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Abstract

Accurate and timely chromosome segregation of replicated DNA during cell division is
crucial to cell integrity. This process requires mitotic spindles to physically interact with
sister kinetochores located at the centromeres. Proteins that function to facilitate this
crucial interaction include regulators of microtubule dynamics such as microtubule
associated proteins. This thesis primarily describes the study of fission yeast microtubule
associated protein, Alpl4 by domain analysis. We report the surprising finding that
despite high structural conservation, the two TOG domains in Alp14 are required for
distinct mechanisms. From our consistent data, the first TOG domain (TOG1 - resides at
the N-terminus) is shown to be required for the spindle assembly checkpoint. Its deletion
results in failure to maintain the spindle checkpoint in spindle damaged conditions, while
its overproduction causes hyper-activation of the checkpoint without spindle damage.
The second TOG domain (TOG?2 - resides near the centre of the proteins), on the other
hand, is required for microtubule stabilisation. Further analysis of the role of TOGI in
the spindle assembly checkpoint suggests that Alpl4 may maintain the checkpoint via
the outer kinetochore Nuf2/Ndc80 complex. Alpl4 is found to bind to Nuf2, while
deletion of TOGI1 causes Nuf2 and Ndc80 to be delocalised from kinetochore in spindle

damaged conditions.

In this thesis, we have also studied the interaction of Alp14 with kinesins Klp5 and Klp6.
Our results show that Klp5 and Klp6 are essential for accurate chromosome segregation,
promote microtubule depolymerisation and suggest that the kinesins are required for
tension-generation at the kinetochore in metaphase. Surprisingly, although the function
of Klp5/Klp6 in microtubule regulation is opposed to that of Alp14/Disl, the proteins

collaborate to ensure accurate chromosome segregation.
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CHAPTER 1

Introduction

Timely and accurate chromosome segregation is crucial to the integrity and stability of
cells in all organisms. Unequal chromosome segregation leads to genome instability,
with the resulting aneuploidy commonly found in various cancers. The mechanism of
accurate chromosome segregation is highly conserved and requires precise interaction
between spindles and centromeric regions of the DNA, known as kinetochores. Proteins
that function to ensure proper interaction include regulators of spindle dynamics. Cells
also have checkpoints during cell division to monitor inaccurate processes and delay the

next stage until the error has been corrected.

This thesis presents a study of conserved microtubule-associated proteins in regulating
interphase microtubules, mitotic spindles, spindle-kinetochore attachment and spindle
assembly checkpoint in fission yeast. Included in the thesis are projects performed
independently and as a team. The introduction focuses on the regulation of microtubule

dynamics, mitosis, spindle assembly checkpoint and the kinetochore structure.

1.1 Fission Yeast

The fission yeast, Schizosaccharomyces pombe, is a unicellular eukaryote that is rod-
shaped and grows by medial division. Its genome is relatively small with three
chromosomes of sizes 5.6, 4.7 and 3.5 Mb (Moreno et al. 1991). The fission yeast
spends most of its life in the haploid state, with cells growing asexually by repeatedly
going through rounds of mitotic cell cycle. Cells start the mitotic cell cycle by entering at
a gap phase known as Gj, where they prepare for DNA synthesis. After the DNA is
replicated in S phase, cells pass through another gap phase G, in preparation for mitosis
(M phase - figl.1). During M phase, precise mechanisms ensure that pairs of sister
chromatids are aligned and equally segregated towards opposite poles prior to

cytokinesis. To ensure orderly and timely cell cycle progression, regulators of the cell
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cycle monitor the cell state and exert control of transitions from one stage to the next
(Hartwell and Weinert 1989; Nurse 1990). Cells also have additional checkpoints for
monitoring and correcting DNA damage, DNA replication and spindle assembly during
chromosome segregation (Enoch and Nurse 1991; D’Urso and Nurse 1995; Murray
1994).

When starved of nitrogen, cells exit the mitotic cell cycle at G;. In lack of mating
partners they remain arrested in the gap phase, and in presence of a mating partner they
undergo meiotic cell division (fig.1.1). On the other hand, when glucose is lacking, cells
exit the mitotic cell cycle at G, and enter stationary gap phase Gy, where growth is
ceased. If favourable growing conditions once again become available, these cells re-
enter the mitotic cycle not at start/G,, but at G, where they have left off. In the absence
of nitrogen but presence of mating partners, fission yeast cells of opposite mating types
conjugate to form a diploid zygote before DNA replication in meiotic S phase. Note that
haploid fission yeast cells have two mating types, h* and h". Homothallic cells are able to
switch mating types and are able to mate their h™ and h’ cells growing within the same
colony (Forsburg SL. 1994). After DNA replication in meiotic S phase, the zygote then
undergoes meiotic prophase where oscillation of DNA, known as horsetail movement,
facilitates recombination. Chromosome segregation in meiosis I and II then ensues,

resulting in four haploid spores (Forsburg SL. 1994; Davis and Smith 2001).

Because the fission yeast can be easily manipulated using different nutrient and stress
conditions, it makes for an excellent and powerful tool to study cell biology. Its
unicellular and haploid states also allow it to be genetically amenable, and its three

chromosomes facilitate visualisation of individual DNA when arrested at mid mitosis.

1.2 Cytoskeletal systems

The cytoskeleton is required for various cellular processes in all eukaryotes, including
protein and organelle transport, cell migration, cell polarity organisation and
chromosome segregation. The cytoskeleton is organised into three systems of primary
protein filaments, namely intermediate filaments, actin and microtubules. Though

related, these systems play distinct roles (Alberts ef al. 1994). Intermediate filaments,
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which made up of durable long monomers, are formed at the nuclear membrane as
nuclear lamina and across the cytoplasm. These are often found in cells undergoing
mechanical stress such as epithelial tissues (Alberts et al. 1994). Actin, on the other
hand, is found in most cells and form large networks of filaments. These filaments,
known as F-actin, are made up of globular actin subunits called G actin. Actin filaments
are varied in stability and flexibility to contribute to their diverse functions, including
cell growth, migration, and cell cleavage (Alberts et al. 1994). In addition, the functions

of actin filaments are further regulated by proteins bound to them.

1.2.1 Microtubules

Similar to actin, the functions of microtubules are varied, including protein and organelle
transport, cell polarity organisation and chromosome segregation. Microtubules are
made up of &, B, Y and € tubulin subunits. o and B tubulins are formed into cylindrical
microtubule filaments by GTP hydrolysis (Alberts et al. 1994). On the other hand, y and
€ tubulins are part of the structures that are thought to act as platforms for microtubule
nucleation, known as microtubule organising centres (MTOCs — Pickett-Heaps 1969;
Stearns et al. 1991). In vertebrates, MTOCSs are known as centrosomes. These are made
up of € tubulin-rich centrioles arranged at right angles to form a cylindrical structure,
which in turn is surrounded by pericentriolar material (PCM). PCMs function to anchor
microtubule filaments (Alberts et al. 1994). In yeast, several forms of MTOCs are
known, including interphase MTOC (iMTOC), equatorial MTOC (eMTOC) and spindle
pole bodies (SPBs — Snyder 1994). Like vertebrate centrosomes, yeast SPBs function as
nucleation sites for cytoplasmic microtubules in interphase and for spindles during cell
division. However, unlike centrosomes, SPBs are formed by a layered structure (Knop et
al. 1999). In yeast, microtubules filaments are nucleated from the outermost layer in
interphase, while in mitosis they are nucleated from innermost layer (Knop et al. 1999;
Jaspersen and Winey 2004). Even though centrosomes and SPBs are different in their
structures, they have conserved roles in organising microtubules and acting as platforms

for microtubule growth (Jaspersen and Winey 2004).

Anchored to an MTOC is the y tubulin complex, containing highly conserved subunits.
Fission yeast microtubules grow in the cytoplasm in interphase, and in mitosis they

capture replicated sister chromatids and segregate them towards opposite poles. Because
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chromosome segregation occurs without nuclear breakdown in fission yeast, the site of
tubulin nucleation must reside in the SPB that is within the nucleus during mitosis. In
interphase, SPBs are localised in the cytoplasm at the surface of the nuclear envelope,
where the y tubulin complex is also assembled. Upon mitotic onset, SPBs enter the
nucleus and become embedded in the nuclear envelope for intra-nuclear spindle

nucleation (Jaspersen and Winey 2004).

o and B tubulin exist as heterodimers that form microtubule filaments growing from an
anchored complex of y tubulin. o/p heterodimers form a wall around a central core, with
o or P subunits facing each end, creating a polar structure. The anchored and growing
ends are known as minus- and plus-ends, respectively. Addition of o/f heterodimers at
the plus-end causes the microtubule to grow, which is dependent on the GTP-binding
activities of a and B tubulin (Alberts et al. 1994). A o subunit containing GTP is stable
and considered part of the molecule. A GTP-bound B tubulin is also stable. However, it is
less secure and can be hydrolysed into GDP (Alberts et al. 1994). When a microtubule
protofilament carries a GTP-bound B tubulin at its plus-end, its stability allows more o/
heterodimers to be added on, which in turn causes polymerisation. However, when it is
GDP-bound, f tubulin undergoes a conformational change which prevents heterodimers

from being maintained in the filament, causing rapid depolymerisation (fig. 1.2 A).

Microtubule polymerisation and depolymerisation occurs continuously, creating
“dynamic instability” (Mitchison and Kirschner 1984). The change in the state of
microtubule polymerisation from growth to shrinkage is known as catastrophe and from
shrinkage to regrowth is known as rescue. The continual change that creates dynamic
instability is crucial to allow microtubule filaments to carry out diverse functions in a
timely manner. Microtubule binding proteins have been identified to alter microtubule
dynamics at both plus and minus ends, to organise microtubule positioning and function

within the cell at different cell cycle and developmental stages.

1.2.2 Fission veast microtubules

There are many isoforms of o and B tubulins, each encoded by different genes. Even
though the diversity of tubulin often determines the localisation and specific functions of

microtubules, all o and B tubulins form microtubules in vitro when added to each other.
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In fission yeast, genes that encode tubulins are ath2” and nda2” for o tubulin and nda3”
for B tubulin (Yanagida 1987). Although there are two o tubulin proteins, their functions
do not overlap completely as Nda2 is essential for viability while Atb2 is dispensable.
Nonetheless, high dosage Atb2 is capable of rescuing lethality of nda2 mutants,

indicating that these two genes are partially redundant.

In fission yeast interphase, microtubules grow along the length of the cell in the
cytoplasm, maintaining its shape and growth polarity. It has been shown that
cytoplasmic microtubules nucleate from SPBs at the nuclear envelope and are
subsequently released (McNally er al. 1996; Verde et al. 1995). Cytoplasmic
microtubules are organised so that microtubule plus ends are facing the cell ends where
elongation occurs, and minus ends are overlapped with each other at the cell centre
(Drummond and Cross 2000; Brunner and Nurse 2000; Tran ef al. 2001). As cells enter
mitosis, cytoplasmic microtubules disappear and spindles nucleate from SPBs. There are
a number of types of mitotic spindles; these include pole-to-kinetochore, pole-to-pole
and astral microtubules. Pole-to-kinetochore spindles are attached to SPBs at minus ends
and functions to capture and attach DNA at their plus ends. Pole-to-pole spindles also
grow towards the direction of the DNA but overlap at the centre of the cell. Astral
spindles, on the other hand, grow away from the DNA in an array of short spindles. The
dynamics of these spindles are specifically regulated to their functions at different stages

of mitosis.

In early mitosis, duplicated SPBs position themselves at opposite poles of the nucleus.
Pole-to-kinetochore spindles are then nucleated and polymerised to capture sister
chromatids aligned at the metaphase plate. It is thought that in fission yeast, there are
around three pole-to-kinetochore spindles per sister chromatid (Ding et al. 1993). Once
correctly and stably captured, anaphase A onset induces spindle depolymerisation to pull
sister chromatids to opposite poles, until they reach the SPBs. In anaphase B, pole-to-
pole spindles are polymerised to further push segregated chromosomes apart towards the
opposite ends of the cell. It has been shown that astral microtubules may also orient
pole-to-pole spindles, aligning them to ensure that separation of sister chromatids occurs
along the axis of the cell (Gachet et al. 2001; Tournier et al. 2004; Zimmerman ef al.
2004). Once chromosome segregation has been completed, post anaphase array of

microtubules nucleates from another MTOC, known as equatorial MTOC, at the site of
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cell division (Pardo and Nurse 2003). A contractile ring formed by microtubules
nucleated at the same site facilitates cytokinesis. The microtubule dynamics in fission

yeast is displayed in fig. 1.2 B.

1.3 Microtubule-associated proteins

Microtubule growth is spatially and temporally controlled to ensure appropriate cell
polarity and equal chromosome segregation during the cell cycle and development.
Assembled microtubules undergo posttranslational modification including acetylation
and detyrosination to modify filaments that have not recently been polymerised (Alberts
et al. 1994). Additionally, a class of proteins known as microtubule-associated proteins
(MAPs) further regulate microtubule dynamics. Conventional MAPs were initially
identified biochemically from isolation of brain microtubules. These include TAU
proteins whose mutant form aggregates in Alzheimer brains. These proteins were shown
to regulate the stability and orientation of neuronal microtubules (Cairns et al. 2004).
Without this function, aggregates form, causing tangles in the neuron fibres that interfere
with nerve function and axonal transport (Binder et al. 2005). Although conventional
MAPs have been shown to be expressed mainly in neuronal cells, the importance of
microtubule dynamics in all cells means that forms of MAPs other than those in the

neurons also exist. One highly conserved family of MAPs is the TOG family.

1.3.1 TOG family

The TOG family was independently isolated by various approaches from a variety of
organisms. The human TOG protein was first isolated from an expression library of
human tumoral brain (Charrasse et al. 1995). As its name suggests, ch-TOG (for colonic
and hepatic tumour over-expressed gene) was subsequently found to be highly expressed
in colonic and hepatic tumours (Charrasse et al. 1995 and 1996). Biochemical methods
have identified frog XMAP215 as a microtubule polymerising and stabilising factor
(Gard and Kirschner 1987; Vasques et al. 1994). Other members of the TOG family,
identified through genetic screens, were fly Msps (for mini-spindles - Cullen et al. 1999),
worm Zyg-9 (for zygote defective — Hirsh and Vanderslice 1976), plant Mor-1 (for
microtubule organization gene 1 — Whittington ef al. 2001), budding yeast Stu2 (for
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suppressors of a tubulin mutation — Wang and Huffaker 1997), and fission yeast Disl
(for defect in sister chromatid disjoining — Okura et al. 1988) and Mtcl/Alp14 (for
altered polarity 14 — Nakaseko et al. 2001; Garcia et al. 2001). As most of their names
indicate, homologues of conserved TOG proteins were shown to stabilise microtubules

and to be required for functional spindles in accurate chromosome segregation.

XMAP215 was the first found to regulate intrinsic microtubule polymerising activity in
vitro. When purified XMAP215 was added to pure microtubules, an increase in the
growth rate was observed at both plus and minus ends, with the plus end growing five
times faster than the minus end (Gard and Kirschner 1987; Vasquez et al. 1994). Increase
in rates of shrinkage and rescue were also noted, indicating that XMAP215 not only
polymerises microtubules but also promotes microtubule dynamics primarily at the plus-
end. In vivo studies of mutants in various organisms showed that the microtubule
polymerising activity of TOG family members is required for intact spindles in accurate
chromosome segregation. The fly msps mutant displays short spindles that are unable to
segregate chromosome equally (Cullen et al. 1999). In the worm zyg-9 mutant, defective
spindle formation occurs in both meiosis and the first mitosis, leading to arrest in further
rounds of cell division and subsequently to embryonic lethality (Albertson 1984;
Kemphues et al. 1986). In budding yeast, Stu2 is required for spindle elongation in
anaphase and activates a checkpoint that monitors spindle attachment to the kinetochore
(Severin et al. 2001).

Fission yeast TOG proteins

In fission yeast, the only eukaryote to harbour more than one member of the TOG family,
both Disl and Alpl4 are required for accurate chromosome segregation. Mutants of
disl1” and alpi4” are conditional mutants, where dis/ is defective at low temperatures
(cold sensitive — Okura et al. 1988; Nabeshima et al. 1995 and 1998; Nakaseko er al.
1996) and alpl4 is defective at high temperatures (temperature sensitive — Garcia et al.
2001). When a single homologue is mutated, the activity of the other is able to
compensate for the loss of function. The loss of functions of both homologues, however,
leads to lethality at any temperature (Garcia et al. 2001). A study of alpl4-1270 point
mutant, which causes frame-shift resulting in a stop codon, shows that in the absence of
functional Alpl4, cells become bent and branched-shaped at 36°C. This morphology

defect is caused by anomalies in interphase microtubules that normally maintain the cell
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shape. In mitosis, alpl4-1270 spindles are short and chromosome missegregation is
observed (Garcia et al. 2001). As in wild type cells, when the function of mitotic spindles
is compromised in the alp/4-1270 mutant, the spindle assembly checkpoint is activated
to delay anaphase until the error has been corrected. It is thought that upon detection of
unattached kinetochores, spindle checkpoint activation leads to recruitment of checkpoint
protein Mad?2 to the kinetochores (Rieder et al. 1994; Chen ef al. 1996; Li and Benezra
1996; Waters et al. 1998). In alp/4 mutants, kinetochore dots of Mad2-GFP can clearly
be observed, suggesting that sister chromatids may be unattached in this condition.
However, unlike other mitotic mutants such as nda3-311 (defective in B-tubulin —
Hiraoka er al. 1984), the spindle assembly checkpoint could not be maintained in alpl4
mutants (Garcia et al. 2001). This suggests that as well as its microtubule stabilising

role, Alp14 itself is a component of the spindle checkpoint cascade.

Unlike alp!4, at 20°C dis] mutants do not show morphology defects or weak spindles.
Although there are no observable microtubule defects, chromosomes are mis-segregated
and mitotic progression is delayed in dis/ cells (Nakaseko ef al. 1996). Further
investigation led to findings that cell division defects in dis/ may be due to the protein's
role at the kinetochore (Nakaseko et al. 2001). Localisation and chromatin
immunoprecipitation experiments of Disl, Alp14 and Stu2 showed that in yeast, TOG
proteins bind to the kinetochore and are required for proper microtubule-kinetochore
attachment in mitosis (Nakaseko er al. 2001; Garcia et al. 2001; He et al. 2001).
Consistent with the TOG proteins’ roles in regulating microtubule dynamics, members of
the TOG family were also found to be recruited to mitotic spindles, interphase
microtubules and centrosomes/SPBs (Nabeshima et al. 1995; Wang and Huffaker 1997,
Charrasse et al. 1998; Matthews et al. 1998; Cullen et al. 1999; Graf et al. 2000;
Tournebize et al. 2000; Garcia et al. 2001; Popov et al. 2001).

TOG family structure and partner proteins

The TOG family is conserved at the N-terminal region, with a divergent C-terminal. The
conserved N-terminal region consists of units of 'TOG' domains, within which are HEAT
repeats. Motifs of HEAT repeats are postulated to act as protein-protein interaction
domains. Because HEAT repeats are found in a number of proteins with varying
functions such as phosphatase, condensin, cohesin and coatomers, they are thought as

protein-interaction adaptors (Neuwald and Hirano 2000). However, so far no member of
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the TOG family has been found to bind to other proteins via the HEAT repeats and the

function of the conserved TOG domains in the N-terminal region remains unclear and

highly debated.

It is intriguing that the diverse C-terminal has been shown to have microtubule
polymerising and stabilising activity in various organisms (Nabeshima ef al. 1995; Wang
and Huffaker 1997; Nakaseko et al. 2001; Spittle et al. 2000). In addition, the C-
terminal region has also been shown to act as a binding site for a partner protein from the
conserved coiled-coil TACC family (Sato et al. 2004). In fly and worm, members of the
TACC family of proteins bind to TOG proteins to act as recruitment factors (Cullen and
Ohkura 2001; Lee ef al. 2001; Bellanger and Gonczy 2003; Srayko et al. 2003). This is
absolutely required for TOG proteins to localise to centrosomes and microtubules in
order to exert their microtubule-regulating activity. So far, TACC does not appear to
have activities other than regulating TOG localisation. Recent progress has shown that
fission yeast Alp14, but not Disl, also requires TACC member, Alp7 (for altered polarity
7) as a recruitment factor. alp7 mutants displace Alpl4 from the SPB and spindles, and
show identical chromosome segregation phenotypes as alp/4 mutants (Sato et al. 2004).
In alpl4 mutants, on the other hand, only Alp7 recruitment to spindles is lost. Taken
together, the report suggests that Alp14 and Alp7 localise in mitosis as a complex. In this
model, Alp7 recruits Alpl4 to SPBs. Once on SPBs, Alpl4 can then be recruited to
spindles in an Alp7-independent manner. Alp7, on the other hand, requires Alpl4 to
localise to spindles (Sato et al. 2004).

Studies in various organisms have shown that TOG proteins may also interact with
another MAP from the Kinl / Kinesin-13 family to regulate microtubule dynamics.
Defects in spindle elongation in budding yeast Stu2 mutants were found to be rescued by
deletion of Kip3 kinesin protein, which is the closest homologue to the Kinl / Kinesin-13
family in this organism and a close structural homologue of fission yeast Klp5 and Klp6
(Severin et al. 2001). In fact, one of the first discoveries of frog XMAP215 function was
that it opposes the destabilising activity of XKCMI1 kinesin (Tournebize et al. 2001).

1.3.2 Kinesin-13 family

Kinesins are a super-family of diverse motor proteins that bind to microtubules to

perform a variety of functions including transport of proteins, organelles, vesicles and
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chromosomes, and regulation of microtubule dynamics. Conventional kinesins were first
identified in squid axons as factors that utilise energy from ATP-hydrolysis to move
organelles and vesicles along microtubules (Vale et al. 1985; for review, see Hirokawa
and Takemura 2004). The conventional kinesin consists of two heavy chains and two
light chains. The heavy chains contain motor domains, coiled-coil domains and a tail
that are required for microtubule binding and ATP-hydrolysis, while the light chains are
postulated to bind to the organelles and vesicles cargo (Hirokawa and Takemura 2004).
Recent findings have shown that in addition to their role in transport, some kinesins are
also required for accurate chromosome segregation. These motors bind spindles and
move directionally in an ATP-dependent fashion to facilitate chromosome segregation.
KinN kinesins, with conserved motor domain positioned at the N-terminal, move towards
microtubule plus-ends to establish and maintain spindle integrity. These kinesins include
CENP-E, required for kinetochore-microtubule interactions; Kid, chromosome-passenger
proteins that generate polar ejection force; and Eg5, essential for establishment of spindle
bipolarity (Schaar et al. 1997; Levesque and Compton 2001; Shiroguchi et al. 2003;
Sawin et al. 1992). KinC kinesins, whose motor domain resides at the C-terminal, move
towards the microtubule minus-ends to facilitate the focus of spindles at the spindle pole.
Note that another group of motors, known as dynein, also transport cargo towards the

minus-end direction.

A sub-family of kinesins, with its motor domain in the middle of the protein, has been
found to lack motility but surprisingly functions to regulate microtubule dynamics. This
sub-family of kinesins was originally known as Kinl, but a recent large effort to clarify
the nomenclature of the kinesin family has led this subfamily to be renamed Kinesin-13
(Lawrence et al. 2004). Initial attempts to isolate members of the Kinesin-13 family in
mammalian cells found that there are two Kinesin-13 members in animals: MCAK (for
mitotic centromere-associated kinesin) and KIF2 (for kinesin family protein 2). The two
proteins have a 60-70% similarity and both were found to function to destabilise
microtubules in interphase and mitosis. Despite fairly high homology between the two
Kinesin-13 members, only homologues of MCAK have been found to oppose
microtubule-polymerising activity of TOG homologues (Tournebize et al. 2000;
Kinoshiota e al. 2001; Severin et al. 2001), leading to various studies into MCAK

function.
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Despite the lack of directionality in its motor domain, motor-less MCAK depolymerise
microtubules and disrupts spindle elongation in anaphase (Wordeman et al. 1999,
Ovechkina et al. 2002). In addition to spindle localisation and function, MCAK is also
recruited to centromeric regions in mitosis. When MCAK localisation to the centromere
is lost, anaphase onset is delayed, suggesting that MCAK may work at the region where
spindle-kinetochore interacts prior to sister chromatid separation (Kline-Smith er al.
2004). In vivo and in vitro studies show that, like mammalian MCAK, frog homologue
XKCM1 (for Xenopus kinesin catastrophe modulator-1) is also required for accurate
chromosome segregation (Walczak et al. 1996, Desai et al. 1999; Kline-Smith and
Walczak 2002; Walczak et al. 2002). Over-expression of XKCM1 causes long and
monopolar spindles, resulting in mitotic delay. In vitro spindle assembly experiments,
XKCM1-depletion caused the rate of catastrophe to decrease by four times, leading to
abnormally long microtubule filaments (Walczak et al. 1996). Further work into MCAK
and XKCM1 determined that these proteins depolymerise microtubule ends in a motor-
dependent manner. The motor domain uses energy from ATP-hydrolysis to bend
microtubule at the end of the filaments, causing them to destabilise (Moores et al. 2002;
Ogawa et al. 2004). Microtubule protofilaments depolymerised by Kinesin-13 are

observed to be split and bent only at the ends.

Although structurally unlike Kinesin-13 (no motor domain in the middle of the protein)
budding yeast Kip3 and fission yeast Klp5 and Klp6 are considered functional
homologues of MCAK and XKCM1. Kip3 (for kinesin-related protein 3) was found to
also localise to spindles and function to ensure equal chromosome segregation (DeZwaan
et al. 1997). However, subsequent findings suggest that Kip3 acts together with dynein
and motors at the cell cortex to orient spindle in moving the nucleus to the bud neck, a
mechanism that is specific to budding yeast (DeZwaan et al. 1997, Straight et al. 1997).
Unlike budding yeast, mitotic cell division in fission yeast does not require specific
nuclear movement prior to anaphase and its mechanism may be more conserved to higher
eukaryotes. A study of fission yeast Klp5 and Klp6 (for kinesin-like proteins 5 and 6)
and their interactions with a member of the TOG family, Alp14, is described in further in

the results and discussion chapters of the thesis.
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1.4 Mitosis

Accurate cell division is essential for cell stability and integrity. In mitosis, the transition
from one stage to the next is tightly controlled to ensure equal segregation of DNA at
precise timing. Mitosis is classified into phases known as prophase, prometaphase,
metaphase, anaphase and telophase. In prophase, cytoplasmic microtubules are
disassembled and DNA is condensed in preparation for DNA segregation (Alberts et al.
1994). Unlike mammalian cells, nuclear envelope does not break down in yeast as it
undergoes closed mitosis, where sister chromatid separation occurs within the nucleus

(Egel et al. 1980).

Events in metaphase occur with the highest precision and control. Sister chromatids
congress to align at the metaphase plate bacfeh;(e spindles search and capture sister
chromatids. The site of spindle capture on DNA is known as the kinetochore, a
proteinous structure that appears to specifically sit on the centromere region of
chromosomes. It is essential that kinetochores of all sister chromatids are stably attached
to spindles from appropriate poles before anaphase onset to prevent unequal chromosome
segregation. Checkpoint controls detect proper kinetochore attachment and delay
anaphase until kinetochores are appropriately attached (Wang and Burke 1995; Chen e¢
al. 1996, Waters et al. 1998; Hardwick et al. 1999).

Sister chromatids are held together by ring-like complexes, known as cohesin. At
anaphase A onset, cleavage of cohesin, in combination with a pole-ward pulling force
provide by depolymerisation of pole-to-kinetochore spindles, segregates sister
chromatids to opposite SPBs (Barton and Goldstein 1996). Cohesin is cleaved by a
protein known as separase, which activated when its N-terminal and C-terminal interact
(Hornig et al. 2002). Prior to anaphase onset, a protein known as securin inhibits
separase activity by binding to it (Ciosk ef al. 1998). Anaphase promoting complex
(APC), an E3 ubiquitin ligase, degrades securin at anaphase onset, thereby releasing
separase, allowing it to activate and cleave cohesin (Uhlmann e a/. 2000; Uhlmann
2001). APC activity at metaphase to anaphase transition is thought to be dependent on
the binding of its activator, Slpl (Fang ef al. 1998). Anaphase B sees sister chromatids
separating further to opposite ends of the resulting daughter cells by pole-to-pole spindle

dynamics. Telophase follows with post-anaphase array microtubules and septation.
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Because spindle dynamics is central to chromosome segregation, mitosis can also be
classified into phases characterised by spindle dynamics. Under a florescent microscope,
only pole-to-pole spindles can be visualised throughout mitosis, hence the classification
into Phases I, II and III are based only on the dynamics of these spindles. In phase I
spindle growth is initiated (prophase), in phase II spindle length remains almost constant
(prometaphase to anaphase A) and in phase III spindle elongation occurs (anaphase B).
Spindle length corresponds to 0 to 2.5 um in phase I, and 2.5 to 12-15 pm in phase III
(Nabeshima et al. 1998). Mitotic mutants affecting microtubule dynamics or regulation

of mitotic timing often shows variation in the length of these phases.

1.4.1 Kinetochore attachment and tension

In metaphase/phase II, each of the six kinetochores of sister chromatids must be properly
and stably attached. Kinetochore search and capture by spindles is thought to be a
random process and would frequently result in unequal or mono-polar attachment (Ghosh
and Paweletz N 1987). The proper and accurate attachment of both kinetochores to
spindles emanating from opposite poles is known as amphitelic attachment, and results in
both bi-polar spindles and chromosome bi-orientation. When one kinetochore is
attached, it may be so by spindles from one pole (monotelic attachment) or from both
poles (merotelic attachment — fig.1.3 - Nasmyth 2002). The lack of attachment on the
free kinetochore signals to mitotic regulators to activate checkpoint control attached
(Wang and Burke 1995; Chen et al. 1996; Waters et al. 1998; Hardwick et al. 1999).
This delays anaphase onset until all kinetochore are properly attached, preventing
unequal chromosome segregation. (Scimen ¢t - 3 2005 Hardw ik 2003%)

Detection of attachment, however, is not sufficient in a situation where both kinetochores
are attached by spindles emanating from only one pole (syntelic attachment). In this
case, detection of lack of tension is thought to also signal to checkpoint control for
anaphase onset delay. When amphitelic attachment is established, it is thought that the
balance between the inward force provided by cohesin and the pole-ward force provided
by spindle depolymerisation generates tension (Garcia et al. 2002; Maddox et al. 2003).
Not only is tension generation an important “test” for correct kinetochore attachment, but

it is also crucial for stabilising the attachment.
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Astral microtubules may also have a role in tension generation. Prior to onset of
anaphase B, where DNA is separated along the length of the cell, astral spindles orient
the position of pole-to-kinetochore spindles so that they are aligned to the cell length
(Oliferenko and Balasubramanian 2002; Gachet ef al. 2002 and 2004; Zimmerman et al.
2004). Until recently, it has been thought that astral spindles grow into the cytoplasm to
anchor themselves to the cell cortex and generate force for orientation. Addition of
Latrunculin A and B, drugs that were believed to specifically destroy the ability of astral
microtubule to contact the cell cortex by inhibiting actin polymerisation, results in mis-
orientated spindles leading to aberrant chromosome segregation (Gachet ef al. 2001 and
2004). Although it has now been shown that early mitotic astral microtubules actually
grow within the nucleus instead of into the cytoplasm to anchor to the cell cortex, it is
likely that they contact the nuclear envelope to create tension required for progression of
anaphase (Zimmerman et al. 2004). This is because specific checkpoint control proteins
required for mitotic progression are activated in lack of astral spindles (Tounier et al.

2004).

Another major evidence for the tension-sensing is from the study of aurora kinase Ipll in
budding yeast. Budding yeast INCENP-aurora complex, slil5-ipll, required for spindle
elongation and cytokinesis, has been shown to promote biorientation (Tanaka et al. 2002;
ng%aﬁ mgﬁéﬁ&gme%&tﬁgﬁ? gr aezggo cshromosome
segregation, tension must be sensed before anaphase onset can be initiated. When
kinetochores are syntelically attached, tension is not detected. In this case, microtubules
must be able to detach and reattach to kinetchores to correct the error until equal balance
of forces is achieved. In wild type cells, detachment and reattachment occur in equal
frequencies. However, when aurora kinase Ipll function is lost, kinetochores remain
attached, suggesting that Slil5-Ipll promotes the turnover of kinetochore-spindle
attachment until tension is achieved (Tanaka er al. 2001). A study that manipulates the
direction in which the kinetochores face further supports Ipll promotes kinetochore-
spindle turnover in a tension-dependent manner (Dewar et al. 2004). Similar work done
in fission yeast aurora kinase Arkl, however, suggests that it is required for both
attachment and tension (Petersen and Hagan 2003). The requirement for both attachment
and tension makes it difficult to experimentally exclude each process for further

elucidation in fission yeast.
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1.5 Mitotic checkpoints: delaying anaphase onset

The spindle assembly checkpoint delays anaphase onset by blocking ubiquitin ligase
activity of APC/C®*. The checkpoint proteins were first identified in budding yeast.
They include Madl, Mad2, Mad3 (for mitotic arrest-deficient 1, 2 and 3), Bubl, Bub3
(for budding inhibited by benzimidazole) and Mpsl (synanomous to regulators of cell
proliferation kinase 1 - Li and Murray 1991; Hoyt ef al., 1991; Weiss and Winey 1996).
Homologues of these proteins are found in all eukaryotes and are known by identical
names, with exceptions of Mad3 and Mpsl, which are BubR1 (for bubl-related 1) in
higher eukaryotes and Mph1 (mps1-like pombe homologue) in fission yeast, respectively
(He et al. 1997 and 1998; Bernard et al. 1998; Chan er al.1999; Ikui et al. 2002;
Millband and Hardwick 2002). The proteins are well conserved from yeast to human
both structurally and functionally. However, yeast Mad3 and BubR1 in higher
eukaryotes differ slightly in their structures. BubR1, like Bubl, contain two highly
conserved regions at the N-terminus and a kinase domain at the C-terminus (Chan ez al.
1999). In addition, BubR1 carries an extension at the N-terminus, containing a putative
KEN box, which is lacking in Bubl. While yeast Mad3 also carries the N-terminal
extension, the C-terminal kinase domain is absent (Millband and Hardwick 2002). Fig.
1.4 shows a comparison between yeast Mad3 and human BubR1, as well as conserved
domains of checkpoint proteins. Protein complex formations are also summarised in
fig.1.5. Studies in a range of organisms have shown that mutants of the checkpoint

component lead to failure to arrest the cell cycle in presence of spindle damage.

Although various studies have been carried out to elucidate the checkpoint-signalling
cascade, it is still unsure what requirements and events lead to APC inhibition in vivo.
Functions of all checkpoint proteins are specific to activating and maintaining anaphase
delay, apart from Mps] and Bubl, which have been implicated in SPB duplication and
kinetochore stability, respectively (Winey et al. 1991; Weiss and Winey 1996; Kinagawa
et al. 2003). Despite this, the levels of all checkpoint proteins, except that of Bubl, are
not cell cycle regulated. It is rather the regulation of checkpoint protein localisation and
complex formation in mitosis that leads to anaphase delay when unattached and/or
tensionless kinetochores are detected. Upon checkpoint activation, all checkpoint

proteins are recruited to the kinetochore. A complex of Madl-Mad2 tetramer is
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postulated to form for Mad2 to be recruited to the kinetochore (Ikui et al. 2002; Sironi et
al. 2002; Vigneron et al. 2004). Complexes of Bub1-Bub3 and Bub3-Mad3/BubR1 may
also lead to kinetochore-recruitment of these proteins (Chen et al. 1999; Hardwick et al.

2000; Millband and Hardwick 2002).

Kinetochore-localisation of all checkpoint proteins is not sufficient for checkpoint
activation. A complex of Mad2, Mad3/BubR1, Bub3 and Slp1/Cdc20, known as mitotic
checkpoint complex (MCC), is thought to inhibit APC by binding to its activator,
Slp1/Cdc20 (Sudakin et al. 2001; Fang 2002; Hardwick et al. 2000; Millband and
Hardwick 2002). The formation of this complex is dependent on all checkpoint proteins,
but not an intact kinetochore (Fraschini et al. 2001). Independent interaction to Cdc20 by
Mad2 and Mad3/BubR1 have also been reported (Sironi ef al. 2001; Zhang and Lees
2001; Luo et al. 2002. In vitro, Mad2-Cdc20 binding does not require other checkpoint
proteins, but studies in budding yeast show that Madl is required for this complex
formation in vivo (Hwang et al. 98; Fraschini et al. 2001). A cdc20 mutant that lacks
Mad2-binding motif is unable to arrest in mitosis when Mad2 or Mphl is over-expressed
(Hwang et al. 1998; Kimet 1998). Interaction between Mad2 and Cdc20, as the
independent Mad2-Cdc20 complex or as a part of the MCC complex, is absolutely
required for APC inhibition (Li et al. 1997; Fang et al. 1998; Hwang et al. 1998; Kalleo
et al. 1998, Kimet et al. 1998; Wassmann and Benezra 1998).

Madl and Cdc20 share the same 10-residue Mad2-binding motif (Sironi et al. 2002).
Binding of Mad? to either Madl or Cdc20 results in the same conformational change at
the C-terminal tail of Mad2. When Mad2 is unbound, its C-terminal is predicted to be
have an “open” conformation (Luo ef al. 2000). When bound to Madl or Cdc20, Mad2
C-terminal forms a “safety-belt” to stabilise the complexes (Sironi ef al. 2002). Mad?2
release from the Mad2-Madl complex requires energy-consuming unfolding of the Mad?2
C-terminal tail. In fact, Madl will not release Mad2 unless the tetramer is perturbed.
These results led to the postulation that in vivo, Mad1 binds Mad2 to allow it to bind to
Cdc20 downstream of the checkpoint, suggesting that there is a cycle of Mad2 (Fraschini
et al. 2001; Sironi et al. 2001 and 2002; De Antoni et al. 2005). Indeed, Mad2-Madl
complex has been shown to decrease the rate of Cdc20-Mad2 formation relative to free

Mad2 (Sironi et al. 2002; De Antoni et al. 2005).
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Mad? localisation to the kinetochore in the form of Mad1-Mad2 complex is transient and
requires intact and stable kinetochore structure (Chung and Chen 2002; Liu ez al. 2003;
McCleland et al. 2003; Howell et al. 2004). The MCC complex formation, however, is
not dependent upon an intact kinetochore but requires Mad2 recruitment to the
kinetochore as the Mad1-Mad2 complex (Fraschini et al. 2001; Sironi et al. 2002;
Howell et al. 2004; De Antoni et al. 2005). This suggests that the kinetochore acts as a
catalytic site for Mad2 release from Madl, leading to Mad2 binding to Cdc20 in the
MCC complex to inhibit APC/C. A model of the spindle assembly checkpoint based on
these results is shown in fig.1.6. Note that this model is supported by genetic,

biochemical and structural studies of the spindle checkpoint proteins.

Apart from inhibition of APC by protein-protein interaction, little else is known about
requirements and events leading to anaphase delay. Phosphorylation of checkpoint
proteins have also been reported (see fig.1.4), though it remains unclear if these
modifications are required for mitotic arrest. Phosphorylation of Cdc20 by Cdk1 has
been shown by various groups, with conflicting reports as to the requirement of this
modification in regulation of APC. Suggestions that Cdc20 phosphorylation by Cdkl
activates, inhibits or has no effect on APC activity have been noted (Fang et al. 1998;
Shteinberg et al. 1999; Kotani ef al. 1999; Kramer et al. 2000; Yudkovsky et al. 2002,
D’Angiolella et al. 2003). Another group reports that Cdc20 is also phosphorylated by
Bubl1 (at different phosphorylation sites to Cdk1) to inhibit APC activity and is required
for proper spindle checkpoint signalling (Tang et al. 2004). Studies in human show that
Madl is phosphorylated by both Bubl and Mphl upon checkpoint activation (Seeley et
al. 1999; Hardwick et al. 1996). Although this modification is dependent on Mad2,
Bubl and Bub3 activity, again there are conflicting reports as to whether these
modifications are actually essential for mitotic delay (Hardwick and Murray 1995,
Warren et al. 2002; Roberts et al. 1994; Farr and Hoyt 1998). Phosphorylation of Bubl
by Cdc2 has also been reported to be required for its spindle checkpoint activity
(Yamaguchi et al. 2003; Vanoosthuyse and Hardwick 2003). Moreover, phosphorylation
of Mad2 has also been found to be required for its binding to Madl (Wassmann et al.
2003).
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1.5.1 Mad2 —-independent checkpoint

It has been previously thought that Mad2 is absolutely required for anaphase delay.
However, recent reports have suggested that a Mad2-independent pathway may also
exist. Various studies of factors leading to mitotic arrest have independently shown that
anaphase onset may be delayed without Mad2 kinetochore-localisation or binding to
Cdc20 in some conditions (Tang et al. 2004; DeLuca et al. 2003; McCleland et al. 2003).
A complex of Bub3-BubR1-Cdc20 was found to exist without Mad2 and was
surprisingly shown to be capable of mitotic arrest (Tang et al. 2004). In higher
eukaryotes, only Bubl, BubR1 and Bub3 are found at kinetochores during chromosome
congression, suggesting that these checkpoint proteins may have additional Mad2-
independent roles (Waters ef al. 1998; Hoffman et al. 2001). In addition, chromosome
alignment defect in fission yeast pcp/ mutant was reported to be detected at the SPBs by
Bubl and Mphl but not Madl and Mad2 (Rajagopalan et al. 2004; Tournier et al. 2004).
[t is thought that when anaphase delay occurs in a Mad2-independent manner, the cell is
detecting tensionless kinetochores as opposed to unattached kinetochores (Skoufias et al.
2001; Garcia et al. EMBO 2002; Rajagopalan e al. 2004; Tournier et al. 2004;
Logarinho et al. 2004). However, the opposite scenario that Mad2 functions together
with BubR1 in the same pathway to sense tension-less kinetochore has also been reported
(Shannon et al. 2002). In budding yeast, a tension-dependent mechanism that corrects
syntelic attachment has been discovered (Ipll - discussed in chapter 1.4.1) further
supports the idea of a tension checkpoint. It would be interesting to see which of the

checkpoint proteins, if any, are required for mitotic delay in this mechanism.

Another support for a Mad2-independent checkpoint is the discovery of the spindle
orientation checkpoint in fission yeast (Gachet ef al. 2001 and 2004; Tournier et al.
2004; Zimmerman et al. 2004). Orientation of spindle along the length of the cell is
important to ensure that segregated sister chromatids are properly separated to the
daughter cells. It was believed that astral microtubules anchor to the cell cortex to exert
forces that orient the spindle before anaphase B. As mentioned earlier, it has now been
shown that astrals grow within the nuclear envelope and therefore cannot contact the cell
cortex. However, it remains true that when spindles cannot rotate properly to orient
along the cell length, a delay in securin degradation and sister chromatid separation

occurs. Intriguingly, the delay requires Bubl, Bub3 and Mad3 but not Madl and Mad2.
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Moreover, in cells with mis-orientated spindles, Bubl remains associated with the
kinetochores (Tournier ef al. 2004). It is proposed that the Bubl, Bub3 and Mad3 have
additional roles in monitoring the position of the spindle in the spindle orientation

checkpoint.

