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Abstract

alp4'^ and alpô"" were isolated as temperature sensitive morphology mutants in fission 
yeast. They encode the homologues of the human y-tubulin interacting proteins H.s. GCP2 
and H.s. GCP3. Both proteins localise to the Spindle Pole Body (SPB) and show both 
genetic and biochemical interactions with each other and y-tubulin. They exist in a large y- 

tubulin complex that is comparable in size to that found in mammalian cells. Temperature 
sensitive mutants of these genes show abnormalities in cytoplasmic and spindle 
microtubules at the restrictive temperature. Alp4 plays an essential role in G1 phase for 
progression through the following mitosis. If this period is passed at the restrictive 
temperature cells fail to form bipolar spindles resulting in abnormal chromosome 
segregation as mitosis progresses. The alp4 mutant retains the y-tubulin complex but fails 
in its recruitment to the SPB. The Mad2 checkpoint is activated in alp4" at 36°C in 
response to the monopolar spindles. These cells, however, fail to arrest fully and proceed 
with septation. This suggests that the y-tubulin complex plays a role in the prevention of 
septation in Mad2 arrested cells, alp 16^ was cloned as a multicopy suppressor of alp&^ 
and shows genetic and biochemical interactions with y-tubulin. alp4‘\  alp6>' and alpl6A  
are all checkpoint defective and cells fail to arrest in response to microtubule destabilising 
drugs at the permissive temperature. The data presented suggests that these proteins act in 
a Mad2 independent checkpoint pathway to arrest mitosis in response to TBZ. This thesis 
reports on the work done to characterise these mutants and determine the function of the 
proteins. Finally, the cloning and characterisation of a novel protein, Alp7, is described. 
Alp7 is a non-essential microtubule binding protein that plays a role in the regulation and 
progression of mitosis.
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CHAPTER 1

Introduction

1.1 The Importance of Division

Central to the successful survival of all organisms is the ability to copy themselves and 
divide. Multicellular organisms have to undergo many rounds of cell division in order to 
develop and many cells in their body are constantly dividing in order to grow, and to 
replace old and damaged cells. Single celled organisms have to divide themselves in order 
to pass on their genetic information to the next generation. Cell division is, therefore, at 
the heart of life.

But while cell division is central to all living things, if it is not properly controlled the 
results can be fatal. Excessive division can be as lethal as a failure to divide. This is the 
case with many human cancers, where cells in the body divide uncontrollably. All human 
cancers are the result of a disruption in the delicate balance of forces that control the cell 
cycle, so the elucidation of the mechanisms governing this process is essential to the 
understanding of this disease.

The work presented in this thesis will describe the involvement of the microtubule 
organising centre in various stages of mitosis. It will begin with an introduction to the cell 
cycle and to the microtubule cytoskeleton. The focus will be on mitosis and the topics 
discussed will include the regulation of mitosis, nucléation of the mitotic spindle and the 
role of the mitotic checkpoints. Finally, the conservation of these processes between yeast 
and higher eukaryotes will be discussed.
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1.2 The Cell Cycle

The way in which all eukaryotic cells divide is in essence very similar. They all have to 
duplicate their DNA and separate it into two new daughter cells. In order for a cell to 
divide, a number of events have to occur in a sequential order. Firstly, the DNA must be 
replicated and then it must be separated so that cytokinesis can occur. The eukaryotic 
mitotic cell cycle is divided into four phases. The cycle starts with a period of preparation 
called GAPl (Gl), during this time cells prepare themselves for DNA replication. In S 
phase, chromosomes are replicated and subsequently cells enter a second gap phase (G2) 
during which cells prepare themselves for mitosis. Once in mitosis, paired chromosomes 
are aligned and separated to opposite ends of the cell in order for cytokinesis to take 
place. The timing of these events is crucial. A cell cannot start mitosis before it has 
finished replicating its DNA, and cells cannot exit mitosis until the sister chromatids have 
been separated. Orderly progression from one stage of the cell cycle to the next is 
essential to ensure faithful sister chromatid replication and separation to produce two new 
viable cells.

Cells respond to signals from both within and outside the cell, and inevitably situations 
arise when cell division is not favourable. This can occur either during tissue development 
and differentiation or in the absence of growth factors or nutrients. In these conditions 
cells enter a quiescent state called GO where the cells are dormant and the cell cycle 
machinery is switched off. Some cells once differentiated will remain in a non-dividing 
state while others can re-enter the cell cycle. When conditions become favourable again or 
growth factors are detected the cell can then re-enter the cell cycle and usually pass 
through G l.

