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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 of particular importance for
parasites. The African trypanosome, Irypanosoma brucei, represents a highly
successful parasite capable of surviving and indeed thriving in the harsh environment
in the bloodstream of 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
of the putative signalling factor were identified in the 7. brucei database. The mostly
likely candidate, an Expression Site Associated Gene, ESAG10, was overexpressed in
the T. brucei cell. ESAG10 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



humans. Arfl is involved in signal transduction, cytoskeleton dynamics and
intracellular trafficking in the cell. ArfGEF and ArfGAP proteins are positive and
negative regulators of Arfl, 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
ESAGI10.

Candidates for the density controlling and differentiation signalling factor
were also examined in the 7. 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 of 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 Linnean classification, 7. brucei belongs to the genus
Trypanosoma, and the sub-section salivaria, which is further sub-divided into
Dutonnella, Nannomonas, Trypanozoon and Pycnomonas, of which T. brucei belongs
to the subgenus, Trypanozoon. There are three subspecies of 7. 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
(Welburn 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 of 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. 7. brucei and other members of the Euglenozoa have very
long branch lengths indicating a high degree of divergence from other species

(Cavalier-Smith 2004).
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Fig. 1.1. A phylogenetic tree of kinetoplastids generated using SSUrRNA. The above figure depicts
a maximum likelihood phylogenetic tree of 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 Trypanosomal 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 of Congo. The Food and
Agriculture Organisation of 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 of 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 Trypanosome, 7. 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

25




its life cycle, the trypanosome undergoes extensive changes that allow the movement
of the trypanosome from the bloodstream of 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 of the trypanosome involves several differentiation steps, (Figure
1.2). Following a bite from an infected tsetse insect, trypanosomes 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 of 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 of 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 of 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 of 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 of the fly, 7. brucei trypanosomes acquire a second new

coat, called procyclin.
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Fig 1.2. The life cycle of T. brucei. The trypanosomes in this figure are indicted by the single-celled
structure. The cells of the metacyclic trypanosomes are inoculated into the vertebrate host in tsetse fly
saliva when taking a bloodmeal. 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 of 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 of 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 of 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 T. 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 of proliferation of the
parasite (Barry and Turner 1991).

Within the vertebrate host, 7. 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 of 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 of transcription to ensure expression of only
a single VSG at any one time. Three processes account for the switching of activity
between different ESs. The first process involves the suppression of an active BES,

and the activation of 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 er al 1997). This is the first
demonstration of gene expression being regulated at the level of 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 7. b. brucei parasites (De
Greef et al. 1989; Xong et al. 1998; Vanhamme ef al. 2003). Other important genes

may be located in the VSG expression site in 7. brucei.
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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 all

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 of megabase-sized chromosomes, numbered I-XI, several
intermediate-sized chromosomes (0.2-0.9 Mb), and a number of 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 7. brucei, the majority of 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 of the flagellar pocket is internalised every 2 mins
(Coppens et al. 1987), and is quickly endocytosed and recycled (Seyfang et al. 1990).

The rate of endocytosis is developmentally regulated, i.e. dependent on the life
cycle stage of T. brucei (Morgan et al. 2001). The long slender stage of bloodstream
form cells have a surprisingly fast rate of endocytosis based on the rate of 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 of endocytosis is dramatically reduced (Langreth and Balber
1975).

T. brucei has a highly active endocytotic system which has been implicated in
the uptake of nutrients (Coppens and Courtoy 1995; Steverding et al. 1995),
sensitivity to serum lytic factors (Hager and Hajduk 1997; Vanhamme et al. 2003),
turnover of VSG (Gruszynski et al. 2003), and removal of surface immunocomplexes
(O'Beirne 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 of the cell, creating a continuous system of
cisternal/tubulovesicular structure. In addition, 7. brucei only contains one Golgi,
making it a compact model for study.

