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Abstract

Bipolar attachment of the kinetochore to the spindle is crucial for sister chromatid
separation during mitosis. The kinetochore, a specialised proteinaceous structure
formed on centromeres is required for tethering the spindle. It consists of many sub
complexes including core platform proteins and outer proteins. In budding yeast the
Dam1/DASH complex is essential, constituting 10 components and plays a vital role
in chromosome segregation. All 10 homologues of the Daml complex have been
identified in the fission yeast, an organism that contains a more complex centromere
structure. This thesis describes the study of the fission yeast Daml complex and its

role during mitosis in ensuring proper chromosome segregation.

In this thesis we describe the localisation of this complex to the kinetochore and its
dependence on both microtubules and functional Mis6 complex. We show that Dam1
complex genes are not essential but deletion shows monopolar chromosome
segregation defects and spindle collapse indicative of an importance for proper
microtubule dynamics and chromosome bi-orientation. We show that despite being
non-essential, deletion mutants are synthetic lethal when combined with deletion of
the kinesins Klp5/6, which play a role in promoting chromosome biorientation. To
understand this further, we isolated a daml temperature-sensitive mutant in a klp5
null background, termed daml-AS8. This is a ‘gain of function’ mutant that shows
resistance to the spindle drug TBZ unlike dam1 deletion, which is sensitive. We have
shown in the double dam1-A8klp5 mutant massive chromosome mis-segregation,
congression defects and monopolar attachment of the kinetochore to one SPB.
Indeed dam1-A8 alone shows sister chromatid congression defects, thus indicating
that the Daml complex despite its non-essentiality is required in concert with the
mitotic kinesins Klp5/6 to promote proper bipolar attachment and spindle
microtubule dynamics and either loss or gain of function daml mutants leads to

defects in chromosome bi-orientation.
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Chapter 1

1 Introduction

The accurate separation of the genome during the cell cycle is crucial to maintaining
cellular integrity. Loss of fidelity in this process can give rise to genomic instability,
with the resulting aneuploidy a common hallmark of cancer in somatic cells and
leading to genetic disease in gametes. The mechanisms of chromosome segregation
are highly conserved from yeast to man, with this tightly regulated process involving
interplay between spindle microtubules and the centromeric region of chromosomes.

The kinetochore is a specialised proteinaceous structure that assembles on the
centromeric DNA and attaches and tethers spindle microtubules to the centromeric
region of chromosomes in metaphase. The kinetochores of each sister chromatid
must become attached in a bipolar manner to ensure high fidelity separation of the

sisters to opposite poles in anaphase.

The mechanism underlying the attachment of microtubules to the kinetochore
involves a myriad of proteins, including molecules that tightly control microtubule
dynamics such as kinesins, MAPs and other motor proteins, kinetochore components
that provide a structural platform and docking site for the microtubules, kinases and
other molecules which post-translationally modify microtubule and kinetochore
regulators, and components of the spindle assembly checkpoint which prevent
anaphase onset until each kinetochore is attached in a bipolar manner. This thesis
presents a study of an outer kinetochore complex, the Dam1/DASH complex, in the
fission yeast, and highlights the important role this complex plays in regulating the
types of spindle microtubule attachments at the kinetochore, ensuring bi-orientation
of sister chromatids and thus the accurate segregation of chromosomes during
mitosis. In this first chapter we will introduce many of the mechanisms and
molecules fundamental to kinetochore and microtubule function that facilitate proper

chromosome segregation, not only in the fission yeast but also in higher organisms.
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1.1 Fission yeast

The fission yeast Schizosaccharomyces pombe is a rod shaped unicellular organism
that divides by medial fission. It belongs to the class of archaeascomycetes. It has a
doubling time of between 2-4 hours and wild-type haploid fission yeast grows to a
uniform size of 12-15um at division with a width of 3-4um. It has a relatively
small genome of 14.2 Mb divided into three chromosomes of sizes 6, 4.7 and 3.5
Mb respectively and containing approximately 4900 genes (Moreno et al., 1991;
Wood et al., 2002). The fission yeast is a predominantly haploid organism, but can
exist as a diploid through the conjugation of haploids to form diploids and reductive
meiosis to generate haploids. Haploid cells conjugate to form diploids only under
conditions of nitrogen starvation (Fantes and Beggs, 2000). Haploid fission yeast
cells have two mating types, #* and . Homothallic (4*°) cells can switch mating
types and mate their h* and h™ cells (Forsburg, 1994). The newly formed diploids that
result from conjugation, immediately sporulate to form haploid spores and thus the

default for this organism is the haploid state.

1.1.1 Fission yeast cell-cycle

Fission yeast is mostly a G2 organism with a very short G1 phase that occurs shortly
after mitosis, with cells entering S phase before cytokinesis has even been completed.
Cells decide at Start/G1 whether to commit to a mitotic cell cycle or to undergo
meiotic cell division, depending on nutrient availability and environmental
conditions. Upon commitment to the mitotic cell cycle cells enter at G1. In G1 phase
cells grow in size and prepare for DNA synthesis. In S phase cells replicate their
genome and then enter into a gap-phase G2 where they determine if the conditions
are appropriate for mitotic division. In M phase spindle microtubules become
attached to the kinetochores of sister chromatids in a bipolar manner and are
segregated to opposite poles. Cells then undergo cytokinesis before re-entering the
subsequent G1 phase (Figure 1.1). Cell cycle regulators monitor the cellular and
environmental state and thus temporally order the fission yeast cell cycle progression
by controlling the transition from one phase to the next. The fission yeast cells
contain a number of checkpoint surveillance mechanisms that monitor DNA
replication, DNA damage and spindle assembly and attachment to kinetochores
during mitosis. These checkpoints can stall the progression of the cell cycle until
errors are corrected and conditions, which activated the checkpoint cascades, are

satisfied (Hartwell and Weinert, 1989).
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Figure 1.1: Meiotic and Mitotic cell cycle stages in the fission yeast S. pombe.

Fission yeast cells undergo four stages of the cell cycle in a similar manner to higher
organisms, G1, G2, S and M phase. Fission yeast cells decide at Start/G1 phase
whether to undergo meiotic or mitotic cell division according to environmental
conditions. When starved of nitrogen cells either remain in G1 gap phase or if a
mating partner is present enter a reductive meiotic cell division cycle, which consists
of one round of S phase DNA replication and two rounds of chromosome segregation
to generate haploid spores. Cells that commit to a mitotic cell division enter the cell
cycle at G1 and prepare for DNA synthesis in S phase. Cells then proceed through S
phase and enter G2 another gap phase, which prepares the cells for mitosis. In M
phase the chromosomes are segregated to opposite poles and cytokinesis ensues. The
cells then enter a subsequent G1 phase. In the absence of glucose cells exit the
mitotic cell division cycle at G2 phase and enter a stationary GO gap phase where
growth does not occur. If glucose again becomes available the cells re-enter the

mitotic cell cycle at G2.
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Under conditions of low glucose cells exit the mitotic cell cycle at G2 and enter a gap
stationary phase of no growth termed GO. If favourable environmental conditions,
and glucose, again become available these cells can re-enter the mitotic cell cycle at
G2 where they originally exited. Under conditions of nitrogen starvation the fission
yeast cells exit the mitotic cell cycle at G1 phase. If no mating partners are present
these cells arrest in G1 phase, however when mating partners are present the cells
undergo conjugation. DNA replication occurs in pre-meiotic S phase and then the
diploids undergo reductive meiotic division. There is only one round of DNA
replication in meiosis but two rounds of chromosome segregation, which thus leads to

the generation of haploid spores.

After the replication of DNA the zygotes undergo meiotic prophase whereby the
nucleus elongates, telomeres cluster at the SPB and the telomere-led nucleus
oscillates between both ends of the cell in what is known as horsetail movement.
This movement facilitates the proper pairing of homologous chromosomes required
for chiasmata formation and homologous recombination. Meiosis I involves the
segregation of homologous chromosomes in a mono-polar manner. Cohesion at the
centromere between sister chromatids is maintained at anaphase I until sister
chromatid separation during meiosis II. These two rounds of chromosome
segregation result in the formation of four haploid spores, which germinate to form
four haploid cells, which can enter the mitotic cell cycle at Start/G1 (Figure 1.1)
(Forsburg, 1994).