In order to ensure that the events in the cell cycle occur in the correct order, cells have 
evolved a mechanism to monitor the completion of each event. These surveying 
mechanisms are called checkpoints (Hartwell and Weinert, 1989). They consist of a 
complex network of regulators that ensure the correct timing of events in the cell cycle. 
Checkpoints monitor the state of the cell and prevent progression of the cell cycle until all 
preceding events have been accomplished. Cells have additional checkpoints that can 
detect DNA damage (Enoch and Nurse, 1991; D'Urso and Nurse, 1995), mitotic spindle 
defects and chromosomal attachment to the mitotic apparatus (Murray, 1994). If any of 
these events are defective, the checkpoint will arrest the cell cycle until everything is in 
order. In multicellular organisms this process is more complicated as once cells have been
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arrested by a checkpoint, they may undergo apoptosis and destroy themselves instead of 
being repaired. Failure in these checkpoints can lead to genetic instability, which can 
result in cell death or more importantly uncontrolled cell proliferation, which is central to 
the development of cancer.

1.2.1 The Yeast Cell Cycle

A large body of our knowledge on the cell cycle stems from work done on yeast. The two 
main yeasts that have been used are the budding yeast Saccharomyces cerevisiae and the 
fission yeast Schizosaccharomyces pombe. Many key regulators have been identified and 
slowly the mysterious processes governing cell cycle organisation are being described. 
Many of the components involved in co-ordinating the cell cycle have been identified in 
both budding and fission yeast and have later been seen to be highly conserved in higher 
eukaryotes.

It was work in yeast that initially revealed the existence of genes controlling cell cycle 
transitions. Conditional mutations in these genes revealed a variety of cell cycle defects, 
some of which were seen to arrest the cell cycle at specific points whilst others proceeded 
through mitosis in an uncontrolled manner. These genes were known as the cdc (cell 
division cycle) family of genes (Hartwell et al., 1970; Nurse et al., 1976). It was the 
analysis of these genes that first suggested that each step of the cell cycle was dependent 
on the preceding step. Following this, the control mechanisms governing this dependency 
were isolated, these were the checkpoints (Hartwell and Weinert, 1989). Though these 
processes were first described in yeast, they have been shown to be the universal 
mechanisms governing cell cycle regulation in all eukaryotes (Nurse, 1990).

1.2.2 The Components -  Cdc2 and Cyclin

Work on the yeast cell division cycle proved to be instrumental in enhancing the 
understanding of the mechanisms controlling the different phases of the cell cycle. The 
identification of Cdc2 in fission yeast (Nurse and Bissett, 1981) and Cdc28 in budding 
yeast (Beach et a l, 1982) as being essential for both the start of DNA replication and the 
onset of mitosis proved to be one of the keys to the understanding of the cell cycle. These 
proteins were identified as serine threonine protein kinases whose activity fluctuates 
throughout the cell cycle (Norbury and Nurse, 1992). Cdc2 has been found to be a highly 
conserved protein which is emphasised by the fact that human Cdc2 was cloned by its 
ability to suppress a lethal mutation in the fission yeast protein (Lee and Nurse, 1987).
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Cdc2 was later found to have a partner essential for its activation, and this belonged to a 
group of proteins known as cyclins. Both these subunits are essential for kinase activity. 
Cdc2 becomes the active subunit when the regulatory cyclin subunit has bound. Cyclin 
was initially identified in sea urchin eggs as a protein that was rapidly destroyed at each 
egg cleavage cycle (Evans et a l, 1983). It is the cell cycle oscillation of cyclins that 
enables them to regulate the activity of the Cdc2 kinase. Just prior to mitosis, mitotic 
cyclin levels increase enabling the activation of Cdc2, which drives the mitotic machinery 
forward. It is only on destruction of the cyclin and inactivation of Cdc2 that cells can exit 
mitosis and enter a new cell cycle in G l. In fission yeast the predominant mitotic cyclin is 
Cdc 13 and it has been shown to have a genetic interaction with Cdc2 (Booher and Beach, 
1987; Hagan et a l, 1988). Thus, Cdc2 became the head of a large family of proteins now 
called cyclin dependent kinases (cdks).