In Saccharomyces cerevisiae, GP1 anchoring of proteins has been studied in
detail. It has been shown that following the attachment of 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 of 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 7. brucei, VSG is endocytosed from the cell surface via a clathrin-dependent
mechanism (Grunfelder er al. 2003). This is an unusual mode of internalisation as
most organisms facilitate the concentration of proteins using cytoplasmic receptors.
Specifically, VSGs enter the cell at the site of invagination, the flagellar pocket, in the

form of 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
cisternae is depleted. TbRabl1 (a trypanosome Rab GTPase) mediates VSG positive
disk-like carriers which fuse 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 of 7. 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 of these studies, it found that above
a critical density, cultures 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 of 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 ez
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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 of growth 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 7. brucei trypanosomes that acts as the initial differentiation
signal and subsequently transduces along the cAMP pathway (Vassella et al. 1997).
Due to its apparent small size, SIF would be expected to be accessible to receptors
buried within the VSG coat. The precise structure of SIF was not deduced.
Subsequent experiments showed the rapid rate of differentiation induced upon take up
of the SIF factor. SIF is produced by both pleomorphic trypanosome strains capable
of 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, MITatl.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 of monomorphic strains, using a recently
developed tomato lectin technology that enabled purification of 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 of SIF, and triggers the long slender to short stumpy
differentiation process. The composition of this TbPP69 protein has not been

deduced, and is one of the aims of this thesis.

Abundant 69 kDa protein

in pleomorphic cells

F4 e

 § A

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 of 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 of the different species of 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 7. 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
of the trypanosome. Trypanosomal ADP-ribosylation factor 1 (TbArfl) 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 of T-GIF to TbArfl was shown to be very
strong, occurring in both native and denatured conditions of the Arfl protein, and was
shown by pepscan analyses to be specific to the helix a3 region of this protein
(Murphy and Olijhoek 2001). From these experiments it was concluded that TbArf]
was a likely target of T-GIF. An illustration of the previously proposed model for
population density control and the differentiation of trypanosomes from long slender

to short stumpy stage is shown (Figure 1.5).
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Fig 1.5. Illustration of previously proposed model for population density control and the
differentiation of 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 Arfl,
TbArfl, is the internal target of 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-Ribosylation Factors

ADP-ribosylation factor (Arf) proteins are small GTP-binding proteins of 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 (Gsa) 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 of phospholipase D activity and inhibition of endosome-to-endosome and
nuclear vesicle fusion (Donaldson ef al. 1991; Bornancin 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 Arf 1 to 6. Arfs are
subdivided into three classes according to sequence identity. Class I consists of Arfl,
Arf2 and Arf3, class II consists of Arf4 and Arf5, and class III contains only Arf6.
Little is known about class II Arfs (Donaldson ef al. 2005). Class 1 Arfs have been
implicated in trafficking in the endoplasmic reticulum (ER)-Golgi and endosomal
systems (Takeuchi et al. 2002). Arfl was first discovered as a component of 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 ef al.
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1992). Later, Arfl was found to be required to form clathrin-coated vesicles
containing adaptor protein 1 (AP1) or adaptor protein 3 (AP3) adaptor complexes at
the trans-Golgi network (TGN) and on endosomes (Stamnes and Rothman 1993; Ooi
et al. 1998). This role of 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 of 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 of Madin-Darby Canine Kidney
Cells (MDCK cells) where it plays a role in modulating clathrin endocytosis
(Altschuler ez 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 Birnbaum 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 Arf proteins found in mammals, there is a sub-family of highly
similar homologous proteins, Arf-like proteins (Arls). These Arl proteins are

structurally similar to the Arf proteins, but Arls appear to lack the cholera toxin
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cofactor activity of the Arf proteins (Clark ef al. 1993). At least 16 Arl proteins have
been identified in mammals (Kahn et al. 2006). Arll has been shown to be essential
for viability in Drosophila melanogaster (Tamkun et al. 1991) and appears to be
closely related to Arfl. Arll has also been identified and studied in 7. brucei, where
Arll 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 a3 region (Figure 1.6). The switch 1 and 2 and a-helix 3
regions react with effectors of Arfl (Mossessova et al. 1998).

