellar pocket. (3) Uninduced ESAGIO transfected cells. Cells 

show the same pattern as induced cells, possibly due to a leaky expression system. (4) Tet-induced 

ESAGIO transfected cells. ESAGIO expression as monitored by upregulated Texas red staining, is now 

evident throughout the cell, mainly along the flagellum. In association with this FITC stained TbArfl is 

also evident throughout the parasite, particularly along the flagellum.
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Fig 3.15. Replicated results of the immunofluorescence experiments carried out on multiple 

ESAG lO  transfected cells. Fluorescence stained induced and uninduced ESAGlO  transfected cells. 

Cells were stained with DAPI, tomato lectin Texas red, and FITC indicating the results o f Fig 3.15 are 

replicated in multiple cells, as previously discussed. This image shows several more trypanosomes in a 

single field of view.
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3.7 Discussion- ESAGIO, a Cell Surface Receptor Possible 

Involved in Density Dependent Differentiation

A surface protein, TbPP69, has previously been implicated in cell density dependent 

differentiation o f long slender T. b. bnicei cells (Murphy and Olijhoek 2001). The 

molecular identity of this receptor has not been previously deduced. An aim o f this 

thesis was to identify and characterise the TbPP69 receptor/transporter, and to 

elucidate its role in differentiation. The TbPP69 surface protein was previously shown 

to be upregulated in pleomorphic cells (Murphy and Olijhoek 2001). Purified surface 

proteins from pleomorphic cells were run on an SDS-12% PAGE gel, and the 69 kDa 

band o f interest was extracted from the gel and sent away for mass spectrometry 

analysis. The analysis showed that there was contamination of the 69 kDa band with 

ILTat 1.4 VSG. No putative receptor/transporter candidates were retrieved when 

peptides, generated from the mass spectrometry analysis, were compared to the 

Sanger T. brucei GeneDB database. Subsequendy, a candidate based approach was 

used to identify possible TbPP69 candidates based on the predicted characteristics of 

the TbPP69 receptor/transporter. An expression site associated gene, ESAGIO was 

chosen as a likely candidate for the TbPP69 transporter as it fit several o f the expected 

characteristics o f TbPP69.

ESAGIO was first identified in 1994 as an expression site associated gene found 

in the promoter region o f a 1.5 Mb chromosome of T. brucei bloodstream variant 118 

clone 1, which encoded a protein with 10 (or 12) predicted transmembrane domains 

(Gottesdiener 1994). In this study, ESAGIO was located in the 13 kb region between 

the two promoters o f the expression site. More recent studies investigating expression
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site composition lias shown that ESAGIO is often absent from expression sites, and 

when present it is located in the promoter region of the expression site, with a 

designated promoter for its expression (Berriman et al. 2002). The presence of 

ESAGlO's own promoter may be significant, as none of the other expression site 

associated genes have their own promoters. ESAGlO's promoter may allow 

differential expression of ESAGIO with respect to the other ESAGs, to facilitate 

greater expression o f ESAGIO during the long slender life cycle stage to enable 

uptake o f T-GIF, the differentiation inducing factor.

ESAGIO was shown to have high sequence similarity to a related parasite 

Leishmania donovani gene, OrfG, located at the LDl locus on chromosome 35 (Myler 

et al. 1994). The expression of OrfG in Leishmania was shown to have a direct 

relationship with the active transport o f biopterin into the cell. OrfG encodes a 

biopterin transporter and was renamed BTl (Lemley et al. 1999). BTl has 34% amino 

acid sequence identity, 64% similarity with ESAGIO (Myler e?a/. 1994).

Biopterin is converted into tetrahydrobiopterin (BH4 ) in L. donovani (Beck and 

Ullman 1991). BH4  levels are important in controlling the extent of metacyclogenesis 

of Leishmania, which involves the transformation o f poorly infective procyclic 

promastigotes into highly infective metacyclic promastigotes (Zakai et al. 1998). BH4  

levels decline over normal development, such that low BH4  levels are associated with 

metacyclogenesis (Beck and Ullman 1991). Apart from its role in parasite 

differentiation, BH4 has also been linked to oxidant scavenging, growth factor 

production and tyrosine production. The similarity between ES AG 10 and BT1, known 

to be involved in parasite differentiation, further supports the lines o f evidence 

suggesting that ESAGIO is a suitable TbPP69 receptor/transporter candidate.
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ESAGIO is a transmembrane protein (and has an N-terminal signal peptide) 

which would position ESAGIO on the cell surface of the parasite where it would be 

capable o f up-taking an external signal factor like T-GIF. ESAGIO is also predicted to 

be glycosylated which would enable it to bind to the tomato lectin that the TbPP69 

factor also binds to. ESAGIO has significant similarity to B T l, a Leishmania protein 

involved in differentiation (Lemley et al. 1999). Although the predicted molecular 

weight o f  ESAGIO is larger than would be expected for the TbPP69, ESAGIO is 

similar to other transmembrane proteins, including B T l, which experience an 

anomalous migration on SDS-PAGE gels and run at a much lower molecular weight 

(M ylere^a/. 1999).

Several lines o f evidence based on experiments in this chapter (and thesis) 

further suggest that ESAGIO is in fact the TbPP69 receptor/transporter. Although 

there was no difference in the level o f mRNA expression in transfected induced and 

uninduced cells, a significant abundance o f a 69 kDa protein (that bound to tomato- 

lectin) was observed in induced T. b. brucei ESAGIO  transfected cells. This abundant 

69 kDa protein displayed the same molecular weight as the TbPP69. No other protein 

bands were observed to be overexpressed in ESAGIO transfected and induced cells, 

strongly suggesting that ESAGIO is the TbPP69 transporter is likely implicated in 

differentiation o f long slender to short stumpy forms of T. b. brucei.

Furthermore, co-localisation studies were also carried out to investigate the 

interaction between ESAGIO and another factor implicated in differentiation, 

trypanosomal Arfl (TbArfl), which has been previously shown to bind TbPP69 

(Murphy and Olijhoek 2001). These studies showed that overexpression of ESAGIO 

resulted in a completely novel pattern o f expression and localisation of TbA rfl. 

Expression o f both ESAGIO and TbArfl was found mainly along the flagellum in
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transfected cells, not just located in the Golgi as in untransfected cells. Although the 

co-localisation o f ESAGIO and TbArfl does not prove a direct interaction, the 

evidence taken together suggests that ESAGIO is the TbPP69 receptor/transporter that 

specifically binds to T bA rfl.
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Chapter 4: Identification, Phylogenetic

Classification and Initial 

Characterisation of TbArfl Related 

Proteins and Effector Proteins

4.1 Summary

ADP-ribosylation factor 1 from T. b. brucei (TbArfl) is a vesicular 

trafficking protein that has been shown be the intracellular target o f the differentiation 

inducing factor (T-GIF). T-GIF binds to TbArfl specifically in the alpha helix 3 

region, a protein-binding region o f TbArfl (Murphy and Olijhoek. 2001). The 

previous chapter identified ESAGIO as a possible differentiation receptor/transporter 

that facilitated the uptake o f T-GIF. TbArfl was shown to be differentially located 

and upregulated within the cell upon overexpression o f ESAGIO. The purpose o f this 

chapter was to bioinformatically identify, classify and analyse TbA rfl, its related 

proteins and effector proteins in T. b. brucei.

Using this bioinformatics approach, T. b. brucei was found to have genes 

encoding TbArfl and TbArf3. At least 8 Arf-like genes, TbArls, were identified: 

TbArl2, TbArlS, TbArl6, TbA rlll, TbArllS, TbArll9, TbArllO and TbArfl 1. 

Homologues o f Arf- GTPase activating proteins (ArfGAPs) that negatively regulate

127



TbAifl and A rf guanine nucleotide exchange factors (ArfGEFs) that positively 

regulate TbArfl were also identified; five TbArfGAPs and three TbArfGEFs in T. b. 

brucei.

Phylogenetic classification of the identified proteins was carried out. This 

allowed the identification o f genes most closely related to mammalian Arfs, Arls, 

ArfGEFs and ArfGAPs which were o f  known function. Alignments facilitated the 

assessment o f levels o f conservation and regions o f significant divergence in the 

protein families.

4.2 Identification of Arf Proteins in T. b. bm cei

4.2.1 Introduction to Arf, Arls and Effector Proteins

ADP- ribosylation factors (Arfs) are small GTPase proteins that have roles in 

intracellular trafficking (Balch et al. 1992) and vesicle biosynthesis (Moss and 

Vaughan 1995). A rf proteins cycle between active and inactive conformations 

dictated by the GTP status. A rf is inactive when GDP is bound and active when GTP 

is bound (Moss and Vaughan 1998). The switch 1 and switch 2 regions o f A rf 

proteins bind tightly to the y phosphate o f GTP and poorly to the alternative GDP 

(Renault et al. 2002). The active status o f Arfs enables other effector proteins o f A rf 

to bind. In addition to this family o f proteins, another subfamily o f Arf-like proteins 

(Arls) exists (Tamkun et al. 1991). Arls have also been implicated in membrane 

trafficking (Huang et al. 1999; Lu et al. 2001; Rosenwald et al. 2002).

A trypanosomal A rf protein, T bA rfl, has been implicated in differentiation o f T. 

b. brucei (Murphy and Olijhoek 2001). In order to understand effectively any
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involvement o f TbArfi in differentiation, it is important to examine the roles of 

related proteins in depth. A rf proteins have roles in vesicular trafficking; thus it is 

possible that this process has a significant role in differentiation.

Effector proteins play an important role in the regulation o f Arfs; they regulate 

the active status o f A rf proteins in conjunction with other activities. Arf-Guanine 

nucleotide exchange factors (ArfGEFs) positively regulate Arfs (Cherfils et al. 1998) 

and Arf-GTPase activating proteins (ArfGAPs) negatively regulate Arfs (Goldberg 

1999). Other effectors o f A rf include vesicle coat proteins, COPI (Sprang and 

Coleman 1998) Golgi-localized-y-ear-containing, adenosine diphosphate ribosyiation 

factor-binding proteins (GGA) (Bonifacino 2004) and clathrin (Puertollano et al. 

2001 ).

4.2.2 Identiflcation of Sequences in T. b. brucei Encoding Arf Proteins

ADP-ribosyiation factors (Arfs) are important proteins in vesicular trafficking and in 

the cytoskeletal structure o f the cell (Lu and Hong 2003). Six A rf proteins have been 

identified in humans (Arfl-6) (Kahn and Gilman 1986; Moss and Vaughan 1998). 

Human A rf proteins have been classified into three classes. Class I consists o f human 

Arfl (HsArfl), HsArf2 and HsArf3, while class II contains both HsArf4 and HsArf5, 

and HsArf6 is the only member o f class III. An objective o f this thesis was to identify 

and classify the homologues of the human Arfs and other related proteins in T. b. 

brucei. Two genes encoding putative A rf proteins, Arfl and Arf3 (denoted as TbArfi 

and TbArf3), were identified in the T. b. brucei genome, by comparing the human A rf 

protein to the T. b. brucei TIGR (http://www.tigr.org/) and Sanger 

(www.sanger.ac.uk/) databases. TbArfi, a 182 amino acid protein, was encoded by a
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546 bp gene on Chromosome 9 of T. b. brucei. It was predicted to be a 21 kDa protein 

and to be myristoylated. Activated myristoylated proteins are usually found on the 

cell membrane (Franco et al. 1995). TbArf3, a 190 amino acid protein, is encoded by 

a 570 bp gene on chromosome 7 of T. b. bnicei. This 21 kDa protein is also predicted 

to be myristoylated. A search of conserved domains using the Proscan programme 

(http://expasy.org/-tools/scanprosite/) characterised both TbArfl and TbArfi as ADP- 

ribosylation factors.

By searching the database for closely related TbArfl and TbArf3 proteins 

other putative proteins similar to the TbArfs, denoted as TbArls, were identified in the 

T. b. brucei genome. Arf-like proteins (Arls) are closely related to Arf proteins and 

some Arls, such as human Aril, have also been implicated in vesicular trafficking 

(Munro 2005). At least 16 Arl proteins have been identified in the human genome 

(Kahn et al. 2006). Eight putative Arls were identified in T. b. brucei, a finding which 

has recently been confirmed by another group (Field 2005). The difference in the 

number of Arfs and Arls in humans and in T. b. brucei suggests that this family has 

expanded in mammals or other vertebrates. The number of amino acids and the 

molecular weight of the putative TbAri (and TbArf) proteins were determined (Table 

4.1). Though these Arl proteins were similar to the TbArf proteins in size and 

sequence, not all TbArls have myristoylation sites, which would imply that not all 

will be associated with membranes. To further characterise the putative TbArf and 

TbArl proteins, the sequences of proteins were aligned with sequences of homologous 

proteins from other species and classified phylogenetically.
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Table 4.1. Putative TbArl proteins encoded in the T. b. brucei genome. The name, chromosome 

location and length of the Arl gene is shown. A myristoylation prediction program was used to predict 

whether each protein was N-myristolyated (http://expasy.org/tools/myristoylator/). The molecular 

weight and pi o f the proteins were predicted using Compute pI/Mw program from Expasy 

(http://expasy.org/tools/pi_tool.html).

Nam e G en e  length pi Amino acids M olecular weight N-myrlstolyate

Tb_Arf1 546 8,8 182 21 kDa Myristolyated

Tb Arf3 570 5.2 190 21 kDa Myristolyated

Tb_Arl2 558 8.9 186 21 kDa Non-myristolyated

Tb_Arl3 534 5.3 178 20 kDa Non-myristolyated

Tb_Arl6 567 8.9 189 21 kDa Myristolyated
Tb_Arl17 567 6 189 21 kDa Myristolyated
Tb_Arl18 549 6.6 183 20 kDa No prediction
Tb_Arl19 570 5.5 190 22 kDa Non-myristolyated
Tb_Arl20 579 6.5 193 21 kDa Myristolyated
Tb_Ari21 582 7 194 22 kDa Non-myristolyated

4.2.3 Phylogenetic Classification of Sequences in T. b. brucei Encoding Arf and 

Arf-Like Proteins (Arls)

To classify phylogenetically putative T. b. hnicei A rf and Arl proteins a T-coffee 

alignment was generated (Figure 4.1) using known human Arfs and Arl sequences 

and the T. b. brucei Arfs and Arls identified in GeneDB (http://www.genedb.org/). 

Subsequently a neighbour-joining tree was constructed based on this alignment 

(Figure 4.2). A rf proteins formed a monophyletic clade with the exception o f TbArfi. 

TbArf3 was found outside o f other human A rf proteins, grouping with Arl proteins 

and was closely related to HsArll, implying that the naming o f TbArf3 as an A rf may 

be incorrect and that it is unlikely to have the same function as other Arfs. A T. b. 

brucei Arl protein (TbArl 17) was found to group with A rf proteins and is a better Arf 

protein candidate.
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Fig 4.1. T-Coffee alignment o f liuman (Hs) and T. b. brucei (Tb) Arf and Arf-like proteins. High 

sequence conservation is indicated in black (highly conserved) and grey (less highly conserved). Poorly 

conserved regions are not highlighted.
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Fig 4.2. A neighbour-joining tree depicting T-Coffee alignment of human (Hs) and T. b. brucei 

(Tb) A rf and Arf-like proteins. 1000 bootstraps were carried out to assign support for each node. This 

neighbour-joining tree was constructed using the program Mega 3.1.
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T. b. brucei Arls are more closely related to various human Arls than to Arfs. 

TbArl2 is closely related to HsArl2, TbArO is closely related to HsArB, TbArl6 is 

closely related to HsArl6, and TbArl21 is closely related to HsArllOC. As the 

phylogenetic relationship between the various human and T. b. brucei Arls is not well 

resolved it is difficult to discuss these relationships in more detail.

TbArfl is the T. b. brucei A rf protein most closely related to the human Arf 

proteins. TbArfl although closely related to the human Arf proteins, it is not directly 

orthologous to any one human Arf. Given that the T. b. brucei genome contains only 

one or possibly two Arfs it seems likely that TbArfl incorporates one or several o f the 

functions which are independently carried out by each of the human Arfs. HsArfl is 

associated with the Golgi and is involved in trafficking from Golgi to the ER and 

endosomal systems (Takeuchi et al. 2002). HsArf6 is involved in endosomal 

recycling to the plasma membrane and regulating secretion, such that Arf6 is often 

found on the plasma membrane (D'Souza-Schorey et al. 1998). In the pleomorphic T. 

b. brucei parasites (parasites that display differentiated bloodstream forms), TbArfl is 

found both in the Golgi apparatus, as would be expected o f an Arfl protein, and also 

along the trypanosome flagellum, where Arf6 would be expected to be positioned, as 

HsArf6 localises to the plasma membrane o f the cell (as shown in Figure 1.10).

4.2.4 Phylogenetic Classiflcation of Arfl

TbArfl may have several functions in T. b. brucei, fulfilling the roles that both 

HsArfl and HsArf6 have in humans. TbArfl has also been implicated in the long 

slender to short stumpy differentiation in T. b. brucei (Murphy and Olijhoek 2001). 

Though A rfl proteins o f other organisms have been described to possess numerous
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functions, a role in differentiation has not been described. Therefore, there may be 

differences at the protein level between TbArfl and A rfl proteins o f other organisms 

that account for the additional function of TbArfl in differentiation. To investigate 

this, TbArfl was compared to Arfl from several other species by protein alignment 

analysis. These species included Caenorhabditis elegans, Dictyostelium discoideum, 

L. major, T. b. gambiense, T. vivax, T. congolense, T. cruzi, Saccharomyces 

cerevisiae, Mus musculus, Homo sapiens, Xenopus laevis and Drosophila 

melanogaster (Figure 4.3). A phylogenetic tree was generated from this alignment to 

investigate the evolutionary relationships o f the Arfl proteins from the various 

species (Figure 4.4).

The protein alignment revealed important differences between the African 

trypanosome A rfl protein and those o f other eukaryotes. Arfl is a highly conserved 

protein, but clearly the African trypanosome Arfl differs in some key functional 

areas, in the myristolyated N-terminus, the switch 2 binding region, the helix a3 

region, and in the fourth GTP-binding site. O f these regions, the switch 1, switch 2 

and helix a3 regions are important functional regions of Arfl that are involved in 

GTPase-activation and guanine nucleotide exchange factor binding (Nie et al. 2003a).

The trypanosome species have a hehx a3 region o f A rfl that is conserved 

between other trypanosomes but differs from L. major and the other eukaryotes. 