1.5.2 Turning off the checkpoint

Once stable kinetochore-spindle attachments and tension have been sensed, the
checkpoint must be turned off in order for the cell to continue to segregate sister
chromatids in anaphase. Unfortunately, little is known about how the spindle checkpoint
silenced. Two independent groups have reported the identification of p31°°™*/CMT2
(for comet tail-like mitotic localisation / Caught by Mad2 — Xia et al. 2004; Habu et al.
2002). In both studies, p31°™/CMT2 was found to bind to Mad2, which did not appear
to hinder Mad2-Cdc20 interaction. Intriguingly, p31°°™*/CMT?2 selectively interacts
with Cdc20-bound Mad2. Moreover, in vitro studies show that purified p31°°™/CMT2
enhances APC activity, suggesting that p31°°™/CMT2 binds to Cdc20-bound Mad2 to
turn off the spindle assembly checkpoint (Xia et al. 2004).

1.6 Kinetochores

Accurate chromosome segregation largely depends on stable and functional
kinetochores. In addition to their role as sites for spindle capture and attachment,
kinetochores are also required for signalling of mitotic checkpoints and generation of
poleward force for chromosomes. Kinetochores are non-DNA structures at the
centromeric region of the DNA, consisting of various protein subunits and complexes. In
budding yeast, at least 65 kinetochore proteins have been identified (McAinsh et al.
2003). Although far fewer kinetochore proteins have been discovered in higher
eukaryotes, studies have shown that the overall structure and assembly of the kinetochore

is conserved, if not identical.

1.6.1 Site of kinetchore formation

It is attractive to postulate that the site at which the kinetochore is formed may be
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determined by DNA sequence. Indeed, when centromeres were first cloned and
sequenced in budding yeast, a 125bp centromeric (CEN) sequence was found to be
necessary and sufficient for accurate chromosome segregation (Gaudet and Fitzgerald-
Hayes 1987). The CEN region consists of three conserved elements known as CDEI,
CDEII and CDEIII. DNA strand containing AT-rich CDFEII sequence varies in length and
is thought to wrap around the nucleosome, while CDEI and CDEIII interact with protein
complexes that constitute the inner kinetochore (McAinsh et al. 2003). The CDEI
element binds Cbf1, a non-essential budding yeast homologue of human CENP-B. In the
absence of Cbfl, the rate of chromosome loss is elevated, suggesting that though non-
essential, it is important for chromosome stability (Stoyan et al. 2001). CDEIII interacts
with the CBF3 complex, made up of essential proteins Ndc10, Ctf13, Cep3 and Skpl.
Kinetochore assembly is completely dependent on CBF3 complex in budding yeast. In
the absence of any CBF3 complex component, all other known kinetochore proteins are

no longer able to associate to centromeric DNA.

Centromeres in fission yeast and higher eukaryotes, however, are organised differently
from that of budding yeast, and are instead made up of tandem sequence repeats
(McAinsh er al. 2003). In fission yeast, the centromere consists of a central core (cnt)
flanked by inner and outer inverted repeats (imr and otr). Similarly, human centromeres
are made up of repeats of a-satellite DNA, which are varied in sequence and
arrangement in a chromosome-specific manner. Intriguingly, a-satellite DNA sequences
can be deleted without affecting normal chromosome segregation and a fully functional
neocentromere can be formed in regions of the DNA lacking of a-satellites (Yamamoto
and Miklos 1978; Wandall er al. 1998). It appears that in fission yeast and higher
eukaryotes, DNA sequence itself cannot recruit proteins for kinetochore assembly.

Instead, epigenetics may be one determining factor for the site of kinetochore assembly.

Apart from the core region, parts of the centromere and pericentromere are epigenetically
modified to become specialised condensed chromatin, known as heterochromatin.
Although heterochromatin is predominant at centromeres, it is also found at various parts
of the chromosome, including transcriptionally silenced regions and telomeres. The
function of heterochromatic regions depends on where they reside, but in general the
higher order structures may serve to “protect” or provide a barrier for the DNA sequence

from biochemical modifications and DNA-binding proteins (Grewal and Moazed 2003;
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Noma et al. 2004). Centromeric heterochromatin is crucial for accurate cell division as
depletion of components of heterochromatin results in a rate of chromosome
missegregation. Proposed roles of heterochromatin at centromeres and pericentromeres
include transcription silencing and suppression of meiotic recombination (West and
Fraser 2005). In addition, centromeric heterochromatin has been reported to be crucial
for cohesin enrichment and retention at centromeres until anaphase onset (Bernard et al.

2001; Bernard and Allshire 2002; Pidoux and Allshire 2004 ).

1.6.2 Kinetochore Proteins

It is postulated that the kinetochore is formed in layers, involving proteins and complexes
that bind to the centromere (inner-kinetochore proteins), microtubules (outer-kinetochore
proteins) and those that link centromere-binding proteins to microtubule-binding proteins
(central-kinetochore proteins). Observation of the kinetochore structure by electron
microscopy and hierarchical assembly of kinetochore proteins support the layered
organisation (Brinkley and Stubblefield 1966; Ris and Witt 1981). However, recently
many proteins within individual complexes have been found to interact with members of
other complexes, providing a challenge to the classical classification as their boundaries
are becoming blurred (Kops et al. 2005; Asakawa et al. 2005; He et al. Personal
communication — submitted at time of writing). Fig.1.7 summarises kinetochore proteins
and complexes in budding yeast, fission yeast and metazoans known to date. Note that
this area has seen tremendous progress in recent days, which may affect the current

knowledge presented in this introduction.

At the inner kinetochore, a conserved histone H3 variant, known as CENP-A in
metazoans, interacts with all known centromeric regions, including neocentromeres and
centromeres of artificial chromosomes. CENP-A is component of the nucleosome found
only in active centromeres and is required for kinetochore assembly (Meluh ef al. 1998;
Howman et al. 2000; Takahaski et al. 2000; Blower et al. 2001). However, the presence
of CENP-A is not sufficient to initiate assembly of functional kinetochores (Van Hooser
et al. 2001). Another core inner kinetochore protein is CENP-B. CENP-B binds to «-
satellite in a sequence-specific manner and although a-satellite sequence and CENP-B
are both found at centromere, neither is essential for assembly of functional kinetochores

(Kouprina ef al. 2003). Mammalian cells lacking CENP-B do not display any sign of
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chromosome missegregation or mitotic arrest (Hudson et al. 1998; Perez-Castro et al.
1998; Kapoor et al. 1998). In fission yeast CENP-B, on the other hand, have been found
to assist accurate chromosome segregation (Baum and Clarke 2000). Like CENP-A,
conserved protein CENP-C is only found at active centromeres and is required for
kinetochore assembly. In chicken DT40 cells, CENP-C loading was shown to be
dependent on CENP-I and CENP-H (Fukagawa et al. 2001; Nishihashi et al. 2002), and
its depletion in chicken and human causes mitotic arrest and may be involved in
determining kinetochore size (Tomkiel ef al. 1994; Fukagawa and Brown 1997).

Mutation in the budding yeast homologue, Mif2, results in missegregated chromosomes
(Meeks-Wagner 1986).

At the central kinetochore, protein complexes have largely been identified in budding
yeast. These include MIND, Ctf3, and COMA. MIND consists of at least four protein
subunits: Mtwl, Nnfl, Nsl1 and Dsnl (Euskirchen 2002; De Wulf et al. 2003). Mtwl
was originally identified in fission yeast as Mis12 (Takahashi et al. 1994). Cells lacking
functional Mis12 show abnormal spindle length, speculated to be due to centromere or
tension defects (Goshima et al. 1999). Further studies in budding yeast indicate that
mutants in the budding yeast homologue cause kinetochore tension to be lost, resulting in
missegregated chromosomes (Goshima and Yanagida 2000; Pinsky et al. 2003).
Depletion of human Misl2 results in chromosome missegregation and loss of other
central kinetchore proteins, CENP-H and CENP-I, but not CENP-A. In addition to
Misl2, the fission yeast MIND/Mis12 complex also contains Mis13, Misl4 and Nnfl
(known as CENP-H in a human).

A homologue of human CENP-I and budding yeast Ctf3, fission yeast Mis6 belongs to a
large complex with Mal2 and Sim4 (Jin et al. 2002; Pidoux et al. 2003). Recent
developments in the field have shown that at least seven other proteins, known as Sma-1
to 7, bind to members of this complex (He et al. - personal communication — submitted at
time of writing). Importantly, fission yeast Mis6 and Sim4 are required for Cnpl
recruitment to the centromere (Takahashi ef al. 2000; Pidoux et al. 2003). However, the
reciprocal requirement is found in budding yeast and vertebrates that Cse4/CENP-A is
necessary for ctf3/CENP-I kinetochore localisation (Meluh et al. 1998; Howman et al.
2000; Blower et al. 2001; Nishihashi ef al. 2002). Although fission yeast Mis6 is

required for Cnp-1 loading and was found to co-precipitate with Nnfl, no member of the
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MIND/Mis12 complex has yet been shown to localise Cnp-1. In fact, Misl4 (of the
MIND/Mis12 complex) is recruited to the kinetochore independently of Cnpl, as well as
not being required for Cnp-1 recruitment (Takeshi et al. 2004). On the other hand,
recently identified centromere proteins, Mis16 and Mis18, act as Cnp-1 loading factors

most upstream of the kinetochore assembly cascade (Takeshi et al. 2004).

An additional central kinetochore complex, known as COMA, has been discovered in
budding yeast. COMA consists of Ctf19, Mcm21, Okpl and Amel (De Wulf ef al.
2003). Although Ctf19 and Mcm21 are essential and the complex is thought to act as a

crucial linker, no homologues have been found in fission yeast or metazoans.

Outer kinetochore proteins and complexes can be classed into two categories: one being
stable core kinetochore proteins and the other more transient, less stable kinetochore
proteins. Subunits of the Ndc80 complex are considered to be core proteins, while
transient kinetochore proteins include a sub-class of MAPs, kinesins and yeast DASH
complex. The roles of MAPs and kinesins at the outer kinetochore will be further
elucidated and discussed in chapter 5. The DASH complex was first identified in
budding yeast and contains at least ten subunits: Daml, Duol, Dadl, Dad2, Dad3,
Dad4/Hsk3, Askl, Spc19, Spc34, and Hsk3. All members of the complex are essential
and localise to spindles and kinetochore foci (Jones et al. 1999; Nagasaki et al. 1999;
Cheeseman et al. 2001; Enquist-Newman et al. 2001; Janke et al. 2002; Li et al. 2002;
Ikeuchi et al. 2003). The homologues of all these proteins have been identified in fission
yeast, but surprisingly none are essential (Sanchez-Perez et al. — personal communication
— submitted at time of writing). Although the kinetchore-localisation of MAPs, kinesins
and DASH may be transient and only occur during mitosis, their association is essential

for accurate chromosome segregation.

Core-kinetochore protein, Ndc80, was first identified in budding yeast and shown to bind
to Nuf2, Spc24 and Spc25 to form a complex (Rout and Kilmartin 1990; Osborne et al.
1994; Wigge et al. 1998; Wigge and Kilmartin 2001). The complex is relatively well
conserved from yeast to humans. Reports of complex localisation showing the lost of
kinetochore recruitment in mis/2 mutant and localisation to SPB led to the postulation
that the complex is first recruited to centrosomes/SPBs in interphase before transferring

onto the kinetochore in mitosis (Asakawa et al. 2005). Because of its mitosis-specific
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recruitment to the kinetochore, it may be questioned if Ndc80 is really a core kinetochore
complex. Budding yeast cells with defective or absent Ndc80 subunit show kinetochore-
spindle attachment defects without disruption of the kinetochore structure (Wigge and
Kilmartin 2001; De Wulf e al. 2003). Similar studies in vertebrate cells using both
electron microscopy and live immunoflorescent imaging reports that depletion of human
Ndc80, hHecl and hNuf2 causes structural disruption of outer kinetochore but leave
inner and central kinetochore intact (DeLuca et al. 2003; McCleland et al. 2003). In
addition, the study shows that unlike transient kinetochore proteins, hHecl and hNuf2

recruitment and function are unaffected by microtubule drugs, such as nocodazole

(DeLuca et al. 2003).

Investigation of homologues of Ndc80 subunits in frog, chicken and human agrees that
mutation in the complex leads to elimination of poleward pulling force, observed as
unstretched kinetochores (Hori et al. 2003; DeLuca et al. 2003; McCleland et al. 2003
and 2004). However, there have been contradicting reports in regards to kinetochore-
spindle attachment defects. Some groups report that Mad1 and Mad?2 are recruited to the
kinetochores in some ndc80/hec] and nuf2 mutants, and that their recruitment is argued
to be evidence for loss of kinetochore-spindle attachment (Martin-Lluesma et al. 2002;
Cleveland et al. 2003; Cheeseman et al. 2004). Other studies show that Mad1 and Mad2
kinetochore-recruitment is lost when Hecl or Nuf2 is depleted, even though the spindle
assembly checkpoint is activated in this condition, suggesting that the Ndc80/Nuf2
complex may have a direct role in the spindle checkpoint (Nabetani et al. 2001; DeLuca
et al. 2003; McCleland et al. 2003 and 2004; Meraldi et al. 2004, Gillett et al. 2004).
Evidence implicating the Ndc80 complex as a component of the spindle assembly

checkpoint is discussed in the next section.

[t is important to note that in fission yeast, proteins within individual complexes have
recently been found to bind to others. For example, members of the MIND/Mi2n2
complex are required for loading of the Nuf2/Ndc80 complex (Asakawa et al. 2005;
Kops et al. 2005). The MIND/Mis12 complex has also been pulled down in a co-
immunoprecipitation assay with members of the DASH complex. In the same study, a
tagged Misl2 protein also pulled down Dadl (He et al. — personal communication —

submitted at time of writing). Results from these studies suggest that kinetochore
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complexes may be highly linked together. Alternately, these complexes may form super-

complexes.

1.6.3 Kinetochore stability and spindle assembly checkpoint

Kinetochore structure acts as a platform for both microtubule attachment and landing
sites for spindle assembly checkpoint proteins. Therefore, it makes sense that the
physical state of th kinetochore is crucial to withstand forces on the kinetochore-spindle
interaction site and the dynamic turnover of spindle assembly checkpoint proteins. When
inner or central kinetochore is disrupted, for example in mis6 and mis/2 mutants in
fission yeast, loss of tension at kinetochores is observed (Goshima et al. 1999; Appelgren
et al. 2003). In mis6 mutant, the inner centromere structure is somehow disrupted,
observed by lack of smeared nucleosome ladder (Goshima et al. 1999). In both mis6 and
mis12 mutants, the spindle assembly checkpoint remains inactive despite lack of attached
kinetochore (Goshima et al. 1999). A similar study of human Mis6, CENP-I, reports that
the lost of CENP-F and checkpoint proteins Madl and Mad2 when CENP-I is depleted
(Liu et al. 2003). These findings suggested that Mis6, Mis12 and their homologues are

required for the structure of the kinetochore.

Mutants of the Ndc80 complex, though similar to mis6 and misI2, do not disrupt inner or
central kinetochore structure (Nabetani et al. 2001; Wigge and Kilmartin 2001; DeLuca
et al. 2003; De Wulf et al. 2003; McCleland et al. 2003 and 2004; Meraldi et al. 2004,
Gillett et al. 2004). In these mutants, phenotypes concerning spindle assembly
checkpoint activation show allele-specificity, which has lead to some controversy. In
fission yeast, nuf2-2 and nuf2-3 mutants exhibit chromosome segregation defects and
spindle checkpoint activation despite the presence of intact spindles (Nabetani et al.
2001; Asakawa et al. 2005). nuf2 deletion and nuf2-1 mutants, however, do not exhibit
spindle assembly checkpoint activation, indicating that Nuf2 also functions as a
component of the spindle checkpoint (Nabetani ef al. 2001; Asakawa et al. 2005).
Similarly in budding yeast, when either ndc80" or nuf2" are deleted mitotic delay occurs.
However, when both Ndc80 and Nuf2 are lost, the spindle checkpoint fails to be

activated.
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In higher eukaryotes, various studies indicate that the Ndc80 complex may be required
for localisation of only some of the spindle checkpoint proteins (Martin-Lluesma et al.
2002; DeLuca et al. 2003; Gillett et al. 2004; Meraldi et al. 2004; Bharadwaj et al.
2004). In frogs, depletion of xNdc80 or xNuf2 by antibody does not activate the spindle
checkpoint. Moreover, no mitotic delay was observed even in the presence of
microtubule drug. Upon observation of protein localisation, it appears that xNdc80 and
xNuf2 are required for recruiting Madl, Mad2, Bubl and Bub3 to the kinetochore
(McCleland et al. 2003 and 2004). In chicken DT40 cell, Hecl or Nuf2 depletion causes
mitotic arrest with only BubR1 but not Mad2 at the kinetochore (Hori et al. 2003). In
this study, the group also confirmed that loss of Hec1/Nuf2 does not disrupted inner and
central kinetochore by observing intact CENP-A, CENP-C and CENP-H. Depletion of
the Ndc80 complex in human HeLa cells using RNAI or antibody injection methods have
been carried out by various groups. When hHecl is depleted, Mad2 is unable to localise
to kinetochores while Bubl recruitment is reduced by approximately 50% during spindle
checkpoint activation (Martin-Lluesma et al. 2002). Another group reported a similar
finding that the kinetochore-localisation of Mpsl, Mad2, and Mad3 but not BubR1 or
Bubl is lost when either hHecl or hNuf2 is depleted (Meraldi et al. 2004). Similarly,
when hSpc25 is absent, which in turn leads to loss of Hecl, Madl was no longer
recruited to the kinetochore, whereas the localisation of Bubl and BubR1 remain largely

unaffected (Bharadwaj et al. 2004).

1.7 This Thesis

A variety of processes in fission yeast and other eukaryotes have been discussed in the
introduction, including the regulation of microtubule dynamics, the mitotic cycle, the
role of spindle assembly checkpoint and the importance of kinetochore structure. The
work described in the following chapters stems from the finding that Alp14 functions in
two highly linked, but distinct mechanisms. These are the regulation of microtubule
dynamics and the spindle assembly checkpoint. The aim of this thesis is to dissect these

distinct roles of Alpl4 by domain analysis.

Our study begins with the characterisation of alp/4 (complete) deletion mutant, followed

by analyses of mutants that delete or overexpress specific domains of Alpl4. In this
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thesis, we report the surprising finding that despite high structural conservation, the two
TOG domains in Alp14 are required for distinct mechanisms. From our consistent data,
the first TOG domain (TOGI] - resides at the N-terminus) is shown to be required for the
spindle assembly checkpoint. Its deletion results in failure to maintain the spindle
checkpoint in spindle damaged conditions, while its overproduction causes hyper-
activation of the checkpoint without spindle damage. The second TOG domain (TOG?2 -
resides near the centre of the proteins), on the other hand, functions to stabilise
microtubules. Lastly, our studies determine that the C-terminus of Alp14 is essential for

the localisation of the protein throughout the cell cycle.

Further analysis of the role of TOGI in the spindle assembly checkpoint suggests that
Alpl4 may maintain the checkpoint via the outer kinetochore Nuf2/Ndc80 complex.
Alp14 is found to bind to Nuf2, while deletion of TOG1 causes Nuf2 and Ndc80 to be

delocalised from kinetochore in spindle damaged conditions.

In this thesis, we have also studied the interaction of Alp14 with kinesins Klp5 and Klp6.
At the outset of this particular study, the role of Klp5 and Klp6 was analysed as part of
team. Our results show that Klp5 and Klp6 are essential for accurate chromosome
segregation, promote microtubule depolymerisation and suggest that the kinesins are
required for tension-generation at the kinetochore in metaphase. Surprisingly, although
the function of Klp5/Klp6 in microtubule regulation is opposed to that of Alp14/Disl, the

proteins collaborate to ensure accurate chromosome segregation.
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Rg.1.1.The fission yeast cdlcyde.

Fission yeast cells go through rounds of mitotic cell cycle, by entering at G1 gap phase to
prepare for DNA synthesis in S phase. Cells pass through another gap phase G2 in preparation
for chromosome segregation in M phase. When starved of nitrogen, cells exit the mitotic cycle
at G1 and remain in the gap phase inabsence of mating partner. In presence of mating partner
cells undergo meiotic cell division. When glucose is lacking, cells exit the mitotic cycle at

G2 and enter stationary gap phase GO where growth is ceased.
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Rg.1.2.Miaotubule dynamics In fission yeast

A) Addition of a/p heterodimers at the plus-end causes the microtubule to grow, which is
dependent on the GTP-binding activities of a and p tubulin (Alberts et al. 1994). A a subunit
containing GTP is stable and considered part of the molecule. On the other hand,GTP-bound
p tubulin is unstable and can be hydrolysed into GDP (Alberts et al. 1994). When a microtubule
protofilament is GTP-bound at its plus-end, its stability allows more a/p heterodimers to be
added on, which is turn causes polymerisation. However, when it is GDP-bound, p tubulin
undergoes a conformational change which prevents heterodimers from being maintained in
the filament, causing rapid depolymerisation. B) Microtubule dynamics in fission yeast cell
cycle. Interphase microtubules (top panels)grow along the length of the cell in the cytoplasm,
maintaining its shape. In mitosis (bottom panels), pole-to-kinetochore spindles nucleated from
SPBs grow to capture sister chromatids aligned at the metaphase plate. Once stably captured,
anaphase onset induces spindle depolymerisation to pull sister chromatids to opposite poles.
Astral microtubules may also orient pole-to-pole spindles. Post anaphase array of microtubules
and a contractile ring nucleates from eMTOC to facilitate cytokinesis. Red shows staining of
microtubules, green represents SPBs and blue is DAPI-stained DNA. Arrow heads point to astral
spindles and arrow indicates eMTOC. 44
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Rg. 13. Chromosome-attachment by spindles.

Four possible conformations of kinetochore attachment by spindles show that
detection of attachment is insufficient to ensure equal chromosome segregation.
Lack of tension is thought to also signal to checkpoint control to delay anaphase
onset. When amphitelic attachment is established, it isthought that the balance
between the inward force provided by cohesin and the pole-ward force provided
by spindle depolymerisation generates tension. Tension further stabilises spindle-
kinetochore attachment. The presence of both attachment and tension signals for
anaphase onset. Arrows signify pulling force applied by spindles.
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Known function in the spindle checkpoint

Binds Mad2 at Mad2-binding motif for Mad2 recruitment to
the kinetochore. Required for Mad2-Cdc20 in vivo. Reported
to be phosphorylated by Mphl and Bubl.

Recruits all checkpoint proteins to the kinetochore. Dual-
specificity kinase, with Madl and budding yeast Spcl 10 as
substrates. As well as spindle checkpoint, Mpsl has been
implicated in SPB-duplication.

Binds to Madl for its kinetochore recruitment. Binds to
Cdc20 for inhibition of APC/C. Reported to be
phosphorylated - crucial for spindle checkpoint activation.

Binds Bub3, and Cdc20 for inhibition of APC/C. Kinase
domain in budding yeast-and animals capable of
autophosphorylation.

Only checkpoint protein to be cell cycle regulated (increased
levels in mitosis). Binds to Bub3. Kinase, reported substrates
include Bub3, Madl, Cdc20 and adenomatous polyposis coli.
Bubl is also a phospho-protein, possibly a target of Cdc2.
Bubl phosphorylation shown to be required for its activation.
A78V mutation in the Mad3-like domain shows the residue is
required its accumulation and recruitment of Bub3 and Mad3
to the kinetochore when the spidle checkpoint is activated. The
mutation also failed to cause mitotic arrest.

Binds Bubl and BubR1 at same Bub3-binding motif. Also
binds Cdc20 in MCC complex - WD-40 repeats required for
complex formation.

Fig. 1.4. A Summary of structural domains and known functions of spindle checkpoint components.
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Fig. 1.5 A summary of known complex formations between spindle checkpoint proteins.
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Flg.1.6. Activation of spindle assembly checkpoint

Genetic, biochemical and structural data suggest that the kinetochore acts as a catalytic
site for the turnover of spindle assembly checkpoint proteins. First, checkpoint proteins
are recruited to the kinetochore. It is believed that Mad3 kinetochore-recruitment is
through its binding with Bubl. Similarly, Bub3 is localised to the kinetochore as a complex
with Mad3. Mad2 is transciently recruited to the kinetochore in the form of Mad 1-Mad2
complex. Rearrangement then occurs to create the MCC complex that inhibits activator
of APC, Slpl. Structural studies indicate that Mad2 recruited to the kinetochore is different
from Mad2 in the MCC complex in its conformation.



Budding yeast Fission Yeast Metazoan
CBF3 complex
Ndc10
Ctf13
Cep3
Skpl
Cse4 Cnpl CENP-A
Cbfl Abpl CENP-B
Cbnl
Cbn2
Mif2 Cnp3 CENP-C
COMA complex
Ctf19
Okpl
Mcm2l
Amel
MIND complex
Mtwl Mis12 hMis12
Nnfl Nnfl CENP-H
Nsll Mis14
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Ndc80 complex
Ndc80 Ndc80 Hecl
Nuf2 Nuf2 hNuf2
Spc24 Spc24 hSpc24
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Ctf3 complex
Ctf3 Mis6 CENP-1
Mcml6 Sim4
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DASH complex
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Dad2 Dad2/Hos2
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Dad4/Hsk3 Dad4/Hsk3
Askl Askl Ask1
Duol Duol
Spcl9 Spcl9
Spc34 Spc34

Fig. 1.7 Known components of the kinetochore. Thick lines separates known
complexes. Dashed-lines represent complexes that have been found to interact in fission
yeast, suggesting the existance of super-complexes.
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CHAPTER 2

Characterisation of alpl4 deletion mutant

The TOG family of microtubule-associated proteins are functionally highly conserved,
with homologues shown to regulate microtubule dynamics and accurate cell division in
various organisms. Consistently, studies of fission yeast TOG Alp14 indicate that it is
essential for microtubule stabilisation and chromosome segregation. In addition, Alp14

is also involved in the maintenance of the spindle assembly checkpoint.

The TOG family of proteins consists of a conserved N-terminal region, with highly
divergent C-terminal tails. Although the microtubule-stabilising function is speculated to
be an attribute of the conserved N-terminal domains, several studies have shown the
diverse C-terminal region to possess a microtubule-stabilising activity (Nabeshima et al.
1995; Wang and Huffaker 1997; Nakaseko ef al. 2001). The main aim of this thesis is to
dissect the function of TOG protein by domain analysis of fission yeast Alpl4. In this
chapter, characterisation of alp/4 deletion mutant is described. Complete deletion of
alpl4” is temperature-sensitive and results in short and broken microtubules at the
restrictive temperature. The absence of Alp14 leads to cell polarity defects in interphase
and chromosome missegregation in mitosis. Hallmark phenotypes of the alp/4 deletion
mutant are noted for future characterisation of partial deletion mutants in domain

analysis.
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Microtubules are essential for various cellular processes in all eukaryotes, including
transport, cell migration, cell polarity organisation and chromosome segregation.
Regulation of microtubule growth is fundamental for accurate and timely chromosome
segregation. When regulators of microtubule dynamics such as members of the TOG
family are compromised, unequal chromosome segregation occurs leading to genome
instability, a hallmark of cancer. In fact studies of human TOG, which was first isolated
from an expression library of human brain, showed that it is over-expressed in colonic
and hepatic tumours (Charrasse et al. 1995 and 1996). Moreover, various members of the
TOG family were initially identified as mutants that caused chromosome instability.
These include frog msps (Cullen et al. 1999), worm zyg-9 (Hirsh and Vanderslice 1976),
plant mor-1 (Whittington et al. 2001), budding yeast stu2 (Wang and Huffaker 1997),
and fission yeast dis/ and alpl4 (Ohkura et al. 1988 and Garcia et al. 2001).

XMAP215, a frog member of the TOG family, which was isolated biochemically, was
reported to regulate intrinsic microtubule polymerising activity in vitro (Gard and
Kirschner 1987; Vasquez et al. 1994). When purified XMAP215 was added to pure
microtubules, the rate of microtubule growth was substantially increased. Following this
breakthrough, in vivo microtubule-regulating activities of other TOG members were
investigated. These studies found that when the function of TOG homologues were
compromised microtubules became short and/or mitotic spindles defective, suggesting
that the microtubule-stabilising function of TOG proteins is highly conserved (Wang and
Huffaker 1997; Nabeshima et al. 1998; Cullen et al. 1999; Gonczy et al. 1999;
Nakasheko et al. 2001; Garcia et al. 2001).

Previous studies of a TOG homologue in fission yeast, Alpl4, determined that it is
essential to promote growth at microtubule plus-ends. Alp14 localises to mitotic spindles
and kinetochores in metaphase. Importantly, Alpl4 is proposed to act as a bridge
between kinetochores and mitotic spindles, which facilitate spindle-kinetochore
attachment during mitotic chromosome segregation (Garcia et al. 2001). As in wild type
cells, when the function of mitotic spindles is compromised in alp/4 mutants, the spindle
assembly checkpoint is activated to delay anaphase until the error has been corrected. It
is thought that upon detection of unattached kinetochores, spindle checkpoint activation
leads to recruitment of checkpoint protein Mad2 to the kinetochores (Rieder et al. 1994;

Chen et al. 1996; Li and Benezra 1996; Waters et al. 1998). In alpl4 mutants,
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kinetochore dots of Mad2-GFP can clearly be observed, suggesting that sister chromatids
may be unattached in this condition. However, unlike other mitotic mutants such as
nda3-311 (defective in B-tubulin — Hiraoka ef al. 1984), the spindle assembly checkpoint
could not be maintained in alp/4 mutants (Garcia et al. 2001). This suggests that as well
as its microtubule stabilising role, Alp14 itself is a component of the spindle checkpoint

cascade.

Although the dual functions of Alp14 are highly linked, they are separate mechanisms. In
this thesis, we aim to dissect these distinct roles of Alp14 by domain analysis. Our study
would also clarify the function of the conserved TOG domains, which despite high
sequence conservation, is yet to be elucidated. To facilitate domain analysis of Alp14,
characterisation of complete alp/4” deletion must first be carried out to find hallmark

phenotypes that could be easily detected, which is described in this chapter.

2.1. Identification of Alp14

Microtubules are essential to maintain cell shape and polarity. In fission yeast, defects in
microtubule regulation cause cells to take irregular shapes such as bent or branched
(Toda et al. 1983; Sawin and Nurse 1998). To identify novel genes involved in
microtubule function, a screen was undertaken to isolate temperature sensitive mutants
defective in cell shape. From this screen altered polarity (alp) mutants were isolated,
one of which was named alpl4-1270 (Hirata et al. 1998; Radclifte et al. 1998). The
fission yeast alp/4” gene was subsequently cloned by complementation from a fission
yeast genomic library. Analysis of the alpl4* sequence showed that it encodes a protein

belonging to the TOG family of microtubule-associated proteins (Garcia et al. 2001).

A genome-wide search at the Sanger database shows that other members of the TOG
family include human ch-TOG, frog XMAP215, fly msps, worm zyg-9 and budding
yeast Stu2. In addition to Alp14, another member of the TOG family known as Disl was
also found in fission yeast (Nabashima et al. 1995 and 1998; Nakaseko et al. 1996). A
sequence alignment between Alpl4 and Disl and their human ch-TOG, frog XMAP215
and budding yeast Stu2 homologues is shown in fig. 2.1.1. Phylogenetic trees and

structural comparison of TOG proteins indicate that TOG members in higher eukaryotes
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diverged at the C-terminal while maintaining the conserved ‘TOG’ domains at the N-
terminal region (fig. 2.1.2). The highly conserved TOG domains consist of HEAT
repeats, which are representative of protein-protein interaction domain. Note that the
general nomenclature for this family of proteins is yet to be established. Although this
family of proteins is referred to as the TOG family in this thesis, it is also known as the
XMAP215/TOG, Dis1/TOG and XMAP215/Disl family (Ohkura et al. 2001; Kinoshita
et al. 2002; Gard et al. 2004).

Homologues in yeast possess two TOG domains, whereas in higher eukaryotes five TOG
domains are found, which could be a reflection of gene duplication (Gard et al. 2004).
Another possibility, which is not mutually exclusive, is that several TOG domains are
required for complete protein function. Higher eukaryotes may have evolved to use a
single protein that carries several TOG domains in contrast to fission yeast, where two
homologous proteins containing fewer TOG domains are functional. Domain searches at
the diverse C-terminal region of the homologues yielded no obvious known domains.
However, in yeast coil-coiled regions have been predicted at the C-terminal tail (Garcia

et al. 2001), which suggests possible protein-protein interaction in this region.

Fission yeast TOGs, Alp14 and Disl, have overlapping functions.

The two fission yeast TOG homologues, Alp14 and Disl, show high conservation. This
suggests that the proteins may have overlapping roles. To test this, deletions of each
gene were carried out. Aalpl4 and Adis! show temperature-dependent growth defects.
At a high temperature (36°C) Alp14 is required for cell growth and at a low temperature
(22°C) Disl is essential. Growth defects at respective restrictive temperatures were
rescued by introduction of multicopy plasmids containing either gene, showing
functional redundancy at least at the level of cell growth (fig.2.1.3). However,
incomplete suppression of Adisl by the palpl4” raises the possibility that the two
proteins may not show a complete overlap in their roles. In support of overlapping
functions, deletion of both alp/4"' and disl" leads to lethality at any temperature,
indicating that alpi4 or dis] mutants were kept viable only by the other’s functions (also
see chapter 5.6). Indeed, studies of dis! and alp/4 mutants show that both proteins
promote microtubule stabilisation and are required for the formation of bipolar spindle in
mitosis (Nabeshima ef al. 1995 and 1998; Nakaseko et al. 1996 and 2001;Garcia et al.
2001).
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2.2 Characterisation of alpl4 deletion mutant.

To determine the functions of conserved and diverged domains of Alp14 by analysis of
alpl4 partial deletion mutants, characterisation of complete alp/4 deletion is first
carried out. Studies to date indicate that at the restrictive temperature, phenotypes of
Aalp14 have are indistinguishable from that of alp/4-1270, a point mutant resulting in
frameshift and a stop codon (Garcia et al. 2001). Because the results of alp/4-1270 are
well established, they can be used to find hallmark phenotypes of Aalp/4 mutant.

Results from the study of alpi4-1270 are summarised below.

Similar to other alp mutants isolated from the screen, alp/4-1270 is temperature-
sensitive and displays cell polarity defects at 36°C. Studies of alp/4-1270 in mitosis at
36°C showed that it failed to form bipolar spindles, leading to gross chromosome
missegregation. The spindle assembly checkpoint was activated in response to the
mitotic defect, but could not be maintained (Garcia ef al. 2001). This suggests that as
well as its microtubule regulating function, Alpl14 itself is a component of the spindle
checkpoint cascade. Analysis of Alpl4 localisation showed that Alp14-GFP associates
with cytoplasmic microtubules during interphase and is then recruited to SPBs and
mitotic spindles upon mitotic entry. Chromatin immunoprecipitation analysis showed
that Alp14 also localises to mitotic kinetochores in a microtubule-dependent manner
(Garcia et al. 2001). This dependency suggests that Alpl4 may act as a bridge to link
kinetochores to mitotic spindles (Garcia et al. 2001). Moreover, given the localisation of
Alpl4 and its role in stabilising microtubules, Alpl4 may also facilitate spindle-

kinetochore attachment during mitotic chromosome segregation.

Defects in microtubule function of Alp14 cause temperature-sensitivity.

In wild type cells, cytoplasmic microtubules emanate from microtubule organising
centres at the middle of the cell towards the cell ends. By growing along the length of the
cell and rapidly undergoing catastrophe once they have reached the cell ends,
microtubules are able regulate cell’s size, shape and polarity. In conditions where
microtubules are compromised, for example when microtubule drugs are added or in
mutants of tubulin or regulators of microtubule dynamics, cells exhibit bent or branched

phenotypes and often show retarded growth (Toda ef al. 1983; Sawin and Nurse 1998).
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To address the role of Alp14 in regulation of microtubule dynamics, Aalpi4 cells were
spotted onto rich plates at both permissive (26°C) and restrictive (36°C) temperatures. As
fig. 2.2.1 A shows, the Mlpl4 mutant displays retarded growth at the 36°C, and like
alpl4-1270 and other alp mutants isolated from the screen, Aalpl4 cells are bent and
branched at the restrictive temperature (fig. 2.2.1 B). To visualise microtubules in the
absence of Alpl4, an immuno-staining of a-tubulin of Aalpl4 cells was carried out at
36°C. Results show Aalpi4 cells to exhibit short cytoplasmic microtubules in
comparison to wild type at the restrictive temperature (fig. 2.2.2), which suggests that
Alp14 is required for microtubule polymerisation and/or stability, at least in interphase
cells. In mitosis, the Aalpl4 mutant also shows broken spindles (fig. 2.2.2). The lack of
stable spindles in the absence of Alpl4 is expected to lead to defects in chromosome
segregation. Indeed, missegregated chromosomes are found in Aalpl4 at 36°C (fig.
2.2.3). In the study of alp4-1270 (Garcia et al. 2001) and Aalp14 (this study, published in
Garcia et al. 2001), microtubule defects are predominantly found at the restrictive
temperature, which suggests that microtubule defects are represented by temperature-

sensitivity in alp/4 mutants.

Defects in spindle assembly checkpoint function of Alp14 results in
TBZ-hypersensitivity.

Many mutants affecting microtubule stability show sensitivity or resistance to
microtubule destabilising drugs. Thiabendazole (TBZ) is a microtubule drug that
destabilises microtubules by inhibiting the addition of off tubulin subunits to microtubule
protofilaments. Cytoplasmic microtubules and spindles are destroyed in these drugs,
causing wild type cells to show retarded growth. Cells with hyper-stabilised
microtubules such as Aklp5/kip6 (see chapter 5) are less affected by the drugs and show
growth resistance in comparison to wild type. On the other hand, cells that lack
microtubule-stabilising function, the sensitivity to the drugs is increased. Because TBZ
destroys mitotic spindles, which leads to unattached kinetochores, the spindle assembly
checkpoint is activated to delay anaphase until the error has been corrected. When the
checkpoint is defective, untimely mitotic progression leads to premature cytokinesis
without chromosome segregation, resulting in ‘cut’ cells. When the microtubule stability
or the spindle assembly checkpoint is compromised, defects are exhibited as retarded
growth in presence of microtubule drugs in comparison to wild type. Fig 2.2.4 shows

that like o-tubulin mutant Aarb2 (Adachi ef al. 1986) and spindle checkpoint mutant
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Amad?2 (Li and Murray 1991; Kim et al. 1998; Ikui et al. 2002; Millband and Hardwick

2002), Aalp14 is hyper-sensitive to TBZ even at the permissive temperature.

Because Alpl4 is involved in both microtubule stabilisation and maintenance of the
spindle assembly checkpoint, we reason that these two functions could be executed via
distinct structural domains in Alp14. Accordingly, we aim to dissect Alpl4 domains for
these separate functions by systematic partial truncations of the protein. In our study,
both temperature-sensitivity and TBZ-sensitivity will be tested at both permissive and
restrictive temperatures. We reason that an alp/4 partial deletion mutant that specifically
shows TBZ-sensitivity without microtubule defects may contain defects specific for the

spindle checkpoint, while the microtubule function remains intact.

Alp14-GFP localisation.

Before analysing alpl4 partial deletion mutants, the localisation of full length Alp14-
GFP has to be confirmed. This is because the loss of localisation in alpi4 partial deletion
mutants may render mutant proteins non-functional, which would result in temperature-
and TBZ- sensitivity. These phenotypes could then be mistaken for the loss of a specific
domain required for microtubule or spindle checkpoint function. To confirm published
results (Garcia et al. 2001), localisation of wild type Alp14-GFP is analysed in live
microscopy as a control. As fig. 2.2.5 shows, Alp14-GFP is localised to cytoplamic
microtubules and spindles in a punctuated pattern (two top panels and two bottom
panels), which is identical to published results. Alp14-GFP was also observed as intense
dots (middle panel), which may be representative of its SPBs or kinetochore localisation.
Overall, from our brief observation of Alp14-GFP as a control, we confirm that Alp14-
GFP is recruited to cytoplasmic microtubules in interphase cells, and to SPBs, spindles

and kinetochore dots during mitosis, as previously published.

2.3 Summary and Concluding Remarks

This thesis aims to determine the function of conserved and diverged domains of the
TOG family of proteins by domain analysis of fission yeast Alp14. To facilitate the
characterisation of partial deletion mutants, we have determined and characterised

phenotypes of alpl4 deletion mutant that can be easily detected. The temperature-
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sensitivity of Aalpl4 is linked to compromised microtubule function, with cells showing
cell polarity defects, short microtubules and chromosome missegregation. Aalpl4 also
shows hypersensitivity to microtubule drug, TBZ, at any temperature. Sensitivity to
microtubule drugs could be a result of compromised spindle checkpoint function or
defects in microtubule-stability. Because Alp14 has been shown to play a role in both of
these distinct mechanisms (Garcia ef al. 2001), we aim to create an alp/4 partial deletion

mutant that specifically shows TBZ-sensitivity without microtubule defects.

From this study, we have confirmed that Aalp/4 and alpl4-1270 show identical
phenotypes, at least at the restrictive temperatures in terms of microtubule-stabilising
activity. One of the most obvious phenotypes is short and weak cytoplasmic
microtubules, which lead to cell polarity defects displayed as bent and branched cells.
Like Alp14, the function of TOG homologues in stabilising microtubules has been
observed in various organisms. In frog, microtubule growth is prevented upon depletion
of XMAP215 (Charrasse et al. 1998; Tournebize et al. 2000). Similarly, non-functional
mutations in worm zyg-9 and fly msps lead to formation of abnormally short spindles

(Goncezy et al. 1999; Cullen et al. 1999).

Like alp14-1270, Aalpl4 shows abnormally short and broken spindles, which lead to
chromosome missegregation. When the function of TOG homologues are compromised
chromosome missegregation defects are observed in various organisms, suggesting that
role of TOG proteins in cell division is also highly conserved (Wang and Huffaker 1997;
Nabeshima et al. 1998; Gonczy et al. 1999). In support for this is the localisation pattern
of TOG homologues in mitosis. Like Alpl4, fission yeast Disl, budding yeast Stu2, fly
Msps, worm Zyg-9 and human ch-TOG localise to microtubules and
SPBs/centromsomes (Wang and Huffaker 1997; Nabeshima et al. 1998; Charrasse et al.
1998; Cullen et al. 1999; Graf et al. 2003; Tournebize et al. 2000; Popov et al. 2001). To
date, only yeast Stu2, Disl and Alp14 and dictyostelium DdCP224 have been found to
bind to kinetochores, which suggest that the localisation to this region may be specific to
yeast and amoeba (Graf et al. 2003; Garcia et al. 2001; Nakaseko et al. 2001; Gard et al.
2004). Another possibility is that kinetochore localisation may be too transient to be
detected. It is important to note that kinetochores and SPBs/centrosomes reside in close
proximity, which has led to some kinetochore components, such as members of the

Nuf2/Ndc80 complex, to be initially isolated as centrosomal proteins. In our study,
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Alp14-GFP analysed in this chapter was shown to localise to cytoplasmic microtubules
and mitotic spindles as previously reported (Garcia ef al. 2001). In addition, dot-like
localisation of Alp14 was observed, which may be representative of Alp14 recruitment to

SPBs and kinetochores.