Arfl attaches to the membrane of the cell using its myristoylated N-terminus.
This involves the coupling of the Arfl protein to the membrane, and occurs upon
GTP-binding (Antonny et al. 1997). Early models of Arfl function suggested that the
myristyl group and the helix would be retracted into the core of the protein in GDP-
bound conformation, and upon GTP binding, they would be extended outward,
allowing insertion of 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 Arfl-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
Arfl protein in its GDP-bound form), and allows their insertion into the membrane

(Antonny et al. 1997).
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Fig 1.6. The primary structure of human Arfl. This figure depicts the amino acid sequence of
human Arfl (HsArfl). The amino-terminal 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 a3 (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 of 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 of 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 ez 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 of 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 a3 of the Arfl protein, although there is some
evidence to suggest that the N-terminus is also important (Bernards 2003; Randazzo
and Hirsch 2004). There is also speculation that different members of the ArfGAP
families interact with different parts of 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 of proteins with the ArfGAP domain at the N-terminus
(ArfGAP! 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

GITs

AZAPs  ASAPs

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. ArfGAP1 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
of the ArfGAP domain and AZAPs: have additional domains on both sides of the ArffGAP domain, as
shown in the diagram above. AZAPs are further divided into ASAPs, ACAPs, ARAPs and AGAPs,
which are defined based on presence of 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 Arf protein over the
other Arfs. Arf GAP with GTP-binding protein-like, ankyrin repeat and pleckstrin
homology domains 1 (AGAP1), for example, preferentially hydrolyses Arfl (Ooi et
al. 1998), while Arf GAP with coiled-coil, ankyrin repeat and pleckstrin homology
domains 1 (ACAP1) hydrolyses Arf6 (Jackson et al. 2000). ArfGAPs localise to
specific areas of the cell, contributing to the site-specificity of Arf, enabling efficient
functioning and regulation of Arf at each site independent of other sites. For instance,
overexpression studies of ArfGAPI show that it binds to the cargo receptor at the

Golgi apparatus (Aoe et al. 1997; Majoul ef 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 of approximately
70 amino acids, that includes a zinc finger motif 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 of GTPase activity was observed in the case of a mutation of 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 Arfl and
ArfGAPI occurs in the switch 2 and helix a3 domains of Arfl and in the strand B5-
adjoining loop and helix oF regions of ArfGAPI. In this crystallization study, the
switch 1 region was free, and the surface of the zinc-finger motif including an
arginine critical for activity was orientated away from Arfl. In support of this model,
the vesicle coat protein, coatomer, which binds to switch 1 and switch 2 of Arfl 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 Arfl, coatomer and
ArfGAP1. However, this theory has been contested (Jacques ef 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: GCS1 (1,3-beta-D-glucan synthase), GLO3 (Gcsl like
ORF), AGE1, and AGE2 (ArfGAP Effector protein 1 and 2) (Cukierman et al. 1995;
Poon et al. 1996). GCS1 and GLO3 have been implicated in vesicular transport
between the Golgi and the ER (Ireland ef 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 GCS1 protein was more important then the other ArfGAPs. The
reason for this effect appears to be related to the expression level of the ArfGAP
genes. GCS1 was expressed at higher level than the other ArfGAPs. Expression of the

ArfGAPs, AGE1 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 of
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 of phosphoinositide-3 (PI;) kinase, a lipid kinase,
in actin cytoskeleton remodeling, and integrin signalling (Frank ez al. 1998). All of
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 that cooperates with the PH domain to
enhance membrane-binding (Frank ef al. 1998).