Conservation of this region within trypanosomes and the divergence o f it compared to 

other eukaryotes suggest additional or altered functions for the trypanosomal Arfl 

proteins in comparison to other eukaryotic Arfl proteins, and may account for the 

additional functions in differentiation attributed to TbA rfl.
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The phylogeny o f Arfl is consistent with the currently accepted eukaryotic 

phylogeny (Cavalier-Smith 2004). Trypanosomes form a clade with the other 

kinetoplastid, L. major (see Figure 4.4).
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Fig 4.3. A T-coffee alignment of A ril sequences from trypanosomes and other eukaryotes. The

figure depicts a T-coffee ahgnment o f the Arfl protein from a number o f species including (Ce) C. 

elegans, (Dd) D. discoideum, (Lm) L. major, (Tb) T. b. brucei, (Tbg) T. b. gambiense, (Tv) T. vivax, 

(Tco) T. congolense, (Ter) T. cruzi, (Sc) 5. cerevisae, (Mm) M. musculus, (Hs) H. sapiens, (XI) X. 

laevis, (Dm) D. melanogaster. High sequence conservation is indicated in black (highly conserved) and 

grey (less highly conserved). Poorly conserved regions are not highlighted. The box outlined in red 

depicts the helix o3 region of Arf, which is highly conserved in trypanosomes but divergent compared 

to other eukaryotes. The alignment was visualised using the GeneDoc program.
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Fig 4.4. Neighbour-joining tree of Arfl proteins from trypanosomes and other eukaryotes. The

figure above depicts a neighbour joining phylogenetic tree of the Arfl proteins from a number of 

species, including (Ce) C. elegans, (Dd) D. discoideum, (Lm) L. major, (Tb) T. b. brucei, (Tbg) T. b. 

gambiense, (Tv) T. vivax, (Tco) T. congolense, (Ter) T. cnizi, (Sc) S. cerevisiae, (Mm) M. muscutus, 

(Hs) H. sapiens, (X!) X. laevis, (Dm) D. meianogaster. 1000 bootstrap replicates were carried out to 

assign support for each node. The neighbour-joining tree was constructed using the program Mega 3.1.
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4.3 TbArfl Genomic Organisation and Transcription

4.3.1 Analysis of the TbArfl Contig

There are four copies of the TbArfl gene located in tandem on chromosome 9 of T. b. 

brucei. These genes are contained within the same transcription unit and are co­

transcribed (Barry and Turner 1991). Comparative analysis was carried out to 

characterise the Arfl gene organisation in several related species (Table 4.2). In other 

kinetoplastids, the Arfl open reading frames were not organised as four tandem open 

reading frames suggesting that the organisation of the TbArfl transcriptional unit may 

be significant. For instance, even the closest relation to T. b. brucei, T. b. gambiense 

only two copies of TbArfl are located in tandem. Furthermore, TbArfl has been 

shown to be developmentally regulated with a five to seven fold upregulation of 

TbArfl in long slender cells as compared to short stumpy cells (Murphy and Olijhoek 

2001). This raises questions as to whether each open reading frame contributes 

equally to produce stable transcripts and whether each copy is under the same 

developmental regulation.

The TbArfl transcription unit is composed of a promoter, and four TbArfl open 

reading frames (ORFs); ORFl, 0RF2, 0RF3 and 0RF4 (Figure 4.5). There are 

identical 5’ untranslated regions (UTRs) in ORFl, 0RF2 and ORF3, and identical 3’ 

UTRs in ORF1 and ORF2, and a unique 3 ’ UTR on 0RF3. There are also unique 5 ’ 

and 3’ UTRs on 0RF4. The presence of alternative UTRs in the various ORFs was 

suggestive that the ORFs are altematively regulated and expressed.
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Table 4.2. Arrangement of Arfl genes in T. b. brucei and related species. The table below depicts 

the number and arrangement o f Arfl copies in four different species, T. b. brucei, T. cruzi, T. vivax, T. 

congolense and L. major.

Organism Number of Arf1 copies Organisation
T. b. brucei 4 In tandem
T. b. gambiense 2 In tandem
T. cruzi 4 2 in tandem +2 in tandem
T. vivax 1 (incomplete genome) Singular
T. congolense 2 (incomplete genome) In tandem
L  major 2 (incomplete genome) Singular

0PF1 OSF? 0RF3 0RF4
■  » |  I I  a  ........... ......... ..

K*y
—  ORF
* 5 ' 0 R F 1 , 2 3
•  50RF4
■  3 ' ORF 1+2 
“  3 ' ORF 3 
m 3 ' ORF 4

Fig 4.5. Schematic o f the TbArfl contig o f T. b. brucei. O RFl, 2, 3 and 4 are depicted with a red

line, the 5’ UTRs are depicted as small circles and the 3’ UTRs are depicted as small squares at either

side of the ORFs. ORF 1, 2, and 3 have the same 5’ sequence, ORFl and 2 have the same 3’ sequence.

and 0R F4 has unique 5’ and 3’ UTR sequences.
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4.3.2 DifTerential Expression of TbArfl ORFs in Different Life Cycle Stages of 

the Trypanosome

To investigate whether the four TbArfl ORFs are differentially expressed in different 

life cycle stages o f T  b. brucei, oligonucleotides were designed to amplify the TbArfl 

ORFs from cDNA. A spliced leader forward primer was generated from the spliced 

leader addition that occurs at the mature 5' end o f the mRNA. This spliced leader 

provides an unusual cap structure and common sequence to all trypanosome mRNAs, 

and consequently the use o f the spliced leader primer in PCR reactions ensures that all 

PCR products have been generated from cDNA rather than genomic DNA. The 

spliced leader primer was used with specific reverse primers designed to amplify the 

individual TbArfl ORFs. (The primers are described in chapter 2, Table 2.2).

Using trypanosome cDNA derived from T. b. brucei long slender, short stumpy, 

and procyclic stages, amplification of the expressed TbArfl ORFs was carried out 

(Figure 4.6). A control gene, a-tubulin, with equal expression levels in these life cycle 

stages was used to characterise the level of expression o f the TbArfl ORFs. O RFl, 

ORF2 and ORF4 o f Arfl were detected in all life cycle stages, while ORF3 was 

detected only in long slender and short stumpy stages. The a-tubulin control, 

however, was also weaker in the procyclic stage in comparison to the long slender and 

short stumpy, which may account for undetection o f 0RF3 in procyclic forms. 

Therefore it cannot be conclusive said that the TbArfl ORFs were differentially 

expressed in different life cycle stages o f T. b. brucei.

Further functional characterisation o f TbArfl at the protein level is described in 

Chapter 5. To identify and characterise A rfl effector proteins in T. b. brucei, a 

bioinformatics approach similar to that described for TbArfl was employed.
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Fig 4.6. Expression of TbArfl ORFs in the T. b. brucei life cycle stages. The above figure depicts a 

1% agarose gel. Expression of TbArfl ORFl, 0RF2, and ORF3 was detected in long slender, short 

stumpy and procyclic stages. TbArfl 0RF4 was detected in long slender and short stumpy stages only 

and not in procyclic stages, this may be due to lower concentration of RNA. (TbArfl ORFl and 0RF2 

have identical sequences, so separate expression could not be achieved).
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4.4 Effectors of A rfl: ArfGAPs

4.4.1 Identification of ArfGAPs in the T. b. brucei Database

Arfl has numerous effector proteins that facilitate the many activities o f A rf l. Arf 

GTPase-activating proteins (ArfGAPs) function as negative regulators of Arfl, 

hydrolysing A rfl bound GTP to GDP, thereby inactivating TbArfl (Goldberg 1999). 

ArfGAPs also have roles in vesicle coat production (Lewis et al. 2004).

To identify these important Arfl regulators in T. b. brucei, known ArfGAPs 

from S. cerevisae, Glo3p and G C Sl, were used as queries to identify ArfGAP 

homologues in the Sanger (http://www.sanger.-ac.uk/Projects/T_brucei/) and TIGR 

(http://www.tigr-.org/tdb/e2kl/tbal/) databases. A ScanProsite motif search was used 

to confirm the presence o f the ArfGAP domains in ArfGAP homologues 

(http://www.expasy.ch/tools-/scanprosite/). Five putative ArfGAPs were identified 

(Table 4.3, Figure 4.7). A sixth putative sequence was also identified, but was shown 

not to have a proper Arf-GAP domain.
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Table 4.3. Characterisation o f TbArfGAP I, II, III, IV, and V. The gene length, chromosome 

number, and amino acid lengths were determined for the TbArfGAPs. The predicted pi and molecular 

weight were calculated using Compute pl/molecular weight (http://expasy.org/tools/pi_tool.html). The 

presence of the ArfGAP domain and other domains was also noted.

Name G ene length Chr Number pi Amino acids Molecular weight Arf domain Other domain
TbAffGAP 1 921 bp 11 6 307 34 kDa Yes No
TbArfGAP II 12,396 bp 9 5.9 413 45 kDa Yes No
TbArfGAP III 873 bp 11 8.7 291 31 kDa Yes No
TbArfGAP IV 875 bp 3 9.5 275 31 kDa Yes No
TbArfGAP V 1059 bp 11 6.7 353 45 kDa Yes No

TbArfGAP I

isEt:

TbArfGAP II

TbArfGAP III

» i l l  I ,

TbArfGAP IV

TbArfGAP V

- j— I— ' ,

, . ‘ i ’ L ■

Fig 4.7. Domain structure of TbArfGAP I, II, III, IV, and V. The ArfGAP domain is depicted in red 

in each o f the TbArfGAPs. The figure was generated using a BlastP search of conserved domain 

database (CDD) (http://www.ncbi.nlm-.nih.gov/BLAST/).

143



4.4.2 Phylogenetic Classification of TbArfGAPs

The ArfGAPs o f T. b. bnicei were all classified as ArfGAP type 1 class proteins, 

since they have no other conserved domains and the ArfGAP domain is located 

relatively close to the N-terminus of the proteins (Nie et al. 2003a). Putative ArfGAP 

proteins were identified using GeneDB (http://www.genedb.org/) in T. b. gambiense, 

T. congolense, T. cruzi, T. vivax and L. major using a similar strategy as discussed for 

T. b. bnicei. Five ArfGAPs were identified in T. b. brucei and in T. b. gambiense, 

which was perhaps unsurprising as T. b. brucei and T. b. gambiense are both sub 

species of T. brucei. Five ArfGAPs were also identified in T. cruzi, while only four 

were identified in L. major and in T. vivax. Only three putative ArfGAPs were 

identified in T. congolense. Failure to identify all of the ArfGAP orthologues in some 

species may be due to incomplete sequencing projects. In particular, the T. congolense 

project remains to be finished.

Trypanosome and Leishmania ArfGAP domain sequences were aligned using 

the T-Coffee alignment program (Figure 4.8) and a neighbour-joining phylogenetic 

tree was constructed (Figure 4.9). Based on this phylogenetic tree, putative ArfGAP 

sequences from the trypanosome and Leishmania were classified into five groups. 

Each group contained one T. b. brucei ArfGAP sequence. All identified clades were 

supported by very high bootstrap values (99-100%) indicating strong statistical 

support for each node.

A second phlyogenetic tree was produced using human, yeast and 

kinetoplastid ArfGAP sequences (Figure 4.10). Type I human and yeast ArfGAPs 

(groups: ScGloS, HsArfGAP I, HsArfGAP III) were located between groups KI and
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KII of the kinetoplastids. Human ArfGAPl clusters with a bootstrap value o f 71 with 

group II o f the trypanosome and Leishmania ArfGAP sequences. T. b. brucei ArfGAP 

I was found to be most closely related to human ArfGAPl and is likely to be 

orthologous to it while TbArfGAP II was shown to be most closely related to human 

ArfGAP3. Orthologous genes were also identified in L. major, T. b. gambiense, and 

T. cnizi. The K ill and KIV groups o f the kinetoplastids were next closely related to 

the human ArfGAPl and 3. ArfGAP group III contains only ArfGAPs from T. b. 

brucei, T. b. gambiense, T. congolense and T. cruzi. Strikingly, L. major, a much 

studied organism is missing from this clade, along with T. vivax. ArfGAP IV contains 

an ArfGAP from all of the kinetoplastids.

The majority o f the human ArfGAPs grouped outside the other kinetoplastid 

groups and do not appear to have orthologues in these species. The human ArfGAPs 

with ankyrin repeat, pleckstrin homology domain (ARAP), A rf GAP with GTP- 

binding protein-like, ankyrin repeat and pleckstrin homology domains 1 (AGAPl), 

Arf GAP with SH3 (Src homology 3), ANKs and (PH) pleckstrin homology domains 

(ASAPs), A rf GAP with coiled-coil, ankyrin repeat and pleckstrin homology domains 

1 (ACAPl), and G protein-coupled receptor kinase-interacting target (GITs) all cluster 

in their own groups (H + Y II). These groups are commonly clustered together (Nie et 

al. 2003a). Group V trypanosome and Leishmania sequences were found to be 

distantly related to the rest of the kinetoplastid sequences. This implies that they are 

more divergent than the rest o f the trypanosome and Leishmania sequences, and 

indicates the possibility o f alternative functions for these putative ArfGAPs.

Further analyses were conducted, comparing the closely related ArfGAPl 

human proteins and the putative trypanosome and Leishmania ArfGAP I sequences. 

An amino acid alignment of the ArfGAP domains was constructed with additional
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ArfGAP 1 proteins from other species. All ArfGAP domains were highly conserved 

(Figure 4.11). Outside o f  this ArfGAP domain there is, however, a significant level o f  

diversity amongst the ArfGAP 1 proteins.
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Fig 4.8. T-coffee alignm ent o f Trypanosom e and Leishmania ArfGAP domains. The alignment 

includes L. major, T. b. gambiense, T. b. brucei, T. congolense, T. vivax and T. cruzi putative ArfGAPs. 

High sequence conservation is indicated in black (highly conserved) and grey (less highly conserved). 

Poorly conserved regions are not highlighted.
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Fig 4.9. A neighbour-joining tree produced from a T-coffee alignment of Trypanosome and 

Leishmania ArfGAP domains. The phylogenetic tree includes L  major, T. b. gambiense, T. b. brucei, 

T. congolense, T. vivax and T. cruzi putative ArfGAPs. The tree was constructed using Mega 3.1. 1000 

bootstrap replicates were carried out. Five different clades are defined.
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Fig 4.10. A neighbour-joining tree produced from a T-coffee alignment of ArfGAP domains of H. 

sapiens, S. cerevisiae, L, major, T. b. gambiense, T. b. brucei, T. congolense, T. vivax and T. cruzi.

The tree was constructed using Mega 3.1.1000 bootstrap replicates were carried out.
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Fig 4.11. Alignment of tlie ArlGAP domains of known and putative ArfGAP 1 proteins. The

figure depicts amino acid sequence ahgnment o f human, mouse, Drosophila and Xenopus ArfGAPl 

proteins, and putative ArfGAPl s from T. congolense, T. b. brucei, T. cruzi, T. vivax, and L  major. 

High sequence conservation is indicated in black (highly conserved) and grey (less highly conserved). 

Poorly conserved regions are not highlighted. This alignment was viewed using Genedoc.

149



4.4.3 Initial Characterisation of TbArfGAPs Based on Protein Sequence

To investigate the role of ArfGAP 1 proteins in the catalysis of the A rfl-GTP to A rfl- 

GDP reaction, protein sequences were superimposed on the resolved crystal structure 

of ArfGAPl (Goldberg 1999). Crystallisation studies of human A rfl complexed with 

HsArfGAPl identified the specific residues involved in the interaction (Goldberg 

1999). The orthologous residues important in the reaction between TbArfl and 

TbArfGAPs were identified in T. b. brucei. Arfl is a highly conserved protein, and 

there is some conservation o f residues involved in protein-protein interactions 

between human and T. b. brucei ArfGAP proteins. Although A rfl proteins are highly 

conserved, the Arfl sites likely implicated in the interaction with ArfGAPs are partly 

conserved (10/14) when compared to between human and trypanosome (Table 4.4), 

residues differ at positions 105, 108, 109, 112, and 150.

ArfGAPs are highly divergent proteins, particular outside the ArfGAP domain. 

ArfGAP residues likely implicated in the interaction Arfl were compared between 

human and trypanosome at homologous positions in TbArfGAP I, II, III, IV and V. 

There is much less conservation of residues (6/15) likely involved in interaction 

between human and trypanosome (Table 4.5). This data would suggest that there may 

be slight differences in residue involved in Arfl and ArfGAP interaction between 

humans and T. brucei.

150



Table 4.4. Comparison of HsArfl residues, known to be important in the Arfl/ArfGAPl 

interaction, with the orthologous positions in TbArfl. Residues are numbered according to position 

in H sA rfl. The domain in which the residue occurs is denoted, switch 2 domain (2, highlighted in blue) 

or the helix o3 domain (3, highlighted in green). Residues highlighted in red are amino acids of the 

helix o3 region that are unique to the trypanosome.

Residue 70 72 76 77 79 80 105 106 108 109 I l l 112 114 117 150
Domain 2 2 2 2 2 2 3 3 3
HsArfl 0 P L, ii H h i . a L A D li
TbArfl G D P L R H 0 E E K. L S D R 0

Table 4.5. Comparison of Human ArfGAP 1 residues, known to be important in the 

Arfl/ArfGAP interaction, with the orthologous positions in TbArfGAP I, II, III, IV, and V.

Residue numbering is according to position of residues in the human ArfGAP 1. The domain in which 

the residue occurs is denoted, specifically whether the residues occur in the switch 2 domain (2, 

highlighted in blue) and or the helix o3 domain (3, highlighted in green). Empty boxes indicate that 

there is no equivalent residue, yellow shading o f boxes indicates conservation o f the human ArfGAP 

residue.

Residue 54 55 58 60 66 68 70 71 112 116 120 122 134 135 136
Domain 3 -1 3 3 2 3 2 2 3 3
HsArfGAP 1 V B F R K K 1 E R 1 K. W i P
TbArfGAP I V H F R N R E K G E L W A P
TbArfGAP II V H F R A K E E K D G T P
TbArfGAP III T H K R T E E M R Y F N
TbArfGAP IV V H K K K S A E I Y F S V
TbArfGAP V - K K K E T E E F Y A S s
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4.4.4 Cloning of TbArfGAPs for Protein Expression Studies

Two ArfGAPs, TbArfGAP I and TbArfGAP V, were chosen for further study. 