Alp14 has been determined to be essential for spindle assembly checkpoint maintenance
(Garcia et al. 2001). Although this function is yet to be found in other organisms, it is of
note that this role of Alpl4 can be easily masked. This is because spindle defects in
alp14 mutants activate the spindle assembly checkpoint while the checkpoint is unable to
be maintained in this condition. It had been observed that the spindle checkpoint defects
are most obvious in alpl4-1270 at the permissive temperature where spindles are less
severely damaged (Garcia et al. 2001). The next effort would be to elucidate the role of
Alpl4 in maintaining the spindle assembly checkpoint. By domain analysis of Alp14, we
aim to determine the protein’s role in the spindle assembly checkpoint as well as in the

microtubule-stabilisation.
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Fig.2.1.1. Comparison between Alpl4 and Disl and their homologues. Sequence alignment between Alp 14 and Disl and their human ch-TOG, frog
XMAP215 and budding yeast Stu2 homologues. Black signifies conserved residues, grey signifies similar residues, (continues next page).
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ch-TOG (H. sapiens)

XMAP215 (X. laevis)

Msps (D. melanogaster)

Stu2 (S. cerevisiae)

Disl (S. pombe)

Alp 14 (S. pombe)

ZYG-9 (C. elegans)
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Fig. 2.1.2 Evolutionary relationship between Alpl4 and its homologues. A) A
phylogenic tree showing evolutionary relationship between Alp 14 and its homologues in
yeast and metazoans, B) Structural comparison between Alp 14 and its homologues in
yeast and metazoans. Conserved regions are at the N-terminal containing ‘TOG’
domains, consisting of HEAT repeats. C-terminal is diverse, and contains predicted
coiled-coil regions in yeast homologues. Not drawn to scale.
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Fig. 2.1.3 Functional redundancy between Alpl4 and Disl. </w7 and a//?74 deletion
mutants carrying an empty vector or multicopy plasmids containing dis/ +or alp 14* were
streaked on selective media and incubated for four days at permissive and restrictive
temperatures for Aalpl4 and Adis/. Note that Aalpl4 and Adisl are temperature- and
cold-sensitive, respectively.
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2.2.1 Aalpl4 shows retarded growth and growth polarity defects at the restrictive
temperature. A) Wild type and Aalpl4 were spotted after serial dilution (106to 102 cells)

on rich plates and incubated for 4 days at permissive (26°C) and restrictive (36°C)
temperatures. B) Aalpl4 cells grown on rich plates for 4 days at 26°C and 36°C shows
branched cells at the restrictive temperature. Scale bar represents 10 pm.
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Fig. 2.2.2 Deletion of alp/4+results in short and broken microtubules. Wild type and
Aalpl4 cells grown in rich media at 36°C were fixed with methanol and processed for
immunostaining with anti-a-tubulin antibody. Visualisation by florescent microscopy
shows short and broken microtubules in Aalpl4 at the restrictive temperature. Scale bar
represents 10 pm.
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Wild type Aalpl4

Fig. 2.2.3 Deletion of alpl4+results in chromosome missegregation. Wild type and
Aalpl4 cells grown in rich media at 36°C were fixed with formaldehyde and stained

with DAPIL. Visualisation by florescent microscopy shows chromosome missegregation
defects in Aalpl4 at the restrictive temperature. Scale bar represents 10 pm.

Fig. 2.2.4 Deletion of alp!4 +causes in sensitivity to microtubule drug, TBZ.
Wild type, Amad2, Aatb2, alpl4-1270 and Aalpl4 cells were spotted at the

concentration of 105and 104 cells on rich plates in the absence or presence of
30pg/ml TBZ for five days at 26°C.
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Fig. 2.2.5 Localisation of Alpl4-GFP. Cells containing a/p/4+GFP grown in
rich media culture were visualised under live florescent microscopy, showing
Alp 14 localisation in interphase and mitosis. Scale bar represents 10 pm.
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CHAPTER 3

Analyvsis of alp14 partial deletions

The function of the TOG family of proteins has been widely studied and shown to be of
utmost importance to the survival of cells. Despite this, the role of the highly conserved
TOG domains has yet to be elucidated. Because fission yeast contains two functional
homologues in this family, the dissection of fission yeast TOG may reveal specific
functions of TOG proteins masked in other organisms. Domain analysis of fission yeast
TOG protein is carried out by alp4 partial deletions. Construction and analysis of alp!4
partial deletion mutants are described in this chapter. Results reveal that the first TOG
domain is responsible for its role in the spindle assembly checkpoint. The second TOG
domain, together with the diverse C-terminal region stabilises microtubules, possibly by
promoting their elongation. Finally, the C-terminal tail of Alpl4 is also required for
localisation, which is supported by interaction with its binding partner Alp7, a protein of

the TACC family.
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The interaction between spindles and kinetochores is central to chromosome segregation.
By capturing the kinetochores, mitotic spindles are able to pull replicated sister
chromatids toward opposite poles, thereby separating them prior to septation and
cytokinesis. When the interaction between spindles and kinetochores is compromised,
for example when kinetochores are unattached or tensionless, a checkpoint mechanism is
activated to delay anaphase onset until the error has been corrected. The spindle
assembly checkpoint consists of a set of highly conserved proteins known as Mphl (also
known as Mpsl), Madl, Mad2, Mad3 (alsb known as BubR1 in higher eukaryotes),
Bubl and Bub3. It is thought that by interacting with an activator of anaphase promoting
complex (APC), Mad2, Mad3 and Bub3 prevent APC-dependent degradation of securin,
thereby inhibiting anaphase onset. The mitotic activator of APC is Slpl, which is known
as Cdc20 in budding yeast and p55"*? in higher eukaryotes. It has been shown that a
complex of Mad2-Slp1/Cdc20 that lacks Mad3 and Bub3 also exist, which is also able to
inhibit APC.

Studies of fission yeast TOG homologue, Alpl14, has revealed two distinct roles. One is
promotion of polymerisation at the plus-ends of cytoplasmic microtubules and mitotic
spindles. The other is the maintenance of spindle assembly checkpoint (Garcia ef al.
2001). When Alpl4 function is compromised, the spindle checkpoint is activated in
response to spindle damage but also fails to be maintained. Because these two processes
are highly linked, it is difficult to elucidate detailed involvement of Alpl4 in the
assembly checkpoint by studying mutants that cause complete disfunction of Alpl4. By
deleting specific domains of Alpl4, we aim to isolate regions of Alpl4 that are
specifically responsible for each role of the protein, namely microtubule-stabilisation and

spindle assembly checkpoint maintenance.

By domain analysis, the function of conserved TOG domains would also be clarified.
Given its high sequence conservation at the N-terminal region, it is speculated that the
highly conserved TOG domains possess a microtubule-stabilising activity. However,
various studies have shown contradictory results. There have been several reports of the
diverged C-terminal region being unexpectedly responsible for the conserved
microtubule function (Nabeshima et al. 1995; Wang and Huffaker 1997; Spittle et al.
2000; Nakaseko et al. 2001). Another study indicates that the N-terminal TOG domains
destabilise microtubules rather than stabilising them (Van Breugel 2003). This further
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contradicts the consistent findings of the protein's overall functions. Further more, TOG
domains contain HEAT repeats, which are hallmarks of protein-protein interaction
activity (Neuwald and Hirano 2000). Despite this, a candidate protein that may interact
at this domain is yet to be found. Given that Alp14 functions to establish stable bipolar
spindle-kinetochore attachment and maintain the spindle assembly checkpoint, candidate
proteins that may interact with TOG domains may be components of the kinetochore and

the spindle checkpoint.

3.1 Systematic deletion of alpl4" from the C-terminus

Earlier report shows the C-terminus of Alpl4 contains a microtubule-binding activity
(Nakaseko ef al. 2001). Given this result, deletion of the C-terminal region is expected to
result in the loss of Alp14’s localisation, at least to cytoplasmic microtubules and mitotic
spindles. A predicted coiled-coil motif is also found within the microtubule-binding
domain in Alpl4, which suggests that microtubule localisation may be dependent on
interaction with a partner protein. The ability to bind to microtubules is also likely to

confer Alpl4 to promote microtubule polymerisation.

3.1.1 Construction of alpl4 C-terminus-deletion mutants.

To systematically truncate Alpl4 from its C-terminal, GFP fusions were used as this
would also allow the localisation of the mutants to be visualised. The insertion of GFP at
the C-terminal of wild type Alpl4 does not affect the function of the protein and
therefore is unlikely to disturb the folding of the protein. In addition to the predicted
coiled-coil domain, the C-terminal region also contains an in vitro microtubule-binding
domain at residues 639-696, shown in fig 3.1.1. (Nakaseko et al. 2001). To understand
the in vivo function of this region, two constructs have been produced. One is the
deletion of the C-terminal tail (A7 ail-GFP) at residues 696-809, leaving the microtubule-
binding domain and coiled-coil region intact. The second construct (AMT-GFP) deletes
residues 639-809, disposing the predicted microtubule-binding domain from the C-
terminal. Another construct (ACter-GFP) that deletes the entire diverse C-terminal

region from 420-809, only leaving conserved TOG domains intact was produced to
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analyse the function of the diverged region of Alpl4. A schematic diagram of the
constructs is shown in fig.3.1.1. Analysis of constructed alp/4 partial mutants is

described below.

3.1.2 Deletion of the C-terminal region of Alpl4 results in the loss of

microtubule function and localisation.

When the microtubule function of Alp14 is lost, cells become temperature-sensitive. At
the restrictive temperature (36°C), these cells exhibit retarded growth and bent / branched
cells. These phenotypes are used to determine the loss of microtubule function in alpl4
C-terminal deletions. Fig. 3.1.2 shows that all constructs of alp/4 C-terminal deletion
(ATail-GFP, AMT-GFP and AC-GFP) display cell morphology defects at 36°C,
indicating that microtubule function is lost when the C-terminal region is deleted.
Because the microtubule-binding and coiled-coil domains remain intact in A7ail-GFP,
the loss of microtubule function in this construct suggests that the C-terminal regions,
including the most C-terminal residues that do not contain known or predicted domains,
are crucial for microtubule function. Consistently, immuno-staining of anti-o-tubulin
confirms that deletion of Alpl4 C-terminal regions results in short cytoplasmic

microtubules and mitotic spindles, similar to deletion of full-length alpl4” (fig. 3.1.3).

The loss of microtubule function may reflect the loss of specific domains required for the
protein’s function to stabilise microtubules. Alternatively, it could also be caused by the
loss localisation to microtubules. To investigate the localisation of these mutant proteins,
cells were fixed with methanol and processed for immuno-staining with anti a-tubulin.
Fig. 3.1.3 shows that Alp14 localisation is lost in all constructs that delete the C-terminal
region. Live cell analysis at both permissive and restrictive temperatures confirms that
Alpl4 is no longer able to localise to microtubules, SPBs or kinetochore dots in these

constructs (data not shown).

Because the localisation of Alp14 is lost, it would be inaccurate to study the affects of
alp14 partial deletion in these constructs. It is also possible that the loss of localisation is
due to the insertion of GFP fusion, causing the folding of the protein to be hindered.
Alternatively, partially deleted Alpl4 mutant proteins may be unstable and are readily
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degraded.

3.2 Systematic deletion of alpl4" from the N-terminus

The N-terminal regions of TOG proteins in yeast consist of two conserved TOG
domains, containing HEAT repeats. HEAT repeats are hallmarks for protein-protein
interaction domains (Neuwald and Hirano 2000), indicating a possible site for protein
interaction in this region. Though studies have shown that it may have microtubule-
depolymerising activity in vitro (van Breugel 2003), the in vivo role of TOG domains is
yet to be elucidated. If TOG domains also depolymerise microtubules in vivo, their
deletions are expected to cause hyper-stabilised microtubules, similar to that of

microtubule-destabilsing mutants such as Aklp5/kip6 (see chapter ﬁs

3.2.1 Construction of alpl4 N-terminus-deletion mutants.

To analyse the function of the TOG domains, systematic deletions from the N-terminus
was carried out (fig. 3.2.1 A). Truncations were facilitated by homologous
recombination, which allows the sequence targeted for deletion to be replaced by a
selective marker. Because of this, it is difficult to express truncated Alp14 by its natural
promoter as the marker would have to reside upstream of the promoter region. To
overcome this, P8/nmt thiamine-inducible promoters, containing an upstream
kanamycin-resistance marker (kan") were used to replace the deleted alpl4 N-terminal

sequence.

To visualise the localisation of the partially deleted proteins, P8/nmt was transformed
into an alpl4" sequence with GFP fusion at the C-terminus. Because the alpl4 -GFP
construct also contains a kan” gene, a marker swap was carried out by homologous
recombination to replace the kan” gene with a uracil marker (ura4’). A live observation
showed that the marker swap did not affect Alp14-GFP localisation (fig. 3.2.1 B). The
alpl4”-GFP-kan::ura4" strain was used for the truncation of the alp/4” gene from the
N-terminal. A control construct (FL) was produced to express full length Alp14-GFP
from P&1nmt promoters. Fig. 3.2.1 C and D show that F'L behaves like wild type in the
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absence of thiamine, when the nmt promoter is expressed. At 36°C, FL does not show
bent or branched cells, suggesting that the microtubule function is intact. When treated
with TBZ, FL showed similar sensitivity as the wild type strain, confirming that the
production of Alp14-GFP from the P8/nmt promoter does not compromise Alpl4
function. Note that when using TBZ on plates, cells were first grown in minimal media
lacking thiamine, then spotted onto rich plates containing TBZ. This is to avoid
technical inaccuracies that often arises from the different growth rates of cells on solid
minimal media that contains TBZ (lab obsérvation — unpublished data). Alp14-GFP was
also expressed from the FL strain and visualised in a live microscopic analysis (fig. 3.2.1
E). In absence of thiamine, the P§/nmt promoter is induced and Alp14-GFP localises to

microtubules as observed in wild type.

Once the control strains were confirmed to be fully functional, partial deletions of Alp14
from the N-terminus were carried out. To understand the function of the TOG domains,
two constructs were produced. One deletes the first TOG domain at residues 1-240
(ATOG]1). The second construct deletes both TOG domains and the entire conserved N-
terminal region at residues 1-430 (ATOG?2). Other constructs delete the entire N-terminal
region and the microtubule-binding domain at residues 1-696 (AN-M) and most of the C-
terminal region at residues 1-710, leaving only 100 residues intact (AN-C). Analysis of

alp14 N-terminus-deletion mutants is described below.

3.2.2 The C-terminal tail of Alp14 is required for localisation.

Section 3.1 has shown that the C-terminal region of Alpl4 may be required for its
localisation. Localisation analysis of alp/4 deletions from the N-terminus confirms the
findings. Fig. 3.2.2 shows that ATOG!I and ATOG?2 are able to localise similarly to wild
type Alpl4-GFP. Surprisingly, although the microtubule localisation is substantially
reduced in AN-M, deletion of all known and predicted domains including the
microtubule-binding and coiled-coil domains (AN-M) is insufficient to completely
delocalise the protein. Localisation is lost only with further deletion of the sequence C-
terminal of the microtubule-binding domain (AN-C -fig. 3.2.2 F), suggesting that last 100

residues at the C-terminal region are responsible for the localisation of Alp14.
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This result has been confirmed by another study in our lab, showing that Alp14 binds to
Alp7, a member of the TACC family, at the C-terminal (Sato ef al. 2004). By binding to
Alp7, Alpl4 is recruited to mitotic SPBs, and subsequently localise to mitotic spindles
and kinetochores. A two-hybrid assay shows that AN-M (also known as A696 in Sato et
al. 2004) binds strongly with Alp7, indicating that Alp14 C-terminal contains an Alp7-
binding domain, essential for its mitotic localisation. Although the coiled-coil motif does
not appear to act as an Alp7-binding domain, its deletion results in reduced Alpl4
localisation (AN-M —fig. 3.2.2 E and Sato et al. 2004). Hence the coiled-coil motif may
facilitate or stabilise Alpl4-Alp7 binding. Alpl4 localisation in interphase is also
abolished in AN-C, suggesting that the C-terminus may also contain a signal that allows
Alpl4 to be recruited to cytoplasmic microtubules. However, it is possible that AN-C is

simply not expressed or readily degraded.

3.2.3 The second TOG domain, together with the C-terminus is

required for microtubule stabilisation.

Complete deletion of alpl4” results in short microtubules and chromosome
missegregation at 36°C (see chapter 2). Immnuno-staining of o-tubulin in Alp14 N-
terminal truncation constructs grown at 26°C shows that cytoplasmic microtubules and
mitotic spindles are largely intact in FL-GFP and ATOGI-GFP cells in comparison to
wild type (fig. 3.2.2 A-C). In contrast, the ATOG2-GFP, AN-M-GFP and AN-C-GFP
constructs exhibit short cytoplasmic microtubules and abnormal spindles (fig. 3.2.2 D-F),
suggesting that the 3’-prime region of alp/4" from the start of the second TOG domain is
required for microtubule stabilisation or elongation. In addition, missegregating
chromosomes are often observed in these cells. Given that Alp14 functions to stabilise
the plus-ends of microtubules, the chromosome missegregation phenotype suggests that
ATOG2-GFP, AN-M-GFP and AN-C-GFP are defective in the mitotic spindle and fail to

stabilise the spindle-kinetochore interaction.

Temperature-sensitivity and microtubule defects of alpl4 N-terminal
deletion mutants.

Growth defects can be easily detected by phloxine B, a red dye that accumulates in dead

or sick cells (Moreno et al. 1991). On plates containing phloxine B, wild type cells
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appear to be light pink as they are able to repel and export the dye, whereas cells under
durance such as growth retardation appear red. Fig. 3.2.3 A and B shows that wild type
and ATOGI-GFP cells are able to maintain cell polarity and microtubule function at both
26°C and 36°C. In contrast, ATOG2-GFP, AN-M-GFP and AN-C-GFP are temperature-
sensitive and display severe bent / branched cell morphology at 36°C. The results
indicate that the first TOG domain is not required for microtubule function, at least in the
maintenance of cell polarity and shape. The second TOG domain, however, is required
for microtubule function. Moreover, the bent and branched cell morphology in ATOG2-
GFP appears to be identical to that of AN-M-GFP and AN-C-GFP at 36°C. This

suggests that the loss of the second TOG domain disrupts microtubule function.

TBZ-sensitivity of alpl4 N-terminal deletion mutants.

The TBZ-sensitivity of Aalpl4 may be caused by defects in the spindle assembly
checkpoint as well as compromised microtubule stabilisation. Because ATOG2-GFP,
AN-M-GFP and AN-C-GFP displays compromised microtubule function, they are also
expected to show hypersensitivity to TBZ. As fig. 3.2.4 shows the results are indeed as
expected. Intriguingly, ATOG2-GFP, AN-M-GFP and AN-C-GFP also appear to be more
sensitive to the microtubule drug than Aalpl4 at 26°C. An explanation for this may be
that Disl1 is able to compensate for Alp14 function in Aalpl4, whereas it is unable to do
so in ATOG2-GFP, AN-M-GFP and AN-C-GFP due to competition. Our results so far
(the intact cell polarity and cell shape) show that ATOGI-GFP does not exhibit any
observable microtubule defects, which implies that the first TOG domain may not be
required for microtubule function. Despite this, ATOGI-GFP is sensitive to TBZ (fig.
3.2.4). This suggests that hypersensitivity of ATOGI-GFP to TBZ may be caused by a

loss in spindle assembly checkpoint function.

To confirm that the temperature- and TBZ-sensitivity of the alpl4 partial deletions are
caused by the loss of Alpl4 function, a plasmid containing ectopic alpl4” was
introduced. Fig. 3.2.5 shows that palpl4” restores growth and cell polarity at 36°C in
AN-M-GFP cells. The plasmid also rescues the TBZ-sensitivity of the ATOG/-GFP and
AN-M-GFP.
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3.3. The Requirement of Alp14 TOG]1 in the spindle assembly

checkpoint

Previously described results in this chapter show that the specific deletion of the first
TOG domain in Alp14 results in hypersensitivity to the microtubule drug, TBZ. Despite
this, the mutant does not exhibit any observable microtubule defects. The
hypersensitivity to TBZ despite the lack of microtubule defects suggests that the first
TOG domain may be a component of the spindle assembly checkpoint. In addition,
studies of the alp/4-1270 mutant showed that it is incapable of maintaining high H1
kinase activity when microtubule-destabilising drugs are added (Garcia et al. 2001). So
far, this function has not been found in other homologous TOG members. Given that
two TOG proteins are functional in fission yeast and that the function of the homologues
in this family show high functional conservation, it may be that the spindle checkpoint
function is masked in other systems. This section describes studies undertaken to
elucidate the involvement of Alpl14 in the spindle checkpoint through analyses of the
ATOG!I mutant.

3.3.1 TOG1 is required to maintain the spindle assembly checkpoint

To confirm that spindle function is intact in ATOGI, a strain harbouring simultaneous
deletions of klp5* and TOGI was constructed. Klp5 and Klp6 are microtubule-
destabilisers that play a collaborative role with Alp14 and Disl. Klp5/6 and Alp14/Disl
stabilise spindle-kinetochore attachment by exerting their microtubule-regulating activity
at the plus-ends of metaphase spindles (Garcia et al. 2002). Simultaneous deletions of
Klp5 / Klp6 and Alp14 / Disl result in synthetic lethality (see chapter 5 and Garcia et al.
2002). If the first TOG domain were required to stabilise mitotic spindles, AklpSATOG1
mutant would be lethal. Fig. 3.3.1 show that AkIpSATOG]! is viable. In addition, the
double mutant exhibits elongated cells similar to that of Aklp5 (also see chapter?),
indicative of a non-additive phenotype. Therefore, ATOG! does not show detectable
microtubule or spindle defects, further suggesting that the first TOG domain may be

specifically required for the spindle assembly checkpoint.
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Cells loose viability and become cut in ATOG] in presence of TBZ.

As previously described, fig. 3.2.4 show that the ATOG/-GFP mutant is sensitive to TBZ
when grown on solid medium. To confirm that ATOGI-GFP hypersensitivity to TBZ, a
growth viability test was carried out. Cells were firstly inoculated in liquid cultures
containing rich media to allow growth. TBZ was then added to the cultures at 50pg/ml.&—
Samples were taken at hourly at from 0 to 6 hours and plated onto rich media containing
at 200 cells per plate. Viability was calculated by the number of colonies formed on each
plate at each time point against those at 0 hours. Fig. 3.3.2 A shows that in presence of
TBZ, the viability of wild type and control FL-GFP cells declines slightly over the length
of exposure to the drug. However, like Aalpl4, AN-M-GFP and Amad? cells, ATOGI-
GFP quickly loses the ability to survive in TBZ. After 3 and 4 hours in TBZ, the number
of surviving ATOGI-GFP cells has dropped below 50% and 10%, respectively.
Observation of DAPI-stained cells after 6 hours in the drug shows few cut cells in FL-
GFP control strain, whereas in Amad2 and ATOGI-GFP mutants, almost all cells
observed were cut or showed severe chromosome segregation defects (fig 3.3.2 B). This
suggests that like Amad2, ATOGI-GFP is unable to delay anaphase in response to
spindle damage, implicating that TOG1 functions in the spindle assembly checkpoint.

Cyclin B is degraded prematurely in ATOG! in presence of TBZ.

Mitotic entry is driven by activation of Cdk1-cyclin B complex in all eukaryotes. Fission
yeast cyclin B, Cdc13, accumulates during G; in preparation of mitosis and is destroyed
by APC upon initiation of mitotic exit (Hagan et al. 1988; Alfa et al. 1989; Booher et al.
1989). Localisation of Cdc13 is crucial in determining its functions throughout the cell
cycle. A study has shown that Cdc13 is recruited to the nucleus during G; and S phase.
In mitosis, Cdc13 localisation is dynamic and is indicative of anaphase onset. During
prophase and metaphase, Cdc13 is found on both SPBs and mitotic spindles. Upon
anaphase onset, APC ubiquitylates Cdc13, leading to its protrolysis and degradation
(Decottignies et al. 2001).

In wild type the presence of microtubule damage causes the degradation of Cdc13 to be
delayed, which indicates a mitotic arrest. A quantification of formaldehyde-fixed cells
with visible Cdc13-GFP in the presence of a microtubule drug after synchronisation was
carried out. In this condition, both wild type and ATOG! strains accumulate cells with

visible Cdc13-GFP, showing spindle checkpoint activation (fig. 3.3.3 A). Unlike wild
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type, however, ATOG/ displays a sharp drop in the number of cells with Cdc13-GFP
(fig. 3.3.3 A at 4 hours in microtubule drug), showing that the TOG domain is required to
maintain the spindle assembly checkpoint. Fig. 3.3.3 B shows cells after 4 hours in the
microtubule drug. Unlike wild type, Amad2 and ATOG! cells failed to retain Cdc13-
GFP after 4 hours in the drug. Interestingly, Cdc13-GFP localisation appears earlier in
ATOG] than in wild type. This may be a reflection of some microtubule defects in
ATOG] that were not detected in earlier experiments. Alternatively, this could reflect the
role of TOGI in the spindle assembly checkpoint. Note that the microtubule drug used
here is carbendazole (CBZ), which destabilises microtubules in a similar manner as TBZ
(Millband and Hardwick 2002). TBZ was not used here as the morphology of cells is
often disturbed in presence of the drug when grown in minimal media, which is required

to selectively express the nmt promoter.

Spindle assembly checkpoint maintenance in cut7-446 mutant requires
the first TOG domain of Alp14.

Spindle damage induced by the addition of microtubule drug is a condition that is
somewhat artificial. To test the requirement of the TOG domain in condition where the
spindle damage may occur in mutants, a cut7-466 strain was used. Cut7 is a kinesin-like
protein that belongs to the kinesin-5 family (previously known as the Bim C family —
Hagan and Yanagida 1990 and 1992). Studies of cut7 temperature-sensitive mutant, cu¢7-
466, suggests that the protein is required for spindle formation (Hagan and Yanagida
1992; Drummond and Hagan 1998). Cut7 is recruited to SPBs throughout mitosis,
specifically to the spindle midzone in anaphase B. In cut7-466 cells, the spindle
localisation is abolished and the bipolar spindles fail to form at 36°C, leading to
activation of the spindle assembly checkpoint and anaphase delay (Hagan and Yanagida
1992; Drummond and Hagan 1998). Although the spindle checkpoint is activated in
cut7-466, the spindle error cannot be corrected in the absence of functional Cut7.
Because the spindle checkpoint cannot arrest cells in mitosis incessantly even in wild

type, mitosis eventually progresses and cut7-466 cells become cut (hence its name).

In ATOG! cut7-466 double mutant, growth viability after temperature shift up from 26°C
to 36°C was tested. Fig. 3.3.4 A shows that the viability of cut7-466 and ATOGI cut7-
466 cells is similarly low in this condition even though we had expected a further drop in

viability in ATOGI cut7-466. From our results, we speculate that in cut7-466, the spindle
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checkpoint is activated to arrest cells in mitosis, thereby inhibiting growth in these cells.
In ATOGI cut7-466, we predict that the spindle checkpoint cannot be maintained and

cells become cut, which contributes to the drop in viability.

Like wild type cells, cut7-466 exhibit condensed chromatin in metaphase when the
spindle checkpoint is activated. To determine the role of TOG1 in the spindle checkpoint,
the number of condensed DNA were counted in cut7-466 and ATOGI cut7-466 cells
after temperature shift up. cut7-466 cells show a sharp increase in the number of cells
displaying condensed DNA, with the number of condensed DNA is stabilised over time
(fig. 3.3.4 B). In contrast, the condensed DNA phenotype in ATOGI cut7-466 shows a
sudden steep drop after its peak. This indicates that the spindle checkpoint can be
activated but not maintained in ATOG/! cut7-466. Consistent with this, ATOGI cut7-466
cells become cut after 6 hours at 36°C, whereas the majority of cur7-466 cells still remain

arrested in mitosis (fig. 3.3.4 C).

TOG1 and the spindle assembly checkpoint cascade.

The TOG1 domain is required for the maintenance of the spindle assembly checkpoint.
The next question is where in the spindle checkpoint cascade does TOG function, and
how it may do so. Various studies have shown that the spindle assembly checkpoint
cascade may not be straightforward or linear. So far, Mad2 has been shown to function
downstream of Mphl (He et al. 1998). Other studies have shown that Mad2 inhibition of
APC depends on Mad3 (Millband and Harwick 2002), while its localisation requires
Madl (Hwang ef al. 1998; Chen et al. 1999, Fraschini et al. 2001; Iouk et al. 2002). A
model of the spindle checkpoint that is supported by genetic, biochemical and structural
studies (see chapterl, fig.1.4) suggest that the checkpoint cascade is far from linear and
that the functions of the components are interdependent. Moreover, despite Mad2 being
considered as a major player in the checkpoint, Mad2-independent inhibition of APC
have been reported. As a result, various branches of the ‘classical’ spindle checkpoint
cascade have been proposed, including a Bubl-dependent tension checkpoint (Skoufias
et al. 2001; Tournier et al. 2004). Not only would it be interesting to understand how the
TOG domain might function in the checkpoint cascade, the elucidation of TOG1 may
also shed light on the spindle assembly checkpoint itself.
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Simultaneous deletions of spindle checkpoint proteins and TOGI1.

Double deletions of a spindle checkpoint protein and TOG1 were carried out. Fig. 3.3.5
shows growth phenotypes of the double deletion constructs in comparison to wild type,
deletion of TOGI and deletions of checkpoint proteins. Non-additive phenotypes were
observed in all double deletions (none of the double mutants show a more severe growth
retardation than ATOG1), except in ATOGI Amadl cells. Because Madl is reportedly
required for Mad?2 localisation, this may be a discrepancy in the experiment. Another
explanation may be that although Mad1 localises Mad2 to the kinetochore, it might not
be required to activate Mad?2 inhibition of APC. From the overall result, non-additive
phenotypes confirm that TOG1 functions in the spindle assembly checkpoint, and may

function upstream of the spindle checkpoint cascade.

Overproduction of Mphl and Mad?2 is toxic in ATOG]1.

To further investigate the role of TOG1, multicopy plasmids containing checkpoint genes
mad2” and mphl” expressed by nmt promoters were introduced to ATOG] cells. mad2”
and mphl" were expressed by P41-nmt and P3-nmt promoters, respectively. These
expression conditions have been shown to result in overproduction of the Mad2 and
Mphl proteins, resulting in mitotic arrest in the absence of spindle damage (He et al.
1998). The defect can be detected as toxicity and severe growth retardation. If the
spindle assembly checkpoint were linear and TOG1 functioned downstream of Mph1 and
Mad2, overexpression of these checkpoint proteins would not affect cell growth. On the
other hand, if TOG1 were required upstream of the spindle checkpoint then
overproduction of Mphl and Mad2 may hyper-activate the checkpoint, leading to
toxicity. Fig. 3.3.6 shows that overproduction of Mad2 and Mphl is toxic when TOGI is
deleted. This suggests that TOG1 may function upstream of Mad2 and Mphl. Note that
a control experiment introducing empty pREPI and pREP41 plasmids (containing P3nmt
and P41nmt promoter respectively) into wild type and ATOG! cells was also carried out

and showed no evidence of toxicity or retarded growth (data not shown).
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Mad2 and Mad3 hyper-accumulate transiently at the kinetochore when

spindle is damaged in the absence of TOG1.
Spindle assembly checkpoint has been reported to be highly dynamic (Millband et al.

2002; Musacchio and Hardwick 2002) with rapid turnovers of components such as
Mad2, Mad3 and Bub3, which are required to be rearranged or modified in order to bind
to Slp1 in the MCC complex. It is thought that the kinetochore acts as a catalytic site for
the turnover of these components (Sironi et al. 2002; Millband et al. 2002; Musacchio
and Hardwick 2002). Overall, spindle checkpoint activation and maintenance are thought
to occur in a two-step process. The first is recruitment of all checkpoint proteins to the
kinetochores. The second is the rearrangement or modification of Mad2, Mad3 and
Bub3 to bind to Slpl (Millband et al. 2002; Musacchio and Hardwick 2002). To
determine the requirement of TOGI in the spindle assembly checkpoint, localisation of
checkpoint proteins were tested. If checkpoint components are normally recruited, the

involvement of TOG] in the first step can be eliminated.

Because checkpoint components are interdependently recruited to kinetochores, Mad2,
Mad3 and Bubl localisation would imply that all other checkpoint components are also
recruited. To test if TOG1 is required for the localisation of Mad?2 to kinetochores, wild
type and ATOGI! cells grown in absence of thiamine were synchronised with
hydroxyurea. They were then washed out and released in media containing microtubule
drug CBZ. The number of cut cells was counted to confirm that the spindle checkpoint
is not maintained in ATOG! in this condition. As Fig. 3.3.7 A shows, the number of cut
cells in ATOG! cells raises sharply over time compared to wild type. Strong Mad2-GFP
dots were also counted. The result shows that Mad2 is able to localise to the
kinetochores in both wild type and ATOG! (fig. 3.3.7 A and B). Intriguingly, the
percentage of cells showing strong Mad2 dots is much higher in ATOG! than in wild
type cells. Moreover, localisation of Mad2-GFP was observed earlier in ATOG/ than in
wild type cells. This may suggest that the spindle checkpoint is activated earlier in
ATOGI. Another explanation may be that Mad2 is hyper-accumulated at the
kinetochores in the absence of TOGI1. These possibilities may be able to be

distinguished by visualisation of other checkpoint proteins.

Mad3-GFP and Bub1-GFP recruitments to the kinetochores were tested in the same

condition as above. Fig. 3.3.8 shows that, like Mad2, Mad3 also hyper-accumulates at
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kinetochores of ATOG! cells in presence of spindle damage. In contrast, Bubl did not
hyper-accumulate at the kinetochore, though its recruitment is upregulated in the
presence of spindle damage (fig. 3.3.9). Because Bubl localises normally to the
kinetochore in a similar timing to that in wild type cells, the possibility that the spindle
checkpoint is activated earlier in ATOG! could be eliminated. Unlike Mad2 and Mad3,
Bubl is not required to be rearranged into the APC-inhibiting MCC complex with Sip1.
Specific hyper-accumulation of Mad2 and Mad3, but not Bubl, at the kinetochore
suggests that Mad2 and Mad3 may be unable to turnover and rearrange into the MCC
complex in ATOG . Note that the recruitment of Mad2, Mad3 and Bubl had been tested

repeatedly in independent experiments and showed consistent results.

If Mad2 and Mad3 were unable to rearrange to form the MCC complex in ATOGI, a
fundamental question would be how the spindle assembly checkpoint could be activated
in this condition. One possibility is that mechanisms of spindle checkpoint activation and
maintenance are different. Some studies have shown that Mad2 can inhibit APC without
localisation to the kinetochore (DeLuca et al. 2003; Rajagopalan et al. 2004). This
suggests that there is a population of Mad2 that is not required to be modified or
rearranged at the kinetochore. The cell’s initial response to spindle damage may be by
directly activating Mad2-Slpl interaction rather than localising Mad2 to the kinetochore
to be modified, as the latter would result in a more delayed response. However, as the
population of ‘modified” Mad2 becomes depleted, ‘unmodified’ Mad2 needs to localise

to the kinetochore to allow for binding to Slp1 for maintenance of the spindle checkpoint.

If TOGI1 directly maintained the spindle checkpoint by retaining Mad2 and Mad3 at the
kinetochore, candidate targets of TOG1 could be proteins that facilitate Mad2 and Mad3
turnover. To date, it is little is known about how Mad2 and Mad3 are rearranged into the
MCC complex. Mad1-Mad2 complex localises at the kinetochore. It has been
postulated that this complex allows free Mad2 to be modified at the kinetochore. From
what is known, candidate targets of TOG1 could be molecules upstream of the Mad1-

Mad2 complex, including Mphl, Madl and Mad?2.

Another possibility is that TOG1 indirectly maintains the spindle assembly checkpoint
via a kinetochore protein. It is thought that the kinetochore acts as a catalytic site for

rearrangements of checkpoint proteins, as well as a site for spindle attachment and
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localisation of proteins such as microtubule polymerising and depolymerising proteins.
The stability of the kinetochore structure is of utmost importance to chromosome
integrity. An outer kinetochore complex known as the Nuf2-Ndc80 complex has been
shown to be required for the localisation of spindle checkpoint proteins and may act as a

component of the checkpoint.

3.4 Requirement of Alp14 TOG]1 in kinetochore stability.

In this section, we address the stability of the kinetochore structure in ATOGI. This is
because the kinetochore acts as a catalytic site for the turnover of spindle checkpoint
proteins, which may be defective in the absence of TOG1 causing Mad2 and Mad3 to
hyper-accumulate. The kinetochore structure is built on by a series of protein complexes
(Kniola et al. 2001; McAinsh et al. 2003; De Wulf et al. 2003; Amor et al. 2004). Inner
kinetochore complexes are recruited to the centromeric region, and central and outer
kinetochore protein complexes in turn load onto them. Stable kinetochore structure is
essential for kinetochore-spindle attachment and, during spindle checkpoint activation,
dynamic turnover of spindle assembly checkpoint proteins. A mutation in a single
component of the inner or central kinetochore, such as mis6 and misl2 mutants, can lead
to the disruption of stable kinetochore structure (Takahashi ef al. 2000; Appelgren et al.
2003; Obuse et al. 2004; Amor et al. 2004). Mutations in the outer kinetochore Ndc80
complex, however, cause structural disruption of outer kinetochore but leave inner and
central kinetochore intact (DeLuca et al. 2003; DeLuca et al. 2005). Various studies of
the Ndc80 complex have shown evidence that it also acts as a component of the spindle
assembly checkpoint (Nebetani et al. 2001; DeLuca et al. 2003; McCleland et al. 2003),
with some groups suggesting that the Ndc80 complex prevents microtubule-dependent
stripping of checkpoint proteins until stable kinetochore is formed (DeLuca et al. 2003,
McCleland et al. 2003).

Nuf2 and Ndc80 are delocalised in ATOG]1 in presence of CBZ.

To test the stability of kinetochore structure, localisation of Ndc80 was tested in wild
type and ATOGI cells. In fission yeast, the Ndc80 complex has been reported to localise
to interphase kinetochores or SPBs then loaded onto kinetochores upon mitotic entry. As

fig. 3.4.1 shows, asynchronous wild type cells display strong Ndc80-GFP staining at the
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cytoplasmic regions as well as SPB / kinetochore dots. Interestingly, mitotic wild type
cells no longer show strong cytoplasmic staining in metaphase cells, and instead show
comparatively intense kinetochore dots (compare asynchronised and synchronised cell
released into mitosis). Like wild type, ATOGI cells display weak cytoplasmic staining
and intense kinetochore dots in metaphase cells in the absence of spindle damage.
However, when microtubule drug CBZ is added, the intensity of Ndc80-GFP at the
kinetochores becomes greatly reduced in ATOG1 compared to wild type (fig. 3.4.1 A and
B). This suggests that Ndc80 is delocalised in the absence of TOG1. Note that even
though images were taken using the same setting and normalised to the background,
Ndc80-GFP signal is very weak throughout the whole cells in ATOG1, which suggests

that Ndc80 may, alternatively, be degraded in this condition.

To confirm this finding, another component of the Ndc80 complex, Nuf2, was also
visualised in both fixed and live cells. Fig. 3.4.2 A shows results in formaldehyde-fixed
mitotic cells in the absence and presence of CBZ. Like Ndc80-GFP, Nuf2-CFP was also
reduced in ATOG]! cells when the spindle is damaged. Similar results were obtained
from live cells (fig. 3.4.2 B), where Bub1-GFP was also used as a marker of spindle
checkpoint activation. Quantification of Nuf2-CFP intensity at the kinetochores (circled
region on cell pictures) confirms that unlike wild type cells, Nuf2 fails to display a peak
at the kinetochore in ATOG! cells when the spindle is damaged. These results suggest
that the first TOG domain of Alpl4 is required for the localisation of the Ndc80 outer
kinetochore complex, thereby contributing to the stabilisation of the kinetochore

structure.

Alp14 binds to Nuf2

The next question we addressed is how Alp14 might localise the Ndc80 complex. One
possibility is that Alpl4 may bind to components of the complex or other kinetochore
proteins. From sequence analysis of Alpl4, three potential protein-protein interaction
sites are found. One of these sites is the coiled-coil domain at the diverse C-terminal tail.
We have determined that Alp7 binds to Alpl4 at the C-terminal to allow Alp14 mitotic
localisation. Although the coiled-coil domain itself is not required for Alpl4-Alp7

binding, it is absolutely essential for complete Alp14 localisation.
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The other two potential protein-protein interaction sites are the TOG domains at the
conserved N-terminal TOG, containing HEAT repeats. HEAT repeats are hallmarks of
protein-protein interaction domains and are thought to be able to bind a variety of
proteins as protein-interaction adaptors (Neuwald and Hirano 2000). Consistently,
HEAT repeats are found in a number of proteins with varying functions such as
phosphatase, condensin, cohesin and coatomers. To date, no candidate proteins have

been found to bind to members of the TOG family via the HEAT repeats.

To test if Alp14 binds to components of the Ndc80 complex, a co-immunoprecipitation
assay was set up. Wild type cells carrying both alpl/4 -13myc and nuf2'-CFP and
control strains grown asynchronously in rich media were extracted for protein and
subjected to co-immunoprecipitation assay using anti-myc antibody conjugated with
protein G beads. Western blotting analysis shows that Nuf2-CFP co-immunoprecipitates
with Alpl4-myc (fig. 3.4.3). This suggests that Alp14 binds to Nuf2 in vivo, which
further supports earlier findings that the first TOG domain of Alp14 is required for Nuf2
localisation in the presence of spindle damage. From this, we postulate that Alp14 may
bind to Nuf2 via its TOG domains. Because the C-terminal region of Alp14 carries out
various functions, including microtubule stabilisation, microtubule binding in interphase

and Alp7 binding for its mitotic localisation, this proposal is not unlikely.

Alpl4 binding to Nuf2 suggests that Alpl4 may maintain the spindle assembly
checkpoint indirectly via Nuf2. To investigate if Alpl14 also directly binds to major
checkpoint components, Mad2 and Slpl, a two-hybrid assay was carried out. Fig. 3.4.4
shows that no binding was detected between various domains of Alp14 and Mad2 or
Slpl. Control Ras and Raf binding shows that the assay was functional. Several
attempts at co-immunoprecipation also failed to show Alp14 binding to Mad2, Mad3 or
Slp1 (data not shown).

3.5 Summary and concluding remarks

We have determined that the C-terminal tail of Alp14 is required for its localisation in
interphase and mitosis, thereby allowing for the protein’s overall microtubule function.