There are four ArfGEFs in S. cerevisae, Sec7 protein (Sec7p), synaptotagmin 1
(Sytl), and guanine nucleotide exchange factors for Arf 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 of the high-molecular-weight ARF-GEFs (Gmhl1), which is
located in the cis-Golgi in S. cerevisae, acting as a positive regulator of 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 of the Arfl 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 of Arfl with the lipid bilayer. The presence of the membrane
phospholipids alone can stimulate exchange of GDP for GTP on Arfl in the absence
of a ArfGEF (Franco et al. 1995) but this reaction is extremely slow compared with
that catalysed by the Sec7-domain of 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 Arfl. ArfGEF accelerates nucleotide exchange on Arfl by 4-5 fold (Beraud-
Dufour ef al. 1998).

The crystal structure of the human ARNO Sec7 domain has been solved at an
approximately 2A resolution (Cherfils et al. 1998; Mossessova et al. 1998). It
consists of 10 alpha-helices (A-J) arranged in a right-handed superhelix, similar to the
armadillo-repeat, 40 amino acid long tandemly repeated sequence motif 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 o 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 of o helix H. This loop contains
a large number of solvent exposed hydrophobic residues, and contributes most of the
exchange activity. Point mutations in either of these sequences dramatically reduces
the ability to exchange nucleotides, demonstrating that this is the area of Sec7 activity
(Betz et al. 1998; Cherfils ef al. 1998; Mossessova et al. 1998).

The nucleotide exchange activity of ArfGEF molecules is dependent on a
conserved glutamate residue located in the loop between helices F and G (Cherfils ez
al. 1998; Mossessova et al. 1998). It has been proposed that this invariant glutamate
at the C-terminus of the F-G loop (E156 in ARNO) forms a “glutamatic finger” that
inserts into the nucleotide-binding fold of Arfl, displacing the coordinating Mg>* ion
and possibly the B-phosphate of the bound GDP (Beraud-Dufour et al. 1998). The
crystal structure of a complex between the Sec7 domain of Gea2p and nucleotide—free
Arfl supports this model, indicating that the glutamate side chain comes within 3A of
the B-phosphate site (bound to GDP) and is likely to exert steric and electrostatic

repulsive forces on the bound nucleotide (Goldberg 1998).

47




1.3.6 Additional Effectors of Arfl

Apart from ArfGEFs and ArfGAPs, Arfl interacts with several other proteins. In its
GDP-form, Arfl interacts with members of 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 et al. 1997; Bremser et al. 1999).

In its GTP bound form Arfl interacts with several vesicle coat components
(COPI, Adaptin Protein 1/3/4, and GGA1/2/3), phospholipids (e.g.
phosphatidylinositol) and other factors such as Arfaptin and phospholipase D (Nie et

al. 2003a).

1.3.7 Arfl Involvement in Vesicle Formation

Arfl plays a key role in the composition of vesicles used in vesicular trafficking
(Balch et al. 1992). Arfl is involved in the formation of 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 of clathrin coated vesicles.

48




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
cisternae. Clathrin vesicles are involved in transport between the plasma membrane to
early endosomes and from Golgi to the endosome. COPI vesicles are composed of the
COPI coatomer: o, B, B’, v, 9, & and { subunits. COPI vesicles capture cargo with
cytoplasmic carboxy-terminal domain sorting signals in the form of KKXX, dilysine
motifs (Kirchhausen 2000). Coat assembly of COPI is depicted in Figure 1.9. Arfl is
activated by ArfGEF, and in its myristolated state Arfl binds to the Golgi membrane.

Coat assembly is activated and the COPI vesicle forms.
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Fig 1.8. The formation of 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 of the vesicle is facilitated by ATP hydrolysis by Hsc 70 (cognate of Hsp 70)

and auxillin. Figure is taken from Kirchhausen (2000).