TbArfGAP I was chosen as it was most closely related to the Human ArfGAPl, and 

therefore most likely to function in a similar manner to the Human A rflG A Pl. A 

second ArfGAP, TbArfGAP V, was also chosen for study as it was most distantly 

related to the human ArfGAPl, and may possibly function differently from 

TbArfGAP I. A full length TbArfGAP I and a partial length TbArfGAP V sequence 

(repetive C-terminus was too difficult to express) were chosen for study to investigate 

the location o f the catalytic activity in T. brucei ArfGAP proteins and these were 

cloned into the pET21a and subsequently into the pETSla Ek/LIC E. coli expression 

vector (Figure 4.12). Conditions for expression of the recombinant protein were 

optimised with respect to temperature, concentration of IPTG, time of induction and 

purification procedure. Reduction of temperature worked best for protein expression. 

Protein was produced for both TbArfGAP I (Figure 4.13) and TbArfGAP V (Figure 

4.14). Once protein expression and purification had been achieved, co-expression 

recombinant TbArfGAP V with TbArfl was attempted.
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Fig 4.12. pETSla Ek/LIC Amplified PCR products for cloning. The figure depicts a 1% agarose 

gel displaying the 540 bp PCR product o f the ArfGAP domain of TbArfGAP V and the 912 bp PCR 

product o f the full sequence of TbArfGAP 1 (primers table 2.2) and was viewed under UV light.

Fig 4.13. Expression of TbArfGAP I. The figure depicts an SDS-12% PAGE gel showing TbArfGAP 

I (approximately 30 kDa) recombinant protein expression in E. coli using the pETSla (Ek/LIC) system 

following various purification steps. Lane 1: protein size marker, Lane 2: induced unpurified lysate, 

Lane 3: uninduced lysate (no IPTG added). Lane 4: insoluble pellet from induced fraction, Lane 5: 

flow-through the Ni2+ purification column. Lane 6: purification column wash 1, purification column 

eluant, Lane 7: wash 2 from a second purification step. Lane 8: second purification eluant 1, Lane 9: 

second purification elutant 2. Note the secound elution 2 is always the most pure. The gel was stained 

with Coomassie blue.
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Fig 4.14. Expression o f TbArfGA P V. The figure depicts an SDS-12% PAGE gel showing 

TbArfGAP V (approximately 25 kDa) recombinant protein expression in E. coli using the pETSla 

Ek/LIC system following various purification steps (see previous figure, 4.13). The gel was stained 

with Coomassie blue.

4.4.5 TbArfl and TbArfGAP V Co-Expression Studies

A second pET vector was chosen to co-express TbArfl with TbArfGAP for 

crystallisation purposes. A version o f the TbArfGAP V gene, containing only the 

ArfGAP domain was cloned into pET28b kanamycin resistance plasmid. A truncated 

ArfGAP was chosen as a concentrated region containing only the catalytic domain 

had been shown to produce human Arfl-ArfGAP 1 crystals (Goldberg 1999). TbArfl 

was cloned into a pET21a plasmid encoding ampicillin resistance. Both plasmids 

were co-transformed into E. coli BL21 DE3 competent cells and clones possessing 

both vectors were selected using agar plates containing ampicillin and kanamycin. 

The co-expressed proteins were produced and purified. Co-expressed protein was 

visualised on a 1-D SDS-PAGE gel (Figure 4.17). Subsequently, the preparation was
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further analysed to begin crystallisation studies. A mass spectrometry analysis was 

conducted to examine the purity o f the complex (Amir Khan’s lab, Trinity College 

Dublin). The results showed that the there were two products evident and no complex 

had formed. Though co-expression was achieved the analyses indicated that TbArfl 

and TbArfGAP V proteins did not form a complex. It was thought that the proteins 

may interact instantaneously, but do not form a stable complex.
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Fig 4.15. Co-expression of TbArfl and TbArfGAP V. Co-expressed TbArfl and TbArfGAP V were 

run on an SDS-12% PAGE gel and stained with Coomassie blue. Note the double band when proteins 

are co-expressed.
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4.5 Effectors of TbArfl: TbArfGEFs

4.5.1 Identification of ArfGEFs in the T. b. brucei Sanger Database

Arf-guanine nucleotide exchange factors (ArfGEFs) are positive effectors of A rfl, 

and ensure a rapid exchange o f GDP to GTP (as outlined in the introduction). All 

ArfGEFs identified to date possess a conserved domain, the Sec7 domain that 

comprises the catalytic unit o f the protein (Mouratou et al. 2005). Homology searches 

using the Sec7 domain o f three human ArfGEF proteins, Brefeldin nucleotide 

exchange factor 1 and 2 (BIG l, BIG2), and ArfGEF 1 identified three putative 

ArfGEF genes in the T. b. brucei GeneDB database (http://www.genedb.org/), 

TbArfGEFA, TbArfGEFB and TbArfGEFC (Figure 4.18). A ScanProsite motif search 

was used to confirm the presence of Sec7 domains in these putative proteins 

(http://www.expasy.ch/tools-/scanprosite/).

TbArfGEFA is encoded on a 6,192 bp sequence located on chromosome 8. 

TbArfGEFA encodes a 2063 amino acid protein. [The DNA sequence of the protein 

was translated using “Translate” (http://expasy.org/tools/dna.html)]. TbArlGEFA has 

a pi o f 5.7 and a predicted molecular weight of approximately 225 kDa. [pi and 

predicted molecular weights were calculated using “Compute pi/ Mw” an internet 

based program from expasy (Bjellqvist et al. 1993) 

(http://www.expasy.org/tools/pi_tool.html)]. TbArfGEFB is encoded on a 5,016 bp 

sequence located on chromosome 4. TbArfGEFB (1671 amino acids) has a predicted 

molecular weight o f 184 kDa. It has a pi of 5.3. TbArfGEFC was encoded by a 3,141 

bp gene located on chromosome 11. TbArfGEFC (1046 amino acids) has the smallest 

predicted molecular weight o f the TbArfGEFs of 117 kDa and it has a pi o f 6.1. No
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conserved domains, apart from Sec7, were identified in the T. b. brucei ArfGEFs. 

These novel T b. brucei ArfGEFs were phylogenetically classified along with 

ArfGEFs from several other species.

TbArfGEFA

I SOS IflaQ tSC’B

TbArfGEFB

1 2$6 SAA 7 6 * 1B9I 1250 1S6I l e n

TbArfGEFC

1 25v 509 750 luiiu 1(>4C

Sec7

Fig 4.16. Characterisation o f the domain structures of TbArfGEFA, TbArfGEFB and 

TbArfGEFC. The location o f the Sec7 domain is shown. This figure was generated via a BLAST 

search of the conserved domain (CDD) database at NCBI (http://www.ncbi.nlm-.nih.gov/BLAST/).
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4.5.2 Phylogenetic Classification of TbArfGEFs

ArfGEFs from several other African and the American trypanosome species and 

Leishmania were identified based on similarity to the T. b. brucei ArfGEFs. Putative 

homologues of TbArfGEFA, B and C were identified in T. b. gambiense, T. vivax, T. 

congolense, T. cruzi, and L. major genomes, indicating that these proteins are 

conserved throughout kinetoplastids.

A T-coffee alignment was carried out to align the novel ArfGEFs from T. b. 

brucei, T. b. gambiense, T. vivax, T. congolense, T  cruzi, and L. major. From this 

alignment a neighbour-joining phylogenetic tree was generated using the programme 

Mega 3.1 as shown in Figure 4.19. The neighbour-joining tree depicts three major 

clades, groups I, II and III, which are supported by bootstrap values of 99-100 %. This 

phylogenetic tree groups all the putative ArfGEFA sequences together in group I, all 

the putative ArfGEFB sequences together in group II, and all the ArfGEFC sequences 

together in group III. The phylogeny is consistent with the relationships between 

various kinetoplastid species. Based on this evolutionary relationship it is concluded 

that orthologous ArfGEFs have been identified in the various species and that these 

genes are likely to have a very similar function in the different species.

Subsequently, the putative kinetoplastid ArfGEFs were compared to other 

eukaryotic ArfGEFs with defined functions. Human and yeast ArfGEF sequences 

were identified in the GenBank database (http://www.ncbi.nlm.nih.gov/), and a 

comparison was carried out with the kinetoplastid ArfGEFs. A T-coffee alignment 

was generated using the Sec7 domains from all of the identified sequences, and a 

neighbour-joining phylogenetic tree was constructed (Figure 4.20).
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The neighbour-joining tree was composed primarily of six groups where groups 

I, III and V comprised the kinetoplastid ArfGEFs B, A and C respectively. Group II 

kinetoplastid ArfGEFBs were shown to be most closely related to the human ArfGEF 

proteins (BIGl, BIG2, ARNO) and yeast SEC7. This implies that TbArfGEFBs and 

the human ArfGEFs (BIGl, BIG2 and ARNO) are likely to have similar functions 

acting as guanine nucleotide exchange factors, and as such are likely to function as 

ArfGEFs for TbArf 1. Group III kinetoplastid ArfGEFAs and Group V kinetoplastid 

ArfGEFCs were shown to be less closely related to human ArfGEFs, and more like 

several yeast ArfGEFs. Group VI contained only EFA6, a human ArfGEF, and was 

separated from all other ArfGEF clades. EFA6 has been shown to interact mainly with 

HsArf6, rather than HsArfl (Franco et al. 1999). As there is no Arf6 orthologue in T. 

b. brucei, it is not surprising that there was no EFA6 equivalent in T. b. brucei.

Characterised ArfGEFs have been shown to interact with Arfl-GDP and operate 

as guanine nucleotide exchange factors (Cherfils et al. 1998). Based on the 

evolutionary relationship it is concluded that the orthologous ArfGEFs that have been 

identified in T. b. brucei are likely to have a very similar function. More information 

regarding the mechanisms of how these kinetoplastid ArfGEFs operate was gathered 

by comparing TbArfGEFs to the resolved crystal structures of human ArfGEFs.
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Figure 4.17. A neighbour-joining tree depicting the evolutionary relationship of putative 

trypanosome and Leishmania ArfGEF proteins. The neighbour-joining tree was generated from a T- 

cofFee alignment o f the conserved Sec7 domain o f ArfGEFs. The aUgnment includes the following 

Sec7 domains: T. b. brucei ArfGEFA, B, C, T. b. gambiense ArfGEFA, B, C, T. congolense ArfGEFA, 

B, C, T. vivax ArfGEFA, B, C, T. cruzi ArfGEFA, B, C, and L. major ArfGEFA, B, C. The neighbour- 

joining tree was generated using the program Mega 3.1. 1000 bootstrap replicates were carried out.
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Figure 4.18. A neighbour-joining tree depicting the evolutionary relationship of human, yeast 

and kinetoplastid ArfGEF proteins. The neighbour-joining tree was generated from a T-coffee 

alignment o f the Sec7 domain o f ArfGEFs. The tree includes the following Sec7 domains o f  H, 

sapiens: B IG l, B1G2, ARNO, EFA6 proteins, S. cerevisae G EA l, GEA2, SYTl, See? proteins, T. b. 

brucei ArfGEFA, B, C, T. b. gambiense ArfGEFA, B, C, T. congolense: ArfGEFA, B, C, T. vivax: 

ArfGEFA, B, C, T. cruzi: ArfGEFA, B, C, and L. major: ArfGEFA, B, C. The neighbour-joining tree 

was generated using the program Mega 3.1. 1000 bootstrap replicates were carried out.

161



4.5.3 Initial Characterisation of TbArfGEFs Based on Sequence Composition

To elucidate the structural and functional relationships between the T. b. brucei and 

human ArfGEFs, trypanosomal TbArfGEFA, TbArfGEFB and TbArfGEFC protein 

sequences were superimposed on the resolved crystal structure o f the HsARNO Sec7 

domain (Cherfils et al. 1998; Mossessova et al. 1998). The HsARNO Sec7 model 

structure consists of 10 alpha-helices (A-J) arranged in a right-handed superhelix. The 

C-terminus of the See? domain mediates the interaction with A rfl through 

hydrophobic and polar residues. Specifically, alpha helices F, G and H form a deep 

hydrophobic groove, and a hydrophilic loop between helices F and G which act as the 

binding site for nucleotide free Arfl (Cherfils et al. 1998; Mossessova et al. 1998). 

The sequence o f the F-G loop (FRLPGE) is a highly conserved m otif in the Sec7 

domain. The F-G loop from human and T. b. brucei is depicted in Figure 4.21 A, 

where the FRLPGE loop is highlighted in yellow. A schematic o f the HsARNO sites 

of interaction is shown in Figure 4 .2 IB. The loop is based around an invariant 

glutamate residue that plays a key role in the interaction between A rfl and ArfGEFs, 

which is conserved in TbArfGEFA and TbArfGEFB, but not in TbArfGEFC.

Sequence conservation within TbArfl and within TbArfGEF A-C is consistent 

with the model o f interaction between the human ArfGEF (loop F-G) and Arfl 

(switch 1 and 2) proposed by Cherfils et al. (1998). The switch 1 region o f TbArfl 

and HsArfl are conserved, and there are only two substitutions in the switch 2 region 

o f TbArfl (K73V, I74L). The conservation of the F-G loop in the trypanosome 

ArfGEFs suggests that trypanosomal ArfGEFs may interact in a similar manner to 

that o f ARNO.
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Fig 4.19. The FRLPG E loop o f the Sec7 dom ain of ArfG EFs. Figure A depicts an alignment o f the 

FRLPGE motif in TbArfGEF A, B, and C, and H sBIGl, 2, 3, HsGEF2, and HsGEF6. Residues 

identical to that o f the human FRLPGE loop are highlighted in red, and in a red box. The alignment 

was produced using Multialin (Corpet 1998). (B) Figure B is a schematic depicting the putative Arfl 

binding site in HsARNO. The figure depicts the FRLPGE loop o f the Sec7 domain of the ArfGEF. This 

figure is taken from Cherfils et al. (1998).

4.6 Other Effectors of TbArfl

4.6.1 Identification of Otlier Effectors of TbArfl

A s outlined in the introduction, Arfl operates in conjunction with several other 

factors that enable it to function with greater specificity. These other effectors o f  Arfl



have been divided into two groups depending on whether they interact with Arfl in its 

GTP- or GDP-bound form.

Apart from ArfGEFs, which have previously been discussed, members of the 

p24 family also interact with Arfl -GDP. P24 family members were searched for and 

identified in the T. b. brucei database. Other than ArfGAPs, other Arf-GTP interacting 

proteins include vesicle coat components (COPI, A P 1/3/4, and GG A 1/2/3), 

phospholipid kinases, and other factors such as Arfaptin. These Arf-GTP interacting 

partners were searched for in the T. b. bm cei database, putative homologues were 

identified and sequence analysis was carried out.

4.6.2 Identification of the P24 Family in T. b. brucei

P24 proteins are a family o f membrane-bound proteins that have been shown to 

interact with Arfl-GDP, and are implicated as possible cargo receptors in vesicular 

trafficking (Barr et al. 2001). A literature search was carried out to identify key p24 

proteins in humans. Homologues were identified in the T. b. brucei database using the 

OmniBlast function o f GeneDB (http://www.genedb.org/) as outlined in the materials 

and methods section. One p24 precursor protein homologue was located in the T. b. 

brucei Sanger database, COP-coated vesicle membrane protein Erv25. This protein 

was predicted to be 253 amino acids, with a predicted molecular weight of 28 kDa, 

and a predicted pi o f 10. These parameters were predicted using compute pI/Mw 

(http://expasy.org/tools-/pi_tool.html). A transmembrane protein program, using 

TMHMM (http://www.cbs.dtu.dk/services/TMHMM-2.0/), predicted that COP-coated 

vesicle membrane protein Erv25 had two transmembrane domains. An N-terminal
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signal peptide was also predicted using the SignalP 3.0 Server (Bendsten et al. 2004, 

http://www.cbs.dtu.dk/services/-SignalP/).

4.6.3 Identification of COPI-Arf-GTP Interacting Components in T. b. brucei

COPI is a major component o f the coatomer complex (Kirchhausen 2000). The 

protein sequences o f known COPI components that interact with A rf 1, P and y COPI, 

were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). Homologues in the T. 

b. brucei GeneDB database were identified using the OmniBlast function o f GeneDB 

(Table 4.6). Putative proteins for both p and y components o f COPI that interact with 

the switch 1 region o f Arfl were located in the T. b. brucei GeneDB database.

4.6.4 Identification of Adaptin-Arf-GTP Interacting Components in T. b. brucei

Adaptin proteins are part o f the coatomer o f vesicles and have been shown to interact 

with Arfl - GTP. Adaptin components AP-1, AP-3: p, y and § and AP-4: e and n are 

thought to interact with switch 1 o f A rfl (Nie et al. 2003b; Nie et al. 2003a). Protein 

sequences o f each human adaptin were downloaded from NCBI 

(http://www.ncbi.nlm.nih.gov/). Again, searches using the OmniBLAST function of 

GeneDB (http://www.genedb.org/) were used to identify homologous T. b. brucei 

genes (Table 4.7). Not all these components were identified in the T. b. brucei Sanger 

database, although many (11 o f the 24 components) o f the AP-1, AP-3 and AP-4 

components were identified. AP-2 was missing completely.
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4.6.5 GGAs

In yeast and mammals, GGA proteins are Golgi localised, y-ear-containing, 

monomeric clathrin adaptors, that interact with A rfl (Bonifacino 2004). GGAs 

possess 4 domains; a VHS domain, a GAT domain, a hinge-linker domain and a GAE 

domain. Homology searches of the T. b. brucei GeneDB (http://www.genedb.org/) 

database were carried out using yeast Ggal and Gga2, and human GGAs (GGAl, 

GGA2, and GGA3). No significant homologues were found in the Sanger T. b. brucei 

database. Searches o f individual domains were also undertaken. The T. b. brucei 

database was searched for proteins with homology to the VHS domain, the GAT 

domain, and the GAE domain respectively. Three proteins were identified with GAE 

domains, and two proteins were found to contain VHS domains. No significant results 

were found with the GAT domain and no proteins were identified with more than one 

domain. GGAs appear to be missing from the T. b. brucei genome.