1.1.2 Fission yeast-model organism

The fission yeast is a genetically facile organism. Genetic manipulations such as
gene tagging and gene deletions can be easily carried out and mutant alleles of
various genes can be readily isolated and characterised. The fission yeast can be
easily manipulated using different stress, nutrient conditions and mutant backgrounds
that it therefore makes it a powerful tool to study various cellular processes. Indeed
many of the genes for various cell cycle processes within the fission yeast are the
same as those found in higher organisms and as such the fission yeast is an excellent

model system to study how cell cycle related processes are regulated.
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1.2 Cytoskeleton

The cytoskeleton is a cellular scaffolding which functions to maintain cell shape and
polarity, provide mechanical strength, intracellular protein and organelle transport,
cell migration and chromosome segregation. The cytoskeleton is made up of
intermediate filaments, actin filaments and microtubules (Alberts et al., 1994). There
are several types of intermediate filaments, all are composed of long monomers of
their characteristic protein, and are approximately 10nm in diameter. Keratin
filaments are found in epithelial cells and give rise to hair and nails. Nuclear lamins
form a network that provides stabilisation and support for the inner membrane of the
nuclear envelope. Neurofilaments function in strengthening the long axons of
neurons and vimentins provide mechanical strength to muscles. Actin filaments
known as F-actin are approximately 7nm in diameter and are composed of globular
actin protein subunits termed G-actin. Actin is the most abundant protein in the cell
and is one of the most highly conserved proteins amongst various organisms. Actin
filaments like microtubules are polar in nature with a fast growing plus end and a
slow growing minus end. Actin filaments are involved in many diverse functions
including muscular contraction, cell growth, cell movement and cytokinesis (Alberts
et al, 1994). The Actin filaments are further regulated by interactions with proteins
which co-ordinate their polymerisation and depolymerisation and function in various
cellular processes. The fission yeast cytoskeleton consists only of microtubules, actin

cables and actin filaments.

1.2.1Microtubules

Microtubules are linear polymers of a globular protein called tubulin. They serve as
structural components within the cell and like actin are implicated in a variety of
intracellular processes. Microtubules function in determining cell shape and polarity,
the intracellular transport of organelles and proteins, cell locomotion and in the

separation of sister chromatids during mitosis.

Microtubules can consist of o, B, v, 3, and € tubulin subunits. The o and B subunits
exist as a heterodimer and form microtubule filaments that grow from an anchoring
structure composed of y tubulin by GTP hydrolysis. The y tubulin subunit is found at
microtubule organising centres (MTOCS) (Pickett-Heaps, 1969), where it interacts
with other non-tubulin proteins to form the y tubulin ring complex. This complex

acts as a scaffold to initiate the nucleation of & and B tubulin protofilaments to form a

18



microtubule filament. The recently identified £ and d tubulin subunits also play a role
in the formation of MTOCs for microtubule nucleation. Human § tubulin localises to
the centriolar structures and partially co-localises with y tubulin (Chang and Stearns,
2000; Inclan and Nogales, 2001). Human ¢ tubulin localises in a cell cycle dependent

manner to the centrosome where it associates with only the old centrosome (Chang

and Stearns, 2000; Inclan and Nogales, 2001).

1.2.2 MTOCs

In vertebrates the microtubule organising centres are called centrosomes.
Centrosomes are cylindrical structures composed of two perpendicular centrioles,
which are rich in € tubulin, and are surrounded by pericentriolar material (PCM).
Each centriole consists of nine triplets of microtubules. The PCM material contains
proteins that function to nucleate and anchor microtubule filaments such as the y
tubulin complex, ninein and pericentrin. During interphase the centrosome is
associated with the nuclear membrane. In S phase the centrosome duplicates and
during mitotic prophase these migrate to opposite poles of the cell (Alberts et al.,
1994). Following nuclear envelope breakdown the centrosomally nucleated spindle
microtubules can interact with the chromatids to facilitate chromosome segregation.
There are reports however that shows that the centrosome is not absolutely required
for spindle formation in mitosis. Laser ablation of the centrosome in vertebrate cells
can yield cells that form functional and morphologically normal mitotic spindles, and
mutation of the sas4” gene in the fruitfly, which is required for centriole duplication,
generates normally developed adult fruitflies albeit lacking centrosomes (Khodjakov
et al., 2000; Megraw et al., 2001). It appears that in vertebrate cells microtubule
nucleation can occur simply in the presence of chromatin, microtubules and motor
proteins. However centrosomes are required for astral and interphase microtubule
formation, cytokinesis, S phase entry and neuronal development highlighting the

importance of this organelle for the overall survival of multicellular organisms.

Yeast cells contain several MTOCs including interphase MTOC (iMTOC), equatorial
MTOC (eMTOC) and spindle pole bodies (SPBs) (Snyder, 1994). The iMTOC is a
site of nucleation of interphase cytoplasmic microtubules (Becker and Cassimeris,
2005; Janson et al., 2005). These microtubules are nucleated in an independent
manner from the SPB and require the binding of the y tubulin complex to

microtubules in the cytoplasm to initiate the nucleation. The eMTOC is involved in
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the assembly of the post-anaphase array following chromosome segregation and this
occurs in the centre of the cell at the site where cytokinesis will occur. The spindle
pole body is analogous to the metazoan centrosome. The SPB functions to nucleate
the mitotic spindle and astral microtubules during mitosis. The budding yeast SPB is
quite distinct from the centrosomes of higher vertebrates, as it consists of a laminar
body (Knop et al., 1999). In interphase the fission yeast SPB lies adjacent to the
nuclear envelope in the cytoplasm, following the formation of a half bridge structure
a duplicate laminar body structure forms around G1/S, although the exact timing of
SPB duplication is still controversial (Ding et al., 1997; Uzawa et al., 2004). SPB
maturation occurs in G2 and following invagination of the nuclear envelope the
duplicated SPBs are incorporated into the nuclear envelope fenestra. As the cells
enter mitosis the SPBs separate and the spindle microtubules are nucleated from the
innermost layer of the SPB structure to form a bipolar spindle. Astral microtubules
are nucleated in mid-late mitosis to regulate spindle length (Ding et al., 1997;
Jaspersen and Winey, 2004; Uzawa et al., 2004). Despite the distinctions between
vertebrate centrosomes and the yeast spindle pole bodies both MTOCs play
conserved and important roles in the nucleation and organisation of microtubules

within the cell.

1.2.3Microtubule growth and shrinkage overview

Microtubules are nucleated from a starting structure composed of the y tubulin ring
complex, which acts as a scaffold for the polymerisation of a and B tubulin dimers to
begin polymerisation to form a microtubule filament. Each microtubule filament is
composed of ~ 13 protofilaments, which form a cylindrical microtubule structure of
approximately 24-25nm in diameter. The microtubules are polar in nature with an
anchoring minus end capped by the y tubulin complex and a growing or shrinking
plus end. Microtubule growth occurs through the addition of a and § tubulin
heterodimers, bound to GTP, to the microtubule plus end. GTP that is bound to «-
tubulin is stable, however, the GTP bound to B-tubulin is shortly hydrolysed to GDP.
When GTP bound o and B-tubulin is incorporated at the plus end this stability
facilitates the incorporation of further GTP bound tubulin heterodimers inducing
microtubule growth. As tubulin heterodimers are added onto the plus end of
microtubules only when in the GTP state there is usually a GTP cap protecting the
plus end of microtubules from disassembly. = The B-tubulin subunits undergo

hydrolysis of GTP-GDP, when this hydrolysis catches up to the plus end tip of the
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microtubule the B-tubulin at the tip hydrolyses its GTP-GDP and undergoes a
conformational change which prevents GTP-tubulin heterodimers from adding onto
the plus end and the filament undergoes rapid depolymerisation and shrinking. This
switch from grth to shrinkage is known as a ‘catastrophe’.  Following this a
microtubule may again undergo growth and polymerisation. This switch from
depolymerisation and shrinkage to polymerisation and growth is called ‘rescue’.
Alternation between microtubule polymerisation and depolymerisation occurs
continuously in what is termed ‘dynamic instability’ (Mitchison et al., 1986;
Mitchison and Kirschner, 1984). This ‘dynamic instability’ is crucial to promote the
function of microtubules both in cellular transport, the search and capture for
attachment to chromosomes in mitosis, and for cellular locomotion. Assembled
microtubule filaments are further regulated through various post-translational
modifications such as acetylation and detyrosination to modify those filaments that

have not recently been polymerised.

1.2.4 Microtubule requlators

Many proteins also function to regulate the dynamics of microtubules within the cell.

Microtubule associated proteins (MAPs) interact with the microtubules to promote a
diverse range of functions within the cell. Most MAPs have microtubule stabilizing
properties, however some have been shown to play roles in microtubule disassembly,
cross-linking microtubules, regulating microtubule growth towards specific locations
and facilitating interactions of microtubules with other proteins or structures (Alberts
et al.,, 1994). MAPs were initially identified biochemic ally from the isolation of
bovine brain microtubules. Perhaps one of the most famous MAPs is the Tau protein.
This protein has been linked to the neurological disorder, Alzheimer’s disease. Tau
binds to the outer surface of the microtubule protofilament and stabilises and bundles
microtubules within neuronal cells (Caimns et al., 2004). The TOG family is another
family of MAPs that are required for microtubule stabilisation and accurate

chromosome segregation. One of the best studied is XMAP215 from X. laevis.
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Figure 1.2 Schematic showing microtubule dynamics

Microtubule filaments are approximately 24-25 nm in diameter. The o/f heterodimer
is 8nm in diameter. Each microtubule filament is composed of 13 protofilaments of
tubulin arranged in a cylindrical tubular structure. The addition of aff heterodimers
to the plus end of the microtubule promotes microtubule polymerisation. These
heterodimers must be bound to GTP to enable assembly at the plus end of the
microtubule. When a filament contains GTP tubulin heterodimers at its plus end this
promotes the addition of more heterodimers and microtubule growth ensues. Shortly
after addition the B-tubulin subunit undergoes hydrolysis of its GTP to a GDP bound
form. When this hydrolysis reaches the plus end of the microtubule the resultant
conformational change in the B-tubulin subunit induces rapid depolymerisation and

shrinkage of the microtubule filament.
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XMAP215 has been shown biochemically to induce microtubule stabilisation and
polymerisation activity in vitro (Gard and Kirschner, 1987; Vasquez et al., 1994) and
is required for mitotic spindle formation and proper chromosome segregation during
mitosis. The budding yeast TOG family member Stu2 functions in chromosome
alignment in metaphase and spindle elongation in anaphase and is implicated in the
activation of the spindle checkpoint, which monitors the attachment state of
kinetochores in metaphase (Severin et al., 2001). The fission yeast contains two TOG
family members Disl and Alpl4 both of which are required for microtubule
stabilisation and organisation and high fidelity chromosome segregation. These will

be discussed in more detail later in this chapter.

