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Abstract

Kinesins are motor proteins involved in the movement of organelles and sub-organelles
along microtubule tracks within the cell. Phylogenetic analysis of the 46 kinesin genes
coded by the Trypanosoma brucei genome resulted in the grouping of seven kinesin
sequences into the Kinesin-13 family. Members of this family have been characterised in a
number of model organisms and, unlike most kinesins, do not exhibit microtubule
processivity and are capable of depolymerising microtubules. They play important roles in
bipolar spindle assembly and chromosome segregation. Of the six T. brucei Kinesin-13
proteins that were characterised during this study, only one was found to have a nuclear
localisation, while the rest were found localised to the mitochondrion, cell body or
flagellum. Attempts to probe the function of these kinesins using RNAI resulted in a
reduction of cell growth in three of the six kinesins studied, but no gross changes in cellular
morphology were observed. The distinct localisation of five Kinesin-13 family members
outside the nucleus suggests that the functional diversity of the Kinesin-13 family is larger
than previously thought.

Vi



1 General introduction

1.1 Trypanosoma brucei causes African sleeping sickness and Nagana

Trypanosoma brucei (Figure 1.1) or the African Trypanosome is a protozoan
parasite capable of infecting a wide range of mammals including humans. In humans,
trypanosomes cause African sleeping sickness that, if left untreated, results in coma and
ultimately death. In a study made in 2005, it is estimated that approximately 50,000 -
70,000 new infections occur in Africa every year (http://www.who.int/mediacentre/
factsheets/fs259/en/index.html). The majority of these cases are confined to rural areas or
areas of conflict, resulting in the majority of infections left undiagnosed or untreated.
Trypanosomes also infect domesticated animals including cattle causing the wasting
disease Nagana.

Both diseases are found only in Sub-Saharan Africa where its natural vector the
Tsetse fly is prevalent. The trypanosome parasite is described to posses a digenetic life
cycle where it alternates between its mammalian and insect host in order to complete its life
cycle (Figure 1.2). In order to survive within two distinctly different hosts, the trypanosome
exhibits a life cycle which involves complex physiological and morphological adaptations
(Matthews, 2005). Among the different stages of the trypanosome life cycle, the procyclic
and bloodstream forms are the most extensively studied as both forms are easily cultured in
vitro. The procyclic form of the trypanosome is found in the midgut of the tsetse fly while
the bloodstream form is from the bloodstream of its mammalian host.
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Figure 1.1: A simple representation of the trypanosome structural features. (A) Marks the side which,
generally is regarded as the anterior of the parasite and (P) the posterior. At the anterior end of the cell
body the subpellicular microtubule corset which runs parallel to each other along the long axis of the
cell is partly illustrated. The kinetoplast represents the genome of the mitochondrion of the
trypanosome. This image was adapted from Overath and Engstler, 2004.
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Figure 1.2: The life cycle of Trypanosoma brucei. The tsetse fly is infected when it takes a blood meal
from a mammal infected with the trypanosome parasite. The trypanosome is capable of proliferating
within the midgut of the tsetse fly in the procyclic form and eventually differentiates to epimastigotes
when it migrates to the salivary glands of the tsetse fly. In the salivary gland, these epimastigotes
transform into the mammalian infective metacyclic trypomastigotes. These metacyclic trypomastigotes
are introduced to a new mammalian host when the infected tsetse fly takes a blood meal. When in its
mammalian host, the trypanosome exists as a heterogeneous population of slender and stumpy forms
(Matthews et al., 2004). The slender form is able to actively proliferate while the non-proliferative
stumpy form is tsetse fly infective.



1.2 Antigenic variation and variable surface glycoprotein

Trypanosoma brucei is an extracellular parasite as it lives exclusively in the
intercellular space and bloodstream of its mammalian host. This results in the parasite being
exposed to the complement and antibody-based immune system of its mammalian host,
which is potentially fatal to the parasite.

In order to avoid the immune system of its mammalian host, the trypanosome
expresses a Variable Surface Glycoprotein (VSG) coat which acts as a physical barrier to
the complement immune system from recognising its invariant surface proteins. This VSG
coat however is capable of being recognised by the adaptive antibody based immune
system which eventually results in the clearance of the parasite from the blood stream of its
host. However, a small fraction of the trypanosome population is able to escape detection
by periodically changing its VSG coat to an immunologically different VSG coat in a
process called antigenic variation (Barry, 1997; Donelson, 2003; Pays et al., 2004). The T.
brucei genome codes for more than 1000 VSG genes/pseudogenes (Berriman et al., 2005;
Van der Ploeg et al., 1982) and it also has approximately 20 telomeric VSG expression sites,
responsible for the expression of a variety of expression site associated genes including
VSG genes (Berriman et al., 2002; Donelson, 2003). These VSG expression sites are
described as mono-allelic as only one VSG expression site is transcriptionally active at a
time.

The trypanosome expresses only one VSG gene during antigenic variation, the
expression of this VSG gene is changed randomly at a rate of approximately once every
100 cell doublings (Turner, 1997; Turner and Barry, 1989). The switching of active VSG
genes can occur through in situ switching between different VSG expression sites or
through homologous recombination resulting in the change of the VSG gene within the
active expression site (McCulloch, 2004; Taylor and Rudenko, 2006). The survival of the
trypanosome depends on its ability to express immunologically distinct VSG coats during
the course of an infection which could potentially last for several years. In order to generate
a large variety of immunologically distinct VSG coats, the trypanosome maintains a large
repertoire of VSG genes/pseudogenes and employs genetic recombination in generating
novel VSG genes (Barry and McCulloch, 2001; Taylor and Rudenko, 2006). This is

reflected on the genome organisation of the trypanosome.



1.3 Genome organisation of Trypanosoma brucei and mitosis

The nuclear genome of the trypanosome consists of three chromosome types
originally classified by their sizes (Figure 1.3). There are 11 pairs of large (1 to >6Mbp)
megabase sized chromosomes (MBCs), a variable number (1 to 5) of intermediate (200 to
900 kb) sized chromosomes (ICs) and a population in the order of approximately 100
minichromosomes (50 to 150 kb, MCs) (Ersfeld et al., 1999; Van der Ploeg et al., 1984;
Van der Ploeg et al., 1989). It is estimated that there are more than 1,000 VSG genes in the
trypanosome genome representing at least 10% of the total genome content of the
trypanosome (Berriman et al., 2005; Van der Ploeg et al., 1982). The majority of these VSG
genes are present in the subtelomeric regions in all three classes of chromosomes (Lips et
al., 1993; Rudenko et al., 1998; Taylor and Rudenko, 2006; VVan der Ploeg et al., 1984). All
the VSG expression sites are found in the MBCs and ICs while a significant proportion
(~10%) of the silent VSG genes can be found in the MCs (Berriman et al., 2002; Donelson,
2003). While no VSG expression sites are found in the MC population (Wickstead et al.,
2004) MCs play an important role as the preferred VSG gene reservoir for antigenic
variation during the early stages of mammalian infection (Morrison et al., 2005; Robinson
etal., 1999).

In total the T. brucei maintains approximately 120 chromosomes of various sizes.
Of particular interest is the minichromosomal population in T. brucei which represent more
than 80% of the total chromosome population. The structure of the minichromosome has
been previously studied and it was shown to be made up primarily of telomeric repeats,
subtelomeric repeats, internal 177 bp repeats and a single VSG gene at either side in its
subtelomeric regions (Wickstead et al., 2004; Zomerdijk et al., 1992). The exact mode of
minichrosomal segregation during mitosis is still unknown and uncovering it is a subject

interest within our laboratory.
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Figure 1.3: Summary of the types of chromosomes in Trypanosoma brucei. The pulse field gel
electrophoresis image shows the migration pattern of the chromosomes of T. brucei strain 427 cells. The
gel image was taken from Wickstead et al., 2004.




The trypanosomes exhibit several differences from the metazoan model of mitosis
(Figure 1.4). Trypanosomes do not undergo visible chromosome condensation during
mitosis (Vickerman and Preston, 1970) and, similar to yeast perform a “closed mitosis”
where the mitotic spindle forms within the nucleus without the breakdown of its nuclear
envelope. The trypanosome possess several single copy organelles (e.g.: kinetoplast and
mitochondrion) which are segregated in a precise order throughout the cell cycle (Gull et al.,
1990; McKean, 2003; Sherwin and Gull, 1989a). As in most eukaryotic cells chromosome
segregation in trypanosomes is based on the presence of an intact microtubule-spindle
apparatus (Ersfeld and Gull, 1997; Ersfeld et al., 1999; Ogbadoyi et al., 2000). Despite the
large numbers of minichromosomes (~100) and their relatively small size,
minichromosomal segregation occur with high fidelity (Wickstead et al., 2003; Zomerdijk
etal., 1992).

The conventional form of chromosome segregation depends on the bipolar
attachment of microtubules to either kinetochore of each sister chromatid during mitosis
(Figure 1.5). This association plays an important role in chromosome congression during
metaphase and the accurate segregation of chromosomes during anaphase (Cimini and
Degrassi, 2005). Conventional kinetochore-microtubule based chromosome segregation
requires the number of mitotic spindle microtubules present to be at least twice the number
of chromosomes being segregated. This is because the two chromatids of each chromosome
need to be attached to at least two microtubule filaments from each centrosome/MTOC
(microtubule organising centre). However, in most cells this ratio is even higher as most
kinetochores harbour binding sites for several microtubule filaments.

The T. brucei nucleus has approximately 120 chromosomes. In order to segregate
these chromosomes, the mitotic spindle should have least 240 microtubules. However,
studies on trypanosome nuclear cross sections using electron microscopy, estimate that the
number of microtubules present during mitosis does not exceed 100 which is well below
the minimum requirement for conventional kinetochore-microtubule based chromosome
segregation (Ogbadoyi et al., 2000). Based on these observations trypanosomes are likely to

have evolved alternative/additional methods of chromosome segregation.
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Figure 1.4: The cell cycle of T. brucei. One of the earliest observable changes during the cell cycle of the
trypanosome is the appearance of two basal bodies and the outgrowth of the daughter flagellum [(1) to
(2)]. At (3), segregation of the duplicated basal bodies, flagellum and kinetoplasts occurs. “Closed
mitosis” then occurs at stage (4) where the chromosomes within the nucleus are segregated and cell
division is competed in stage (5) where the cleavage of the T. brucei cell into two sister cells occurs.
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Figure 1.5: A metazoan example of chromosome segregation. Microtubules emanating from the
opposing spindle poles can each associate to either kinetochore of each sister chromatid forming a
bipolar kinetochore-microtubule attachment or associate with microtubules of opposing poles forming
overlapping pole-to-pole microtubule associations. Chromosomes are segregated via tensile forces
exerted by the kinetochore-microtubules associations. These forces can be generated via several
methods; microtubule depolymerisation at the kinetochore and spindle pole or via spindle elongation
due to forces generated by motor proteins at the overlapping pole-to-pole microtubules (Rosenblatt,
2005; Sharp et al., 2000b).



1.4 Chromosome segregation in Trypanosoma brucei

Several possible theoretical models have been proposed based on morphological
events that occur in trypanosomes during mitosis. One model put forward, suggested that
the nuclear envelope may play a role in chromosome segregation by acting as medium for
chromosome attachment (Heywood and Weinman, 1978). This mode of chromosome
segregation is similar to bacterial cells where their circular chromosomes associate with the
cell membrane during chromosome segregation (Ghosh et al., 2006). However, this model
is unlikely to occur as it was shown that the chromosomes are segregated in a microtubule
dependent manner (Ersfeld and Gull, 1997).

While the exact mode of chromosome segregation remains unknown, several
important observations have been made: MCs are mitotically stable (Wickstead et al., 2003,
Zomerdijk et al., 1992); MC segregation is microtubule dependent, MCs co-localises with
the mitotic spindle and appear to congregate at the metaphase-like plate before migrating to
the spindle poles (Ersfeld and Gull, 1997). Furthermore, recent studies have identified
centromeric sequences in MBCs (Obado et al., 2007) which, coupled with the observation
of kinetochore like structures observed in trypanosome nucleus during mitosis (Ogbadoyi et
al., 2000) indicate that at least the MBC population in trypanosomes do segregate
conventionally via kinetochore-microtubule interactions. However, given the nature and
structural composition of minichromosomes which does not contain any recognisable
centromeric sequences (Wickstead et al., 2004), it is likely that the MCs are segregated by
an alternative pathway.

Therefore, a new model of minichromosome segregation called the “lateral
stacking” model was proposed (Gull et al., 1998). The “lateral stacking” model (Figure 1.6)
is a hybrid model where the MBCs and ICs are segregated conventionally while the MCs
associate laterally to pole-to-pole microtubules of the mitotic spindle. Forces generated for
the segregation of the MCs are produced by minus-end directed motor proteins which
would move along the mitotic spindle towards the spindle poles. The advantage of this
model is that it allows for the association of multiple MCs to a single pole-to-pole
microtubule, giving means for the segregation of the entire trypanosome genome with high
fidelity.

10



While the lateral stacking model does provide a possible mode of chromosome
segregation in trypanosomes, there is little direct evidence in support of this model as the
molecular machinery involved in chromosome segregation in trypanosomes is unknown.
To address this information void, this project was initiated with the express aim of
identifying proteins involved in chromosome segregation, in particular the role of kinesin

motor proteins in chromosome segregation in T. brucei.

Direction of Kinetochore
) movement
Overlapping
pole-pole Centrosome/
microtubule Microtubule

organising centre
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Kinetochore-
microtubule
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Figure 1.6: Lateral stacking model (Gull et al., 1998) where the large MB chromosomes are segregated
conventionally while the smaller MCs are segregated via minus-end directed motor proteins associated
to overlapping pole-to-pole microtubules.
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1.5 The kinesin motor proteins

During mitosis, microtubules of the mitotic spindle play a major role in the accurate
segregation of chromosomes (Cimini and Degrassi, 2005). Essential mediators of
chromosome motility along microtubules are two classes of microtubule associated
molecular motor proteins known as kinesins (Cassimeris, 2004; Kline-Smith and Walczak,
2004; Wittmann et al., 2001) and dyneins (Banks and Heald, 2001; Karki and Holzbaur,
1999). While the dynein motor proteins are absent in some eukaryotic lineages (Lawrence
et al., 2001), the kinesin motor proteins are encoded by the genome of all eukaryotes
studied thus far.

Kinesins were first characterised in the axoneme of squids where they play a role in
the transport of vesicles (Brady, 1985; Vale et al., 1985). Since then, kinesins have been
found in a variety of eukaryotic organisms from the budding yeast Saccharomyces
cerevisiae (Grishchuk and Mclntosh, 2006; Hildebrandt and Hoyt, 2000) to complex
multicellular organisms including man (Compton, 2000; Gaglio et al., 1996; Sharp et al.,
2000b; Wittmann et al., 2001). More than 600 kinesins have been identified thus far (Miki
et al., 2005; Wickstead and Gull, 2006) and kinesins have been found to be involved in a
wide variety of microtubule-associated functions.

Kinesins are defined by the presence of a highly conserved globular catalytic core
(also known as motor domain) approximately 350 amino acids long, responsible for
microtubule binding and translocation of the kinesin along microtubules in the presence of
ATP (Hirokawa, 1998; Vale and Fletterick, 1997; Yang et al., 1989). This motor domain
can be located at any region of the kinesin polypeptide chain. According to the location of
the motor domain, kinesins are divided into three general groups (Figure 1.7). These groups
of kinesins are known as; Kin-N where the motor domain is located at the amino-terminus
of the kinesin, Kin-C where the motor domain is located within the carboxy-terminus of the
kinesin or Kin-1 if the kinesin is located internally at the centre of the kinesin polypeptide
chain. Kinesins within each group in general share similar characteristics where; Kin-N
kinesins move towards the plus-end of microtubules, Kin-C kinesins towards the minus-end

of microtubules while Kin-1 depolymerise microtubules ends (Hirokawa et al., 1998).
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Conventional / N-terminus kinesin (Kin-N)
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Internal motor domain kinesin (Kin-l)
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Figure 1.7: A graphical representation of the different classes of kinesins (Hirokawa et al., 1998;
Lawrence et al., 2002). Depending on the relative position of the motor domain (dark blue) in the
polypeptide chain, the kinesin will either be classified as a Kin-N, Kin-1 or Kin-C. The area shaded in
red signifies the neck region and the region shaded in light blue corresponds to polypeptide residues
that are highly variable in sequence that is sometimes known as the tail or stalk. The neck region in
Kin-1 is shaded orange as some of the kinesins within this group do not harbour the neck region at the
N-terminus of the motor domain.
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The kinesin motor domain is usually followed by a divergent “tail/stalk” region
located either at the N-terminus and/or C-terminus of the motor domain. The overall protein
sequence “tail” generally lacks any sequence conservation and is responsible for various
functions like oligomerisation with other kinesins, interacting with other macromolecules
or with various organelles (Hirokawa, 1998; Miki et al., 2005; Vale and Fletterick, 1997).
Located between the motor domain and the tail of most kinesins is the “neck™ region,
primarily responsible for the determining the directionality and level of activity of the
kinesin (Bathe et al., 2005; Case et al., 1997; Endow and Waligora, 1998). While the neck
and tail domains can be divergent in sequence, both domains are often found to be rich in
[-sheets and/or coiled-coiled structures (Miki et al., 2005). The coiled-coiled structures in
the neck and tail domain are often responsible for the oligomerisation of several kinesin
subunits. Additionally, the neck and tail domains may sometimes contain sequence specific
motifs which are useful in functional prediction (Miki et al., 2005; Westerholm-Parvinen et
al., 2000).

There are several publications featuring the 3D structure study of the kinesin motor
protein. However, most of these studies are confined to the kinesin motor domain and the
Kin-N/conventional kinesins (Figure 1.8). Kinesins tend form complexes with a variety of
proteins including other kinesins (Cole, 1999; Gindhart, 2006; Hirokawa and Takemura,
2004). For example, the conventional/Kin-N kinesins is made up of two different types of
polypeptide chains forming a heterotetramer. The polypeptide chain containing the kinesin
motor domain is termed the “kinesin heavy chain”. The “kinesin light chain/kinesin
associated protein” that does not contain the motor domain, represents the kinesin-
associated polypeptide chain. While the rate of identification of the ‘“kinesin heavy chains”
in many organisms are progressing rapidly, the discovery of kinesin associated proteins are
predominantly confined to members of the conventional kinesins (Gindhart, 2006). This is
because not all kinesins posses a kinesin light chain and some kinesins are known to
function as monomers, dimers and tetramers (Vale, 2003).

The molecular events that occur when kinesins move along microtubules have also
been studied. The current accepted model of kinesin motility in Kin-N type kinesins is
described as the “hand-over-hand” model (Figure 1.9) where the kinesin moves along the

microtubule track in a bipedal manner (Carter and Cross, 2006; Woehlke and Schliwa,
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2000; Yildiz and Selvin, 2005). This model of kinesin movement along microtubules can
only occur when the kinesins form dimers. As some kinesins exert their function as
monomeric units (Vale, 2003; Yildiz and Selvin, 2005), this model of kinesin motility can
only be used in a subset of kinesin proteins.

The microtubule depolymerising ability of Kin-I kinesins has also been studied
(Figure 1.10). The molecular model of Kinl action on microtubules was constructed
primarily based on truncated versions of Kinl motor proteins containing only the neck and
motor domain. This is because the motor depolymerising activity of Kinl is exclusively
associated with the neck and motor domain (Maney et al., 2001). It is uncertain if this
model is compatible with the full length Kinl proteins as they have been shown to form
homodimers (Kim and Endow, 2000; Maney et al., 1998).

Light chain

Neck region

Motor
domain

Cargo -binding
domain

Figure 1.8: A graphical representation of a conventional kinesin, which is a Kin-N type kinesin. The
conventional kinesin is a heterotetramer with two kinesin heavy chains (blue) and the two kinesin light
chains (green). The kinesin heavy chain (KHC) is the polypeptide chain, which the motor domain
resides. The kinesin light chain is responsible for the association with various kinesin associated
proteins which play an important role in facilitating the transport of various cargoes (Gindhart, 2006).
The image was adapted from (Vale, 2003).
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Figure 1.9: Microtubule structure and model of conventional kinesin function (Carter and Cross, 2006;
Woehlke and Schliwa, 2000; Yildiz and Selvin, 2005). (A) Microtubules are built from o/p-tubulin
dimers stacked in an organised fashion. The end exposing the B-subunit is called the plus-end while the
end exposing the a-subunit is called the minus-end. The plus end of the microtubule is usually located
at the cell periphery in interphase cells and at the midzone of the mitotic spindle in cells undergoing
mitosis. The minus-end is located at the microtubule organising centre. (B) Hand-over-hand model of
conventional kinesin movement. The binding of the kinesin motor domain does not require ATP (a). In
the ATP unbound state of the motor domain 1, motor domain 2 cannot associate with the microtubules.
When ATP associates to the motor domain 1 (b), a conformational change is induced allowing motor
domain 2 to associate with the microtubule track. The association of motor domain 2 to the
microtubule track results in the release ADP. The hydrolysis of ATP in motor domain 1 (c) would allow
motor domain 1 to disassociate from the microtubule and move forward (d).
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Figure 1.10: The microtubule dependent ATPase cycle of Kin-I kinesins (Moores and Milligan, 2006;
Shipley et al., 2004). (a) The motor domain of the Kinl contains ADP in its microtubule unbound state.
(b) When the motor domain associates to the end of microtubule filament, ADP is released. The release
of ADP from the motor domain allows for the entry of ATP. (¢) When ATP binds to the motor domain,
a conformational shift in the motor domain’s structure causes the curling of the microtubule filament
(Moores et al., 2003). (d) ATP hydrolysis is stimulated and tubulin dimer associated with the motor
domain disassociate from the microtubule filament. (€) ATP hydrolysis weakens the association of the
motor domain to the tubulin dimer causing it to disassociate.
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1.6 Kinesin functions in intracellular transport and mitosis

During mitosis, a multitude of motor proteins are involved in the regulation of the
mitotic spindle (Figure 1.11 and Table 1.1). The role of kinesins is not confined to creating
the poleward forces required for chromosome segregation. Kinesins are also involved in the
formation and maintenance the bipolar spindle, correcting improper microtubule-
kinetochore associations and the formation of the cleavage furrow during cytokinesis
(Table 1.1). Kinesins on the mitotic spindle work in antagonistic pairs (Cottingham and
Hoyt, 1997; Ganem and Compton, 2004; Saunders et al., 1997; Sharp et al., 2000b) where
the depletion/overexpression of one of the kinesin pairs will result in aberrant spindle
morphology.