4.6.6 Phospholipid Kinases

Phospholipids are important in the activation o f Arfl and in coating o f the clathrin 

coated vesicles (Paris et al. 1997). Although not much is known about how 

phospholipids interact with A rf phosphatidylinositol has been shown to be an 

important effector o f A rfl (Beemiller et al. 2006). Two phosphatidylinositol-4- 

phosphate 5-kinases (PIP5KII-alpha) were identified on chromosome 4 and 10 o f T. b. 

brucei.
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4.6.7 Other Factors that Interact with Arf-GTP

Two other factors that interact with Arf-GTP, Arfaptin 2 and Arfophilin, were sought 

in the T. b. brucei database (http://www.genedb.org/). Arfaptin is also known as ADP- 

ribosylation factor interacting protein 2 or PORI. Arfophilin is a known target protein 

for GTP-bound A rf (Nie et a l  2003a). Homology searches were carried out using the 

human Arfaptin2 and Arfophilin proteins. No significant homologues for either 

protein were found in the Sanger T. b. brucei database.

Table 4.6. Putative COPI- Arfl interacting proteins in T. b. brucei. The table indicates whether 

known COPI components that interact with Arfl were present in the T. b. bnicei GeneDB database 

(http://www.genedb.org/). The gene I.D. and molecular weight are given also.

COPI com ponent Present in T. h. hrurei Annotation Size
P Yes Tb927.1.2570 110 kDa
a Yes Tb11.01.3740 97 kDa

Table 4.7. Putative Adaptin proteins in T. b. brucei. The table indicates known adaptin components 

and whether they were present in the T. b. brucei GeneDB database.

Chain

3 Y 8 e u cpAdaptin
AP-1 Present Present Absent Absent Present Absent
AP-2 Absent Absent Absent Absent Absent Absent
AP-3 Present Absent Present Absent Present Present
AP-4 Present Absent Absent Present Present Present
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4.7 Discussion: Arfl and Effectors of Arfl in T. b. brucei

Arfl is an important protein in cytoskeleton structure and vesicular trafficking in the 

cell (Brown et al. 1993). This is also likely to be true of Arfl in T. b. brucei (TbArfl). 

In addition, TbArfl, has also been implicated in the differentiation of long slender to 

short stumpy T. b. brucei cells (Murphy and Olijhoek 2001). Therefore, TbArfl and 

related factors are o f interest in understanding the biology o f African trypanosomes 

and related kinetoplastids. A bioinformatics approach was taken to identify and 

phylogenetically classify putative A rfl, related proteins and effector proteins in T. b. 

brucei.

Two genes encoding putative A rf proteins, TbArfl and TbArfB were identified 

in T. b. brucei (http://www.genedb.org/), along with eight putative Arf-like proteins, 

Arls (TbArl2, TbArB, TbArl6, TbArllV, TbArllS, TbArll9, TbArl20 and TbArl21), 

as confirmed by Field et al. (2005). All of the putative A rf and Arl proteins were in 

the 20-22 kDa range, and some were also predicted to be myristoylated. Phylogenetic 

classification studies that were carried out on TbArf and TbArl proteins showed that 

TbArfl was closely related to the human A rf proteins, but not to any protein in 

particular, such that it is likely that TbArfl incorporates the functions several o f the 

A rf proteins. Further phylogenetic classification o f Arfl from H. sapiens, M. 

musculus, C. elegans, D. discoideum, S. cerevisae, X. laevis, L. major, T. b. 

gambiense, T. vivax, T. congolense and T. cruzi followed. This revealed that the helix 

o3 region of Arfl was observed to be highly conserved in kinetoplastids but divergent 

in comparison to other eukaryotes, suggesting the helix o3 as a reason for the 

additional/altered function o f T bA rfl. Also, examination of the genomic organisation
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of TbArfl showed that one o f the four alternative ORFs encoding TbArfl was 

differentially expressed at different life cycle stages.

This divergence in the helix o3 region o f A rfl has great significance as a 

possible additional function o f TbArfl and also impacts the localisation o f TbArfl 

within the cell. Through use o f chimera studies fusing C-terminal regions o f human 

Arfl and Arf6 to N-terminal regions o f human Arfl and Arf6 Donaldson et al. (2005) 

showed that a 16 amino acid region around the helix o3 was key to localisation of 

human A rfl to the Golgi. The same is not true for human Arf6, where both sequences 

in the N- and C-terminals play roles in targeting human Arf6 to the plasma membrane 

(Donaldson and Honda 2005). This suggests that the divergence o f trypanosomal Arfl 

from Human A rfl in this helix o3 region may promote targeting o f T. b. brucei Arfl 

to the Golgi membrane in addition to the plasma membrane (as seen in Chapter 1, 

Figure 1.9), where TbArfl plays a role in differentiation of long slender to short 

stumpy bloodstream forms.

Subsequently, effector proteins of TbArfl that positively and negatively regulate 

TbArfl were investigated. Five putative ArfGAP proteins, negative regulators of 

A rfl, were identified; TbArfGAP I, TbArfGAP II, TbArfGAP III, TbArfGAP IV and 

TbArfGAP V. Phylogenetic classification studies found TbArfGAP I to be most 

closely related to the human ArfGAP 1. Initial characterisation studies, superimposing 

the protein sequence of TbArfGAP I on the resolved ArfGAP 1 crystal structure 

(Goldberg 1999), suggested that TbArfGAP I most likely functioned in a similar 

manner to the human counterpart, ArfGAP 1. Co-expression studies were attempted, 

to confirm the details o f this TbArfl/TbArfGAP V interaction; however, as the 

complex was unable to form, the model could not be tested.
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Genes encoding putative ArfGEFs, positive regulators of Arfl, were identified 

in the T. b. brucei database (http://www.genedb.org/). Three putative ArfGEFs were 

identified in T. b. brucei, TbArfGEFA, TbArfGEFB and TbArfGEFC. Three 

ArfGEFs were also identified in the other kinetoplastid sequence databases 

investigated. Of the ArfGEFs, ArfGEFBs were the most like human ArfGEFs. An 

initial characterisation, based on superimposing the TbArfGEF protein sequence on 

the resolved crystal structure of human ARNO ArfGEF, was carried out. It showed 

that there was high sequence conservation in the F-G loop of TbArfGEFs with 

ARNO, suggesting that trypanosomal ArfGEFs also function in a similar way to 

human ArfGEFs.

Other putative effectors of TbArfl were identified in the T. b. bnicei Sanger 

database (http://www.genedb.org/). These included a putative member of the p24 

family, COP-coated vesicle membrane protein Erv25, which may have a role as a 

cargo receptor. Components of the COPI coatomer, and adaptins were also identified, 

both with roles in construction of vesicles. However, other proteins with roles in 

vesicle construction were missing; there were no GGA homologues present. Arfaptin2 

and Arfophilin were also missing from the Sanger T. b. bnicei database, though two 

putative phosphatidylinositol 4-phosphate 5-kinases were present.

The presence/absence of putative homologues of known trafficking proteins in the 

T. b. brucei database can be used to develop a model for vesicle trafficking in T. b. 

brucei. Of particular note is the absence of homologues of GGA in the T. b. brucei 

database. GGAs play a large role in the production of clathrin coated vesicles from 

the Golgi, thus the construction of clathrin-coated vesicles from the Golgi in African 

trypanosomes must occur by a different mechanism to that of the GGA clathrin- 

coated mechanism. Instead the trypanosome may use adaptor-molecules to facilitate
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the construction o f its clathrin-coated vesicles, such as AP-1 and AP-2 which are 

required for endocytosis (Morgan et al. 2001).
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Chapter 5: Signalling in the African

Trypanosome, J. brucei

5.1 Summary

Differentiation of long slender T. b. brucei bloodstream forms occurs via a cell 

density dependent mechanism. In this chapter, the role of TbArfl, a factor previously 

implicated in this differentiation process, was further investigated. An assay was 

developed to examine the effect o f signalling factors, implicated in this differentiation 

process, on effector proteins o f TbArfl. Specifically, inhibition of interactions 

between TbArfl and its effector proteins were investigated.

Two signalling factors, cAMP and T-GIF, both previously implicated in 

differentiation, were shown to inhibit interactions of TbArfl and its effector proteins. 

This assay was also used to examine the expression o f TbPP69 which has previously 

been shown to interact with TbArfl. Overexpression of ES AG 10 resuhed in increased 

production o f a protein with properties similar to TbPP69 further implicating 

ESAGIO in the differentiation process.

5.1.1 Introduction to Cell Signalling in the African Trypanosome, T. b. brucei

Differentiation in bloodstream forms o f the African trypanosome, T. b. brucei, 

involves a cell density signalling pathway that controls the number o f cells in the
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population that are in the long slender actively-dividing and short stumpy non­

dividing form (Vassella et al. 1997). This signalling pathway results in the 

differentiation o f the long slender cells via a secreted signalling factor, the 

trypanosome growth inhibitory factor, (T-GIF) (Murphy and Olijhoek 2001), also 

referred to as SIF in the case o f T. bnicei (Vassella et al. 1997). Lab-derived strains 

which cannot undergo this long slender to short stumpy differentiation step 

(monomorphic strains) are unable to detect and respond to this factor (Vassella et al. 

1997). Pleomorphic strains (which can undergo this differentiation process) are able 

to detect and respond to this signalling factor possibly by import via the TbPP69 

receptor or transporter (a putative receptor upregulated in pleomorphic strains that has 

been implicated in differentiation) (Murphy and Olijhoek 2001). This differentiation 

signal must then be propagated throughout the cell via a cell signalling cascade. As 

has been discussed in previous chapters, TbPP69 has the same subcellular distribution 

as TbArfl, a protein involved in vesicle formation, and TbArfl appears to be an 

internal target in the cell for the signalling factor.

Proteins implicated in the long slender to short stumpy signalling event include 

adenylate cyclase and protein kinase A, both o f which have been previously shown to 

be located along the flagellum o f T. brucei (Paindavoine et al. 1992), suggesting that 

the flagellum is a site of cell signalling. In addition, both TbArfl and TbPP69 have 

been shown to be co-located in this region.

5.1.2 cAMP is Implicated in Differentiation in T. b. brucei

cAMP induces quiescence (a Go-like state, a pause in cell development) in long 

slender forms and subsequently initiates differentiation to short stumpy forms
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(Vassella et al. 1997). Artificial pressure such as a change in pH and temperature, that 

can force cells from the Gi stage to the Go-like state may also be sufficient to initiate 

the differentiation process (Vassella et al. 1997). As with higher eukaryotic cells 

where cAMP generally acts through a cascade of events involving cAMP-binding 

proteins, cAMP-dependent protein kinases and phosphorylated nuclear factors 

(Vandromme et al. 1994), the ultimate role o f cAMP in T. b. brucei may be to 

modulate the level o f expression o f genes which are more directly involved in 

differentiation.

A derivative of cAMP, 8-(4-Chlorphenylthio)-cAMP, pCPTcAMP, has 

previously been shown to induce differentiation in T. brucei cells in a manner similar 

to SIF (Vassella et al. 1997). This suggested that cAMP was indeed the secondary 

messenger mediating the SIF signal in differentiation. This concept was further tested 

by measuring the intracellular cAMP content of long slender cells following short 

incubation in conditioned medium (medium extract from cells grown at high density) 

(Vassella et al. 1997). A 2-3 fold elevation o f cAMP was observed 15 minutes after 

the addition o f conditioned medium, followed by a slight decrease after 30 minutes. 

This observation was compatible with a direct receptor-mediated effect, the decrease 

in cAMP being due to some kind o f desensitisation. This further supported the theory 

that SIF signals density information via the cAMP pathway. Low concentrations of a 

phosphodiesterase inhibitor, etazolate, had the same effect as SIF or the cAMP 

analogue, suggesting that endogenous production o f cAMP by adenylate cyclases is 

sufficient to induce differentiation (Vassella et al. 1997).

Compartmentalisation of phosphodiesterase has been shown to have a role in the 

regulation and specificity of cAMP signalling in mammals (Houslay and Milligan 

1997) and the possibility that this occurs in kinetoplastids was investigated. cAMP-
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specific phosphodiesterases, TbPDEl and TbPDE2 were examined in T. brucei (Gong 

et al. 2001; Zoraghi et al. 2001; Zoraghi and Seebeck 2002) and the TbPDE2 family 

was shown to be crucial to survival. PDEl was also examined in T. cruzi (D'Angelo et 

al. 2004).

In T. cruzi, cAMP has been shown to be important in allowing the parasite to 

invade the mammalian host cell. In particular, cAMP agonists promote the movement 

o f lysosomes towards the cell periphery and facilitate Ca^^-regulated lysosome 

exocytosis which enhances T. cruzi invasion o f fibroblasts (Rodriguez et al. 1999). 

Furthermore, infective forms o f T. cruzi activate adenyl cyclase in mammalian cells to 

increase the levels of cAMP (Rodriguez etal. 1999).

5.1.3 Programmed Cell Death in the African Trypanosome

Cell differentiation from long slender to short stumpy cells is described as a ‘terminal 

differentiation step’ (Vassella et al. 1997) and is coupled to growth arrest in the 

mammalian host. Several signalhng factors have been implicated in this terminal step, 

which is also referred to as a type o f programmed cell death. Figarella et al. (2005) 

demonstrated that prostaglandin Da (PGD2) can induce a cell density-dependent 

programmed cell death in African trypanosomes. They showed that trypanosomes 

produce different prostaglandins in the course o f development: prostaglandin Faa 

(PGF2a) was mainly produced by fast dividing long slender and procyclic forms, 

whereas PGD2 was mainly produced in short stumpy parasites. Prostaglandin E2 

(PGE2) was also detected in other life cycle stages.

Figarella et al. (2005) showed that PGD2 is not the SIF factor, as it is not 

produced by long slender cells, but by short stumpy cells. Also, PGD2 has a short
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half-life and works only in the immediate environment, rendering the PGD2 molecule 

ineffective after triggering cell death. The effect of PGD2 on the differentiation/cell 

death o f T. b. brucei will be investigated further in the course of this chapter.

The focus of this chapter is on the internal signalling events that are triggered 

during the initial stages of differentiation and to elucidate whether cAMP and other 

signalling factors play a role in TbArfl-mediated differentiation.

5.2 Effects of Signalling Factors on the Growth of Long 

Slender Trypanosomes

Using cell culture techniques, a series of assays were undertaken to investigate the 

effects of several differentiation signalling factors on monomorphic long slender 

bloodstream form T. b. brucei 328.114 cells. Several experiments were carried out 

using different concentrations of cell signalling factors, which have been previously 

shown to affect the growth of T. b. brucei cells in a concentration dependent manner. 

The effect o f these signalling factors on growth rate and viability were recorded based 

on cell counts with a haemocytometer.

5.2.1 The Effect of cAMP on the Growth of Bloodstream Form Trypanosomes

cAMP, a known signalling factor, implicated in the differentiation of long slender to 

short stumpy bloodstream forms, was added to cell cultures. Addition o f cAMP to 

pleomorphic and monomorphic ceils has previously been shown to cause growth 

arrest and differentiation (Vassella et al. 1997; Breidbach et al. 2002). More recently.
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hydrolysed analogues of membrane permeable cAMP have been shown to prevent 

proliferation o f long slender parasites (Laxman et al. 2006). In this chapter, the effect 

o f cAMP on differentiation was further investigated in comparison to a control 

signalling factor, cGMP, which has not been implicated in this differentiation. cGMP 

has several properties similar to those o f cAMP.

0, 1, 2 and 4 mM concentrations o f cGMP (Figure 5.1) and membrane 

permeable pCPTcAMP (Figure 5.2) were added to bloodstream form T. b. brucei 

328.114 cells, and cells were monitored over 4 days. Cells were counted daily at 

specific times and growth rates and viability o f the cells were noted. As expected, no 

difference in growth rate was noted comparing cell growth with addition o f 1, 2, and 4 

mM cGMP, to the growth of cells without the addition of cGMP. Unlike cAMP, 

cGMP had not previously been implicated in the differentiation o f long slender to 

short stumpy cells, and no impact was expected or observed.

pCPTcAMP is a lipophilic derivative o f cAMP, which is resistant to 

phosphodiesterases. Addition of pCPTcAMP to pleomorphic A nT atl.l cells has been 

shown to initiate short stumpy morphology in cells under axenic conditions (Vassella 

et al. 1997). A similar morphology was also observed in monomorphic cells (culture- 

adapted 221a T. b. brucei cells) upon addition of pCPTcAMP (Breidbach et al. 2002). 

Arrest o f  cell growth was therefore expected in the T. b. brucei 328.114 cells. 

Unexpectedly, the addition o f membrane permeable cAMP to the cell culture revealed 

no differences compared to the control cells (cells without addition o f cAMP or 

cGMP). After 3 days, no difference in growth rate was noted and cells were diluted 

down to lO'* cells/ml. The growth rate was then observed for another 2 days to allow 

time for the addition o f pCPTcAMP to impact on cell growth. Cells continued to
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proliferate at the same rate as the untreated control. Using three times the amount of 

cAMP that Breidbach et al. (2002) used did not have an effect on the cell growth.

These results differed greatly from that o f Breidbach et al. (2002) where at 

lower concentrations o f a cAMP analogue (0.1, 0.5 and 1 mM cAMP) a decline in the 

growth rate and viability of the cells was observed. The reason for the different results 

in the Breidbach experiment and this experiment is unclear. Breidbach et al. (2002), 

used 221a T. b. brucei cells compared to the 328.114 cells used in this experiment and 

a different medium was used (Baltz medium not HMI-9). Baltz medium does not 

differ greatly from HMI-9 medium and it is unlikely that the medium used would 

have such an effect on the resuh of the experiment. It is more likely that the strain 

used had an effect on the outcome o f the experiment, although T. b. brucei 221 a and 

T. b. brucei 328.114 cells are both monomorphic cell lines. In the strain T. b. brucei 

221a the addition o f pCPTcAMP to the medium induces differentiation (1 mM 

pCPTcAMP); this does not appear to be the same for T. b. brucei 328.114 cells, where 

differentiation was not initiated. These results highlight that findings in one cell line 

are not necessarily relevant for all cell lines.
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Effect of cGMP on BSF tryps
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Fig 5.1. The effect of cGMP on bloodstream form T. b. brucei cells. The above figure depicts a 

logarithmic graph displaying the effects o f cyclic GMP on the growth o f monomorphic 328.114 T. b. 

brucei cells, as counted daily on a haemocytometer. The four lines shown represent the control cells 

(dark blue), cells with addition o f 1 mM cGMP (pink), cells with addition o f 2 mM cGMP (grey), and 

cells with addition of 4 mM cGMP (light blue). Cells proliferated until day 3, and then began to die 

out. There was no difference in the pattern of growth in cells with or without the addition of cGMP.
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The effect of pCPTcAMP on BSF Trypanosomes Growth Curve
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Fig 5.2. The effect o f pCPTcAMP on the growth of bloodstream form T. b. brucei cells. Cells were 

grown for three days, before dilution back to Ix lO^cells/ml. Cells were then grown for a further 2 

days. Four lines are shown representing the control cells (dark blue), cells with the addition o f 1 mM 

pCPTcAMP (pink), cells with the addition of 2 mM pCPTcAMP (grey), and cells with the addition o f 4 

mM pCPTcAMP (light blue). No difference between the control cells and the cells with the addition o f 

pCPTcAMP was observed.
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5.2.2 The Effect of Prostaglandins on the Growth of Bloodstream Form T. b. 

brucei

Following up on evidence that the levels o f prostaglandins increased in patients with 

sleeping sickness, it was shown that trypanosomes produced several prostaglandins, 

including prostaglandin D2 , E2 and Fa from arachidonic acid during infection (Kubata 

et al. 2000; Kabututu et al. 2002). To investigate the effect of prostaglandins on rates 

o f T. b. brucei cell growth in culture, Figarella et al. (2005) added PGD2 to T. brucei 

M ITatl.2 (VSG variant 221) monomorphic strain EATRO 427 parasites at 

concentrations o f 0, 2.5, 5 and 7.5 ^M. Cells were seeded at 2x 10  ̂ cells/ml and the 

growth rates o f the cells were monitored over 72 hours. In addition, the IC50, the 

concentration necessary to inhibit cell growth by 50%, was calculated for PGD2 , 

PGE2 and PGF2 .