Many molecules also function to negatively regulate microtubule dynamics by
inducing microtubule depolymerisation or preventing the assembly of microtubule
filaments.  Stathmin (Oncoprotein-18, OP18) is one such protein, found in
metazoans, which can bind to two tubulin heterodimers per molecule of stathmin. It
has been proposed that the inhibitory effect of this molecule on microtubule filament
formation may be due to the sequestration of tubulin heterodimers by the Stathmin
protein which reduces the free concentration of tubulin heterodimers available for
polymerisation, or that Stathmin may play a more direct role in inducing catastrophe

at microtubule tips (Belmont and Mitchison, 1996; Cassimeris, 2002).

Kinesins are a class of microtubule based motor proteins that function in many
diverse aspects of cellular function. Members of this family function in tasks in
which force generation is required such as protein and organelle transport, regulation
of microtubule dynamics and chromosome segregation. Conventional kinesin was
the first member of the super-family identified and consists of two 120kDa heavy
chains and two 64kDa light chains which make up a rod-like structure composed of
two globular heads, a stalk and a fan-like end (Hirokawa and Takemura, 2004). The
heavy chains in the globular head contain motor domains, coiled-coil domains and a
stalk, which are required for microtubule binding and ATPase activity.
Chromokinesins are a subgroup of kinesin motor proteins that function in mitosis to
regulate chromosome condensation, chromosome alignment on the metaphase plate,
chromosome segregation and cytokinesis. They belong to two families kinesin-4 and
kinesin -10 and members include Kif4A and Kif4B (Kinesin-4 family) and KID
(Kinesin-10 family). KID is a C. elegans plus end directed motor that demonstrates
microtubule and DNA binding properties. It plays an important role in controlling

the movement of chromosomes along the spindle in prometaphase and metaphase and
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the alignment of the chromosomes to the metaphase plate (Tokai-Nishizumi et al.,
2005). CENP-E is a member of the kinesin-7 family that is involved in the
interaction of the spindle microtubules with the kinetochore. It localises to the
kinetochore corona throughout the cell cycle and is also involved in the functioning
of the spindle assembly checkpoint, and in the alignment of chromosomes to the
metaphase plate (Cooke et al., 1997; McEwen et al., 2001; Schaar et al., 1997; Wood
et al., 1997). Kinesin-5 (BimC) family members are structurally quite distinct from
other kinesin super-family members. They have four motor domains with a
‘dumbbell’ like structure containing two motor domains at each end joined by a rod
to form a bipolar homo-tetramer structure. This bipolar structure contributes to the
function of this family of proteins in cross-linking microtubule filaments to form a
bipolar spindle. Eg-5 is a vertebrate member of this family, which plays a crucial
role in the cross-linking, and sliding of microtubules to form a proper bipolar spindle

in mitosis (Cooke et al., 1997).

The kinesin-13 (Kinl) family does not possess motor activity but surprisingly
possesses microtubule depolymerising activity. The motor domain is found in the
middle of the protein rather than in the N or C termini as in other kinesin families.
This family functions to promote catastrophe and dynamic instability in microtubule
filaments (Desai et al., 1999). There are three mitotic kinesin-13 members in human
cells Kif2a, Kif2b (Klpl0A-Drosophila melanogaster) and Kif2¢/MCAK (Klp59C-
Drosophila melanogaster). The D. melanogaster kinesin-13 proteins Klpl10A and
Klp59C demonstrate a ‘division of labour’ to regulate microtubule depolymerisation
during mitosis. KlpS9C (MCAK) induces microtubule depolymerisation at the
kinetochore attached plus-end in a ‘pac-man’ like manner, whereby kineotchores
induce the disassembly of spindle microtubules allowing the movement of sister
chromatids towards the pole by depolymerising the spindle as it goes. The kinesin-13
member Klp10A (Kif2a, Kif2b) functions to induce depolymerisation of the mitotic
spindle and to drive anaphase sister chromatid movement in a distinctive manner.
Klp10A depolymerises microtubules at the centrosome associated minus end to allow
anaphase segregation of chromosomes via ‘poleward flux’ (Rogers et al., 2004).
Furthermore both of these kinesin-13 members have been shown to form ring like
and spiral structures around microtubules in a similar manner to the budding yeast
Dam1/DASH complex which may allow these molecules to remain associated with
the ends of microtubules during depolymerisation (Tan et al., 2006). MCAK (Mitotic
centromere associated kinesin) is a potent vertebrate microtubule destabiliser that can

target either microtubule end, in a non-motile manner, through a ‘diffusion and
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capture’ mechanism to allow rapid end binding of the microtubule (Helenius et al.,
2006). MCAK induces catastrophe in stable microtubules through removal of the
GTP cap from the plus end of microtubule filaments promoting rapid microtubule
depolymerisationv and disassembly in a motor and ATP hydrolysis dependent manner
(Desai et al., 1999). MCAK and its homologues have been shown to oppose the
microtubule stabilising properties of the TOG family (Holmfeldt et al., 2004,
Tournebize et al., 2000). MCAK is found both in the cytoplasm and on centromeres
throughout the cell cycle but its centromere association is enriched following mitotic
entry, where it has been implicated in playing an important role alongside Aurora B
in promoting proper kinetochore-microtubule interactions and error correction
(Maney et al., 1998). The X. laevis XKCM1 (MCAK homologue) is also required for
regulation of microtubule dynamics and accurate chromosome segregation (Desai et
al,, 1999; Severin et al., 2001). Disruption of XKCMI1 activity in mitotic X. /aevis
egg extracts results in abnormally long asters and microtubules which lack dynamic
instability, demonstrate a fourfold reduction in the catastrophe rate and are incapable

of bipolar spindle formation (Walczak et al., 1996).

There are no kinesin-13 family members in yeast, they do possess however kinesin-8
family members which are thought to function in microtubule depolymerisation
instead of kinesin-13 members in these organisms. Kinesin-8 proteins are quite
similar to kinesin-13 members and disruption of their function yields longer
interphase and mitotic microtubules, resistance to spindle drugs, mis-positioning of
the mitotic spindle and disruption of correct spindle-kinetochore interactions
(Cottingham and Hoyt, 1997; DeZwaan et al., 1997; Garcia et al., 2002a; Garcia et
al., 2002b; Goshima et al., 200S; Rischitor et al., 2004). The budding yeast kinesin-8
member Kip3 depolymerises microtubules from the plus end in a length dependent
manner. Kip3 possesses motor activity and uses ATP hydrolysis to move in a directed
manner towards the plus end of the microtubule (Gupta et al., 2006; Varga et al.,
2006). The Drosophila melanogaster kinesin-8 member Klp67A also serves to
regulate microtubule dynamics by functioning as a microtubule destabiliser.
Depletion of Klp67A by RNAi (RNA interference) causes the appearance of longer
mitotic spindles, whereas overexpression of this protein leads to shorter mitotic
spindles (Goshima et al., 2005). The fission yeast kinesin-8 family members Klp5
and Klpé6 have been also implicated in microtubule depolymerisation, spindle length
control, chromosome congression during metaphase and accurate chromosome
segregation. These proteins will be discussed in further detail later in this chapter
(Garcia et al., 2002a; Garcia et al., 2002b; West et al., 2002; West et al., 2001).
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1.2.5 Fission yeast microtubules

Most organisms contain several o and p tubulin isoforms which can differentially
regulate the localisation and functions of microtubule filaments. The fission yeast is
no exception to this with two a-tubulin encoding genes ath2" and nda2"and one B-
tubulin encoding gene nda3” (Adachi et al., 1986; Hiraoka Y, 1984; Toda et al.,
1984; Yanagida, 1987). The a-tubulin gene nda2" is essential for viability, however
ath2" is not absolutely required for cell viability indicating some subtle differences
between both a-tubulin isoforms. It seems however that these two genes are partially

redundant as overexpression of ath2” can rescue the lethality of nda2 mutants.

In the fission yeast interphase cytoplasmic microtubules are nucleated from iMTOCs
or SPBs to form 3-6 microtubule arrays that grow along the length of the fission yeast
cell and function to maintain the cell shape and polarity. These cytoplasmic
microtubules are arranged with the plus ends facing the cell tips and with minus ends
overlapping near the centre of the cell (Sawin and Tran, 2006; Tran et al., 2001). The

interphase microtubule arrays disappear as cells proceed into mitosis (Figure 1.3).