Kinesins also perform various microtubule-associated functions in non-dividing
cells. During interphase, kinesins play a major role in mediating the transport of various
organelles (Hirokawa, 1998; Vale, 2003) (Figure 1.12). In flagellated organisms, kinesins
also play a role in intraflagellar transport (Bernstein, 1995; Rosenbaum et al., 1999) and
have a role in regulating flagellar motility (Yokoyama et al., 2004).

Thus far, the study of kinesin motor proteins are restricted to relatively few
organisms such as mammals and model organisms like Drosophila, Xenopus,
Saccharomyces, Arabidopsis and Chlamydomonas. As more kinesins are characterised
from more diverse sources, it is expected that the list of known kinesin functions will
expand. In addition, it is important to note that other types of motor proteins like
cytoplasmic dyneins do interact with kinesins in mediating the transport of vesicles and
organising the mitotic spindle (Banks and Heald, 2001; Hirokawa, 1998).

Due to the essential functions performed by kinesins in cell proliferation and
organelle transport, kinesins have become a target for drug development. An example
would be Eg5 which is required for the generation of bipolar spindle and the proper
segregation of sister chromatids during anaphase (Blangy et al., 1995). As Eg5 does not
bear known non-mitotic functions; its inhibition only affects actively proliferating cells.
Currently there are several drugs targeting Eg5 undergoing clinical trials being tested as

potential anti-cancer drugs (Schmidt and Bastians, 2007).
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Figure 1.11: The various aspects of the mitotic spindle where several kinesins and dyneins regulate
spindle function. (a) Astral microtubules where dyneins are involved in proper spindle positioning. (b)
Spindle poles where kinesins are involved in the formation of the bipolar spindle and generate
poleward microtubule flux during chromosome segregation. (c) Overlapping pole-to-pole microtubules
where kinesins are involved in microtubule sliding, important in spindle length regulation. (d) At the
chromosome arms, kinesins are involved in facilitating chromosome motility during congression. (e) At
the kinetochore, kinesins facilitate proper kinetochore-microtubule capture and depolymerise
microtubules contributing to the poleward movement of chromosomes during anaphase (f). A detailed
list of motor protein action on the mitotic spindle is described in Table 1.1.
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Table 1.1: A summary of the various functions performed by motor proteins during mitosis.

Localisation in
mitotic spindle

Motor protein
family/Protein
characterised

Function

References

microtubules,
kinetochore

dynein/Dhcl

e Chromosome segregation

Along Kinesin-5/ e Microtubule bundling (Asada et al., 1997; Enos and Morris,
overlapping TKRP125, e Mitotic spindle 1990; Hoyt et al., 1992; Saunders et
pole-to-pole BimC, CIN8 and elongation al., 1997; Saunders et al., 1995;
microtubules/ | KIP1 e Bipolar spindle Sawin et al., 1992)
spindle formation
midzone Kinesin-14/Kar3, | e Microtubule bundling (Bowser and Reddy, 1997; Chen et
ATK1 and Ncd e Mitotic spindle al., 2002; Marcus et al., 2003;
shortening McDonald et al., 1990; Saunders et
° Bipo]ar spind|e aI., 1997; Saunders et aI., 1995;
formation Sharp et al., 2000c; Vos et al., 2000)
Kinesin-6/ PAV- | e Formation of the (Adams et al., 1998; Hill et al., 2000)
KLP and Rab6- cleavage furrow during
KIFL cytokinesis
Kinesin-8/Kip3, e Chromosome segregation | (Gupta et al., 2006; Savoian et al.,
Klp5, Klp6 and 2004; West et al., 2002)
KIp67A
Astral Cytoplasmic e Spindle pole positioning | (Banks and Heald, 2001; Gaglio et

al., 1997; Karki and Holzbaur, 1999;
Lee et al., 1999; Saunders et al.,

formation

and spindle 1995; Sharp et al., 2000a)
poles
Spindle poles Kinesin-5/Eg5 ¢ Bipolar spindle (Blangy et al., 1995; Gaglio et al.,

1996)

Kinesin-13/
Xklp2,
DmKIpl10A,
Kif2a and Kif2b

¢ Bipolar spindle
formation and
maintenance

e Generating poleward
microtubule flux for
chromosome segregation

(Boleti et al., 1996; Ganem and
Compton, 2004; Goshima and Vale,
2003; Manning et al., 2007; Rogers
etal., 2004)

Kinetochore Kinesin- ¢ Regulate proper (Cassimeris and Morabito, 2004;
13/MCAK, kinetochore-microtubule | Goshima and Vale, 2003; Kline-
DmKIp59C and association Smith et al., 2004; Kline-Smith and
XKCM1 e Mitotic spindle assembly | Walczak, 2002; Maney et al., 1998;
and maintenance Rogers et al., 2004; Walczak et al.,
e Facilitate chromosome | 2002; Walczak et al., 1996;
congression Wordeman and Mitchison, 1995;
Wordeman et al., 2007)
Kinesin- e Kinetochore microtubule | (Kapoor etal., 2006; McEwen et al.,
7/CENP-E capture 2001; Putkey et al., 2002; Schaar et
e Chromosome al., 1997; Weaver et al., 2003; Wood
congression etal., 1997; Yao et al., 1997; Yen et
al., 1992; Yucel et al., 2000)
Chromosome Kinesin- e Chromosome (Wang and Adler, 1995)
arms 4/chromokinesin congression/movement

Kinesin-10/KID
and NOD

e Chromosome
congression/movement

(Afshar et al., 1995; Antonio et al.,
2000; Funabiki and Murray, 2000;
Tokai et al., 1996)
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Figure 1.12: The role of motor proteins in organelle transport (Hirokawa, 1998; Vale, 2003). The
transport of various organelles to the minus-end of microtubules is mediated by cytoplasmic dyneins
and minus-directed (Kin-C) kinesins. The transport of various organelles to the plus-end of
microtubules is mediated by plus-end directed (Kin-N) kinesins. Kinesins are known to form multi-

protein complexes during intracellular transport. These complexes are regulated via signal
transduction pathways in the cells through various kinases (Caviston and Holzbaur, 2006).
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1.7 Project aims

The aims of this project are to identify and to functionally characterise kinesin
motor proteins involved in the segregation of chromosomes in Trypanosoma brucei. The
results of thesis will be divided into two general sections.

The first section describes the identfication of kinesin motor proteins likely to have
mitotic function. The methods used include:

a) The construction of a phylogenetic tree based on the motor domains of all
trypanosome kinesins and a selection of functionally characterised
kinesin from other eukaryotes.

b) The search of sequences or motifs that may confer specific functions to
the corresponding kinesin sequence.

The second section describes the experimental procedures used to probe the

function of candidate kinesin sequences which involves:

a) The production of polyconal antibodies specific to each of the candidate
Kinesin sequences, used in immunolocalisation studies and Western blot
analysis.

b) The generation of T. brucei cell lines expressing an epitope tagged

version of a selected subset of kinesins for immunolocalisation studies.

c) Protein overexpression experiments to study the function of the kinesin
of interest.
d) The generation of RNAI and conditional double knock out cell lines to

study the effect of loss of gene function.

22



2 Phylogenetic analysis of the kinesin superfamily in
Trypanosoma brucei

2.1 Abstract

Kinesins are motor proteins involved in microtubule-associated transport of various
organelles or sub-organelle assemblies in all eukaryotes. There are currently 14 kinesin
families divided according to the phylogenetic relatedness of the kinesin motor domain.
The trypanosome genome codes for 46 kinesin genes. Using phylogenetic analysis on the
kinesin motor domain, only 14 of the 46 kinesins were classified into the 14 known kinesin
families. Of the 14 kinesins sequences, one sequence was found grouped to the Kinesin-1
family, two sequences to the Kinesin-2 family, one sequence to the Kinesin-3 family, one
sequence to the Kinesin-9 family, seven sequences to the Kinesin-13 family and two
sequences to the Kinesin-14 family. Members of the Kinesin-13 family are microtubule
depolymerisers playing a role in mediating the mitotic spindle and in chromosome
segregation. Examination of the neck domain and a detailed phylogenetic analysis suggests
that the Kinesin-13 family may be comprised of several subfamilies. Furthermore, several
protozoan Kinesin-13 family members were found to lack the neck domain suggesting that
these “neckless” Kinesin-13 members may constitute a subgroup within the Kinesin-13

family with a potentially unique functionality.
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2.2

Introduction

Inside a eukaryotic cell a variety of organelles are constantly transported to various
destinations. These movements are achieved through a complex network of microtubules
and actin filaments which span the entire cell. On the microtubule tracks, two types of
molecular motors, called kinesins and dyneins play a major role in maintaining these
microtubule networks and powering the movement of these organelles to their destinations.

Data mining from the trypanosome genome database (http://www.genedb.org/
genedb/tryp/) has revealed that the trypanosome genome contains 47 kinesin genes. It is
likely that a small proportion of these kinesin genes play a role in mitosis, as it has been
shown that at least 25% of all kinesins coded in the genome of Drosophila (Goshima and
Vale, 2003) and man (Zhu et al., 2005) have mitotic functions. As majority of the kinesins
coded by the trypanosome genome might not have mitotic functions, a method of
identifying kinesin candidates likely to play a role in chromosome segregation is therefore
necessary.

Since the discovery of the first kinesin in 1982, more than 600 kinesins have been
identified (Goodson et al., 1994; Miki et al., 2005). As more kinesins are characterised,
inconsistencies regarding the functional classification according to the location of motor
domains have been found. A good example would be the discovery of kinesins with motor
domain located at the N-terminus of the polypeptide chain, capable of exhibiting
depolymerisation activities similar to Kin-I kinesins (Ogawa et al., 2004; Ovechkina and
Wordeman, 2003). To overcome this, kinesins are now classified based on the phylogenetic
or ancestral relationship of its motor domain. There are currently 14 kinesin families (Table
2.1) (Lawrence et al., 2004; Miki et al., 2005) where; Kinesin-1 to Kinesin-12 are Kin-N,
Kinesin-13 represents Kin-I and Kinesin-14 represents Kin-C. Kinesins within the same
family are found likely to share similar characteristics and cellular functions (Goodson et
al., 1994; Hirokawa, 1998; Lawrence et al., 2002), meaning that functional prediction based
on the kinesin phylogeny should be possible to a certain extent.

Only the motor domain of the kinesin sequences is used in the construction of the
phylogenetic trees. Kinesin tails are excluded, as they are extremely divergent, sometimes

within the same Kkinesin family complicating any meaningful interpretations of such
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alignments. In addition, some kinesin families contain specific motifs within the motor
domain and outside the motor domain which can be used in family classifications (Hertzer
et al., 2003; Lawrence et al., 2004; Westerholm-Parvinen et al., 2000).
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Table 2.1: Summary of all 14 accepted kinesin families which describe family specific motifs,

microtubule motility/action and their known function.

Kinesin Family specific Microtubule Functions
family motifs action
Kinesin-1 N/A Plus-end Organelle transport (Brady et al., 1990)
directed Nuclear migration in postmitotic cells (Holzinger
and Lutz-Meindl, 2002)
Kinesin-2 N/A Plus-end Organelle transport (Setou et al., 2000)
directed Intraflagellar transport (Rosenbaum and Witman,
2002; Yamazaki et al., 1995)
Kinesin-3 Forkhead-associated | Plus-end Organelle transport (Nangaku et al., 1994; Okada et
(FHA) domain (Vale, | directed al., 1995)
2003)
Kinesin-4 N/A Plus-end Chromosome congression (Wang and Adler, 1995)
directed Organelle transport (Sekine et al., 1994)
Kinesin-5 BimC box domain Plus-end Bipolar spindle formation and spindle elongation
(Miki et al., 2005) directed (Asada et al., 1997; Enos and Morris, 1990; Hoyt et
al., 1992; Saunders et al., 1997; Sawin et al., 1992)
Kinesin-6 N/A Plus-end Cleavage furrow formation during cytokinesis
directed (Adams et al., 1998; Hill et al., 2000)
Microtubule sliding (Nislow et al., 1992)
Kinesin-7 N/A Plus-end Chromosome congression and kinetochore
directed microtubule capture (Kapoor et al., 2006; Weaver et
al., 2003; Wood et al., 1997; Yen et al., 1992)
Nuclear migration (Miller et al., 1998)
Kinesin-8 N/A Plus-end Chromosome segregation (Gupta et al., 2006;
directed and Savoian et al., 2004; West et al., 2002)
microtubule Mitochondrial transport (Pereira et al., 1997)
depolymeriser
Kinesin-9 N/A N/A Flagellar motility (Yokoyama et al., 2004)
Kinesin-10 | Helix-hairpin-Helix Plus-end Chromosome congression and movement (Antonio
(HhH) motif (Miki et | directed et al., 2000; Funabiki and Murray, 2000; Tokai et
al., 2005) al., 1996)
Kinesin-11 | N/A N/A Signal transduction (Wolf et al., 1998)
Kinesin-12 | N/A N/A N/A
Kinesin-13 | N/A Microtubule Bipolar spindle formation (Boleti et al., 1996;
depolymeriser Cassimeris and Morabito, 2004; Kline-Smith and
Walczak, 2002; Manning et al., 2007)
Chromosome segregation (Rogers et al., 2004)
Proper kinetochore-MT association (Kline-Smith et
al., 2004; Manning et al., 2007)
Kinesin-14 | N/A Minus-end Bipolar spindle formation (Chen et al., 2002;
directed Marcus et al., 2003)

Organelle transport (Hanlon et al., 1997; Saito et al.,
1997; Xu et al., 2002)
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2.3 Materials and Methods

2.3.1 Trypanosome kinesin sequence retrieval

The full-length kinesin genes and corresponding protein sequences were obtained
from the T. brucei gene database, http://www.genedb.org/genedb/tryp/. Data mining from
the T. brucei gene database resulted in the retrieval of 47 sequences. These genes were
identified as Kkinesins by the presence of a kinesin motor domain predicted by protein
databases (Pfam, InterPro, PRINTS, PROSITE and SMART) using the translated protein
sequence of the coding strand of these putative gene. A naming scheme was adopted in no
particular order for each of the corresponding kinesin genes (Table 2.2). The kinesin genes
were named “TbKif##” where “Tb” stands for “Trypanosoma brucei”, the acronym “Kif”
denotes “Kinesin superfamily” and “##” corresponds to the Arabic numeral from 1 to 47.
Of these 47 kinesin sequences, 46 sequences appear to be full length proteins while 1 of
these kinesin sequence (TbKif43/Th927.7.3840) is a kinesin fragment containing only part

of the kinesin motor domain which is unlikely to code for a functional protein.
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Table 2.2: Table showing the naming scheme adopted for the Trypanosome kinesin genes. (a.a., amino

acids)

Predicted

Assigned Systematic Located in lenath First 10 a.a.
Name Name chromosome @ g ) sequence
TbKifl Tb927.7.3000 7 1342 MTSQTSAVLV
TbKif2 Tb11.02.2260 11 690 MTSLCPITSS
TbKif3 Tb927.3.2020 3 746 MSNIKVAVRC
TbKif4 Tbh11.01.0850 11 669 MQRLAGKRQR
TbKif5 Th927.7.5650 7 638 MAEKVQVVSR
TbKif6 Tbh11.01.3990 11 916 MENIRVVVRV
TbKif7 Tb927.3.3390 3 591 MHDSVGTGTR
TbKif8 Tb11.02.0790 11 719 MERQLRELLE
TbKif9 Tb927.4.3910 4 787 MQDEQHEELP

TbKif10 Tbh10.70.6990 10 1798 MAIEYPDNGY
TbhKif11 Th927.3.4960 3 1594 MSMHRDLLRI
TbKif12 Th11.02.0090 11 1572 MSKPRDAEEG
TbKif13 Tbh10.61.0990 10 1682 MVRLDPSAST
TbhKif14 Th927.6.4390 6 1111 MSDADVKEGT
TbKif15 Th09.211.1400 9 482 MPNIPLVAEL
TbKif16 Th927.5.2410 5 1339 MSKAAVSRPR
TbKif17 Th927.8.4950 8 1456 MEYKRCNSSR
TbKif18 Th927.7.6290 7 891 MRSQVRVIIR
TbKif19 Th927.4.2730 4 803 MTTLSLDSTA
TbKif20 Th927.7.3830 7 1803 MISNIRRAGE
TbKif21 Tbh10.61.1750 10 820 MSVEQPEQQT
ThKif22 Th927.7.7120 7 810 MNGIHLNSTI
TbKif23 Th927.7.4830 7 516 MEHIGAFLRV
ThKif24 Tbh10.70.7260 10 2889 MLHKPCVQVV
ThKif25 Th927.8.6830 8 1819 MRRGANTTDD
ThKif26 Th927.1.1350 1 886 MQTSRPSADN
ThKif27 Th11.02.2970 11 566 MNNSRICVAV
ThKif28 Th927.3.3400 3 578 MHDSVGTGTR
ThKif29 Th11.02.0400 11 862 MSIEVHVRIR
TbKif30 Th09.244.2560 9 681 MADMKKVTVA
ThKif31 Th927.7.4110 7 894 MSERETTSHS
ThKif32 Tbh10.389.1210 10 1132 MMSSSSSAQV
ThKif33 Th927.8.4840 8 1014 MVNSSALVSV
TbhKif34 Th11.02.4260 11 986 MGGEDNVARR
ThKif35 Th927.6.1770 6 628 MAKPLSGKAA
ThKif36 Th927.6.2880 6 1085 MNVRVATAVR
ThKif37 Th927.8.2630 8 750 MRTNEERDDK
ThKif38 Tbh10.61.1020 10 1095 MCDRLNTMS T
ThKif39 Th11.01.2530 11 617 MQADTFAYAR
ThKif40 Th927.7.7260 7 1041 MGKSEGIRVF
ThKif41 Th11.01.5490 11 1115 MGSSVTVCCL
ThKif42 Th10.389.1270 10 832 MSGIYAISIP
ThKif43 Th927.7.3840 7 53 MHAFNGYNSC
ThKif44 Th927.3.2040 3 1072 MNTSACFTGS
ThKif45 Tbh09.160.2260 9 691 MAKWELKLVS
ThKif46 Th927.5.2090 5 1088 MGKKTNSAAE
ThKif47 Th927.8.8350 8 786 MQKSIQDEVR
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2.3.2 Phylogenetic analysis and classification of trypanosome kinesins

The motor domains of the trypanosomes sequences were extracted by submitting
these Kinesin sequences for analysis using the SMART database, http://smart.embl-
heidelberg.de/smart/set_mode.cgi?NORMAL=1 (Letunic et al., 2006; Schultz et al., 1998).
The motor domain of these kinesin sequences were aligned against a representative
selection of kinesin motor domain sequences which include members from all the kinesin
families using Clustal X1.81, http://bips.u-strasbg.fr/fr/Documentation/ClustalX/
(Thompson et al., 1997). A Neighbour-Joining tree (Saitou and Nei, 1987) was then created
using Clustal X1.81 and drawn using MEGA 4, http://www.megasoftware.net/ (Tamura et
al., 2007). Statistical support for the resulting neighbour-joining tree was provided by the
use of bootstrap resampling (1,000 replicates) on the alignments used to create the
phylogenetic tree in Clustal X1.81. No manual sequence editing was performed on the
alignments during the construction of the phylogenetic tree.
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2.4 Results

2.4.1 Phylogenetic analysis

A phylogenetic tree was created using the protein sequence alignments of the motor
domains of 99 kinesins (Figure 2.1). Of the 99 sequences, 43 were Kinesin sequences
representative of the 14 established kinesin families. The number of kinesin motor proteins
was limited to 99 sequences as larger datasets would take an extremely large amount of
time to process. The tree constructed is in agreement with the phylogenetic results from
earlier studies (Hirokawa and Takemura, 2004; Kim and Endow, 2000; Kollmar and
Glockner, 2003; Lawrence et al., 2002; Miki et al., 2005; Miki et al., 2001; Wickstead and
Gull, 2006) as majority of the kinesins from known families do group together, except for
LdKIN and ScSMY 1p.

ScSMY1p is a kinesin from the yeast Saccharomyces cerevisiae and is part of the
kinesin-11 family known for its highly divergent catalytic core when compared to other
families (Miki et al., 2005). It is likely that due to its highly divergent catalytic core and the
use of a small dataset of only three related sequences was insufficient in resolving the
phylogeny of ScCSMY 1p.

LdKIN is a kinesin from the protozoan Leishmania donovani. An examination on
the protein sequence of LAKIN revealed that LAKIN does not contain the forkhead-
associated (FHA) domain C-terminus to its motor domain (Figure 2.2). This FHA domain
is characteristic of all kinesin-3 family members (Miki et al., 2005; Vale, 2003). The lack
of this FHA domain coupled with the outgrouping of LdKIN in the phylogenetic tree
strongly suggests that LAKIN is unlikely to be a member of the kinesin-3 family.

Based on this phylogenetic analysis, only 14 out of 46 trypanosome kinesins
grouped with other established kinesin families (Table 2.3). Of the 14 kinesins classified,
12 of the kinesins classifications were in agreement with recent published phylogenetic data
(Wickstead and Gull, 2006). In addition, 2 more trypanosome kinesin sequences (TbKifl5
and TbKif47), which were not included in a previous analysis (Wickstead and Gull, 2006),
were shown to be grouped into the Kinesin-13 family.
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Figure 2.1: Phylogenetic analysis of trypanosome kinesins. An unrooted neighbour-joining tree
constructed from the alignment of motor domain kinesin sequences including 46 trypanosome kinesins.
The sequences denoted by (*) are trypanosome kinesin sequences that are grouped to known Kinesin
families, (*) are kinesin sequences that were found not to group within their expected families. The
kinesin sequences used in the phylogenetic construction of this are listed in Table S 5.1 and Table 2.2.
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Figure 2.2: Results of a structure and domain analysis from SMART of MmKIiflA which is a member
of the Kinesin-3 family, TbKif12 which is a trypanosome kinesin classified in the kinesin-3 family and
LdKIN, a kinesin likely to be wrongly classified into the kinesin-3 family. The bar represents 200 amino

acids in length, (B5) represents predicted coil-coil regions and ( ™ ) is the FHA domain which is found
in all kinesin-3 family members.