In yeast a single cdk is responsible for the initiation of both mitosis and S phase, where it 
binds to specific cyclin partners, while in human cells a number of cdks exist and play 
roles at different stages in the cell cycle. Work in Xenopus eggs identified a key 
component in cell cycle regulation called maturation promoting factor (MPF) (Masui and 
Markert, 1971). It was found that MPF could induce cells to enter meiosis and its 
inactivation was required for cells to exit meiosis. Further analysis revealed that MPF is a 
complex of proteins and was in fact composed of homologues of both Cdc2 and members 
of the cyclin family (Arion et a l, 1988; Dunphy et a l, 1988; Gautier et a l, 1988; Labbe 
et a l, 1988).

Cdks are subject to many controls throughout the cell cycle. These take the form of both 
inhibitory and activating phosphorylation, and the presence of various cdk inhibitors 
(cdkis) (Morgan, 1995; Nigg, 1995; Sherr and Roberts, 1995). The principle way in which 
cdks are controlled is by the presence or degradation of the cyclins. These regulatory 
systems are essential to ensure that the cdk is only active at appropriate stages in the cell 
cycle, for example, at the start of mitosis. The regulation of fission yeast Cdc2 parallels 
that seen in mammalian cells and many of the regulatory proteins are highly conserved.

1.3 The Cytoskeleton

The ability of a eukaryotic cell to form the correct cell shape is often central to its 
functioning and many cells take on very different forms. For example, neurones have to
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be highly polarised in order to transmit nerve impulses over great distances in the body. 
Certain cells also regularly change their shape to aid movement or crawling and this is all 
made possible by the cytoskeleton. The cytoskeleton is a complex network of protein 
filaments that stretch throughout the cell. It is responsible for cell migration and motility, 
the establishment and maintenance of cell shape, and for communication and 
reorganisation of components within the cell. The cytoskeleton is unique to eukaryotes 
and is thought to be one of the major factors contributing to their evolution (Drubin and 
Nelson, 1996).

Three types of protein filament comprise the cytoskeleton and they all have related but 
distinct roles within the cell. These are the actin filaments, microtubule filaments and the 
intermediate filaments. Actin and tubulin, which make up the actin filaments and 
microtubules respectively, have been highly conserved throughout evolution. Many 
accessory proteins are known to bind and regulate the activity of these filaments, which 
enables them to have such a diverse array of functions. Actin filaments tend to form large 
networks in certain regions of the cell where they are required. Microtubules, on the other 
hand, play a role in intracellular transport and the establishment of cell shape and polarity 
in many systems. Intermediate filaments are made of elongated fibrous monomers and are 
generally found in cells that are subject to mechanical stress, due to their durable nature 
(Alberts et a l, 1994).

Eukaryotic cells have to respond to internal and external signals in order to direct cell 
growth in the right direction. The formation of cellular polarity is essential for the 
successful development of many cells. While mammalian cells are surrounded by a 
plasma membrane, yeast cells and fungi have a thick cell wall around them. Despite these 
differences many of the fundamental mechanisms controlling cell polarity in eukaryotes 
are thought to be conserved (Drubin and Nelson, 1996). Budding and fission yeast change 
their polarity at different stages of the cell cycle. Budding yeast manifests its controls on 
cell polarity during bud site selection, while fission yeast polarity is seen in the 
maintenance of a rod shaped cell that grows only at its two ends.

Actin is found in all eukaryotic cells and is the one of the most abundant proteins in many 
cells. It exists in two forms in the cell, single molecules of actin are called globular actin 
(G-actin), and once incorporated into a filament it is referred to as filamentous actin (F- 
actin). F-actin can form either stable or labile structures, and while the contractile 
components of muscle cells and the core of microvilli require stable actin, cell movement 
and crawling relies on more labile structures. Actin has a diverse array of functions in the
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cell. It is required for growth and cell crawling and plays an important role with the motor 
protein myosin in cytokinesis and cell cleavage. A role for the actin cytoskeleton in cell 
polarity has been described in several organisms and is important for ensuring the 
directionality of growth. While higher eukaryotes tend to have several isoforms of actin, 
yeast has only one actin gene. In comparison to microtubules, actin filaments are thinner 
and much more flexible, and the filaments tend to aggregate and form bundles which 
enhance their strength. Many proteins can be found to bind to either G-actin or F-actin 
and are involved in regulating its function (Alberts et a l, 1994).

1.3.1 Microtubules

The structure and dynamic instability of microtubules
Microtubules are inherently dynamic structures that exist as filaments that stretch out into 
the cytoplasm. Their nucléation and polymerisation is generally co-ordinated by the 
microtubule organising centre (MTOC) (Pickett-Heaps, 1969). MTOCs take on very 
different forms in different organisms, but retain the same basic function. The 
predominant MTOC in yeast is the spindle pole body (SPB) which is structurally very 
different from its mammalian counterpart - the centrosome. Their parallel roles in the 
nucléation and organisation of microtubules within the cell, however, identify them as 
bona fide MTOCs.