In the current study a similar experiment was carried out using a different isolate 

o f T. b. brucei, 328.114, using PGD2 , PGE2 , PGF2 over a range of concentrations, and 

their effects on cell growth were monitored. The concentrations chosen were based on 

the previously determined IC50 of PGD2, PGE2 and PGF2 (Figarella et al. 2005). 0, 

2.5, 5 and 7.5 )xM PGD2 , and 0, 100, 200 and 300 )iM PGE2 and PGF2 were incubated 

with cells seeded at Ix 10“* cells/ml and monitored over 96 hours.

The addition of 2.5 PGD2 had no effect on the growth o f T. b. brucei 

328.114 cells, which grew at a rate similar to that of wild-type cells (Figure 5.3). 

Addition of higher concentrations o f PGD2 had a more dramatic effect where the 

addition o f 5 and 7.5 |xM amounts o f PGD2 caused inhibition of growth o f cells. 

These results were similar to that of Figarella et al. (2005) where both 5 and 7.5 

o f PGD2 caused inhibition of cell growth, such that a similar effect o f PGD2 was
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observed on the growth rate o f  both 328.114 (by our lab) and MITat 1.2 (by Figarella) 

T. b. brucei cells. IC50 values were also consistent between the strains.

In the case o f  PGE2, concentrations o f  0, 100, 200 and 300 PGE2 , chosen 

around the previously determined IC50 value o f  PGE2 (159 ^M) (Figarella et al. 

2005), were added to bloodstream form 328.114 cells. At all concentrations growth 

inhibition was immediate and complete (Figure 5.4). As a consequence, the 

concentrations o f  PGE2 were lowered, so that a concentration dependent effect could 

be investigated. PGE2 was added at 0, 2.5, 5 and 7.5 |aM PGE2 concentrations. PGE2 

was shown to have a concentration dependent effect on inhibition o f  cell growth at 

these concentrations (Figure 5.5) in contrast to the findings o f  (Figarella et al. 2005). 

Thus for T. b. brucei 328.114 PGE2 displays similar inhibitory effects on the growth 

o f  bloodstream forms to that o f  PGD2 where increasing amounts o f  PGE2 from 2.5 to 

5 to 7.5 )iM successively increased the inhibition o f  growth on the cells.

The IC50 value in this experiment differed greatly from the value given in the 

Figarella et al. (2005) paper. Instead o f  50% o f  cell growth inhibition occurring at 150 

concentrations o f  PGE2 , the IC50 was observed to be 5 nM in the T. b. brucei 

328.114 strain. This result showed that the growth inhibition effect o f  PGE2 differs 

between T. b. brucei cell lines.

A similar experiment was carried out for PGF2 , where 100, 200 and 300 )aM 

concentrations o f  PGF2 (based on PGF2 having an IC50 o f  199 |iM ) were added to the 

cell culture (Figure 5.6). N o effect on growth inhibition was noted, as cells 

proliferated at equivalent rates to the control cells. This result also differed from the 

IC50 value o f  PGF2 given in the Figarella et al. (2005) paper (199 nM). The actual 

IC50 for T. b. brucei 328.114 strain is likely to be higher, showing that the effect on 

growth by PGF2 differs between strains o f  T. brucei.
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Effect of PGD2 on BSF T. brucei Cells
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Fig 5.3. The effect of PGD2 on bloodstream form T. b. brucei 328.114 cells. The effect of PGD2  on 

the growth of monomorphic 328.114 T. b. brucei cells was monitored using a haemocytometer. Control 

cells are represented in dark blue, 2.5 |jM PGD2 (pink), 5.0 )iM PGD2 (grey), and 7.5 |iM PGD2 (light 

blue). The graphs shows that concentrations >5 nM have a deleterious effect on cell growth.
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Effect of PGE2 on the growth of BSF tryps
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Fig 5.4. The effect of 100-300 ^M PG E 2 on bloodstream form T. b. brucei 328.114 cells. The effect 

o f PGE2 on the growth o f  monomorphic T. b. brucei 328.114 cells. Control cells (dark blue), 100 |iM 

PGE2 (pink), 200 nM PGE2 (grey), and 300 |iM PGE2 (light blue). Cells had all died out on day 1 with 

PGE2 concentrations >100 |iM.
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Effect of PGE2 on BSF T. brucei Cells
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Fig 5.5. The effect of PGE2  on bloodstream form monomorphic T. b, brucei 328.114 cells. Control 

cells (dark blue), 2.5 nM PGE2 (pink), 5.0 nM PGE2 (grey), and 7.5 )iM PGE2  (light blue). Cells grew 

exponentially for the first day, and subsequently, the effect of the addition of PGE2 on growth rate was 

observed, as cells began to die.
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Effect of PGF2 on BSF T. brucel cells
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Fig 5.6. The effect of PGF2  on bloodstream form monomorphic T. b. brucei 328.114 cells. Control 

cells (dark blue), 2.5 |iM PGF2 (pink), 5.0 fiM PGF2 (grey), and 7.5 |iM PGF2  (light blue). Cells grew 

exponentially similar to the control cells and no effect on growth rate was apparent following addition 

o f PGF2 to the culture.
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5.2.3 The Effect of A rfl as an Inhibitor of Signalling Factors

Investigating the effect that signalUng factors (prostaglandins and cAMP) have on 

differentiation and the role, if any, that Arfl (TbA rfl) has to play is the focus o f this 

chapter. We postulate that the putative target of the T-GIF signalling factor, TbArfl 

interacts with the differentiation signalling factors. An experiment was carried out to 

determine whether TbArfl had an effect on the ability of prostaglandin to inhibit 

growth of the bloodstream form cells.

TbArfl has previously been identified as the target of T-GIF, the trypanosome 

differentiation factor. T-GIF was shown to bind to a column containing TbArfl (see 

introduction) (Murphy and Olijhoek 2001). The composition of the T-GIF factor, 

however, has not been deduced. As shown in the previously section, prostaglandin Do 

and E2 cause inhibitory growth effects on bloodstream form cells. We speculated that 

prostaglandins may affect the growth of cells via a TbArfl dependent pathway.

To investigate this, the effect o f PGDo (5 nM concentration) on cell growth was 

monitored in the presence and absence o f excess TbArfl (Figure 5.7). 5 nM PGD 2 

was chosen as a suitable concentration as it produced adequate growth inhibitory 

effects when added to the cell culture (Figure 5.3). Recombinant TbArfl alone had no 

effect on the growth of the cells. Once PGD2 was added to the cells, the cells all died 

within two days, even in the presence of recombinant TbArfl. Though, on day 1 there 

was a minor proliferative effect (75%), cells quickly died away by day 2. This showed 

that the PGD2 inhibitory effect on the growth o f cells was not reversed by the addition 

of TbArfl. A control of non-specfic protein should be added to PGD 2 and this 

experiment repeated.
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The effect of recom binant TbArfl on T. brucei
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Fig 5.7. The effect of recombinant TbArfl on bloodstream form T. b. brucei cells inhibited with 5 

HM  PG D 2. T he g raph  d isp lay s th e  effec ts o f  T b A rfl added  to the  ce lls (ligh t b lu e  line). T h is  fo llo w s a 

s im ila r tren d  to  th e  con tro l, un trea ted  ce lls (dark  b lue  line). T he add ition  o f  PGD2 to T b A rf l (g rey  line) 

d isp lay ed  a  sim ilar tren d  to th a t o f  PGD2 a lo n e  (p ink); death  o ccu rred  w ith in  tw o  days. N o te  th a t the 

g rey  and  p in k  lines fo llow  the sam e trend . T he add ition  o f  T b A rfl to the  cell h ad  a  p ro life ra tiv e  effect 

on  d ay  1, bu t ce lls  q u ick ly  d ied  b y  day  2 , suggestin g  that there is no sign ifican t in flu e n ce  on the 

in h ib ito ry  e ffe c t o f  PGD2
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5.3 Detection of TbArfl-Binding Proteins

5.3.1 An Assay to Demonstrate the Effect of Signalling Factors on TbArfl, in 

vitro

A different approach was subsequently taken to elucidate the effect o f several 

signalling factors on the role, if any, of TbArfl in the differentiation process. An 

assay was developed to examine TbArfl interactions with other trypanosomal 

proteins in the absence and presence of signalling factors. To do this purified 

recombinant TbArfl protein was bound to a nickel resin column via its His-tag 

domain. Bound TbArfl was incubated with signalling factors and the ability to bind 

other trypanosomal proteins was investigated. Only proteins that bound to TbArfl 

would be recovered. Recombinant TbArfl was treated with the following signalling 

factors, PGD2 , PGE2, PGF2, cAMP, cGMP and T-GIF.

5.3.2 Production of Recombinant TbArfl

A pET21a expression vector containing the full open reading frame of TbArfl, with a 

C-terminal Hise-tag, has previously been generated (Murphy and Olijhoek 2001). This 

expression vector was transformed into E. coli B L21 DE3 competent cells for protein 

expression. Subsequently, the protein was purified through binding of the Hise-tag to 

a Ni2+ agarose column and the recombinant protein further purified using an Amicon 

size exclusion column for proteins less than 50 kDa. Proteins were visualised on a ID 

SDS-PAGE gel (Figure 5.8). This purified recombinant TbArfl protein was used in
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the TbArfl interaction assay described in the following section, and to confirm that

TbArfGAPs have a phosphatase function.
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F ig  5.8. E x p ressio n  o f  recom b in an t T b A r f l. The figure depicts an SD S-12%  PAG E gel with 

recombinant T b A r f l  stained with C oom assie blue. Lane 1: protein size marker, Lane 2: induced  

unpurified lysate. Lane 3: uninducted lysate (no IPTG added), Lane 4: insoluble pellet from induced  

fraction. Lane 5: flow-through the N i2 purification colum n. Lane 6: purification colum n wash 1, 

purification colum n elutant. The protein w as further purified using the A m icon  protein purification  

filter. Lane 7: retainate from am icon colum n. Lane 8: Flow -through the am icon colum n. The gel w as  

stained with C oom assie blue.

5.3.3 TbArfl Treated with PGDz and cAMP

PGD2 and cAMP were the signalling factors o f most interest. cAMP has been

implicated in differentiation o f long slender to short stumpy cells and PGD2 has been

implicated in a programmed cell death process that follows the differentiation step.

PGE2 was not o f interest as it is produced only in short stumpy forms o f T. brucei, and

as such would have no impact on the triggering o f differentiation (Figarella et al.
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2005). To examine wiiether PGD 2 and/or cAMP influenced the binding of TbArfl to 

other trypanosomal proteins, the purified recombinant TbArfl was incubated in the 

presence o f signalling factors, PGD2 or cAMP at 4°C overnight. After extensive 

washing (see figure 5.9) the following day, the recombinant TbArfl proteins were 

incubated with a total soluble protein extract generated from lysed T. b. brucei 

bloodstream form cells (as described in the materials and methods, section 2.8). The 

columns were extensively washed to remove all unbound proteins, and subsequently 

TbArfl binding proteins were eluted with a 250 mM imidazole buffer.

The primary elution containing the majority of the TbArfl bound-proteins in 

250 mM imidazole elution buffer was analysed on an SDS-12% PAGE gel (Figure 

5.10). No difference in proteins bound to TbArfl were observed in the case o f cells 

treated with PGD2 compared to those which were untreated, suggesting that PGD2 did 

not interfere with TbArfl binding to other effector proteins in vitro.

This was not the case for cAMP. Differences in the protein banding pattern of 

TbArfl bound proteins were observed when TbArfl was treated with cAMP when 

compared to untreated TbA rfl. At least two proteins were blocked from binding to 

TbArfl in the presence o f cAMP; one of about 37 kDa, and a second of about 50 kDa 

(Figure 5.10). These could be ArfGAPs, which bind to A rfl, in particular TbArfGAP 

I (34 kDa), TbArfGAP V (37 kDa) or TbArfGAP III (45 kDa). There was also a more 

pronounced band o f about 40 kDa compared to the control untreated TbArfl, or 

TbArfl pre-incubated with PGD2 . This showed that cAMP has significant effects on 

the proteins that interact with TbA rfl. To investigate these frirther, the eluted proteins 

were examined by 2-D gel electrophoresis.
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Fig S.9. Demonstating the extensive washing prior to elution of TbArfl-bound proteins. The

above figure depicts a SDS-12% PAGE gel. The following samples are represented: Lane M: Peq labs 

protein marker. Lane 1: flow-through column. Lane 2: Low salt wash 1 (5 ml Tris buffer, section 2.8), 

Lane 3: Low salt wash 2, Lane 4: High salt wash 1 (5ml Tris buffer with added NaOH, section 2.8), 

Lane 5: High salt wash 2, Lane 6: High salt wash 3. The gel was stained with coomassie blue. Note that 

there are no traces o f proteins in the final three washes. Similar wash results were achieved in all o f the 

TbArfl assays in the following sections.
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Band is missing (50 kDa)

More intense band (40 kDa) 
Band is missing (37 kDa)

Fig 5.10. Comparison of proteins bound to TbArfl treated with signalling factors. The figure 

above depicts trypanosomal proteins bound to recombinant Hist-tag TbArfl from Ni2+-agarose 

columns following elution with 250 mM imadazole buffer to remove the proteins from resin. The 

following samples are represented: Lane M: Peq labs protein marker. Lane 1: Recombinant untreated 

TbArfl protein (bound to Hise-tag column) was incubated with a protein lysate extract from 

bloodstream form 328.114 T. b. brucei cells. Lane 2: As for Lane 1 but TbArfl protein was pretreated 

with PGD2 . Lane 3: As for Lane 1 but TbArfl protein was pretreated with cAMP. Note the bands 

absent at 50 kDa and 37 kDa and the more intense band at 40 kDa in Lane 3.

193



5.3.4 2-D Analysis of Arfl-Bound Proteins

To further characterise the proteins identified in the previous experiment, the eluted 

proteins from the control and treated samples were concentrated via an acetone 

protein precipitation reaction and subsequendy run on 2-D gels (Figure 5.11). This 

enabled further separation of the proteins both by pi (pi is the pH at which a protein 

has neutral charge), and by molecular weight. Individual proteins of similar molecular 

weight that co-migrate on ID gels can often be separated and visualised on 2-D gels.

Untreated TbArfl and TbArfl treated with PGD2 depicted similar protein spot 

patterns on the 2-D gels. In the upper right side of the gels (indicated by an ellipse, 

Figure 5.11), both untreated and PGD2 treated TbArfl retained several protein spots. 

These protein spots are visibly reduced in the case of cAMP treated TbArfl. In 

particular, the 37 kDa protein that was missing in the 1-D gels is again absent in the 

cAMP treated TbArfl 2-D gel. The 40 kDa protein band that had increased expression 

in the 1-D gel is not apparent in the 2-D gel of cAMP treated TbArfl. We can 

conclude that these proteins are unable to bind to or have reduced affinity for TbArfl 

in the presence of cAMP. It is likely that these proteins are effectors of TbArfl (such 

as ArfGAPs or ArfGEFs). In the case of all three gels, TbArfl can be clearly 

identified at 21 kDa and with a pi of 8.2 on the right of the gels. (This has been 

confirmed using mass spectrometry analysis in a similar sample preparation). The 

identities of the other proteins on the gels have not been deduced to date.

To understand the value of these results further experiments were carried out 

whereby TbArfl was pretreated with PGD2 , PGE2 , and PGF2 . Bound TbArfl protein 

was then incubated with a soluble protein lysate from bloodstream forms T. b. brucei 

328.114. Proteins that bound to TbArfl were eluted from the column together with
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the recombinant protein by addition o f 250 mM imidazole, and were examined on a 1- 

D SDS PAGE gel (Figure 5.12). A similar banding pattern to that produced from 

untreated TbArfl, and TbArfl treated with PGD2 was observed. This result showed 

that PGD2 , PGE2 and PGF2 also had no effect on the proteins that interact with 

TbArfl.
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Fig 5.11. 2-D gels o f  treated and untreated T bA rfl elutions. The above figure depicts 3 2-D gels o f 

(A) untreated TbA rfl and bound trypanosom al lysate proteins, (B) PGD 2 treated TbA rfl and bound 

trypanosomal lysate proteins and (C) cAM P treated TbA rfl and bound trypanosomal lysate proteins. 

Note that in all 3 gels the T bA rfl can be clearly identified at 20 kDa, and there are several high 

m olecular protein spots (> 50 kDa) with p is around 3. Note the circled protein spots. These are 

equivalent in untreated T bA rfl and PGD 2 treated T bA rfl, however, m any o f  these protein spots are 

m issing in cAMP treated T bA rfl. It is likely that the interaction o f  cAM P with T bA rfl has inhibited 

these proteins from interacting with T b A rfl.
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Fig 5.12. Trypanosoinal proteins binding to TbArfl following treatment with prostaglandins. The

above figure depicts the banding pattern of the trypanosomal proteins from bloodstream form T. b. 

brucei 328.114 that bound to TbArfl following treatment with prostaglandin D,, E2 and F2 . Note that 

all the samples had an identical banding pattern.
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5.3.5 T-GIF Blocks TbArfl Protein Binding

The trypanosome differentiation inducing factor (T-GIF) is a signalling factor that is 

released and sensed by long slender parasites and initiates a cell density dependent 

differentiation process (Murphy and Olijhoek 2001). TbArfl has been shown to bind 

to T-GIF, specifically in the helix o3 region. In order to investigate this further, an 

experiment was carried out to investigate the effect o f  T-GIF on TbArfl protein 

binding.