Table 2.3: A list of trypanosome kinesins identified as members of established kinesin families. The
compilation is based on our own analysis and published data. The sequences highlighted in yellow are
trypanosome sequences that have been previously classified into their respective kinesin families
(Wickstead and Gull, 2006).

Kinesin Family | Kinesin Name
Kinesin-1 TbKif26
S TbKif41
Kinesin-2 TbKif46
Kinesin-3 TbKif12
Kinesin-9 TbKif40

TbKif2
TbKif8
TbKif9
Kinesin-13 TDKIf15
TbKif27
TbKif45
TbKif47
o TbKif4
Kinesin-14
TbKif21
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2.4.2 ldentification of putative mitotic kinesins in trypanosomes

The trypanosome kinesins classified as Kinesin-1, Kinesin-2, Kinesin-3 are unlikely
to perform any mitotic functions as members characterised from these families thus far are
involved in intracellular and intraflagellar transport of various organelles (Miki et al., 2005;
Vale, 2003; Wickstead and Gull, 2006). Only a single member from the Kinesin-9 family
have been characterised thus far. CrKlpl, a Kinesin-9 family member from the protozoan
Chlamydomonas reinhardtii, was localised to the flagellum and found to play a role in
flagellar motility (Bernstein et al., 1994; Yokoyama et al., 2004). Based on published data,
it is likely that members of the Kinesin-9 family do not harbour any mitotic functions
(Bernstein et al., 1994; Miki et al., 2005).

Members of the Kinesin-14 family have been implicated in the retrograde (towards
the minus end of microtubules) transport of vesicles and organelles (Miki et al., 2005).
However, there are several reports indicating that some members of the Kinesin-14 family
in plants and in yeast have mitotic functions (Bowser and Reddy, 1997; Grishchuk and
Mclntosh, 2006; Meluh and Rose, 1990; Vos et al., 2000). CrKCBP, a protozoan Kinesin-
14 member from Chlamydomonas reinhardtii was reported to have a cell cycle dependent
nuclear localisation (Dymek et al., 2006). CrKCBP localises preferentially to the base of
the two flagella during interphase, but during mitosis it localised to the spindle poles
suggesting that CrKCBP has multiple functions including mitotic functions. Within this
kinesin family, two trypanosome sequences are present, ToKif21 and TbKif4. TbKif21 was
previously characterised and is implicated with the normal function and maintenance of
acidocalcisomes in procyclic cells (Dutoya et al., 2001). TbKif4 has yet to be functionally
characterised and based on previous publications, TbKif4 may harbour mitotic functions.

Members of the Kinesin-13 family are of particular interest as majority of the

characterised members of this family were previously shown to have mitotic functions.
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2.4.3 Trypanosome Kinesin-13 proteins

Kinesin-13 family members are microtubule depolymerisers (Desai et al., 1999;
Hertzer et al., 2003; Maney et al., 2001; Shipley et al., 2004) and they play a major role in
the regulation of microtubule dynamics throughout mitosis. Members of the Kinesin-13
family preferentially localise to the spindle poles and kinetochore of chromosomes
(Manning et al., 2007; Ohi et al., 2007; Rogers et al., 2004; Wordeman and Mitchison,
1995). Kinesin-13 proteins have been implicated in the segregation of chromosomes
(Ganem et al., 2005; Maney et al., 1998; Rogers et al., 2004), regulating spindle bipolarity
and assembly (Manning et al., 2007; Ohi et al., 2007; Walczak et al., 1996), and promote
proper microtubule-kinetochore attachments during metaphase (Kline-Smith et al., 2004).
Protozoan members of this kinesin family have also been previously characterised in
Leishmania major (Dubessay et al., 2006) and Giardia intestinalis (Dawson et al., 2007)
where they were shown to have nuclear localisations suggesting that the mitotic functions
of Kinesin-13 members are evolutionarily conserved across kingdoms.

Based on the phylogenetic tree constructed (Figure 2.1 and Figure 2.5), The T.
brucei genome was found to posses seven Kinesin-13 family genes. The motor domain of
the trypanosome Kinesin-13 members was examined for the presence of the conserved
KEC and KVD motifs which is specific to the Kinesin-13 family (Hertzer et al., 2003;
Ogawa et al., 2004) (Figure 2.3). Both the KEC and KVD motifs play an essential role in
microtubule binding and depolymerisation in the Kinesin-13 family proteins (Dubessay et
al., 2006; Ogawa et al., 2004; Shipley et al., 2004). Protein sequence alignments of the
motor domain of trypanosome Kinesin-13 family members were all shown to contain the
KEC motif. In contrast, the KVD motif in trypanosome Kinesin-13 family members was
observed to have single amino acid substitutions where; the lysine (K) residue was replaced
by an arginine (R) residue (in TbKif2, TbKif9 and TbKif47) or the valine (V) residue was
replaced by a tyrosine (Y) residue (in TbKif27).

The neck domain of the Kinesin-13 family members was also examined (Figure 2.4).
Previous publications have shown that the protein sequence of the Kinesin-13 neck domain
is rich in basic residues lysine (L) and arginine (R) (Ogawa et al., 2004). The presence of
highly basic sequences in the neck region provides the positive net charge which is
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important for Kinesin-13 microtubule depolymerisation activity in vivo (Ovechkina et al.,
2002). Examination of the neck domain on the trypanosome Kinesin-13 members revealed
that TbKif45 does not posses a positively charged neck domain and its (isoelectric point) pl
value was calculated to be 4.61. When the neck domain of other Kinesin-13 family
members were examined (Figure 2.4 and Figure 2.5), several members from the Kif24
subfamily were also found to exhibit similar low pl values. In addition, some of the
trypanosome Kinesin-13 members (TbKif2 and TbKif27) lacked a neck domain (Figure
2.4). This feature was also found on several other Kinesin-13 family members of protozoan

origin.
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Figure 2.3: Sequence alignment of the motor domain of known and putative Kinesin-13 proteins. The
sequences highlighted in yellow are ATP binding motifs and sequences shaded in orange are
microtubule binding motifs as described in the papers (Hertzer et al., 2003; Kikkawa et al., 2000). The
sequence highlighted in blue are Kinesin-13 family specific motifs. Details of the kinesin sequences used
in this alignment can be found in Table S 5.2.
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2.5

Figure 2.5: A neighbour-joining tree of the Kinesin-13 family proteins. Only nodes which have more
than 50% bootstrap support are shown. This tree is arbitrarily rooted by the Kinesin-8 family
members ScKip3p, AtKlpl and MmKIifl9A (yellow box). According to previous publications, the
Kinesin-13 family (brown box) is divided into 2 subclasses; the Kif2 (Mitotic Centromeric Associated
Kinesin, MCAK) and the Kif24 subfamily (Miki et al., 2005; Ogawa et al., 2004). The sequences
contained in the blue box represent protozoan kinesins, the green box representing plant kinesins while
the orange box represents kinesins from the metazoan kingdom. The Kinesin-13 family members were
also colour coded according to the isoelectric point (pl) of its neck region. The sequences labelled in
blue represents a pl value of more than 8, green represents a pl value of between 6 and 8 and red
represents a pl value of below 6. Kinesins where the neck domain is absent are labelled as “neckless
Kinesin-13” members. The details of the kinesin sequences used in this phylogenetic tree can be found
in Table 2.2 and Table S 5.3.

Discussion

The search for kinesin sequences likely to contain mitotic functions using
phylogenetic analysis has yielded several candidates from two kinesin families; Kinesin-13
(seven kinesin sequences) and Kinesin-14 (one kinesin sequence). Of the two kinesin
families, candidates from the Kinesin-13 family appear to be more promising candidates as
majority of the kinesins characterised from this family were shown to possess mitotic
functions. In addition, a Leishmania Kinesin-13 member was shown to have a nuclear
localisation (Dubessay et al., 2006); therefore it is likely that its trypanosome homologue
would share a similar characteristic. The trypanosome codes for a relatively large number
of Kinesin-13 family members when compared with most organisms studied thus far. This
includes humans who contain only four Kinesin-13 members (Miki et al., 2005; Miki et al.,
2001). This expanded kinesin family in trypanosomes could mean that Kinesin-13 family in
trypanosomes may harbour other functions which are yet to be characterised.

Phylogenetic analysis based on motor domain alignments of Kinesin-13 family
members from several eukaryotic kingdoms (Figure 2.5) has revealed that there are
potentially more than two Kinesin-13 subfamilies. While the Kif2 (MCAK) subfamily was
shown to be well supported with high bootstrap values, the phylogenetic relationship of
members from the Kif24 subfamily was not well resolved. Furthermore, examination of the
Kinesin-13 neck domains of the Kif24 subfamily revealed that, not all Kinesin-13 family
members posses a positively charged neck domain. Previous structural studies on the
Kinesin-13 family members have shown that while the motor domain is capable of
performing microtubule depolymerisation (Shipley et al., 2004), the neck domain is
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important for full microtubule depolymerisation activity in vivo (Ems-McClung et al., 2007;
Hertzer et al., 2003; Maney et al., 2001; Moores et al., 2006; Ogawa et al., 2004;
Ovechkina et al., 2002). In addition, the single amino acid substitutions in the KVD motif
observed in TbKif2, TbKif9, TbKif47 and TbKif27 could potentially perturb its
microtubule depolymerising ability as the KVD motif is essential for microtubule
depolymerisation (Ogawa et al., 2004; Shipley et al., 2004). This could mean that some of
the Kinesin-13 family members have a functionally different role where efficient
microtubule depolymerisation is not essential.

Kinesins are among the largest protein families found in the trypanosome genome
(Berriman et al., 2005) and interestingly, the ratio of kinesin to total protein coding genes is
the largest of all eukaryotic genomes surveyed thus far (Table 2.4). This may reflect upon
the cellular biology of trypanosomes which possess a complex vesicular transport system
(Overath and Engstler, 2004) and a microtubule based cytoskeleton (Kohl and Gull, 1998).
The absence of trypanosome kinesin members in 8 out of 14 established families indicate
that much is still unknown about the kinesins of protozoan origin. This is was illustrated in
a recent phylogenetic analysis using complete kinesin repertoires from organisms belonging
to several eukaryotic kingdoms resulting in the proposal of three new kinesin families
(Wickstead and Gull, 2006). As more kinesins are discovered within the protists kingdom,
these ungrouped kinesin sequences may become founding members of novel kinesin

families.
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Table 2.4: Table showing total amount of non-redundant kinesin encoding genes found in each species,
the estimated number of all protein coding genes they have and the ratio of kinesin genes to total
number of genes represented in percentage.

Species Total number Estimated total Kinesin to total Reference

P of kinesins number of genes gene ratio (%)

Homo Sapiens 45 22,287 0.202 (Miki et al., 2001)
Drosophila (Goshima and
melanogaster 25 13,600 0.184 Vale, 2003)
Saccharomyces (Hildebrandt and
cerevisiae 6 6,000 0.100 Hoyt, 2000)
Caenorhabditis 21 19,000 0.111 (Siddiqui, 2002)
elegans

Arabidopsis (Reddy and Day,
thaliana 61 25,498 0239 2001)
Trypanosoma (Berriman et al.,
brucei 46 8,100 0.568 2005)
Plasmodium (Gardner et al.,
falciparum 9 5,300 0.170 2002)

_— . (Morrison et al.,
Giardia lambia 30 6,500 0.462 2007)
Entamoeba (Loftus et al.,
histolytica 6 9,938 0.060 2005)
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3

3.1

The biological characterisation of the Kinesin-13 family in

Trypanosoma brucei

Abstract

Members of the Kinesin-13 family are microtubule depolymerisers and most members
characterised so far play an important role in mediating the mitotic spindle during mitosis.
This report describes the localisation and characterisation of six of the seven T. brucei
Kinesin-13 family members. Of the six kinesins only one was found to be localised to the
nucleus while the rest of the kinesins were localised to cell body, mitochondrion or
flagellum. The RNAI induced protein depletion in three of the six kinesins resulted in a
mild growth defect although no gross changes in cellular morphology was observed. The
discrete localisations observed by the Kinesin-13 family members to various structures in
the trypanosome suggest that the functional diversity of this family is greater than
previously thought.
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3.2

Introduction

The Kinesin-13 family constitutes one of the 14 established kinesin families and
exhibits the ability to depolymerise microtubules, a property shared by the Kinesin-8 and
part of the Kinesin-14 family (Ovechkina and Wordeman, 2003). However, unlike the
Kinesin-8 and Kinesin-14 families, members of the Kinesin-13 family do not exhibit
microtubule processivity and preferentially associate to microtubule ends where they
promote the destabilisation of the microtubule complex (Desai et al., 1999; Hertzer et al.,
2003). It is well established that the Kinesin-13 family harbour mitotic functions where
they play an important role in regulating the microtubule turnover of mitotic spindle
(Figure 3.1) (Kline-Smith et al., 2004; Maney et al., 1998; Manning et al., 2007; Ohi et al.,
2007; Rogers et al., 2004; Walczak et al., 1996; Wordeman and Mitchison, 1995).

However, there have been reports that some members of the Kinesin-13 family do
have non-mitotic functions. In mice, it was found that a member of the Kinesin-13 family;
MmKIF2A, in addition to its role in mitosis was found to be involved in the proper
development of neuronal axons in the brain (Ganem and Compton, 2004; Homma et al.,
2003). In the plant Arabidopsis thaliana, a Kinesin-13 family member; AtKinesin-
13A/AtMGL6.9 was found to be exclusively non-mitotic and it was involved in the
organisation of Golgi stacks (Lu et al., 2005; Vanstraelen et al., 2006). These findings
suggest that the Kinesin-13 family members are not limited only to mitotic roles.

Based on phylogenetic analysis and family specific motif searches (refer Chapter
2.4.1 and Chapter 2.4.3), seven of the 46 kinesin genes coded by the trypanosome genome
were grouped into the Kinesin-13 family. Six of the seven Kinesin-13 genes (TbKif2,
TbKif8, TbKif9, TbKifl5 and TbKif45) were targeted for further analysis. In this study,
TbKif47 was not included as this gene was only later identified as member of the Kinesin-
13 family and added into the database.
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Figure 3.1: A summary of known Kinesin-13 functions during mitosis (Kline-Smith et al., 2004; Maney
et al., 1998; Manning et al., 2007; Ohi et al., 2007; Rogers et al., 2004; Walczak et al., 1996; Wordeman
and Mitchison, 1995). The blue star marks the microtubule ends located at the microtubule organising
centre while the red star marks the kinetochore. Members of the Kinesin-13 family have been shown to
associate to both locations of the mitotic spindle throughout the various stages of mitosis.
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3.3 Materials and methods

3.3.1 Trypanosome cell lines, in vitro culture and transfection conditions

The Trypanosoma brucei bloodstream form strain 442 were grown in HMI-9
medium at 37 °C, 5% CO, (Hirumi and Hirumi, 1989). Procyclic strains 427, 449 and 29-
13 were all maintained in a semi-defined medium (SDM-79), at 28 °C (Brun and
Schonenberger, 1979). Several antibiotics were used in the maintenance and selection of
cell lines. The following are the antibiotics and concentrations typically used unless
specified otherwise: hygromycin (HYG, 50 pg ml™), G418 (NEO, 15 ug ml™), phleomycin
(Bleo, 5 ug ml™) and blasticidin (BSD, 20 pg ml™). 449 expresses a Tet repressor (TetR)
gene which was maintained with the use of 0.5 pg ml™ of phleomycin (Biebinger et al.,
1997). The 29-13 cell line contains both the T7 RNA polymerase and TetR genes which
were maintained with hygromycin and G418 (Wirtz et al., 1999).

Transfection on procyclic strains were done as described in (Beverley and Clayton,
1993). Cells growing to mid log phase was harvested and washed twice in ZPFM buffer
[132 mM NaCl, 8 mM KCI, 8 mM Na;HPO,, 1.5 KH,PO4, 1.5 mM Mg(CH3COO),, 90 uM
Ca(CH3COOQO),, pH 7.3]. The cells were then resuspended in ZPFM buffer to a final cell
concentration of 4 x 10" cells mI™. Using 10 ug of linearised plasmid DNA, 500 pl of the
resuspended cells was electroporated using an Electro Square Porator (BTX ECM830) with
the following settings (1700 V, 3 x 100 uS pulse length, with 200 ms intervals). After a
recovery period of 1 minute on ice, the electroporation was repeated once. Cells were
allowed to recuperate overnight in SDM-79 at 28 °C before being diluted to a concentration
of 5 x 10° cells mlI* with SDM containing appropriate antibiotics. The cells were
subsequently plated into a 24-wells plate and sealed with parafilm before being incubated at
28 °C.
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3.3.2 Generation of kinesin RNA interference (RNAI) cell lines; 29-13/p2T7-
TbKif2, 29-13/p2T7-ThKif8, 29-13/p2T7-TbKif9, 29-13/p2T7-TbKifl5, 29-
13/p2T7-TbKif27and 29-13/p2T7-TbKif45

The kinesin RNAI constructs were made using the vector p2T7-177 (LaCount et al.,
2000; Wickstead et al., 2002) to allow for tetracycline inducible production of double-
stranded RNA (dsRNA) from opposing T7 promoters within the vector (Figure 3.2). DNA
fragments specific to each of six targeted kinesin genes were amplified via standard PCR
using the primer pairs specified in Table 3.1 and genomic DNA from strain 427 as template.
These DNA fragments were initially cloned into pGEM-T Easy (Promega, cat #A1360)
using the protocol provided by the manufacturer. 2 ul of the resulting ligation mix was then
transformed into competent E. coli XL1-Blue cells (Stratagene, cat #200249) for
amplification. The preparation of the chemically competent E. coli cells and the
transformation were done according to the method described (Inoue et al., 1990).
Transformed cells were plated onto Luria-Bertani (LB, Bacto Tryptone, 10 g; Bacto Yeast
extract, 5 g; NaCl, 10 g; in 1 L ddH,0) agarose plates (1.5% agarose w/v) containing
ampicilin (100 pg/ml) to select for transformants. IPTG and X-gal were added to the
agarose plates in order to select for positive clones via blue/white screening as described in
the manual of pGEM-T Easy (Promega, cat #A1360). After overnight incubation at 37 °C,
positive colonies were selected and plasmid DNA was harvested using via alkaline lysis as
described (Sambrook, 1989). The purified plasmids were then digested using the restriction
enzymes Hindlll and BamHI and separated on an agarose gel. The DNA band containing
the digested fragment of interest was excised from the gel and cleaned using a PCR cleanup
gel extraction kit, NuceloSpin Extract Il (Macherey-Nagel, cat #740609). The purified
DNA fragment was ligated into the HindlIl and BamHI digested plasmid vector p2T7-177.
The plasmid was subsequently purified from a 50 ml overnight E. coli culture in LB using
the NucleoBond PC100 columns (Macherey-Nagel, cat #740573).

The procyclic Trypanosoma brucei strain 29-13 was used in the construction of the
RNAI cell lines. Selection of stable transfectants was done using the antibiotic phleomycin
(5 ug ml™) and production of dsRNA was induced by the addition of 1 pg ml™ doxycycline
(from 1 mg mI™ doxycycline stock in ethanol). To quantify the effect of RNAI induction on

the growth rate of the various RNA. cell lines, a standard procedure was adopted. The cells
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counted and were diluted to a density 1 x 10° cells mI™ before being split equally into two

flasks. One flask was kept as a control while doxycycline was added to the second flask.

Both cultures were counted 3 times using a CASY Cell counter + Analyzer System

(Scharfe System) every 24 hours and its average used to construct a growth curve. The cells

were diluted to 1 x 10° cells mI™ with fresh medium every 2 days.

Dual T7
terminators

Notl

Hindlll

Dual T7
T7 terminaters

I_.ITetOP|—

Target sequence

-ITetOPI I I

Notl

177 bp repeat |

Bleo }—' 177 bp repeat

Figure 3.2: The basic features of the vector p2T7-177 in its linearised form, after Notl digestion. This
vector integrates to the transcriptionally silent 177 bp repeat region of the minichromosomal
population in the trypanosomes (Wickstead et al., 2002). A phleomycin resistance gene (Bleo) is present
for selection of transfected T. brucei cells. The transcription of the target sequence into double stranded
RNA (dsRNA) was induced using an exogenously expressed T7 RNA polymerase and a pair of T7
promoters flanking opposite sides of the target sequence. These T7 promoters are under the control of
the Tetracycline operator (Tet OP).
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Table 3.1: Forward and reverse primer sequences for the corresponding T. brucei kinesin genes used in
the construction of the RNAI expression vectors. The design of the primers was done using the
programme RNAIit from http://trypanofan.path.cam.ac.uk/software/RNAit.html. To avoid any
potential cross-interference resulting form unspecific RNA interference, DNA sequences coding for
protein sequences outside the motor domain was specified for the creation of the RNAI constructs. The
sequences underlined in the forward primer correspond to the BamHI restriction site and in the
reverse primer, the Hindlll restriction site. Both restriction sites were introduced to the primers to
allow the cloning of the PCR fragments into the p2T7-177 RNAI expression construct. The primers
were obtained from MWG biotech Inc.