A microtubule is composed of ‘a ’ and ‘P’ tubulin heterodimers that are arranged into 
linear protofilaments. Thirteen of these protofilaments then form the ring that makes the 
microtubule. Heterodimers are arranged such that lateral units are offset from one another, 
so that they form a ‘3-start helix’, so when the helix has completed a turn it spans three 
subunits. It is these heterodimers that give the microtubule its polarity, as one end will 
always have the ‘a ’ subunit at its end and the other will have the ‘P’ subunit at its end. 
Microtubules polymerise outwards with the addition of a -  and P-tubulin heterodimers 

stoichiometrically to the ends of the filament. They grow in a highly polarised fashion 
with the fast growing plus (+) end emanating out while the slow growing minus (-) end 
remains embedded in the MTOC (Alberts et a l, 1994).

Microtubule ends undergo growth with stochastic switching between rapid disassembly, 
called a catastrophe, and subsequent rescue to polymerisation again. Both a -  and p- 
tubulin bind to GTP and when bound to the a  tubulin subunit, the GTP is non- 
hydrolyzable, but when bound to p-tubulin, it can be hydrolysed to GDP. The presence of 
GDP or GTP bound P-tubulin at the plus end of the microtubule determines its stability. A
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microtubule end that contains GTP is more stable and so will continue to grow. As soon 
as GTP hydrolysis occurs at the growing tip, p-tubulin undergoes a conformational 
change, the microtubule becomes unstable and depolymerises rapidly. The specific 
polarity of microtubules and their inherent ability to switch between growth and 
shrinkage, known as dynamic instability (Mitchison and Kirschner, 1984), is thought to be 
what enables them to perform a wide variety of functions within the cell.

Microtubule modifications and associated proteins
Organisms generally have more than one gene encoding each of a - and P- tubulin, many 

of which are functionally redundant or show specific cell type expression. Microtubules 
are also subject to various post translational modifications, which have been shown to 
alter their dynamics and functions in the cell (for review, see MacRae, 1992). 
Microtubules have a wide range of functions including mitochondrial and organelle 
movement, maintenance of the Golgi integrity, generation of cell polarity and the 
separation of the sister chromatids on a mitotic spindle in mitosis.

Many proteins are known to bind to microtubules and regulate their function, these 
include proteins that can alter the stability at the end of a microtubule, proteins that can 
tether microtubules and motor proteins that use ATP to move up and down the length of 
the microtubule carrying different cargo. Microtubule motor proteins fall into essentially 
two classes. The first is the kinesins which are generally plus end directed, and the other is 
the dyneins which are generally minus end directed motors. Both these motors greatly 
diversify the functioning of microtubules.

1.3.2 The Fission Yeast Cytoskeleton

The microtubule network
Fission yeast contains one p-tubulin gene, nda3*, and two a-tubulin genes nda2^ Sind 
atbl* (Yanagida, 1987). nda2^ is essential for growth while atb2'" is dispensable. During 
interphase, microtubules extend the length of the cell forming parallel arrays, and on entry 
into mitosis, cytoplasmic microtubules break down and the mitotic spindle forms. Astral 
microtubules are seen to extend from the mitotic SPBs and radiate out into the cytoplasm 
from metaphase through to the end of mitosis. Once the nuclei have reached the cell ends 
the mitotic spindle starts to break down and microtubules are nucleated from the cell 
centre at the site of septation. Tubulin in fact, forms a ring at the cell centre from where 
microtubules emanate (Pichova et a l, 1995). These microtubules form what has been 
termed the post anaphase array (PAA) (Hagan and Hyams, 1988). It has been suggested
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that the role of the PAA is to enable nuclei to move away from the cell centre where 
septation will occur, and to facilitate the reformation of the cytoplasmic array of 
microtubules (Samejima and Yanagida, 1994; Hagan, 1998). This central microtubule 
nucléation site was named the equatorial MTOC (EMTOC) after the identification of a y- 

tubulin ring structure at the site of nucléation (Heitz and Hagan, personal 
communication). Once the two cells have separated, a normal cytoplasmic array of 
microtubules is reformed. Figure 1.1 A shows an outline of the fission yeast cell cycle and 
the cytoskeletal re-organisations that occur.