TbArfl was treated with an aliquot o f  the T-GIF signalling factor. [T-GIF was 

isolated from T. congolense cell medium using a N i2+ column to which recombinant 

TbArfl was bound (Murphy and Olijhoek. 2001)]. A trypanosomal protein lysate 

generated from bloodstream form 328.114 T. b. brucei cells was subsequently 

incubated with the untreated TbArfl, cGMP treated TbArfl and T-GIF treated 

TbArfl (Figure 5.13). TbArfl-bound proteins were eluted and the protein banding 

pattern was visualised on a 1-D SDS PAGE gel. Pretreatment o f  TbArfl with cGMP 

produced a similar protein banding pattern to that o f  untreated TbArfl implying that 

cGMP had no effect on the trypanosomal proteins binding to T bA rfl. In the case o f  T- 

GIF treated TbArfl an alteration in the binding pattern o f proteins to TbArfl was 

noted. No proteins other than TbArfl were eluted when the trypanosome protein 

lysate was pretreated with T-GIF suggesting that T-GIF blocked several if  not all 

proteins binding to TbA rfl.
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Fig 5.13. Effect on binding of trypanosomal proteins to TbArfl o f treatment with T-GIF and 

cGMP. The figure above depicts an SDS-10% PAGE gel. Lane M; protein size marker; Lane 1: T. 

brucei protein lysates; Lane 2: TbArfl that was loaded onto the column; Lane 3: untreated TbArfl 

elution; Lane 4: cGMP treated TbArfl elutate; Lane 5: T-GIF treated TbArfl elutate. Both cGMP 

treated TbArfl and untreated TbArfl depict the same banding pattern. No proteins were observed to 

bind T-GIF treated TbA rfl.
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5.4 TbArfl Interacts with TbArfGAP I and TbArfGAP V

Several effector proteins o f  TbArfl are expected to bind to T bA rfl. In particular, 

mammalian and yeast ArfGAPs (Goldberg 1999) and ArfGEFs (Peyroche et al. 1996; 

Cherfils et al. 1998; Goldberg 1998) have well defined interactions with A rfl. 

Recombinant proteins o f  two o f the effectors o f  TbArfl were available, TbArfGAP I 

and TbArfGAP V. A similar protein interaction assay to that previously described was 

carried out to confirm the expected interaction o f TbArfl and TbArfGAP I and 

TbArfGAP V.

TbArfGAP I and TbArfGAP V were purified (as shown in Chapter 4, Figure 

4.15 and Figure 4.16), and bound to a nickel column via their Hise-tags and incubated 

over night at 4°C. The following day unbound protein was washed off, and a protein 

lysate produced from bloodstream form T. b. bntcei 328.114 cells were incubated 

with the column. Following several low and high salt washes, to remove unbound 

proteins (similar to figure 5.9) so that only proteins interacting with the recombinant 

protein bound to the N i2+ agarose column were eluted in 250 mM imidazole. Eluted 

proteins were electrophoresed on SDS-10% PAGE gel (Figure 5.14). TbArfl was 

expected to be recovered in the eluted fraction, along with additional proteins that 

TbArfGAP I and TbArfGAP V interact with. The resultant elutions displayed a very 

similar protein binding pattern to TbArfl bound proteins. This is likely due to the 

TbArfGAPs binding to TbArfl, and subsequently, TbArfl binds to its effector 

proteins. Both TbArfGAP I and TbArfGAP V were observed to bind to a protein o f  

similar molecular weight to TbArfl (Figure 5.14, 20 kDa protein band), suggesting 

that both TbArfGAPs are likely to function as effector molecules o f  TbArfl in a 

similar manner to that observed in the mammalian and yeast systems.
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Fig 5.14. TbArfGAP I and TbArfGAP V bound trypanosomal proteins. The figure above depicts 

the elutions o f proteins bound to TbArfGAP 1 and V after incubation with trypanosomal protein lysate. 

Note the presence of a band at 20 kDa that migrates on the gel at the same position as TTjArfl and is 

suspected of being TbA rfl. The protein banding patterns are similar to that o f the TbArfl -binding 

proteins from bloodstream forms o f T. b. brucei.
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5.5 Interaction between TbArfl and ESAGIO

Recombinant TbArfl was incubated with protein lysates generated from ESAGIO 

over expressing T b. brucei 328.114 cells (that were produced in chapter 3). The aim 

of this experiment was to show that overexpression of ESAGIO results in increased 

production o f a cell surface receptor/transporter (TbPP69) that has been previously 

implicated in differentiation and that this protein interacts with T bA rfl.

This experiment was carried out as described previously (Section 5.3.1), with 

the exception that TbArfl was not pre-treated with any signalling factor. Protein 

lysates were extracted from wild-type cells (where wild-type refers to 328.114 

untransfected cells) and cells transfected with pLEWlOO containing the ESAGIO 

gene. The pLEWlOO plasmid allows tetracycline inducible expression o f a protein of 

interest from an integrated plasmid in the T. brucei genome. Eluted fractions were run 

on a 1-D SDS-PAGE gel (Figure 5.15). The banding pattern of proteins binding to 

TbArfl from the transfected and untransfected cells were similar except that a protein 

band between 60 and 70 kDa displayed increased abundance in the transfected cells 

with the greatest abundance in transfected cells incubated in the presence o f 

tetracycline. The 60-70 kDa band that increases when ESAGIO transfected cells were 

used is suspected to be ESAGIO, although there is greater quantity o f ESAGIO 

available when ESAGIO transfected cells were used. This is suggests that TbArfl 

binds ESAGIO and supports the previous findings that ESAGIO is likely the TbPP69 

cell surface receptor/transporter (see chapter 3). There is also an increase in amount o f 

protein in uninduced cells which is likely due to a leaky promoter.

To further investigate this differential pattern of protein abundance in the 60-70 

kDa band, the eluted fractions were concentrated by acetone precipitation and
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examined on 2-D gels (Figure 5.16). Three proteins o f about 60-70 kDa displayed 

differential abundance between the three 2-D gels. These proteins were less abundant 

in the protein lysate produced from wild-type cells, displayed greater abundance in 

the protein lysate produced from uninduced ESAGIO transfected cells, and the 

greatest abundance in the protein lysate produced from the tetracycline-induced 

ESAGIO  transfected cells. The composition o f these proteins has not been deduced, 

but it is likely that at least one represents ESAGIO and is the suspected TbPP69 

transporter which is upregulated in induced transfected cells.

Fig 5.15. Comparison o f TbAril interacting proteins using protein lysates generated from 

induced and uninduced ESAGIO transfected and wild type cells. The figure above depicts an SDS- 

10% PAGE gel stained with Coomassie blue. Note the presence o f the 60-70 kDa bands in all cases, 

this band is least pronounced where TbArfl was incubated with wild type cell protein lysate (Lane 3), 

and greatest in the case of incubation with induced ESAGIO transfected cell protein lysate (Lane 5).
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(B) TbArfl with Protein Lysate from ESAGIO Uninduced Transfected CeBs

TbArfl

(C) TbArfl witti Protein Lysate from ESAGIO Induced T ransfected C e ls
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PI gradient 3

Fig 5.16. Comparison of TbArfl interacting proteins from protein lysates generated from 

induced and uninduced ESAGIO transfected and wild type cells via 2-D gel electrophoresis. The

figure above depicts three 2-D gels stained with colloidal blue. Note the red, blue and purple circles 

which depict three proteins which are differentially expressed in the 3 gels. These proteins are most 

abundant in ESAGlO-induced transfected cells.
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5.6 Discussion: Signalling Factors Implicated in TbArfl 

Mediated Differentiation

Differentiation of long slender to short stumpy bloodstream forms of T. b. brucei 

occurs via a cell density dependent signalling mechanism (Vassella et al. 1997). T- 

GEF, the trypanosome differentiation inducing factor, is secreted and sensed by long 

slender bloodstream form cells and triggers their differentiation to the short stumpy 

form (Murphy and Olijhoek 2001). The mechanism of this differentiation event has 

not been fully deduced, however, several signalling factors have been implicated in 

the differentiation process.

cAMP is one o f several signalling factors that has been implicated in the long 

slender to short stumpy cell differentiation process. The addition of membrane 

permeable analogues o f cAMP to long slender cells has been shown to trigger 

differentiation in both pleomorphic (cells that can differentiate) and monomorphic 

cells (lab-derived cells that have lost the ability to differentiate) (Vassella et al. 1997; 

Breidbach et al. 2002). In order to investigate these results further these experiments 

were repeated using the T. b. brucei 328.114 monomorphic lab strain. In this T. b. 

brucei strain membrane permeable cAMP did not induce a short stumpy phenotype 

and cells continued to proliferate. It appears that the ability o f membrane permeable 

cAMP to induce cessation of growth is strain specific. Recently, it has come to light 

that the previously observed effect of membrane permeable cAMP on long slender 

cells was not due to cAMP itself, but actually due to the hydrolysed products of 

analogues of cAMP (Laxman et al. 2006), which may explain why cell growth arrest 

was not achieved in the above experiment. Specifically, the authors found that non- 

hydrolysable cAMP analogues were unable to induce a significant antiproliferative
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cell growth responses. Only metabolic derivatives o f hydrolysable cAMP analogues 

were able to induce antiproliferative effect on cell growth (Laxman et al. 2006). As a 

result the authors doubted the role o f non-hydrolysed cAMP’s in long slender to short 

stumpy T. brucei differentiation.

A similar approach was taken to investigate the effects of other signalling 

factors, primarily the prostaglandins. T. b. brucei produce prostaglandins at different 

stages throughout the life cycle, including prostaglandins D2 , E2 and F2 (Figarella et 

al. 2005). O f these, PGD2 has been implicated in a programmed cell death process 

(Figarella et al. 2005). PGD2 is produced by and sensed by short stumpy cells, 

triggering a programmed cell death response (Figarella et al. 2005). The mechanism 

by which this occurs has not been deduced at present. Although the programmed cell 

death process has not been directly linked to long slender differentiation, this process 

is initiated in short stumpy cells following differentiation. Recent studies have 

demonstrated that addition o f prostaglandins, 3.7 nM PGD2 , 159 PGE2 and 199 

)xM PGF2 to T. b. brucei cultures induced growth inhibition o f cells (Figarella et al. 

2005). These experiments were repeated using the T. b. brucei 328.114 strain which is 

derived from the 427 wildtype strain expressing 221 VSG, whereas Figarella et al. 

(2005) used the MITat 1.2 T. b. brucei strain. The addition o f PGD2 and PGE2 to 

actively-dividing bloodstream forms of T. b. brucei 328.114 was observed to cause 

growth inhibition o f these cells. PGE2 caused growth inhibition at similar levels to 

PGD2 which differed to the results presented by Figarella et al. (2005) where PGE2 

had a minor growth inhibitory effect. This greater effect o f PGE2 on cell growth may 

be strain specific. PGE2 , however, may play a bigger role in programmed cell death 

than previously thought, as PGE2 has also been implicated in triggering programmed 

cell death in erythrocytes (Lang et al. 2005). PGE2 is secreted throughout the long
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slender and short stumpy stages o f bloodstream form cells (Kubata et al. 2000), whilst 

patients and animals suffer from an anaemic condition (Kobayashi et al. 1976; Facer 

et al. 1982) the production o f PGE2 might contribute to this condition.

To further investigate if these signalling factors have an impact on protein 

interactions o f TbA rfl, a vesicular protein which has also been implicated in 

differentiation (Murphy and Olijhoek 2001), an assay was carried out to examine 

interactions of TbArfl with whole cell protein extracts under different conditions 

(treatment of TbArfl with cAMP, cGMP, PGD2 , PGE2 or PGF2). O f these signalling 

factors only cAMP has been implicated in the long slender to short stumpy 

differentiation but no mechanism for cAMP triggering long slender differentiation has 

been characterised. Another o f the signalling factors, PGD2, has been implicated in 

short stumpy programmed cell death process. Experiments were designed to show 

whether any of these signalling factors bound to TbArfl and subsequently, whether 

they blocked TbArfl from interacting with other proteins. The assay involved the 

treatment o f column bound TbArfl with a signalling factor (either cAMP, cGMP, 

PGD2, PGE2 or PGF2), and subsequently incubation with a whole protein cell extract, 

extensive washing and comparison of resultant protein banding pattern with untreated 

TbArfl on a 1-D SDS-PAGE gel. The assay revealed that untreated TbArfl and 

TbArfl incubated with PGD2 had a similar banding pattern of proteins that interact 

with TbArfl indicating that PGD2 did not affect other TbArfl binding proteins. This 

was also true in similar assays involving PGE2 , PGF2 and cGMP, suggesting that none 

o f these signalling factors influenced the interactions of other trypanosomal proteins 

with T bA rfl.

A significant effect was, however, observed in assays involving the addition of 

cAMP. TbArfl incubated with cAMP displayed a different protein banding pattern
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compared to untreated TbArfl. Several proteins appear to be missing, particularly 

around 37 to 50 kDa. To fiirther investigate this, 2-D gel electrophoresis was carried 

out to separate proteins by pi and molecular weight and achieve a more detailed 

resolution of the proteins present. An absence of at least two basic proteins in the 37- 

50 kDa range were confirmed in the case of cAMP treated TbArfl. These proteins 

were inhibited from binding to TbArfl in the presence of cAMP. A possible 

explanation for this is that cAMP interacts with TbArfl. This further suggests that 

TbArfl is involved in the differentiation process, and identification of these proteins 

may lead to further characterisation of the cAMP signalling cascade. cAMP levels 

have been shown to alter during the process of differentiation (Vassella et al. 1997), 

impUcating cAMP as part of a signalling pathway. To induce this effect in vitro it 

seems that hydrolysed analogues of cAMP are required (Laxman et al. 2006).

To understand how the cAMP may be interacting with TbArfl the Dictoystelium 

discoideum cell density sensing cAMP model may be used to explain. The 

Dictoystelium slime mould undergoes a cell density mediated differentiation process 

from unicellular to multicellular via sensing and relaying cAMP pulses using a cell 

surface cAMP receptor that activates its associated G proteins (Theibert and 

Devreotes 1986; Van Haastert et al. 1987; Van Haastert et al. 1989). In the T. b. 

brucei case TbArfl may be acting like a G protein, setting off a cAMP signalling 

cascade through activation of adenylate cyclase. This triggering of cAMP signalling 

cascade by TbArfl likely occurs via an effector protein of TbArfl, possibly an 

ArfGEF protein.

Another signalling factor that has been clearly implicated in the T. brucei 

differentiating pathway is T-GIF, the trypanosome growth inhibitory factor (known as 

SIP in the case of T. brucei). This factor is produced and sensed by long slender cells
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triggering differentiation of cells into a short stumpy phenotype. A similar assay to 

that previously described for cAMP was carried out to investigate the effect T-GIF on 

proteins binding to TbA rfl. This resuh suggests that T-GIF binds to TbArfl, as 

discussed in the introduction, section 1.1.7, and prevents TbArfl from interacting 

with several other effector proteins. We propose that following entry into the cell, T- 

GIF triggers differentiation to short stumpy cells possibly by preventing TbArfl from 

interacting with other effector proteins (possibly TbArfGAPs or TbArfGEFs) and that 

this in turn activates a cAMP signalling cascade triggering alterations in gene 

expression and ultimately resulting in growth arrest and differentiation.

Through the information obtained in these TbArfl signalling assays described 

above we have been able to link the known cAMP signalling pathway involved in 

long slender to short stumpy differentiation with the TbArfl protein (cAMP may 

block binding o f effector proteins to TbArfl) and the T-GIF factor (T-GIF blocks 

binding of effector proteins to TbArfl), thus, advancing towards our goal of 

producing a new model o f long slender to short stumpy differentiation in T. b. brucei. 

However, these results may be an artifact o f the TbArfl assay, and cAMP which may 

normally interact downstream (interacting with protein kinase A, triggering gene 

activation) maybe interfering with earlier in the signalling cascade, interacting with 

TbArfl effector proteins.

Very little progress has been made with regards to characterisation o f the T-GIF 

(or SIF) differentiation factor in the literature. It has first described in 1996 where it 

was shown to induce differentiation in T. b. brucei long slender monomorphic cells 

(Vassella et al. 1996). Following much effort by Borst’s group and Engstler’s group 

the T-GIF (or SIF) molecule failed to be characterised, there are only suggestions that 

it may be a folate-like molecule, or a cAMP analogue. Presently, groups investigating
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the long slender differentiation step in T. b. brucei have focused on other aspects o f 

the differentiation process and used other differentiation steps within the life cycle of 

T. b. brucei as models for this process.

ArfGEFs and ArfGAPs are highly studied effectors o f A rfl. The T. b. brucei 

ArfGAPs, TbArfGAP I and TbArfGAP V, were used in an interaction assay to 

examine their possible interactions with TbArfl. Both o f the TbArfGAPs were 

suggestive o f binding to TbArfl in the interaction assay, along with a number o f other 

proteins, producing a protein binding pattern o f TbArfGAP interacting proteins 

similar to that of TbArfl interacting proteins. It is likely that these TbArfGAPs are 

binding to the TbArfl present in the whole cell extract and are subsequently also 

binding to proteins that interact with TbA rfl, thus producing a similar protein binding 

pattern to that of TbArfl interacting proteins.

In the course o f this thesis ESAGIO has been shown to most likely be the 

TbPP69 receptor/transporter protein that has been implicated in T. b. brucei 

differentiation (see chapter 3). TbPP69 has been shown to specifically bind to TbArfl 

(Murphy and Olijhoek 2001). To confirm that ESAGIO also binds to TbArfl, protein 

lysates from wild-type ESAGIO transfected induced cells were assayed for binding to 

T bA rfl. TbArfl was shown to bind to three proteins with acidic to neutral pH in the 

molecular weight region o f 60-70 kDa, which is the expected size o f the TbPP69 

receptor/transporter that is upregulated in pleomorphic cells. These proteins were 

differentially expressed and showed highest abundance in ESAGIO transfected 

induced cells. This assay suggests that TbArfl binds ESAGIO and that ESAGIO is a 

strong candidate for the TbPP69 receptor/transporter. Further investigation should 

focus on elucidation o f down stream steps in the long slender differentiation, to build 

a complete working model o f the long slender to short stumpy differentiation process.
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Chapter 6: Conclusions

6.1.1 Cell Density Dependent Differentiation of T. b. bm cei Bloodstream Form

In the mammalian host stage of the life cycle of T. b. brucei, the bloodstream stage, 

the trypanosomes undergo a cell-density dependent differentiation step (Vassella et al. 