Kinesin .
Primer type DNA sequence (5’ to 3°)
gene
ThKif2 Forward GGATCCATCTCTAGTGCGCTGTCCGT
i —
Reverse AAGCTTCAAGTGGCCCTAAGGGTTTT
ThKif8 Forward GGATCCAATTCAGGGGTTTGTCGATG
i —
Reverse AAGCTTTTGCATGCCTTCTCGTACAC
ThKif9 Forward GGATCCGGATTTGTCGCGTGATATCC
i —
Reverse AAGCTTTTATCCTCACCGAAAGCGTC
. Forward GGATCCGTTTCAACGCTTGCTCAACA
ThKifl5 —
Reverse AAGCTTTCGAGAGTTACGCTGTGTGG
. Forward GGATCCGAGCGGATACCTTTGACTGC
ThKif27 ———
Reverse AAGCTTTCTTCTTCCTCACGGAGCAT
) Forward GGATCCCAGCACTCGCTTGGGCA
TbKif45
Reverse AAGCTTGTCAGTATTGCTCGCCGTTT
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3.3.3 Production polyclonal antibody of TbKif2, TbKif8, TbKif9, TbKifl5,
TbKif27 and TbKif45

The construction of the protein expression vectors was done using the pTrcHisC
vector (Invitrogen, cat #V360-20, Figure 3.3). The pTrcHisC vector adds a polyhistidine
tag at the N-terminus of the inserted gene fragment. This polyhistidine tag binds
specifically to divalent cations which were used in subsequent purification steps. Standard
PCR using proof reading AccuSure Tagq polymerase (Bioline, cat #BIO-25029) was
performed using the primer pairs specified in Table 3.2 and genomic DNA from strain 427
as a template to amplify of segments of DNA coding for regions specific to each of the six
kinesins (Table S 5.4). After digestion with BamHI and EcoRI restriction enzymes, the
PCR fragments were directly cloned into the pTrcHisC vector. DNA sequencing using
primers 100 bp upstream (5’-AAGAGGTATATATTAATGTATCGA-3’) from the point of
insertion of the PCR fragment was done to verify the correct reading frame of the
expression construct before it was used in protein expression experiments. These constructs
were then used for the expression of the recombinant kinesin fragments in E. coli BL21 cell
line (Novagen, cat #69386-3). The transformation was performed as described in chapter
3.3.2.

Transformed BL21 cells were grown in 350 ml batches of prewarmed (37 °C) LB
medium containing 100 pug ml™ ampicilin in 3 litre Erlenmeyer flasks. The culture was
incubated at 37 °C with vigorous shaking (~300 RPM) until its optical density at 600 nm
(ODggo) is 0.5 - 0.6. Isopropyl-p-D-thiogalactopyranoside (IPTG) was then added into the
culture to a final concentration of 1 mM to induce the production of recombinant proteins
and left to incubate for 4 hours at 37 °C with shaking. The cells were harvested by
centrifugation and resuspended in 80 ml of ice-cold lysis buffer (50 mM NaH,PO,, 300
mM NacCl, 10 mM imidazole, pH adjusted to 8.0 using NaOH). The cells were lysed by two
passages at 1000 kPsi through a French pressure cell and the resulting lysate was
centrifuged for at 14,000 g for 10 minutes at 4 °C to separate the soluble from the insoluble
fraction of the cell lysate. For recombinant proteins located in the soluble fraction, the
resulting supernatant from centrifugation was collected for purification. For recombinant

proteins located in the insoluble fraction, the supernatant was discarded and the pellet
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resuspended in 30 ml of denaturing lysis buffer (6M guanidine.HCI, 50 mM NaH,PO,, 300
mM NaCl, 10 mM imidazole, pH 8.0) to solubilise the recombinant protein which was then

centrifuged (20,000 g for 10 min at 4 °C) to remove any insoluble particles.

Lac OH6XHis| MCS

pBR322 origin

Figure 3.3: The basic features of the pTrcHisC expression vector (Invitrogen, cat #V360-20). This
vector contains the ampicillin resistance gene (Amp") which will be used for the selection of transformed
E. coli cells, a lac® gene which encodes and overexpresses the Lac repressor protein and a pBR322
origin which confers a low plasmid copy number in the E. coli cell. The expression of the recombinant
protein is induced by the trc promoter (Py.) which is under the control of the Lac operator (Lac O).
This allows for the control of the expression of the recombinant protein with the use of IPTG
(isopropyl-p-D-thiogalactopyranoside). The pTrcHisC vector contains a multiple cloning site (MCS)
which is used in the cloning of DNA fragments into the expression vector. The recombinant proteins
expressed in the pTrcHisC vector will include a polyhistidine (6 x His) tag at the N-terminus of the
recombinant protein. This polyhistidine tag binds specifically to divalent cations (e.g. Co** and Ni*")
which used in the subsequent purification of these recombinant proteins.
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Table 3.2: Forward and reverse primer sequences for the corresponding T. brucei kinesin genes used in
the construction of the protein expression vectors. The sequences underlined in the forward primer
correspond to the BamHI restriction site and in the reverse primer, the EcoRI restriction site. Both
restriction sites were introduced to the primers to allow the cloning of the PCR fragments into the
pTrcHisC expression construct. The primers were obtained from MWG biotech Inc.

gKelrr]]gSIn Primer type DNA sequence (5’ to 3°)

. Forward CGGGATCCCGACACGATGTCCGCACTGTAG
TbKif2 Reverse GGAATTCCGCTTTGAAGCCTTAGTGGTGCC

) Forward CGGGATCCCGCGGTCCTCCAGTCATCTTTC
TOKif8 Reverse GGAATTCCGGCGGTTTAGCAACTGCCTTA

. Forward CGGGATCCCGATGAGCGGTGTGCCGTCAAGAAC
TOKIf9 Reverse GGAATTCCGAATTGCTTGCCCCTTACAGT

. Forward CGGGATCCCGGACGATCCAAATGGGTTTGACAG
TOKIfLS Reverse GGAATTCCGCGTAGCACACCGCGGGGCAAT

. Forward CGGGATCCCGTCGAAACTATTCGAGGCACC
TbKif27 —

Reverse GGAATTCCTGGAAGAGTTCAGGGTGCAAG

. Forward CGGGATCCCGAAACAGACATCACCAGCTGCC

TOKIf45 Reverse GGAATTCCGCTCGAGACGCTGACAAAGT

The purification of the recombinant proteins both from the soluble and insoluble
fraction of was done by using metal affinity resins obtained from BD Biosciences (BD
Talon, cat #635503). The purification of the recombinant proteins for both native and
denaturing conditions were done as described in the protocol provided by the manufacturer
(Protocol #PT1320-1). The recombinant proteins were subsequently eluted in elution buffer
[50 mM NaH,PQO,4, 300 mM NaCl, 250 mM imidazole, pH 8.0, (with 6 M guanidine.HCI if
performed under denaturing conditions)]. The purified proteins were then dialysed against a
MES buffer (50 mM MES buffer, pH 6.0, 0.1% SDS) or TBS buffer (20 mM Tris, 150 mM
NaCl, 2 M Urea, pH 7.6) if the protein was purified under denaturing conditions. The
resulting dialysed protein solution was then concentrated by sprinkling high molecular
weight substances [Polyvinylpyrrolidone (PVP), M, 40,000)] over the dialysis tube after
dialysis. The purified proteins were concentrated to a concentration between 600 pg ml™ to
1000 pg ml™ as determined by a Bicinchoninic Acid Protein Assay Kit (Sigma, cat #BCA-1
and #B9643). The purified proteins were used to raise rabbit polyclonal antibodies

(Yorkshire Biosciences).
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3.34

Western blot analysis using the generated polyclonal antisera revealed that there
were several cross-reacting protein bands in procyclic trypanosome cells (Appendix 6.1).
The polyclonal antibodies were therefore subsequently affinity-purified using the purified
recombinant kinesin protein fragments. The recombinant kinesin protein fragments were
coupled to CNBr-activated Sepharose 4B (Amersham Biosciences, cat #17-043-01) as
described by the manufacturer. The coupled beads were washed 5 x with PBS containing
500 mM NaCl before being incubated with the polyclonal antibodies at room temperature
for 1 hour. The beads were then washed 3 x with PBS containing 500 mM NaCl before
elution using a low pH glycine buffer (100 mM glycine-HCI, 100 mM NacCl, pH 2.5). The
elute was collected in 10 x 0.5 ml fractions which were neutralised to pH 7 using 1 M Tris-
HCI, pH 9. The fractions containing significant proportions of antibodies were dialysed
against PBS containing 0.01% azide and stored at 4°C or frozen at -80 °C.

The dilutions used for these purified antibodies during Western blotting and
immunofluorescence were determined experimentally. Unless specified, the purified

antibodies were diluted 1:25 for immunofluorescence and 1:1,000 in Western blots.

Immunofluorescence microscopy

The entire procedure was performed at room temperature. Trypanosome cells were
fixed in suspension with 3.6% formaldehyde in PBS (NaCl, 137 mM; KCI, 3 mM,;
Na,HPQO,4, 16 mM, KH,PO4, 3mM; pH 7.4) for 15 minutes. The cells were then washed
twice in PBS before being allowed to settle to poly-L-lysine coated slides. Cells attached to
the poly-L-lysine coated slides were permeabilised with 0.1% Nonidet P-40 in PBS for 20
minutes before being blocked with blocking solution (PBS containing 0.1% Triton-X100,
2% BSA and 0.01% Azide). Primary antibodies diluted in blocking solution were then
applied to the cells. Depending on the primary antibody, either an anti-mouse fluorescein
isothiocyanate (FITC)-conjugated secondary antibodies (Dako, cat #F0216, 1:50 dilution)
or an anti-rabbit FITC-conjugated secondary antibody (Sigma, cat #F1262, 1:100 dilution)
diluted in blocking solution was used. The primary and secondary antibody incubations
were performed at room temperature for 1 hour. After each antibody incubation, 3 x 5

minute washes of PBS, 0.1% Triton-X100 were performed. The cells were mounted in
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3.3.5

Vectashield containing 1.5 pg/ml of 4’6-diamidino-2-phenylindole (DAPI, Vector
Laboratories, cat #H-1200). The cells were examined using an epifluorescence Olympus
IX71 microscope. Images were captured using a CCD-camera (F-View, Soft Imaging
System) and visualised and saved in Cell-D software package (Olympus). Images were then
processed and pseudo-coloured in Adobe Photoshop.

For double labelling experiments, the cells were treated as described above with a
second additional primary antibody treatment performed. A second secondary antibody
treatment was also performed with a cyanine based fluorescent dye (Cy3)-conjugated anti-
mouse antibody (Zymed, cat #81-6515, 1:150 dilution). For cytoskeleton preparations, live
trypanosome cells were resuspended in PBS and allowed to attach to poly-L-lysine coated
slides for 5 minutes. The attached cells were treated with ice cold PEM (0.1 M PIPES, 2
mM EGTA, 1 mM MgSO,, pH 6.9) buffer containing 0.1% NP40 for 30 seconds before
being fixed with 3.6% formaldehyde in PBS for 15 minutes. After fixation, the
cytoskeleton preparations were washed twice with PBS and blocked with blocking solution

before proceeding with antibody incubations as described above.

Mitotracker staining for immunofluorescence microscopy

Trypanosome procyclic cells were incubated with pre-warmed SDM79 medium
containing 0.5 uM Mito Tracker Red CMXRos (Invitrogen, cat# M7512) at 28 °C for 10
minutes (from 1 mM stock in DMSO). The cells were harvested via centrifugation and
washed with pre-warmed SDM79 twice to remove unincorporated dye. The cells were then
incubated in pre-warmed culture medium for another 30 minutes to allow the incorporation
of the Mito Tracker dye from the cytosol into the mitochondria. The cells were fixed with
3.6% formaldehyde in PBS and the cells processed in a similar fashion as described in the

immunofluorescence microscopy section.
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3.3.6 SDS-polyacrylamide gel electrophoresis and Western blotting

Unless specified, the entire process was done on room temperature on a 10 x 10 cm
gel and each lane was loaded with 2 x 10° cell of either procyclic or bloodstream form
trypanosomes. The cell samples were first washed once with PBS before being dissolved in
hot (95 °C) 1 x SDS PAGE loading buffer (0.045 M Tris-Cl, pH 6.8, 10% glycerol, 1%
SDS, 0.02% bromophenolblue, 2.5% B-mercaptoethanol). The samples were then loaded
onto a 10% Tris/Glycine (25 mM Tris, 250 mM glycine, 0.1% SDS) SDS-Polyacrylamide
gel for protein separation. After separation, the gel is either stained with Coomassie stain
[0.2 % (w/v) Comassie Brilliant Blue R250, 50% (v/v) methanol, 10% (v/v) Acetic acid] or
transferred to a nitrocellulose membrane in NuPage buffer [500 mM Bicine, 500 mM Bis-
Tris, 20.5 mM EDTA, 10% (v/v) Methanol] for 1 hour at 30 V. The membranes were
blocked in 7 % milk (w/v) diluted in Tris-buffered Saline containing 0.1% Tween-20 (TBS-
T) for 30 minutes at room temperature with gentle shaking. All antibody incubations were
done in 7 % (w/v) milk TBS-T. The membrane was first incubated with primary antibody
for 1 hour. This was followed by 3 x 15 minute washes with TBS-T before proceeding with
the incubation using an appropriate corresponding anti-rabbit (ZyMax, 1:20,000 dilution,
cat #81-6120) or anti-mouse (Sigma, 1:80,000 dilution, cat #A-9044) peroxidase-
conjugated antibody for 1 hour. The membrane was then washed 3 x 15 minutes in TBS-T
and processed using the Western Lighting Plus chemiluminescence reagent (PerkinElmer,
cat #NEL 104). The chemiluminescence signals were detected by exposing the cling film
wrapped blots to light sensitive film (Amersham, cat #28906837) for 1 to 10 minutes.
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3.3.7

3.3.8

Fluorescence-activated cell sorting (FACS) analysis

Unless specified, the process was done at room temperature. 2 x 10° cells were used
in each analysis. The cells were harvested via centrifugation at 1500 g for 5 minutes and
washed once in PBS. The cells were then treated with 200 pl of ice cold 0.5%
formaldehyde diluted in PBS for 5 minutes before being fixed with the addition of ice cold
70 % (v/iv) ethanol. After fixation overnight at 4 °C, the cells were pelleted by
centrifugation and resuspended in 1 ml of staining solution (PBS with 0.2 mg mI™ RNase A,
50 pg ml™ propidium iodide). The cells were incubated at 37 °C for 30 minutes and
analysed by a FACS Calibur flow cytometer (Becton Dickson). For the analysis of DNA
content/cell cycle, the signal of the FL3-A channel (propidium iodide fluorescence) was
recorded against cell number. A total of 20,000 cells were counted for each treatment and

analysed using CellQuest software (Becton Dickson).

Detergent extraction and ATP treatment

Kinesins were previously shown to bind to microtubules in the absence of ATP or
presence of the non-hydrolysable analogue of ATP, AMPPNP (Cole et al., 1992; Gerald et
al., 2007; Hertzer et al., 2006). This affinity to microtubules by kinesins can be reversed
with the addition of ATP to the extraction solution.

Cells were prepared as described (Gerald et al., 2007). 2 x 10’ trypanosome strain
427 cells were washed twice in PEM (0.1 M PIPES, 2 mM EGTA, 1 mM MgSQO,, pH 6.9)
buffer. The cells were then extracted with NP40/PEM (PEM with 1 % (v/v) Nonidet P-40,
50 ug ml™ PMSF, protease inhibitor cocktail Sigma, cat #P8340); with or without 10 mM
MgATP. The cells were extracted with 1 ml of either NP40/PEM buffers on ice for 1
minute or 16 minutes before being centrifuged at 3500 g for 4 minutes at 4 °C. The
supernatant was then precipitated using chloroform-methanol. Both pellet and precipitated
supernatant was resuspended in 100 pl of 1 x SDS PAGE loading buffer. 10 pl of each
sample corresponding to 2 x 10° cells was loaded onto gels for Western blotting.
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3.3.9 Cloning of TbKif2, TbKif8, TbKif9, TbKif45 and construction of the
449/TbKif2myc, 449/TbKif8myc, 449/TbKif9myc and 449/TbKif45myc

cell lines

The construction of the conditionally expressed ectopic myc tagged ThKif2myc,
TbhKf8myc, TbKif9myc and TbKif45myc kinesins were done using one of the 2 different
tetracycline inducible expression plasmids pHD1484 (Colasante et al., 2006) or P2674
(Kelly et al.,, 2007). Both the P2674 and pHD1484 vector (Figure 3.4) contain a
hygromycin resistance gene (HYG) for drug selection. The expression of the gene of
interested is under the control of a tetracycline-inducible procyclin promoter. When the
genes of interested were cloned into either expression plasmids, a double-myc (pHD1484)
or triple-myc (P2674) tag will be introduced to the carboxy terminus of the expressed
protein (Colasante et al., 2006; Kelly et al., 2007). The entire open reading frames (ORF)
for each of the four kinesin genes were amplified using proof reading AccuSure Taq
polymerase (Bioline, cat #B10-25029) on genomic DNA from trypanosome strain 427 as a
template with primers listed in Table 3.3. The PCR fragments were subsequently cloned
into their respective expression plasmids using appropriate restriction enzymes. Both
constructs were transfected into the procyclic strain 449 cells yielding the 449/TbKif2myc,
449/TbKif8myc, 449/TbKifdmyc, 449/TbKif45myc cell lines. The selection of stable
transfectants was done with hygromycin. The recombinant myc tagged kinesin production
was induced by the addition of 1 ug ml™ of tetracycline.
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P2674
Notl Pona P Hindlll  BamHI Not|
+—
rDNA — HYG Tet OPHTarget seq| 3xmyc |- rDNA

Figure 3.4: The basic features of the myc epitope tagged vectors pHD1484 (Colasante et al., 2006) and
P2674 (Kelly et al., 2007). Both vectors target the non-transcribed space between ribosomal RNA genes
(rDNA) for stable integration into the trypanosome genome. A hygromycin resistance gene (HYG)
powered by an rRNA promoter (P,rna) Was used for selection of transfected cells in trypanosomes. The
symbols (Pparp) represent the procyclic acidic repetitive protein (procyclin) promoter and (Tet OP)
represents the binding site for the tetracycline repressor protein.

Table 3.3: The forward and reverse primer sequences used in the cloning of each corresponding T.
brucei kinesin genes. The resulting PCR fragments were cloned into the respective myc-tagging
construct and were subsequently transfected into trypanosome procyclic strain 449 cells. The
underlined sequence GGGCCC (Apal), GGATCC (BamHI) and AAGCTT (HindlIl) corresponds to
the restriction sites used to clone the PCR fragments to their respective vector constructs. The sequence
highlighted in blue corresponds to a stop codon inserted into the primer to prevent a read through
frame starting 75 bp upstream from HindllIl cloning site potentially interfering with the expression of
TbKif45myc in the P2674 expression construct. The start codons are indicated in bold.

Kinesin- 1 o onstruct | PHMer Sequence (5° to 37)
gene type

Forward ACGGGCCCAGGGCATGACCTCACTCTGTCC

TbKif2 | pHD1484
Reverse | CGGGATCCCACGCTTTCAAGTTCATGAAGCTTTG

Forward | ACGGGCCCAGGAAATGGAGCGACAGCTTCG

TbKif8 | pHD1484
Reverse | CGGGATCCCCGGCGTTGCCGAGACTCC

Forward | GGGCCCATGCAGGACGAACAGCATGAGG

TbKif9 | pHD1484
Reverse | GGATCCATTCGGTTGCTGCTGCACCGG

Forward TGATGAAAGCTTTAGGAAAGGATGGCGAAGTGGGAATTAAAG

TbKif45 | P2674

Reverse TGATCAGGATCCAATCCCGTTTTGCTCGAGACGCT

57



3.3.10 Conditional double knockout of ThKif2

The method used in the creation of the conditional double knockout of AThKif2

ITbKif2myc was performed in a similar fashion as described (Colasante et al., 2006). The

cell line 442/TbKif2myc was used for the subsequent deletion of both endogenous copies of

TbKif2. Both TbKif2 alleles were replaced via homologous recombination using two
different antibiotic resistance cassettes, BSD and NEO (Figure 3.5). The TbKif2 5> UTR
and 3° UTR inserted to the 5’ and 3’ regions flanking the BSD and NEO resistance cassettes

were amplified via standard PCR on genomic DNA from strain 427 using the primers

specified in Table 3.4. The PCR fragments were subsequently cloned to the BSD and NEO

resistance cassettes using the restriction sites Apal, BamHI, Sacl and Spel.

deletion of the second TbKif2 allele to induce the expression of myc tagged TbhKif2myc.

The antibiotic tetracycline was added (1 pg ml™) to the culture medium before the

Table 3.4: The forward and reverse primer sequences used in the construction of the BSD and NEO
resistance cassettes. The sequences underlined represents the restriction sites Apal (GGGCCC),
BamHI (GGATCC), Sacl (GAGCTC) and Spel (ACTAGT) that were used for the construction of the
knock out cassettes.

rL(Ja-QI]-iF(\))n It:’yrérgler Size | Sequence (5’ to 37)

5 Forward 14 GAGCTCTGATGTTTGTTTGCTCGTTTGTGCC
Reverse ACTAGTACAGCCACCAGCTGTCGTACC

3 Forward 358 GGATCCATCACATGCCTCAGTGCGCAC
Reverse GGGCCCATGCACAGTTGCATACTCGTAACAC
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Figure 3.5: A schematic representation of the strategy used in the creation of the conditional knock out
of TbKif2. TbKif2myc represents the inducible rescue copy expressing the myc tagged version of TbhKif2.
The 5° and 3° UTR regions (green) were used to target the resistance cassettes to each of the
endogenous TbKif2 genes. The abbreviations used were NEO, neomycin resistance cassette; BSD,
blasticidin resistance cassette; ACT, actin; tet, tet operator; Parp, procyclin promoter and Myc, myc

tag.
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3.3.11 Screening for conditional double knockout of TbKif2

The isolation of genomic DNA was performed using a standard phenol/chloroform
extraction in the presence of LiCl and Triton-X100 (Medina-Acosta and Cross, 1993). To
identify clones with endogenous copies of the TbKif2 genes deleted, two different methods
of analysis were used. An initial standard PCR reaction was performed using the forward 5’
UTR primer of TbKif2 and reverse 3° UTR primer of TbKif2. This method exploits the
difference in length of the PCR product between the knockout construct and the
endogenous TbKif2 gene. Positive clones were then further analysed via Southern blotting.
10 pg of genomic DNA from each clone was digested with appropriate restriction enzymes
before being separated on a 0.8% agarose gel. The dsDNA was denatured in denaturing
buffer (0.4 M NaOH, 1.5 M NaCl) for 15 minutes and capillary transferred to a positively
charged nylon membrane (Roche, cat #1417240) for 12 hours in denaturing buffer. The
nylon membrane was neutralised in 0.5 M Tris-HCI pH 7.0 for 5 minutes before being
washed briefly in 2 x SCC and processed as described by the Gene Images random prime
labelling module manual (Amersham, cat #RPN 3540). The blot was probed using
fluorescein-labelled probes targeting the 5° UTR region of Tbkif2 made using the same Kit.
Probe detection was done via chemiluminescence using the Gene Images CDP-Star
detection module (Amersham, cat #3510). The chemiluminescence signals were detected
by exposing the cling film wrapped blots to light sensitive film (Amersham, cat #28906837)
for 1 hour.
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3.3.12

3.3.13

Flagellar measurements

Live trypanosome cells freshly harvested was resuspended in PBS and allowed to
attach to poly-L-lysine coated slides for 5 minutes. The attached cells were treated with ice
cold PBS containing 0.1% NP40 for 30 seconds before being fixed immediately with 3.6%
formaldehyde in PBS at room temperature for 15 minutes. The cells were then labelled with
an mouse anti-paraflagelar rod (PFR) antibody, L2C4 (Kohl et al., 1999) and processed as
described in the immunofluorescence microscopy section. The cells were examined under
an Olympus IX71 microscope. Images were captured using a CCD-camera (F-View soft
imaging system) and measurements were made using the measuring tool of the Cell*

software package (Olympus). Statistical analysis was performed in Excel or SPSS.