Upon entry into mitosis the duplicated invaginated SPBs separate and the mitotic
spindle is nucleated from the nuclear side of the SPB. This mitotic spindle is
composed of a number of different types of microtubule filaments; including pole-to-
pole microtubules, kinetochore-to-pole microtubules and astral microtubules. Pole-
to-kinetochore microtubules are anchored at their minus ends to the SPB with their
plus ends protruding towards the chromosomes to facilitate kinetochore capture and
chromosome segregation during anaphase. The pole-to-pole microtubules extend
from one pole to the other with a region of overlap at the centre of the cell. During
mitosis the cytoplasmic side of the SPB nucleates astral microtubules, however the
exact timing or function of these astral microtubules remains controversial. Previous
published reports argue that these cytoplasmic astral microtubules are nucleated prior
to anaphase, that they play a crucial role in aligning the metaphase spindle in a
perpendicular manner to the cell axis and in the ‘spindle orientation checkpoint’
(SOC) (Gachet et al., 2001; Gachet et al., 2004; Oliferenko and Balasubramanian,
2002; Rajagopalan et al., 2004; Tournier et al., 2004). More recent work suggests
these cytoplasmic astrai microtubules are nucleated after the metaphase-anaphase
transition and therefore have no function in a mitotic checkpoint. It is also postulated
that what were presumed to be prometaphase-metaphase astral microtubules might be

in fact intranuclear microtubules that are nucleated from the nuclear side of the SPB
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(Sawin and Tran, 2006; Zimmerman et al., 2004). It is therefore controversial when
exactly these cytoplasmic astral microtubules are nucleated and indeed what their

function if any is in mitosis.

The kinetochore-to-pole microtubules are nucleated from opposite poles, grow and
interact with the kinetochores of sister chromatids. Bipolar attachments are formed
so that a kinetochore of one chromatid is attached to one pole and the kinetochore of
the sister is attached to the opposite pole. There are approximately 3 pole-to-
kinetochore microtubules attached to each kinetochore in the fission yeast. Following
this bipolar attachment tension is generated and anaphase onset can occur (Figure
1.3). Anaphase A involves the depolymerisation of the spindle microtubules, to
facilitate the pulling of the sister chromatids towards the opposite poles. In anaphase
B the pole-to-pole microtubules are elongated pushing the separated chromosomes
and SPBs to opposite ends of the cell. At the end of mitosis the post anaphase array
(PAA) is nucleated from the eMTOC in the centre of the cell where cell division will
occur. A cytokinetic actomyosin ring then forms at this division site to facilitate

cytokinesis (Sawin and Tran, 2006) (Figure 1.3).
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Figure 1.3: Microtubule structure throughout the fission yeast cell cycle

Cytoplasmic interphase microtubule bundles grow along the cell axis and function to
maintain cell shape and polarity. The invaginated and duplicated SPBs separate in
mitosis and form a bipolar mitotic spindle. The pole-to-kinetochore microtubules
nucleated from the nuclear side of the SPB grow with their plus ends towards the
equator of the cell and capture the chromosomes aligned at the metaphase plate.
Anaphase A onset induces depolymerisation and disassembly of the spindle to pull
the separated chromosomes towards the opposite poles. Astral microtubules may
play a role in facilitating this process. During Anaphase B the pole-to-pole
microtubules are elongated and push the SPBs and newly separated chromosomes
apart to the cell ends. A post anaphase array is formed at the site of cell division and
a cytokinetic actomyosin ring is deposited at this site. Red represents microtubules,

blue represents DNA, and green represents the SPB.
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1.3 Mitosis

The process of cell division must be tightly controlled to ensure cellular integrity,
genome stability and to prevent excess tissue proliferation. This process involves
both a nuclear division of the genetic material of the cell during chromosome
segregation and a cytoplasmic division to separate the newly formed daughter cells
during cytokinesis. During the mitotic phase of the cell cycle the sequential transition
from one mitotic stage to the next is regulated tightly in a quality control and
temporal manner. Each stage of mitosis involves the co-ordination of various cellular
organelles, signalling cascades, cytoskeleton components and a myriad of proteins
playing unique contributory roles to ensure that the separation of chromosomes and

division of the cell occurs with high fidelity and precision.

1.3.1_Mitotic stages-overview

The mitotic phase of the cell cycle can be subdivided into various different mitotic
stages, prophase, prometaphase, metaphase, anaphase and telophase followed by
cytokinesis (Alberts et al., 1994). During prophase the chromosomes condense into
well-defined sister chromatids and the cytoplasmic microtubule arrays breakdown
and are disassembled. The separating centrosomes begin nucleating the mitotic
spindle outside of the nucleus. At the start of prometaphase nuclear envelope
breakdown (NEBD) occurs in metazoan cells and the spindle microtubules now enter
the nucleus (Alberts et al., 1994). The kinetochore structures on the centromeres of
sister chromatids mature and are ready to facilitate the attachment of the
chromosomes to the spindle microtubules. The kinetochore microtubules search and
capture the kinetochores and tension is generated which aligns the chromosomes
along the equator of the cell. During metaphase all of the chromosomes are
congressed to the equator of the cell, which is known as the ‘metaphase plate’, and
the attachment state of each kinetochore is monitored. At this stage kinetochores
must be attached in a bipolar manner, with the kinetochore of one sister chromatid
attached to one pole and the other sister attached to the opposite pole, and sufficient

tension generated.
A checkpoint-signalling cascade detects the attachment state of the kinetochores and

delivers a ‘wait’ signal in the event of incorrect or improper attachment. This delays

anaphase onset until all sister chromatids can be attached in a proper bipolar manner
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and are correctly oriented (Hardwick et al., 2000; Hardwick et al., 1999; Wang and
Burke, 1995; Waters et al., 1998). A cohesive complex, known as cohesin, holds the
sister chromatids together. At anaphase onset this complex is cleaved allowing the
separation of sister chromatids that can be then pulled pole-ward (Uhlmann, 2004;
Uhlmann et al., 1999). During anaphase A the kinetochore microtubules are
depolymerised to facilitate the movement of the chromosomes to the poles.
Anaphase B involves the elongation of polar microtubules, which pushes the spindles
poles apart and further separates the segregated chromosomes to opposite ends of the
cell (Alberts et al., 1994; Barton and Goldstein, 1996). Telophase then follows which
in mammalian cells involves the reformation of the nuclear envelope around each
group of daughter chromosomes, the disappearance of the kinetochore microtubules,
decondensation of the chromatin and the re-appearance of the nucleoli (Alberts et al.,
1994). The newly formed daughter cells then undergo cytokinesis. In animal cells
the plasma membrane around the cell centre is drawn inwards to form a cleavage
furrow. This cleavage furrow continues to constrict until only a thin bridge of
cytoplasm remains between the two new daughter cells. Eventually this bridge

narrows and breaks and the cells are completely separated (Alberts et al., 1994).

Within the fission yeast cell cycle mitosis is also classified into the same distinct
phases, prophase, prometaphase, metaphase, anaphase, telophase and cytokinesis.
Unlike mammalian cells and other organisms the fission yeast nuclear envelope does
not break down during mitosis and the fission yeast undergoes a ‘closed mitosis’ with
mitotic spindle nucleation and chromosome segregation occurring completely within
the nucleus (Egel et al., 1980). Prometaphase, metaphase and anaphase proceed in a
similar manner as in mammalian cells with condensation of the chromosomes,
breakdown of the cytoplasmic microtubule arrays, attachment of the pole-to-
kinetochore microtubules to kinetochores, chromosome congression to the metaphase
plate, segregation of the chromosomes during anaphase and pole-to-pole spindle
elongation during anaphase B. During telophase a post anaphase array of
microtubules is formed and septum formation occurs which allows separation of the

fission yeast cells during cytokinesis.

Fission yeast mitosis can also be classified according to mitotic spindle dynamics.
The pole-to-kinetochore microtubules cannot be visualised by fluorescence
microscopy during fission yeast mitosis and only the pole-to-pole microtubules are
apparent. Mitosis can therefore be classified according to the dynamics of these pole-

to-pole microtubules as three distinct phases; phase I, phase II and phase III. In phase
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I (prophase) mitotic spindle nucleation is initiated with spindle length corresponding
to 0-2.5um. In phase II (prometaphase-anaphase A) the spindle length remains
constant at ~ 2.5um. In phase III spindle elongation occurs (anaphase B) with the
spindle length inéreasing to 12-15pum (Nabeshima et al., 1998). Mutations that affect
kinetochore components, tubulin structure or dynamics and the regulation of mitotic

timing can show delay in the duration of some of these phases.