In fission yeast, cytoplasmic microtubules are rarely seen to associate with the SPB and in 
fact the site of their nucléation remains a mystery. It has been shown that if cells are 
treated with micro tubule inhibiting drugs, after washout, microtubules re-grow from 
around the nucleus (Mata and Nurse, 1997). It has been proposed that microtubules may 
be nucleated from the SPB, but are severed and released, as there is evidence in higher 
eukaryotes for the presence of a microtubule severing factor, katanin, at the MTOC 
(McNally et ah, 1996). Mutants have been isolated in which the cytoplasmic microtubules 
all appear to emanate from the SPB (Verde et a l, 1995). It has been suggested that the 
orientation of cytoplasmic microtubules is such that it is the plus end of the microtubule 
that extends to the cell ends, and the minus ends overlap in the cell centre around the 
nucleus (Drummond and Cross, 2000; Tran et a l, 2001; Brunner and Nurse, 2000).

The actin cytoskeleton
The actin cytoskeleton (F-actin) in fission yeast also undergoes dramatic re-arrangements 
during the cell cycle. Cell division occurs by medial fission, which means that the two 
daughter cells will each have an old end and a new end. As cells pass through Gl they 
grow only at their old end, and F-actin is seen to localise predominantly there. As cells 
pass through S phase, septation progresses.When cells enter 02 , they undergo a process 
called new end take off (NETO) whereby actin is re-localised to both the cell ends and 
growth continues in a bi-directional manner (Mitchison and Nurse, 1985). During 02, 
cells grow until they reach a critical cell size and on entry into mitosis actin is lost from 
the cell ends and re-localises to the cell centre to form an actomyosin ring. This is 
composed of F-actin and type-II myosin which together contract during cytokinesis to 
divide the cell in two. Figure I.IB shows a diagrammatic representation of the changes in 
the actin cytoskeleton during the fission yeast cell cycle (Marks and Hyams, 1985).
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1.3.3 Fission Yeast Cell Polarity

The role of fission yeast microtubules in the maintenance of cell shape was established 
with the isolation of mutants with abnormal microtubule cytoskeletons. The mutants 
isolated showed a variety of morphological defects including bent, curved and branched 
cell shapes. These include cold sensitive tubulin mutants (Umesono et a l, 1983), mutants 
that show abnormal microtubules like teal (Browning et a l,  2000), mal3 (Beinhauer et 
a l, 1997) or tea l (Mata and Nurse, 1997), and proteins (Tipi, D isl) that when over
expressed show non wild type microtubule conformations (Nakaseko et a l, 1996; 
Brunner and Nurse, 2000). Addition of the microtubule destabilising drug thiabendazole 
also results in branched cells (Walker, 1982). It is therefore now believed that in fission 
yeast microtubules play an important role in the establishment and maintenance of cell 
polarity.

Cytoplasmic microtubules are seen to grow to the ends of a fission yeast cell and then 
suddenly undergo catastrophe and shrink. Recent work has established the presence of a 
microtubule binding complex that localises to the tips of microtubules and to the cell 
ends. Teal is a protein that is transported to the cell ends along microtubules, where it acts 
as a cell end marker for polarised growth (Mata and Nurse, 1997). If Teal is disrupted, 
microtubules grow beyond the cell tip and cells are seen to bend and branch. Microtubules 
are thought to search out and identify the long axis of the cell enabling the cell to grow in 
a rod shape (Mata and Nurse, 1997; Sawin and Nurse, 1998). Another protein that works 
with Teal is T ipi, which is a Clipl70 microtubule binding protein that prevents 
premature microtubule catastrophes until the microtubule has reached the cell end 
(Brunner and Nurse, 2000). Deletion or over-production of Tipi causes aberrant cell 
shapes, and tipi deletion strains have very short microtubules and fail to localise Teal to 
the cell ends. Brunner and Nurse (2000) proposed that Tipi acts at the ends of 
polymerising microtubules to prevent catastrophes when the microtubules hit the cell 
cortex, until they reach the cell end when catastrophe is promoted. Tipi must have the 
ability to differentiate between the cell cortex at the cell tip and the cortex of the rest of 
the cell.

1.3.4 Micro tubule Organising Centres: The Centrosome vs. the SPB

The centrosome is composed of two microtubule based structures called centrioles, which 
are composed of a cylindrical array of nine triplet microtubules arranged at right angles to 
each other. These are surrounded by the pericentriolar material (PCM), which is an
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amorphous matrix like material from where the microtubules are nucleated. In an 
interphase cell the centrosome generally lies on one side of the nucleus. Many of the 
proteins that have been found in the PCM of the mammalian centrosome have also been 
identified on the yeast SPB (Alberts et a l, 1994).