In addition to localisation, the C-terminal region, together with the second TOG domain
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(TOG2), are required to stabilise microtubules. Deletion of the TOG2 motif and C-
terminal regions from the N-terminus resulted in short interphase microtubules and
chromosome missegregation, suggesting that these domains stabilise microtubules by
promotion of their polymerisation. Finally, in this chapter we have determined that the
first TOG domain (TOG1) is required for the maintenance of the spindle assembly

checkpoint. Fig. 3.5.1 summarises the role of Alp14 domains.

Investigation into the involvement of TOGI in the spindle assembly checkpoint found
that spindle damage induced by either addition of microtubule drugs or cuf7 mutation
resulted in premature anaphase onset in the absence of TOGI1. In ATOG/, Mad2 and
Mad3 hyper-accumulate at unattached kinetochores, suggesting that TOG1 may be
required for the turnover of specific checkpoint proteins for their rearrangement into the
anaphase-inhibiting complex. Upon investigation of kinetochore stability, which is
required for the integrity of the spindle checkpoint, we found that the TOG1 domain is
required for Nuf2 and Ndc80 localisation in spindle damaged conditions. Co-
immuniprecipitation assay shows that Alpl4 binds to Nuf2. From these results, we
postulate that the TOG1 domain is required for Nuf2-Alp14 interaction or that Nuf2
directly interacts with the TOG1 domain. Overall, our findings suggest that TOG1
indirectly maintains the spindle assembly checkpoint via the Nuf2-Ndc80 kinetochore

complex.

The microtubule function of Alp14

Partial deletion of Alpl4 from the C-terminus resulted in the complete loss of Alp14
localisation. Further analysis using deletions of Alp14 from the N-terminus showed that
the last 100 residues at C-terminal tail are required for the localisation of the protein. The
localisation dependency of Alpl4 on its C-terminal tail is supported by the finding that
Alpl14 binds to Alp7, a TACC homologue, at this region (Sato et al. 2003 and 2004).
The interaction between fission yeast TOG and TACC proteins allows Alp14 to enter the
nucleus, leading to its mitotic localisation (Sato and Toda — personal communication).
This function is conserved as findings of interaction between TACC and TOG have been
reported in frog and fly studies (Cullen and Ohkura 2001; Lee et al. 2001; Bellanger and
Gonczy 2003; Srayko et al. 2003). Like Alp14, the interaction is absolutely required for
the TOG proteins to be recruited to centrosomes and microtubules in order to exert their

microtubule-regulating activity. In our study, the microtubule binding and coiled-coil
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regions were intriguingly not required for either interaction with Alp7 or localisation.
However, absence of these motifs resulted in reduced Alp14 localisation, suggesting that
they may be required for stabilisation of Alp14-Alp7 binding to microtubules. Note that
Alp7 requires Alpl4 to localise to mitotic spindles, indicating that the Alp14-Alp7
complex binds to microtubules via Alpl4 C-terminus, at least in mitosis (Sato et al.
2003).

Analysis of partial deletion mutants showed that both the C-terminal and the TOG2
domain function to stabilise microtubules. Deletion of the TOG2 domain (ATOG2) from
the N-terminus resulted in lost of cell polarity, short cytoplasmic microtubules and
chromosome missegregation. Further deletion into the C-terminal region displayed
similar phenotypes, though cells exhibiting lagging chromosomes and cut phenotypes
wee more frequently found. It is possible that the microtubule function of TOG2 is a
result of its close proximity to the C-terminal region, which leads it to contribute to
formation of the tertiary structure required for microtubule-stabilisation. Another
possibility is that this function of the TOG2 domain is highly conserved and its activity
confers the C-terminal region to obtain a microtubule role, thereby enhancing the
protein’s function. An in vitro study in frog agrees with our findings. In this report, a
region of XMAP215 located at the N-terminus containing TOG domains, was shown to
possess microtubule polymerisation activity (Popov et al. 2001). The consistency
between the studies in two very different organisms and systems leads us to postulate
that TOG domains in close proximity to the C-terminal region may contain conserved

microtubule function.

Microtubule growth may occur by direct addition of a3 _tubulin subunits, prevention of
shrinkage, inhibition of catastrophe and promotion of rescue. The initial breakthrough in
this field involving in vitro studies in frog showed that as well as an increased growth,
the rate of rescue was also augmented when purified XMAP215 was added to pure
microtubules (Gard and Kirschner 1987; Vasquez ef al. 1994). This suggests that the
TOG family of proteins may prevent catastrophe as well as directly promoting growth at
the plus-ends of microtubules, possibly by microtubule bundling at plus-ends. In our
study, deletion of the TOG2 region resulted in short but bundled microtubules, further
deletions into the C-terminus resulted in similar microtubule phenotypes, though higher
rates of chromosome missegregation were detected. Further investigation into

microtubule phenotypes needs to be carried out to clarify the specific role of Alpl4
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domains in promoting microtubule-stabilisation. We have addressed this point in the

next chapter by overexpression of specific domains of Alp14.

The spindle assembly checkpoint function of Alp14
In this study we have found that the first TOG domain of Alp14 is required for spindle

assembly checkpoint maintenance, which is novel function of TOG domain. Upon
spindle damage, the spindle assembly checkpoint is activated but fails to be maintained
in ATOG . In this condition, two intriguing phenotypes are observed. First is the hyper-
accumulation of Mad2 and Mad3, but not Bubl. Structural studies have shown that the
structure of Mad2 takes two forms, one that can readily bind to Slpl and the other that
cannot. It is thought that ‘free’ Mad2 cannot readily bind to Slpl, and needs to be
modified at the kinetochore to allow its rearrangement into anaphase-inhibiting MCC
complex (containing Slpl-Mad2-Mad3-Bub3 — Sudakin et al. 2001; Hardwick et al.
2000; Millband and Hardwick 2002; Sudakin and Yen 2004). Although the structure of
Mad3 has yet to be studied, Mad3 is also thought to be required to rearrange into the
MCC complex, using the kinetochore as a catalytic site for its modification (Sironi et al.
2002; Musacchio and Hardwick 2002). Put together, we postulate that specific hyper-
accumulation of Mad2 and Mad3 in ATOGI may be caused by their inability to turnover

from the kinetochore in the absence of TOGI.

As TOGI is only required for maintenance of the spindle checkpoint, our speculation
implies that Mad2 and Mad3 turnover is required for checkpoint maintenance but not
activation. It has been reported that Mad2 can inhibit APC without localisation to the
kinetochore (DeLuca et al. 2003; Tournier et al. 2004), which suggests that there is a
population of Mad2 that can directly bind to Slpl. In support of this, a Mad2-
Slp1/Cdc20 complex has been found to exist and able to inhibit APC (Sironi et al. 2001;
Zhang and Lees 2001; Luo et al. 2002).

The second intriguing phenotype observed was the delocalisation of Nuf2 and Ndc80
from the kinetochore only when the spindle is damaged. We have also found that Alp14
binds to Nuf2 through a co-immunoprecipitation assay. From out results, we propose that
the TOG domain is required for Nuf2-Alp14 interaction or that Nuf2 directly interacts
with the TOG domain. Several studies have shown that unlike other kinetochore

complexes, the Nuf2-Ndc80 complex, which includes Nuf2, Ndc80 (also known as Hecl
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in higher eukaryotes), Spc24 and Spc25, also functions as a component of the spindle
assembly checkpoint (Janke et al. 2001; McCleland et al. 2004). The requirement of the
complex in the spindle assembly checkpoint is highly allele-specific, where different
mutations within the same gene can lead to either hyper-activation or inactivation of the
checkpoint (Nabetani e al. 2001; Meraldi et al. 2004). One common effect of these
mutants, however, is the delocalisation of specific spindle checkpoint proteins from the
kinetochore, suggesting that the Nuf2-Ndc80 complex regulates the localisation of
checkpoint proteins. Frog xNdc80 and xNuf2 are required to recruit Madl, Mad2, Bubl
and Bub3 to the kinetochore (DeLuca et al. 2003; McCleland et al. 2003 and 2004;
Meraldi ef al. 2004). Similarly, in chicken DT40 cell, Hecl or Nuf2 depletion causes
mitotic arrest with only BubR1 but not Mad2 localisation (Hori et al. 2003). In HeLa
cells, there are reports that recruitment of hMps1, hMadl and hMad?2 requires hHec1 and
hNuf2 (Martin-Lluesma et al. 2002). Lastly, depletion of hSpc25 showed a lost of Hecl
and hMad1, while hBubl and hBubR1 recruitment were retained (Bharadwaj et al.
2004). In these studies, localisation of spindle checkpoint proteins can be restored by
adding microtubule drugs, suggesting that the Ndc80 complex may function to prevent
microtubule-dependent stripping of checkpoint proteins until stable kinetochore is
formed (DeLuca et al. 2003).

From our results, we postulate a model, which is as follows. Given that the kinetochore
acts as catalytic site for the turnover of specific checkpoint proteins, the stability of outer
kinetochore proteins is important for the maintenance of the checkpoint. Upon spindle
damage, an intact kinetochore is able to activate the spindle assembly checkpoint.
However, as the damage persists and the checkpoint is maintained, the kinetochore
structure needs to be stabilised to cope with a constant activity of Mad2 and Mad3
turnover. In ATOG 1, when the spindle is damaged Nuf2 and Ndc80 are delocalised and
Mad2 and Mad3 hyper-accumulate at the kinetochore. Taking our results together, we
propose that TOG]1 is required to stabilise Nuf2 at the kinetochore when spindle is
damaged to maintain the spindle assembly checkpoint (fig. 3.5.2). In this model, Alp14 is
required for the recruitment or stabilisation of Nuf2 at the kinetochore, which in turn
ensures spindle assembly checkpoint proteins to be stably retained at this site. In the
absence of TOGI1, the outer kinetochore is destabilised, causing unstable localisation of
spindle checkpoint proteins and inhibition of APC via Mad2 and Mad3 cannot be

maintained.
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It is interesting that the delocalisation of Nuf2 in ATOG/ only occurs in spindle-damaged
condition. An explanation for this could be that Nuf2 becomes delocalised in ATOG!
only when the spindle assembly checkpoint is activated due to a high level of protein
binding and turnover at the kinetochore during checkpoint activation/maintenance. This
implies that Alpl4 stabilises Nuf2 during spindle checkpoint maintenance, suggesting
that Alp14 may be able to localise to the kinetochore in a microtubule-independent
fashion. Another possibility is that Alp14 interacts with Nuf2 in early mitosis, during
which both proteins are localised to the SPB-centromere cluster. By binding to Nuf2,
Alp14 could localise Nuf2 to the kinetochore, thereby stabilises the kinetochore
structure. Nuf2 has been shown to localise to SPBs prior to being transferred onto the
kinetochore (Nabetani ef al. 2001; Appelgren et al. 2003). When the inner or central
kinetochore is disrupted, for example in mis/2 mutant, the SPB-centromere cluster is

abolished, with Nuf2 observed with the SPBs (Asakawa et al. 2005).

Separate functions of the two TOG domains

In this study we have determined two different functions of two separate TOG domains,
namely the maintenance of the spindle assembly checkpoint which requires the first TOG
domain (TOG1), and the stabilisation of microtubules which requires the second TOG
domain (TOG2). Although the sequence and structure of the two TOG domains are
highly conserved, they perform distinct functions. As TOG domains consist of HEAT
repeats, which are protein-protein interaction sites (Neuwald and Hirano 2000), the role
of the TOG domains may be determined by the protein that binds to them. In our study,
we have found that Alpl4 binds to Nuf2 in an asynchronous culture. We suggest that
Alpl4 may bind to Nuf2 at the N-terminal, possibly at the first TOG domain, as the C-
terminal of Alp14 has already been shown to bind to Alp7 and microtubules (Sato et al.
2004). This suggestion is also in line with our finding that Nuf2 and Ndc80 are
delocalised in the absence of the first TOG domain. However, to clarify the protein-
binding properties of TOGI, a binding assay between TOG1 and Nuf2 would need to be
carried out. An effort to finding TOG binding partners, for example by TAP-tagging
TOGI and TOG2 or two-hybrid screens, could lead to interesting results which would
further elucidate the role of TOG domains.
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The role of the TOG2 domain in microtubule-stabilisation is supported by a previous in
vitro study in frog, which reports that an N-terminal region of XMAP215 promotes
microtubule polymerisation while the C-terminus promotes catastrophe (Popov et al.
2001). This suggests that the microtubule role of the TOG domains is conserved, at least
between fission yeast and frog. So far we have not determined if the TOG2 domain
possess an in vivo protein-binding property. As mentioned earlier, it is possible that the
TOG2 domain functions to stabilise microtubules due to its proximity to the C-terminus,
which contains a microtubule-binding domain. By its location, it may be that presence of
TOG2 enhances the folding of the protein, which allows it to regulate microtubule

dynamics.
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Fig. 3.1.1 Systematic deletion of alp/4+from the C-terminal. Structural diagram of
wild type Alp 14 and its deletions from the diverse C-terminal region using GFP.
ATail-GFP is the deletion of C-terminal tad at residues 696-809, leaving all known
predicted domains intact. AMT-GFP represents the deletion ofresidues 639-809 which
disposes the predicted microtubule-binding domain. 4Cter-GFP is the deletion ofthe

entire diverse C-terminal region from 420-809, leaving conserved TOG domains. Not

drawn to scale.
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ATail-GFP
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Fig. 3.1.2 Deletion ofthe C-terminal region of Alpl4 results in cell polarity
defects. Wild type, ATail-GFP, AMT-GFP and AC-GFP strains were streaked on rich
media containing phloxine B and incubated for two days at 36°C. Branched cells
indicate polarity defects in this condition. The scale bar represents 10pm.
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Fig. 3.1.3 The C-terminal region of Alpl4 is required for localisation and
microtubule function. Wild type alpl/4+GFP, ATail-GFP, AMT-GFP and AC-
GFP grown in rich media at 26°C were shifted up to 36°C for six hours and fixed
with methanol and processed for immunostaining with anti-a-tubulin antibody.
The scale bar represents 10pm.
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Fig. 3.2.1 A) Systematic deletion of a/p!/4+from the N-terminal. Structural diagram
ofwild type Alp 14 and Alpl4-GFP, and their deletions from the conserved N-terminal
region using an inducible P81/nm¢t promoter. FL represents full length Alp 14 or Alp 14-
GFP controls expressed from P81nmt promoters. ATOG! is the deletion of the first
TOG domain at residues 1-240. ATOG?2 is the deletion ofresidues 1-430, which
disposes both TOG domains and the entire conserved N-terminal region. AN-M
represents deletion ofresidues 1-696, where the entire N-terminal region and the
microtubule-binding domain are deleted. AN-C is the deletion ofthe N-terminal and
most of the C-terminal region, leaving just 100 residues intact. Not drawn to scale.
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alpl4+GFP-KanR::ura4+

Fig. 3.2.1 B) Exchange of markers on Alpl4-GFP does not disrupt Alpl4
localisation. Cells containing alp [4+GFP-KanRand alpl4+GFP-KanR::ura4+
grown on rich media were visualised under live florescent microscopy, showing
Alpl4 localisation in interphase and mitosis. The scale bar represents 10pm.
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FL-GFP

Aalpl4

Fig. 3.2.1 C) and D) Full length Alpl4 expressed from P8Inmt promoter behaves
like wild type Alp14. C) FL -GFP cells (with Alp 14 expressed from a P8 1nmt
promoter) were grown on minimal plates in absence or presence of thiamine for 4 days
at the restrictive temperature of 36°C. In presence ofthiamine the promoter is shut off,
mimicking 4alpl4 condition. In absence ofthiamine, Alp 14 is produced, mimicking
wild type condition. D) Wild type, Aklp5, Aalpl4 and FL -GFP strains were first
grown on selective media lacking thiamine then spotted after serial dilution (106to 102
cells) on rich plates in absence or presence of TBZ and incubated for 4 days at the
permissive temperature of 26°C. The scale bar represents 10pm.
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FL-GFP

Fig. 3.2.1 E) Full length Alpl4-GFP expressed from P81nmt promoter behaves
like wild type Alpl4. Cells containing P8Inmt-alpl4+GFP-KanR::ura4+grown
on minimal media lacking thiamine were visualised under live florescent
microscopy. In absence of thiamine, Alp 14 is produced, mimicking wild type
condition. The scale bar represents 10pm.
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Fig. 3.2.2 Localisation and microtubule morphology of alp/4 N-terminal
deletions. Cells grown in minimal media in absence ofthiamine at 26°C were fixed
with methanol and processed for immunostaining with anti-a-tubulin antibody. A)
and B) Visualisation ofwild type Alpl4-GFP and FL-GFP strains shows wild type
microtubule morphology and Alp 14 localisation. The scale bar represents 10pm.
Continues on next pages. og
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Fig. 3.2.2 C) and D) Visualisation of ATOGI-GFP and ATOG2-GFP strains.
Microtubule morphology is similar to wild type in ATOGI-GFP but is defective in
ATOG2-GFP. Alp 14 localisation remains similar to wild type in both strains. The
scale bar represents 10pm. Continues on next page.
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Fig. 3.2.2 E) and F) Visualisation of AN-M-GFP and AN-C -GFP strains. AN-
M-GFP and AN-C -GFP show microtubule defecrts. Alp 14 localisation is weak
in AN-M-GFP and is abolished in AN-C -GFP. The scale bar represents 10pm.
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Fig. 3.2.3 Temperature-sensitivity and microtubule function of alp /14 N-
terminal deletions. A) Wild type, alpl4+GFP, Aalpl4, FL -GFP, ATOGI -GFP,
ATOG2 -GFP, AN-M-GFP and AN-C -GFP strains were streaked on minimal
media containing phloxine B and incubated for two days at 36°C. Red colonies
are indicative oftemperature-sensitivity in this condition. Continues next page.

101



36°C

FL -GFP

ATO0G1 -GFP

ATOG2-GFP

AN-M-GFP

AN-C-GFP

Fig. 3.2.3 B) FL-GFP, ATOGI-GFP, ATOG2-GFP, AN-M-GFP and AN-C-GFP
strains were streaked on minimal media at 36°C for 1day and visualised. The
scale bar represents 10pm. 102
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Fig. 3.2.4 TBZ-sensitivity of alp/4 N-terminal deletions. Wild type, 4dalpi4,
FL -GFP, ATOGI -GFP, ATOG2 -GFP, AN-M-GFP and AN-C -GFP strains
were grown on minimal media lacking thiamine then spotted after serial dilution
(106to 102cells) on rich plates in the absence or presence of 10 or 20pg/ml TBZ

for 2-4 days at 26°C (top panels) and 36°C (bottom panels).
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Fig. 3.2.5 Introduction ofpalp/4+abolishes the temperature- and TBZ-sensitivity
ofalpl4 N-terminal deletions. A) and B) AN-M-GFP withpalpl4+and AN-M-GFP
cells were streaked on minimal media containing phloxine B and incubated for two
days at 36°C (A) and visualised by light microscopy (B). C) Wild type, Aalpl4, FL-
GFP, ATOGI-GFP, ATOGI-GFP withpalpl4\ AN-M-GFP and AN-M-GFP with
palpl4+strains were grown on minimal media lacking thiamine then spotted after

serial dilution (106to 102cells) on rich plates in the absence or presence of lIOpg/ml
TBZ for 2-4 days at 26°C. The scale bar represents 10pm.
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ATO0G1

Aklp5 ATOGI

Fig. 3.3.1 ATOG! does not exhibit microtubule defects. ATOGI, Aklp5 and
Aklp5 ATOG]I cells were streaked on minimal media in absence of thiamine 2
days at 27°C and visualised by light microscopy. Aklp5 ATOGI does not show
additive phenotype of Aklp5 and ATOG, confirming that ATOG does not exhibit
microtubule defects. The scale bar represents 10pm.
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Fig. 3.3.2 The first TOG domain of Alpl4 is required for the spindle assembly
checkpoint pathway. A) 50 pg/ml TBZ was added to wild type, Amad2, Aalpl4,
FL-GFP, AN-M-GFP and ATOGI-GFP cells grown in minimal media lacking
thiamine and incubated for up to 6 hours. Samples were taken hourly and plated
onto fresh media at 200 cells per plate and incubated at 26°C for three days.
Percentage of viability was determined by the number of colonies grown. B) Cells
exposed to TBZ for 3 hours were fixed with formaldehyde and stained with DAPI.
Like Amad2, ATOGI-GFP displays cut cells, indicating that the spindle assembly
checkpoint is defective in this mutant. The scale bar represents 10pm.
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Fig. 3.3.3 Cyclin B is degraded prematurely in ATOG! in presence of TBZ.
Wild type, Amad2, and ATOGI cells containing Cdcl3-GFP were grown in
minimal media lacking thiamine, synchronised in HU for 4 hours at 27°C,
washed out and resuspended in fresh HU-free minimal media in presence or
absence of 50pg/ml CBZ for up to 6 hours. A) Samples of wild type and ATOG1
cells in CBZ were counted for cells containing Cdcl3-GFP signal. B) Cells at 4
hours after HU release in presence or absence of CBZ. White arrow heads and
arrows show Cdcl3-GFP localisation in normal mitosis and its degradation upon
anaphase onset, respectively. Red arow head shows Cdcl3-GFP staining at SPBs
in spindle damaged condition. The scale bar represents 10pm.
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Fig. 3.3.4 The first TOG domain of Alp 14 is required for the spindle assembly
checkpoint pathway. Wild type, cut7-446, ATOGI and ATOGI cut7-446 cells
grown in minimal media lacking thiamine at 26°C were shifted up to 36°C for up to
8 hours. A) Samples taken every two hours after temperature shift were plated

onto fresh media at 200 cells per plate and incubated at 26°C for three days.
Percentage of viability was determined by the number of colonies grown. B)
Samples taken hourly from 3-6 hours were fixed with formaldehyde and stained
with DAPI. Cells displaying hyper-condensed DNA were counted. C) DAPI-
stained cells at 6 hours after shift up. The scale bar represents 10pm. 108
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Fig. 3.3.5 Simultaneous deletions of spindle checkpoint proteins and TOG1
display non-additive phenotype in TBZ. Wild type, Aalpl4, ATOGI, Amad?2,
ATOGI1 Amad2, Amphl, ATOGI Amphl, Abubl, ATOG1 Abubl, Amadl, ATOGI
Amadl, Amad3, ATOGI Amad3, Abub3 and ATOGI Abub3 strains were grown in
minimal media lacking thiamine then spotted after serial dilution (105to 102 cells)
on rich plates in the absence or presence of 20pg/ml TBZ for 4 days at 26°C.
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Fig. 3.3.6 Overproduction is toxic in ATOGI. Wild type and ATOGI cells
transformed with vectors containing mad2+and m p hl+overexpressed by
P3nmt or P41nmt promoters were streaked onto minimal media in presence or
absence of thiamine at 26°C for 2 days. The scale bar represents 10pm.
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Fig. 3.3.7 Mad2 accumulates at ATOG! kinetochores when spindle is damaged.

Wild type and ATOG! cells carrying mad2+GFP were grown in minimal media
lacking thiamine, synchronised in HU for 4 hours at 27°C, washed out and

resuspended in fresh minimal media in presence of 50pg/ml CBZ for up to 5 hours.
Samples were fixed with formaldehyde and stained with DAPI. A) The number of

cells showing cut phenotype and those showing strong Mad2-GFP dots in
metaphase were counted at each time point. Continues next page.
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Fig. 3.3.7 B) Wild type and ATOG! cells showing strong Mad2-GFP dots in

metaphase after 3.5 hours in microtubule drug CBZ. The scale bar represents 10pm.
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Fig. 3.3.8 Mad3 accumulates at ATOG! kinetochores when spindle is damaged.
Wild type and ATOG1 cells carrying mad3+GFP were grown in minimal media
lacking thiamine, synchronised in HU for 4 hours at 27°C, washed out and
resuspended in fresh minimal media in presence of 50pg/ml CBZ for up to 5 hours.
Samples were fixed with formaldehyde and stained with DAPI. A) The number of
cells showing cut phenotype and those showing strong Mad3-GFP dots in
metaphase were counted at each time point. Continues next page.
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Fig. 3.3.8 B) Wild type and ATOG]! cells showing strong Mad3-GFP dots in
metaphase after 4 hours in microtubule drug CBZ. The scale bar represents 10pm.
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Fig. 3.3.9 Bubl localises normally at ATOG! kinetochores when spindle is
damaged. Wild type and ATOG]I cells carrying Bub [ =GFP were grown in
minimal media lacking thiamine, synchronised in HU for 4 hours at 27°C, washed
out and resuspended in fresh minimal media in presence of 50pg/ml CBZ for up to
5 hours. Samples were fixed with formaldehyde and stained with DAPI. A) The
number ofcells showing cut phenotype and those showing strong Bubl-GFP dots
in metaphase were counted at each time point. Continues next page.
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Fig. 3.3.9 B) Wild type and 4TOG] cells showing strong Bubl-GFP dots in
metaphase after 4 hours in microtubule drug CBZ. The scale bar represents 10pm.
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Fig. 3.4.1 Ndc80 is delocalised in ATOG! in presence of spindle damage. Wild
type and ATOGI cells carrying ndc80+GFP were grown in minimal media

lacking thiamine. A sample of asynchronous cells was taken, while other

samples were synchronised in HU for 4 hours at 27°C, washed out and

resuspended in selective media in presence or absence of 50pg/ml CBZ for 3

hours. All samples were fixed with formaldehyde and stained with DAPI.

Maximum intensities of Ndc80-GFP dot at the kinetochore in each sample were
visualised and measured using the Improvision Velocity program. Note that all j yj
images were captured under the same settings and normalised to the background

for all samples. The scale bar represents 10pm.
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Fig. 3.4.2 Nuf2 is delocalised in ATOG! in presence of spindle damage. ATOGI
cells carrying nuf2+CFP were grown in minimal lacking thiamine, synchronised in
HU for 4 hours at 27°C, washed out and resuspended in HU-ffee minimal media in
presence or absence of 50pg/ml CBZ for 3 hours. A) ATOG! cells shows reduced

Nuf2-CFP intensity at the kinetochore in formaldehyde-fixed cells in spindle
damaged condition. Continues next page. The scale bar represents 10pm.
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Fig. 3.4.2 B) Live wild type and 4TOG! cells showing reduced Nuf2-CFP intensity at
the kinetochore in in spindle damaged condition. Intensities of Nuf2-CFP dot at the
kinetochore were visualised and measured using the Delta Vision program. Note that

about 20 cells were visualised for each sample; representative cells are shown The
scale bar represents 10pm.
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Fig 3.4.3 Nuf2 co-immunoprecipitates with Alpl4. Wild type (no tag), alpl4+
13myc, nuf2+CFP and alpl4 +13myc nuf2+CFP strains grown asynchronously in
rich media were extracted for protein and subjected to co-immunoprecipitation
assay using anti-myc antibody conjugated with protein G beads. Western blotting
using an anti-GFP antibody shows that Nuf2-CFP is pulled down with Alpl4-myc.
Probing against TATI was carried out as loading control. 30ng of proteins were
loaded in lanes 1-4 and 3mg ofproteins were used for the co-immunoprecipitation
assay and loaded in lanes 5-8.
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Fig. 3.4.4 Two-hybrid binding assays failed to show binding between Alpl4 and Mad2
or Slpl. Budding yeast transformants expressing the indicated gene products were streaked
on minimal medium lacking histidine (-His) or plates containing X-Gal (-gal). As positive
and negative controls, Ras - Rafand Alp 14 - Rafwere expressed, respectively.
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Fig. 3.5.1 Schematic diagram showing a summary of specific domain functions
in Alp 14.
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Fig. 3.5.2 Our model: TOG1 maintains the spindle assembly checkpoint by
stabilisation of outer kinetochore protein, Nuf2. Alp 14 is required for the
recruitment or stabilisation of Nuf2 at the kinetochore, which in turn ensures spindle
assembly checkpoint proteins to be stably retained at this site. In wild type, the
kinetochore structure is stable and spindle checkpoint can be maintained when the
spindle is damaged (upper panel). However, in the absence of TOG 1, the outer
kinetochore is destabilised, causing unstable localisation of spindle checkpoint 123
proteins and inhibition of APC via Mad2 and Mad3 cannot be maintained.
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CHAPTER 4

Domain analysis of Alp14 by overexpression

By investigating Alp14 partial deletions in the previous chapter, it was determined that
the C-terminus of Alpl4 is required for localisation and microtubule stabilisation. We
have also found that the two TOG domains of Alp14 are required for distinct functions,
namely the spindle assembly checkpoint maintenance for the first TOG domain and
microtubule stabilisation for the second. In this chapter, we further investigate the role
of Alpl4 domains by overexpression of specific domains. When full length Alp14 was
overproduced, chromosomes were missegregated. This led to toxicity and inability to
enter further rounds of mitosis, causing cells to accumulate in interphase. In contrast,
specific overproduction of TOG domains in a wild type background by plasmid
expression is lethal, and most notably results in activation of spindle assembly
checkpoint. This overproduction also leads to localisation of Bubl but not Mad2 to the
kinetochores. Surprisingly, the lethality of TOG overexpression is dependent on the
presence of all spindle checkpoint proteins, suggesting that overproduction of TOG

domains hyper-activates the spindle assembly checkpoint.

Endogenous overexpression of TOG domains similarly leads to lethality in a Mad2 and
Bubl-dependent fashion, further suggesting that overproduction of the N-terminal region
causes hyper-activation of the spindle assembly checkpoint. In these constructs, in which
the C-terminus was deleted, weak and unbundled microtubules were also found. When
the C-terminal region was overexpressed, cells exhibited short and bundled microtubules.
Taken together, these results suggest that the diverse C-terminus of Alp14 may stabilise

microtubules by bundling microtubule protofilaments.
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The stability of microtubules is regulated by factors that affect their polymerisation,
depolymerisation, catastrophe and rescue. Visualisation of microtubules by electron
microscopy showed that microtubules are closely bundled at the growing end, appearing
as “sheet-like” structures containing straight parallel lines of microtubules packed
together when they are polymerised. In contrast, depolymerising microtubules show
curved and bent microtubule filaments specifically at the plus-end (Alberts et al. 1994,
Nogales et al. 2003). Bundling of protofilaments at microtubule-ends is crucial for
microtubule stability as it facilitates the prevention of depolymerisation and castastrophe,
and promotes polymerisation and rescue. In addition, microtubule bundling also allows
proteins to cross-link protofilaments, which permits interaction of microtubule ends of
the same polarity, for example at the spindle midzone to recruit proteins for septation and

cytokinesis (Liao et al. 1994; Kashina et al. 1996).

In higher eukaryotes, defects in microtubule stability in interphase cells leads to
catastrophic malfunctions in cell migration, transport and cell-to-cell communication, as
well as abnormal cell shape. In mitosis, loss of microtubule stability hugely
compromises the integrity of the genome as accurate chromosome segregation can no
longer be ensured. Like yeast, higher eukaryotes employ the spindle assembly
checkpoint to prevent chromosome missegregation by delaying anaphase onset when
unattached or tensionless kinetochores are detected. Studies in human HeLa cells reveal
that approximately 20% of wild type human cells experience a significant mitotic delay
prior to anaphase in a single round of mitosis, making the role of the spindle assembly
checkpoint indispensable (Reider ez al. 1994). On the other hand, fission yeast wild type
cells are thought to activate the spindle checkpoint far less frequently during normal
mitotic cycles. Consistently, cells remain viable when components of the spindle
checkpoint are deleted in this organism (He et al. 1997 and 1998; Bernard et al. 1998;
Millband and Hardwick 2002; Ikui ef al. 2002; Tournier et al. 2004; this study).
However, it is not to say that the spindle checkpoint is insignificant in fission yeast.
When spindle checkpoint proteins are overexpressed in this organism, the checkpoint is
hyper-activated, leading to cell cycle arrest in mitosis without spindle damage, which in

turns results in lethality (He et al. 1998).

In our study described in the previous chapter, we have determined that the first TOG

domain of Alp14 (TOG1) is required to maintain the spindle assembly checkpoint
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through analysis of alp/4 partial deletions. To complete our study, we investigate effects
of overexpressing specific domains of Alpl4 in this chapter. By overexpressing TOG
domains, we seek to further elucidate and confirm the role of TOG1 in the spindle
assembly checkpoint. In addition, we further analyse the role of the second TOG domain

(TOG2) and C-terminus of Alp14 in microtubule-stabilisation.

4.1 Overproduction of full length Alp14

To analyse the effects of overproducing specific domains, overexpression of full length
Alp14 is first carried out as a control. In vivo studies of Alp14 has shown that it stabilises
microtubules, both during interphase and in mitosis, and is essential to maintain the
spindle assembly checkpoint (Garcia et al. 2001; chapter 2 and 3). We expect Alpl4
overexpression to cause hyper-stabilised microtubules, which in interphase could be
exhibited as elongated or bent cell shapes. In mitosis, defects in spindle dynamics
caused by the overexpression are likely to result in spindle assembly checkpoint
activation and/or chromosome missegregation. Because Alpl4 is also required for the
maintenance of the spindle checkpoint, overexpression of the protein also results in

mitotic arrest or cut cells.

It is important to note that Alp14 localisation in mitosis is dependent on its binding to
Alp7. For this reason, the overproduced Alpl4 may not be able to localise and exert its
functions if wild type Alp7 is not expressed at a similarly high level. In this scenario,
overproduction of Alp14 would be expected to produce hyper-stabilised microtubules
only in interphase without causing mitotic defects. Another possibility is that the

overproduced Alp14 protein may still be able to exert some mitotic function.

Overexpression of alpI14” results in microtubule defects, chromosome
missegregation and cell cycle arrest.

To induce overproduction of full length Alp14, a P3nmt promoter has been endogenously
integrated to replace natural promoters of alp/4". In the absence of thiamine, the nmt
promoter is induced and Alpl4 is overexpressed. Results show that ov-alpl4 displays
severe growth defects on plates in the absence of thiamine, indicative of lethality in this

condition (data not shown). Viability of wild type and ov-alpi4 cells tested at 0 and 12
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to 22 hours in absence of thiamine shows that wild type cells are able to grow in the
absence of thiamine (fig. 4.1.1 A). However, a gradual loss of viability was observed for
ov-alpl4 cells in overexpressed condition. The gradual loss may be a reflection of cells
accumulating defects as they go through rounds of cell division. Microscopic analysis
ov-alpl4 cells grown on plates show abnormal cell shape, with some cells displaying
elongated shape, while others exhibiting expanded cell ends (fig. 4.1.1 B). These cell
morphologies are suggestive of compromised microtubule dynamics. Elongated cells
could be caused by long microtubules, which may occur when the rate of catastrophe is
abnormally low as a result of defects in microtubule regulators. Alternatively, elongated
cells could be a result of hyper-stabilised microtubules. In this case, hyper-stabilised or
hyper-elongated microtubules may push or curve at the cell ends instead of undergoing
rapid catastrophe once they have reached cell ends. This would also lead to elongated or

expanded cell ends as we have observed in ov-alpl4.

To visualise the effect of overproducing Alp14 on microtubules, wild type and ov-alpl4
cells were processed for immuno-staining with anti-o tubulin (anti-TAT1) and anti-SPB
(anti-Sad1) after inducing the P3nmt promoter for 20 hours. Compared to wild type, ov-
alpl4 cells show few microtubules in this condition (fig. 4.1.2). Of those few
microtubules, some appear to curve at the cell ends, which is consistent with the
expanded cell ends morphology observed in fig 4.1.1. The presence of curved
microtubules indicates that the rate of catastrophe may be substantially decreased when
Alpl4 is overproduced. One explanation for this is that Alpl4 may possess a
microtubule-bundling activity, thereby inhibiting catastrophe and consequently
stabilising microtubules. When Alp14 is overexpressed, microtubule protofilaments may

be hyper-stable, leading to overgrowth at cell ends.

Interestingly, very few mitotic spindles were observed after 20 hours in overexpressed
condition. Despite this, inaccurate chromosome segregation and defective SPB
separation were observed in this condition (fig. 4.1.2). To quantify the number of cells
with missegregated chromosomes, wild type and ov-alpl4 cells were fixed with
formaldehyde and stained with DAPI at 13-23 hours in overexpressed condition. As fig.
4.1.3 shows, the number of missegregated chromosome increased gradually over time in
Alpl4 overexpression, whereas it remained non-existent in wild type. Assuming that

overexpressed Alpl4 is functional in mitosis, this result is expected as wild type Alpl4
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regulates spindle growth and stabilises spindle-kinetochore interaction. We reason that
overproduction of Alpl4 may cause hyper-stabilised spindles, leading to abnormal

chromosome segregation.

As mentioned earlier, no mitotic spindles were observed after Alpl14 has been expressed
for 20 hours despite chromosome and SPB missegregation defects (fig. 4.1.2). A count of
the number of mitotic cells in this condition reveal that unlike wild type cells where
nearly 10% of mitotic cells were found, ov-alpl4 cells displayed virtually no mitotic
cells. Instead, most cells accumulated at an interphase or G;-like stage (fig. 4.1.4). Itis
crucial to note that after 20 hours in overexpressed condition the viability of cells has
dropped substantially, suggesting that this accumulation in interphase is representative of
the terminal phenotype of Alpl4 overexpression. We propose that overexpression of
Alpl4 causes gross chromosome segregation defects, which leads cells to be unable to
enter further rounds of mitosis and subsequently accumulate interphase, results in

lethality.

4.2. Overexpression of p7. 0G"

From our analysis in chapter 3, the TOG1 domain is required for maintenance of the
spindle assembly checkpoint. In this section, we aim to further elucidate and confirm the
role of Alp14 in the spindle assembly checkpoint by overexpression of the TOG domain
ectopically. Although our study so far has not implicated the TOG2 domain to also
function in checkpoint, we decided to overexpress both TOG1 and TOG2 as we reasoned
that flanking regions of TOG1 may be required for its full spindle checkpoint function.
By expressing both TOG domains, we would be able to fully analyse TOG1 function in
the spindle assembly checkpoint. In this experiment, we overproduced TOG1 and TOG2
by expression of multicopy plasmids containing the TOG motifs. To construct the
plasmid, Alp14 residues 1-430, which contain the two TOG domains, were amplified by
primers containing additional Ndel and Smal digestion sites. The PCR-amplified
sequence was then subcloned into pREPI plasmids. Because the pREPI plasmid
contains a P3nmt promoter, the overexpression of the TOG domains can be regulated by

addition of thiamine.
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As well as microtubule stabilisation, the C-terminal of Alpl14 is also required for
localisation. Because of this, it is unclear weather the overproduced pTOG" would be
able to localise and exert its functions. Previous studies have shown that overproduction
of spindle checkpoint components leads to mitotic arrest and lethality that can be
detected by growth retardation on plates lacking thiamine (He et al. 1998; Abrieu et al.
2001). If overexpressed TOG domains were functional, it may hyper-activate the spindle
checkpoint, leading to cell cycle arrest in mitosis, observed as growth lethality on plates
lacking thiamine. As fig. 4.2.1 shows, cells overproducing pTOG" indeed are lethal on
plates lacking thiamine. Note that growth retardation is also detected in the presence of
thiamine, which may be because the thiamine-inducible P3nmt promoter is unable to
completely suppress expression of pTOG" in this condition, as this is often the case in
the fission yeast system (Hirata et al. 1998). We next investigate detailed effects of
overexpression of pTOG" to further elucidate and confirm the role of TOG domains in

the spindle assembly checkpoint.

4.2.1 Overexpression of pTOG  activates the spindle assembly

checkpoint.

Because our study has indicated that the first TOG domain is required to maintain the
spindle assembly checkpoint, the overproduced pTOG" could cause abnormalities in the
checkpoint. We have already shown that pTOG " overproduction is toxic (above — fig.
4.2.1), which could be caused by defects in the spindle checkpoint. If this were the case,
it is a possibility that upon spindle damage pTOG" cells may be able to maintain the
spindle checkpoint for a longer period than wild type cells. Alternately, overproduced
pTOG" could hyper-activate the spindle checkpoint without spindle damage in a similar
rrr*laor:\n&{&s Mad2 or MR %'g:(rf&(\%rfvs\smn (as{)orlef:aly &c:f;rigeoci aboxﬁ2 -He et al. 1998;
Abﬁea—ef-al—%%-}) In this scenario, pTOG" overexpressmn would lead to severe cell
cycle arrest in mitosis and growth lethality. Another explanation for the toxicity in

pTOG" cells could be severe microtubule defects. A series of experiments carried out to

investigate these possibilities is described below.

The lethality of pTOG" overexpression is rescued by deletion of any
components of the spindle assembly checkpoint.

So far, studies (Garcia et al. 2001 and this thesis) suggest that TOG1 may function
upstream of the spindle assembly checkpoint. If, like overexpression of Mad2 or Mphl,

129



Chapter 4: Domain analysis of Alpl4 by overexpression

the toxicity of cells overexpressing pTOG" were caused by hyper-activation of the
spindle checkpoint, then the lethality of pTOG" would be dependent on the function of
spindle checkpoint proteins. To test this possibility, pTOG" was introduced to cells
deleted for spindle checkpoint proteins. Results show that pTOG" lethality is rescued by
the absence of Mphl, Madl, Mad2, Bubl and Bub3 (fig. 4.2.2 and table 4.2.3).
Although we were not able to obtain colonies that simultaneously overexpress pTOG"
and lack Mad3, we would expect the lethality of pTOG" to also be rescued in the absence
of Mad3. However, it is possible that we could not obtain pTOG" in a Amad3 strain
because the combination is not viable. It important to note that Mad2 overexpression did
not cause cell cycle arrest in cells lacking Mad3, while it did so when other components
of the checkpoint were deleted (summarised in fig. 4.2.3 — adapted from Millband and
Hardwick 2002). The dependency of pTOG" lethality on spindle checkpoint proteins
suggests that the TOG domains may function upstream of these proteins, and that pTOG"
overexpression may hyper-activate the spindle assembly checkpoint even in the absence

of spindle damage.

To ensure that the spindle assembly checkpoint is activated when the TOG domains are
overexpressed, we seeked to quantify the number of mitotic cells in pTOG". To address
this, pTOG" cells were stained with anti-TAT-1 after 16 hours in overexpressed
condition and counted for the number of mitotic cell against the total number of cells.
Fig. 4.2.4 A shows that the percentage of mitotic cells reaches nearly 30% when pTOG"
is overexpressed, which is about three times higher than in wild type strains in similar
conditions (also see chapter 5 for mitotic index in wild type cells). However, when
mad2” is deleted, the percentage of mitotic cells drops to about 10%, which suggests that
overexpression of pTOG" leads to a cell cycle arrest in mitosis in a Mad2-dependent
fashion, consistent to our previous finding. To investigate the cell cycle stage in which
pTOG" cells are arrested, the number of cells in each phase of mitosis were counted
against the total number of mitotic cells. Fig. 4.2.4 B shows that cells overexpressing
pTOG" accumulated in prometaphase and metaphase, while they are not arrested in

anaphase, indicating the spindle assembly checkpoint is activated in this condition.