Production of cDNA for reverse transcriptase (RT) PCR

The total RNA extracts of the bloodstream and procyclic form of T. brucei cells
were obtained using the RNeasy Mini Kit (QIAGEN, cat #74104). The RNA extract was
further cleaned using an on-column DNase digestion kit (QIAgen, cat #79254). The
resulting purified total RNA was used in the production of cDNA using QIAGEN
Omniscript RT Kit (cat #205110). The production of cDNA was done as suggested by the
manufacturer using oligo dTig-primers to the final concentration of 10 pMol/ul. All the
components used for cDNA production was provided by the kit except for the dTig-primers
which was obtained from MWG biotech Inc. The resulting cDNA was used as substrate in a

standard PCR with appropriate primers.
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3.4 Results

3.4.1 ThKif2myc is localised to the distal tip of the trypanosome flagellum

To determine whether TbhKif2 was expressed in the procyclic and bloodstream
stages of the T. brucei brucei, RT-PCR was performed on the cDNA produced from total
RNA extracts of both 427 (procyclic) and 442 (bloodstream) cell lines. The results of the
RT-PCR showed that the mRNA of TbKif2 was transcribed at approximately equal levels in
both procyclic and bloodstream forms (Figure 3.6).

To investigate the specificity of the affinity-purified polyclonal anti-TbKif2, a
Western blot using the whole cell lysate of strain 427 cells was performed. The Western
blots did not produce any identifiable signals (results not shown). In addition,
immunofluorescence microscopy using anti-TbKif2 on formaldehyde fixed cells did not
produce any discernable signals (results not shown). Because the purified anti-ThKif2 did
not produced any results, trypanosome cell lines expressing an exogenous copy of the
TbKif2 gene fused with a myc tag (TbKif2myc) was created.

Western blots using anti-myc performed on cells expressing TbhKif2myc resulted in
the detection of a single band slightly larger than 75 kD in size which corresponds to the
expected size of TbKif2myc of 77 kD (Figure 3.7A). When immunolocalisation studies
using anti-myc were performed, TbKif2myc was observed to exclusively localise to the
distal tip of the flagellum (Figure 3.7B). It was also observed that during mitosis,
TbKif2myc was found to be more abundant in the new outgrowing flagellum when

compared to the mature flagellum.
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Figure 3.6: The RT-PCR results showing TbKif2 is expressed in both the procyclic (427) form and
bloodstream (442) form of trypanosomes. Lane (L) indicates the DNA ladder with its corresponding
length annotated, (+) indicates the results of the RT-PCR experiment using primers specific to TbKif2,
() indicates the negative control (- reverse transcriptase enzyme).
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Figure 3.7: The expression of TbKif2myc in procyclic trypanosome cells. (A) A Western blot using anti-
myc antibodies on the whole cell lysate of trypanosome cells expressing TbKif2myc. (B) Images of
procyclic cells (1,000 times magnification) expressing TbKif2myc viewed in phase contrast (left) and
fluorescence microscopy (right). The cells were fixed in formaldehyde and stained with anti-myc. The
nucleus and kinetoplast is stained in blue while TbKif2myc is stained in green. The red arrow marks
the localisation of TbKif2myc in the mature flagellum and the white arrow marks the localisation of
ThKif2myc in new flagellum in dividing cells.
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3.4.2 TbKif2 is not required for cell viability in procyclic forms

To study the function of TbKif2 in trypanosomes, RNAi was performed on
procyclic strain 29-13 cells using the RNAI vector p2T7-TbKif2. It was observed that the
induction of the p2T7-ThKif2 vector in trypanosomes resulted in a severe growth defect
after 2 days of induction (Figure 3.8A). This was in contrast with the published results
where RNAI targeting TbKif2 in trypanosome procyclic cells was reported to have no
impact on in vitro cell growth (Blaineau et al., 2007).

In order to address this discrepancy, a procyclic cell line with a double knockout of
TbKif2 and a single tetracycline inducible copy of TbKif2myc was created (Figure 3.9). To
deplete the ThKif2myc protein in the TbKif2 conditional knockout (ATbKif2/TbKif2myc)
cell line, tetracycline was removed from the culture medium. It was observed that the
removal of tetracycline reduced the protein levels of ThKif2myc to undetectable levels (by
Western blot and immunofluorescence) within 24 hours and it remained undetectable
throughout the experiment which lasted for 10 day (Figure 3.10A and Figure 3.10C). RT-
PCR on RNA isolated from knockout cell lines two days after tetracycline removal (Figure
3.10B) yielded no detectable ThKif2 mRNA indicating that the transcription of ThKif2myc
was suppressed. The removal of ThKif2myc did not have any effect on the growth of
ATbKIif2/TbKif2myc (Figure 3.8B). In addition, comparisons between live TbKif2 knockout
cells with or without the expression of TbKif2myc indicated there were no gross changes in

its cellular morphology or motility.
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Figure 3.8: Growth curves (A) RNAI on 29-13/p2T7-TbKif2 cells. The cells were diluted to a density 1 x
10° cells mI™* and counted every 24 hours in the presence or absence of doxycycline (Dox; 1 pg ml™).
The cells were diluted to 1 x 10° cells ml™ with fresh medium and doxycycline when required every 2
days. (B) Conditional knockout cell line ATbKif2/TbKif2myc. The cells were grown for 10 days with (+)
or without (-) tetracycline (Tet, 1 pg ml™). The cells were washed with SDM medium before being
diluted down to a density of 5 x 10° cells mI™* with fresh medium. Every 2 days, the cultures were
diluted to a density of 1 x 10° cells mI™ with fresh medium.
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Figure 3.9: Creation of the conditional knockout ATbKif2/TbKif2myc cell line. (A) PCR results on
genomic DNA obtained from wild-type 449 (1), ATbKIif2::BSD/TbKif2/TbKif2myc (2) and
ATbKif2/TbKif2myc (3). The forward 5°UTR and reverse 3°’UTR was used in the PCR reaction. The
band of approximately 3 kb in size represents the native TbhKif2 gene while the bands of approximately
2 kb represents the BSD and NEO resistance cassette used to replace the native TbKif2 gene. (B)
Southern blot analysis of the genomic DNA of wild-type 449 (1), ATbKif2::BSD/TbKif2/TbKif2myc (2)
and ATbKIif2/TbKif2myc (3). The genomic DNA was digested with Xhol / Hindlll and probed using the
5°UTR of TbKif2. The deletion of the native ThKif2 gene will result in the shift from ~1100 kb to ~700
kb.

67



B

600 m—
500bp m—
400bp m—

300bp m—
200bp m—

100bp m—

C

100KD ==

[ SKD =—

PFR
+Tet -Tet +Tet

2

3

10 Day

-Tet

Control
-ve +ve

+Tet \

-Tet

N\

68



3.4.3

Figure 3.10: The depletion of ThKif2myc from conditional knockout ATbKIif2/TbKif2myc cells. (A)
Western blot analysis of ATbKif2/TbKif2myc cells grown for 10 days after removal of tetracycline.
Samples for Western blotting were taken at every 24 hour interval for 10 days. Only samples from day
0, 1, 2, 3, and 10 were shown. (B) RT-PCR analysis of RNA extracts from ATbKif2/ThKif2myc cells
grown with (+Tet) or without (-Tet) tetracycline for 2 days. The primers primer pairs used in the
creation of the p2T7-TbKif2 RNAi vector was used to detect the presence of TbKif2myc cDNA. The
primers specific for the paraflagellar rod gene (PFR) was used as a loading control. The +ve and -ve
control are PCR reactions with the presence (+ve) or absence (-ve) of genomic DNA (C)
Immunofluorescence microscopy of procyclic ATbKif2/TbKif2myc cells (1,000 times magnification)
grown with (+Tet) or without (-Tet) tetracycline for 2 days. The image on the left represents the phase
contrast image and the left corresponds to the fluorescence image. The anti-myc antibody was used in
the detection of TbKif2myc which is stained in green. The DAPI staining of the nucleus and kinetoplast
is shown in blue.

TbKif2myc expression resulted in flagellum shortening and TbKif2
expression was not detected in procyclic or bloodstream forms using

Western blots

It was previously reported in Leishmania major that LmjKIN13-2, a homologue to
TbKif2 play a role in regulating the length of the flagellum (Blaineau et al., 2007). To
determine if TDbKif2 shares similar functions to LmjKIN13-2 in trypanosomes,
measurements of the flagellum was compared between wild-type 449 cells and knockout
ATbKIif2/TbKif2myc cells with or without the expression of TbhKif2myc (Figure 3.11). It
was observed that there were no significant changes (p = 0.77) in the length between wild-
type 449 cells when compared with knockout TbKif2 cells where TbKif2myc expression
was suppressed. This was in contrast with previously published results where it was shown
that RNAI directed against TbKif2 in procyclic cells resulted in flagellum lengthening
(Blaineau et al., 2007). However, there was a significant reduction in flagellum length from
21.46 £ 2.98 um to 18.26 * 3.34 um (p < 0.01), when TbKif2myc expression was induced
in the knockout ThKif2 cells.

Previously purified antibodies raised against wild-type TbKif2 were tested against
ATDbKIif2/TbKif2myc cells expressing TbKif2myc (Figure 3.12). It was observed that the
purified TbKif2 antibody was able to detect ThKif2myc when used in immunofluorescence
and in Western blots. This indicated that the inability of the anti-ThKif2 antibody to detect
the endogenous protein in wild-type cells was not due to epitope-masking or superficial
problems, but be explained by the protein level of endogenous TbKif2 in procyclic form
and bloodstream form which was below the detection threshold of anti-ThKif2. The
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inability of anti-TbKif2 to detect endogenous ThKif2 in wild-type cells and the absence of
detectable changes in flagellum length between wild-type and knockout TbKif2 cells where
TbKif2myc expression was suppressed suggests that TbKif2 is not expressed in procyclic
form trypanosomes. The RT-PCR results only show the presence of ThKif2 mRNA but it is
conceivable given the nature of expression regulation in trypanosomes (Vanhamme and

Pays, 1995), the mRNA is not translated into protein.
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Figure 3.11: Histogram of flagellum length in wild-type (WT) 449 cells, ATbKif2/TbKif2myc cells grown
with tetracycline (ATbKif2 + TbKif2myc) and ATbKif2/TbKif2myc cells grown without tetracycline
induction (ATbKif2). The panel below the histogram contains descriptive statistics on the mean,
standard deviation and number of flagellum measurements taken for each of the three different cell
types. The student t-test is a statistical method for comparing the means of two normally distributed
populations. Generally, a probability (p) of below 0.05 is used to determine if the means compared were
significantly different.
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Figure 3.12: Immunofluorescence and Western blot analysis using anti-TbKif2 antibodies. (A)
Immunofluorescence microscopy of procyclic ATbKif2/TbKif2myc cells expressing TbKif2myc (1,000
times magnification). The green staining is due to the staining from anti-TbKif2 and the red staining is
from anti-myc. The merged image shows that both anti-TbKif2 and anti-myc antibodies recognise the
same TbKif2myc protein. The blue signal in the merged image is due to the staining of the nucleus and
the already divided kinetoplast (1IN2K) by DAPI. The white arrow indicates the staining of TbKif2myc
on the tip of the old flagellum while the yellow arrow indicates the staining of TbKif2myc on the tip of
the new flagellum. (B) Western blot analysis using anti-TbKif2 and anti-myc antibodies on procyclic
(449), bloodstream (442) and TDbKif2 knockout cells ATbKif2/TbKif2myc. The lane marked (+)
represents cells which are expressing TbKif2myc while the lane marked (-) represents cells not
expressing ThKif2myc.
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3.4.4 TbKif8myc is localised to the cell body

To investigate if TbKif8 was expressed in procyclic and bloodstream forms of
trypanosomes, RT-PCR was performed on cDNA of total RNA obtained from both
procyclic 427 and bloodstream 442 cell lines. The results form the RT-PCR experiment
shows that mRNA transcripts of TbKif8 were present in both procyclic and bloodstream
forms (Figure 3.13).

When the purified TbKif8 antibodies were used, it was discovered that the presence
of TbKif8 was undetectable in Western blots of whole cell lysate of both procyclic and
bloodstream forms of trypanosomes (Figure 3.14C). Likewise, TbKif8 was undetectable by
immunofluorescence microscopy using the same antibody (results were not shown). It was
initially assumed that the purified TbKif8 antibody failed to recognise native TbKif8.
Therefore, in order to study the cellular distribution of TbKif8, a procyclic 449 cell line
containing a tetracycline inducible exogenous copy of TbKif8myc was created. The
expression of ThKif8myc in procyclic cells were successful as Western blots using anti-
myc antibodies performed on tetracycline induced 449/TbKif8myc cells resulted in the
detection of a single protein band of approximately 80 kD (Figure 3.14A), corresponding to
the expected molecular mass of ThKif8myc. Immunofluorescence microscopy of procyclic
cells expressing TbKif8myc revealed that TobKif8myc was localised exclusively to the cell
body of the trypanosome excluding the nucleus and flagellum. This localisation of the cell
body appeared to be diffused in nature and did not appear to be associated with any known
organelle in the cell body. Furthermore, the localisation of ThKif8myc did not change

throughout the cell cycle of the procyclic cells.
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Figure 3.13: The RT-PCR results showing TbKif8 is expressed in both the procyclic (427) form and
bloodstream (442) form of trypanosomes. (L) indicates the DNA ladder with its corresponding length
annotated, (+) indicates the results of the RT-PCR experiment using primers specific to TbKif8, (-)
indicates the negative control (- reverse transcriptase enzyme).

73



150kD=—

100KD =—
75kD=—

S0kD=—

37KD =—

25KD=—

449
TbKif8myc

+

C

442
100kD—

75kD=—

anti-myc

anti-myc

anti-TbKif8

449
TbKif8myc
449 442 + - 449
100kD—
Ll
75kD=—
anti-TbKif8

Figure 3.14: Immunofluorescence and Western blot analysis using cell lines expressing TbKif8myc. (A)
Western blot of procyclic 449/TbKif8myc cells induced with tetracycline for 24 hours. The Western blot
was probed by anti-myc. (B) Immunofluorescence microscopy of procyclic cells expressing ThKif8myc
(1,000 times magnification). Green indicates the staining from anti-TbKif8 and red indicates the
staining from anti-myc. The merged image shows that both anti-TbKif8 and anti-myc antibodies have a
similar subcellular localisation supporting the idea that anti-TbhKif8 was able to detect TbKif8myc. The
blue signal in the merged image is due to the staining of the nucleus and kinetoplast by DAPI. (C)
Western blot analysis using anti-TbKif8 and anti-myc on wild-type procyclic (449), bloodstream (442)
and 449/TbKif8myc cell line. The lane marked (+) represents 449/TbKif8myc cells induced with
tetracycline for 24 hours while the lane marked (-) represent control 449/TbKif8myc cells (-

tetracycline).
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3.4.5 TbKif8 expression was not detected in procyclic and bloodstream
forms but RNAI targeting TbKif8 resulted in a mild growth defect

To test if the purified TbKif8 antibody was able to detect ThKif8myc, cells
expressing TbKif8myc was probed with anti-TbKif8 in Western blots and in
immunofluorescence. In both cases, it was found that anti-ThKif8 was able to detect
TbKif8myc (Figure 3.14B and Figure 3.14C). Therefore, the inability of anti-TbKif8 to
detect the presence of endogenous ThKif8 was unlikely to be caused by epitope-masking or
other technical issues but because the expression of endogenous TbKif8 at the protein level
was below the detection threshold of anti-TbKif8 in Western blots and
immunofluorescence microscopy.

RNAI directed against Tbkif8 in 29-13/p2T7-TbKif8 cells resulted in an impaired
growth rate when compared to non-induced cells. However, apart from a mild growth
defect in RNAI induced cells, no gross changes in cellular morphology were observed when

the cells were examined under phase-contrast light microscopy.
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Figure 3.15: The growth curve of 29-13/p2T7-TbKif8 cells in the presence (+) or absence (-) of 1 pg ml™
doxycycline (Dox).
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3.4.6 TbKif9 is localised to the flagellum of both procyclic and bloodstream

cells

To investigate the specificity of the affinity-purified polyclonal antibody anti-
TbKif9, a Western blot using the whole cell lysate of procyclic strain 427 cells was
performed. The Western blot resulted in the identification of a single protein band of
approximately 90 kD in size corresponding to the expected size of TbKif9 of 87 kD (Figure
3.16A). Immunofluorescence microscopy performed using anti-TbKif9 on both procyclic
and bloodstream cells revealed a staining along the entire length of the flagellum (Figure
3.16B). The staining in the flagellum is persistent throughout the cell cycle and is present
on the new and mature flagellum during cell division. In addition, double labelling
experiments using the paraflagellar rod (PFR) antibody L8C4 and anti-TbKif9 confirms
that TbKif9 is localised to the entire length of the flagellum. The staining of anti-TbKif9
appear slightly shifted distal to the PFR staining in relation to the cell body, potentially

indicating an axonemal localisation.
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Figure 3.16: Western blot and subcellular localisation of TbKif9. (A) Western blot using anti-TbKif9 on
procyclic strain 427 cells. (B) Immunofluorescence microscopy (1,000 times magnification) on procyclic
(427) and bloodstream (442) cells. The left panel represents phase contrast images while the right panel
represents the merged fluorescence images of anti-TbKif9 (green) and DAPI. DAPI stains the DNA
located in the nucleus and kinetoplast of the trypanosome and is shown in blue. (C) A double label
experiment on NP40 extracted procyclic strain 427 cells. The paraflagellar rod which outlines the entire
length of the flagellum is stained by L8C4 which is indicated in red (Kohl et al., 1999) while the
localisation of TbKif9 is shown in green.



3.4.7 TbKif9 detergent solubility is ATP dependent

Kinesins have been shown to interact with microtubules in an ATP-dependent
manner (Cole et al., 1992; Hertzer et al., 2006). A recent paper described a Leishmania
donovani Kkinesin LdK39, to be partially associated with the detergent-extracted
cytoskeleton in an ATP-dependent manner (Gerald et al., 2007). To test if TbKif9 shares
similar characteristics, procyclic strain 427 cells were extracted with non-ionic detergent
NP40 in the presence and absence of ATP and subsequently analysed by Western blots.
Results from Western blot analysis shows that TbKif9 was localised to the detergent-
insoluble (cytoskeleton) fraction when extracted in the absence of ATP (Figure 3.17).
TbKif9 was partially found in the soluble fraction when cells were extracted in the presence
of ATP. This result provides evidence that TbKif9 is associated with the cytoskeleton in an
ATP-dependent manner. When immunofluorescence microscopy is performed on detergent
extracted cells, the flagellar staining of anti-TbKif9 remained supporting the conclusion
that the staining of the flagellum is due to TbKif9 (Figure 3.16C).
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Figure 3.17: Western blot analysis of TbKif9 response to detergent extraction and treatment with ATP.
Each lane was loaded with an equivalent of 2 x 10° cells which was either untreated whole cells (W),
NP40 soluble (S) or insoluble (P) fractions. The lanes where the cells were extracted in the presence of
ATP are indicated with the (+ATP) symbol. Anti-BiP is a marker for the endoplasmic reticulum (Bangs
et al., 1993) and anti-CAP5.5 is a marker for the cytoskeleton (Hertz-Fowler et al., 2001). Both BiP and
CAPS5.5 is used in this experiment as a control to show the level of separation between detergent-soluble

and insoluble fractions.
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3.4.8 Depletion of TbKif9 through RNAi had no observable effect in procyclic

strain 29-13 cells

To study the function of TbKif9 in trypanosomes, procyclic strain 29-13 cells were
transfected with the p2T7-TbKif9 RNAI vector. The production of dsSRNA against TbKif9
was induced by the addition of doxycycline and resulted in the depletion of TbKif9 protein
within 24 hours (Figure 3.18A). The presence of TbKif9 on Western blots remained
undetectable throughout the experiment which lasted for 10 days (Figure 3.18A). Despite
the reduction of TbhKif9 protein levels, there was no change in the growth rate between
induced and non-induced populations (Figure 3.18B). In addition, comparisons between
both populations under light microscopy indicated that there were no observable gross
changes in the cellular morphology or motility.