1997). This differentiation step is triggered by a secreted differentiation inducing 

factor, T-GIF (Murphy and Olijhoek 2001) (also known as SIF, Vassella et al. 1997). 

T-GIF is likely taken up by the long slender cells via a cell surface receptor or 

transporter protein, which subsequently initiates a signalling cascade, inducing 

differentiation of actively-dividing long slender cells into non-dividing short stumpy 

cells, which are pre-adapted for uptake by the tsetse fly (Murphy and Olijhoek 2001). 

This is a terminal differentiation event; short stumpy cells undergo a programmed cell 

death like process if  not taken up by the tsetse fly within three days.

A glycosylated surface protein named TbPP69 is suspected to be the T-GIF 

receptor/transporter as it is upregulated in pleomorphic cells (cells that can undergo 

the differentiation step from long slender to short stumpy) compared to lab-derived 

monomorphic cells that do not undergo this differentiation event (Murphy and 

Olijhoek 2001). This hypothesis is based on the fact that monomorphic cells that 

produce the SIF signalling factor, though, are unable to sense and respond to it 

(Vassella et al. 1997); suggesting that there is a receptor/transporter that is defective 

in monomorphic cells.
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6.1.2 Molecular Characterisation of the TbPP69 Receptor/Transporter

To identify the TbPP69 receptor/transporter, the upregulated 69 kDa band of tomato- 

lectin purified preparations from pleomorphic T. b. brucei strain ILTat 1.1 was 

excised, purified and analysed by mass spectrometry. The results showed that the 69 

kDa band was contaminated with large amounts o f the variant surface glycoprotein, 

ILTat 1.4 VSG, so, it was not possible to characterise the TbPP69 receptor/transporter 

from this preparation. Instead, a candidate based approach was taken to identify the 

TbPP69 receptor/transporter.

6.1.3 ESAGIO as a Candidate for the TbPP69 Receptor/Transporter

Switching of pleomorphic to monomorphic cell types has been reported following 

changes in expression o f VSGs (Barry and Turner 1991). This suggested that 

pleomorphism (the ability to differentiate) may be linked to the expression sites (ESs); 

in particular, the expression site associated genes (ESAGs). Following analysis o f 

several ESAGs, ESAGIO was identified as a suitable candidate for the TbPP69 

receptor/transporter. ESAGIO was predicted to possess an N-terminal signal peptide, 

12 predicted transmembrane domains and a predicted surface N-glycosylation site, all 

features expected o f the TbPP69 receptor/transporter. Furthermore, ESAGIO was 

homologous to a Leishmania biopterin transporter, B T l, which was implicated in 

differentiation of Leishmania donovani (Myler et al. 1994). In Leishmania, BTl 

regulates BH4 (tetrahydrobiopterin) levels which may act as a co-factor in controlling 

differentiation (Ouellette et al. 2002).
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One potential problem with ESAGIO as a candidate for TbPP69 was that its 

predicted molecular weight exceeded the apparent molecular weight observed for the 

TbPP69 receptor/transporter. The homologous protein in Leishmania, B Tl, and 

several other related proteins, however, have been shown to display anomalous 

migration on SDS-PAGE gels, such that they migrate at a much lower molecular 

weight than predicted (Mueckler et al. 1985; Lemley et al. 1999). Overexpression of 

ESAGIO in T. b. brucei bloodstream form cells resulted in increased abundance of a 

tomato-1 ectin binding protein (which also includes ESAGIO as compared to the 

control) that migrated at the same position as the TbPP69 receptor/transporter (69 

kDa), suggesting that ESAGIO was possibly the TbPP69 receptor/transporter.

If the TbPP69/ESAG10 receptor/transporter were sufficient to allow induction 

of the differentiation process by T-GIF, it would be expected that 71 b. brucei cells 

overexpressing this protein would show a marked reduction in cell growth rate, 

associated with the differentiation process. Furthermore, morphological evidence of 

the differentiation process would also be expected to be observed. No differences in 

cell growth rates or morphological changes were observed in T. b. brucei cells 

overexpressing this protein, indicating that although ESAGIO has properties that 

suggest it is the differentiation receptor/transporter, and that is appears to interact with 

TbArfl, overexpression o f ESAGIO alone is not sufficient to allow the differentiation 

process to occur. There are two possible reasons for this; either ESAGIO is not the 

differentiation receptor/transporter, or there may be a secondary defect in the cell line 

that prevents T-GIF from functioning. Repetition o f this experiment with use of 

another cell line would clarify this.

Labelled TbPP69 receptor/transporter has previously been shown to bind to a 

column containing TbArfl, an internal target o f T-GEF (Murphy and Olijhoek 2001).
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TbArfl is a protein involved in vesicular trafficking in the cell (Price et al. 2007) and 

has been implicated in the long slender differentiation process (Murphy and Olijhoek 

2001). In the course o f this thesis, ESAGIO was also implicated with TbArfl as 

would be expected if ESAGIO acts as the TbPP69 receptor/transporter. Comparative 

analyses were carried out on effector proteins o f TbArfl following incubation with 

protein lysates produced from cells overexpressing ESAGIO. Overexpression of 

ESAGIO resulted in upregulation of several TbArfl binding proteins suggesting that 

differentiation is a complex process involving several, as yet unidentified proteins. 

Expanding on these studies, co-immunofluoroscence studies were carried out to show 

the effect of overexpression o f ESAGIO on TbArfl. Cells overexpressing ESAGIO 

were stained with tomato lectin conjugated to Texas red. (Though ESAGIO and other 

tomato lectin binding proteins are stained red in this procedure, the increase in tomato 

lectin staining in cells overexpressing ESAGIO, when compared to the untransfected 

control cells, indicates where upregulation of ESAGIO expression has occurred). In 

addition, a secondary antibody stain was used to investigate the localisation of 

TbArfl. Overexpression of ESAGIO in induced cells displayed an altered pattern of 

cellular localisation o f T bA rfl. Expression o f TbArfl should be located in the Golgi 

and endosomal system, however, TbArfl was found throughout the cell and along the 

flagellum in cells overexpressing ESAGIO, and was co-localised with ESAGIO. This 

expression pattern differed from that o f untransfected cells where TbArfl was located 

in the Golgi, endosomal and flagellar pocket region.

In monomorphic cells, tomato lectin binds to proteins in the flagellar pocket and 

endosomal system but not along the flagellum (Nolan et al. 1999). Similarly, TbArfl 

is located in the Golgi and endosomal system in monomorphic cells (Price et al. 

2007), but, in pleomorphic cells, tomato lectin binds along the flagellum as well as in
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the flagellar pocket and endosomal system (Murphy and Olijhoek 2001). Likewise, 

TbArfl in pleomorphic cells is located in the Golgi, endosomal system and along the 

flagellum (Murphy and Olijhoek 2001). Thus, the altered location o f TbArfl 

following overexpression o f ESAGIO and their co-staining signifying co-localisation 

along the flagellum o f the parasite suggests an interaction between these two proteins 

in bloodstream forms of T. b. brucei. This is strong evidence that ESAGIO interacts 

with TbArfl and further implicates ESAGIO as the TbPP69 receptor/transporter o f T- 

GBF.

6.1.4 Characterisation of Arfs/Aris and Effector Proteins

To further characterise the role o f TbArfl in differentiation, a bioinformatic approach 

was taken to identify A rf proteins, A rf related proteins (Arls) and their effector 

molecules in T. b. brucei. Two genes encoding putative Arfs were identified in the T. 

b. brucei database, TbArfl and TbArf3.

TbArfl was shown to be the putative T. b. brucei A rf protein most closely 

related to the human Arfs by phylogenetic analysis, but was not orthologous to any 

one A rf in particular, indicating that TbArfl may incorporate several of the functions 

of the human Arf proteins. This differs from the recently suggested role of TbArfl put 

forward by Price et al. (2007) where TbArfl was suggested to be most closely related 

to human Arf6 and that it fulfils the functions of both human Arfl and human Arf6. 

The work in this thesis reveals the benefit of a phylogenetic perspective which shows 

that TbArfl is not in fact orthologous to human Arf6, but rather, likely incorporates 

several o f  the functions o f the paralogous human A rf proteins.
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The importance o f TbArfl has been recently investigated by several other 

groups. TbArfl RNAi studies were lately carried out and resulted in a grossly 

enlarged flagellar pocket and a rapidly lethal phenotype (Price et al. 2007). In 

addition, TbArfl overexpression was shown to result in rapid cessation of cell 

division and increased cell death (Price et al. 2007). Similarly, a constitutively active 

mutant (TbArfl Q71L) caused cell death within 24 hours (Price et al. 2007), as did 

the constitutively active Leishmania donovani A rf 1 (LdArf 1) mutant (Porter-Kelley et 

al. 2004). The constitutively inactive mutant of TbArfl (T31N) has also been 

produced, also causing cell death within 24 hours (Price et al. 2007). Together, these 

studies demonstrate the importance o f TbArfl as an essential protein that ensures the 

survival o f the cell, and indicates that TbArfl must be tightly regulated to ensure cell 

longevity.

TbArO, the other putative T. h. brucei A rf protein, was shown to be distantly 

related to the human Arf proteins, and more closely related to human A ril, an Arf 

related protein. RNAi studies have recently been conducted on this protein (TbArll) 

by Price et al. (2005a, b) who showed that it was essential for cell viability and Golgi 

integrity in the bloodstream form o f T. b. brucei. This suggests that TbArD may also 

be important in vesicular trafficking or cytoskeletal structure organisation, but no role 

in differentiation has been suggested (Price et al. 2005a; Price et al. 2005b).

T bA rll7, a putative T. b. brucei Arl protein, was shown to be more closely 

related to the human Arfs than to the Arls, indicating a possible role as an A rf protein. 

O f the other seven putative Arl proteins identified in T. b. brucei, TbAxl2, TbArB, 

TbArl6, TbArllS, TbA rll9, TbArl20 and TbArl21, several were shown to  be closely 

related to their human orthologues (TbArl2, TbArB, TbArl6 and TbArl21). This
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suggests that many of these TbArls are likely to have functions similar to their human 

counterparts.

In this thesis, to further characterise the role of TbArfl in differentiation, a 

comparative analysis of TbArfl and other eukaryotic Arfs was undertaken. In 

particular the helix o3 region of TbArfl was identified by phylogenetic analyses as an 

important region likely involved in the additional functions of TbArfl in 

differentiation, a role not implicated in other eukaryotes. This region was shown to be 

highly conserved in kinetoplastids, but divergent from other eukaryotic species. This 

is a classical example of functional divergence, and suggests a reason for this 

additional function of TbArfl. Also, studies by Donalson et al. (2005) have shown 

that the helix o3 domain of Human Arfl and human Arf6 were involved in transport 

to the Golgi (human Arfl) and to the plasma membrane (human Arf6). It is likely that 

the TbArfl helix o3 domain has a role m determining its location, similar to it human 

counterparts. In addition, the differentiation factor, T-GIF, also binds to the helix a3 

region of TbArfl (Murphy and Olijhoek. 2001), providing evidence that this region is 

important in T. b. bnicei differentiation.

Examination of the genomic organisation of TbArfl was also carried out. It 

showed that TbArfl was encoded by four open reading frames (ORFs) located in 

tandem on chromosome 9. In mammals, genes are regulated utilising complex 

promoters which can be upregulated or inhibited depending on the binding of 

transcription factors (Chen and Rajewsky 2007). In the trypanosome, most gene 

regulation is carried out post-transcriptionally, and a simpler mechanism accounts for 

differential expression at the mRNA level (Vassella et al. 2000). TbArfl ORFs are 

found in tandem in the genome, and although they encode identical protein coding 

sequences, unique untranslated regions (UTRs) allow for differential expression of
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TbArfl in different life cycle stages and may facilitate the additional function of 

TbArfl in T. b. brucei differentiation. Work described in Chapter 4 o f this thesis 

established that TbArfl was differentially expressed, in that there was less TbArfl 

detected in procyclic forms than in long slender and short stumpy forms.

Several TbArfl interacting proteins likely facilitate the role o f TbArfl in 

differentiation. To better characterise these, putative TbArfl effector proteins were 

identified and phylogenetically analysed. A rf GTPase activating proteins, ArfGAPs, 

are negative regulators o f Arfl that hydrolyse GTP-bound Arf. Five putative 

ArfGAPs were identified in T. b. brucei', TbArfGAP I, TbArfGAP II, TbArfGAP III, 

TbArfGAP IV and TbArfGAP V. Phylogenetic classification studies showed that 

TbArfGAP I and TbArfGAP II were most closely related to human ArfGAPl and 

human ArfGAP3. TbArfGAP III and TbArfGAP IV were less closely related to the 

human ArfGAPs 1 and 3, whilst TbArfGAP V was most distant from the human 

ArfGAPl and 3. The TbArfGAPs were suggested to function in a manner similar to 

human ArfGAPs based on structural comparison to the resolved human ArfGAPl 

crystal structure (Goldberg 1999).

A rf guanine nucleotide exchange factors, ArfGEFs, are positive regulators o f 

TbArfl catalysing the exchange o f Arfl-GDP for Arfl-GTP. Three putative ArfGEFs 

were identified and characterised in the T. b. brucei Sanger database; TbArfGEFA, 

TbArfGEFB, and TbArfGEFC. TbArfGEFB was shown to be most closely related to 

the human ArfGEFs. In addition, the T. b. brucei ArfGEFs were suggested to function 

in a manner similar to their human counterparts based on structural comparison to the 

resolved crystal structure o f a human ArfGEF (Goldberg 1998; Mossessova et al. 

1998). In mammals, ArfGEF proteins have also been implicated in signalling (Li et al. 

2003). If this were also the case in T. b. brucei, then TbArfl could trigger the cAMP
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cascade through ArfGEPs. This ability o f mammalian ArfGEFs has not been fully 

characterised, therefore i’. is not possible to deduce whether T. b. brucei ArfGEFs also 

possess the same activity

Homologues o f  other mammalian and yeast proteins shown to interact with Arfl 

were also identified in 'lie T. b. brucei Sanger database (http://www.genedb.org/), 

including components of the clathrin vesicle, COPI coatomer and adaptin molecules, 

suggesting that other interactions between Arfl and effector proteins are likely 

conserved in T. b. brucei as well. Homologues of other molecules known to interact 

with TbArfl such as GC;As, however, were not found, suggesting that in other cases 

interactions are not conserved.

It likely that the additional role o f TbArfl in differentiation is partly due to the 

differences in the helix (a3 region o f TbArfl (to which T-GIF binds), and possibly an 

effector protein may also facilitate the down-stream cAMP cascade triggering the 

differentiation process.

6.1.5 cAMP Signalling in Differentiation

cAMP has been previously shown to mediate signal transduction o f the differentiation 

signal throughout the 7'. b. brucei cell, which subsequently triggers the changes in 

gene expression associated with differentiation (Vassella et al. 1997). A two-three 

fold elevation o f intracellular cAMP occurred within long slender bloodstream form 

cells upon induction of differentiation (Vassella et al. 1997). In addition, regulators o f 

cAMP have been shown to be involved in relaying the differentiation signal 

throughout the cell (Domenicali Pfister et al. 2006).
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A simple experiment, where membrane permeabi; 'cAMP was added to 

pleomorphic and more recently monomorphic cell culture iiduced differentiation has 

been repeated (Vassella et al. 1997; Breidbach et al. 00)2). On repeating this 

experiment in the course o f this project, differentiation vas not induced. O f late, 

however, this apparent induction o f differentiation has b e n  shown to be due to 

hydrolysed analogues of cAMP, not addition of cAMP to tie medium (Laxman et al. 

2006), which may explain why induction o f differentiation lid not occur in this case, 

(though the authors did question the role non-hydrolysable cAMP in differentiation, 

suggesting previous results implicating cAMP in differeitiation could have been 

misinterpted). Similarly, this induction o f differentiation is lot conclusive, as growth 

arrest was also demonstrated in monomorphic cell culture following the addition of 

the prostaglandin programmed cell death inducers. Both P O 2 and PGE2 were shown 

to induce growth arrest following addition to monomoryhic cell culture both in 

literature (Figarella et al. 2005) and in the course of this thess.

A different approach was subsequently taken to eluciiate the effect of several 

signalling factors on the role, if any, of TbArfl in the di'ferentiation process. An 

assay was developed to examine TbArfl interactions \‘̂ itli other trypanosomal 

proteins in the absence and presence o f cAMP and other signalling factors. cAMP was 

shown to block the binding o f basic proteins (37-50 kDa) and enhance the binding of 

another protein (40 kDa); indictating that cAMP possibly interacts with T bA rfl. This 

differed from the control experiments where no differences in the pattern of TbArfl 

effector protein expression occurred following addition of cGMP, PGDa, PGE2, or 

PGF2 .

This is similar to the cAMP signal transduction process utilised by the 

unicellular eukaryote Dictoystelium discoideum (slime mould) that undergoes a cell-
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density mediated differentiation (Mato et al. 1977a; 1977b; 1977c; 1977d). In the D. 

discoideum system cAMP is sensed by a G-protein, cA R l, which relays a signal 

throughout the cell via adenyl cyclase (Theibert & Devreotes, 1986; Van Haastert et 

al. 1987, 1989). In the case of T. b. brucei, we predict that TbArfl acts like a G- 

protein and through interaction with cAMP it facilitates the propagation of the 

differentiation signal throughout the cell. Alterations in gene expression patterns are 

initiated as a result, and cells are morphologically changed as they differentiate from 

o f long slender cells into short stumpy cells.

6.1.6 The Role of T-GIF in Differentiation

Subsequently, a similar approach was used to investigate the impact o f  T-GIF binding 

to TbArfl. T-GIF has been previously shown to bind to the helix a3  region of TbArfl 

(Murphy and Olijhoek 2001). T-GIF was shown to block the binding o f all effector 

proteins to TbArfl, following incubation with TbArfl. We propose that following 

entry into the cell, T-GIF binds to the helix o3 region of TbArfl, and TbArfl effector 

proteins and bound molecules are expelled from TbArfl binding sites. This expulsion 

of bound proteins and molecules likely triggers a cAMP cascade, triggering 

differentiation.