The next question we addressed is how may pTOG" overexpression hyper-activate the
spindle assembly checkpoint. Our data in chapter 3 suggests that TOG1 maintains the
spindle checkpoint by localising the Nuf2/Ndc80 complex at the outer kinetochore in
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spindle damage. Because, ATOG! results in weak Nuf2/Ndc80 staining, we would
expect Nuf2/Ndc80 localisation to the kinetochore to be more intense in pTOG"
overexpression. However, visualisation of Nuf2-CFP and Ndc80-GFP in pTOG" failed
to show weaker or more intense florescence signal in comparison to wild type cells (data
not shown). Although Nuf2/Ndc80 dots resembled that of wild type in pTOG", we
cannot rule out the possibility that pTOG" overexpression may still hyper-activate the

spindle checkpoint via the Nuf2/Ndc80 complex.

Overexpression of pTOG" results in Bubl but not Mad2 localisation to

the kinetochore.

Because the activation of the spindle checkpoint in pTOG" is dependent on checkpoint
proteins, we would expect the kinetochore-recruitment of these proteins to be augmented
when pTOG” is overexpressed. To test this possibility, we observed Mad2-GFP and
Bub1-GFP in cells overexpressing that pTOG". As fig. 4.2.5 shows, strong kinetochore
localisation of only Bubl-GFP but not Mad2-GFP was observed to be significantly

higher than wild type after 16 hours in overexpressed condition.

Although this finding appears to be rather surprising, it is not completely unexpected as
outer kinetochore protein Nuf2 has been shown to be required for kinetochore-
recruitment of specific proteins (Martin-Lluesma et al. 2002; DeLuca et al. 2003; Gillett
et al. 2004; Meraldi et al. 2004; Bharadwaj et al. 2004). A study of human HeLa cells
showed that when hHecl is depleted, Mad2 is unable to localise to kinetochores while
Bub1 recruitment is reduced by approximately 50% during spindle checkpoint activation
(Martin-Lluesma et al. 2002). Another group reported a similar finding that the
kinetochore-localisation of Mps1, Mad2, and Mad3 but not BubR1 or Bubl is lost when
either hHecl or hNuf2 is depleted (Meraldi et al. 2004). Similarly, when hSpc25 is lost,
Madl and Hecl can no longer be found at the kinetochore, whereas the localisation of
Bubl and BubR1 remain largely unaffected (Bharadwaj et al. 2004). In budding yeast,
Mad2 and Bubl are found at the kinetochores in ndc80-1 but not spc25-7 mutants
(Gillett et al. 2004).

In addition, these studies have also suggested that the spindle checkpoint can be activated
without observable Mad2 localisation to the kinetochore in some allele of nuf2 mutants

or hHec1/hNuf2 depletion (Martin-Lluesma et al. 2002; Meraldi et al. 2004; Gillett et al.
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2004). Like overexpression of pTOG", whose mitotic arrest and lethality is dependent on
Mad2 and yet did not display Mad2 localisation to the kinetochore, simultaneous
depletion of hHecl and hMad2 resulted in catastrophic mitotic exit even though the
spindle checkpoint was activated without Mad2 localisation (Martin-Lluesma et al.
2002). Because TOG1 maintains the spindle checkpoint via Nuf2, it is therefore
unsurprising that overexpression of pTOG " would lead to spindle checkpoint activation
in a similar manner as nuf2 mutants with regards to the recruitment of specific

checkpoint proteins.

4.2.2 Overexpression of pT OG" results in long astral microtubules.

Because we have shown the TOG2 domain to contribute to microtubule-stabilising

activity of Alp14 (chapter 3), we next investigated the possibility that microtubules are
defective in pTOG” cells, as the plasmid overexpresses both TOG domains. pTOG" cells
stained with an anti-o-tubulin antibody (anti-TAT-1) after 16 hours in overexpressed
condition showed long cytoplasmic microtubules in interphase (fig. 4.2.6). In mitosis,
astral spindles also appeared to be elongated in specifically anaphase, while pole-to-
kinetochore and pole-to-pole spindles appear normal in all phases of mitosis (fig. 4.2.6).
In metaphase, astral spindles have been shown to grow within the confines of the nuclear
envelope, suggesting that they are emanated from intra-nuclear SPBs (Zimmerman ef al.
2004). On the other hand, astrals spindles that appear in anaphase are emanated from
extra-nuclear MTOCs, which reside in the cytoplasm (Zimmerman et al. 2004). Specific
elongation of cytoplasmic microtubules in interphase and astrals spindles in anaphase
suggests that microtubules emanated from cytoplasmic MTOCs are specifically defective
in the overexpression mutant. It is important to note that no chromosome segregation
defects were observed. In addition, deletion of mad2" in the pTOG" overexpression
strain did not further aggravate the elongated microtubule phenotype (fig. 4.2.6). This
suggests that despite Mad2-dependent mitotic arrest in pTOG" cells, the microtubule
defects are independent of spindle assembly checkpoint roles. Overall, this data, together
with the absence of missegregated chromosomes and lack of mitotic arrest in anaphase,
suggest that overexpression of pTOG ™ hyper-activates the spindle assembly checkpoint

without damage to metaphase spindles.

In summary, pTOG" overexpression resulted in two distinct phenotypes. One is the

hyper-activation of the spindle checkpoint leading to lethality, which is dependent on the
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function of spindle checkpoint proteins. The second is the elongation of microtubules
that emanate from cytoplasmic MTOCs. These phenotypes have shown to be distinct
because pTOG" cells were not arrested in anaphase despite the presence of long anaphase
astrals, and deletion of mad2"” did not further affect the elongated microtubule
phenotype. Because deletion of TOG1 did not exhibit any defects in cell polarity,
microtubules or chromosome segregation at the restrictive temperature (chapter 3), the
microtubule defect in pTOG” is suggested to be caused by overexpression of the TOG2
domain. Taken together, we postulate that the TOG1 domain is required to maintain the
spindle checkpoint in spindle damage conditions. When overexpressed, the spindle
assembly checkpoint is hyper-activated similarly to Mad2 or Mphl overexpression,
resulting in mitotic arrest and lethality. On the other hand, the TOG2 domain may
function to elongate cytoplasmic microtubules. When TOG2 is overproduced,
microtubules emanated from cytoplasmic MTOCs such as cytoplasmic microtubules and
anaphase astral spindles become hyper-elongated. Note that this postulation is consistent
with the overall microtubule function of Alp14 and could be clarified by specific

expression of the TOG2 region by plasmid expression.

In addition to overexpression of TOG domains by multicopy plasmid in a wild type
background, we also expressed them endogenously using a P3nmt promoter in strains
where the C-terminal regions are absent. By investigating these strains, we were able to
study the role of the C-terminus in further detail as well as confirm our findings of the

TOG1 domain. Analyses of these strains are described below.

4.3 Overproduction of Alp14 domains from the N-terminus.

To overexpress Alp14 N-terminal domains endogenously, two constructs were produced.
The first construct, ov-TOG?2, specifically overexpresses both TOG domains from the N-
terminal at residues 1-420 (fig. 4.3). Like pTOG" overexpression described in the
previous section, this construct expresses both TOG domains. However, in this
experiment (ov-70G2), the C-terminus is also deleted. In the second construct, ov-
TOG2-C, the diverse C-terminal region that lacks the microtubule-binding and coiled-
coiled domains is also overexpressed in addition to TOG at residues 1-639 domains (fig.

4.3).
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In these constructs, the C-terminal tail of the protein is missing. Therefore, phenotypes
would be contributed to both the loss of the C-terminal and the overproduction of the N-
terminal. Note that the TOG2 domain and the diverged C-terminal region are required for
complete microtubule function of the protein. By studying the ov-TOG2 construct,
which leaves the TOG2 domains intact, the microtubule functions of the second TOG

domain and the C-terminal region may be able to be distinguished.

Cells overexpressing of alpl4 N-terminal regions display microtubule

defects.

Because the C-terminal regions are absent in the ov-TOG2 and ov-TOG2-C constructs,
we first seeked to test for microtubule defects in these strains. ov-TOG2 and ov-TOG2-C
cells grown for 3 days on plates containing or lacking thiamine displayed elongated and
branched phenotypes in overexpressed condition (fig. 4.3.1). The cell morphology
observed is similar to that of strains where the C-terminus is missing and the
microtubule-stabilising role is compromised (chapter 3 — figs. 3.1.2 and 3.2.3), which
suggests that the cell polarity defect may be caused by the absence of the C-terminus.
Consistently, the overexpression of TOG domains in wild type background containing
intact alpl4" did not display cell polarity defects (pTOG" - described in the previous

section).

To visualise microtubules, an immuno-staining of a-tubulin after 12 hours in
overexpressed condition was carried out. Fig. 4.3.2 A shows that ov-TOG?2 is defective in
cytoplasmic microtubules and mitotic spindles. Although microtubules in ov-TOG2
appear to resemble that of wild type in length, they look weak and unbundled. After 24
hours in overexpressed condition, terminal phenotypes are observed (fig. 4.3.2 B). In
this condition, ov-TOG2 shows weak microtubule, with some cells lacking any
observable microtubules altogether. From our results, we propose that the C-terminus of
Alpl4 may function to bundle microtubule protofilaments, thereby stabilising

microtubules.

To address the effects of ov-TOG2 in mitosis, a DAPI staining of ov-TOG2 cells was
carried out after 18 hours in overexpressed condition. We reason that if the absence of

the C-terminus in ov-TOG2 lead to weak mitotic spindles, defects in chromosome
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segregation would be detected. As fig 4.3.3 shows, missegregated chromosomes were
observed in this condition. Because Alpl4 functions to stabilise spindle-kinetochore
interaction during mitotic metaphase, we tested the possibility that ov-TOG2 may cause
defects in metaphase that leads to chromosome missegregation by visualisation of Nuf2
localisation. In wild type conditions, outer kinetochore protein Nuf2 can be observed as
kinetochore dots that remain within close proximity during metaphase. On the other
hand, metaphase Nuf2 dots are more dispersed from each other when microtubules are
compromised, such as in nda3 mutants (defective in B-tubulin ~Hiraoka et al. 1984).
Fig. 4.3.4 shows that Nuf2 dots are clearly dispersed in ov-TOG?2 cells after 18 hours in
overexpressed condition. Our results suggest ov-TOG2 cells to contain weak mitotic
spindles. The microtubule and mitotic defects in ov-TOG2 may be caused by either the
lack of the C-terminal region or the overexpression of the TOG domains. To distinguish
between these possibilities, multicopy plasmids containing alp/4 " were introduced to ov-
TOG?2 cells. As fig. 4.3.5 shows, palpl4" rescues growth defects of overexpressed ov-
TOG2, suggesting that weak and unbundled microtubule phenotypes and mitotic defects

are caused by the absence of the C-terminal region of Alp14.

Overexpression of alpl4 N-terminal activates the spindle assembly
checkpoint.

We have shown that overexpression of Alpl4 TOG domains in wild type background
causes lethality that is dependent on functions of all spindle checkpoint proteins (pTOG"-
section 4.2). This result led to the proposal that overexpression of TOG domains causes
the spindle checkpoint to be hyper-activated. To test the possibility that ov-TOG2
overproduction also hyper-activates the checkpoint, components of checkpoint were
deleted. Fig. 4.5.6 shows that like pTOG" overexpression, deletions of mad2” and
bubl rescue the toxicity and growth defects of ov-TOG2 (fig. 4.3.6). Surprisingly,
deletions of other checkpoint proteins (Mphl, Madl, and Bub3) did not rescue the
growth defects of ov-TOG?2 as effectively as Amad2 and Abubl. 1t is also of note that
deletion of mad3™ did not appear to rescue the defect, which may explain why we were
unable to obatin strains carrying pTOG" in Amad3 background due to lethality.
Examination of the ov-TOG2-C strain shows that deletion of mad2" and bubl”, but not
other checkpoint genes could rescue the toxicity in this condition. Note that ov-TOG2-C
also overexpresses a part of the C-terminal region, which is expected to cause further

spindle damage and may explain the apparent differences in checkpoint dependencies.
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To confirm that the spindle assembly checkpoint is activated in ov-TOG2, localisations
of Mad2-GFP and Bubl-GFP to the kinetochores were observed (fig. 4.3.7 A).
Quantifications of intense Mad2-GFP and Bub1-GFP dots at the kinetochore show that
the recruitments of both Mad2 and Bubl are highly increased in ov-7OG2 in comparison
to wild type (fig. 4.3.7 B). Note that this result is different from that of pTOG"

overexpression, where the localisation of Bubl but not Mad2 was observed.

An explanation for the differences in the requirement of the spindle checkpoint between
pTOG" and ov-TOG2 overexpressions is the presence of Alpl4 C-terminus. While
overexpression of pTOG" was carried out in wild type background that contains intact
alpl4®, the ov-TOG?2 strain lacks the C-terminus of Alpl4 required for microtubule
stabilisation. Consistently, unlike pTOG” cells, weak and unbundled microtubules are
found in ov-TOG2. In response to microtubule defects in ov-TOG?2, the spindle assembly
checkpoint is activated. In summary, pTOG" hyper-activates the spindle assembly
checkpoint without spindle damage. ov-TOG2 , on the other hand, displays two
phenotypes. One, caused by the absence of the C-terminus, is weak cytoplasmic
microtubules and mitotic spindles, which leads spindle checkpoint activation. The
second, caused by overexpression of TOG domains, is the hyper-activation of the spindle

assembly checkpoint.

4.4 Overexpression of Alp14 from the C-terminus.

To complete our overexpression study, we also constructed strains that overproduced the
the C-terminal regions of Alpl4. The C-terminal tails of Alpl4 were overexpressed at
residues 710-809 (ov-taill) and 697-809 (ov-tail2), respectively (fig. 4.4). The ov-taill
construct specifically overexpresses the C-terminal tail lacking the microtubule binding
and coiled-coil domains, whereas these two domains are overexpressed in the ov-tail2
strain. The TOG domains are overexpressed in constructs named ov-C-TOGI and ov-C-
TOG2, where residues 241-809 and 151-809 are overproduced respectively (fig. 4.4).
Only the second TOG domain is expressed from the C-terminal region in ov-C+TOG].
ov-C+TOG2, however, also expresses half of the first TOG domain because flanking
regions of the second TOG domain may be required for its function. It is important to

note that the constructs overexpress Alpl4 endogenously, which implies that the N-
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terminal regions are deleted. Therefore, phenotypes observed will be reflective of two
defects. The first is the overexpression of the C-terminus; the second is the absence of

the N-terminal regions.

Overexpression of Alp14 C-terminus is toxic and results in microtubule

defects and spindle assembly checkpoint activation.

Our study has shown that the C-terminus of Alpl4, together with the second TOG
domain, stabilises microtubules. When this region is overexpressed, we would expect
hyper-stabilised microtubules to be observed. To address possible microtubule defects in
alpl4 partial overexpressions, ov-taill, ov-tail2, ov-C-TOG1 and ov-C-TOG2 strains
were streaked onto rich media containing phloxine B at 26°C and 36°C. Results show
ov-taill and ov-tail2 to grow as red cells on phloxine B at 36°C, indicating that they are
temperature-sensitive (fig.4.4.1 A). Visualisation of cells grown on plates indicates that
ov-taill and ov-tail2 cells are bent and branched (fig. 4.4.1 B). Because these constructs
do not carry the microtubule-binding domain or the coiled-coiled motif (fig. 4.4), these
results are expected. On the other hand, the ov-C-TOGI and ov-C-TOG2 constructs,
which contain the entire region required for microtubule stabilisation, are not
temperature sensitive and are shaped similarly to cells overexpressing full length Alp14,
with expanded cell ends (fig. 4.4.1). Abnormal cell morphology is also observed in
presence of thiamine (data not shown). This is because the P3nmt promoter is unable to

fully suppress gene expression in fission yeast (Hirata et al. 1998).

For further analyse the role of Alp14 in microtubule stabilisation, we have chosen to
focus on the ov-C-TOGI construct as it expresses the entire region required for
microtubule stabilisation (the region stretching from second TOG domain to the C-
terminal tail, residues 241-809). To test for growth defects caused by ov-C-TOGI
overproduction, wild type and ov-C-TOG1 cells were subjected to a viability test. Results
show that although growth defects are undetected on plates in ov-C-TOG]1, viability of
cells is lost in overexpressed condition (fig. 4.4.2). We next addressed the effects of ov-
C-TOG]1 overexpression on microtubules by immuno-staining of anti-o tubulin to allow
visualisation of microtubules. After 12 hours in overexpressed condition, ov-C-TOGI
cells display short and thick cytoplasmic microtubules in comparison to wild type (fig.
4.4.3). This suggests that interestingly, microtubules are stabilised by a bundling activity

in ov-C-TOGI cells. Consistently, in mitosis short and broken spindles are observed,
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leading to chromosome segregation defects (fig. 4.4.4).

To test for spindle assembly checkpoint activation in ov-C-TOGI, kinetochore-
localisation spindle checkpoint protein, Mad2, is visualised. Quantification of strong
Mad?2 dots at the kinetochores shows that Mad2 localisation is more than three times
higher in ov-C-TOG]1 than wild type cells (fig. 4.4.5), which indicates that the spindle
assembly checkpoint is activated. In fact, the spindle assembly checkpoint is absolutely
required for the viability of ov-C-TOGI cells as deletion of mad2” in the ov-C-TOGI

strain renders it lethal, even in the presence of thiamine (data not shown).

4.5 Summary and concluding Remarks

In this chapter, we have determined that when full length Alpl14 was overproduced,
chromosomes were missegregated, which led to the inability of cells to enter further
rounds of mitosis, causing them to accumulate in interphase. Overproduction of both
TOG domains in a wild type background (pTOG") is lethal, which is dependent on the
presence of all spindle checkpoint proteins. This suggests that overproduction of TOG
domains hyper-activates the spindle assembly checkpoint. Hyper-activation of the
spindle assembly checkpoint in pTOG" intriguingly led to kinetochore-localisation of
Bubl but not Mad2. Endogenous overexpression of TOG domains which also deletes
the C-terminus similarly lead to lethality in a Mad2 and Bubl-dependent fashion. Weak
and unbundled microtubules were also found, and determined to be caused by the
absence of the C-terminal domains. When the second TOG domain and the C-terminal
region was overexpressed, cells exhibited short and bundled microtubules, suggesting

that Alp14 may stabilise microtubules by bundling microtubule protofilaments.

The role of Alp14 in microtubule stabilisation

In the previous chapter, we have determined that the C-terminal tail of Alp14 is required
for its localisation in interphase and mitosis, thereby allowing for the protein’s overall
microtubule function. In addition to localisation, the C-terminal region, together with the
second TOG domain (TOG?2), also stabilises microtubules. Deletion of the TOG2 motif

and C-terminal regions from the N-terminus resulted in short interphase microtubules

138



Chapter 4: Domain analvsis of Alpl4d by overexpression

and chromosome missegregation, suggesting that these domains stabilise microtubules

by promotion of their polymerisation.

In this chapter, we examined the role of the TOG2 domain and the C-terminus in Alp14
in microtubule-stabilisation. We have found that this region promotes formation of thick
microtubule bundles (ov-C-TOGI — section 4.4), suggesting that Alpl4 may promote
microtubule stabilisation and growth by bundling microtubule protofilaments together.
Electron microscopic analysis of microtubule dynamics showed that polymerising
microtubules are closely bundled at the growing end, while depolymerising microtubules
show curved and bent microtubule filaments specifically at the growing end. Given that
Alpl4 is localised as punctuated dots along the microtubule, particularly at the plus-ends,
we postulate that Alpl4 may bundle microtubule protofilaments at the plus-ends, thereby
reducing the rate of catastrophe and subsequently promoting overall microtubule growth
(fig. 4.5.1 A).

Additional analysis of TOG domain overexpression (pTOG " - section 4.2), suggest that
the TOG domains may also function to elongate cytoplasmic microtubules. Even though
both TOG domains are overexpressed in this construct, we reason that because the first
TOG domain does not appear to possess microtubule activity (results from ATOGI),
microtubule defects were a result of TOG2 overexpression. Cells expressing pTOG”
showed elongated cytoplasmic microtubules and anaphase astral microtubules. These
microtubules are emanated from MTOCs that specifically reside outside of the nucleus.
From this finding, we suggest that the second TOG domain of Alpl4 may promote
cytoplasmic microtubule polymerisation in vivo. However, we acknowledge that this
speculation had not been proven in our study and addition experiments (for example
specific deletion or overexpression of the TOG2 motif) need to be performed to clarify

this point.

Overall, our speculation is consistent with reports of in vitro studies in frog, which
showed that addition of only XMAP215 to purified tubulin causes microtubule
polymerisation (Gard and Kirschner 1987; Vasques ef al. 1994). Taken together, we
postulate that the second TOG domain may promote microtubule polymerisation and the

C-terminal region facilitates this activity by bundling microtubule protofilaments at the
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growing ends. Fig. 4.5.1 B summarises the functions of specific domains of Alp14 found

in this study.

The role of Alp14 in the spindle assembly checkpoint
The previous chapter has investigated the role of the first TOG domain in Alp14 (TOG1)

by analysing effects of TOG1’s absence. Deletion of TOG1 results in failure to maintain
the spindle assembly checkpoint in spindle damaged conditions, which is accompanied
by Nuf2 and Ndc80 delocalisation from the kinetochore and specific hyper-accumulation
of Mad2 and Mad3 at the kinetochore. Given that our results also indicate that Alp14
binds to Nuf2, we postulate that TOG1 is required to maintain the spindle assembly
checkpoint by localising Nuf2 at the kinetochore, thereby stabilising the kinetochore
structure for Mad2 and Mad3 turnover. In this chapter, we investigate the effects of
overproducing TOG domains. Overexpression of both TOG domains was found to result
in elongated cytoplasmic microtubules. We propose that this is an effect of the second
TOG domain (TOG2) as our previous studies suggest that TOG1 does not possess
microtubule-regulating function. We have also found that overexpression of pTOG" is
lethal in a Mad2- and Bub1- dependent manner suggesting that TOG1 hyper-activates the
spindle assembly checkpoint in this condition. Intriguingly, accumulation of Bubl but

not Mad2 was detected in pTOG" overexpression.

The lethality of pTOG" is dependent on the presence of all spindle checkpoint proteins.
Despite TOG1 dependency on all checkpoint components, Bubl is recruited to the
kinetochore without Mad2, suggesting that Mad2 localisation to the kinetochore is not
essential for spindle checkpoint activation. Previous studies of the requirement of Mad2
have been somewhat controversial. In vivo studies have often used Mad?2 localisation to
the kinetochore as a hallmark of spindle checkpoint activation (Li and Benezra 1996;
Chen et al. 1996; Waters et al. 1998; Howell ef al. 2000). However, some reports,
including in vivo studies, have suggested the existence of the non-kinetochore Mad2-
Slp1 complex, which is able to inhibit APC (Meraldi et al. 2004; Gillett et al. 2004). In
addition, in nuf2 mutants or Nuf2/Ndc80/Hecl depletion, the spindle assembly
checkpoint is activated even though Mad?2 is not recruited to the kinetochore (Martin-
Lluesma et al. 2002; Meraldi et al. 2004; Gillett ef al. 2004). However, lack of Mad2
recruitment was not representative of Mad2 requirement as simultaneous depletion of

hHecl and hMad2 resulted in catastrophic mitotic exit (Martin-Lluesma et al. 2002).
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This report displays a close resemblance to our finding in pTOG" overexpression that
Mad2 is not recruited to the kinetochores even though the overexpression led to mitotic

arrest and lethality in a Mad2-dependent fashion.

In our study, the localisation of Bubl without Mad2 in pTOG" could be a result of direct
Mad2-SIpl binding, without Mad2 turnover at the kinetochore. If this were true, it
would suggest that TOG1 could directly regulate the spindle assembly checkpoint via
Mad2. Alternately, our localisation data (Bubl without Mad2) could be a reflection of
TOG!1 function via the Nuf2/Ndc80 complex. The outer-kinetochor complex has
repeatedly been shown to be crucial for recruitment of specific checkpoint proteins by
independent groups (Martin-Lluesma et al. 2002; DeLuca et al. 2003; Gillett et al. 2004,
Meraldi et al. 2004; Bharadwaj et al. 2004). For example, lost of hHec1 localisation at
the kinetochore by RNAIi or anti-body depletion in HeLa cells causes kinetochore-
localisation of Mps1, Mad2, and Mad3 to be lost (Martin-Lluesma et al. 2002; Meraldi et
al. 2004). In these studies, the recruitment of Bubl or BubR1 were intriguing
unaffected, suggesting that the Nuf2/Ndc80 complex may regulate the spindle assembly
checkpoint specifically via Mphl, Madl and Mad2. This supports earlier findings that
the spindle checkpoint cascade is probably not linear and may contain branches (Waters
et al. 1998; Hoffman et al. 2001; Tang et al. 2001; Rajagopalan et al. 2004; Tournier e?
al. 2004). Although the Nuf2/Ndc80 proteins appear to localise as wild type in pTOG"
in our study, we cannot exclude the possibility that Nuf2/Ndc80 function is compromised

in this condition.

Overall, our findings suggest that the first TOG domain of Alp14 specifically functions
to maintain the spindle assembly checkpoint. Although artificial conditions were often
used in the study, results of TOG1 deletion and overexpression have consistently
implicate the function of TOG1 in the spindle checkpoint cascade. Despite sequence and
functional conservation of the TOG family of proteins, the role of TOG domains in the
spindle assembly checkpoint has never been reported previously. The role of TOG
proteins in the spindle checkpoint may be masked by their functions in microtubule-
stabilisation in other organisms. It is of note that like TOG homologues in budding yeast
and higher eukaryotes, the spindle checkpoint is also activated in alp/4 mutants at the
restrictive temperature, where the lack of functional Alp14 causes weak spindles and

spindle-kinetochore interaction. It is only when spindle damage is induced at the
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permissive temperature in alpl/4 temperature-sensitive mutants that Alpl14’s role in
spindle checkpoint becomes evident. By systematic truncations of Alpl4, we have been
able to separate the spindle checkpoint function from the microtubule-stabilising
function, facilitating the study of the protein’s involvement in the spindle assembly

checkpoint.
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Fig. 4.1.1 Overexpression ofalp!/4+is toxic. A) Wild type and ov-Alpl4 cells grown in rich
media were filtered and inoculated in media lacking thiamine for up to 23 hours. Samples
were taken hourly and plated onto fresh media at 200 cells per plate and incubated at 30°C
for three days. Percentage of viability was determined by the number of colonies grown.

B) Ov-Alpl4 cells were streaked onto minimal media in presence or absence ofthiamine and
incubated at 30°C for two days. Inducible promoter expresses Alp 14 in absence ofthiamine.
The scale bar represents 10pm.
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Fig. 4.1.2 Overexpression of alpl4+results in chromosome missegregation and microtubule defects. Wild type and ov-Alpl4
cells grown in rich media were filtered and reinoculated in media lacking thiamine for 20 hours. Cells were fixed with methanol
and processed for immunoflourescence with anti-tubulin and anti-SADI staining. The scale bar represents 10pm.
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Fig. 4.1.3 Overexpression of alp/4+results in chromosome missegregation. Wild type
and ov-Alpl4 cells grown in rich media were filtered and reinoculated in media lacking
thiamine for up to 23 hours. Samples were taken hourly for formaldehyde fixation and
DAPI staining. Cells with missegregated chromosomes were counted.
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Fig. 4.1.4 Overexpression of alp14* results in accumulation of cells in interphase. Wild
type and ov-Alp14 cells grown in rich media were filtered and reinoculated in media lacking
thiamine for 20 hours. Cells processed for immunoflorescence with anti-tubulin and DAPI
staining were counted.
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Fig. 4.2.1 Overexpression of pTOG+results is toxic. Wild type cells
containing pREP] orpREPI-TO G +were streaked onto selective media in
presence or absence ofthiamine at 27°C for 3 days. Note that wild type cells
containing empty pREP1 showed normal growth on plates (data not shown).
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Fig. 4.2.2 Toxicity ofpTOG* overexpression is dependent on the presence of
Mad2 and Bubl. Wild type, Amad2 and Abub! cells containing pREPI-TOG +

were were streaked onto selective media in presence or absence of thiamine at 27°C
for 2 days.
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Over-
expression TOG Mad2 Mph1l
Mutant
WT + * *
Amad? - wd -
Abubl - * )
Amphl - M *
Amad] - * n/d
Amad3 n/d - n/d
Abub3 - * nd

Table. 4.2.3 Toxic-dependency of overproduction of 70G or spindle
checkpoint proteins. Wild type, Amad2, Abubl, Amphl, Amadl, Amad3 and

Abub3 cells containing pREP1-TOG*, pREP41x-mad2*or pREP41x-mphl* were

streaked onto selective media in presence or absence of thiamine at 27°C for 2

days. The + symbol represents growth arrest / toxicity. The - symbol represents

non-toxicity. n/d represents non-determined phenotypes. Note that the Mad2
overexpression data presented above is adapted from Millband and Hardwick

2002.
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Fig. 4.2.4 Overexpression ofpTOG +results Mad2-dependent metaphase arrest.
Wild type and Amad?2 cells containing pREP[-TO G +were grown in rich media,
filtered and reinoculated in selective media in absence ofthiamine at 26°C for 16
hours. They were then fixed with methanol and processed for immunostaining with
anti-a-tubulin antibody. A) The percentage of mitotic cells after 6 hours in
overexpression condition. B) O fthe mitotic cells, the percentage of prometaphase
(spindles<2pm), metaphase (spindles2-3pm), and anaphase (spindles>3pm) cells
were counted. 150
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Fig. 4.2.5 Overexpression of pTOG* results localisation of Bubl but not Mad?2.
Wild type cells containing pREPI-TOG +and mad2+GFP or bub1+GFP were grown
in rich media, filtered and reinoculated in selective media in absence ofthiamine at
26°C for 6 hours. A) Cells showing Mad2-GFP and Bubl-GFP localisation. B) The
percentage of cells showing strong Bubl or Mad2 dots at the kinetochore. The scale bar
represents 10pm.
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Fig. 4.2.6 Overexpression of pTOG* results in long astral microtubules.

Wild type and Amad?2 cells containing pREPI-TOG+ were grown in rich
media, filtered and reinoculated in selective media in absence of thiamine at

26°C for 16 hours. They were then fixed with methanol and processed for
immunostaining with anti-a-tubulin antibody. Visualisation of cells shows
cytoplasmic microtubules in interphase and astral spindles in anaphase to be 152
elongated. Note that wild type cells carrying empty pREPI display normal
microtubule phenotypes (data not shown). The scale bar represents 10pm.
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Fig. 4.3 Systematic overexpression of a//>/4+N-terminal. Structural diagram of
overexpressions of Alp 14 full length and N-terminal using an inducible P3nmt
promoter. ov-FL represents full length Alp 14 overexpressed by an P3nmt promoter, ov-
TOG?2 is an overexpression of Alp 14 N-terminal TOG domains at residues 1-420. ov-

TOG2-C represent overexpression ofthe TOG and C-terminal region at residues 1-
639. Not drawn to scale.

153



+Thi -Thi

ov-alpl4

ov-TOG?2

ov-TOG2-C

Fig. 4.3.1 Overexpression of alpl4 N-terminal results in cell polarity
defects. ov-alpl4, ov-TOG2 and ov-TOG2-C strains grown on plates containing
minimal media in absence or presence of thiamine at 27°C for 3 days and
visualised. The scale bar represents 10pm.

154



ov-TOG?2
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Fig. 4.3.2 Overexpression of alp/4 N-terminal results in microtubule defects, ov-
TOG2 and ov-TOG2-C cells grown in rich media were filtered and reinoculated in
media lacking thiamine at 30°C for 12-24 hours. Cells were fixed with methanol and
processed for immunoflorescence staining with anti a-tubulin. A) Cells after 12 hours
in overexpressed condition show weak microtubules. Continues next page. The scale
bar represents 10pm.
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Fig. 4.3.2 B) Cells after 24 hours in overexpressed condition show terminal phenotype,
with missegregated chromosomes and absence ofmicrotubules. The scale bar represents
10pm.
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ov-TOG?2

Fig. 4.3.3 Overexpression of al/p/4 N-terminal results in chromosome missegregation.
ov-TOG?2 cells grown in rich media were filtered and reinoculated in media lacking
thiamine for 18 hours and processed for formaldehyde fixation and DAPI staining. Cells
with missegregated chromosomes are shown. The scale bar represents 10pm.
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ox-TOG2

Fig. 4.3.4 Overexpression of alp/4 N-terminal results in dispersed kinetochores.
ov-TOG?2 cells carrying bubl*-GFP and nuf2*-CFP were grown in rich media,
filtered and reinoculated in media lacking thiamine for 18 hours. Bubl-GFP and
Nuf2-CFP were observed in a live microscopic analysis. The scale bar represents

10pm.
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Fig. 4.3.5 The toxicity of alpl4 N-terminal overexpression is alleviated in
presence ofpalpl4\ Wild type, Aalpl4, ov-alpl4, ov-TOG2-C, ov-TOG2-C with
palpi4+ ov-TOG2 and ov-TOG2 withpalpi4 +strains were spotted after serial
dilution (105to 101cells) on minimal plates in the absence or presence of thiamine
for 6 days at 27°C.

159



ov-TOG2 P3nmt

ov-TOG2-C p3nmt

+Thi

Amad?2
Abubl
Ov-TOG2-C

Ov-TOG2
Ov-TOG2-C Amad?

Ov-TOG2 Amad2
Ov-TOG2-C Abub!
Ov-TOG2 Abub!

BEEOD
== =0

Wild type
Ov-TOG2
Ov-TOG2 Amad?
Ov-TOG2 Abubl
Ov-TOG2 Amphl
Ov-TOG2 Abub3
Ov-TOG2 Amad3
Wild type
Ov-TOG2-C
Ov-TOG2-C Amad?2
Ov-TOG2-C Abubl
Ov-TOG2-C Amphl
Ov-TOG2-C Amad!

Ov-TOG2-C Amad3

Ura4+

-Thi

99 9))
999 V:

Ura4+

Fig. 4.3.6 The toxicity ofalp/4 N-terminal overexpression is dependent on the
presence of Mad2 and Bubl. Wild type, ov-TOG2, ov-TOG2 Amad2, ov-TOG2

Abubl, ov-TOG2 Amphl, ov-TOG2 Abub3, ov-TOG2 Amad3, ov-TOG2-C, ov-

TOG2-C Amad2, ov-TOG2-C Abubl, ov-TOG2-C Amphl, ov-TOG2-C Amadl and
ov-TOG2-C Amad3 strains were spotted after serial dilution (105to 101cells) on

minimal plates in the absence or presence of thiamine for 6 days at 27°C. The

toxicity of alp 14 N-terminal overexpression is alleviated when Mad2 or Bubl are

deleted.
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Fig. 4.3.7 Overexpression of alpl4 N-terminal activates the spindle assembly
checkpoint. Wild type mad2+GFP, ov-TOG2 mad2+GFP and ov-TOG2-C mad2+
GFP cells grown in rich media were filtered and reinoculated in minimal media
lacking thiamine for 14-30 hours. Cells were fixed with methanol and processed
for immunoflorescence staining with anti-tubulin. A) Cells after 20 hours in
overexpressed condition showing Mad2-GFP. The scale bar represents 10pm.

Continues next page.
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Fig. 4.3.7 B) Quantification of wild type and ov-TOG2 cells containing
Mad2 and Bubl dots at kinetochores at 20 hours in overexpressed
condition.
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Fig. 4.4 Systematic overexpression ofalpl/4+C-terminal. Structural diagram of

overexpressions of Alp 14 full length and C-terminal using an inducible P3nm¢t

promoter. ov-Alpl4 represents full length Alp 14 overexpressed by an P3nmt promoter.
ov-taill and ov-tail2 are overexpressions of Alp 14 C-terminal tail at residues 710-809
and 697-809, respectively. ov-C-TOG! and ov-C-TOG2 represent overexpressions of
the C-terminal and TOG domains at residues 241-809 and 151-809, respectively. Not

drawn to scale.
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Fig. 4.4.1 The absence ofthe C-terminus results in temperature-sensitivity. A) ov-taill
, ov-tail2, ov-C+TOG! and ov-C+TOG?2 strains were streaked onto minimal media
containing phloxine B at 26°C or 36°C for 2-3 days. Red colonies at 36°C are indicative of
temperature-sensitivity. Continues next page.
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Fig. 4.4.1 Aalpl4, ov-taill, ov-tail2, ov-C+TOG! and ov-C+TOG?2 strains grown
on plates containing selective media in absence ofthiamine at 26°C or 36°C for 2-
3 days and visualised. The scale bar represents 10pm.
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Fig. 4.4.2 Overexpression ofalpl/4 C-terminal results in loss of viability. Wild
type and ov-Tail2 cells grown in rich media were filtered and reinoculated in media
lacking thiamine for up to 16 hours. Samples were taken every two hours from 8-16
hours and plated onto fresh media at 200 cells per plate and incubated at 30°C for
three days. Percentage of viability was determined by the number of colonies grown.
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Fig. 4.4.3 Overexpression ofalp/4 C-terminal results in microtubule defects.

Wild type and ov-C-TOG! cells grown in rich media were filtered and reinoculated in
media lacking thiamine for 12 hours. Cells were fixed with methanol and processed for
immunoflorescence staining with anti-tubulin. The scale bar represents 10pm.
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Fig. 4.4.4 Overexpression alpl4 C-terminal results in microtubule defects and
chromosome missegregation. Ov-C-TOG! cells grown in rich media were filtered and
reinoculated in media lacking thiamine for 12 hours. Cells were fixed with methanol
and processed for immunoflorescence staining with anti-tubulin. The scale bar
represents 10pm.
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Fig. 4.4.5 Overexpression ofalp/4 C-terminal activates the spindle assembly
checkpoint. Wild type mad2+=GFP and ov-C-TOGI mad2+GFP cells grown in
rich media were filtered and reinoculated in media lacking thiamine for 12 hours.
Cells were fixed with methanol and processed for immunoflorescence staining
with anti-tubulin. Cells containing Mad2 dots at kinetochores were counted.
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Fig. 4.5.1 A) Alp 14 prevents catastrophe by bundling microtubuleprotofilaments
at the growing ends. B) Schematic diagram showing a summary of specific
domain functions in Alp 14.

170



Chapter 3: Analysis of fisston yeast kinesins. KIpS and Kip6

Timely and accurate chromosome segregation is crucial to the integrity and stability of
cells in all organisms. Central to the accuracy of cell division in eukaryotes are mitotic
spindles, which polymerised from opposite poles to capture replicated sister chromatids
at the kinetochores. Once kinetochores are stably captured, spindles are depolymerised,
resulting in a poleward pulling force that segregates the DNA. Bipolar attachment,
stabilisation of spindle-kinetochore interaction and generation of poleward force are key
factors in ensuring accurate chromosome segregation. When these processes are
compromised, cells delay anaphase onset by activation of the spindle assembly
checkpoint to allow the error to be corrected (Li and Nicklas, 1995; Chen er al. 1996;
Zhou et al. 2002). It is thought in response to unattached DNA, it is essential that
spindle checkpoint component Mad? is recruited to the kinetochores established (Rieder
et al. 1994; Chen et al. 1996; Li and Benezra 1996; Waters et al. 1998). However,
Mad2-independent spindle checkpoint activation have also been observed (Waters et al.
1998; Hoffman et al. 2001; Tang et al. 2001; Rajagopalan et al. 2004; Gachet et al. 2001
and 2004; Tournier et al. 2004).

Proteins that regulate spindle dynamics play vital roles in bipolar kinetochore
attachment, stability and tension generation. These proteins include members of
microtubule-associated TOG family (also known as Disl / XMAP215 family) and
Kinesin-13 family. Homologues of the TOG family have been consistently shown to
promote microtubule polymerisation and stability (Gard and Kirschner 1987; Vasquez et
al. 1994, Severin et al. 2001; Garcia et al. 2001; Nakaseko et al. 2001). Previous studies
have shown fission yeast TOG members, Alp14 and Disl, to act a link between plus ends
of spindles and kinetochore, thereby facilitating kinetochore capture and stabilisation of

spindle-kinetochore interaction (Garcia et al. 2001; Nakaseko ef al. 2001).

The Kinesin-13 family of proteins have also been suggested to be main players in
spindle-kinetochore stabilisation. MCAK and frog XKCM1 are both required for
microtubule depolymerisation and accurate chromosome segregation in vivo (Kline-
Smith et al. 2004; Walczak et al. 1996; Desai ef al. 1999; Kline-Smith and Walczak
2002; Walczak et al. 2002). Although sequence analysis indicates that yeast does not
contain homologues of Kinesin-13, studies of the closest orthologue of the Kinesin-13
family in budding yeast (classified as a member of the Kinesin-8 family) have shown

functional homology. Like human MCAK and frog XKCM1, budding yeast Kip3 also
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promotes microtubule destabilisation (Straight et al. 1998; Cottingham et al. 1999).
However, efforts to determine the role of Kip3 in cell division indicate that it is involved
in nuclear positioning during mitosis, a mechanism that is specific to the organism
(DeZwaan et al. 1997; Miller et al. 1998; Cottingham et al. 1999). Detailed
involvements of microtubule-destabilising kinesins in cell division remains to be
elucidated. In this study, we aim to determine the role of Kinesin-8/-13 in chromosome
segregation by analysis of fission yeast homologues, Klp5 and Klp6. In addition, we also
address the effects of klp5 and klp6 mutants on the spindle assembly checkpoint and the

relationship between TOG and Kinesin-8/13 members in fission yeast.

5.1. Identification of Klp5 and Klp6

A full genome-wide search at the Sanger database for Kinesin-8 homologues was carried
out using budding yeast Kip3 as a quest. It has shown that the fission yeast harbours two
members, Klp5 and Klp6 (for kinesin-like protein 5 and 6), with 50% identity and 69%
homology between them. A summary of sequence identity/homology and an alignment
of frog XKCM1, budding yeast Kip3, and fission yeast Klp5 and Klp6 are shown in
fig.5.1.1. KlpS5 and Klp6 share 56% homology to both human MCAK and frog
XMKCMI1.

An evolutionary phylogenetic tree deducted from sequence similarities using the Clustal
X program shows that yeast kinesin-8 proteins are evolutionarily divergent from their
orthologues, kinesin-13, in frog and human (fig. 5.1.2). Two members of the kinesin-13
family have been identified in human as KIF2 and MCAK (Aizawa et al. 1992; Noda et
al. 1995; Wordeman and Mitchison 1995). Despite this, human MCAK appears to share
a higher similarity with frog XKCM1, which is consistent with the reports that both
proteins possess a microtubule depolymerising activity (Maney et al. 2001; Hunter et al.
2003). The kinesin-13 family members share a common kinesin domain near the middle
of the protein, where the majority of the sequence homology is shared. In order to find
other possible domains, searches in the pnase database and the matchbox domain
prediction program were carried out. Fig. 5.1.3 shows predicted coil-coiled domains in
frog XKCMI and fission yeast Klp5 and Klp6. No coiled-coiled domains were predicted
in human MCAK and budding yeast Kip3. The presence of the coil-coiled domains

173



Chapter 5: Analysis of fission yeast kinesins. KipS and Kipo

indicates that these proteins may function via protein-protein interaction.