When 29-13/p2T7-TbKif9 cells induced with doxycycline for 4 days were examined
using immunofluorescence microscopy, it was observed that the flagellum staining of anti-
TbKif9 remained (Figure 3.18C). The staining of anti-TbKif9 on the flagellum appeared to
be of similar intensity when compared with non-induced 29-13/p2T7-TbKif9 cells. This
raised the possibility that anti-TbKif9 is not recognising TbKif9 in fluorescence
microscopy and the staining in the flagellum was due to cross-reactivity of anti-TbKif9
with a different protein. In order to test if anti-TbKif9 is able to detect TbKif9 in
fluorescence microscopy, procyclic cells expressing a myc tagged version of TbKif9

(TbKif9myc) were created.
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3.4.9

Figure 3.18: RNAIi on procyclic 29-13/p2T7-TbKif9 cells. (A) Western blot analysis of 29-13/p2T7-
TbKif9 cell samples. Samples for Western blotting were taken at 24 hour intervals after the addition of
doxycycline (Dox, 1 pg ml™) for 10 days. Only samples from day 0, 1, 2, 3, 4, 7, 8, 9 and day 10 were
shown. (B) Growth curve of procyclic 29-13/p2T7-TbKif9 cells induced with doxycycline (+dox). Non-
induced (-dox) 29-13/p2T7-TbKif9 cells were used as a control. (C) Immunofluorescence microscopy
(1,000 times magnification) of 29-13/p2T7-TbKif9 cells induced with doxycycline for 4 days and probed
with anti-TbKif9. The images on the left panel are phase contrast images for the corresponding
immunofluorescence image on the left panel. The staining of anti-TbKif9 is shown in green while the
staining in blue represents the nucleus and kinetoplast of the trypanosome.

Anti-TbKif9 is able to detect ectopically tagged TbKif9myc

Procyclic strain 449 cells with a tetracycline inducible exogenous copy of
TbKif9myc were subsequently created. The Western blots on 449/TbhKif9myc cells induced
with tetracycline for 24 hours resulted in the detection of a single protein band of similar
size to native TbKif9 (90 kD) when probed with anti-myc (Figure 3.19A). When
449/TbKif9myc induced cells were probed with anti-TbKif9 in Western blots, it was found
that anti-TbKif9 reacted against a protein band of similar size with TbKif9 corresponding
to the ectopically expressed TbKif9myc (Figure 3.19A). However, when induced
449/TbKif9myc cells were examined under fluorescence microscopy using anti-myc, a cell
body staining excluding the nucleus and flagellum was observed. Double labelling
fluorescence microscopy using anti-TbKif9 and anti-myc was also performed on
tetracycline induced 449/TbKif9myc cells (Figure 3.19B). The staining of anti-TbKif9 was
shown to have a similar cell body staining to anti-myc in addition to the flagellum stain. An
image overlay of anti-ThKif9 and anti-myc shows a perfect merge of the cell body staining
from anti-TbKif9 and anti-myc supporting the conclusion that anti-TbKif9 was able to
detect TbKif9myc. This indicates that the flagellar staining obtained with anti-TbKif9 is not
due to cross-reactivity with a different protein.

It is possible that the addition of the myc tag at the C-terminus of ThKif9myc
resulted in the mistargeting and exclusion of TbKifdmyc from the flagellum. However,

further work is required to ascertain this possibility.
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Figure 3.19: Immunofluorescence and Western blot analysis on 449/TbKifdmyc cells induced with
tetracycline (1pg ml™) for 24 hours. (A) Western blot analysis using anti-TbKif9 and anti-myc
antibodies on procyclic (449) and 449/ThKif9myc cell line. The lane (+) are cells expressing TbhKifdmyc
while (-) are cells not expressing TbKif9myc. (B) Immunofluorescence microscopy (1,000 times
magnification) of procyclic cells expressing TbKif9myc. The cells were labelled with anti-TbKif9 (green)
and anti-myc (red). The blue stain in the merged image represents the nucleus and kinetoplast.
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3.4.10 TbKifl5 is associated to the mitochondrion in procyclic and

bloodstream cells

To test the specificity of purified TbKifl15 polyclonal antibodies, a Western blot was
performed on whole cell lysate of procyclic strain 427 cells. It was found that anti-TbKif15
recognises a single protein band of approximately 60 kD (Figure 3.20A). This corresponds
well with the expected size of TbKifl5 of 54 kD.

When anti-TbKif1l5 was used in immunofluorescence microscopy on procyclic
strain 427 cells, a cell body staining with a pattern congruent with of the distribution of the
single mitochondrion was observed. The mitochondrial localisation was confirmed when a
mitochondrial specific dye, Mitotracker was used in tandem with anti-TbKifl5 (Figure
3.20B). In bloodstream cells, anti-ThKif15 staining was reduced in comparison to procyclic
cells (Figure 3.21). This change is expected as the development of the mitochondrion in
bloodstream cells is repressed as a response to metabolic adaptation (Priest and Hajduk,
1994; Schneider, 2001). It was also observed that the staining of the cell body by anti-
TbKif15 in bloodstream forms increased in cells undergoing cell division suggesting that
TbKifl5 may play a role during the segregation of the mitochondrion.

Efforts to characterise the function of TbKifl5 using RNAIi were unsuccessful.
Procyclic strain 29-13 cells containing the p2T7-TbKifl5 RNAI vector did not show any
reduction in TbKifl5 expression when induced with doxycycline and consequently no

RNAI-induced phenotype was observed (Figure 3.22).
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Figure 3.20: Western blot and subcellular localisation of TbKifl15. (A) Western blot of whole cell lysate
of procyclic strain 427 cells probed with anti-TbKifl5. (B) Immunofluorescence microscopy (1,000
times magnification) of procyclic strain 427 cells stained with Mitotracker (red) and anti-TbKifl5
(green). The blue stain (DAPI) in the merged image represents the nucleus and kinetoplast.
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Figure 3.21: Immunofluorescence microscopy (1,000 times magnification) of bloodstream strain 442
cells probed with anti-TbKifl5 (green). Nuclear and mitochondrial DNA is stained with DAPI and is
shown in blue. Cells in the G4/S phase have 1 kinetoplast and 1 nucleus (1K1N), cells undergoing G,/M
phase has 2 kinetoplast and 1 nucleus (2K1N) while cells undergoing cytokinesis have 2 kinetoplast and
2 nucleuses (2K2N).
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Figure 3.22: Effect of doxycycline induction on 29-13/p2T7-TbKif15 cells. (A) Western blot of 29-
13/p2T7-ThKif15 cells induced with the addition of 1 ug ml™ doxycycline (Dox). (B) A growth curve of
29-13/p2T7-TbKif15 cells grown in the presence (+dox) or absence (-dox) of doxycycline.
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3.4.11 TbKif27 localises to the cell body in procyclic cells

To test the specificity of affinity-purified antibody anti-TbKif27, a Western blot was
performed on the whole cell lysate of procyclic strain 427 cells. It was found that anti-
TbKif27 reacts strongly to a single protein band of approximately 60 kD in size (Figure
3.23A). This corresponds well with the expected size of ThKif27 of 63 kD.

Immunofluorescence microscopy on formaldehyde fixed procyclic strain 427 cells
using anti-TbKif27 revealed a cell body staining which excludes the nucleus and flagellum
of the cell. The staining pattern appeared to be granular and the staining intensity
throughout the cell body was homogenous (Figure 3.24A). Based on the staining pattern,
cellular structures potentially associated with TbKif27 are the cortical cytoskeleton or the
endoplasmic reticulum (ER). When comparisons were made between the staining pattern
during immunofluorescence microscopy of anti-TbKif27 and an ER specific antibody BiP
was made, it was observed that BiP had a distinctly different staining pattern compared to
TbKif27 (Figure 3.24B). A double labelling experiment using anti-CAP5.5 (a cytoskeleton
protein marker) and anti-TbKif27 was also performed (Figure 3.24A). It was observed that
CAPS5.5 had a similar distribution with TbKif27 under fluorescence microscopy. However,
CAPS5.5 revealed a more pronounced filamentous staining pattern in contrast to the granular
staining pattern of ThKif27.

Detergent extraction experiments on procyclic strain 427 cells also reveal that
TbKif27 is detergent-soluble (Figure 3.23B). The addition of ATP did not change the
response of ThKif27 during extraction with NP40.
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Figure 3.23: Western blot analysis using anti-TbKif27. (A) Western blot of whole cell lysate of procyclic
strain 427 cells probed with anti-TbKif27. (B) Western blot analysis of TbKif27 response to detergent
extraction and treatment with MgATP. Each lane was loaded with an equivalent of 2 x 10° cells which
was either untreated whole cells (W), NP40 soluble (S) or insoluble (P) fractions. The lanes where cells
were extracted in the presence of MgATP are indicated with the (+ATP) symbol. Anti-BiP is a marker
for the endoplasmic reticulum (Bangs et al., 1993) and anti-CAP5.5 is a marker for the cytoskeleton
(Hertz-Fowler et al., 2001). Both BiP and CAP5.5 is used in this experiment as a control to show the
level of separation between detergent-soluble and insoluble fractions.
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Figure 3.24: Immunofluorescence microscopy (1,000 times magnification) of TbKif27 in procyclic
strain 427 cells. (A) A double labelling experiment with anti-TbhKif27 (green) and anti-CAP5.5 (red).
CAP5.5 is a protein which is associated with the microtubule corset of trypanosomes (Hertz-Fowler et
al., 2001). The blue stain in the merged image is due to DAPI staining the kinetoplast and nucleus. (B)
An immunofluorescence image of cells stained with anti-BiP (green). BiP is a protein marker for the
endoplasmic reticulum (Bangs et al., 1993).
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3.4.12 Depletion of TbKif27 via RNA interference resulted in a growth defect

in procyclic strain 29-13 cells

To probe for the function of ThKif27, RNAI was performed on procyclic strain 29-
13 cells using the vector p2T7-TbKif27. The production of TbKif27 double stranded RNA
resulted in the depletion of TbKif27 in Western blots (Figure 3.25A). After three days of
induction with doxycycline, TbKif27 was undetectable in Western blots and remained
undetectable after day five of induction. The depletion of TbKif27 was also observed
during immunofluorescence microscopy where the cell body staining of anti-TbKif27 was
almost undetectable at day four of induction (Figure 3.25B).

The depletion of TbKif27 through RNA. resulted in a reduction in the growth rate
of procyclic cells (Figure 3.26A). However, no gross morphological phenotypes were
observed and ThKif27 depleted cells appeared to be normal when examined under phase
contrast and fluorescence microscopy (Figure 3.25B). When TbKif27 depleted cells were
analysed via FACS for cellular DNA content, it was observed that there was a slight
increase in the amount of zoids (1KON) between control (1.1%) and TbKif27 depleted
(3.1%) cell populations (Figure 3.26B). There was also a decrease in the G1 (1K1N)
population from 52.9% in control cells to 46.9% in TbKif27 depleted cells.
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Figure 3.25: RNAI analysis of 29-13/p2T7-TbKif27 cells. (A) A Western blot showing the effects of RNAI
induced depletion of TbKif27. Samples for Western blotting were taken at every 24 hour intervals for 6
days. (B) Immunofluorescence microscopy (1,000 times magnification) of 29-13/p2T7-TbKif27 cells
probed with anti-TbKif27. (-Dox) control, (+Dox) RNAI cell induced for 4 days. The staining of anti-
TbKif27 is shown in green. The colour blue represents DAPI staining the kinetoplast and nucleus.
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Figure 3.26: Effect of RNAIi on p2T7-TbKif27 cells. (A) Growth curve of p2T7-TbKif27 cells. The cells
were diluted to a density 1 x 10° cells mI™ and counted every 24 hours in the presence (+Dox) or
absence (-Dox) of doxycycline. (B) FACS analysis on the DNA content of control cells (-Dox) and
TbKif27 depleted cells 4 days after RNAI induction (+Dox). The x-axis represents the fluorescence
signal of propidium iodide which indicates the DNA content of a cell. The y-axis represents the number
of counts for the specific absorbance intensity which is proportional to the number of cells counted.
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3.4.13 TbKif45 is detergent-insoluble but anti-TbKif45 failed to detect native

TbKif45 during immunofluorescence microscopy

To test the specificity of affinity-purified anti-TbKif45, a Western blot was
performed on the whole cell lysate of procyclic strain 427 cells. It was found that anti-
TbKif45 reacted strongly to a single protein band of approximately 80 kD in size (Figure
3.27A). This corresponds well with the expected size of TbKif45 of 77 kD. Western blots
on NP40 extracted procyclic cells also revealed that ThKif45 is detergent-insoluble but
becomes detergent-soluble in the presence of ATP (Figure 3.27B).

Immunofluorescence microscopy on procyclic strain 427 cells using anti-TbKif45
did not reveal any discernable signals (results not shown). Furthermore, anti-TbhKif45 also
failed produce a staining in NP40 extracted cells or when cells were fixed using methanol
(results not shown). Anti-TbKif45 was made from a polyclonal source raised against a large
TbKif45 protein fragment (28 kD) and therefore anti-TbKif45 it is likely to recognise more
than one epitope of TbKif45. The polyclonal nature of anti-TbKif45 and the detection of
TbKif45 through Western blots suggest that the inability for anti-TbKif45 to detect
TbKif45 during immunofluorescence microscopy was either due to a low abundance of
TbKif45 or the inaccessibility of the ThKif45 epitopes.
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Figure 3.27: Western blot analysis on TbKif45. (A) Western blot on whole cell lysate of procyclic strain
427 probed with anti-TbKif45. (B) Western blot analysis of TbKif45 response to detergent extraction
and treatment with MgATP. Each lane was loaded with an equivalent of 2 x 10° cells which was either
untreated whole cells (W), NP40 soluble (S) or insoluble (P) fractions. The lanes where the cells were
extracted in the presence of MgATP are indicated with the (+ATP) symbol. Anti-BiP is a marker for
the endoplasmic reticulum (Bangs et al., 1993) and anti-CAP5.5 is a marker for the cytoskeleton
(Hertz-Fowler et al., 2001). Both BiP and CAP5.5 is used in this experiment as a control to show the
level of separation between detergent-soluble and insoluble fractions.
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3.4.14 TbKif45M was localised to the nucleus

In order to determine the subcellular localisation of TbKif45, cell lines expressing
ectopic TbKif45 tagged with a myc epitope was created. However, it was discovered after
DNA sequencing, that the TbKif45myc vector used in the transfection of procyclic strain
449 cells contained a single base pair deletion at the 3 end of the TbhKif45 coding region
(Figure 3.28A). This single base pair deletion is likely to be introduced by the reverse
primer used in the amplification of the TbKif45 coding region during the creation of the
TbKif45myc vector. The point mutation resulted in a frameshift at the end of the coding
region of TbKif45 changing the last amino acid of TbKif45 from isoleucine (I) to
methionine (M) and added 8 other amino acids instead of the myc tag at the C-terminus of
TbKif45 (Figure 3.28B), creating a mutant version of TbKif45 (TbKif45M).

The absence of the myc tag in TbKif45M makes detection using anti-myc
impossible. However, the expression of TbKif45M in procyclic strain 449 cells was
detectable in Western blots when probed with anti-TbKif45 (Figure 3.30A). The band was
as expected, similar in size to the endogenous TbKif45. When cells expressing TbKif45M
were examined by immunofluorescence microscopy, it was found that TbKif45M was
exclusively localised to the nucleus (Figure 3.30B). TbKif45M was detected only in cells
which were preparing or undergoing mitosis. When immunofluorescence microscopy was
performed on NP40-extracted cells, part of the nuclear staining of TbKif45M remained and
was observed to have a staining pattern that was compatible with the position of the mitotic
spindle (Figure 3.30C).
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Figure 3.28: DNA and protein sequence analysis of the TbKif45 mutant, TbKif45M. (A) DNA sequence
alignment of the 3’ region of TbKif45myc and TbKif45M. (TbKif45myc) represents the expected
sequence of the 3’ region of the TbKif45myc expression construct while (TbKif45M) represents the
actual sequence determined from DNA sequencing. The region shaded in yellow represent the 3’ region
of the TbKif45 ORF, the region shaded in brown represents the 3 x myc tag inserted by the p2674
vector. The region underlined represents the reverse primer used to amplify the open reading frame of
TbKif45 gene and the area shaded in red represents the deleted Thymine (T) residue introduced by the
TbKif45myc reverse primer. (B) Protein alignment of TbKif45myc against the predicted TbKif45M
protein sequence deduced from the sequencing results of ThKif45M vector. The region shaded in yellow
represents the entire protein sequence of TbKif45 and the region shaded in brown represents the 3 x
myc tag inserted by the p2674 vector resulting in a 3 x myc tagged TbKif45 gene. The region outlined
by the black box represents the additional 9 amino acid residues introduced to the C-terminus of
TbKif45 creating the protein TbKif45M.
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3.4.15

Figure 3.29: Immunofluorescence and Western blot analysis on 449/TbhKif45myc cells induced with
tetracycline (1pug ml™) for 3 hours. (A) Western blot analysis using anti-TbKif45 on non-induced (1)
and induced (2) cells. (B) Immunofluorescence microscopy (1,000 times magnification) of
449/TbKif45myc cells induced with tetracycline for 3 hours. (C) Immunofluorescence microscopy (1,000
times magnification) of NP40 extracted 449/ThKif45myc cells induced with tetracycline for 3 hours.

Overexpression of TbKif45M resulted in karyokinesis arrest

An induction time course of 449/TbKif45M cells revealed that the induction of
TbKif45M resulted in severe growth retardation 6 hours after the addition of tetracycline
(Figure 3.30B). Western blot analysis of induced 449/TbKif45M cells indicated that the
decrease in cell growth coincided with the increase in TbhKif45M protein levels (Figure
3.30A). FACS analysis revealed an accumulation of G2/M cell population and a
corresponding decrease in G1 cell population after 6 hours of TbKif45M induction (Figure
3.30C). After 24 hours, large populations of zoids (1K ON) are found to be present (Figure
3.31A). Furthermore, after 24 hours of TbKif45M induction, a large proportion of the cells
observed appear to have an enlarged nucleus (1K 1N*) likely due the accumulation of
TbKif45M and larger nuclear DNA content of unknown ploidy (Figure 3.31A). Zoids are
often formed when the trypanosome is unable to complete mitosis but able to progress
through cell division leading to the accumulation of anucleate (1K ON) cells called zoids
and 1K 1N* cells which contain a higher nuclear DNA content than normal (Ploubidou et
al., 1999). The appearance of aberrant cell types and the accumulation of G2/M phase in
FACS analysis strongly support the idea that TbKif45M overexpression inhibits the
completion of mitosis/karyokinesis in procyclic cells. This conclusion is also supported by
the observation that no aberrant cells with multiple nuclei were observed by microscopy

indicating that karyokinesis failed to occur in ToKif45M overexpressing cells.
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Figure 3.30: The effect of TbKif45M overexpression. (A) Western blot of wild-type (449) cells and
TbKif45M cells induced with tetracycline addition after 0, 1.5, 3, 6 and 24 hours. (B) A growth curve of
449/TbKif45M cells. The overproduction of TbKif45M was induced with the addition of tetracycline
(+Tet). (-Tet) represents the negative control. (C) FACS analysis on the DNA content of 449/TbKif45M
cells. The x-axis represents the fluorescence signal of propidium iodide which indicates the DNA
content of a cell. The y-axis represents the number of counts for the specific absorbance intensity which
is proportional to the number of cells counted.
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Figure 3.31: Aberrant cell morphologies observed on 449/TbKif45M cells overexpressing ThKif45M. (A)
Immunofluorescence microscopy on formaldehyde fixed 449/TbKif45M cells 24 hours after tetracycline
induction. (B) Immunofluorescence microscopy (1,000 times magnification) on NP40 extracted
449/TbKif45M cells 24 hours after tetracycline induction. The cells were stained with anti-TbKif45
(green) and DAPI (blue). DAPI stains the DNA of the kinetoplast and nucleus. The abbreviations used
were (K) representing kinetoplast, (N) representing nucleus and (N*) representing an enlarged nucleus.

101



3.4.16 TbKif45 depletion through RNAI in procyclic strain 29-13 cells resulted

in a mild growth defect

To test the effect of TbKif45 depletion in procyclic strain 29-13 cells, RNAI was
performed using the vector p2T7-TbKif45. Doxycycline induction on 29-13/p2T7-TbKif45
cells was successful in depleting the protein levels of TbKif45 (Figure 3.32A). The protein
level of TbhKif45 was reduced by >95% on Western blots within 24 hours and remained
constant throughout the entire duration of the experiment which lasted for 6 days. The
depletion of ThKif45 caused a slight reduction in the growth rate when compared to non-
induced cells within 24 hours of induction (Figure 3.32B). Examination of TbKif45
depleted cells under fluorescence microscopy did not reveal any gross changes on cells
undergoing mitosis nor were any aberrant cell types observed. Similar observations were
obtained when ThKif45 depleted cells were analysed by FACS (Figure 3.32C). However, it
was noted that there was a slight increase in zoid cells in TbKif45 depleted cells (3.8%)
when compared with control cells (1.2%).

In conclusion, the overexpression of TbKif45M had a more pronounced effect on
the cell cycle and growth than the depletion of TbKif45. This observation could be
explained by the often observed redundancy built into the function of kinesin proteins in
other organisms (Cottingham et al., 1999; Ganem et al., 2005; Nag et al., 2008). In addition,
it is also possible that a partial depletion of endogenous TbKif45 was insufficient in

inducing an observable change in cellular morphology.
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Figure 3.32: The effect of TbKif45 depletion in procyclic 29-13/p2T7-TbKif45 cells. (A) Western blot of
29-13/p2T7-TbKif45 cells at 0, 1, 2, 3, 4, 5 and 6 days after the addition of doxycycline. (B) A growth
curve of 29-13/p2T7-ThKif45 cells. The depletion of ThKif45 is induced with the addition of doxycycline
(+Dox). (-Dox) represents the negative control. (C) FACS analysis on the DNA content of 29-13/p2T7-
TbKif45 cells. The x-axis represents the fluorescence signal of propidium iodide which indicates the
DNA content of a cell. The y-axis represents the number of counts for the specific absorbance intensity
which is proportional to the number of cells counted.
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3.5 Discussion

This report represents the first comprehensive survey of the Kinesin-13 family in
the Kinetoplastid group reporting the subcellular localisation of six of the seven Kinesin-13
family members coded by the trypanosome genome (Table 3.5). Of the six, only one
kinesin was found to have a nuclear localisation (TbKif45), two were associated with the
flagellum (TbKif2 and ThKif9), two were localised to the cell body (TbKif8 and TbKif27)
and one was found to be associated with the mitochondrion (TbKif15).