49



Activation Cargo capture

lAR‘FHSEF o ARF1-GTP : P24 : Cargo é Cargo receptor EE; SNARE @p,
i H s_i! B -

Solubk cargo T
Q ARFIGAD @ ARF1-GDP x COP coatomer

Fig 1.9. The formation of COPI-coated vesicles. Coat assembly is activated by recruitment of Arfl-
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 Arfl, 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 7. brucei

Bloodstream forms of 7. 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-GIF signal which is
internalised 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 of T-GIF (Murphy and Olijhoek 2001). One of the objectives of 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 of T-GIF (Murphy and Olijhoek 2001). TbArf1 is one of 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 TbArf1 in
the helix a3 region (Noel Murphy, unpublished). Antisera raised against 7. b. brucei
Arfl (TbArfl) 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 of the trypanosome. This suggests a novel function in
this flagellar organelle, that TbArf] is involved in signalling. The second objective of
this project was the identification and characterisation of Arfl effector proteins, in 7.

b. brucei, to examine their role in differentiation.
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The signal of differentiation must be propagated throughout the cell via a signal
transduction pathway. cAMP has been implicated in the differentiation of long slender
cells of T. b. brucei, as shown by the addition of a membrane permeable derivative of
cAMP (pCPTcAMP) to monomorphic long slender cells (Breidbach et al. 2002).
cAMP was sufficient to induce differentiation, independent of T-GIF (SIF). The third
objective of this thesis was the elucidation of the role of cAMP pathways in Arfl-

mediated 7 b. brucei differentiation.

Fig 1.10. Localisation of Arfl in the 7. b. brucei pleomorphic parasite with polyclonal IgG specific
for the TbArfl. Nuclear and kinetoplast DNA are stained with DAPI (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 TbArf1 is expected. However, there is also staining of

TbArf1 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 Arfl and Arl Proteins in 7. 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 of Arfl, 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://www.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 7. b. gambiense, T. cruzi, T. vivax, T. congolense, and L. major.
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T-coffee alignments of the Arfl, 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 of the Arfl, 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 7. brucei 328.114 and pleomorphic strain 7. brucei
ILTatl.1 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 ez al. 2005).

Analysis produced strings of 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 of 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 of transmembrane helices in proteins (CBS; Denmark,
http://www .cbs.dtu.dk-/servicess 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 (SignalP 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 7. brucei 328.114 trypanosomes grown according to conditions
(section 2.11.3) were resuspended at a concentration of 1 x 10° cells/ml in NET buffer

[150 mM NaCl, 100 mM ethylenediamine tetraacetic acid (EDTA), 10 mM Tris-HCI
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pH 7.4] which was brought to a final concentration of 1% SDS with 100 pg of 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 pg/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 of 2.5 volumes of 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 of sterile water or TE depending on the yield of 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 of trypanosomes in the presence of a strong
denaturant and RNAse inhibitor. To a pellet of approximately 1 x 10° trypanosomes, 2
ml of Solution D [4 M guanidinium thiocyanate, 25 mM sodium citrate pH 7.0, 0.5%
(w/v) sarcosyl, 0.1 M 2-mercaptoethanol], 200 pl of 2 M sodium acetate, pH 4.0, 2 ml
of water-saturated phenol and 400 pl of 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 of 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 pl of sterile RNase-free water.

The concentration of RNA was estimated by measuring the absorbance at 260
nm (Eppendorf photometer). A 2-5 pg aliquot of 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 pl of
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 ul of 0.5 x
SSC [SSC containing 175.3 g/l NaCl, 88.2 g/l sodium citrate], and were resuspended
in 20 pl of 0.5 x SSC.

0.1-1.0 mg of total RNA and 10 pmol/ul 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 pl of 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 pl of 0.1x SSC. Supernatant was removed, and the RNA remained

attached to the SA-PMP beads.