1.3.2 Kinetochore attachment & tension overview

During mitosis the kinetochores of sister chromatids must become correctly and
stably attached in a bipolar manner. Kinetochore microtubules ‘search and capture’
the kinetochores during prometaphase, but this is thought to be a stochastic process
and often leads to the formation of incorrect and mal-oriented kinetochores. These
incorrectly attached kinetochores must be ‘turned-over’ and repaired to allow bipolar
attachments to form, tension to be generated and proper kinetochore bi-orientation to
occur. Kinetochores that are stably attached in a bipolar configuration with the
kinetochores of both sister chromatids attached to opposite spindle poles are known
as amphitelic attachments (Figure 1.4). When this amphitelic state is achieved not
only are the kinetochores attached to both poles but also tension, which is required to
satisfy the spindle assembly checkpoint, is generated (Stern and Murray, 2001). This
tension occurs due to the balance in opposing forces with the pole-ward force caused
by depolymerisation of the attached kinetochore microtubules pulling against the
sister chromatids, which are held together by cohesin (He et al., 2000; Tanaka et al.,
2000). This tension is important to not only enable the sensing of correct attachment

states but also in stabilising the microtubule attachments to the kinetochore.

Defects in microtubule-kinetochore attachment can be of several different
configurations. If only one of the kinetochores on a pair of sister chromatids is
attached and the other is unattached this is known as monotelic attachment (Figure
1.4). In this case the unattached kinetochore will activate the spindle assembly
checkpoint-signalling cascade to induce a mitotic delay until an amphitelic
configuration can be established (Hardwick, 2005; Zhou et al., 2002). Another type
of mono-polar configuration exists whereby both sister kinetochores can become
attached to the same pole, and is known as syntelic attachment (Figure 1.4).
Syntelically attached kinetochores can satisfy the attachment criteria of the spindle

assembly checkpoint, but sufficient tension is not generated by this configuration,
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thus allowing the tension sensing components of the checkpoint to signal and induce
an anaphase delay and activate an Aurora B dependent repair pathway (Dewar et al.,
2004; Lampson et al., 2004; Pinsky and Biggins, 2005). Merotelic attachments occur
when a single kinetochore is attached to both spindle poles by one or more
microtubules (Figure 1.4). It has been shown that merotelic attachments occur
frequently in tissue-cultured cells with approximately 30% of prometaphase Ptkl
cells showing one or more merotelically oriented kinetochores (Cimini et al., 2003).
Despite the fact that evidence suggests that these attachments appear not to be
detected by the spindle assembly checkpoint (Cimini et al., 2001) these defects do
appear to be ‘turned over’ and repaired in an Aurora B and MCAK dependent manner
(Cimini et al., 2003; Cimini et al., 2006; Knowlton et al., 2006). We will discuss the
correction of mal-oriented kinetochore attachments in more detail later in this

chapter.

It was reported that astral microtubules play an important role in the orientation of the
spindle and the generation of tension at the kinetochore-microtubule interface.
Fission yeast cells that lack ‘astral’ microtubules in metaphase were unable to orient
the mitotic spindle along the length of the cell and it was thus concluded that ‘astral’
microtubules orient the position of pole-to-kinetochore microtubules in a
perpendicular manner to the cell axis (Gachet et al, 2004; Oliferenko and
Balasubramanian, 2002). More recently it has been demonstrated that these
microtubules are not ‘astral’ in nature and are actually intranuclear microtubules,
however it is likely that instead of contacting the cell cortex to orient the mitotic
spindle as earlier proposed they are in fact contacting the nuclear envelope and in this
manner facilitating the orientation of the spindle and the generation of kinetochore

tension (Zimmerman et al., 2004).
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Figure 1.4: Kinetochore attachment configurations

Kinetochores that are correctly attached in a bipolar manner with both sister
chromatids attached to opposite spindle poles are known as amphitelic attachments.
If one of the kinetochores on a pair of sister chromatids is unattached this is known as
monotelic attachment and leads to activation of the spindle assembly checkpoint.
Syntelic attachments occur when both sister chromatids are attached to the same pole
and causes activation of a tension-sensing arm of the checkpoint and induction of
repair pathways. Merotelic kinetochores occur when kinetochores become attached
to both spindle poles. These are not sensed by the checkpoint but are efficiently
‘turned over’ in an Aurora B dependent manner. Arrows represent direction of

microtubule pulling force.
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1.3.3_Spindle assembly checkpoint

The spindle assembly checkpoint functions to delay anaphase onset through
inhibition of the APC/C until all chromosomes are attached in a bipolar manner and
correctly bi-oriented. The spindle assembly checkpoint proteins were first discovered
in the budding yeast in a genetic screen to identify mutants that fail to arrest in
mitosis in the presence of spindle drugs. These include (mitotic arrest deficient)
Madl, Mad2 and Mad3 (hBubR1l) Bubl and Bub3 (budding uninhibited by
benzimidazole) and Mpsl (Mphl-fission yeast) (Hoyt et al., 1991; Li and Murray,
1991; May and Hardwick, 2006). These proteins are well conserved across many
species with homologues of all found from yeast to man. The names are maintained
across species lines except for Mad3, which is known as BubR1 (Bubl related 1) in
metazoans and Mps1, which is called Mphl (Mpsl like pombe homologue) in fission
yeast. Several other checkpoint components have been identified in different
organisms and these include; CENP-E which has been shown to stimulate BubR1
kinase activity in higher organisms (Mao et al., 2003), the RZZ complex of Rod,
Zw10 and Zwilch which is involved in recruiting Mad1-Mad?2 to kinetochores and in
their subsequent removal (Basto et al., 2000; Buffin et al., 2005; Chan et al., 2000;
Karess, 2005; Kops et al., 2005), Aurora B/Ipll/Arkl which is required for
checkpoint activation due to lack of tension in mammals and budding yeast and due

to lack of attachment in fission yeast.

The spindle assembly checkpoint is activated in response to chromosomes that lack
attachment. Removal of unattached kinetochores either through the establishment of
amphitelic orientation or through laser ablation results in silencing of the spindle
assembly checkpoint and anaphase entry (Rieder et al.,, 1995). The checkpoint can
also be activated when tension is lacking, such as is found in syntelic configurations
or upon treatment with spindle poisons or chemicals (Kapoor et al., 2000; May and
Hardwick, 2006; Skoufias et al,, 2001). Madl and Mad2 localise to unattached
kinetochores but do not localise to kinetochores that lack only tension (Waters et al.,
1998), whereas Bubl and BubR1/Mad3 can localise to both unattached and/or
tensionless kinetochores (Skoufias et al., 2001) (Figure 1.5).

The spindle assembly checkpoint induces a mitotic delay through inhibition of the

Anaphase promoting complex APC/C. The APC/C functions as an E3 ubiquitin

ligase enzyme that ubiquitylates many cell cycle regulators and targets them for
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degradation by the 26S proteasome. During metaphase the Cohesin complex holds
the sister chromatids together. The Sccl subunit of this complex is cleaved at the
metaphase-anaphase transition by a protease called Separase, which facilitates the
separation of sister chromatids during anaphase A (Ciosk et al., 1998; Klein et al.,
1999; Uhlmann et al.,, 1999; Uhlmann et al., 2000). Securin is an inhibitory
chaperone that prevents premature activation of Separase prior to anaphase onset
(Homnig et al., 2002,; Salah and Nasmyth, 2000; Yanagida, 2000) and is a key
anaphase substrate for the APC/C. Destruction of Securin releases Seperase and
allows it to cleave Cohesin (Figure 1.5). The APC/C also targets Cyclin B for
destruction during anaphase, which facilitates mitotic exit through the abolition of
CDK activity (Shirayama et al., 1999). The APC/C is regulated by the presence of
accessory proteins Cdhl or Cdc20, which interact with specific substrates and target
them to the APC/C for ubiquitylation (Peters, 2002). Cdc20 (Slp1-fission yeast) is
the mitotic accessory regulator of the APC/C and is the target of the spindle assembly
checkpoint. Several checkpoint proteins form a complex (MCC) that binds to Cdc20,
rendering the APC/C inactive and inducing a mitotic delay (Kim et al., 1998)(Figure
1.5).