Initial attempts to functionally characterise the Kinesin-13 members were
predominantly restricted to observing growth phenotypes and gross morphological changes
from RNAI induced protein depletion. While it was shown that RNAI directed against
TbKif9, ThKif27 and TbhKif45 did result in the depletion of the targeted gene products, no
gross morphological changes were observed in all three kinesins, although TbKif27 and
TbKif45 showed a decrease in growth rate. These observations are not uncommon when
working with single kinesin gene deletion/depletion studies and are documented from work
on various organisms (Cottingham et al., 1999; Goshima and Vale, 2003; Nag et al., 2008;
Zhu et al., 2005). This is often due to functional overlaps between several kinesins where
the loss of function of a single kinesin is compensated by other kinesins that share similar
functions. This is well illustrated in gene deletion studies targeted against kinesins in
Saccharomyces cerevisiae, where it was shown that cells remain viable even after the loss
of four (out of six) kinesin genes coded by its genome (Cottingham et al., 1999). As a
consequence of these functional overlaps exhibited by some kinesins, a phenotype can only
be observed when the cells are subjected to stress (de Hostos et al., 1998) or when several
kinesins of related functions were deleted/depleted simultaneously (Goshima and Vale,
2003; Nag et al., 2008).
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Table 3.5: The localisation of the six Kinesin-13 members in Trypanosoma brucei.

Kinesin

Endogenous protein

Ectopically expressed protein

TbKif2

No detectable signal in Western
blots and immunofluorescence
microscopy using anti-ThKif2

e Myc tagged at the C-terminus

e Localised to the distal tip of the
flagellum

e Detectable by both anti-myc and anti-
TbKif2

ThKif8 | No detectable signal in Western | e Myc tagged at the C-terminus
blots and immunofluorescence | o Localised to the cell body excluding the
microscopy using anti-ThKif8 nucleus and flagellum
e Detectable by both anti-myc and anti-
ThKif8
TbKif9 | Detectable in Western blots and | e Myc tagged at the C-terminus
localised to the entire length of | e Localised to the cell body excluding the
the flagellum by anti-TbKif9 nucleus and flagellum
e Detectable by both anti-myc and anti-
ThKif9
TbKifl5 | Detectable in Western blots and | N/A
localised to the mitochondrion
by anti-TbKif15
TbKif27 | Detectable in Western blots and | N/A
localised to the cell body
excluding the flagellum and
nucleus by anti-TbKif27
TbKif45 | Detectable in Western blots but | e Localised to the nucleus

not detectable in
immunofluorescence
microscopy by anti-TbKif45

¢ Exhibit a staining pattern similar to the
mitotic spindle in detergent extracted
cells

e Detectable by anti-TbKif45
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RNAI directed against TbKif2 resulted in a severe growth defect contrary to
previously published experimental results where RNAI directed against TbKif2 in procyclic
cells did not result in cell growth impairment (Blaineau et al., 2007). As anti-ThKif2 was
unable to detect any endogenous ThKif2 protein, it is unknown if the production of ThKif2
dsRNA resulted in the depletion of TbKif2 mMRNA as a northern blot was not performed. A
possible explanation for such a contrasting result would be that the dSRNA produced by the
RNAI vector p2T7-TbKif2 was cross-reacting with the mRNA of another gene product.
Blast searches using the DNA sequence used in the construction of the RNAI vector p2T7-
TbKif2 did not reveal any other genes that share any significant sequence similarities except
for TbKif2. However, it is possible that the dsSRNA produced by the RNAI vector p2T7-
TbKif2 may target the UTR regions of mRNA coded by other genes resulting in non-
specific gene silencing. It is therefore prudent to confirm the results of the initial gene
silencing experiment by performing a second RNAIi knockdown directed against a different

region of the gene of interest or to generate a gene knockout cell line.

Attempts to deplete TbKifl5 using RNAI were unsuccessful. One possible cause for
TbKif15 to be non-responsive to RNAI induction would be due to the leaky nature of the
p2T7 RNAI vector when used in conjunction with the 29-13 cell line which expresses high
levels of T7 RNA polymerase. If TbKifl5 is an essential gene, even a small amount of
dsRNA may be hazardous to trypanosomes resulting in the selection for mutants which are
non-responsive to RNAI induction. To overcome this problem, one could use a tightly-
regulated RNAI system which involves cell lines containing higher levels of tetracycline
repressor proteins (Alibu et al., 2005) and/or use a stem-loop RNAI construct which uses a
single T7 promoter (Chanez et al., 2006). Alternatively, other non-RNAi methods can be
employed to aid functional characterisation such as overexpression studies (Blaineau et al.,
2007; Kline-Smith and Walczak, 2002; Saunders et al., 1997), creating cell lines with
conditional gene knockouts (Homma et al., 2003; Lu et al., 2005; Nag et al., 2008) or
inducible dominant negative mutants (Dawson et al., 2007; Kline-Smith et al., 2004).

Apart from issues involving the use of RNAI in trypanosomes, it was observed that
the presence of TbKif2 at the RNA level does not necessarily mean that ThKif2 was
expressed. Using antibodies, TbKif2 was not detectable in procyclic and bloodstream cells

and the removal of TbKif2 in procyclic cells did not result in any observable phenotype
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indicating that TbhKif2 was not expressed or at least dispensable for cultured life cycle
forms. This illustrates the importance of the use of antibodies to detect endogenous protein
levels as the presence of mMRNA does not necessarily mean that the gene is expressed at the
protein level. In addition, it also outlines the drawbacks of end-point RT-PCR as it provides
only a qualitative result in detecting the presence of RNA but does not provide a
quantitative measure in terms of RNA levels present. Northern blots and real-time PCR,
using genes with known expression levels as a point of reference, would be able to give a

more accurate account of mMRNA levels.

TbKif2 and TbKif9 - kinesins localised to the flagellum

The characterisation of the Kinesin-13 family in trypanosomes resulted in the
discovery of two kinesins associated to the flagellum, TbKif2 and TbKif9. We were unable
to detect endogenous TbKif2 using anti-TbKif2 but ectopically expressed TbKif2myc was
found to localise to the distal tip of the flagellum. Members of the Kinesin-13 family have
been reported to be associated to the flagellar tip in Leishmania major (Blaineau et al.,
2007) and Giardia intestinalis (Dawson et al., 2007). In both organisms, the localisation
was determined using ectopically tagged versions of the protein of interest. In L. major, the
overexpression of a Kinesin-13 family member LmjKIN13-2 (a homologue to TbKif2)
resulted in a short flagellum phenotype. This prompted the suggestion that LmjKIN13-2
promotes flagellum shortening by depolymerising axonemal microtubules at the distal tip
of the flagellum (Blaineau et al., 2007). Their conclusion is supported by two lines of
evidence. (1) Mutation studies of the KLD or KEC motif in the motor domain of
LmjKIN13-2 which resulted in the loss of flagellum localisation and the restoration of wild
type morphology. The KLD and KEC motifs are Kinesin-13 specific motifs which play an
important role in microtubule depolymerisation and tubulin binding (Hertzer et al., 2003;
Shipley et al., 2004). As the substitution of the KLD or KEC motifs did result in the
restoration of wild type morphology, they argued it was due to the inhibition of the
microtubule depolymerisation of LmjKIN13-2. However, it could be due to the also
observed mislocalisation of LmjKIN13-2 to the base of the flagellum, which resulted in the
restoration of wild type morphology. (2) The depletion of TbKif2 mRNA levels using
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RNAI (LmjKIN13-2 homologue) in procyclic trypanosomes resulted in flagellum
lengthening. This result was compatible with the idea that TbKif2 promotes flagellum
shortening and the depletion of TbKif2 would result in the lengthening of the flagellum.

Some of the results from my experiments on TbKif2 agree with previously
published data (Blaineau et al.,, 2007) as the expression of TbKif2myc in
ATbKIif2/TbKif2myc cells was found to have a negative effect (15% reduction, Figure 3.11)
on the length of the flagellum when compared to wild-type 449 cells. In addition,
immunofluorescence microscopy on procyclic cells expressing TbKif2myc revealed that
during cell division, TbKif2myc was found to be more abundant (in terms of fluorescence
intensity and area of flagellar tip staining, Figure 3.7) on the actively growing new
flagellum when compared to the mature flagellum. The preferential staining of Kinesin-13
family members to actively polymerising microtubule ends has been documented before in
interphase Chinese Hamster Ovary (CHO) cells (Moore et al., 2005) and at growing
flagellar tips in Giardia (Dawson et al., 2007).

However, in contrast to published results (Blaineau et al., 2007), the absence of
TbKif2myc expression in the procyclic ATbKif2/TbKif2myc cell lines did not result in
flagellum lengthening when compared with wild-type 449 cells. The reason for such a
discrepancy in results is unknown but may be attributed to the different approach used in
depletion of ThKif2 expression (conditional knock-out in contrast to RNAI) in procyclic
cells. In addition, it is uncertain that ThKif2 regulates flagellar length by directly promoting
microtubule depolymerisation at the distal tip of the flagellum. Previous phylogenetic and
sequence analysis of TbKif2 and other Kinesin-13 family members revealed that TbhKif2
does not posses a neck domain (Figure 2.4). The neck domain plays an essential role in the
depolymerisation of microtubules in vivo (Maney et al., 2001; Ovechkina et al., 2002). The
absence of the neck domain in TbKif2 would severely inhibit its microtubule
depolymerising ability. TbKif2 also appears not to be expressed in procyclic forms of
trypanosomes. This is supported by the observation that endogenous TbKif2 was not
detected in Western blots or in immunofluorescence microscopy when probed with anti-
TbKif2 and the absence of TbKif2 did not result in any change in flagellum length of
ATbKIif2/TbKif2myc cells when compared with wild-type 449 cells. While it is theoretically
possible that small amounts of TbKif2myc, undetectable by Western blotting, can be
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expressed in non-induced ATbKIif2/TbhKif2myc cells preventing flagellum lengthening, this
is unlikely to have happened as RT-PCR on RNA extracts from non-induced cells did not
detect the presence of ThKif2myc mRNA (Figure 3.10B). The absence of TbKif2 in
procyclic cells would suggest that ThKif2 is developmentally regulated and its primary
function, at least in procyclic cells, is not flagellum length regulation. As ThKif2 does not
appear to be expressed in the procyclic form life stage, it would of interest to determine if
TbKif2 expression is detectable in other stages of the trypanosome life cycle. One potential
stage where TbKif2 may play a role would be the epimastigote stage, where the
trypanosome undergoes extensive flagella remodelling and attaches itself to the epithelial
lining of the salivary gland.

TbKif9 was observed to be associated with the entire length of the flagellum. It
represents the first kinesin in the Kinesin-13 family to exhibit such a staining pattern at the
flagellum. The function of TbKif9 is still unknown as RNAI failed to deplete ThKif9
protein to sufficient levels to produce any observable phenotype. Kinesin motor proteins
involved in the flagellum are most comprehensively studied in the biflagellate alga,
Chlamydomonas reinhardtii and to a certain extent the nematode, Caenorhabditis elegans
(Blacque et al., 2008; Scholey, 2008). The studies of motor proteins in the flagellum to date
are predominantly confined to those related to the movement of proteinaceous particles
from the base of the flagellum to the distal tip of the flagellum (Kozminski et al., 1993;
Rosenbaum and Witman, 2002). These proteinaceous particles, called intraflagellar
transport (IFT) particles move along the microtubules of the axoneme. They play a role in
transporting flagellum precursor proteins to the distal tip of the flagellum which is the site
of flagellum assembly (Johnson and Rosenbaum, 1992). Two different classes of motor
proteins are involved in movement of IFT particles. The Kinesin-2 family which is
responsible for anterograde IFT towards the flagellum tip and dyneins which is responsible
for retrograde IFT back to the cell body (Blacque et al., 2008; Rosenbaum and Witman,
2002; Scholey, 2008). The trypanosome genome codes for many of the conserved IFT
transport proteins, and homologues to the conserved motor proteins involved in IFT have
been identified (Berriman et al., 2005). Some of these IFT proteins have been characterised
and results suggest that they are functionally conserved (Absalon et al., 2008; Adhiambo et
al., 2005).
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Assuming that TbKif9 is a microtubule depolymeriser, it is not obvious the function
of a lateral association along the length of the flagellum might have. This is because the
sites where previously characterised Kinesin-13 members exert their microtubule
depolymerisation activity are at microtubule ends.

A group of kinesin family members known to have a flagellar localisation is the
Kinesin-9 family which was found to play a role in flagellar movement (Yokoyama et al.,
2004). CrKlpl, which is a member of the Kinesin-9 family, exhibits a staining pattern
similar to TbKif9 which is along the flagellum in Chlamydomonas (Bernstein et al., 1994;
Yokoyama et al., 2004). However, it is unlikely that ThKif9 would share similar functions
to CrKlpl as the trypanosome does posses a single Kinesin-9 family member, TbKif40
which is likely a functional homologue to CrKlpl [refer Table 2.3 and (Wickstead and Gull,
2006)]. In addition, TbKif9 also exhibits a different response when compared to CrKlpl
during detergent extraction experiments, where TbhKif9 is partially detergent-soluble in the
presence of ATP while CrKlpl was found to be soluble only when extracted in the presence
0.5 M NaCl (Yokoyama et al., 2004), indicating a difference in biochemical properties
possessed by ThKif9 and CrKlpl.

It is also possible that TbKif9 is involved in flagellar structures/functions not found
in other model eukaryotic systems. The homologues of TbKif9 are present in the
kinetoplastid counterparts L. major and T. cruzi, which suggests that TbKif9 is involved in
a function found only in the kinetoplastid group. The kinetoplastid flagellum contains the
classical axonemal structure made of nine doublets of microtubules around a central pair of
single microtubules (Branche et al., 2006). However, unlike other flagellated eukaryotes,
the kinetoplastid flagellum also posses a paraflagellar rod (PFR) which runs in parallel with
the axoneme within the flagellar membrane (Hill, 2003; Maga and LeBowitz, 1999). As
TbKif9 does have a similar distribution to the PFR, it is possible that TbKif9 interacts with
the PFR. The localisation of TbKif9 by the electron microscope would provide more

information about its function by revealing its exact localisation in the flagellum.
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3.5.2 TbKif8 and TbKif27 - kinesins localised to the cell body

The expression of the ectopic copy of TbKif8 tagged with a myc epitope resulted in
a cell body staining which excludes the nucleus and flagellum. The distribution of
TbKif8myc does not appear to correlate with known trypanosome cell body organelles and
exhibits a diffused cell body staining. The polyclonal anti-TbKif8 is able to detect
ectopically expressed TbKif8myc by immunofluorescence microscopy and Western blot.
Therefore, as the expression of the endogenous TbKif8 was undetectable by anti-TbKif8, it
Is possible that TbKif8 is not expressed in both procyclic and bloodstream forms. If ThKif8
is not expressed in procyclic cells, the diffused cell body distribution of TbKif8myc could
simply represent the mistargeting of TbKif8myc due to the absence of TbhKif8 targeting site.
It is uncertain if the growth defect observed during doxycycline induction in 29-13/p2T7-
TbKif8 cells is an actual phenotype, as endogenous expression of TbKif8 was undetected
and RNAI can cause cross-interference. Therefore, in order to confirm that the growth
defect of RNAI directed against TbKif8 is reproducible, a second RNAIi experiment
targeting a different region of the gene should be performed. In addition, it is important to
investigate if endogenous TbKif8 can be detected in other life cycle stages of Trypanosoma
brucei.

TbKif27 was also localised to the cell body and was found to exhibit a uniform
intensity throughout the cell body excluding the nucleus and flagellum. RNAI induced
reduction of TbKif27 resulted in the loss of cell body staining by more than 95%
confirming that the cell body staining is due to TbKif27. The distribution of TbKif27 does
not appear to associate with any known membrane-bound organelles in the cell body. The
motor domain of TbKif27 is well conserved when compared with other characterised
kinesin family members (refer Figure 2.3). It is therefore likely that the motor domain of
TbKif27 is capable of microtubule interaction. It was previously reported that a Kinesin-13
family member, MCAK being localised to microtubule tips in interphase CHO cells
resulting in a homogenous granular/filamentous staining in the cell body (Moore et al.,
2005). The TbKif27 cell body staining is compatible with the possibility that TbKif27 is
associated to the trypanosome sub-pellicular microtubule corset (Kohl and Gull, 1998;
Woods et al., 1989).
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Western blot analysis on the detergent extraction experiment revealed that TbKif27
was detergent-soluble. Kinesins which are unable to maintain association with microtubules
in the absence of ATP are not uncommon, as some kinesins have been shown to stably
associate to microtubules only in the presence of a non-hydrolysable analogue of ATP,
AMPPNP (Brady, 1985; Cole et al., 1992; Vale et al., 1985). Therefore, in order to
properly verify if TbKif27 is detergent-soluble, a second detergent extraction experiment is
planned where procyclic cells will be extracted in the presence of AMPPNP. If TbKif27 is
detergent soluble, it is possible that TbKif27 is cytosolic. Therefore, a double labelling
experiment with a cytosolic marker should be performed. Conversely, if TbKif27 is shown
to associate to the cytoskeleton, it will be essential to examine the localisation of TbKif27
under an electron microscope to determine how ThKif27 interacts with the microtubule
corset. Depletion of TbhKif27 through RNAI resulted in a reduction of growth rate in
procyclic strain 29-13 cells. While there were no gross changes in the cellular morphology
in TbKif27 depleted cells, a slight increase in zoid populations in TbKif27 depleted cells
suggests that ThKif27 may play a role in cytokinesis. Currently, a conditional knockout of
TbKif27 is being created in our lab in order to further characterise the function of TbhKif27.
It is speculated that TbKif27 could be involved in the organisation and dynamics of the
microtubule corset. It has been previously shown that the microtubule corset duplicates in a
semi-conservative fashion during cytokinesis by intercalating new microtubule filaments
between the existing microtubule array (Sherwin and Gull, 1989b). Kinesins might play a

role in regulating the assembly process.

TbKifl5, a kinesin associated with the mitochondrion

TbKif15 represents the first Kinesin-13 family member of any organism to be found
associated to the mitochondrion. There are two classes of microtubule associated motor
proteins known to be involved in the movement of mitochondria along the cell body of
eukaryotes, the kinesin and dynein motor proteins. Members of the Kinesin-1 and Kinesin-
3 family play a role in mitochondrial transport towards the microtubule plus-end (Glater et
al., 2006; Khodjakov et al., 1998; Klopfenstein et al., 2002; Nangaku et al., 1994; Tanaka et

al., 1998) while dyneins are involved in the transport of mitochondria towards the minus-
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end of microtubules (Pilling et al., 2006; Tanaka et al., 1998). Members of the Kinesin-13
family represent the only kinesin family known not to exhibit microtubule processivity
(Desai et al., 1999). Unlike most eukaryotes, trypanosomes possess only a single large
mitochondrion which spans the entire length of the cell body in procyclic cells (Gull, 2001).
This negates the need for the trypanosome mitochondrion to be transported within the
trypanosome cell body. It is possible that TbKifl5 is involved in anchoring the
mitochondrion to the cell body and plays a role in the segregation of the mitochondrion
during cell division. Very little is known about proteins involved in mitochondrial
segregation in trypanosomes, with the exception for a motor protein called dynamin, which
plays a role in mitochondrial fission (Chanez et al., 2006; Morgan et al., 2004). Currently,
our lab is collaborating with André Schneider, University of Fribourg, in characterising
TbKif15. Preliminary results on procyclic cells depleted of ThKif15 by stem-loop RNAI,
resulted in a growth defect when cultivated in a low glucose medium. This could indicate
that the depletion of TbKifl5 resulted in the disruption of the integrity of the single

mitochondrion, which is essential for the survival of procyclic trypanosomes.

TbKif45, a kinesin localised to the nucleus

Of the six Kinesin-13 family members characterised, only TbKif45 exhibited a
nuclear localisation. This is surprising as most of the Kinesin-13 family members in other
organisms characterised have mitotic functions. The functions of the Kinesin-13 family in
mitosis are well studied in many metazoan organisms (Ganem and Compton, 2004;
Manning et al., 2007; Rogers et al., 2004; Walczak et al., 2002; Walczak et al., 1996;
Wordeman et al., 2007) but little work has been performed on protozoans regarding the
exact roles of the Kinesin-13 family during mitosis. To date, only two publications
involving the characterisation of the Kinesin-13 family members that have a nuclear
localisation in protozoans have been reported. In Giardia, a Kinesin-13 member was
reported to be localised to flagellar tips, the median body and to the entire mitotic spindle
(Dawson et al., 2007). The function of the Giardia Kinesin-13 was deduced by expressing a
dominant-negative GFP-tagged Kinesin-13 rigor mutant. The expression of the Kinesin-13
rigour mutant resulted in severe cytokinesis defects and the appearance of lagging
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chromosomes during anaphase, a common spindle defect observed when the function of
Kinesin-13 motor proteins are disturbed during mitosis (Kline-Smith et al., 2004; Maney et
al., 1998; Rogers et al., 2004).

In L. major, LmjKIN13-1 (a homologue of TbKif45) was reported to have a
nuclear localisation and was observed to be associated to the poles of the mitotic spindle
(Dubessay et al., 2006). However, in contrast to my work on ThKif45, overexpression of
GFP-tagged LmjKIN13-1 in L. major did not result in any observable defects in mitosis.
The exact cause of such discrepancy in results is unknown but it is possible that the degree
of overexpression of LmjKIN13-1 was not high enough to promote a spindle defect or that
the GFP tag interfered with the normal function of LmjKIN13-1. The effect of a Kinesin-13
protein overexpression has been previously demonstrated (Kline-Smith and Walczak, 2002;
Maney et al., 1998; Newton et al., 2004). In vertebrate cells, an overexpression of a
Kinesin-13 family member, XKCM1 resulted in the formation of monoastral and
monopolar spindles with small pro-metaphase spindles causing mitotic arrest or delay in
affected cells (Kline-Smith and Walczak, 2002). The formation of aberrant mitotic spindles
has been attributed by the microtubule depolymerising ability of XKCM1 as the depletion
of XKCM1 resulted in spindle elongation. The result of TbKif45M overexpression in
procyclic cells correlates well with previous findings as TbKif45M overexpression resulted
in karyokinesis inhibition. Examination of detergent extracted cells with aberrant nuclear
morphology produced an unusual filamentous staining within the nucleus when probed
with anti-TbKif45 (Figure 3.31B). It is possible that this filamentous stain is a result from
the failure of the mitotic spindle to form a normal bipolar spindle as a result of TbKif45M
overexpression. To test this hypothesis, these cells would need to be stained with an
antibody that is specific to the mitotic spindle such as the anti-tubulin antibody, KMX
(Birkett et al., 1985).