5.2. Analysis of klpS” and kip6' gene products

To address the protein level of Klp5 and Klp6, the kinesin genes were endogenously
tagged with 3HA under the native promoters. Level of expression of Cut2 has been
previously determined as 20,000 molecules/cell (Funabiki et al. 1996; Fujita et al. 2002).
By using this information and comparison of band intensity of Cut2-3HA to Klp5-3HA
and Klp6-3HA on an SDS gel, the protein levels of Klp5 and Klp6 could be estimated.
Wild type (untagged strain), KlpS5-3HA, Klp6-3HA and Cut2-3HA proteins from
asynchronous cultures were run and subjected to a Western blot using an anti-HA
antibody. Klp5 and Klp6 levels were estimated to be 31,600 and 20,000 molecules/cell,
respectively (fig. 5.2.1 A). This shows that KlpS and Klp6 are present in abundance.
However, asynchronous cultures contain cells in a variety of cell cycle stages, making it
impossible to predict the effect of Klp5 and Klp6 levels on their functions in this

condition.

To synchronise cell cycle progression, a strain carrying a mutation in the cdc25* gene
was used. Cdc25 is a phosphatase whose activity is absolutely required for mitotic entry.
Cdc25 initiates mitotic onset by dephosphorylating Cdc2 cyclin-dependent kinase (CDK)
at tyrosine 15. When the function of Cdc25 is compromised, the cell cycle is arrested in
G,. Cells harbouring the cdc25-22 mutation fail to progress from G, at restrictive
temperatures, and can be used to arrest and release cells by temperature shifts. To analyse
Klp5 and Klp6 levels at different stages of the cell cycle, cells containing both klp5*-
13myc | kIp6*-3HA and cdc25-22 mutation were shifted up to 36°C to arrest cells in G,.
After four hours, the cultures were shifted down to 26°C for release into mitosis. Sample
were taken every 15 minutes after G, release and processed for Western blotting and
staining with calcoflour, a florescent reagent that stains the septa, to follow cell cycle
progression. To test if levels of Klp5 is regulated throughout the cell cycle, we blotted
against o-tubulin for comparison of band intensities. Results (data not shown) show
similar fluctuations of band intensity between o-tubulin and Klp5-13myc throughout the

cell cycle, indicating that Kip5 and Klp6 levels are not cell cycle regulated.
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In these studies, Kip5-3HA, Klp5-13myc and Klp6-3HA always appeared as multiple
bands, which raises the possibility that their functions may be regulated by protein
modification, such as phosphorylation. Fig. 5.2.1 B shows Klp5-13myc to consistently
appear as multiple bands throughout the cell cycle. This suggests that either Klp5 is
modified throughout the cell cycle, or that its function is throughout the cell cycle is
regulated by another means, such as protein-protein interaction. The appearance of

multiple bands may also be a reflection of protein degradation.

5.3. Analysis of kip5 and klp6 deletion mutants.

Gene disruptions of kIp5™ and klp6" were carried out in order to address the in vivo roles
of Kinesin-8 in fission yeast. Single and simultaneous deletions of klp5™ and klp6" were
viable. Analysis as to how these mutants may affect microtubule stability, chromosome

segregation and chromosome stability are described below.

Klp5 and Klp6 destabilise microtubules in vivo.

Many mutants affecting microtubule stability show a sensitivity or resistance to the
microtubule destabilising drugs. Thiabendazole (TBZ) is a microtubule drug that
destabilises microtubules by inhibiting the addition of of tubulin subunits to microtubule
protofilaments. When TBZ is added to cells microtubules are broken down, resulting in
mitotic arrest. Previous studies have shown that frog Kinesin-13 homologue, XKCM1,
have an intrinsic microtubule depolymerising activity (Walczak et al. 1996; Desai et al.
1999; Kinoshita et al. 2001). If Klp5 and Klp6 were also able destabilise microtubules,
Aklp5 and Aklp6 would be expected to show resistance to TBZ. To test this possibility,
cells deleted for kIp5™ and/or klp6™ were spotted after serial dilutions at 108 to 10* cells
onto rich media in absence or presence of 10 pg/ml of TBZ. Wild type and Aalpl4
strains were used as controls. Alpl4 has been shown to act as a microtubule-stabilising
factor, and mutants of alp/4" are known to be TBZ-sensitive (Garcia et al. 2001). Fig.
5.3.1 shows that Aklp5, Akip6, and AkIp5Akip6 are resistant to TBZ, suggesting that like
frog XKCM1 and budding yeast Kip3, Klp5 and Klp6 function as a microtubule-

destabilising factor.
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To further investigate the involvement of Klp5 and Klp6 in microtubule dynamics,
Aklp5, Aklp6 and Aklp5Akip6 cells were processed for immunoflorescence staining with
anti-tubulin (TAT-1) antibody. Visualisation by florescence microscopy shows
microtubules in AklpS, Aklp6 and Akip5Aklp6 cells to be elongated and curved, a
microtubule defect that has never observed in wild type cells (fig. 5.3.2). Upon further
analysis, the elongated and curved phenotype was only found in interphase and post-
anaphase cells, where microtubules were emanated from cytoplasmic MTOCs. In

contrast, no obvious defects in the morphology of the mitotic spindles were observed.

In above tests for the role of Klp5 and Klp6 in regulating microtubule stability, single
Aklp5 and Aklp6 mutants showed no obvious difference in defective phenotypes between
them. Moreover, simultaneous deletion of both genes did not increase the severity of the
defects. This suggests that Klp5 and Klp6 may work together, for example as complex.
Indeed, another member of the team has discovered that Klp5 and Klp6 co-localise and
form a heterocomplex (Garcia et al. Curr. Biol. 2002). For this reason, some of the

experiments described further have only been carried out using either Akilp5 or Akip6.

KIpS and Klp6 are involved in the fidelity of chromosome segregation.

Despite the lack of obvious defects in spindle morphology, it is intriguing how the loss of
microtubule destabilising proteins may affect chromosome segregation. In mitosis,
temporal regulation of spindle dynamics is absolutely crucial. To capture the
kinetochores, spindles must grow from opposite poles towards sister chromatids. Once
the kinetochores have been captured, spindles must then shrink at the site of capture,
creating tension and stabilisation of the attachment. If Klp5 and Klp6 function to
destabilise mitotic spindle as well as cytoplasmic microtubules, defects in chromosome
segregation would be observed in klp5/6 deletion mutants. To test the fidelity of
chromosome segregation in k/p5/6 mutants in comparison to wild type, chromosome loss
assays using a nonessential minichromosome 16 was carried out according to Niwa et al.
1989. The minichromosome is derived from the centromeric region of chromosome 3
and contains ade6-m216 allele that is able to compensate for the ade6-m210 mutation,
which is carried endogenously in the genome. The minichromosome is stably
maintained in normal mitosis but when DNA replication or segregation defects occur, the
minichromosomes are lost and can be observed as red auxotrophs. Fig. 5.3.3. A shows

high number of red and sectored colonies in Aklp5. When the number of colonies
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containing red sectors was counted against the total number of colonies, the percentage
of chromosome loss in Aklp5 is shown to be more than 200 times that of wild type (fig.
5.3.3. B). The rate of chromosome loss was also calculated (half-sectored cells indicate
chromosome loss in the first cell division) to be 9.2 x 10 ~ per cell division. The

chromosome loss phenotype suggests defects in chromosome segregation.

Consistently, microscopic analysis of Aklp5 and Aklp6 cells in mitosis shows stretched
and lagging chromosome phenotypes, leading to unequal chromosome segregation. Wild
type and Aklp6 cells were processed for immunoflorescence staining with anti o-tubulin
(TAT-1) antibody. DAPI staining of these cells shows that Aklp6 causes missegregated
chromosomes (fig. 5.3.4. A). However, the process of immuno-staining required fixation
with methanol, which disturbs the DNA and causes fussing of DAPI when observed. In
addition, the immuno-staining procedures may have disrupted spindle structures in this
particular experiment as they appear weaker than expected of Akl/p6 microtubules
(compare fig. 5.3.4 A to figs. 5.3.2 and 5.3.5 C). To better visualise DNA, wild type and
Aklp5 cells were fixed with formaldehyde and stained with DAPI. Formaldehyde-fixed
Aklp5 cells clearly show chromosome segregation defects that are never found in wild

type (fig.5.3.4 B).

Defects in spindle function often cause mitosis to prolong in order for the error to be
corrected. If the error occurs prior to anaphase causing the kinetochore to be unattached
or the attachment is destabilised, anaphase onset is delayed by the spindle assembly
checkpoint. To investigate if Aklp5 causes mitosis to delay, and if so at which stage, the
percentage of cells in each mitotic phase has been counted in wild type, Aklp5, Aklp6 and
Akip5Aklp6. Cells were first processed for immunoflorescence to stain o-tubulin and
DNA. Phases of mitotic cells were determined by the length of spindles in combination
with the number of DNA mass. Fig. 5.3.5 shows that mitotic cells are accumulated in
Aklp5, Aklp6 and Aklp5Aklp6, in particular those with mono-nucleate cells and short
spindles, representative of cells in prometaphase to anaphase A. This suggests that

kip5/6 deletion mutants may be defective in the spindle-kinetochore attachment.
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5.4. Analysis of klp5 and klp6 overexpression mutants.

To induce single and simultaneous overproductions of Klp5 and Klp6 proteins, P3nmt

promoters have been endogenously integrated to replace natural promoters of klp5™ and
kip6”. In the absence of thiamine, the nmt promoter is induced and Klp5/6 are
overexpressed, leading to retarded growth on plates after three days at 30°C (fig.5.4.1.
A). To test the viability of klp5/6 overexpression mutants, of P3nmt-kip6 cells were
grown in liquid culture in presence or absence of thiamine. Samples were taken at 0 hour
and then hourly at from 12 to 18 hours and plated onto rich media containing thiamine at
200 cells per plate. Viability was calculated by the number of colonies formed on each
plate at each time point against those at 0 hours. Fig. 5.4.1 B shows that overproduction

of Klp6 causes the loss of viability.

Klp5 and Klp6 are required for microtubule function and accurate
chromosome segregation.

Cytoplasmic microtubules are essential to maintain the cell shape and polarity. When the
function of cytoplasmic microtubules is compromised, cells become abnormally shaped,
often observed as branched or bent cells (Toda ef al. 1983; Sawin and Nurse 1998).
Because Klp5 and Klp6 regulate microtubule dynamics by promoting their
depolymerisation, it is expected that klp5/6 mutants would show abnormal cell shape.
Indeed, overproduction of Klp5/6 results in accumulation of elongated and branched

cells (fig. 5.4.2 and fig. 5.4.3 A).

The effects of Klp5/6 overproduction in mitosis also reflect their regulation of spindle
dynamics. Immuno-staining of tubulin in cells expressing P3nmt-klp6” show abnormally
short or absence of microtubules in some cells, leading severe chromosome
missegregation (fig. 5.4.3. A and B). Missegregated cells increase sharply over time in
overexpression condition and eventually become cut as shown by DAPI staining of
formaldehyde-fixed cells (fig. 5.4.3. C). Cut cells occur when mitotic progresses and

cytokinesis occurs even though spindles are still unable to segregate sister chromatids.

In P3nmt-kip6™ cells observed, the abnormally elongated cell shape often occurred in bi-
nucleate cells. One reason for this could be that these cells are able to go through rounds

of cell division without physically undergoing cytokinesis. To test this possibility,
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P3nmt-kip6” cells grown in presence or absence of thiamine were fixed and stained with
calcoflour to mark the cells septa. The percentage of septated cells in overexpression
condition was abnormally low (fig. 5.4.4. A). This implies that either cells are unable to
septate or that they are arrested in a cell cycle stage prior to cytokinesis in response to the
chromosome segregation defect. Of the septated cells, cytokinesis defects visualised as
thick, wavy or multiple septa were observed (fig. 5.4.4. B). The percentage of cells
showing abnormal septa increase sharply over time in both absence and presence of
thiamine. This may be because the P3nmt promoter is unable to completely suppress the

production of Klp6, as this is often the case in fission yeast.

S.5. kip5 and klp6 mutants activate the spindle assembly checkpoint

Given that Klp5 and Klp6 promote microtubule destabilisation and that spindle shrinkage
is required to create tension and stabilisation of spindle-kinetochore attachment, it is
possible that Klp5 and Klp6 are involved in tension-generation. If Klp5 and Klp6 were
involved in the stabilisation of spindle-kinetochore attachment, the spindle assembly
checkpoint would be activated when Klp5/6 function is compromised. To test this
possibility, a central player of the spindle checkpoint, mad2", was deleted in Aklp5 and
P3nmt-kIp5/6 strains. When mad2" is deleted, mitotic progression can no longer be
delayed even when the spindle-kinetochore attachment has not been established (Rieder

et al. 1994; Chen et al. 1996; Li and Benezra 1996; Waters et al. 1998).

Previously described minichromosome loss experiment (fig. 5.3.3.) has shown that Klp5
functions to ensure chromosome stability. Here, the rate of chromosome loss is
compared between Aklp5, Amad2 and Aklp5Amad2. The rate of chromosome loss in
Amad?2 was not increased dramatically compared wild type cells (<0.1% - no red or
sectored colonies were observed — data not shown) and as predicted, a significant rate of
chromosome loss is detected in Aklp5. However, when both klp5™ and mad2" were
deleted, virtually no Ade’ colonies were retained, with the rate of chromosome loss
calculated to be 6.3 x 107! (fig. 5.5.1). This suggests that Mad2 plays an important role
in securing genome stability when Klp5 function is compromised. The finding has also
been supported by results of another member of the team. By analysing timing of securin

destruction, it was found that delay in anaphase onset in Aklp35 is eliminated in absence
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of Mad2 (Garcia et al. Curr Biol. 2002). Therefore, Klp5 and Klp6 facilitate spindle-

kinetochore attachment in prometaphase.

Similar to KIp5/6 overexpression, deletion of mad2” in these strains is toxic and shows
retarded growth on plates in absence of thiamine (fig. 5.5.2 A). Although cells quickly
lose viability and become branched when klp6 is overexpressed, when mad2” is deleted,
the severity of the defects is grossly amplified (fig. 5.5.3 B and C), suggesting that
overproduction of Klp6 also activate the spindle assembly checkpoint. Consistent with
this, Amad2-P3nmt-kip5/6 display fewer missegregated cells and accumulate far more

cut cells than P3nmt-kip5/6 alone (fig. 5.5.3).

5.6. Genetic interaction between klp5'/klp6 and alp14 ' /dis1*

In vitro studies of frog XKCM1 and XMAP215 have determined that they function
antagonistically to depolymerise and polymerise microtubules, respectively to regulate
microtubule dynamics (Tournebize et al. 2000; Kinoshita et al. 2001). In fact, it has
been proposed that dynamic instability can be achieved solely with opposing activities of
these two proteins in vitro (Kinoshita et al. 2001). In vivo studies in budding yeast also
supports the possibility that Kip3 may interact with members of the TOG family. Defects
in spindle elongation found in mutants of budding yeast TOG, Stu2, were rescued by
deletion of Kip3 protein (Severin et al. 2001). Fission yeast homologues of the TOG
family are Alp14 and Disl. Alpl4 and Disl share a role in microtubule stabilisation to
ensure interaction between the spindle and the kinetochores (Nabeshima ef al. 1995 and
1998; Nakaseko et al. 1996; Garcia et al. 2001). Because Klp5 and Klp6 are essential for
proper spindle-kinetochore attachment in prometaphase, it is possible that despite
possessing antagonistic roles in microtubule dynamics, Klp5/6 and Alp14/Dis1 might

play a collaborative role in mitosis.

Fission yeast Kinesin-8 and TOG proteins play a collaborative role.

Genetic analysis was carried out by simultaneously deleting klp5", kip6", alpl4” and
disl” in various combinations. Table 5.6.1 summarises viability of the resulting strains.
Single deletions of alpl4" or disl” result in temperature- and cold-sensitivity,

respectively. At restrictive temperatures, these deletion mutants show retarded growth,
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microtubule defects and sensitivity to TBZ. Double deletion of alpl4" and disI" is lethal
at any temperature, which can be rescued by an introduction of a multicopy plasmid
containing dis/ . As discussed earlier, single or double deletions of k/p5*and klp6”, on
the other hand, are viable and show no additive-phenotype. This suggests that other
microtubule depolymerising factors exist in fission yeast to compensate for the loss of

poleward force in absence of Klp5/6.

Any combination of simultaneous deletions of klIp5/6"and alpl4/disl” resulted in
lethality at any temperature. In this case, the lethality could have been a result of Klp5/6
overproduction in absence of Alpl14/Disl, as overproductions of Klp5 and/or Klp6 are
toxic. To test this, alpl4kip5kip6 and dislkip5kip6 deletion mutants were constructed
and shown to be lethal, discarding the above-mentioned possibility. This indicates that
fission yeast TOG and Kinesin-8 members play a collaborative role, and that klp5/6 and

alp14 or dis] mutants were kept viable only by the other’s functions.

Klp5/6 and Alp14/Dis1 play a common role in mitotic progression.

The next question is at which stage do Klp5/6 and Alp14/Disl share such an essential
function. To address this, alpl4disl, alpl4kip5 and dislklp5 deletion mutants kept viable
by plasmids containing alpl4" or disI" were subjected to a plasmid loss assay. Although
the plasmid vectors were mitotically stable, their loss (at 20-30%) could be induced upon
nitrogen starvation followed by re-feeding. This experiment allows defective phenotypes
that lead to lethality in the mutants to be examined. alpl4disl, alpl4kip5 and dislkip5
mutants carrying alpl4" or disl” plasmids were staved of nitrogen for 12 hours, washed
and resuspended in rich media at 30°C. Tubulin-staining of these cells at 7 hours after
G, release indicate identical chromosome missegregation phenotypes for all mutants
(fig.5.6.2 A and B). Spindles in cells lacking alp/4" and disI" have been previously
shown to be unable to properly capture the kinetochore. The very same, but more severe,
phenotype (fig.5.6.2 C) observed in alpl4kip5 and dislkip5 mutants suggest that Klp5/6
and Alp14/Disl play a common essential role to establish and stabilise spindle-

kinetochore interaction.

alp14kip5 and dis1kip5 activate the spindle assembly checkpoint.

In addition to chromosome missegregation, formaldehyde fixation and DAPI-staining in

alpl4disl, alpl4kip5 and dislklp5 mutants in the plasmid loss assay also show the DNA
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to be hyper-condensed (fig.5.6.3). Because this phenotype often observed when the
spindle assembly checkpoint is activated, deletion of mad2” was carried out in the
dislkip5 + pdisl”® strain. Plasmid loss assay was carried out and cells were
formaldehyde-fixed and stained with DAPI. Fig. 5.6.4 A shows that when mad2"* was
deleted, dislklp5 no longer exhibited hyper-condensed chromosomes, suggesting that the
spindle assembly checkpoint is activated. Activation of the checkpoint, however, was
unable to overcome the defect as the cell cycle eventually progresses, resulting in gross

segregation defects and lethality.

Deletion of mad2" in cells harbouring prometaphase defects usually leads to the presence
of cut cells. However, no cut cells were seen and instead cells exhibiting a “stretched”
chromosome phenotype were observed. There were fewer cells showing chromosome
missegregation (lagging chromosomes) in mad2disiklp5 than dislkip5 (fig. 5.6.4). It is
thought that the stretched chromosome phenotype, which represents cells undergoing
difficulties in segregating their DNA, may replace the chromosome missegregation
phenotype in some mad2dislkip5 cells. Because dislklp) is already synthetic lethal, it is
difficult to determine if deletion of mad2" increases the severity further. However,
because mad2dislkip5 exhibits a different phenotype than that of dislkIp5, it is likely
that the spindle assembly checkpoint is activated when Klp5/Klp6 and Alp14/Disl

functions are compromised.

Proper mitotic localisation of Klp5 is dependent on Alp14.

We have determined that KlpS5/6 and Alp14/Disl function together to ensure accurate
cell division. The next question we asked is if they are required for each other’s
localisation in mitosis. Alp14 is recruited to SPBs upon mitotic onset, and are then are
transferred onto spindles observed as punctuated dots along the spindles (Garcia et al.
2001). Alpl4 has also been found to bind to the kinetochore by microscopy and
chromatin immunoprecipitation (Garcia et al. 2001). In Aklp5, Alp14-GFP is able to
normally localise (studies from another member of the team - Garcia et al. EMBO 2002).
Similarly, Klp5 and Klp6 are recruited to mitotic spindles and kinetochores in mitosis.
In addition, in anaphase B Klp5 and Klp6 are also found at the spindle midzone. Cells
harbouring integrated klp5'-GFP and Aalpl4 were grown at 26°C then shifted up to
36°C, a restrictive temperature for Aalpl4. As shown in fig. 5.6.5 A, the intensity Klp5-

GFP after two hours at restrictive temperature appears to be lower than that of wild type.
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Upon further analysis, the number of cells containing Klp5-GFP at the kinetochore was
grossly reduced just after one hour at 36°C (fig. 5.6.5 B). Although Klp5 was still able
to localise to the kinetochore in 10 percent of Aalpl4 cells, more than 50 percent of
Aalp14 show mitotic defects in this condition, showing that Klp5 is unable to localise to

the kinetochore in 80 percent of mitotic Aalpi4 cells.

S.7 Summary and concluding remarks

The study described in this chapter has determined that Klp5 and Klp6 are microtubule
destabilising factors whose functions are required to establish stable bipolar spindle-
kinetochore attachment in mitosis. Please note that the results from this study and from
other members of the team have been successfully accepted for publication (Garcia ef al.
Curr. Biol. 2002; Garcia et al. EMBO 2002).

KlpS and Klp6 promote microtubule depolymerisation and ensures
accurate chromosome segregation.

klp5/6 deletion mutants analysed in this study clearly show long and curved cytoplasmic
microtubules and are resistant to microtubule drug TBZ. These findings indicate that
Klp5 and Klp6 are microtubule destabilisers. In support of this, a cold-shock experiment
carried out by another member of the team, showed that microtubules of klp5/6 deletion
mutants were more resistant to the cold than those of wild type. They were also able to
rapidly recover microtubules after temperature shift up (Garcia et al. EMBO 2002).
These findings suggest that although Klp5 and Klp6 belong to the Kinesin-8 family, like
kinesin-13 homologues, Klp5 and Klp6 function to promote microtubule
depolymerisation. This further supports previous speculation that yeast Kinesin-8 are

functional orthologues of Kinesin-13 in higher eukaryotes (Severin et al. 2001).

In vitro studies have indicated that XKCM!1 function at the plus-ends of microtubules to
increase the rate of catastrophe and shrinkage (Walczak et al. 1996; Desai et al. 1999;
Kinoshita e al. 2001). Although our in vivo system makes it impossible to determine if
Klp5 and Klp6 also directly destabilises microtubules at the plus-ends, the localisation

pattern of the proteins do suggest so. As well as interphase microtubules and mitotic
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spindles, Klp5 and Klp6 are also recruited to spindle midzones and kinetochores, where

the plus-ends of mitotic spindles are located (Garcia ef al. Curr. Biol. 2002).

The mitotic localisation of Klp5 and Klp6 are also suggestive of their roles in ensuring
accurate chromosome segregation. Indeed, analysis of klp5/6 deletion and overexpression
mutants in this study suggests that they are essential to prevent genome instability and
chromosome missegregation. Upon detailed investigation, klp5/6 mutants showed
prolonged prometaphase (West et al. 2001 and 2002; Garcia et al. Cur. Biol. 2002).
Deletion of spindle checkpoint component Mad2 in klp5/6 mutants resulted in gross
chromosome segregation and lethality, suggesting that the defects caused k/p5/6 mutants
to engage the spindle assembly checkpoint. The activation of the spindle assembly
checkpoint suggests that in k/p5/6 mutants the kinetochore is either unattached or
tensionless. By analysing the localisation of spindle assembly checkpoint proteins,
another member of the team showed that some k/p5/6 kinetochores display two patterns
of spindle checkpoint protein localisation. One is the kinetochore-recruitment of both
Mad2 and Bubl, the second is the kinetochore-localisation of Bubl without Mad2. It is
believed that the former is indicative of unattached kinetochores, whilst the latter may be
representative of tension-less kinetochores. The recruitment of Bubl without Mad?2 is of
particular interest as it is rarely observed in wild type fission yeast cells. This is because
amphitelic attachment directly leads to tension generation in wild type cells. Errors in
kinetochore capture resulting in merotelic and monotelic in wild type cells lead to
unattached kinetochores and localisation of both Mad2 and Bubl. It is only when
syntelic attachment occurs that kinetochores are attached but tensionless (see

introduction fig. 1.5).

In summary, the presence of the both Madl and Bubl localisation in klp5/6 cells
suggests that KlpS5 and Klp6 are required for spindle-kinetochore capture or the
stabilisation of the interaction. The recruitment of Bubl with Mad2 in klp5/6 cells also
suggests that Klp5 and Klp6 function to generate tension at the kinetochore. We propose
that by depolymerising the spindle plus-ends in metaphase, Klp5 and Klp6 provide a
poleward pulling force at the kinetochore. This allows the stability of the spindle-
kinetochore interaction to be tested. The poleward pulling force also generates tension,

which provides a signal for anaphase onset.
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The Klp5/Klp6 and Alp14/Disl collaborate to ensure stable bipolar

attachment in mitosis.

We have also determined that although Klp5/Klp6 possess opposing roles in microtubule
regulation to Alp14/Disl, they play collaborative roles to establish stable bipolar spindle-
kinetochore interaction. Alpl14 has been proposed to function as a linker between the
spindle and kinetochore, thereby ensuring spindle-kinetochore attachment. Because Klp5
localisation in reduced in alpl/4 mutant, it is possible that Klp5/Klp6 localisation to the
kinetochore is dependent on Alp14. This implicates that the function of Klp5/Klp6 at the
kinetochore cannot be effective until Alpl4 has reached the kinetochore, ie. until the
spindle has captured the kinetochore. In this model, we propose that Alp14 facilitates the
spindle-kinetochore attachment by promoting spindle growth at the plus-ends and Klp5
and Klp6 generates tension by promoting spindle shrinkage, leading to generation of

poleward force (fig. 5.7.1).

Contrary to our findings, studies in frog and budding yeast suggest that kinesin-13 and
TOG proteins function antagonistically, where simultaneous deletions lead to rescue of
single deletion defects (Tournebize et al. 2000; Kinoshita et al. 2001; Severin et al.
2001). Although it appears that the collaborative roles of Alp14/Dis] and Klp5/Klp6 in
mitosis may not be evolutionarily conserved, it has been shown that vertebrate Kinesin-
13 and TOG proteins function together to create dynamic instability (Kinoshita et al.
2001). In addition, all known homologues of Alp14/Disl and Klp5/Klp6 show similar or
identical mitotic localisation. Overall, we envision that although TOG proteins and
Kinesin-8/-13 members function in an opposed manner in terms of microtubule
regulation (that is TOG polymerises microtubules, whilst Kinesin-8/13 depolymerises
them), these two proteins play collaborative roles in vivo to establish microtubule

dynamics.
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Fig. 5.1.1 Comparison between Klp5, Klps and their closest kinesin homologues.

A) Sequence alignment between Klp5, Klps and their homologues in frog and budding
yeast, XKCM1 and Kip3. Klp5 and Klps are labelled as Kip31 and Kip32, respectively.
Blue signifies conserved residues, red signifies similar residues. B) Percentage of identity
and homology between Kinesin-s and Kinesin-13 family members.
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H. sapiens MCAK
0.224

X. laevis XKCM1

S. cerevisiae Kip3

S. pombe KlpS

S. pombe Klp6

Fig. 5.12 Evolutionary relationship between yeast Klp5, Klp6 and Kip3
with their closest homologues in frog and human. Note that Klp5, Klp6 and

Kip3 belong to the Kinesin-8 family, wheras XKCM1, KIF2 and MCAK, are
Kinesin-13 proteins.
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Fig.5.13 Structural comparison between Klp5 and Klpe and their homologues
in frog and budding yeast. A) Domain search reveals redicted coiled-coil regions in
frog XKCMI1 and fission yeast Klp5 and Klps . Note that similar searches shows no
predicted coiled-coiled regions in human MCAK and budding yeast Kip3.

B) Structural comparison, showing positions ofkinesin and coiled-coiled domains.
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Fig.5.2.1 Estimation of Klp5 and Klps protein expression level. A) Wild type (untagged
strain), Klp5-3HA, Klp6-3HA and Cut2-3HA cells grown in an asynchronous culture were
extracted for protein, run on an 10% SDS gel and subjected to a Western blot using an anti-
HA antibody. The level of expression was estimated by comparison of band intensity of
Klp5-3HA and Klp6-3HA to that of Cut2-3HA, against the intensity of the non-specific
bands (marked with asterisk). Level of expression of Cut2 has been previously determined
as 20,000 molecules/cell. Klp5 and Klps are estimated to be produced at 31,600 and
20,000 molecules/cell, respectively. B) Cells containing both klp5+13myc and cdc25-22
mutation grown in rich media were shifted up to 36°C for four hours, then shifted down to
26°C. Sample were taken every 15 minutes and processed for Western blotting using an
anti-myc antibody and calcoflour staining. Klp5-13myc shows multiple bands throughout
the cell cycle. Blotting for tubulin control bands indicate that Klp5 level is not cell cycle
regulated (data not shown). 189
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Aklp5Akip6

Fig. 5.3.1. Deletion of k/p5+and klp6+results in resistance to microtubule drug,
TBZ. Wild type, Aalpl4, Akip5, Aklp6 and Aklp5Aklp6 were spotted after serial
dilution (106 to 102 cells) on rich plates in the absence or presence of 10pg/ml TBZ
for 4 days at 26°C.
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Fig.5.3.2 Deletion of klp5+and klp6+shows elongated and curved microtubules.
Wild type, Aklp5, Aklp6 and Akip5Akip6 cells were fixed with methanol and
processed for immunostaining with anti-a-tubulin antibody. Visualisation by
florescence microscopy shows elongated and curved cytoplasmic microtubules in
Aklp6 and Aklp5Aklp6 in comparison with wild type. The scale bar indicates 10 pm.
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wild type

Fig.5.3.3 Deletion of kip5* and klp6+causes mini-chromosome loss. Wild type, Akip5,
Arad3 and Aklp5Araci3 cells containing linear mini-chromosome grown on selective
media (to retain mini-chromosome) were plated on rich media and incubated at 30°C for
four days. A) Aklp5 colonies show sectored adenine auxotroph, indicative of mini-
chromosome loss. B) The percentage of mini-chromosome loss(red sectored colonies).
The rate of mini-chromosome loss is 0.092 per division.
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Fig.5.3.4. Deletion of klp5+and klp6+causes chromosome missegregation. A) Wild type
and Aklp6 cells were fixed with methanol and processed for immunostaining with anti-a-
tubulin antibody. Visualisation by florescence microscopy shows chromosome segregation
defects in anaphase. B) Wild type and Aklp5 cells were fixed with formaldehyde and
stained the with DAPI dye. Chromosome missegregation phenotype in Aklp5 is shown.
The scale bar indicates 10 pm.
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Fig.5.3.5. Deletion of klp5+and kip6+causes delay in mitotic progression. Wild type,
Aklp5, Aklp6 and Aklp5Akip6 cells were fixed with methanol and processed for
immunostaining with anti-a-tubulin antibody. Cells in each phase of the cell cycle were
visualised by florescence microcopy and counted. A) Accumulation of mitotic cells in
Aklp5, Aklp6 and Aklp5Akip6. B) Quantification of cells in each phase of mitosis shows
accumulation of mono-nucleate cells containing spindles (corresponding prometaphase
to anaphase A) in Aklp5, Aklp6 and Aklp5Akip6. C) Mono-nucleate cells containing
spindles (arrow heads). The scale bar indicates 10 pm.
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Fig.5.4.1. Overexpression of klp5+and kip6+is toxic. A) Wild type, P3nmt-kip5+
P3nmt-klp6+and P3nmt-klp5+P3nmt-klp6+strains were streaked onto minimal media
in presence or absence of thiamine and incubated at 30°C for three days. Inducible
promoter expresses gene product in absence ofthiamine. B) P3nmt-kip6+cells grown in
minimal media in presence or absence of thiamine was plated onto fresh media at 200
cells per plate and incubated at 30°C for three days. Percentage ofviability was
determined by the number of colonies grown.
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Fig.5.4.2. Overexpression of klp5+and kilp6-+results in defective cell shape. P3nmt-
kilp6+cells grown in rich media was transferred into fresh minimal media in presence or
absence ofthiamine and incubated at 30°C. Samples were taken hourly from 12-18
hours. A) Morphology ofthe cells visualised by light microscopy at 16 hours shows
elongated and branched cells in overexpressed condition. B) Percentage of branched
cells increases sharply in overexpressed condition. The scale bar indicates 10 pm.
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Fig.5.4.3. Overexpression of klp5+and klp6-+results in mitotic spindle defects and
chromosome missegregation. P3nmt-kip6-+ce\ls grown in rich media was transferred
into fresh minimal media in presence or absence of thiamine and incubated at 30°C.
Samples were taken hourly from 12-18 hours. A) Tubulin and DAPI stained cells,
showing compromised spindles and chromosome segregation defects after 16 hours in
overexpression condition. B) Quantification ofthe number of cells with missegregated
chromosomes. C) DAPI-stained cells, showing cut phenotype after 22 hours in 197
overexpression condition (arrow heads). The scale bar indicates 10 pm.
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Fig.5.4.4. Overexpression of klp5+and klp6+shows defects in septation. P3nmt-kilp6+cells
grown in rich media was transferred into fresh media in presence or absence of thiamine and
incubated at 30°C. Samples were taken hourly from 12-18 hours, fixed with formaldehyde
and stained with calcoflour. A) The percentage of septated cells is abnormally low in
overexpression condition. B) Quantification of septated cells showing septation defects
such as thick, wavy or multiple septa. C) A cell showing multiple septation defect after 16
hours in overexpression condition.
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Aklp5 Amad2Aklp5

Fig.5.5.1. Deletion of mad2+in AklpS mutant exacerbates chromosome loss. Aklp5
and Amad2Akip5 cells containing linear mini-chromosome grown on selective media
(to retain mini-chromosome) were plated on rich media and incubated at 30°C for
four days. Colonies show sectored adenine auxotroph, indicative of mini-chromosome
loss.
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Fig.5.5.2. Deletion of mad2+in klp5 and kip6 overexpression mutant exacerbates
toxicity. A) Wild type, P3nmt-kip5+ P3nmt-kip6+and Amad2-P3nmt-kip5+ Amad?2-
P3nmt-klp6+strains were streaked onto rich media in presence or absence of thiamine
and incubated at 30°C for 3 days. B) P3nmt-klp6-eells show severe branching
morphology. C) P3nmt-kip6+and Amad2-P3nmt-klp6+cells grown in rich media in
presence or absence of thiamine was plated onto fresh media at 200 cells per plate and
incubated at 30°C for three days. Percentage of viability was determined by the
number of colonies grown. The scale bar indicates 10 pm. 2 (



-Thi Amad2KIp5

20
<
Y
g
+Thi Amad2KlIp5
+Thi Kip5+
125 175 ~Thi Kip5+
time (hours)
B
hi 5* hi 5+
+Thi Amad2KIp6+ -Thi Amad?2

Fig.5.5.3. Deletion of mad2+in klp5 and kip6 overexpression mutant results in

cut cells. P3nmt-kip5+ P3nmt-klp6+, Amad2-P3nmt-kip5+and Amad2-P3nmt-
klp6*cells grown in rich media were transfer to fresh media in presence or absence
ofthiamine and incubated at 30°C. Samples for taken hourly and stained with

DAPI. A) Quantification of cut cells in P3nm¢t-kip54and Amad2-P3nmt-kip5+. B)
Amad2-kilp5+and Amad2-klp6+cells after 16 hours in presence or absence of 201
thiamine, showing cut phenotype (arrow heads). The scale bar indicates 10 pm.



Genes deleted Multicopy plasmids

kips5  kip6  alpld  disl palpl4*  pdisl* Viability
a + + + B - viable
* A + + - - viable
+ + 4 + B - viable, ts
+ + + A - - viable, cs
+ + A A B - lethal
A + A + - - lethal
A + + A - - lethal
+ A A + - - lethal
+ A + A - - lethal
A A A A - - lethal
+ + A A - + viable
A + * A - + viable
A A + + - viable
A A + + - viable

Table 5.6.1 Genetic interaction between kip5*, kip6*, alpl4* and disI*. + indicates wild type
alleles and A represents deletion mutants. cs and ts denote cold- and temperature-sensitive,

respectively.
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Aalpl4Akip5 +palp 14 AdislAklpS5 +pdisl*

B

AdislAklpS + pdisl+
DAPI Tubulin Mcreed

1AdislAklp5 + pdisl+
+ AalpldMclp5 + palpi #
# Aalpl4A4disl + pcfo/

Aalpl4Adis] + pdisl+
DAPI Tubulin Merged

Fig. 5.6.2. Klp5/Klp6 and Disl/AlIpl4 share an essential function in mitotic
progression. Aalpl4Aklp5, AdisiAklp5 and Aalpl4Adisl cells, kept viable by
multicopy plasmids carrying the dis/+or alp/4+gene, were starved ofnitrogen for 12
hours, washed and resuspended in rich media at 30°C. Samples were taken hourly for
methanol fixation and anti-tubulin staining. A) Defective phenotypes of Aalpl4Aklp5
and AdislAklp5 at seven hours after G, release, leading to lethality. Missegregated
chromosomes in post-anaphase cells are shown by arrows. B) Representative mitotic
defects in AdislAklp5 and Aalpl4Adis! cells at seven hours after G, release. C) 203

Quantification of cells showing chromosome segregation defects. The scale bar
indicates 10 pm.



AalpldMisl +pdisl+ AdislAklp5 +pdisl+  AalpldAklp5 +palpl4+

Fig. 5.6.3. Simultaneous deletion of klp5¥kip6+and disl+¥alpl4+or alpl4+and disl+
results in condensed chromosomes . Aalpl4Adisl, Aalpl4Akip5 and AdislAklp5 cells,
kept viable by multicopy plasmids carrying the dis/+or alpl4+gene, were starved of
nitrogen for 12 hours, washed and resuspended in rich media at 30°C. Samples were
taken hourly for formaldehyde fixation and DAPI-staining. Aalpl4Adisl, Aalpl4Akip5
and AdislAklp5 cells showing chromosome defects at ¢ hours after G, release. Arrow
heads show condensed chromosomes. The scale bar indicates 10 pin.
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Fig. 5.6.4. Mutations in mad2+ disl+alp!4+and kip5+kip6-+cause stretched
chromosome phenotype. Amad2Aklp5-dis1-203 cells, kept viable by multicopy
plasmids carrying the dis/+gene, were starved of nitrogen for 12 hours, washed and

resuspended in rich media at 30°C. Samples were taken hourly for formaldehyde
fixation and DAPI-staining. A) Amad2Akip5-dis1-203 cells showing stretched

chromosomes at six hours after G, release (arrow heads). B) Quantification of
chromosome missegregation defects. The scale bar indicates 10 pm.
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Fig. 5.6.5. Deletion of alpl4+causes the kinetochore localisation of Klp5 to be
reduced. Aalp 14 cells containing Klp5-GFP grown in rich media at 26°C were
shift up to 36°C. Samples for taken hourly for four hours after temperature shift
up. In Aalpl4 cells, Klp5-GFP localisation to the kinetochore is reduced. The scale

bar indicates 10 pm.
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Fig. 5.7.1 A role for KIp5/Klp6 and Alpl4/Disl in the formation of bipolar mitotic
spindles. Klp5/Klp6 (shown as Kip) and Alpl4/Disl (shown as Alp 14) localise to

both the mitotic spindles and the mitotic kinetochores. Alpl4/Disl facilitates the
spindle-kinetochore attachment by promoting spindle growth at the plus-ends and
Klp5/Klp6 generates tension by promoting spindle shrinkage, leading to generation of
poleward force. In the absence of Alp 14, spindles fail to capture the kinetochores,
resulting in Bubl and Mad2 recruitment to the kinetochore (depicted as closed black
circles). Klp5 and Klps have an additional role in generation oftension at the
kinetochores upon attachment, and in their absence tension fails to be generated.

These tension-less kinetochores recruit Bubl, but not Mad?2. 207
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CHAPTER 6

Discussion

Microtubule dynamics is tightly controlled during cell division to ensure accurate and
timely chromosome segregation. In mitosis, the spindle is first polymerised from
opposite poles to capture replicated sister chromatids at the kinetochores. Once
kinetochores are stably attached, spindles are depolymerised, resulting in a poleward
pulling force that segregates the DNA. When regulators of spindle dynamics are absent
or defective, bipolar attachment and stabilised spindle-kinetochore interaction are
compromised. In wild type cells, this leads to a delay in anaphase onset by activation of
the spindle assembly checkpoint to allow the error to be corrected (Li and Nicklas, 1995;
Chen et al. 1996; Zhou et al. 2002). However, in conditions where the spindle assembly
checkpoint is also defective, gross chromosome missegregation occurs, leading to
aneuploidy and lethality. In this thesis, we study the role of microtubule regulators,

Alp14 and KlpS5 / Klp6, in their separate and collaborative roles in mitosis.

A previous study of fission yeast Alp14 of the highly conserved TOG family revealed
that it is required for microtubule stabilisation in interphase and mitosis. In the absence
of functional Alp14, cytoplasmic microtubules become short and broken, resulting in cell
polarity defects. In mitosis, cells with compromised Alp14 display gross chromosome
missegregation, accompanied by weak mitotic spindles (Garcia et al. 2001).
Subsequently, Alp14 was determined to be crucial to establish spindle bipolarity and was
postulated to act as a linker between plus-ends of spindles and kinetochores (Garcia et al.
2001). In addition, Alp14 was found to be required for the spindle assembly checkpoint
(Garcia et al. 2001). In the present study described in this thesis, specific domains of
Alpl4 are investigated to separate and further elucidate the protein’s dual roles in

microtubule dynamics and the spindle checkpoint.

From analyses of several constructs that delete or overexpress specific domains of Alp14,
we reveal consistent results, showing the surprising finding that the two TOG domains in
Alp14 are required for distinct mechanisms despite their high structural conservation.

From our data, the first TOG domain (TOG1) is shown to be required for the spindle
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assembly checkpoint. Its deletion results in failure to maintain the spindle checkpoint in
spindle damaged conditions, while its overproduction causes hyper-activation of the
checkpoint apparently without spindle damage. On the other hand, the second TOG
domain (TOG2) functions to stabilise microtubules. Further analyses of TOG1’s role in
the spindle assembly checkpoint suggest that Alpl4 may maintain the checkpoint via the
outer kinetochore Nuf2/Ndc80 complex. Alpl4 is found to bind to Nuf2, while deletion
of TOG1 causes Nuf2 and Ndc80 to be delocalised from kinetochore in spindle damaged
conditions. Lastly, our study of Klp5 and Klp6 shows that unlike Alpl4, they
depolymerise microtubules, but similarly to Alpl4, they are also required for mitotic
progression and accurate chromosome segregation. Investigation into the relationship
between Alpl14/Disl and Klp5/Klp6 shows that they genetically interact, and despite
apparent opposing activities towards microtubule stability the families of microtubule
associated proteins share an essential mitotic function to ensure spindle-kinetochore

attachment and tension-generation.
Detailed results and their implications are discussed below. Note that this discussion

spans results found in chapters 2-4, while the discussion for chapter 5 has been included

within the chapter.