When kinetochores are unattached or lacking in tension the spindle assembly
checkpoint components localise to the kinetochore where a ‘wait anaphase’ signal is
generated and amplified. Madl and Bubl can stably associate with unattached
kinetochores where it is thought they act as a scaffold or platform for recruitment of
the other checkpoint signalling molecules Mad2 and Mad3/BubR1 (Howell et al.,
2004; Shah et al., 2004). There is a pool of Mad2 that always remains stably
associated with Madl at the kinetochore whereas a second population of Mad2 and
cdc20 cycles on and off the kinetochore in a dynamic fashion (Howell et al., 2004;
Shah et al., 2004; Vink et al., 2006). Structural studies have revealed that Mad2 can
exist as two different conformers. When free in solution Mad2 is in an open
confirmation called O-Mad2, this Mad2 conformer can bind to Madlor Cdc20 and
undergoes a conformational change to form closed Mad2, C-Mad2.(De Antoni et al.,
2005). The Madl/C-Mad2 complex is very stable and acts as a template at the
kinetochore for the recruitment of O-Mad2 and facilitates the binding of O-Mad2 to
Cdc20, to form a Cdc20/C-Mad2 complex. This C-Mad2/Cdc20 complex displays
potent inhibition of the APC/C in vitro, however in vivo, the formation of a complex
consisting of Mad2, Mad3/BubR1, Bub3 and Cdc20 known as the mitotic checkpoint
complex (MCC) is required for inhibition of the APC/C (Figure 1.5).
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Once kinetochores have become properly attached and bi-oriented the spindle
assembly checkpoint must be switched off to allow anaphase to proceed and cells to
exit mitosis. Several molecules have been implicated in playing an important role in
checkpoint silencing at the metaphase-anaphase transition. The motor protein Dynein
has been shown to play an important role in the transport of Madl, Mad2 and BubR1
away from the kinetochore along microtubules, which could serve to prevent the
formation of further inhibitory MCC complexes, or in the generation of the ‘wait
anaphase’ signal (Howell et al,, 2001). CENP-E has been implicated in spindle
assembly checkpoint silencing due to its ability to regulate BubR1 kinase activity. It
has been shown that the binding of microtubules to CENP-E downregulates the
BubR1 kinase activity and switches off the checkpoint (Mao et al., 2003). The
checkpoint inhibitory protein p31°™ (CMT2) possess the ability to selectively bind
to Mad2 that is bound to Cdc20 (Mapelli et al., 2006; Xia et al., 2004). Furthermore
in vitro studies demonstrate that purified p31°™" enhances the activity of the APC/C
and that p31°™ plays a role in silencing the spindle assembly checkpoint. Recently
a new report highlighted an important discovery in furthering our understanding of
how the spindle assembly checkpoint is silenced. It now seems that Cdc20 is multi-
ubiquitinated in an UbcH10 dependent manner, which causes disruption of the MCC
complex through dissociation of Mad2 and BubR1l. This ubiquitination and
dissociation of checkpoint proteins are enhanced by the presence of both UbcH10 and
p31°°™ (Reddy et al., 2007). This process can be reversed through the action of a de-
ubiquitinating enzyme USP44, which can stabilise the MCC complex through de-
ubiquitination of Cdc20 both in vitro and in vivo (Reddy et al., 2007; Stegmeier et al.,
2007). This suggests that the metaphase-anaphase transition is regulated by a
dynamic balance in ubiquitination by the APC/C and de-ubiquitination by USP44.
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Figure 1.5: Activation mechanism of the spindle assembly checkpoint

During metaphase the kinetochores must become attached in a bipolar amphitelic
manner and sufficient tension generated. When correct attachments are generated
anaphase onset begins by APC/C mediated ubiquitylation of Securin/Cut2, which is
an inhibitory chaperone for the thiol protease Separase. Degradation of Securin
causes the release of Seperase and the cleavage of the Cohesin complex that holds
sister chromatids together, allowing chromosomes segregation to occur. In
conditions where kinetochores are unattached or lacking in tension the spindle
assembly checkpoint cascade is activated. This process involves the recruitment of
checkpoint proteins to the kinetochore. It is believed that Mad2 is recruited to the
kinetochore through Madl, Mad3 recruited through binding Bubl and Bub3 through
binding Mad3. The binding of Mad2, Bub3 and Mad3/BubR1 to the APC/C
accessory protein Cdc20 then forms the MCC complex. This inhibits Cdc20 to
prevent APC/C activation and induce a mitotic delay. O-Mad2 represents the open
conformation of the Mad2 protein. C-Mad2 represents the closed conformation of

the protein.
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1.3.4_Turnover of incorrect kinetochore attachments

We have previously mentioned that merotelic kinetochores are not sensed by the
spindle assembly checkpoint but are somehow ‘turned over’ and repaired to allow
correct chromosome segregation to occur and prevention of aneuploidy. It is thought
that the correction of merotelic kinetochores occurs in an Aurora B dependent
manner. Aurora B localises to the centromere in early mitosis so it is in a prime
location to function in the repair of mal-oriented kinetochores at this time. Indeed
treatment of tissue culture cells with the Aurora kinase inhibitor ZM447439 or
Aurora B RNAi causes an increase in the frequency of metaphase merotelic
attachments and anaphase lagging chromosomes (Cimini et al., 2006; Ditchfield et
al., 2003).

Merotelic kinetochores are ‘turned over’ and segregated equally by the activation of a
pre-anaphase correction mechanism. This mechanism allows merotelic kinetochores
to move away from the equator of the cell depending on the ratio of kinetochore
microtubules from the correct to the incorrect pole. If this ratio is around 1:1 it leads
to the failure in the ‘turn over’ of these merotelic kinetochores and anaphase lagging
chromosomes result, however, if there is a higher ratio favouring the correct pole then
poleward movement will occur with correct segregation of the sister chromatids in
anaphase (Cimini et al., 2004). This mechanism has been shown to allow the correct
segregation of merotelic kinetochores in tissue culture cells, with 16% of Ptkl
metaphase cells displaying one or more merotelic kinetochores but only ~1% of these

produce anaphase-lagging chromosomes (Cimini et al., 2004).

Aurora B functions in the pre-anaphase ‘turnover’ of merotelic kinetochores that have
a microtubule ratio of 1:1 by reducing the number of microtubules that are attached to
the incorrect pole through microtubule detachment and depolymerisation. Evidence
for this includes that kinetochore microtubules become much more stable when
Aurora B is inhibited and also in anapahase when Aurora B relocalises from the
centromere/kinetochore to the spindle midzone (Cimini et al., 2006). It is thought
that the detachment of incorrect microtubule attachments occurs through the
regulation of the depolymerising kinesin MCAK by Aurora B. Both Aurora B and
active MCAK are enriched at merotelic kinetochore sites (Knowlton et al., 2006) and
a previously published report shows that the prevention of centromeric localisation of

MCAK increases the frequency of anaphase lagging chromosomes (Kline-Smith et
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al., 2004). It would therefore seem that one of the roles of Aurora B in the ‘turnover’
of merotelic kinetochores in mammalian cells is through the regulation of the
depolymerisation activity of MCAK. It seems likely that other downstream
modulators exist which must be modified by Aurora B to function not only in sensing
merotelic attachments and in detachment of the incorrect microtubules, but also in the

re-attachment of correctly oriented microtubules.

In the budding yeast the Aurora B ortholog, Ipll, is found in a complex with Birl
(Survivin) and Slil5 (INCENP) which has been shown to be required for anaphase
spindle elongation, cytokinesis and in early mitosis in the generation of correctly bi-
oriented kinetochores (Biggins and Murray, 2001; Dewar et al., 2004; Tanaka et al.,
2002). Furthermore Ipll has been shown to be required for spindle assembly
checkpoint activation in response to a lack of tension (Biggins and Murray, 2001).
When the function of Ipll is lost the ‘turnover’ of syntelically-attached kinetochores
does not occur and mono-polar segregation defects occur (Dewar et al., 2004; Tanaka
et al., 2002). Ipll must therefore function in the ‘turnover’ of these mal-oriented
kinetochores through the detachment of incorrect microtubule configurations and the

re-attachment of correct microtubules.

A key downstream target for Ipll in the ‘turnover’ of syntelic kinetochores in the
budding yeast is the Dam1/DASH complex. Ipll has been shown to phosphorylate
Daml at various sites in vitro (Cheeseman et al., 2002a; Courtwright and He, 2002;
Kang et al., 2001). Indeed phospho deficient dam/ mutants (S-A) phenocopy ip/l
mutants with respect to persistent mono-polar attachments (Cheeseman et al., 2002a).
Moreover phospho mimic daml mutants (S-D) show a lagging chromosome
phenotype indicative of unattached kinetochores (Cheeseman et al., 2002a). It seems
that the phosphorylation of Dam1 by the Ipll kinase is required to detach incorrectly
oriented kinetochore configurations and allow subsequent re-attachment of correct
configurations. It has been demonstrated that the Dam1/DASH complex, which is
bound to microtubules, can interact with Ndc80 on the outer kinetochore through the
Dam! subunit. Phosphorylation of Dam1 by the Ipll kinase is thought to disrupt this
binding with Ndc80 and thus abrogate the kinetochore-microtubule interaction.
Indeed phospho mimic dami mutants show not only disrupted binding to Ndc80 but
also reduced binding to the centromere region by chromatin Immunoprecipitation

(ChIP) analysis (Cheeseman et al., 2002a; Shang et al., 2003).
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More recently it has been demonstrated that Ipll functions in the activation of the
spindle assembly checkpoint in response to a lack of tension by creating unattached
kinetochores and that this seems to be through the Ipll regulated phosphorylation of
Dam] (Pinsky et al., 2006). Therefore in order to correctly repair tension defects in
this system they must first be converted into attachment defects through Ipll kinase
activation. The fission yeast Aurora B orthologue is thought to be required for both
attachment and the generation of correct tension at the kinetochore, however the
exact nature of its role in correct kinetochore-microtubule interactions is still to be

elucidated (Petersen and Hagan, 2003).

1.4 Centromere

During mitosis the chromosomes become attached to the spindle microtubules at a
special site known as the centromere. Centromeres were first described as far back as
the 1880’s as primary constrictions visible on condensed chromosomes and which
corresponded to the site of attachment of the spindle microtubules (Fleming, 1882).
The centromere directs the assembly of a multi-proteinaceous complex called the
kinetochore, which facilitates the attachment of spindle filaments to enable sister

chromatid separation.