2.2.4 Complementary 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 microfuge tube: 5 pul of
mRNA (1-2 pg/pl, attached to the SA-PMP beads) was heated at 75°C for 5 min and
cooled on ice. To this, 2 pl of 10x RT buffer (provided by manufacturers), 2 pl of 5
mM dNTPs, 2 pl of 100 ng/pl oligo (dT) primer (primers listed Table 2.1, supplied by
MWG Biotech), and 13 pl RNase-free water were added. The reaction was initiated
by addition of 1 pl of Sensiscript® Reverse Transcriptase (4 U/ul) 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 pl as
described in the following section, using 2 pl of 100 ng/ul of 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 of 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 of PCR amplification protocols were followed depending on the Tag
polymerase used. It was found that certain 7ag enzymes were optimal at amplifying

different fragments of DNA.

2.3.1 Standard PCR amplification

Standard PCR amplification reactions were performed in final reaction volume of 20
or 50 pl containing 1-10 ng/ul of DNA template, 2 mM MgCl, 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 7ag 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 of 10 min at 72°C, and a 4°C

cooling step followed.
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2.3.2 Qiagen Taq PCR Master Mix

For standard PCR amplification a PCR Master Mix for 7ag polymerase (Qiagen) was
used, which gave effective results with little effort. The PCR amplification reactions
were performed in final reaction volume of 20 or 50 pl containing 1-10 ng/pl of DNA
template, 2 x Qiagen Tag PCR Master Mix (2.5 units Taq polymerase, 1 x Qiagen
buffer [TrisHCI, KCI, (NH4),SO4, 15 mM MgCL, pH 8], 200 uM of each ANTP) and
2 ng/ul final concentration of each primer (primer details see Tables 2.1, 2.2, and 2.3;
supplied by MWG Biotech, Germany and Sigma Genosys, West 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, followed by 30-40 cycles at 94°C for 30 s, 55°C for 1 min (the annealing
temperature was optimised for the reaction) and 72°C for 2 min. A final elongation
period of 10 min at 72°C, and a 4°C cooling period followed. The annealing

temperatures varied depending on the melting temperatures of the individual primers.

2.3.3 Qiagen Proof Start ® PCR Kit

For long DNA fragments a high fidelity PCR kit was used, Proof-start® PCR Kit
(Qiagen). The procedure was followed according to manufacturer’s guidelines. The
kit proved difficult to optimise, so other similar kits were tested. PCR amplification
reactions were performed in a final reaction volume of 20 or 50 pl containing 1-10
ng/ul of DNA template, 10x Qiagen Proofstart® PCR buffer [Tris.Cl, KCl,
(NH4),SO4, 15 mM MgSO,, bovine serum albumin, Triton X-100, pH 8.7], variable

quantities of MgSQOs, 10 mM dNTPs, 2.5 U/ul Proof Start® DNA polymerase and 2
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uM final concentration of 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 of 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 of 20 or 50 pl using KOD hot start® DNA
polymerase (Novagen, Nottingham, UK). Reactions were carried out according to the
manufacturer’s guidelines, containing 1-10 ng/pl of DNA template, 1 unit KOD hot
start® DNA polymerase, 0.3 uM 5’ primer, 0.3 pM 3’ primer, 1 mM MgSOy, 0.2 mM
dNTPs, 10x PCR KOD hot start® DNA polymerase buffer to a final concentration of
1x 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 of 20 s per kb). A final elongation period of 10 min at 72°C, and a 4°C
cooling period followed. The annealing temperatures varied depending on the melting
temperatures of the individual primers.

5 ul PCR products were mixed with 6x loading dye (1 x TAE [40 mM Tris-
acetate, | 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 1x TAE buffer
stained with ethidium bromide (0.5 pg/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.