6.1 The C-terminal tail of Alp14 is required for localisation

From studies in chapter 3, we have determined that the C-terminal tail of Alpl4 is
required for localisation throughout the cell cycle. The first results that implicated the
region in the localisation function were from constructs that delete Alp14 from the C-
terminus (section 3.1). In all of these constructs, defects in cell polarity were displayed
at the restrictive temperature. Upon further investigation, it became apparent in live
microscopy and in fixed samples (co-stained with anti a-tubulin) that Alp14 localisation
was lost in all constructs.  Because it is also possible that the loss of localisation was
due to the insertion of GFP fusion or that the mutant proteins were unstable and readily

degraded, the Alp14 protein was also deleted from the N-terminus.

Consistent to above results, analyses of alpl/4 N-terminal deletions showed Alpl4

localisation to be reduced or lost in the absence of the C-terminal tail. Surprisingly,
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when the microtubule-binding and coiled-coil regions were deleted (AN-M), faint Alpl4
localisation could still be observed. In fact, Alpl4 localisation became completely lost
only when further deletion into the C-terminal tail was carried out, which resulted in a
100-residue Alpl4 mutant protein (AN-C). Note that both AN-M and AN-C contructs
displayed identical mutant phenotypes, including bent/branched cells, short/weak
microtubules and chromosome missegregation. This suggests that even though the C-
terminal tail allows for microtubule function by localisation, it may not in itself possess

direct microtubule-stabilising activity or at least not be sufficient for this activity.

The localisation dependency of Alpl4 on its C-terminal tail is supported by the finding
that Alpl4 binds to Alp7, a TACC homologue, at this region (Sato et al. 2004). In this
report, the AN-M construct (reduced Alp14 localisation - also known as A696 in Sato et
al. 2004) was necessary and sufficient for interaction with Alp7 in two-hybrid assays.
The study also showed Alp14 localisation in mitosis to be entirely dependent upon Alp7.
However, only Alp7 recruitment to spindles is dependent on Alp14. Taken together, the
report suggests that Alpl14 and Alp7 localise in mitosis as a complex. In this model, Alp7
recruits Alp14 to SPBs. Once on SPBs, Alpl4 can then be recruited to spindles in an
Alp7-independent manner. Alp7, on the other hand, requires Alpl14 to localise to
spindles. Note that although the AN-M construct could bind Alp7, our study shows its
expression to result in reduced Alp14 localisation, suggesting that the microtubule and
coil-coil motifs may be required for Alp14 binding to microtubules, which in turn is also

required for the recruitment of Alp7 to mitotic spindles.

6.1.1 The Conservation of the C-terminus in the localisation function.

Like Alp7-Alp14, interaction between TACC and TOG family of proteins has also been
reported in various organisms including human; frog, fly and worm (Gergely et al. 2000
and 2003; Cullen and Ohkura 2001; Lee et al. 2001; Bellanger and Gonczy 2003; Srayko
et al. 2003). In all studies to date, TACC homologues have consistently been shown to
recruit TOG proteins to centrosomes and microtubules. Like that of fission yeast, fly D-
TACC also appears to interact with microtubules indirectly, and is speculated to interact
with microtubules through its interaction with TOG homologue Msps (Lee et al. 2001).
In worm, TAC-1 and TOG protein, ZYG-9, were also found to stabilise each other,
which is thought of as a key feature that ensures microtubule assembly (Bellanger and

Gonczy 2003).
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Because TOG-TACC interaction and their localisation dependencies appear to be well
conserved, it is attractive to postulate that all TOG proteins require a localisation partner.
Unlike Alp14, Disl has not been found to require Alp7 for localisation in interphase or
mitosis (Sato et al. 2004). Although Disl localisation partner has yet to be found, it’s
localisation dependencies on a binding partner cannot be ruled out. Like Alpl4, all
TOG homologues in yeast carry a coiled-coil motif at the C-terminus, suggesting that it
may be possible to isolate TOG binding partners using the C-terminus as a bait, for
example in a two-hybrid screen or TAP-tag biochemical assay. Although metazoan TOG
proteins carry a C-terminal tail that is diverged from that of yeast and do not carry
coiled-coil domains, it is possible that the localisation dependency on the C-terminus is
conserved. In fly, the C-terminus of D-TACC was shown to be necessary and sufficient
for microtubule-binding (Gergely et al. 2000). As mentioned earlier, further
investigations showed that the C-terminus binds to microtubules indirectly and that D-
TACC binds to TOG homologue Msps, leading to speculation that TACC interact with
microtubules through its interaction with TOG in flies (Gergely et al. 2000; Lee et al.
2001). If the localisation dependency on the C-terminus were conserved, it would also
be consistent with various findings that the C-terminus of TOG is required for
microtubule function, as localisation to microtubules would allow the proteins to exert

their function.

6.2 The second TOG domain (TOG2) and the C-terminus of

Alp14 stabilise microtubules

In addition to localisation, our study has also shown the C-terminal region, together with
the second TOG domain (TOG2), to stabilise microtubules. Evidence for this comes
from analyses of both alpl4 partial deletions from the N-terminus (chapter 3, section 3.2)
and specific overexpressions of Alpl4 domains (chapter 4, sections 4.2.2, 4.3, 4.4). In
cells carrying a construct where the first TOG domain is deleted (ATOG1), defects in cell
polarity, microtubule morphology and chromosome segregation were not observed at any
temperature. Simultaneous deletions of the TOG1 motif and kIp5” or kip6™ genes were

also viable and did not display additive phenotypes, even though Aalpl4Akip5 leads to

211



Chapter 6: Discussion

synthetic lethality. These data suggest that TOG1 is probably not required for
microtubule function. However, upon further deletion of the N-terminus resulting in the
absence of the second TOG domain (ATOG2), cells become temperature-sensitive,
showing bent/branched cells and chromosome missegregation at 36°C. This indicates that
the TOG2 motif is required for microtubule function. Immuno-staining of ATOG2 cells
with anti-ca-tubulin clearly shows short and weak cytoplasmic microtubules, which
suggests that TOG2 may promote microtubule elongation, thereby stabilising them.
Accordingly, when both TOG domains were overexpressed (p7OG") in a wild type
background, cytoplasmic microtubules and anaphase astral spindles exhibited hyper-
elongated phenotypes. Because the TOG1 domain has not been shown to be required for
microtubule function, we speculate that microtubules become hyper-elongated upon
overexpression of the TOG2 motif. Put together, we postulate that the second TOG
domain of Alpl4 stabilises microtubules by directly or indirectly elongating them.
Although not carried out in this study, this point could be clarified by specifically

overexpressing TOG2 by vector expression in a wild type background.

In our systematic truncation experiment, further deletion from the N-terminus into the C-
terminal region results in similar phenotypes as ATOG?2, though lagging chromosomes
and cut phenotypes were more frequently found. Increased chromosome missegregation
events suggest that the C-terminus may carry an additional microtubule function to
TOG2. However, our systematic deletion data remain inconclusive on this point, and an
investigation of cells overexpressing TOG2 and C-terminus was carried out for
clarification. When the TOG2 and C-terminal regions were endogenously overexpressed,
cells exhibited hyper-bundled microtubules. This indicates that the C-terminus may
indeed carry an additional microtubule function to TOG2, possibly a microtubule-
bundling activity. Note that in these cells, the TOG1 motif is absent similarly to ATOGI,
where no microtubule defects were observed, which indicates that the bundled-
microtubule phenotype is a result of TOG2 and C-terminus overexpression. Conversely,
cells that simultaneously overexpress TOG domains and delete the C-terminus (ov-
TOG2) display weak and unbundled microtubules. Note that this phenotype is distinctly
different from that of pTOG", which suggests that hyper-bundling of microtubules is

caused by the absence of the C-terminal domains in ov-TOG2.
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Note that microtubule stabilisation could stem from direct addition of oftubulin
subunits, prevention of shrinkage, inhibition of catastrophe or promotion of rescue. In
vitro studies in frog extracts found that as well as an increased growth, the rate of rescue
was augmented when purified XMAP215 was added to pure microtubules (Gard and
Kirschner 1987; Vasquez et al. 1994). The results from these reports suggest that
XMAP215 prevents catastrophe as well as directly promoting growth at microtubule
plus-ends. One way to achieve this is by microtubule bundling. Growing microtubules
appear closely bundled and sheet-like under electron microscopy, while shrinking
microtubules are specifically curved at the growing end (Alberts et al. 1994; Nogales et
al. 2003). Given that Alpl4 is localised as punctuated dots along the microtubule,
particularly at the plus-ends, it is possible that Alp14 may also bundle microtubule
protofilaments, thereby reducing the rate of catastrophe and subsequently promoting
microtubule growth. Overall, from our observations we speculate that the second TOG
domain of Alpl4 promotes microtubule elongation and the C-terminal facilitates this

activity by bundling microtubule protofilaments at the plus-ends.

6.2.1 How does Alp14 stabilise microtubules?

It has been reported that some microtubule associated proteins such as the Daml
complex are bound to microtubules as rings (Westermann et al. 2005; Miranda et al.
2005). The ring structure is an attractive means to envisage how a protein might form
complexes around microtubules that allow for bundling. In this structure, a protein
complex would also be able to travel along microtubules and visualised as punctuated
patterns as Alpl4. However, Alp14 proteins have not been found to interact with each

other, making the ring concept unlikely.

To date, the structure of TOG family of proteins have not been intensely studied and the
molecular structure of TOG proteins are unknown. However, a study using
unidirectional shadowing and electron microscopy has shown frog XMAP215 to be an
elongated molecule of approximately 60nm (Cassimeris et al. 2001). The results from
this study interpret that XMAP215 is a thin, rod shaped molecule that could span up to
eight tubulin dimers along a microtubule protofilament. Electron microscopy shows
although most XMAP215 molecules were straight, a subset appears bent, which suggests
that XMAP215 is flexible (Cassimeris et al. 2001). The study also shows that
XMAP215 did not stiffen microtubules upon assembly, which suggests that although
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XMAP215 binds to microtubule lattice, it is surprisingly unlikely to stimulate
microtubule stability through the interaction. Instead, XMAP215 may enhance o/f3
tubulin dimmer to be added onto microtubule plus-ends (Cassimeris et al. 2001). This
proposal has also been suggested by other groups investigating TOG homologues in frog
and human, based on the rate of microtubule assembly (Gard and Kirschner 1987) and

binding affinity of XMAP215 to tubulin dimers (Spittle et al. 2000).

6.2.2 The Conservation of the TOG2 and the C-terminus in microtubule
stabilisation.

Given its high sequence conservation at the N-terminal region, it is speculated that the
highly conserved TOG domains possess a microtubule-stabilising activity. However,
various studies have shown contradictory results, including several reports that the
diverged C-terminal regions are unexpectedly responsible for the conserved microtubule
function (Nabeshima et al. 1995; Wang and Huffaker 1997; Nakaseko et al. 2001). In our
study, the C-terminal tail of Alp14 has been shown to be required for Alp7-binding and
localisation. This function may be conserved given that TACC-TOG homologues have
been found to bind in various organisms and that this is absolutely required for
localisation of TOG homologues to SPBs (Cullen and Ohkura 2001; Lee et al. 2001;
Bellanger and Gonczy 2003; Srayko et al. 2003). It is possible that the requirements of
the C-terminus for microtubule-stabilisation in above-mentioned reports are solely
because the region localises the protein, allowing for microtubule function. However,
results from our study also agree with the reports that as well as localisation, the C-

terminus also stabilises microtubules, possibly by bundling protofilaments.

Surprisingly, the second TOG domain of Alpl4 is also required for microtubule
stabilisation, even though the first TOG domain possesses a distinct function. The
requirement of the TOG2 domain is in agreement with an in vitro finding that the N-
terminal region of XMAP215 carries a microtubule polymerisation activity (Popov et al.
2001). In addition, microtubule-binding assays of human ch-TOG and its specific
domains demonstrated that two microtubule-binding domains are found in this organism.
Consistent to our finding, one of the microtubule-binding domains is located within a
region of approximately 600 amino acids near the N terminus, and the second in the C-
terminus of the protein (Spittle et al. 2000). The consistency between these studies in

fission yeast, frog and human suggests that the conserved N-terminus and diverged C-
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terminal regions of TOG homologues may be functionally conserved to stabilise

microtubules.

Compatible to the flexibility of XMAP215 visualised by electron microscopy
(Cassimeris et al. 2001), HEAT repeat proteins are thought to be flexible (Kobe et al.
1999). This suggests that conserved HEAT repeats within TOG domains may interact
with microtubules protofilaments to exert their function (Cassimeris et al. 2001). Also, as
HEAT repeats are known protein-protein interaction sites (Neuwald and Hirano 2000),
the role of the TOG domains may be determined by the protein that binds to them. In our
study no binding partner of the TOG2 domain has been found. An effort to isolate
binding partners of TOG domains could yield some very interesting answers to the
functional conservation of TOG proteins. Apart from TOG2 binding to microtubules or
microtubule proteins, the TOG2 domain may also stabilise microtubules by its proximity
to the C-terminus, which contains a microtubule-binding domain. By its location, it may
be that the presence of TOG2 enhances the folding of the protein, thereby allowing it to

regulate microtubule dynamics.

Lastly, it is important to mention a surprising report that budding yeast Stu2
depolymerises microtubules in vitro (Van Breugel ef al. 2003). The contrast in
microtubule function between budding yeast and other organisms may be reflective of
functional divergence. Budding yeast cell division requires an organism-specific process
to migrate the nucleus to the bud-neck, which involves kinesin Kip3 (DeZwaan et al.
1997, Straight et al. 1997). Given that Stu2 and Kip3 and their homologues functionally
oppose each other on a molecular level (Tournebize et al. 2001; Kinoshita et al. 2001;
Severin et al. 2001; Garcia et al. EMBO 2002), it is probable that Stu2 has diversified to
adapt to budding yeast processes and Kip3 function. It should be noted that Stu2 is
reported to stabilise microtubule (Severin et al. 2001) or promote microtubule dynamics

(Kosco et al. 2001)
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6.3 The first TOG domain of Alpl4 (TOG1) is required to maintain the

spindle checkpoint in spindle damage

In this thesis, we have also determined a novel function of the TOG motif. From analyses
of deletion and overexpression mutants, the first TOG domain of Alp14 is shown to be
specifically required for the spindle assembly checkpoint. While deletion of TOG1 did
not result in microtubule or chromosome defects at any temperature, when spindle
damage is induced by either addition of microtubule drugs or cut7 mutation, premature
anaphase onset occurs (chapter 3, section 3.2 and 3.3). Like wild type, ATOGI cells are
capable of activating the spindle checkpoint. However, the checkpoint fails to be
maintained in this condition, resulting in cell cycle progression and appearance of cut
cells. Synchronised ATOG! cells released into mitosis show accumulation of Cdc13-GFP
upon addition of CBZ, but thereafter drops sharply and prematurely compared to wild
type, showing spindle checkpoint activation followed by premature anaphase onset.
Similarly, upon temperature shift up the ATOGcut7 mutant accumulated condensed
chromosome, reminiscent of spindle checkpoint activation. However, the checkpoint
was not maintained and the number of condensed chromosomes rapidly declined while
cut cells appeared. Moreover, in all of our experiments where TBZ or CBZ were added,
including those repeated and not shown, cut cells quickly amassed and the viability is

lost prematurely compared to wild type in the same conditions.

Conversely, upon overproduction of TOG domains in a wild type background (pTOG" -
chapter 4, section 4.2), cells arrest in metaphase without spindle damage or chromosome
missegregation. In overexpressed condition, pTOG" cells quickly lose their viability and
fail to grow. This lethal phenotype is abolished upon deletion of spindle checkpoint
proteins, suggesting that overproduction of TOG domains hyper-activates the spindle
assembly checkpoint. Overall, although artificial conditions were often used in the
studies of both ATOGI and pTOG", results consistently implicate TOG1 to function in

the spindle checkpoint cascade.

It is of note that this thesis also suggests that the TOG1 domain specificity functions in
the spindle assembly checkpoint cascade. We have made this deduction from the lack of
cell polarity, microtubule or chromosome segregation defects at any temperature in

ATOG]!. In addition, ATOGIAklp5 was viable and did not show additive phenotype.
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Moreover, the number of cells showing Mad2, Mad3 and Bubl dots were observed in
ATOG1 only when microtubule drugs were added. Despite the evidence, however, we
acknowledge that it is challenging to confirm the specificity of TOG1 function, due to

the overlapping requirements of the spindle- and checkpoint- functions of Alp14.

6.3.1 Involvement of TOG1 in the spindle checkpoint through

kinetochore proteins

Investigation to elucidate the role of TOG1 in the spindle checkpoint in our study reveals
interesting findings. Firstly, in ATOGI, visualisation of Mad2-GFP, Mad3-GFP and
Bub1-GFP in synchronised mitotic cells indicate that they are able to localise to
kinetochores in the presence of CBZ (chapter 3, section 3.2). From existing knowledge
of localisation dependencies, we were able to assume from our results that all spindle
checkpoint proteins were able to localise to kinetochores in ATOG!. Intriguingly, the
percentage of cells containing strong Mad2-GFP and Mad3-GFP dots hyper-
accumulated, while the number of cells displaying Bub1-GFP dots appear to be similar to
that of wild type. To ensure accuracy and verity, these experiments have been repeated

several times, with the results of each showing specific hyper-accumulation of Mad2 and

Mad3, but not Bubl.

The hyper-accumulation of Mad2 and Mad3, without Bubl in our study is significant
because Mad2 and Mad3 are thought turnover from the kinetochore to rearrange into a
complex with Slpl (Chung and Chen 1999, Sudakin et al. 2001; Hardwick et al. 2000;
Millband and Hardwick 2002; Sudakin and Yen 2004; Di Antoni et al. 2005). To date,
structural studies of Mad2 show that the protein exists in two structural conformations
through the position of its C-terminal tail. It is thought that ‘free’ Mad2 cannot readily
bind to Slpl. Instead, Mad2-Slpl complex forms when a free Mad2 is modified at the
kinetochore by another Mad1l-bound Mad2. This modification is thought to allow its
rearrangement into anaphase-inhibiting MCC complex (containing Slpl1-Mad2-Mad3-
Bub3 — Sudakin et al. 2001; Hardwick et al. 2000; Millband and Hardwick 2002;
Sudakin and Yen 2004; Di Antoni et al. 2005). Although the structure of Mad3 has yet
to be studied, Mad3 is also thought to be required to rearrange into the MCC complex,
using the kinetochore as a catalytic site for its modification (Sironi et al. 2002,
Musacchio and Hardwick 2002), while Bubl is not required to be rearranged into the

APC-inhibiting MCC complex with Slpl. Put together, we postulate that specific hyper-
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accumulation of Mad2 and Mad3 in ATOGI may be caused by their inability to turnover

from the kinetochore in the absence of TOGI1.

One fundamental question is how the spindle assembly checkpoint could be activated in
ATOG] if Mad2 and Mad3 were unable to turnover in this condition? One possibility is
that mechanisms of spindle checkpoint activation and maintenance are different. Some
studies have shown that anaphase delay can occur without localisation of Mad2 to the
kinetochore (DeLuca et al. 2003; MerRajagopalan er al. 2004; Meraldi et al. 2004,
Gillett et al. 2004), which suggests that there may be a population of ‘already-modified’
free Mad2 that may be able to directly bind to Slpl. The cell’s initial response to spindle
damage may be directly activating Mad2-Slpl interaction rather than localising Mad?2 to
the kinetochore for modification, as the latter would result in a more delayed response.
However, as the population of ‘modified’ Mad2 becomes depleted, free (unmodified)
Mad2 needs to localise to the kinetochore to allow for binding to Slpl, thereby
maintaining the spindle checkpoint. It is important to note that free Mad?2 is thought to
require modification because its conformation requires high energy to drive Mad2-Slp1
binding (Chung and Chen 1999, Sudakin et al. 2001; Hardwick et al. 2000; Millband and
Hardwick 2002; Sudakin and Yen 2004; Di Antoni et al. 2005). In this case, it is also
possible that upon spindle damage, the cells preferably drive the high-energy Mad2-Slipl

binding as an initial response.

Given that the kinetochore acts as catalytic site for the turnover of Mad2 and Mad3, we
also analysed localisation of outer kinetochore proteins in ATOG!. To our surprise, the
result from this experiment shows that in the absence of TOG]I, outer kinetochore
proteins Nuf2 and Ndc80 were delocalised from the kinetochore in spindle damaged
conditions. This data fittingly links in with previous findings that unlike other
kinetochore complexes, the Nuf2-Ndc80 complex (consists of Nuf2, Ndc80/Hecl, Spc24
and Spc25) also functions as a component of the spindle assembly checkpoint (Janke et
al. 2001; McCleland et al. 2004). Moreover, like ATOG1, some nuf2 mutants or
depletion of Nuf2/Hec1 affected the localisation of only some checkpoint proteins. For
example, chicken Hecl or Nuf2 depletion caused mitotic arrest with only BubR1 but not
Mad?2 localisation (Hori et al. 2003). Similarly, depletion of hSpc25 showed a loss of
Hecl and hMad1, while hBubl and hBubR1 recruitment were retained (Bharadwaj et al.
2004). Conjointly, it is possible that TOG1 may maintain the spindle assembly
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checkpoint by localising or stabilising the Nuf2/Ndc80 complex at the kinetochore in
conditions where the spindle is compromised. Consistently, further investigation into
Alpl4 and Nuf2 found the proteins to form a complex. Because TOG1 localises Nuf2
and Ndc80, we speculate that the TOG domain is required for Nuf2-Alp14 interaction or
that Nuf2 directly interacts with the TOG domain.

It is interesting that the delocalisation of Nuf2 in ATOG/ only occurs in spindle-damaged
condition. An explanation for this could be that Nuf2 becomes delocalised in ATOG/
only when the spindle assembly checkpoint is activated due to a high level of activity at
the kinetochore during checkpoint activation/maintenance. This implies that Alpl4
stabilises Nuf2 during spindle checkpoint maintenance, suggesting that Alpl4 may be
able to localise to the kinetochore in a microtubule-independent fashion. Another
possibility is that Alp14 interacts with Nuf2 in early mitosis, during which both proteins
are localised to the SPB-centromere cluster. By binding to Nuf2, Alp14 localises Nuf2
to the kinetochore, thereby stabilises the kinetochore structure. Note that Nuf2 has been
shown to localise to SPBs prior to being transferred onto the kinetochore (Nabetani et al.
2001; Appelgren et al. 2003). When the inner or central kinetochore is disrupted, for
example in misl2 mutant, the SPB-centromere cluster is abolished, with Nuf2 observed

with the SPBs (Asakawa et al. 2005).

From analysis of ATOG1, we propose that TOG1 is required to stabilise Nuf2 at the
kinetochore when spindle is damaged to maintain the spindle assembly checkpoint. In
this model, Alp14 is required for the recruitment or stabilisation of Nuf2 at the
kinetochore, which in turn ensures spindle assembly checkpoint proteins to be stably
retained at this site. In the absence of TOG1, the outer kinetochore is destabilised,
causing unstable localisation of spindle checkpoint proteins and inhibition of APC via

Mad?2 and Mad3 cannot be maintained.

Recall that consistent to findings from ATOGI experiments, overexpression of TOG
domains (pTOG") resulted in hyper-activation of the spindle assembly checkpoint. In
this condition, the number of cells displaying Bub1-GFP was intriguingly observed even
though Mad2-GFP accumulation was not detected. Although this phenomenon appears
surprising at first glace, it ties in with our speculation that TOG1 maintains the spindle

checkpoint via the Nuf2/Ndc80 complex. As discussed earlier, components of the
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Nuf2/Ndc80 complex have been shown to be required for localisation of only some
spindle checkpoint components (Martin-Lluesma et al. 2002; DeLuca ef al. 2003; Hori et
al. 2003; Gillett et al. 2004; Meraldi et al. 2004; Bharadwaj et al. 2004). Lost of hHecl
localisation at the kinetochore by RNAI or antibody depletion in HeLa cells causes
kinetochore-localisation of Mpsl, Mad2, and Mad3 to be lost (Martin-Lluesma et al.
2002; Meraldi et al. 2004). In these studies, the recruitment of Bubl or BubR1 were
intriguing unaffected, suggesting that the Nuf2/Ndc80 complex may regulate the spindle
assembly checkpoint specifically via Mphl, Madl and Mad2. In addition, in nuf2
mutants or Nuf2/Ndc80/Hec1 depletion, the spindle assembly checkpoint is activated
even though Mad?2 is not recruited to the kinetochore (Martin-Lluesma et al. 2002;
Meraldi et al. 2004; Gillett er al. 2004). However, despite lack of Mad2 at the
kinetochore, the spindle checkpoint component is required for the viability of the cell
when hHecl is depleted as simultaneous depletion of hHecl and hMad2 resulted in
lethality (Martin-Lluesma et al. 2002). This also supports earlier findings that the
spindle checkpoint cascade is probably not linear and may contain branches (Waters et
al. 1998; Hoffman et al. 2001; Tang et al. 2001; Rajagopalan et al. 2004; Tournier et al.
2004). Although the Nuf2/Ndc80 localisation intensity appears as wild type in pTOG" in
our study, we cannot exclude the possibility that Nuf2/Ndc80 function is compromised in

this condition.

Finally, to further support our data we can suggest experiments that may confirm our
findings and speculations. Firstly, co-immunoprecipitation of the Slpl1-Mad2 and Slp1-
Mad3 complex (for example during a time course in the presence of CBZ) could provide
a concrete evidence for the turnover of Mad2 and Mad3. This experiment was attempted
in this thesis, but due to technical difficulties with the specificity of Slpl anti-bodies, we
were unable to further investigate this line of experiments. Note that we also attempted
to tag Slpl with 13myc for the co-immunoprecipitation assay. However, C-terminal
tagging of Slpl resulted in cut cells in the presence of microtubule drugs, showing that
Slp1-13myc could not fully function in the spindle assembly checkpoint. To verify our
Nuf2 data, it may be possible to visualise localisation of checkpoint proteins in nuf2
mutants. In addition, synchronous mutations of nuf2" and TOG1 or alp/4" may also
offer persuasive and conclusive data. Lastly, to clarify the protein-binding properties of
TOG], a binding assay between TOG1 and Nuf2 would need to be carried out. An effort
to finding TOG binding partners, for example by TAP-tagging TOG1 and TOG2 or two-
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hybrid screens, could lead to interesting results which would further elucidate the role of

TOG domains.

6.3.2 The importance of Kkinetochore stability in spindle assembly

checkpoint and maintenance.

Why would the spindle checkpoint require Alp14 to localise/stabilise Nuf2 only during
maintenance? The kinetochore is a structure that is built upon by complexes of proteins
that need to endure several mechanical stresses. These include spindle attachment, and
in the case of mono-orientation or lack of bipolarity, detachment and reattachment,
which require phosphorylation of kinetochore proteins by aurora kinase (Tanaka et al.
2002; Ohi et al. 2003; Andrews et al. 2004; DeWar et al. 2004). Moreover, upon
detection of unattached or tensionless kinetochores, spindle checkpoint proteins are
recruited, which additionally requires Mad2 and Mad3 turnover. In wild type, errors
arising from unattached or tensionless kinetochores are often rapidly corrected once the
spindle checkpoint is activated. However, in conditions where spindles are severely
damaged such as mutants, these errors cannot be rectified as rapidly and the spindle
assembly checkpoint needs to be maintained. It is compelling to speculate that as the
spindle checkpoint is maintained, kinetchores continuously endure the mechanical stress
of Mad2 and Mad3 turnover or possibly drive the turnover as a catalytic site, and

therefore requires additional maintenance.

In this scenario, we propose that upon spindle damage, an intact kinetochore is able to
activate the spindle assembly checkpoint. However, as the damage persists and the
checkpoint is maintained, the kinetochore structure needs to be stabilised to cope with a
constant activity of Mad2 and Mad3 turnover. From our results, we contemplate that
Alpl4 localises or stabilises the Nuf2 complex at the kinetochore during spindle

checkpoint maintenance, thereby cohering the kinetochore structure during this process.

If this were the case, it may seem surprising that cells would regulate spindle checkpoint
maintenance via a plus-end microtubule protein. In the circumstances where spindles are
unattached, this explanation appears illogical, as proteins bound to microtubule plus-ends
cannot not interact with the kinetochore. However, it is important to note that in wild
type cells, particularly in higher eukatyotes, a single kinetochore is captured by several

spindles. Unattachment by a single spindle could render the kinetochore tensionless,
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resulting in the spindle checkpoint is activated. In our experiments, microtubule drugs
TBZ and CBZ were often used. In these drugs, microtubules appear not to be completely
depolymerised (our observation - unpublished), which in turn might allow for Alpl14
localisation. Alternatively, Alpl4 may be recruited to kinetochores in a microtubule-

independent manner.

Lastly, it should also be mentioned that although the alp/4-1270 and ATOG1 are viable
in a Amad?2 background double deletion of alp/4" and mad2” results in synthetic
lethality. At this point it is unclear what causes the lethality, though it is possible that
severe microtubule defects together with the absence of spindle checkpoint control led to
the loss of viability. This possibility is supported by the fact that larger deletions of
Alpl4 are lethal with Amad?2, (ie. while ATOGI and ATOG?2 are viable with Amad2, AN-
MT and AN-C are lethal in this condition).

6.3.3 The conservation of the TOGI1 in spindle assembly checkpoint
maintenance.

Despite sequence and functional conservation of the TOG family of proteins, the role of
TOG domains in the spindle assembly checkpoint has never been reported previously.
The role of TOG proteins in the spindle checkpoint may be masked by their functions in
microtubule-stabilisation in other organisms. It is of note that like TOG homologues in
budding yeast and higher eukaryotes, the spindle checkpoint is also activated in alp/4
mutants at the restrictive temperature, where the lack of functional Alp14 causes weak
spindles and spindle-kinetochore interaction. It is only when spindle damage is induced
at the permissive temperature in alpl4 temperature-sensitive mutants that Alp14’s role in
spindle checkpoint becomes evident. By systematic truncations of Alp14, we have been
able to separate the spindle checkpoint function from the microtubule-stabilising
function, facilitating the study of the protein’s involvement in the spindle assembly

checkpoint.

6.4 Alp14 and Disl

In addition to Alp14, fission yeast also contains another TOG protein, Disl. Analysis of

Alpl14 and Disl sequence shows high conservation, with two TOG domains at the N-
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terminus and diverged C-terminal regions which carry microtubule-binding and coiled-
coil domains. In our study, alpl/4* and disl* was shown have some overlapping
functions (chapter 2 and chapter 5). Deletion of both alpl4* and disl* leads to lethality at
any temperature, indicating that alpl4 or disl mutants were kept viable only by the
other’s functions. Consistently, when one of the TOG proteins were deleted, their growth
defects at respective temperatures were rescued by introduction of multicopy plasmids
containing either gene. However, incomplete suppression of Adisl by the palpl4* was
detected and raised the possibility that the two proteins may not show a complete overlap
in their roles. Indeed, studies of dis and alp/4 mutants show that both proteins are
required for the formation of bipolar spindle in mitosis (Nabeshima et al. 1995 and 1998;
Nakaseko et al. 1996 and 2001; Garcia et al. 2001). However, while cell polarity defects
caused by compromised cytoplasmic microtubules are detected in the absence of Alpl4,
cells lacking Dis1 are not bent or branched at the restrictive temperature (Nabeshima et
al. 1995; Nakaseko et al. 1996 and 2001;Garcia et al. 2001). In addition, Disl has not
been found to function in the spindle checkpoint maintenance. Also note that our results
are also suggestive of some competition between Disl and Alpl4. Partial deletions of
Alpl4 appear to be more sensitive to microtubule drugs than Aalpl4 (chapter 3), which
suggests that Dis1 is able to compromise for Alp14 function in Aalpi4. In alp14 partial

deletions, on the other hand, Dis1 may be unable to do so due to competition.

6.5 Concluding Remarks

In this thesis, we report a study of a microtubule stabiliser, Alp14, by domain analysis.
Our results consistently show that despite high structural conservation, the two TOG
domains in Alp14 are required for distinct mechanisms, namely the first TOG domain is
required for the spindle assembly checkpoint and the second TOG domain is essential for
microtubule stabilisation. Upon deletion of the first TOG domain, cells lose the ability to
maintain the spindle checkpoint in spindle damaged conditions, and upon overproduction
the checkpoint is hyper-activated without apparent spindle damage. From analyses of the
role of Alpl4 in the spindle checkpoint, our data suggest that Alpl4 may maintain the
checkpoint via the outer kinetochore Nuf2/Ndc80 complex as Alp14 is found to bind to
Nuf2, while deletion of the first TOG motif causes Nuf2 and Ndc80 to be delocalised
from kinetochore in spindle damaged conditions. Thus Alp14-TOG is a multi-functional
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protein. It plays both structural and regulatory roles in microtubule and mitotic spindle
functions in a domain-dependent manner. As the TOG family is well-conserved, roles
for Alp14-TOG may be retained throughout evolution. This notion awaits future studies

in various systems.
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CHAPTER 7

Materials and Methods

7.1 Laboratory stocks and solutions

All media, pipette tips, autoclaved glassware and other commonly used solutions were

provided by the Cancer Research UK Central Services.

Solutions, buffers and media

The recipes for buffers and solutions described in this chapter are listed below.

Culture Media
L-Broth (LB, for 170mM NaCl, 0.5% (w/v) yeast extract, 1% (w/v) bacto-
| bacterium) tryptone.

YESS (rich media, for

fission yeast)

0.5% Difco yeast extract (yeast nitrogen base — amino acids not
yet added), 3% dextrose +250 mg/ml, histidine, leucine, uracil,

adenine, and lysine.

EMM (selective or
minimal media, for

fission yeast)

14.7 mM KH phthalate, 15.5 mM Na,HPOs, 93.5 mM NH,CI,

111 mM dextrose, salt and vitamin stocks.

N. Starvation media

EMM-NH,CI.

YE (rich media, for

fission yeast)

0.5% Difco yeast extract, 3% dextrose

YFM (freezing media,
for storage of fission

yeast)

YESS with approximately 15% glycerol

YPD (rich media, for

2% peptone, 1% yeast extract, 2% dextrose

budding yeast)

SD (selective media, | 0.67% Difco yeast extract 2% dextrose
for budding yeast)

DNA reagents

TBE 0.02M Tris borate, 0.4 mM Na,EDTA
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TAE

TE

10X loading buffer

(DNA agarose gel)

' 0.08M Tris acetate, 2 mM Na,EDTA

110 mM Tris-HCI, pH 7.0, 0.1 M EDTA.

'60%>(w/v) sucrose, 0.1% (w/v) brorﬁéphenol blue.

Protein reagents

HB Buffer

0.5 M MOPS, pH 7.2, 0.6 M B-glycerophosphate, 1 M MgCl,,
0.5 M EGTA, 50 mM sodium orthovanadate, 0.5 % Triton X-
100, 5 M NacCl, added just prior to use: protease inhibitor
cocktail (containing 20 pg/ml leupeptin, 20 pg/ml aprotinin,

20 pg/ml pepstatin A), 15SmM P-nitrophenyl-phosphate (PNPP),
1 mM dithiothreitol (DTT), | mM phenyl-methyl-sulfonyl-
fluoride (PMSF).

RIPA buffer

' 50 mM Tris. CL. PH7.5, 150mM NaCl, 1% Nonidet P-40, 0.5%

sodium deoxyxholate, 0.1% SDS.

SDS acrylamide gel

Cambrex 4-20% PAGE® precast gels and Biorad 10% precast
gels.

' 5X

loading buffer
(PAGE)

60 mM Tris-Hcl (pH 6.8), 25% Glycerol, 2% SDS, 14.4 mM 2-

- mercaptoethanol, 1% bromophenol blue.

SDS PAGE buffer

25 mM Tris, 250 mM glycine pH 8.3, 0.1% SDS.

Transfer buffer

39 mM glycine, 48 mM Tris base, 0.037% SDS, 20% methanol.

Reagents for

immunoflorescence

PBS 170 mM sodium chloride, 3mM KCI, 10 mM Na,HPO,, 2 mM
KH,PO;.

PEM (pH 6.9) 100 mM PIPES, 1 mM EGTA, 1 mM MgSOs,.

PEMS PEM + 1.2 M Sorbitol.

PEMBAL (pH 6.9) PEM +1%BSA, 0.1% NaN;, 100 mM lysine hydrochloride.

Filter sterilised.

Commercial Kits:

e TaKaRa LA Taq™- Polymerase chain reaction (PCR) kit, adapted for

amplification of long fragments (5-17kb).

Promega Wizard® DNA Clean-up system — DNA purfication system for linear

and circular DNA of sizes 200-50000bp, used in the study to purify DNA from

PCR reactions.
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e Promega Gene Clean® system— DNA purification system for linear DNA of sizes
200-50000bp from agarose gels.

e Amersham —ECL, antibody detection system.

7.2 Yeast physiology

7.2.1 Fission yeast nomenclature

The commonly used nomenclature in fission yeast used in this thesis is as follows. cis-
elements such as gene names are represented by italics e.g. alpl4. The wild type allele is
represented by a superscript plus, e.g. alp/4”. If a mutant allele of the gene is being
referred to, its allele number will follow the gene name, e.g. alpl4-1270. When a gene
has been deleted with a specific marker gene this is written as the gene name followed by

b

the name of the gene that is replacing it, separated by a ‘::” e.g. alpl4::-kan". Deleted
genes are also referred to with a ‘A’ before the gene name e.g. Aalpl4. A gene that has
been tagged is denoted by the gene name followed by the name of the tag with its

specific marker, eg. alpl4"-GFP-kan'.

In this thesis, existing markers are often swapped (deleted and replaced) with another
marker to facilitate construction of further strains. When this is the case, the name of the
specific marker follows one it is replacing, separated by a :’ , eg. alpl4’-GFP-
kan::ura4®. Constructions of partial deletions in this thesis are denoted by ‘A’ followed
by the region deleted or the region deleted followed by the specific marker replacing it,
eg. Al-240-alpl4 or 639-809::ura4". Trans-elements are not italicised in fission yeast,
and gene products are given the same name as the gene name with the first letter is in
upper-case e.g. Alpl4. Tagged gene products are written with the protein name followed

by the name of the tag, e.g. Alp14-GFP.

Strain growth and maintenance

Fission yeast strains were stored, revived from frozen cultures, grown and maintained
according to well-established methods (Moreno ef al., 1991; MacNeill and Fantes, 1993).
Specifics of individual experiments are as described in the results chapters 2-5. Overall,

fission and budding yeast cells were grown either on solid agar plates or in liquid media,
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whose recipes for listed above in section 7.1. Stocks of yeast strains were stored in YFP

media at -70°C.

7.2.2 Transformation of DNA into fission yeast cells

Transformation of fission yeast cells were carried out to either introduce a plasmid or
integrate a PCR fragment into the genome. The transformation protocol, based on the
method of Keeny and Boeke (1994), uses Lithium acetate (10x LiAc: 1M lithium acetate,
pH 7.5; 10x TE:0.1 M Tris-HCl, 0.01 M EDTA, pH 7.5) and fresh 40% PEG. Calf
thymus DNA sodium salt was also used as a carrier for transformation of PCR fragments.
Transformations of DNA fragments and plasmids used approximately 3-10 and 1.0 pg of
DNA respectively. In all cases, cells grown to log phase were used at the concentration
of 1 x 107 cells/plate. Selection is allowed by transformation of DNA containing a wild
type copy of the marker gene into auxotrophic yeast strains. Selective markers used
include, LEU2, ura4", his7", and kan” (kanamycin resistance). A list of DNA plasmids
and oligonucleotides used to amplify PCR fragments for transformations in this study is
listed in sections 7.2.8 and 7.2.9. Note that only oligomers used in individual
experiments are listed, and most of the strains created and studies in the thesis were

obtained by mating and random spore analyses of existing strains.

7.2.3 Tetrad dissection and random spore analysis

The majority of strains used in our study were constructed by tetrad dissection or random
spore analysis. Cells carrying different genotypes and markers were mated on plates
containing minimal media in absence of nitrogen and left to sporulate. Once mated and
asci observed, they are treated with 0.5% helicase. In tetrad dissection, all four spores of
each ascus are separated on plates by a micromanipulator to give a line of four isolated
spores, separated by about 3-5mm. Random spore analysis, however, allows daughter
cells to grow unassorted. Desired strains are then obtained by marker selection. Both
methods rely on genetic recombinations and probabilities. Resulting strains from
transformation and tetrad/random spore analyses are listed in section 7.2.10, together

with strains obtained externally which were used in this study,

7.2.4 Production of synchronous cultures
To synchronise cells for observation in G, and M phases, experiments using hydroxy-

urea (HU) block and release were carried out. HU is a drug that grossly disturbs DNA
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replication, causing cell cycle arrest in early S-phase following activation of S-phase
checkpoint. Addition of HU allows cells to accumulate in early S phase and once cells
are released into HU-free media, they are able to resume the cell cycle at late S-phase /
early G,. For our experiments, 10 mM HU was added to exponentially growing cultures
and incubated for three hours at 30°C or four hours at 27°C. Cell were then filtered,
washed and resuspended in HU-free medium. In the case of HU release into media
containing microtubule drug CBZ in ATOG]! cells, we added HU directly to the cells
grown in selective liquid media in the absence of thiamine (to express the P8Inmt
promoter). After wash out, we resuspended the cells in selective media lacking thiamine
but with added CBZ at 50ug/ml. Wild type cells were subjected to the same conditions
to ensure the accuracy of the experiments. Note that HU synchronisation were chosen
for these experiments to allow microtubule drugs to take affect, as well as time for

observation of mitotic progression.

Unlike HU, cdc25-22 block arrests cells in late G,. As discussed in chapter 5, Cdc25 is a
phosphatase whose activity is absolutely required for mitotic entry. When the function of
Cdc25 is compromised in the cdc25-22 mutant, cells fail to progress from G, at
restrictive temperatures. To induce arrest, cells carrying a cdc25-22 mutation were
shifted up to 36°C. After four hours, the cultures were shifted down to 26°C for release
into mitosis. Sample were taken every 15 minutes after G, release and stained with
calcoflor, a florescent reagent that stains the septa, to follow cell cycle progression and

thereby allowing the degree of synchronisation to be measured.

Although cell cycle synchronisation is also possible by nitrogen starvation and release,
we did not carry these experiments out. Instead we used nitrogen starvation and
refeeding to induce plasmid loss to study defects of simultaneous alpl4 ' /dis1 /klp5/6"
deletions (chapter 5). In these experiments, cells were starved of nitrogen for 12 hours,
washed and resuspended in rich media at 30°C. mid log phase cells were filtered and
washed in MM without nitrogen and then resuspended in the same nitrogen free media,
starvation was for 12 hours at 30°C. Cells were then filtered and grown in rich YESS
media at 30°C. Samples were collected at different time points for immuno-staining with

anti a-tubulin.
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7.2.5 Microtubule drug treatment

Sensitivity to microtubule drugs were carried out using thiabendazole (TBZ). On plates,
TBZ was added to plates at concentrations of 10 to 30 pg/ml, and to liquid YESS at a
concentration of 50 ug/ml. Stock solutions of TBZ were stored at 2(mg/ml
concentrations in DMSO at -20°C. To visual cells in microtubule drugs, however, we
used carbendazole (CBZ) at a concentration of 50ug/ml as previously described in
Hardwick et al. (2000). Stock solutions of CBZ were stored at Smg/ml in DMSO at -
20°C.