1.4.1 Centromere sequence

Centromeres form on a specific site on each chromosome; therefore it was logical to
assume that a specific DNA sequence would specify the assembly of centromeric
chromatin and the site of kinetochore formation. However, while this appears to be
the case for the simple ‘point’ centromere within the budding yeast S. cerevisiae,
there is no apparent conservation of centromere sequence in other eukaryotes. While
there are no obvious centromere determinant DNA sequences in these organisms, the
centromeres do possess quite distinct features from the remainder of the
chromosomal chromatin structure. The centromeres in these organisms contain
tandem sequence repeats, which are specifically found only at the centromere region.
Furthermore, centromeric chromatin contains a unique Histone H3 variant protein
called CENP-A (fission yeast-Cnpl, budding yeast-Cse4) that is packaged in the

nucleosomes to form a distinct centromeric chromatin structure.
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1.4.1.1 Budding vyeast centromere

The budding yeast centromere was the first to be cloned and sequenced (Clarke and
Carbon, 1980). A 125-bp sequence was found to be necessary and sufficient for the
formation of the centromere/kinetochore region (Cottarel et al., 1989; Gaudet and
Fitzgerald-Hayes, 1989). The centromeric regions of the budding yeast chromosomes
are divided into three distinct domains, CDEI, CDEII and CDEIII (Fitzgerald-Hayes
et al., 1982). CDEI and CDEIII are palindromic and bind in a sequence specific
manner to centromeric proteins complexes that constitute the inner kinetochore
(McAinsh et al., 2003). CDEII is an AT rich sequence that can vary in length and is
thought to wrap around the nucleosome, through interaction with the Histone H3
variant proteins Cse4 (Clarke and Carbon, 1980; Keith and Fitzgerald-Hayes, 2000).
Cse4 can also interact with the CDEI sequence region. It is postulated that this
binding of CSE4 to CDEI and CDEII forms a scaffold structure to facilitate the
assembly of the kinetochore protein complexes (Cheeseman et al., 2002b; McAinsh
etal., 2003).

The CDEI region also binds to the Cbfl protein, which is a non-essential helix-loop-
helix protein that shows some homology to the human CENP-B protein. While not
an essential protein; Cbfl does function to provide high-fidelity chromosome
segregation, as in the absence of this protein the rate of chromosome loss is elevated
(Cai and Davis, 1990; Stoyan et al., 2001). The CBF3 complex binds to the CDEIII
region of the centromere. This complex is composed of 4 essential proteins, Ndc10,
Ctf13, Cep3 and Skpl. The DNA binding activity of the CBF3 complex is through
the zinc finger motif of the Cep3 protein (Espelin et al., 1997). The CBF3 complex
acts as a scaffold or platform for the recruitment of all the other kinetochore proteins;
indeed CBF3 is also required for the centromere binding of Cse4 and is a primary
requirement and determinant of kinetochore localisation and assembly in the budding
yeast (McAinsh et al., 2003; Measday et al., 2002). More recently Cse4 was shown
to be also required for the recruitment of central and outer kinetochore components
and therefore functions also as a determinant of kinetochore assembly along with

CBF3 in the budding yeast (Collins et al., 2005; Westermann et al., 2007).
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1.4.1.2 Fission yeast centromere

The fission yeast centromere spans approximately 40-100 kb in length and is
composed of distinct and separate domains. All of the three fission yeast centromeres
have the same fundamental structure, with a central core (cnt) of non-repetitive DNA
that is flanked by inverted tandem repeats, the innermost repeats (imr) and the
outermost repeats (ofr) (Pidoux and Allshire, 2004; Wood et al., 2002). The cnt
region is approximately 4-7kb in length that together with the imr forms a central
domain that acts as the site of kinetochore assembly. The otr region forms a
heterochromatic outer domain, which is involved in transcriptional silencing (Carroll
and Straight, 2006; Pidoux and Allshire, 2004). The fission yeast centromere is
therefore a good model to study centromere structure and formation in that it

resembles centromeres of higher organisms.

The central core region has a unique chromatin structure, which forms a smear
pattern following micrococcal nuclease digestion, whereas other chromosomal
regions yield a typical nucleosomal ladder pattern (Polizzi and Clarke, 1991). This
unique structure does not correlate with the centromeric sequence, as the introduction
of fission yeast central core sequences into the budding yeast does not yield this
smear pattern (Polizzi and Clarke, 1991). It is thought that epigenetic regulation may
play a role in this central core chromatin structure (Pidoux and Allshire, 2004). The
fission yeast, like other organisms, contains a Histone H3 variant protein, Cnpl,
which is incorporated into the nucleosomes in the central core region. Several
kinetochore proteins are required for the assembly of Cnpl into the central core
nucleosomes, including Mis15-18 and Mis6 (Hayashi et al., 2004; Takahashi et al.,
2000).

The otr outer repeat region is maintained in a heterochromatic state. The histones H3
and H4 in the nucleosomes of the otr region are hypo-acetylated on the lysine
residues in their N-termini, K14 (Histone 3) and K9 (Histone 4) respectively (Ekwall
et al,, 1997). In addition to this, lysine 9 of Histone H3 is methylated in these otr
heterochromatic regions in a Clr4 dependent manner (Pidoux and Allshire, 2004; Rea
et al., 2000). This creates a binding pocket for the chromodomain protein Swi6.
Mutants in swi6 or clr4 show an alleviation of centromeric silencing, chromosome
loss with a predominantly lagging chromosome phenotype and hypersensitivity to
microtubule drugs (Allshire et al., 1995; Ekwall et al., 1996; Ekwall and Ruusala,

1994). Furthermore Swi6 has been implicated in the enrichment and retention of the
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cohesin complex to the centromere, indicating the importance of heterochromatin for
accurate sister-chromosome segregation and not just transcriptional silencing

(Bernard et al., 2001; Nonaka et al., 2002).

As we have already stated the two domains in the fission yeast centromere are quite
distinct, indeed when viewed by a light microscope the two domains can be seen as
quite distinct cytological domains. It seems that these domains are prevented from
spreading into each other. It is thought that the presence of tRNA genes within the
inner repeat sequences forms a barrier between the two domains to keep them distinct
and partitioned (Kuhn et al., 1991; Takahashi et al., 1991). The presence of inverted
repeat symmetry within the imr and otr regions has generated speculation as to the
higher order structure of the centromere and the function of the heterochromatic
domain. It has been postulated that the two sides of the centromere interact to form a
‘loop’ like structure, which could project the central core region outwards to facilitate
proper kinetochore assembly and a microtubule interaction site (Clarke et al., 1993;

Pidoux and Allshire, 2004; Takahashi et al., 1992).

1.4.1.3 Metazoan centromere

The centromeres in metazoans are more complicated than the centromeres in yeast.
The centromeres of human chromosomes contain large arrays of alpha satellite DNA
that can span up to 4Mb (Carroll and Straight, 2006). The a-satellite DNA consists
of 171 bp repeats called o-I satellite DNA. This a-I satellite DNA is flanked each
side by divergent repetitive sequences and retrotransposons, called a-II satellite
DNA. The external edge of human centromeric DNA is rich in LINE-1 elements
(long interspersed element 1) (Schueler et al., 2001). The centromere usually forms
on the o-I satellite DNA, however there are reports of centromere formation within
regions devoid of a-satellite DNA. These ‘neo-centromeres’ tend to form on AT rich
regions, which contain LINE-1 elements, this suggests that while a-satellite DNA is
not required for centromere formation some higher-order structure and possibly other

factors may be required.

The histone H3 variant CENP-A is incorporated into the nucleosomes of metazoan
centromeric chromatin. The recruitment and incorporation of human hCENP-A relies
on the same pathway as in the fission yeast, with both spMis16 homologues
hRbAp46 and hRbAp48 required (Hayashi et al., 2004). CENP-A incorporation at

43



the centromere is essential for accurate chromosome segregation to occur (Howman
et al., 2000; Vos et al., 2006). Furthermore CENP-A is required for the recruitment
of CENP-C, CENP-H and CENP-I (Howman et al., 2000; Vos et al., 2006). Regions
of pericentric heterochromatin flank the CENP-A containing regions. These
heterochromatin regions contain tri-methylated Histone H3 lysine 9 and are hypo-
acetylated on histone H3 and H4. This tri-methylation creates a binding site for the
heterochromatin protein HP1, which silences the region and recruits and maintains
cohesin at the centromere (Nonaka et al, 2002). The central core, CENP-A
containing region, contains several epigenetic markers, including histone H3
dimethylated lysine 4. This modification is usually found on euchromatin, however
the central core region is transcriptionally silent and does not contain any other
euchromatic modifications. This di-methylated H3-K4 is found on the internal face
of metaphase chromosomes, where cohesion is established, whereas CENP-A occurs
on the external face of the chromosomes where the kinetochore is assembled
(Sullivan and Karpen, 2004), thus allowing the formation of a higher-order structure

which may facilitate a kinetochore-microtubule interface.