The depletion of ThKif45 using the p2T7-TbKif45 RNAI construct resulted in mild
growth retardation and a slight elevation in zoid cell populations. The mild defects could
have been caused by an overlap in function of other motor proteins or a partial depletion of
TbKif45 may have been insufficient in producing a more pronounced phenotype. The latter
reasoning would appear to be the case, as an RNAI induction experiment performed by a

member of our lab using a stem-loop construct targeting TbKif45 was recently performed,
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resulting in a severe growth defect within two days of RNAI induction (results not shown).
FACS analysis on induced cells revealed a large population of zoid cells and an
accumulation of G1 phase cells which indicate a cell cycle defect (results not shown). A
more detailed examination on the mitotic defects is currently being carried out. It is
speculated that TbKif45 will posses similar functions to the mitotic Kinesin-13 family
members in metazoan organisms where the depletion of TbKif45 results in the appearance
of elongated spindles and lagging chromosomes (Maney et al., 1998; Rogers et al., 2004;
Walczak et al., 1996).

The inability of anti-TbKif45 to detect endogenous TbKif45 during
immunofluorescence microscopy is possibly due to its epitope being masked. Anti-TbKif45
Is able to detect endogenous TbKif45 in western blots and the overexpression of ThKif45M
is detectable by immunofluorescence microscopy. Cells can be treated with a different
fixation method or subjugated to various unmasking procedures (e.g. mild protease
treatment) to unmask the epitope of ThKif45. Alternatively, the inability of anti-ThKif45 to
detect endogenous TbKif45 during immunofluorescence microscopy may be due to the low
abundance of ThKif45 in individual cells.

Functional diversity of the Kinesin-13 family

The characterisation of Kinesin-13 members has predominantly been confined to
metazoans and those functions related to mitosis. While the mitotic functions of Kinesin-13
family members are well understood, the non-mitotic functions of the Kinesin-13 family
are only beginning to be uncovered (Moores and Milligan, 2006). An example would be
Kif2A, which is associated to the mitotic spindle during mitosis and is associated to tips of
polymerising microtubules in interphase cells (Moore et al., 2005). During mitosis, Kif2A
Is associated to centrosome and play important role in promoting spindle bipolarity and
powering chromosome segregation during anaphase (Ganem and Compton, 2004). In
interphase cells, Kif2A has been implicated in collateral branch suppression in neuronal
cells (Homma et al., 2003). Non-mitotic functions of Kinesin-13 members have also been
observed in plants (Lu et al., 2005) and in protozoa (Blaineau et al., 2007; Dawson et al.,
2007). My work on the Kinesin-13 family members in T. brucei where majority of the
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Kinesin-13 members were found to have distinct non-nuclear localisations during the entire
cell cycle provides an excellent opportunity to study the functional diversity of the Kinesin-
13 family. Furthermore, as many of these kinesins appear to perform functions unique to
the trypanosome cell biology, making them attractive targets for future drug development.
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5 Supplementary data

Table S 5.1: A list of kinesin sequences of known families

Trypanosome Kinesins.

used in the phylogenetic analysis

of

Sequence Name GenBank ProtID Family Species
LpKHC J05258 AAA29990 Kinesin-1 Loligo pealii
MmKIif5A AF067179 AAC79803 Kinesin-1 Mus musculus
NcKHC L47106 AAB52961 Kinesin-1 Neurospora crassa
DdK7 U41289 AAB07748 Kinesin-1 Dictyostelium discoideum
SpKRP85 L16993 AAA16098 Kinesin-2 Strongylocentrotus purpuratus
SpKRP95 U00996 AAA87393 Kinesin-2 Strongylocentrotus purpuratus
MmKIif3A D12645 BAA02166 Kinesin-2 Mus musculus
MmKif3B D26077 BAA05070 Kinesin-2 Mus musculus
CrFLA10 L33697 AAA21738 Kinesin-2 Chlamydomonas reinhardtii
MmKIif1lA D29951 BAA06221 Kinesin-3 Mus musculus
CeUnc104 M58582 AAA03517 Kinesin-3 Caenorhabditis elegans
LdKIN LO7879 AAA29254 Kinesin-3 Leishmania donovani
DdUnc104 AF245277 AAF63384 Kinesin-3 Dictyostelium discoideum
MmKif4 D12646 BAA02167 Kinesin-4 Mus musculus
GgCHRKIN U18309 AAC59666 Kinesin-4 Gallus gallus
XIKLP1 X82012 CAA57539 Kinesin-4 Xenopus laevis
F11C1.80 AB061676 BAB55445 Kinesin-4 Arabidopsis thaliana
AY224568 AY224568 AAO72688 Kinesin-4 Oryza sativa
DdK8 U69985 AAB09083 Kinesin-4 Dictyostelium discoideum
MmKif11l AB001427 BAA22387 Kinesin-5 Mus musculus
XIEG5 X54002 CAA37950 Kinesin-5 Xenopus laevis
AnBimC M32075 AAA33298 Kinesin-5 Aspergillus nidulans
HsMKLP1 X67155 CAA4T7628 Kinesin-6 Homo sapiens
MmKif20A NM_009004 NP_033030 Kinesin-6 Mus musculus
DdK12 AY484465 AAR39441 Kinesin-6 Dictyostelium discoideum
HsCENP-E Z15005 CAAT8727 Kinesin-7 Homo sapiens
MmK:if10 AB001426 BAA22386 Kinesin-7 Mus musculus
ScKIP2p 711963 CAAT78021 Kinesin-7 Saccharomyces cerevisiae
AtKlp AB028470 BAA88114 Kinesin-7 Arabidopsis thaliana
MmKif19A AB054026 BAB32490 Kinesin-8 Mus musculus
ScKip3p Z72739 CAA96933 Kinesin-8 Saccharomyces cerevisiae
AtKlIpl NM_114825 NP_190534 Kinesin-8 Arabidopsis thaliana
MmKif9 AJ132889 CAB46016 Kinesin-9 Mus musculus
CrKip1 X78589 CAA55326 Kinesin-9 Chlamydomonas reinhardtii
HsKID AB017430 BAA33019 Kinesin-10 Homo sapiens
MmKif22 NM_145588 NP_663563 Kinesin-10 Mus musculus
AtKlp2 NM_120315 NP_195857 Kinesin-10 Arabidopsis thaliana
CeVab-8 NM_073662 NP_506063 Kinesin-11 Caenorhabditis elegans
MmKIif26A XM_138275 XP_138275 Kinesin-11 Mus musculus
ScSMY1p M69021 AAA35056 Kinesin-11 Saccharomyces cerevisiae
MmKifl5 AJ560623 CAD90258 Kinesin-12 Mus musculus
XIKlIp2 X94082 CAA63826 Kinesin-12 Xenopus laevis
AtPaKrpl NM_117492 NP_567423 Kinesin-12 Arabidopsis thaliana
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Table S 5.1: A list of kinesin sequences of known families
Trypanosome kinesins.

used in the phylogenetic analysis of

Sequence Name GenBank ProtID Family Species
AtPaKrpll NM_113271 NP_189009 Kinesin-12 Arabidopsis thaliana
CgMCAK U11790 AAB17358 Kinesin-13 Cricetulus griseus

MmKif2 D12644 BAA02165 Kinesin-13 Mus musculus
AtKlp3 NM_112476 NP_566534 Kinesin-13 Arabidopsis thaliana
CfDSK1 U51680 AAB05681 Kinesin-13 Cylindrotheca fusiformis
DmNCD X52814 CAA36998 Kinesin-14 Drosophila melanogaster
MmKifC1 D49544 BAA19676 Kinesin-14 Mus musculus
ScKar3 M31719 AAA34715 Kinesin-14 Saccharomyces cerevisiae
AtKATA D11371 BAA01972 Kinesin-14 Arabidopsis thaliana
AtKCBP L40358 AAC37475 Kinesin-14 Arabidopsis thaliana

Table S 5.2: A list of kinesin sequences used in Figure 2.3.

Kinesin name Species ProtID Kinesin family
AtKIp3 Arabidopsis thaliana NP_566534 Kinesin-13
CfDSK1 Cylindrotheca fusiformis (Marine diatom) Q39493 Kinesin-13
CgMCAK Cricetulus griseus (Chinese Hamster) AAB17358 Kinesin-13
GIKin13 Giardia lamblia EAA40236 Kinesin-13
LmMCAK Leishmania major NP_047029 Kinesin-13
MmKif2 Mus musculus BAA02165 Kinesin-13
PfKin13 Plasmodium falciparum NP_701793 Kinesin-13
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Table S 5.3: A list of kinesin-13 family sequences used in the phylogenetic tree in Figure 2.4 and Figure

2.5.

Kinesin Name Species Protein ID Kinesin Family
MmKIif19A Mus musculus BAB32490 Kinesin-8
ScKip3p Saccharomyces cerevisiae CAA96933 Kinesin-8
AtKlpl Arabidopsis thaliana NP_190534 Kinesin-8
HsKIF2A Homo sapiens NP_004511 Kinesin-13
MmKIF2A Mus musculus P28740 Kinesin-13
RnKIF2A Rattus norvegicus XP_345151 Kinesin-13
XIXKIF2 Xenopus laevis Q91637 Kinesin-13
HsKIF2B Homo sapiens AAH33802 Kinesin-13
MfKIF2B Macaca fascicularis BAB64505 Kinesin-13
MmKIF2B Mus musculus BAC26831 Kinesin-13
RnKIF2B Rattus norvegicus XP_220865 Kinesin-13
HsKIF2C Homo sapiens Q99661 Kinesin-13
MfKIF2C Macaca fascicularis BABG69716 Kinesin-13
MmKIF2C Mus musculus BAC40116 Kinesin-13
RnKIF2C Rattus norvegicus XP_346747 Kinesin-13
CgMCAK Cricetulus griseus P70096 Kinesin-13
XIXKCM1 Xenopus laevis Q91636 Kinesin-13
FrKIF2C Fugu rubripes SINFRUP00000162741 Kinesin-13
MsFKIF4 Morone saxatilis AAB03190 Kinesin-13
CeKlp7 Caenorhabditis elegans NP_499384 Kinesin-13
CbKlp7 Caenorhabditis briggsae CAE71399 Kinesin-13
DmKIp59C Drosophila melanogaster NP_611759 Kinesin-13
DmKIp59D Drosophila melanogaster NP_611762 Kinesin-13
DmKIp10A Drosophila melanogaster NP_727494 Kinesin-13
AgKIpl0A Anopheles gambiae XP_310979 Kinesin-13
HsKIF24 Homo sapiens XP_294563 Kinesin-13
MmKIF24 Mus musculus BAC39323 Kinesin-13
NtTBK10 Nicotiana tabacum BAB40710 Kinesin-13
AtKIp3 Arabidopsis thaliana BAB02671 Kinesin-13
OsP0006C01.8 Oryza sativa NP_917771 Kinesin-13
AtMGLS6.9 Arabidopsis thaliana BAB00068 Kinesin-13
OsNM_185267 Oryza sativa NP_910156 Kinesin-13
DdK6 Dictyostelium discoideum AAB09082 Kinesin-13
GIKin13 Giardia lamblia EAA40236 Kinesin-13
Py03174 Plasmodium yoelii yoelii EAA22720 Kinesin-13
PfKin13 Plasmodium falciparum NP_701793 Kinesin-13
EcCECU11_0470 Encephalitozoon cuniculi CAD25957 Kinesin-13
CfDSK1 Cylindrotheca fusiformis Q39493 Kinesin-13
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Table S 5.4: The following are the protein sequences of the 6 Kinesin-13 family members studied in this
report. The sequences highlighted in blue represent the region used in the production of polyclonal
rabbit antibodies.

Name

Protein sequence

ThKif2

MTSLCPITSSITVAIRKRPIANNGNSGDKDIVTCEDCRTISVHEPKTRVDLKAVVETSAF
AFDYVFDESVANDVVYKVCCQPLLSDVONGGSVVVIAFGQTGSGKTHTMLGHGSKTIGLY
GYAIRELIGEETTRKLAVSEFYEVYGSKLEDLLNGRTQLKMMQODEADNLRIVGLSEKVVTC
DKEVYKLISKGESLRSSGSTLANDTSSRSHAVLEIKVLNYQGEPHGGRVTLIDLAGSERA
ADTTSSDTRGRHEGAEINKSLLALKECIRAMSRNRRHIPFRASKLTQVLRESFIGNCKTC
FIATVSPLORHCEDTLNTLRYANRIRDLKAPSDDGESRKISMTCPNCNGPVRPDASHTCV
RLSTRCPHCRQVVEKHNLEGHIEECSEFPVRCPRCNELLVRGDIPRHNRRCSRSLVRCPL
CTCHVMRCGLEKHTLMDCGAKLEKCRYCGQGFPRHSLKRHEDVCTMMKIACPYCLQYFRK
VCVDAHASVCVRNPNCRRVSPSRIRDSGEEVWKITNGKEWRQRPRMLRNQSLKQLEAISR
TKSSVQLREGRKPLGPLEDNFSLPALHAPSSAPDRKHPPVTSAFTESLQSHPNSEDDDAD
KEVCRTAPTISGENSSRVGGEGCVCPYAAYGCLHTVCDSSLEKHMKDSVEMHLQLVRDYA
ERVSEENNILRERVNEGTTKASKLHELESV

ThKif8

MERQLRELLEQGGLSHTIQGEVDGGVLTLOQLKQLTMODYQSVGVIVMTDRRKLFELIQY
MKREQANPPSVLNTSDAPRVPEHTPQAVTGARNTTPNCRNATPSSAQRKAENENARMNES
ROLSGAGGRRDPLHVIDDMELSAMKMTPNSRPLSRVARASPTAATRKPGESGTTKRKASR
ITVVVRKRPLSTSEINDGLYDILATDPDNLQATALLEPKQKVDLTKYIEKHREFTYDLVLD
DKYSNRDVYEKACKPLIETVFEGGCATCFAYGQTGSGKTYTMLGKGDQEGIYLMAARDLY
ARLESGMSIMVSFFEIYGGKLEFDLLNEREKLACREDSRGVINVCGLTEHRVEDTGHLMRV
IDYGNSIRAAGSTGMNADSSRSHAILHITVLNSKNRFFGREFTFIDLAGSERGADTLDSDR
TTRLEGAEINKSLLALKECIRALDONHRHIPFRGSKLTAVLRDCFTGNSRTVMIGNVSPA
SGSCEHTLNTLRYADRVKELKKDKSSRIAAEEIMIGOMPSEEIETLGLSSNFAQRRAREK
KAGTRSSSHLSQREPGTPNAKSHSSYGSGYRLKGQHSRVSMSCKEEDYPNFSDSIRSGKV
PSSGGTKSFNRVTPKHSRVGSEISIRDASPYEMTSFASGDSLDEEEDNTILGHRRHIDAM
MELLKQEMTELNGVEMPGASIEVYCKNVESILNRQAKSISSVRNMIRQLLNRLESRQRR

TbKif9

MODEQHEELPPSPSFETLDSLRODNDNEAIQPPNAPSPILERRVASSDAFPPQLSSRHRC
GEGSNAPSLLNLNRQLEDLSRDIQQLNARCRSDSMPNINKTPLRPQHLLPEKQLQLLKQR
LPHLNSALSARGASTPSRTGRESSQRRQDALPTVSPSPPRSRCATSVTRPYQSKQETPCS
SRVFPGRASERPIASPSSPSIAANMDSVTPAAVTEDPQADGKQCAIMRTRGGRIRVVVRK
RPLPPDENSCDCVSMDPPNVKVAVRKORVDLTEYADVNDFTEFDDAFGEDKHNEHVENSCC
KELLETTLQOGGSASCFAYGQTGSGKTHTMLGNSGERGLYILAAAAIFSSLEKDQEVYASL
YEIYCNSLEDLLNNRSPVVVREDHNRRMOITGLTWHAVTSAEELQLLINSGADQRSTGST
TANERSSRSHAVLTIQVRDREDNRFCGTLNLVDLAGSERAADTATNDRQTRQEGAEINKS
LLALKECIRALDEKKKHVPFRGSKLTEILRDSFIGNSRTVMIANISASSONYEHTLNTLR
YAFRVKGLSIVNFEPSRARNAPRPLKPIVPDVNPAQGVPLMSGVPSRTTPGRRRTASSNV
TSHAAAGAAAPPAASHAKGYNSMVPVTTRRNVSSNNTPFNLRNNAGSPFRGGAQGNNVDS
RADDEQVAEYVRRLTREKVMNILPQTKLNEAREQPSPKNDYSLQDESCSFSFNHELMKEL
EDRVVEEIKAELTKAIKDVLLKRDKTFLRLRREKALLMRANTELEKRMADCPHCKGQAIR
PVQQOPN

TbKif15

MPNIPLVAELGTKCAEFQRLLNTSEVPEVVKKKLRPSMDPKELFTSQODSRIFVRCRPITIP
FDQEDMNSKSIIRKVDGYRDPVVMSPKISLAGQCTIEPHSVTLDGVFCGGDDTERVYMES
CAPLVHLSVEGASTCVLCYGQTGSGKTHTTLGIVGLMSRDLAPYFASHNIFITVIEIQAN
KNIDLLTGSEVQVVEDISGELKIRGTDGFECSNDEMLLAVEFQEAASQRMTKATGRNEVSS
RSHMVTCIQIICKNSTWVKPGELFIVDLAGSENTADSATHDKERQMEAKEFINTSLMTLKE
CIRARAMAATSTSHLHIPFRRSPLTLLLRDCFEIAVKRPTKTVVIACVSPLLRDSRHTIN
TLRYASLLAVTVPARIVADDPDDPNGFDREQALAFICRCSRGRITNPEYILPEGDGRTLV
HIPEAEFIRRIMESHAKISEKGAKQIYTSVWQKIVDARTKGRKVMTSSKKAPIAPRCATQO
RR
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Table S 5.4 (continued): The following are the protein sequences of the 6 Kinesin-13 family members
studied in this report. The sequences highlighted in blue represent the region used in the production of
polyclonal rabbit antibodies.

TbKif27 MNNSRICVAVRKRPIVDVDKDIVVAQSPHLVVNEPKVKYDLTPYTERHQFTYDCVLDENS
NNALVYQHCCSKLIDTIENQGNATCFAYGQTGSGKTHTMLGNDHEAGLYAIAAKEIFARS
APLNSDVYVSFYEIYGRKIFDLLNNKEKLVAREDADKVINICGLTEHKVTDIQGLEFDIIS
RGSTYRAAGQTSANNESSRSHAVLOIEVRDPNNRRGKSIGRISFIDLAGNERGADTEDCD
RKTRMEGAEINKSLLALKECIRALGMGKSHVPFRGSILTEVLRDSEVGNSRTTMIATISP
TSTHCVNTLNTLRYTQRVKDLGGEAKAAPNEKAERRPVRRSKLFEAPPPLKARPEWVDNF
SANDEERGAEEEANSQADVSKAPPKPRANKMVGSGATGGGAPSAGGANRGRPPKREVVVR
DPKIATIVQNHISALDDDSDETDEDEEEAPAAGAVLDALAKSEEKQVRKVHAHVVEEIAK
AEEKLVALHRRHIDAKMTGIKDEIRAIQAFEESDSVDEYVGRVRTLLVKQKQDVETILDL
LNGITGMLREEEELSCTLNSSMKRRN

TbKif45 MAKWELKLVSLLEQHSLGHLAGKFMDSGITCEEFVALQHEQYGAYGVSSDEDTVNLYHAT
KKLRGEPAVGSDSLOSEEESLLVPPILPSTSLPPPMEAATATGAVGDSDDILDEKVKERQ
YTTRGTTLLMRTDDSREVKRRKSRIVVAVRKRPISQCEQQRGFTDVMTTNDCDELVLAET
ROKVDLTRYTHAHRFFFDEVFAETASNTDVYKRTAAALIDTVFEGGYATCFAYGQTGSGK
THTMLGTGGEPGIYALAAKEMLARLDPTKOMEVSEFYEIYSGKLYDLLNGRQPLRCLEDGK
ONVNICGLTEHPOSNVKSIMRLIEEGTRIRSSGTTGANDTSSRSHAILEVKLRNRGDKEL
FGKFTFIDLAGSERGADTMDCDRQTRIEGAQINKSLLALKECIRSLDLNHKHVPFRGSKL
TEVLRDSEFVGNCRTVMIGAVSPTSNSCEHTLNTLRYADRVKELKKSRSERKPLEENEQSE
FIMEKKQTSPAARLSSHGRLSISPQGSLNLGCVSTHQNTSNKGNSVNTSSPSLPKRRSGT
MRPSGMLCGRSTEQFISESTFKRSREDDEGRQSQQQQQOQQGKEEAGRKSIDLDLGNRYDK
VVDEIVQLERECVNTHRLYLDKDMALIKEEFSHIMSVEMPDSNIDTYVNNVLDILSVKLK
ATHHFQGOMMRLRGLLDEEEKLCQRLEQNGI
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6 Appendix
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250 — 250 —
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kDa kDa P kDa Rl
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o : = Qu—
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Anti-TbKif15 Anti-TbKif27 Anti-TbKif45
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Appendix 6.1: Western blot analysis of the whole cell lysate of wild type T. brucei 427 cells probed wih
pre-immunisation serum (1), ammonium sulfate precipitated total antibody (2) and affinity purified
antibodies (3) for each of the respective kinesins. Western blot analysis revealed that the pre-
immunisation serum (1) and unpurified antibodies (2) were cross-reacting with several additional
protein bands as shown. The subsequent affinity purification described in chapter 3.3.3 resulted in the
removal of these cross-reacting bands.
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