7.2.6 Chromosome loss assay

The chromosome loss experiment was carried out to test the fidelity of chromosome
segregation in Aklp5/6, Amad?2 and Aklp5Amad2 mutants in comparison to wild type. For
the assays, we used methods according to Niwa et al. (1989). Cells carrying non-
essential linear minichromosome 16 (ch.16) grown on selective media lacking adenine
(to retain mini-chromosome) were plated on rich YE media and incubated at 30°C for
four days. The ch.16, derived from the centromeric region of chromosome 3, contains the
M216 allele that is able to compensate for the M2/0 mutation, which is carried
endogenously in the genome. The minichromosome is stably maintained in normal
mitosis but when DNA replication or segregation defects occur, the minichromosomes
are lost and can be observed as red auxotrophs. The percentage of chromosome loss per
one cell division is calculated by counting the number of colonies showing red half-
sectors (indicate chromosome loss in the first cell division) against the total number of

colonies.

7.2.7 Two hybrid Assay

The two-hybrid assays were carried out using budding yeast as described in Luban and
Goff (1995). Two different proteins, or partially deleted protein, are expressed in
complementary plasmids that contain distinct parts of markers. The assay functions on
the basis that protein expression from each plasmid is not selected as the markers are not
fully expressed. However, if the two proteins interact, the markers are fully expressed,
allowing for positive selection. In this study, plasmids used are pGAN6 and pBMT116

(see section 7.2.8) which, when interaction occurs, expresses -galactosidase and His1".
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Both plasmids are transformed into the L40 budding yeast strain carrying a mutation at
the hisl locus, to test for interaction. Detection of interaction is by streaking cells onto
rich media, allowing them to grow, then replica onto minimal media in the absence of
histidine. Colonies that grow in this condition indicate interaction. Protein binding can
also be detected by ap-galactosidase assay on filters. In this assay, streaked cells on rich
media can be directly replicated onto filter paper (Whatmann 3MM or Hi-bond filter).
The filter is then immersed in liquid nitrogen for one min then placed on top of another
filter paper that had been previously submerged in 2 ml of Z-buffer (contains B
merceptoethanol) and 50 #l of X-gal. The reaction was incubated at 30 °C for 2 hours
until the colour is developed. The reaction can be stopped by placing the replica onto a

filter paper immersed with 1M Na,CO:s.
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Ntlcl. Sail. BamHI. Snml

Psll
Hiridlll
pREPI
8.9 kb
Hindi!!
Sail 1. BamHI1. Smal
I*sl T
Hindi!!
pREP41
8.9 kb
Hircltfl
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HcoRI

BcoRI
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SuaBI

Hindl{l

Ml
EcoRY
SnaBl

pBTM116 \/
5.514kb

EcoRl, Smal,
BamH]}, Satl. Pstl

Pyvut!
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7.2.9 Oligonucleotides

Designs of oligomers were based on methods and plasmids from Bahler et al. (1998).
Italics signify DNA sequence designed to bind to plasmids from Bahler et al., while
capitalised letters are genome-binding sequences and additional restriction sites. The
plasmid-binding sequences allow amplification of the marker on the plasmids, while the
genome-binding sequences provide insertion the DNA fragment by homologous
recombination. For example, in genes disruption experiments, the kan” gene flanked with
sequences corresponding to the 5’and 3’ ends of the relevant genes were transformed into
wild type strains (also see section 7.3 for details). Note when Alpl4 were partially
deleted or overexpressed, special care is taken when ordering the oligonucleotides to

ensure that the resulting deletions would be in-frame.

Aalpl4 (kan')
o Fw.TTTAGAATTGGAGTTTTGGGAGAGCATTTGCTGTTTATTTATCTTATAC

GCTCCTTTAATTTTTGGCACCCCGGAGGAACCGGATCCCCGGGTTAATTAA
o Rv:GATATTATCATTATTCTAAAACATTAAAAAATAGAAAGGGAAGGGACA
TTGGAATGTAAACGAAAGAATTTAAAAAGAATTCGAGCTCGTTTAAAC

Alpl4-tag (at the C-terminus)
o Fw:CCATTGATTTAGCTGCCAAACTAAAACAAAAAAATTACTGAGATGAAA

CAAACAGACCAAAGACATCAGGGATTGATTCACCGGATCCCCGGGTTAATTAA
e Rv:GTTACCATTTGACTCCATCTTTAACCTATAGTTAAATCTGATTTTAAGA
AATTTGGTATAAACGAGAATACGTATTTTGTGATTCGAGCTCGTITAAAC

Systematic deletion from the C-terminus and endogenous overexpression from the N-

terminus:

e Rv: CATTAAAAAATAGAAAGGGAAGTAAGGGACATTGGAATGTAAACGA
AAGAATTTAAAAACTAGTGAATCAATCCCTGATGGAATTCGAGCTCGTTTAA
AC

o A696-809alpl4 (ATail-GFP) Fw: ATGAAGAGAATATTTCTATGCAAAAACAAC
TCAGTGAATTGAAAGGTGAATTAAATACCTTACGCAGTGCCAGGAAAGCCTA
ATAGCGGATCCCCGGGTTAATTAA

e A639-809alpl4 (AMT-GFP and ov-TOG2-C) Fw:.TGCAAAATTTGAAGAACATGG
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AGTTGGACGATCCGGCTCCTCAACCGGCTAAGCATTCACGAGTTGATCGTTA
TGAACACTAATAGCGGATCCCCGGGTTAATTAA

® A420-80%9alpl4 (AC-GFP and ov-TOG2) Fw:.CTGTTTTGGCTACATCCAGTTTGG
ATGACTTAGCCGAGCTCATTGCTAGCTTTGCCGGGAACAAAAATCCTCAAAT
CAAATAATAGCGGATCCCCGGGTTAATTAA

Systematic deletion from the N-terminus and endogenous overexpression from the C-

terminus:

e Fw: GTAAAGTTTGACAGTGTTGTATTTGCCTACAGGCTTAACGAGTAATTA

CTTATTATTTATTCAAAAAAGGGAGAAAAGGTGAATTCGAGCTCGTTTAAAC

e P3nmt-alpl4 (ov-alpl4 FL) and P81nmt-alp14 (FL and FL-GFP) Rv: AGACGCACT
TTCCATACTTTATGTACTATTCTTGATTCTAGAGGAAGTTTGGAGTAGTCTTC

TTCTTGATCTTGGCTCATCATGATITAACAAAGCGACTATA

o Al-240alpl4 (ATOG1 / ATOGI-GFP and ov-C-TOG1) Rv: TCACTTTTTCATTCTC
GAGAGCAGGTTGCTCTTCTACCTGTGTTTCAACATTCGGCTCTGATGTAGGTT
GCTGACTTTTCATGATTTAACAAAGCGACTATA

o Al-430alpl4 (ATOG2-GFP) Rv: GTATCAGAAACACCAGGAACGCATGCTTTA

GCACAGGTATCAACTGTAAACTTAGATGGTAAGGATGTCATATTACTGAACA

TGATTTAACAAAGCGACTATA

e A]-696alpl4 (AN-M-GFP and ov-tail2) Rv: AATGAGGGACTCGTAGAGAGCTCT
AAAAAGTCAGTATTAGCTCTTCGCATAAATGCAGGTTTTCTGTCTCCTATTGG
TGACATGATTTAACAAAGCGACTATA

e Al-710alpl14 (AN-C-GFP and ov-taill) Rv: AGTTTAGGTCTAGTAGGTTCAAATT
CCCTCACTGAACGTTGAAATGAGGGACTCGTAGAGAGCTCTAAAAAGTCAGT
ATTCATGATTTAACAAAGCGACTATA

o Al-150alp14 (ov-C-TOG2) Rv: GAGATATGTGGAATAATCATTTTTGAAGGAA

TAACTTTAGCACCAAACTGCTCAACTAGACTAGCAATGGCAGCGACATTCAT

GATTTAACAAAGCGACTATA

Klp5-tag (at the C-terminus)

e Fw: CTACTCTTCATCTTTCAAATCCAGCTAACATTATTAGGAAATCTTTAAG
CATGGCTGAAAACGAAGAAGAGAAAGCCACCCGGATCCCCGGGTTAATTAA

o Rv: ACATATATGTACGCTTGTATTTGATAGTGCATTACGAACGAATTGTGC
AAGTTTACTAAGAGAATTTTAGGGTTTATAAAGAATTCGAGCTCGTTTAAAC
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Klp6-tag (at the C-terminus)
e Fw: TGAAACAACCAGTACGCCGTATATCGCTTGTTTCACAACCTTTACAAA

AAACTGGCGGGACTGAGAATACTCCTAATGCTCGGATCCCCGGGTTAATTAA
e RviGAAAACCGATCTCGTTGGTTTCTTCAGAATTCGAGCTCGTTTAAAC

P3nmt-Kip5
e Fw: TGTAACTTGGCAAATGCCAAACAGTCAACATTGAAGCGCACTCAAAA

AACGCGTTTCTCGCTCTTTTCTACTGTTACATCGAATTCGAGCTCGTTTAAAC

e Rv: ATGTTAGCAAAAAGATATGAATTTAAAAAACATCACATTAAAGACTA
ACCTGTAACGGTAATGGACGACTGTCTTGACATCATGATTITAACAAAGCGACTA
TA

P3nmt-KIlp6
o Fw.TCATAAAAAGTGACTGCTAAATATAAAAGTAACTATTTGGGGATTTAA

AATACATAAATAACTTGTATATTTTATTTTTAGAATTCGAATTCGAGCTCGTIT
AAAC

e Rvi:GTACACGAACTTGATGGTCAGTTTCGAAGGATTTTTTTGAAATTCTTAC
CTGCAACGGAAATTGAAGACCCTTCTTTCATCATGATITAACAAAGCGACTATA

Bub3-tag (at the C-terminus

e Fw:CGAACTTCGACGTTGTCCTTTTGAAGCAACATTTAAAGGCCTATACCTC
GCCAAACTCCTTTTTCATGTCATCTGTCAGTCTGCCAAATCCCACTGGCTATATG
T

e Rv:GGAGTGCTTCAAATAATATAAATTTCATATGTATGCAGTAAAAGAATC
TGCATAAGATTTTACATGGATGAAGCTTCTTATTCAATGTCAATCC

Mad3-tag (at the C-terminus)
e Fw:ACTGGCTATTTTCGTTCTTTCAATAGAATTGTACTTGTCTAAATAAACT

TTCCAATACTACTACACTCACATCTCCTTCAAATCCCACTGGCTATATGT
e RviCGTAGTATAAATAAGATGCTTTATGTTAAGTTCGTATAACCCTTAAAAT
TCGCATGTTTCAACCTATTTCTTATTCCGGGTTCTTATTCAATGTCAATCC
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Mphl-tag (at the C-terminus)
o Fw:GCACAAGCGATTAAATAAGGAACTTATTGATAGCATGGCTTATGATTG

CGTTAGCAATTTACGAAAAATGCCAGAACGGATCCCCGGGTTAATTAA
o Rv.:GTATCAAAGTATAGATATCAGGGGCCATATAATATGTGGTTCATTAATT
CAAGGTCATAATTACCTTCTTTTAAAAGAGCGGAATTCGAGCTCGTTTAAAC

Mad3-tag (at the C-terminus)
e Fw:GCCTTTGAAATCTCCAAGAAAATTGGACCCTCTTGGGAAATTTCAAGT

TCATTGTGATGAGGAAGTATCGAAAGAACGGATCCCCGGGTTAATTAA
e RviCCTATTTCTTATTCCGGGAGTCATGATGTACAATAGTTGTTAATCTAAT
AACGCCAATACTTTAAATCTTTTCTTTATCGGAATTCGAGCTCGTTTAAAC

Bub3-tag (at the C-terminus)

o Fw:GTGCTCAAGAAGAAGCCGCTGGTAATATCTATGTTCATGCTTTGGAAT
CCAACTTTGCAGCTCCAAAGTTAAAGTCACGGATCCCCGGGTTAATTAA

e RV.:GCTTCAAATAATATAAATTTCATATGTATGCAGTAAAAGAATCTGCAT
AAGATTTTACATGGATGAAGCTTTTTGATGAGCGAATTCGAGCTCGTTTAAAC

Mad|-tag (at the C-terminus)

o Fw.TACGATTTTGGTGTGATGAACGCAAAACAATACCAGGCATGTTAGCGG
CTCTAACGTTAGACTTCTTGACAAAAATGATCGGATCCCCGGGTTAATTAA

¢ Rv:GACTAGTTTGTAATGGTGAAATATATTTAGCGCTTAGGCCAGTACAAA
CTGTTTACAGTTTCATTGTATCGACATTGAAGGGAATTCGAGCTCGTTTAAAC

Slpl-tag (at the C-terminus)

o Fw.TTTGGCGAGTTTATGATGGGGACCACGTTAAAAGGCCCATTCCAATTA
CCAAAACCCCGTCCAGCAGCATAACAATCCGTCGGATCCCCGGGTTAATTAA

o RV:AATAAAATAAAARAGTGAGTAACTGATGCAACATAGTGATTCGACGAG
CTAAACGTTGAAATCTAAAAGAAACTGGTGTTGTGAATTCGAGCTCGTTTAAAC

pREPI-TOG" (alpl4-1-420) construction:
e Fw (Ndel):GGAATTCCATATGAGCCAAGATCAAGAAGAAGACTACTCC
e Rv (Smal):AGGCCCGGGCTATTAGATCTCGAGAACAAACTAAAGCAGGAGC
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Plasmid construction for two-hybrid assay:
e mad2 (EcoR1) Fw: CCGGAATTCATGTCTAGCGTTCCCATAAGAACGAATTTT

TCAC

7.2.10 Strain List

Fission Yeast Strains

mad2 (BamH]1) rv: CGCGGATCCCTAAGGATTCACTCGATATGCAACTTGACA
Slpl (Ndel) Fw: GGAATTCCATATGGAGATAGCAGGTAATTCTTCAACCATA
Slpl (BamH1) Rv: CGCGGATCCTCAACGGATTGTTATGCTGCTGGACGGGGT
Mad3 (Smal) Fw: TCCCCCGGGATGGAACCATTAGATGCTGGCAAGAACTGG
Mad3 (BglII) rv: GGAAGATCTTTATTCTTTCGATACTTCCTCATCACAATG

Name Genotype Derivation
513 h leulura4 lab stock
TP108-3D ™ leulura4his2 lab stock
CHP428 h” leul ura4 his7ade6-210 Dr Hoffman
CHP429 h leulura4 his7ade6-216 Dr Hoffman
HM248 h™ his2ade6-210 containing ch.16 Dr Niwa
143 W leul-cdcl3-GFP-LEU2" Dr. Yanagida
cut7-446 W leul cut7-446 Dr. Hagen
MA218 W leulura4 nuf2"-CFP-kan' lab stock
MA613 h leulura4 ndc80" -GFP-kan" lab stock
Cdc25-22 W leulcdc25-22 Dr Nurse
KM311-110 A4 leulnda3-311 Lab stock
NKO001 h" leulura4-kan’-GFP-P3nmt-atb2" lab stock
AE148 W leulura4mad?: -ura4” Dr Matsumoto
AE307 h" leul ura4 mad2”-GFP-LEU2" Dr Matsumoto
AE310 W leulnda3-311-mad2”-GFP-LEU2" Dr Matsumoto

W leulura4-mad2”-GFP-kan: ura4” lab stock

W leulura4-bubl”-GFP-kan::ura4* lab stock
DMSP059 k' leulhis3uradade6-m210-mad3*-GFP: :his3" Dr. Hardwick
NK129 K leulura4-mad3'-GFP-kan" this study
AE249 h leulurad-madl ::ura4’ Dr Matsumoto
1-K7 W leulura4-mad2::LEU2" lab stock
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SS560
SS562
NK113
NKI116
464

393
NKO023
NKO17
NKO032
FH178
NK024
NKO006
NKO007
MA060
MAO061
MAO081
NKO028-1B
NKO029-1B
NKO038
NKO059
NKO061

NKO019
NKO025
NKO066
NKO036
NKO034
NKO039
NKO040
alp14-1270
NKO054
NKO056
NKO074
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h leulura4ade6-m216-mphl ::ura4”

h" leulura4ade6-m210-mphl ::ura4”

h* leul his2ura4-mad3.:ura4”

W leulura4-bub3::ura4”

h" leulura4hislade6-m210-bubl.:LEU2"

W leulura4hislade6-m216-bubl::urad4”

W leulura4-kip5*-3HA-kan’

W leulura4-kip5™-13myc-kan'

h leulura4-kip5-13myc--kan’ -cdc25-22

W leul-cut2"-3HA-LEU2"

h leulura4-klp6” -3HA-kan’

h* leul his7ura4-kan” -GFP-atb2" -kip5: :ura4”

h* leul his7ura4-kan” -GFP-ath2" -klp6: :ura4"

W leulura4his7ade6-m216-kip3: :ura4”

W leulura4his7ade6-m210-kip6: -ura4”

W leulura4-kip5::ura4” -kip6::ura4’
 leuluradhis2-kip6: :ura4 -mad2: :ura4"

W leuluradkan'-kip3:: kan" -mad2::ura4’

h” ura4-ade6-210-kip5: :ura4 containing mini-ch.16
h” leulura4ade6-210-mad?2:: kan' containing mini-ch.16
W leuluradade6-210-mad2:: kan” -kip5::ura4’
containing mini-ch.16

h leulura4-kan” -P3nmi-kip6™

W leulurad-kan” ®-P3nmt-kip5™

W leulura4-kan'-P3nmt-kip5”™-P3nmi-kip6™

W leulurad-kan'-P3nmt-kip5* -mad2. :ura4"

W leulura4-kip5:: kan'-disl::ura4” containing pdisI”

W leulura4-alpl4:: kan' -klp5::ura4”-klp6" ::ura4-palpl4”

W leulurad-alpl4:: kan'-kip5::ura4” containing palpl14*

h leulura4-alpl4-1270

W leulura4-kip5:: kan'-alp14-1270 containing palpl4”
W leulura4-kip5: :kan'-dis1-203 containing pdis1”

W leulura4-mad2::ura4-kip5:: kan'-alp14-1270
containing palpl4*

Dr. Sazer
Dr. Sazer
this study
this study

Dr. Javerzat

Dr. Javerzat

this study
this study
this study

Dr. Yanagida

this study
this study
this study
lab stock
lab stock
lab stock
this study
this study
this study
this study

this study
this study
this study
this study
this study
this study
this study
this study
lab stock
this study
this study

this study
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NKO075

NKO092
NKO072
NKO004
NK162
NKO008
NKO010
NKO11

NKO012
NKO014
NKO15

NKO16
NKO041

NKO043
NKO063
MAO15
NKO013

NKO067

NK093

NKO095

NKO073

NKO085

NKO080

NKO076

NKO081

NKO083
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h” leulura4-mad2.::ura4-kip5:: kan'-dis1-203
containing pdisl”

h leul-klp5 ' -GFP- kan"-alp14:kan’

this study
this study

h* leulura4his2 disl::ura4” -alpl4:: kan” containing pdisI this study

h" leulurad-alpl4.:: kan’

W leulurad alpl4::kan: ura4”

h* leulhis7-alpl4" -GFP-kan’

h" leulura4-alpl4:: kan" containing pREPI"

h' leulura4-Alpl4:: kan” containing pdisl”

h" leulura4-Alpl4:: kan’ containing palpl4”

h leul-disl::ura4” containing pREPI"

K leulura4-dis: :ura4” containing pdisl”

W leulura4-disl::ura4” containing palpl4*

W leul-alpl4-1270 containing palpl4”

W leul-dis1-203 containing pdis]”

W leulhis7-alpl14-GFP-kan. :ura4"

W leulura4 alpl4”-13myc- kan’

W leulurad- kan'-P81nmt-GFP-alpl4” (FL)

h” leulhis7- kan-P81nmit-

alpl4*-GFP-kan: :ura4” (FL-GFP)

h” leulura4- kan'-P81nmt-Al-240-alp14 (ATOG1)
h" leulura4his2- kan"-P81nmt-Al-240-alp1 4(ATOG1)
W leulura4his7- kan'-P81nmt-Al-240-
alpl4-GFP-kan::ura4* (ATOG1-GFP)

h leulura4his7- kan'-P8 1nmt-Al-430-alp14-
GFP-kan::ura4” (ATOG2-GFP)

h” leulura4his7-kan” -P81nmt-Al-696-alp14-
GFP-kan::ura4” (AN-M-GFP)

h* leulura4his2- kan'-P81nmt-Al-240-alp14-
GFP-kan::ura4” (ATOGI1-GFP) -disl:.LEU"

h” leulurad his7- kan'-P81nmt-Al-240-alp14-
GFP-kan::ura4* (ATOGI1-GFP) containing palpl4'
h leulurad4 his7- kan'-P81nmt-Al-696-alpl4-
GFP-kan::ura4" (AN-M-GFP) containing palpl4"

this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
lab stock
this study

this study
this study
this study

this study

this study

this study

this study

this study

this study
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NK146 h” leulura4 his7- kan’ -P81nmt-Al-710-alp14-

GFP-kan::ura4” (AN-C-GFP) containing palpl4” this study
NK096 h” leulura4 kan'-P81nmt

-alpl4”-GFP-kan::ura4”-(FL) -mad2:: LEU2" this study
NK097 h” leulura4- kan'-P81nmt-Al-240-alp 1 4-

GFP-kan::ura4” (ATOGI-GFP) -mad2::LEU2" this study
NK099 h” leulurad4- kan -P81nmt-Al-430-alp14-

GFP-kan::ura4' (ATOG2-GFP) -mad2::LEU2" this study
NK101 W leulura4- kan'-P81nmt-Al-696-alp14-

GFP-kan::ura4 " (AN-M-GFP) -mad2::LEU2" this study
NK102 h” leulura4- kan'-P81nmt-Al-710-alpl4-

GFP-kan::ura4”' (AN-C-GFP) -mad2::LEU2" this study
NK107 h leulura4- kan” -P81nmt-A1-240-alp14(ATOG1)

-bubl::LEU2" this study
NK109 h leulura4- kan -P81nmt-A1-240-alp1 4(ATOG 1)

-madl::ura4” this study
NK111 h leulura4- kan” -P81nmt-A1-240-alpl4 (ATOG1)

-mphl ::ura4’ this study
NK112 h leulura4- kan” -P81nmt-1-A240-alpl14 (ATOG1)

-mad3::ura4’ this study
NK110 h leulura4- kan” -P81nmt-A1-240-alpl4 (ATOG1)

-mad2::ura4” this study
NK120 k leulura4- kan” -P81nmt-A1-240-alpl14 (ATOG1)

-bub3::ura4” this study
NK125 W leulura4 containing pREP3x-mphl” this study
NK126 W leulura4 containing pREP41x-mad2” this study
NK127A W leulura4- kan’ -P81nmt-Al-240-alpl4 (ATOGI)

containing pREP3x-mphl” this study
NK127B h” leulurad- kan” -P81nmt-A1-240-alpl4 (ATOGI)

containing pREP41x-mad2” this study
NK104 h- leulura4- kan” -P81nmt-A1-240-alpl4 (ATOG1)

-mad2’-GFP-LEU2" this study
NK105 h- leulura4- kan” -P81nmt-A1-240-alp14 (ATOG1)

-bubl*-GFP-ura4” this study
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NK148 h leulhis3ura4ade6-210-Mad3 ™ -GFP: : his3-

kan" -P81nmt-Al-210-alpl4 (ATOGI) this study
NK137 W leulura4- kan” -P81nmt-alp14-Al1-240 (ATOG1)

-alpl1-924 this study
NK198 h" leulura4his2- kan” -P81nmt-Al-240-alp14 (ATOG1)

-kip5::ura4” this study
NK 199 h* leulura4his2- kan” -P81nmt-Al-240-alpl14 (ATOGI)

-klp6::ura4” this study
NK185 h” leulura4- kan” -P81nmt-Al-240-alp14 (ATOG)

-cdc13-GFP-LEU2" this study
NK 186 W leulura4 cdc13"-GFP-LEU2" -bubl ::ura” this study
NK187 k leulura4-mad?2::ura4 -cdcl3”-GFP-LEU2" this study
NK188 W leulura4-mad3::ura4”-cdc13"-GFP-LEU2" this study
NK195 h leulurad kan” -P81nmt-Al-240-alp14-

GFP-kan::ura4” (ATOGI1-GFP)-cut7-446 this study
NK189 h" leulura4his2-sipl” -13myc- kan’ this study
NK211 h” leulura4 kan' -P81nmt-Al-240-alpl4 (ATOG1)

-slpl-myc- kan” this study
NK236 K leulura4 mad2'-GFP-ura4" -nuf2" -CFP- kan’ this study
NK238 W leulura4 bubl"-GFP- kan' -nuf2" -CFP- kan this study
NK239 h” leulura4 kan” -P81nmt-Al-240-alp14 (ATOG1)

-bubl " -GFP- kan" -nuf2”-CFP- kan' this study
NK?240 h leulurad kan” -P81nmt-Al-240-alp14- (ATOG1)

mad2*-GFP- kan" -nuf2"-CFP- kan" this study
NK243 h* leulura4his2-alpl14*-13myc- kan” -nuf2"-CFP- kan’  this study
NK241 h leulura4 kan' -P81nmt-Al-240-alpl4 (ATOGI)

-ndc80"-GFP- kan this study
NK247 W leulura4 kan” -P81nmt-Al-240-alpl4 (ATOGI)

-mis6"-GFP- kan” this study
NK226 W leulura4-alpl4*-13myc- kan" -mad2*-GFP- kan' ::ura4" this study
NK228 h* leulura4his3ade6- kan” -P81nmt-Al-240-alp14- (ATOGI)

Mad3"-GFP-HIS3"-Mad2"-13myc- kan” this study
ov-alpl4 W leulura4-P3nmt- kan” -alpl4 this study
NK123 h" leul his2ura4-P3nmt- kan' -alpl4-
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421-809: :ura4” (ov-TOG2) this study
NK124 h* leul his2ura4-P3nmt- kan" -alpl4-

639-809::ura4” (ov-TOG2-C) this study
NK142 h" leul his2ura4-P3nmt- kan" -alp14-

421-809::ura4” (ov-TOG2) containing palpl4” this study
NK144 h" leulhis2ura4-P3nmt- kan" -alp14-

639-809::ura4” (ov-TOG2-C) containing palpl4* this study
NK138 W’ leulura4-P3nmt- kan' -alp14-

421-809::ura4” (ov-TOG2) -mad2::LEU2" this study
NK139 W’ leulura4-P3nmt- kan' -alpl4-

639-809::ura4” (ov-TOG2-C) -mad2::LEU2" this study
NK196 h" leulura4his7ade6-216-P3nmt- kan” -alp14-

421-809: :ura4” (ov-TOG2)-bubl::LEU2" this study
NK197 h" leulura4his7ade6-216-P3nmt- kan” -alp14-

639-809::ura4’ (ov-TOG2-C) -bubl::LEU2" this study
NK216 h™ leulura4his7- kan" -P3nmt-alp14-

421-809::ura4”::LEU2" (ov-TOG2) -mphl::ura4" this study
NK217 h" leulura4his7- kan" -P3nmt-alp14-

421-809::ura4” ::LEU2" (ov-TOG2) -bub3::ura4" this study
NK218 h* leulura4his7- kan’ -P3nmt-alp]4-

421-809::ura4’ ::LEU2" (0v-TOG2) -mad3:.ura4’ this study
NK219 h' leulura4his7- kan’ -P3nmt-alp14-

639-809::ura4”::LEU2" (ov-TOG2-C) -mphl ::ura4" this study
NK220 h" leulura4his7- kan” -P3nmt-alpl4-

639-809::ura4” ::LEU2" (ov-TOG2-C) -mad]l ::ura4” this study
NK221 h' leulura4his7- kan” -P3nmt-alpl4-

639-809::ura4”’::LEU2" (ov-TOG2-C) -mad3::ura4” this study
NK131 h leulurad4-kan” -P3nmt-alpl4-mad2: :ura4” this study
NK231 h' leulura4- kan' -P3nmt-alpl4-bubl”-GFP-ura4” this study
NK135 W leulurad- kan” -P3nmt-alp14-639-809: :ura4(ov-TOG2-C)

-mad2”-GFP-LEU2" this study
NK230 h" leulura4his7 kan” -P3nmt-alpl14-421-809: :ura4” (ov-TOG2)

bubl”-GFP-ura4’ this study
NK237 h* leulura4his7 kan” -P3nmt-alp14-421-809: :ura4(ov-TOG2-C)
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-bubl"-GFP-ura4” -nuf2-CFP- kan' this study
NK202 h” leulura4his7- kan” -P3nmt-Al-150-alp14-

GFP-kan::ura4 (ov-C-TOG2-GFP) this study
NK203 h” leulura4his7- kan” -P3nmt-Al-696-alp14-

GFP-kan::ura4 (ov-tail2-GFP) this study
NK204 k" leulura4his7 kan” -P3nmit-Al-710-alp14-

GFP-kan::ura4(ov-taill-GFP) this study
NK229 h™ leulura4his7 kan” -P3nmt-Al-240-alp14-GFP-

kan::ura4+(ov-c-TOG1) mad2”-GFP-LEU2" this study
NK242 W leulura4 containing pREPI-1-430-alpl4 (pTOG") this study
NK245 h leulura4his7-mad2: :urad4” containing

PREP1-1-430-alpl14 (pTOG") this study
NK246 W leuluradhislade6-bubl ::ura4” containing

PREP1-1-430-alpl4 (pTOG") this study
NK248 h" his2leulura4 nuf2*-CFP- kan' containing

PREP1-1-430-alpl4 (pTOG") this study
NK249 h leulura4 ndc80"-GFP- kan' containing

PREP1-1-430-alpl4 (pTOG") this study
NK250 h leulura4 bubl” -GFP- kan' ::ura4" containing

PREPI-1-430-alp14 (pTOG") this study
NK?251 W leulura4 mad2" -GFP- kan'::ura4” containing

PREPI1-1-430-alpl4 (pTOG") this study
NK?252 h leulura4 mad2"-13myc- kan’ containing

PREPI1-1-430-alpi4 (pTOG") this study
Slpl-myc h leulurad slpl”-13myc- kan’ lab stock
NK214 h leulura4 sipl*-13myc- kan” - mad2"-GFP-LEU2" this study

Budding Yeast Strains (for two-hybrid assay and controls)

Name Genotype Derivation
L40 Mata his3-D200 trp1-901 leu2-3 ade2 LYS2::(lexAop)4-HIS3
URA3::(lexAop)8-lacZi Dr Cooper
NK150 L40 containing pGANG-slp1” and pBMT116-alpl4" this study
NK151 L40 containing pGANG6-slpl™ and
pBMT116-alpl4-A420-809 (AC) this study
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NK152 L40 containing pGAN6-slpl” and

pBMT116-alpl4-A1-430 (ATOG2) this study
NK154 L40 containing pGAN6-slpl" and

pBMT116-alpl4-A1-696 (AN-M) this study
NK155 L40 containing pGAN6-slpl” and pBMT116-alpl4* this study
NK156 L40 containing pGAN6-mad2” and

PBMT116-alpl4-A420-809 (AC) this study
NK158 L40 containing pGAN6-mad2” and

PpBMT116-alpl4-Al-430 (ATOG2) this study
NK160 L40 containing pGAN6-mad2" and

pBMT116-alpl4-A1-696 (AN-M) this study
MS-L40raf/rasL40 containing pGAN6-raf* and pBMTI16-ras” lab stock
NK167 L40 containing pGAN6-raf” and pBMT116-alpl4* this study
NK169 L40 containing pGAN6-mad3™ and pBMT116-alpl4" this study
NK172 L40 containing pGAN6-mad3” and

pBMT116-alpl4-A1-430 (ATOG2) this study
NK175 L40 containing pGAN6-mad3” and

pBMT116-alpl4-A1-430 (ATOG?2) this study
NK177 L40 containing pGAN6-mad3" and

pBMT116-alpl4-A1-696 (AN-M) this study

7.3 Molecular Biological techniques

Molecular Biological techniques were used as described (Maniatis et al., 1982) including
preparation of competent bacteria, growth and transformation of bacterial cells, gel

electrophoresis of DNA in TBE buffer, restriction enzyme digests and minipreps.

Nucleic Acid preparation and manipulation

Standard molecular biological techniques were followed as described (Sambrook et al.,
1989). Enzymes were used as recommended by the suppliers (New England Biolabs),
digestion was performed at 37°C for 2-4 hours for plasmid DNA. For ligation, DNA
fragment, ligase and buffer were mixed and incubated at 16°C for 3-12 hours. DNA
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fragments from digestion and ligations were examined on a 1% (w/v) agarose gels in 1X

TBE buffer which was electrophoreses at 100V in 1X TBE buffer.

Polymerase Chain Reaction
PCR reactions were performed with Taq polymerase when the product was to be used for
transformations and with Vent polymerase for colony PCRs. PCR reactions for yeast

transformations were performed in 100 ul volumes with 1 mM MgSO,, 1 uM of each
primer, 10 ng of template DNA and 200 mM dNTPs and 2.5 units of enzyme. Colony

PCRs were performed in a similar manner except that yeast cells were added to the
reaction before boiling. Following this the enzyme was added and the PCR started. All

PCRs were performed on a Peilter Thermal Cycler-200. 5 ul of PCR product was run on

a 1% DNA agarose gel. Products were purified using the using the Promega wizard®

DNA clean up system (also see section 7.1).

Deletion, overexpression and C-terminal epitope tagging of genes by chromosomal
integration

Deletion of genes were carried out by insertion of kan” genes into wild type strains.
Truncation of Alpl4 from the C-terminus was carried out by replacement of the target
DNA sequence with a GFP-kan” encoding sequence, allowing selection by kanacymin
resistance and visualisation of the protein localisation by GFP. In experiments where the
N-terminal of Alpl4 were deleted, the promoter and target sequence were replaced by
weak P8Inmt or strong P3nmt promoters. The thiamine repressible nmt promoters were
integrated in the genome in front of the initiator ATG genes by a PCR-based gene
targeting method (Bahler er al., 1998). In order to activate the promoter and over-
produce proteins, cultures were grown in rich media until mid log phase and then
filtered, washed and resuspended in minimal media without thiamine. Cultures were then
followed for 20 hours, which is about 4-5 generations. On plates, strains carrying nmt-
expressed genes were streaked on media lacking thiamine and grown overnight to induce
expression (MacNeill and Fantes, 1993). Note for partial deletions or overexpressions,
special care is taken to ensure production of in-frame sequences. Alpl4 mutant proteins
were often subjected to Western Blotting analyses to detect presence of correctly

truncated strains.
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C-terminal tagging with GFP, 13myc or 3HA epitopes was also performed insertion of
PCR-generated fragments in the same manner as described above and in Bahler et al.,
(1998). In these experiments, sequences encoding the epitopes were inserted at the 3’ end

of the gene, but before the stop codon to allow epitope expression.

Subcloning genes and partially deleted genes into plasmids

For ectopic expression of genes or partially deleted genes, the target DNA were
amplified by PCR with oligomer sequences corresponding to the 5* and 3’ of the target
DNA plus additional restriction enzyme sites. After amplification and purification, the
DNA and plasmid are subjected to digestion with appropriate restriction enzymes,
purified and ligated. The resulting plasmid containing target DNA is identified by its
size in electrophoresis agarose gels. Plasmids were then transformed into competent E.
coli strain HB101. To do this, competent E. coli, previously stored at -70°C, were thawed
on ice and incubated for 10 minutes with 10 ug of plasmid DNA. After heat shocking at
42°C for 90 seconds, 1 ml of LB media was added and they were kept at 37°C for 30
minutes. Finally, they were plated out onto LB plates containing ampicillin and left to

grow overnight at 37°C.

20 colonies were selected from each of the LB plates containing ampicillin. They were
then grown in selective LB media and minipreps were performed to re-isolate the
plasmid. Note that minipreps carried out in this study were mostly performed by an in-
house service. However, methods of DNA preparation from E.Coli is briefly described

below (see section entitled Isolation of plasmid DNA from E. coli).

Once purified, the plasmid DNA were then run on a DNA gel to check the presence of
DNA. Digestion patterns were then compared between the original plasmid and the
plasmid containing target sequence. In order to check if plasmid construction was
successful, the plasmids were transformed into wild type cells or relevant mutants. Those
exerting a defect in wild type cells or suppressing phenotypes in mutant cells were then
selected. Note that pREP3-mad2*, pREP41-mad2*and pREP41-mphl*were provided by
the Dr. Sazer’s laboratory. palpl4* (pAL plasmid - LEU2" marker; Alp14 is expressed by
its natural promoter) was taken from the lab stock and had not been constructed in this

study.
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Isolation of plasmid DNA from E. coli

400 ml of transformed E. coli were grown overnight in LB + 100 ug/ml ampicillin at
37°C. Cells were harvested by centrifugation at 5000 rpm for 5 minutes and the pellet
was resuspended in 10 ml of plasmid preparation solution 1 (QIAGEN - P1 - 50 mM
glucose, 25 mM Tris-pH 8.0, 10 mM EDTA) containing 100 pg/ml RNase A. 10ml of P2
(200 mM soduim hydroxyde, 1% (w/v) SDS) was added and cells were left to lyse for 10
minutes on ice. The addition of 10ml of P3 (3 M potassium Acetate) precipitated the
bacterial and plasmid DNA. DNA was separated from the cell debris by filtering it
through a QIAGEN syringe. Plasmid DNA was collected in a column (QIAGEN tip 500)
that had been equilibrated with equilibration buffer (750 mM NaCl,, 50 mM MOPS
pH7.0, 15%(v/v) 50 mM MOPS pH7.0, 15% (v/v) Ethanol). Degraded RNA and
cellular debris pass through the column, while plasmid DNA is retained. The QIAGEN
tip was then washed twice in 60 ml Wash buffer (50 mM MOPS pH7.0, 15% (v/v)
Ethanol) and the plasmid DNA eluted with 15 ml elution buffer (1.25 M NaCl, 50 mM
Tris-HCI pH 8.5, 15% (v/v) Ethanol). Plasmid DNA was then recovered by isopropanol

precipitation.

7.4 Protein biochemistry

Fission yeast cell extract and Western blotting

Fission yeast whole cell extracts were prepared by lysing 10-50 ml of mid log-phase cells
with glass beads in HB buffer (Moreno er al., 1991). Protein concentration was
determined using a Bradford assay (BioRad). Extracts were boiled in sample buffer for
five minutes and 30 pg of extract was run on a 10% SDS-polyacrylamide gel (BioRad).
For western blots, the protein was blotted onto Immobilon™-P (Millipore) transfer
membrane. Horseradish peroxidase-conjugated goat anti-rabbit IgG, goat anti-mouse IgG
(BioRad) and chemiluminescence system (ECL, Amersham) were used to detect bound

antibodies.

Immunoprecipitations
For immunoprecipitation analysis, 4-10 mg of soluble cell extract was prepared in the
same way as for western blot analysis described above. However, high salt HB buffer or

RIPA buffer were preferably used to reduce non-specific anti-body binding in our IP
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experiments. Added directly to freshly extracted proteins were 2.5 pug of mono- or poly-
clonal anti-GFP or anti-myc antibody. The mixture was incubated at 4°C for two hours,
after which 30 ul of Protein A-Sepharose beads (Pharmacia Biotech. Co. — prewashed 4

times in the same buffer used for extraction) were added and incubation continued for
another two hours. The protein A beads (now conjugated with the antibody and specific
protein bound to it) were then washed eight times in buffer followed by the addition of
10 ul sample buffer. Samples were run on a 10% SDS-PAGE gel and candidate proteins
were detected as described above. Note that an anti-myc antibody that has been pre-

conjugated with beads were most often used in our experiments.

Antibodies for Immunoprecipitation and Western analysis

HA(16B12) BabCO (MMS-101R) monoclonal 1/500
GFP Boeringer (clone 7.1&13.1) monoclonal 1/200
Myc Babco (9E10) monoclonal 1/800
a-tubulin Sigma (T5168) monoclonal 1/5,000
2‘1 1(r:1-11t)§ a}gg/trix covance (9E10) monoclonal 1720

7.5 Microscopic analysis

Analysis of DNA and septa

Analysis of the DNA and septa were performed by fixing 1 ml of cell culture in 1/10
volume of formaldehyde for 10 minutes. After washing in PBSA, cells were visualised
with the addition of DAPI or calcofluor and viewed under a fluorescence microscope.

Cells were pelletted and re-suspended in YE.

Indirect immunoflorescent microscopy

Immunofluorescence procedures were used as described in Hagan and Hyams (1988) to
stain a-tubulin and SPB component, Sad-1. Asynchronous or synchronous 5X10 cells in
mid-log phase were filtered and fixed in methanol at —-70°C for 10 minutes. After 3
washes in PEM the cell wall was digested with 0.6 mg/ml zymolyase 20T in PEMS for
70 minutes (37°C, shaking). After digestion, cells were pelletted and resuspended in

1%TritonX in PEMS for 5 minutes at room temperature. After 3 further washes in PEM,
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cells were incubated in PEMBAL for 30minutes and primary antibody was added in
50pul of PEMBAL and left overnight. The primary antibody was washed out with
PEMBAL, and the secondary antibody added in 200ul PEMBAL and incubated in the
dark for 2 hours. Finally, after washing the secondary antibody out with PEMBAL, cells
were resuspended in PBSA + 0.2pg/ml NaN,. Images were viewed by fluorescent

microscopy.

Primary antibodies

Sadl Dr. Iain Hagan polyclonal 1:25
a-tubulin (TAT-1)  Dr.Keith Gull monoclonal  1:40

Secondary antibodies

Cy3-conjugated goat anti-rabbit IgG (Sigma C2306) 1:500

Cy3-conjugated sheep anti-mouse IgG (Sigma C2128) 1:500
Fluorescein-linked sheep anti-rabbit IgG (Amersham F0208) 1:40
Fluorescein-linked sheep anti-mouse IgG (Amersham F0261) 1:40

Florescent microscopy imaging of fixed and live cells

Live imaging was performed as described in Brunner and Nurse (2000), using a thin
layer of agar or lectin to prevent cell movements. For imaging, pictures of live and fixed
cells, including those previously subjected to immuno-staining, were taken by chilled
cameras connected to a computer and microscope. Imaging programmes used in this
study include Kinetics Imaging (Zeiss), Improvision Velocity (Zeiss) and Delta Vision
(Olympics). In all studies, Z-stacks (200-400 nm steps) were taken. For visualisation and
quantification of Nuf2 and Ndc80 dots, images were deconvolved to subtract calculated
haze (spread of light). Velocity and Delta Vision programme were the used to calculate
the maximun intensity of the dots against the light intensity in the background. All

images were processed by Adobe® Photoshop.
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