1.5 Kinetochore

The kinetochore is a specialised large multi-proteinaceous structure, which assembles
onto centromeric DNA. A stable kinetochore structure is fundamental to ensure
accurate and high fidelity chromosome segregation. Kinetochores function as the
attachment sites for the spindle microtubules to anchor to the chromosomes to
facilitate sister-chromatid separation during mitosis. Kinetochores are also required
as a platform for the recruitment and signalling of spindle assembly checkpoint
proteins and for the generation of pole-ward forces that separate the chromosomes
during anaphase. The kinetochore consists of myriads of various proteins, which are
arranged into various sub-complexes. In the budding yeast more than 65 different
kinetochore proteins have been identified (De Wulf et al., 2003; Westermann et al.,
2007). Fewer proteins have been identified in metazoan kinetochores, however what
is clear is that the overall structure of the kinetochore, while not identical, is

conserved amongst diverse organisms.
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1.5.1 Budding yeast architecture

Budding yeast kinetochores are intrinsically different to kinetochores of other
organisms with respect to their properties. The kinetochores are attached to only one
spindle microtubule emanating from the pole (Figure 1.6).  Furthermore these
kinetochores are attached to microtubules throughout the cell cycle, and are only
briefly disassembled in S-phase to allow passage through the replication machinery
(Westermann et al., 2007; Winey et al., 1995). The proteins in the budding yeast
kinetochore are classed into 3 different groups depending on their position in the
centromere/kinetochore structure, (A) inner kinetochore proteins that are DNA
binding and associate with the centromere, (B) central kinetochore proteins that act as
linkers, and (C) microtubule binding proteins including MAPs, motor proteins and
kinesins (McAinsh et al., 2003; Westermann et al., 2007). As discussed in the
previous section the inner kinetochore proteins are those that associate closely with
the centromeric DNA, including the Histone H3 variant Cse4, Cbfl and the CBF3
complex. Mif2 is a protein that exists in the interface between these inner
kinetochore proteins and the central linker kinetochore proteins. It has been shown
by TAP-purification to associate with both Cse4 and the linker Mtwl complex
(Westermann et al., 2003). Mif2 is the budding yeast homologue of the vertebrate
CENP-C protein. Indeed in vertebrates there is a close association between the
Histone H3 variant protein CENP-A and CENP-C, reminiscent of the Cse4-Mif2
interaction (Cleveland et al., 2003; Westermann et al., 2007) (Figure 1.6).

The inner core kinetochore proteins connect the DNA binding proteins to the
microtubule binding side of the kinetochore. These proteins also function to
transduce the force generated by microtubule instability and tension into centromere
oscillations (Westermann et al., 2007). The Mtwl complex was originally identified
as Misl2 in the fission yeast and Mtwl1 in the budding yeast (De Wulf et al., 2003;
Takahashi et al., 1994). This complex contains at least 4 essential proteins, Mtw]1,
Nnfl, Nsll and Dsnl and is also known as the MIND (Mtw1 including Nnf1, Nsl1
and Dsnl) complex (De Wulf et al., 2003; Westermann et al., 2003) (Figure 1.6).

The Mtwl complex associates very closely with Cse4, Mif2 and the Ndc80
complexes (Pinsky et al., 2003), and is highly conserved amongst higher organisms.
Mutations in Mtw1, mtwl-1, result in a loss of tension at the kinetochore and spindle
assembly checkpoint activation in an Ipll dependent manner (Pinsky et al., 2003).

The Mtwl complex has been proposed to form a rod-like structure of 30-35nm in
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length with branched ends both sides, which can facilitate its function as a
kinetochore linker complex (Westermann et al., 2007). The Spc105 complex consists
of at least two proteins, Spcl105 and YDR535c. Spcl05 was first identified in
preparations of Spindle pole bodies (Wigge et al., 1998). Mutants of Spc105 show
defects in chromosome segregation (Nekrasov et al., 2003) and its homologues in the
fission yeast Spc7 and in C. elegans KNL-1 have also been implicated in ensuring
kinetochore-microtubule attachment and proper chromosome segregation

(Cheeseman et al., 2006; Cheeseman et al., 2004; Kerres et al., 2004).

The Ctf19 complex, also called the COMA complex, consists of at least 4 proteins,
Ctf19, Okpl, Mcm21 and Amel (Cheeseman et al., 2002a; De Wulf et al., 2003).
Both OKPI and AME] are essential but the other two are disposable for cell growth.
The Ctfl9 complex is thought to form a super-complex with the Ctf3 complex.
Indeed Ctf3 has been shown to interact closely with Mcm21 and Mcm16 (Measday et
al., 2002), and Chl4 and Iml3 of the Ctf3 complex localise to the kinetochore in a
Ctf19 dependent manner (Pot et al., 2003). The exact function of this complex at the
kinetochore remains elusive but it is thought to play a role in kinetochore assembly as

well as functioning as a linker complex (Westermann et al., 2007)(Figure 1.6).

The Ndc80 complex contains 4 essential subunits, Ndc80, Nuf2, Spc24 and Spc25.
This complex is highly conserved from yeast to higher organisms. Ndc80 and Nuf2
have been implicated in many organisms in functioning to ensure accurate
chromosome segregation (DeLuca et al., 2002; Hori et al., 2003; McAinsh et al,,
2003; Westermann et al., 2007; Wigge and Kilmartin, 2001). In the budding yeast
the proteins were originally identified by mass spectrometry of spindle pole body
preparations (Wigge et al., 1998). The Ndc80 complex is required for the localisation
of outer kinetochore components such as the Dam1/DASH complex, Kipl, Stu2 and
Cin8 (Cheeseman et al., 2001b; He et al., 2001; Tytell and Sorger, 2006), and also for
spindle assembly checkpoint function (Gillett et al., 2004). All 4 of the complex
proteins possess coiled coil domains and globular head domains, with the head
domains in the N-termini of Ndc80 and Nuf2 and in the C-termini of Spc24 and
Spc25 (Westermann et al., 2007). Electron microscopy of negatively stained samples
has determined that the Ndc80 complex exists as a 570A rod, with two globular
domains at either end. The rod is formed by the tail-to-tail interaction of the coiled-
coil domains of the four proteins and the molecule is oriented so that the
Spc24/Spc25 globular head is facing the inner kinetochore and the Ndc80/Nuf2 head

faces the microtubule interaction site of the kinetochore (Ciferri et al., 2005; Wei et
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al., 2005). The Ndc80 and Nuf2 head has been shown to possess the ability to bind
directly to microtubules and as such functions not only to facilitate the assembly of
other outer kinetochore subunits but in directly attaching the spindle microtubule to
the kinetochore (Cheeseman et al., 2006, DeLuca et al., 2006; Wei et al., 2007)
(Figure 1.6).

The Daml/DASH complex is an outer kinetochore complex that consists of 10
essential proteins. It has been shown to bind microtubules irn vitro and can also bind
the Ndc80 complex. This complex functions to establish proper bipolar attachment
and bi-oriented chromosomes through Ipll/Aurora B (Asbury et al, 2006;
Cheeseman et al., 2002a; Cheeseman et al., 2001a; Janke et al., 2002; Kang et al.,
2001; Miranda et al., 2005; Westermann et al., 2005; Westermann et al., 2006). We
shall discuss this complex, which is the focal point of this thesis in the fission yeast,

in more detail later in this chapter (Figure 1.6).

The third class of kinetochore proteins includes MAPs, kinesins and motor proteins.
Kar3 is a kinesin-14 family member that has been shown to co-purify with the Cbf3
complex and localise to centromeric DNA by chromatin immunoprecipitation
experiments (Hyman et al., 1992; Middleton and Carbon, 1994). In the budding yeast
the spindle microtubules are initially captured by the kinetochores in a lateral manner
(Dewar et al., 2004; Tanaka et al., 2005). Kar3 then promotes pole-ward movement
of the chromosomes to promote end-on-attachment of the spindle to the kinetochore
(Tanaka et al., 2005; Westermann et al., 2007). Cin8 belongs to the BimC family of
motor proteins and is localised to the kinetochore where it functions with Kipl in
proper spindle assembly and in the metaphase clustering of budding yeast
kinetochores into a bi-lobed configuration (Tytell and Sorger, 2006). Bik1 and Bim1
are + TIPS, plus end microtubule binding proteins that can localise to the outer
kinetochore and are thought to function in kinetochore capturing of the microtubule
plus end and also play a role in the regulation of microtubule dynamics (He et al.,
2001). Kip3 is a member of the kinesin-8 family of kinesins and localises at the
outer kinetochore of the budding yeast where it has been implicated in microtubule
destabilisation and the pole-ward movement of kinetochores during Anaphase A
(Tytell and Sorger, 2006). Stu2 is a TOG family member that has been shown to
localise to the kinetochore as well as plus ends of microtubules and the mitotic
spindle Stu2 has been shown to possess microtubule depolymerising activity in vitro,
however in vivo it functions as a microtubule stabiliser (Al-Bassam et al., 2006; van

Breugel et al., 2003). Stu2 associates with a/f tubulin hetero-dimers and facilitates
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