Primer Name DNA Sequence Restriction  Site
Incorporated

T7-SL-universal TAATACGACTCACTATAGGGAGTAGAACAGTTTCTGTACTATA

T7-Oligo -dT TAATACGACTCACTATAGGGAGATTTTTTTTTTTTTTTTTTTTTT

pLEW 100 fwd (p2216 F) GAGTTTAACATGTTCTCGTCC

pLEW 100 Rev (P2216 R) GTGCCATCAGATTACTCC

pLEW 100 ESAG 10 Fwd GCTCTAGATAGCCATGCGATTTCTTTCCTTCATGTGC Xba 1

pLEW 100 ESAG 10 Rev GCGGATCCGTTTCAGATATTACTTATGGGAGG Bam HI

p2216 ESAG 10 Fwd (E10 F) CATAAGCTTATGCGATTTCTTT Xba |

p2216 ESAG 10 Rev (E10 R) GTAGGATCCCTAATTGGCTGT Bam HI

ESAGIO internal reverse (E10 | TCATTGCGTAACCCAACGAT

TR)

Splice leader Fwd

TAGAACAGTTTC TGTACTATATTG

a-Tubulin Rev

CCAGTGCAGTTGTCAGCGAGC

B-Tubulin Rev GACCGTATCATGATG
rDNA spacer Fwd (rDNA F) GAGGAAGGAGGGAAG
ACAACCGAGCAATGA

rDNA spacer Rev (rDNA R)

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

primers used in chapter 4 are shown below.

Primer Name DNA Sequence Restriction
Site
Incorporated

TbArfl ORF 12R GGGCACATCACCAGAAC

TbArfl ORF 3R CAAGCTCACAATTTTCGC

TbArfl ORF 4R GGTATTAACAATAACCTACTTC

pET21 ArfGAP I Fwd CATGGATAATCACATACTGCTGAGGATGG BamHI

pET21 ArfGAP I Rev GCGTGTCGACGATTGGAAGTCCCCATCG

pET21 ArfGAP V Fwd CATGGATCCCAAGTCGTAATAGGGATGAAG BamHI

pET21 ArfGAP V Rev GTCAAGCTTGTGCTTCTTACCAAAAGG HindlIIl

pET21 ArfGAP V Trun Rev GGCAAGCTTGTTAGTATTCTGCTGTCG HindlIIl

P51 ek/lic ArfGAP I Fwd GACGACGACAAGATGTCACATACTGCTGAG

P51 ek/lic ArfGAP I Rev GAGGAGAAGCCCGGTGATTGGAAGTCC

P51 ek/lic ArfGAP V Fwd GACGACGACAAGATGAGTCGTAATAGGGAT

P51 ek/lic ArfGAP V Trun Rev GAGGAGAGGCCCGGAGTATTCTGCTGTCG

T7 Promoter Fwd TAATACGACTCACTATAGGG

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

below.
Primer Name DNA sequence
ILTat 1.1 Fwd GACAGGCGCCGTCGGTATCAC
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 of PCR products was performed using the JET® quick PCR purification
spin kit (Genomed, Limerick, Ireland) to remove any contaminants that would
interfere with further reactions. For each 100 pl of PCR reaction sample, the aqueous
phase was transferred to a 1.5 ml microfuge tube. To this, 400 pl of binding H1
buffer [concentrated guanidine hydrochloride, EDTA, Tris/ HCI isopropanol] was
added. The contents in each tube were inverted briefly. The DNA/HI mix was then
pipetted into the assembled spin column and 2 ml receiver tube and spun at 13,000
rpm (Thermo IEC micromax centrifuge or mikro 200R centrifuge) for 1 min, the
flow-through was discarded. 500 pl of 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 pl 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 Kkit,

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 pl 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 of phenol-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 IEC 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 of 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 pl of 70% ethanol were added. The tube was spun
for a further 10 min at 13,000 rpm, the supernatant was removed and the pellet was

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

2.4.4 Ethanol Precipitation

Ethanol precipitations used 1 pl of 100% glycogen, a tenth of the total volume of 3 M
sodium acetate, pH 7, 2x volume of 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 IEC micromax centrifuge or mikro 200R centrifuge). The supernatant was
removed and the sample was washed with 70% ethanol, and sedimented for 10 min at
13,000 rpm, the supernatant 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