6.1.7 A Model for Differentiation in T. b. brucei

Proliferative long slender T. b. brucei cell populations produce and export a low 

molecular weight factor, T-GBF (or SIF), which builds up in the media as cell density 

increases (Vassella et al. 1997). As peak parasiteamia approaches, the T-GIF factor is
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taken up into long slender cells via a receptor/transporter, the TbPP69 surface protein 

that is present in abundance on pleomorphic cells and has been lost from 

monomorphic cells (Murphy and Olijhoek 2001). ESAGIO is likely the TbPP69 

receptor/transporter, allowing uptake of the T-GIF factor. Upon entry into the cell, the 

T-GIF factor interacts strongly with TbArfl which is located at the plasma membrane 

(Murphy and Olijhoek 2001). This interaction between TbArfl and T-GIF is very 

strong, and expels several bound TbArfl effector proteins and molecules from TbArfl 

binding sites. Subsequently, a signalling cascade is triggered, likely through an 

effector o f TbArfl such as an ArfGEF, as ArfGEFs have been implicated in protein 

kinase A (PKA) signalling in mammals (Li et al. 2003), triggering adenylate cyclase. 

This results in alterations in gene expression patterns which ultimately result in long 

slender to short stumpy cell differentiation.

Compartmental analyses o f this model show how this model fits with the 

novel information discussed in this thesis. Upregulation o f ESAGIO expression in 

ESAGIO overexpressing cells results in greater tomato lectin staining along the 

flagellum of the cell (Chapter 3, Figures 3.15 and 3.16), suggesting that ESAGIO is 

expressed along the flagellum. Although ESAG receptor proteins are normally found 

within the flagellar pocket, overexpression o f ESAG6 and ESAG7 (the two subunits 

o f the transferrin receptor) leads to saturation of the flagellar pocket, and the 

transferrin receptor is subsequently found along the flagellum of the cell (Mussmann 

et al. 2003). It is likely that overexpression of ESAGIO also results in saturation of 

the flagellar pocket, so that ESAGIO is located along the flagellum as well. In 

addition, the genes encoding the Transferrin receptor can also regulate its own 

expression due to it promoter proximal position (Mussman 2003). Likewise, the gene 

encoding ESAGIO is also promoter proximal and this may allow self regulation of
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ESAGIO expression. Upon overexpression of ESAGIO the location o f TbArfl within 

the cell is altered; TbArfl is found along the flagellum as well as in the Golgi in cells 

overexpressing ESAGIO (Chapter 3, Figure 3.15 and 3.16). Unlike in monomorphic 

cells where TbArfl is exclusively located in the Golgi and surrounding region (Price 

et al. 2007), in pleomorphic cells TbArfl it is located at the flagellum (Chapter 1, 

Figure 1.8). Thus within the monomorphic ESAGIO overexpressing cells a situation 

is found comparable with pleomorphic cells.

Our model suggests that within pleomorphic cells ESAGIO and associated 

TbArfl are located along the flagellum o f the cell in addition to other important 

signalling factors such as cAMP phosphodiesterases and PKA (Oberholzer et al. 

2007), making the flagellum an important region in cell signaUing. Once ESAGIO and 

the associated TbArfl have taken up their new position along the flagellum they can 

function as a kind o f G-protein coupled-like receptor, GPCR. The ESAGlO-TbArfl 

G-protein coupled-like receptor subsequently transfers the signal from the transported 

T-GIF ligand to trigger the cAMP cascade that results in the differentiation event.

To understand how ESAGIO in conjunction with TbArfl could operate in T. b. 

brucei as a GPCR the cell-density mediated differentiation process o f Dictoystelium 

discoideum can be used as a model. When a Dictyostelium  cell is starving in the 

presence o f a high density o f other starving cells, it receives a pulse o f cAMP and it 

relays this pulse, by releasing a burst o f cAMP itself The amoebae then move 

towards the source o f cAMP and expresses specific classes o f genes (Firtel et al. 

1989; Loomis 1993). The incoming cAMP pulse is sensed by cA R l, a cell surface 

cAMP receptor that activates its associated G proteins (Theibert and Devreotes 1986; 

Van Haastert et al. 1987; Van Haastert et al. 1989); this role would be assumed by 

ESAGIO in the case o f T. b. brucei. The G(3y subunit of the G-receptor CRAC
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(cytosolic protein) transiently activates adenyl cyclase; likewise the role o f TbArfl in 

the model that interacts with T-GIF, and transiently activates adenylate cyclase 

through an effector protein, hkely an ArfGEF (Figure 6.1).

The findings of this thesis are consistent with cAMP being the T-GEF factor, 

such that cAMP or an analogue of cAMP is secreted by the parasite as the T-GEF 

factor. Tom Seebeck’s group has identified two ATP-binding cassette (ABC) 

transporters o f the multidrug resistance-associated proteins (MRP-like) type in the T. 

b. brucei that actively export cAMP from the cell. At present, Tom Seebeck’s group 

suggest that these transporters are involved in removing excess cAMP from the cell; 

however, the major role o f these transporters may be secreting the T-GIF factor that 

triggers differentiation (Marti and Seebeck 2007). Following exportation of cAMP or 

an analogue from the cell, the ESAGlO-TbArfl G-protein coupled-like receptor 

transports the cAMP or cAMP analogue inside the cell where it interacts with T bA rfl. 

(Note that TbArfl was suggested to possibly interact with cAMP in this thesis. 

Chapter 5, Figure 5.9 and 5.10). Subsequently, TbArfl interacts with adenylate 

cyclase triggering a signalling cascade that ultimately alters the gene expression 

patterns resulting in the change from long slender cells into short stumpy ceils.

If the T-GIF factor were cAMP or an analogue of cAMP then ESAGIO would 

have to import cAMP into the cell. ESAGIO is a biopterin transporter (Myler et al. 

1994), and biopterin transporters have not been linked with importation of cAMP; 

however, a cAMP transporter, MRP 4, that ordinarily transports cAMP can also 

transport folate (Chen et al. 2002), so it may be possible that folate/biopterin 

transporters can also transport cAMP or an analogue of cAMP.
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Fig 6.1. Schematic o f long slender to short stumpy differentiation in T. b. brucei cells. (A)

ESAGIO is located in the flagellar pocket and along the flagellum. TbArfl which is usually found in 

the Golgi region associates with ESAGIO along the flagellum surface. (B) A schematic o f  the events 

that occur at the flagellar m em brane, (I) ESAGIO is associated with T bA rfl. (II) ESAGIO imports T- 

GIF in through the plasm a m em brane where it interacts with T bA rfl. (Ill) TbA rfl can no longer 

associate with ESAGIO. T-GIF binds to the helix o3 region to T bA rfl, displacing other bound TbA rfl 

effector proteins, possibly TbArfGEF which triggers a cAM P cascade through activation o f  adenlyate 

cyclase.
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In order to show that this model is accurate it will require testing. The 

ESAGIO biopterin transporter requires testing for importation o f cAMP or a cAMP 

analogue. TbArfl requires testing for triggering a cAMP cascade, through activation 

of adenylate cyclase through an ArfGEF, and most importantly, cAMP or an analogue 

of cAMP should be tested as the T-GIF factor.

This new model for differentiation is also consistent with the subsequent 

programmed cell death-like process that follows long slender to short stumpy 

differentiation when cells are not ingested in Tsetse fly blood meal within 2-3 days. 

As a similar programmed cell death-like process occurs in Dictoystelium discoideum 

following a similar differentiation event, this suggests support for this novel 

differentiation pathway in T. b. brucei.

6.2 Future Work

Several aspects of the differentiation process were not addressed in the course o f this 

project, however, and addressing these other issues would lead to further 

understanding of the differentiation process. Although ESAGIO was suggested to be 

the T-GIF differentiation receptor/transporter, this has not been shown conclusively, 

and further studies are required to confirm this finding. In addition, ESAGIO was 

shown to associate with TbArfl along the flagellum o f the cell where this 

differentiation/signalling event is thought to occur. T-GIF was shown to bind to 

TbArfl preventing several other TbArfl effector proteins (ArfGAPs and ArfGEFs) 

from binding to T bA rfl. These proteins that were prevented from binding to TbArfl 

in the presence o f T-GIF require identification and mass spectrometry studies should 

be carried out to obtain the identities of these proteins. This information would aid
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understanding of how the cAMP cascade is triggered. Similarly, the proteins 

prevented from binding to TbArfl in the presence of cAMP require identification; this 

information would help to explain if cAMP was the T-GEF factor, etc.

New drugs are required to treat trypanosomiasis as the existing drugs are 

dangerous and outdated. In this thesis, two new drug targets were identified. Firstly, 

the ESAGIO receptor/transporter has been identified as a possible drug target as 

during the life cycle of T. b. brucei in the mammalian host, the trypanosomes undergo 

a developmental transition from long slender stage to short stumpy forms. ESAGIO 

appears to be involved in the differentiation step as the TbPP69 receptor/transporter 

that imports the differentiation factor, T-GIF, into the cell. As this differentiation step 

is a terminal differentiation step, i.e.if cells are not uptaken by tsetse fly they undergo 

a programmed cell death (PCD)-like death process. If a drug or vaccine against 

ESAGIO could trigger this process, it would lead to growth arrest in the mammalian 

host. Similarly, TbArfl presents a similar scenario; this essential intemal protein 

could be used as a drug target. Although TbArfl is a highly conserved protein in 

eukaryotes, it differs in helix o3 region in trypanosomes to other eukaryotes. The drug 

would target with domain of TbArfl, and therefore toxicity should not be an issue. 

Rapid death of the trypanosome cells would result.
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Chapter 7: Appendix ILTat 1.1 VSG 

versus ILTat 1.4 VSG Expression

7.1 Further Investigation of the Presence of the ILTat 1.4 VSG in the 

Preparation of Tomato Lectin Binding Proteins Isolated from ILTat 1.1

The TbPP69 protein that is upregulated in pleomorphic T. b. brucei cells (cells that 

can differentiate to short stumpy bloodstream forms) in comparison to monomorphic 

cells (cells that cannot undergo this differentiation event) was prepared from 

pleomorphic T. b. brucei ILTat 1.1 serodeme cells and visualised on a 1-D SDS- 

PAGE gel (Chapter 3, Figure 3.1). To elucidate the identity of the TbPP69 protein, the 

69 kDa band was cut from the gel and sent for mass spectrometry analysis. The 

resultant peptide sequences were compared to the T. b. brucei Sanger database 

(http://www.genedb.org/), and to the non-redundant GenBank database 

(http://www.ncbi.nlm.nih.gov/BLAST/) (Chapter 3, Section 3.3). The TbPP69 

receptor/transporter mass spectrometry derived peptide sequences were matched to 

several partially sequenced ILTat 1.4 VSG T. brucei sequences from GenBank. This 

was surprising as the trypanosome strain used to make this TbPP69 kDa preparation 

was the ILTat 1.1 clone, which predominantly expresses ILTat 1.1 VSG, not the 

ILTat 1.4 VSG that was detected in the experiment.

The tomato lectin isolation technique used to prepare the TbPP69 protein should 

ensure that no VSG is isolated with the protein extract (Nolan et al. 1999). If, 

however, some VSG was co-isolated with the protein extract, one would expect ILTat
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1.1 VSG contamination, the VSG that is predominantly produced by that strain. This 

was not the case; instead ILTat 1.4 VSG was a major protein present in the TbPP69 

preparation. Either (1) there could have been a mix up and that the tomato lectin 

preparations were from ILTat 1.4 cells-however, this is unlikely as the cell line was 

checked by an antibody against the ILTat 1.1 VSG prior to protein preparation-or (2) 

there was a minor component o f the population that had switched VSG and that this 

was predominantly expressing ILTat 1.4 VSG. If this switch was carried out at a rate 

o f 1 in lO"' in a population o f 10'°, then 10  ̂ will have a different VSG, which may 

have been enriched in the tomato lectin purification process. It is difficuh to 

understand why ILTat 1.4 VSG would contaminate the preparations rather than ILTat 

1.1, but possibly ILTat 1.4 is processed differently and may be glycosylated in a 

manner that causes it to bind to the tomato lectin. Another possibility exists: (3) in all 

ILTat 1.1 cells there is a low level o f expression of ILTat 1.4 VSG (possibly locaUsed 

in a specific nuclear compartment preparing for switching) and that this form of 

expression results in a different type of processing that causes linear chains of poly-N- 

acetyllactosamine (pNAL) to be added, causing the protein to bind to tomato lectin.

RT-PCR can be used to show if  other VSGs are being expressed at a lower level 

to the predominant VSG, but, this does not enable distinguishing of possibilities (2) 

and (3). With this in mind RT-PCR studies were conducted to determine whether the 

ILTat 1.4 gene was transcribed in preparations o f ILTat 1.1 cells (Figure 7.1).
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7.2 Investigation of ILTat VSG Gene Expression in Different Life Cycle Stages of 

T. b. brucei

VSG gene expression was investigated in long slender and short stumpy forms of T. b. 

brucei ILTat 1.1 serodeme to understand why ILTat 1.4 VSG contamination was 

apparent in the TbPP69 receptor/transporter preparations. mRNA was isolated from 

long slender and short stumpy T. b. brucei ILTat 1.1 cells and the mRNA was further 

purified with streptavidin-coated paramagnetic particle (SA-PMP®) magnetic beads. 

Reverse transcription was carried out to produce cDNA as described in the materials 

and methods (Chapter 2, Section 2.2.3) which was then amplified with four sets of 

VSG oligonucleotide primers that amplified ILTat 1.1 VSG, ILTat 1.2 VSG, ILTat

1.3 VSG, and ILTat 1.4 VSG, (Table 7.1, Figure 7.1). DNase treated preparations and 

genomic DNA controls were also amplified with the specified oligonucleotide 

primers.

The resultant PCR products showed expression of the surface coat VSG ILTat 

1.1 gene in the long slender forms, with low-level expression of the ILTat 1.3 VSG 

gene. In the short stumpy forms, expression of the ILTat 1.1 VSG gene was not 

detected, while there was expression of the ILTat 1.3 VSG gene. None of the 

transcripts were detected in the DNase I treated genomic control, as expected, as the 

mRNA was pretreated with RNase-free DNase to remove any contaminating genomic 

DNA to demonstrate that the DNase treatment was effective. ILTat 1.2 and ILTat 1.4 

VSG transcripts were not detected in long slender and short stumpy, only in the 

positive genomic control, where ILTat 1.1 VSG, ILTat 1.2 VSG, ILTat 1.3 VSG and 

ILTat 1.4 VSG were detected.
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Table 7.1. Table of the ILTat 1.1 VSG, ILTat 1.2 VSG, ILTat 1.3 VSG and ILTat 1.4 VSG 

primer names, PCR product names and expected sizes.

Primer nam e PCR product PCR product size
ILTat 1.1 VSG F

ILTat 1.1 VSG 642  bpILTat 1.1 VSG R
ILTat 1.2 VSG F

ILTat 1.2 VSG 6 1 8  bpILTat 1.2 VSG R
ILTat 1.3 VSG  F

ILTat 1.3 VSG 5 9 0  bpILTat 1.3 VSG  R
ILTat 1.4 VSG  F

ILTat 1.4 VSG 5 3 8  bpILTat 1.4 VSG  R

DNase treated

Long slender cDNA

Short stumpy cDNA

250 bp

Genomic DNA
mmrn̂ . 250 bp

Fig 7.1. Agarose gel depicting fragments o f cDNA amplified with the ILTat VSG primers. The 1

% agarose gel depicts amplification o f cDNA with primers for the ILTat 1.1 VSG (lane 1), ILTat 1.2 

VSG (lane 2), ILTat 1.3 VSG (lane 3), and ILTat 1.4 VSGs (lane 4). The figure shows there is 

amplification o f long slender cDNA ILTat 1.1 VSG (lane 1, 2"‘* panel), long slender ILTat 1.3 VSG 

(lane 3, 2"“* panel) and short stumpy ILTat 1.3 VSG (lane 3, 3"* panel). Note that no amplification was 

detected in DNase I treated genomic DNA, and products from all VSGs were amplified in the untreated 

genomic DNA.
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7.3 Interpretation of the ILTat VSG Results

ILTat 1.1 VSG was predominantly detected in long slender cells, but ILTat 1.3 VSG 

was also detected; whilst in short stumpy cells only ILTat 1.3 VSG was detected. This 

shows that although ILTat 1.1 was the predominant VSG expressed in these long 

slender cells, it was not detected in short stumpy cells. A recent paper showed that the 

system conferring a selective RNA processing/elongation to a single gene is lost 

following differentiation of bloodstream forms from long slender into short stumpy 

forms (Amiguet-Vercher et al. 2004), specifically resulting in loss o f VSG mRNA in 

short stumpy forms. The authors attributed the loss o f VSG mRNA to interference 

form the differentiation process, such that RNA elongation and process factors were 

no longer recruited to active expression sites.

Although ILTat 1.1 VSG detection is lost in short stumpy cells, ILTat 1.3 

VSG was detected in both long slender and short stumpy cells. This may be due to 

possiblility (2, section 7.1) that cells expressing the ILTat 1.3 mRNA are all long 

slender cells and represent a minor population that has switched or possibilility (3, 

section 7.1) that there is a low level of expression of this VSG in the majority o f ILTat 

1.1 cells but is under different control. If it is the former, a minor population o f ILTat

1.3 VSG expressing cells in a major population o f ILTat 1.1 VSG expressing cells, 

then these ILTat 1.3 VSG expressing cells are somehow insensitive to the SIF/T-GIF 

factor (the differentiation trigger) and can escape its effects. If  it is the latter, then 

there may be a different mechanism by which VSG gene switching occurs. Further 

analyses are required to explain what is occurring in these short stumpy cells and why 

any ILTat 1.3 VSG can be detected at all. The use of specific antibodies against each
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VSG would be required to resolve this question (bearing in mind that the detection of 

mRNA doesn't necessarily mean that the protein product will be produced).

In both of the above experiment, further investigation of ILTat VSG 

expression, and the preparation of TbPP69 receptor/transporter (Chapter 3, Section 

3.3), the T. b. brucei ILTat 1.1 clone was used to derive mRNA and surface proteins 

respectively. Though the cells used to make these isolations were from the same 

clone, ILTat 1.1, they differed from one another in that they represented two different 

batch preparations of the same clone.

All of the above points represent interesting possibilities, but in the course of 

this work they were not followed up as the materials, reagents and time required were 

not available.
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