The organisation of the SPB is very different from that of the centrosome. Extensive 
morphological analyses have been performed on budding yeast SPBs. These are layered 
structures consisting of three plaques, an outer, an inner and a central plaque. In addition, 
a structure called a 'half bridge' is attached to one side of the SPB and is required during 
SPB duplication. Microtubules extend from the inner plaque into the nucleus during 
mitosis forming the mitotic spindle while the outer plaque nucleates the cytoplasmic and 
astral microtubules (Knop et al., 1999). Less detailed analysis has been done on the 
morphology of the fission yeast SPB, but it is also thought to be a layered structure.

Mammalian cells undergo an open mitosis during which the nuclear envelope breaks 
down so the chromatids can come into contact with the spindle microtubules emanating 
from the centrosome. Yeast, however, undergo a closed mitosis. This means that the SPB 
must be inserted into the nuclear envelope in order for the spindle microtubules to come 
into contact with the chromatids. In budding yeast the SPB is permanently inserted into 
the nuclear envelope, while in fission yeast it resides in the cytoplasm - though still 
attached to the nuclear envelope - during interphase and inserts itself on entry in mitosis 
(Ding et a l, 1997).

1.3.5 y-tubulin

A major advance in our understanding of microtubule nucléation came with the discovery 
of y-tubulin. It was first isolated in Aspergillus nidulans as a suppressor mutation of a 13- 

tubulin mutant (Oakley and Oakley, 1989), and has since been shown to be a ubiquitous, 
highly conserved protein that is related to both a  and (3 tubulin. Conservation between 
species is high, and in fact, human y-tubulin can function in S. pombe (Horio and Oakley, 
1994). y-tubulins show sequence identities of -65-70% between species (except budding 
yeast and worm in which identity is only 30-40%) while a- and p- tubulin families show 
around 30% identity (Oakley, 2000). y-tubulin is not part of the microtubule but instead 
resides in the MTOC. It has been shown to localise to SPBs and to centrosomes and is 
thought to be directly involved in the nucléation of microtubules (Steams et a l, 1991).
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The y-tubulin complex
One of the characters of y-tubulin is that it exists as a complex. Work in budding yeast has 
been instrumental in understanding and identifying new components of the y-tubulin 
complex. Two conserved y-tubulin complex proteins were the first to be identified in 

budding yeast. Spc98 (Spindle Pole body Component) (Geissler et a l, 1996) was isolated 
as a suppressor of the lethal y-tubulin mutant tub4-l, while Spc97 (Knop et a l, 1997) was 
identified as a suppressor of an spc98 mutant. Both these proteins with y-tubulin localise 
to the inner and outer plaques of the SPB where they are involved in microtubule 
nucléation (Spang et a l, 1996). The y-tubulin complex is bound to the inner plaque via 

the coiled coil protein SpcllO (Knop and Schiebel, 1997), and to the outer plaque by 
Spc72 (Knop et a l, 1997).

Homologues of both Spc97 and Spc98 have been found in Drosophila, Xenopus and 
human cells (for review, see Schiebel, 2000) (TableS). The human proteins are hGCP2 
(Spc97) and hGCP3 (Spc98) (Murphy et a l, 1998). It is interesting to note that these two 
proteins are actually related to each other, though are not functionally redundant, 
suggesting that they arose from a common ancestor. The stoichiometry of the budding 
yeast proteins is thought to be two molecules of y-tubulin for every monomer of each of 
Spc97 and Spc98. Two hybrid studies indicate that they all interact with each other, but 
only y-tubulin interacts with itself (Geissler et a l, 1996). While the budding yeast y- 
tubulin complex has been shown to have a sedimentation value of only 6S (Knop et a l, 
1997) and is thought to be composed only of y-tubulin, Spc97 and Spc98, the complex in 
higher eukaryotes is much larger, y-tubulin, Spc97 and Spc98 have been shown to localise 
to the SPB in budding yeast. It is believed that the complex is assembled in the cytoplasm 
and transported into the nucleus, via a nuclear localisation signal (NLS) on Spc98, to be 
incorporated onto the SPB (Pereira et a l, 1998).

y-tubulin complexes in higher eukaryotes are much larger and are thought to contain 
many more proteins. Studies in mammalian and Xenopus have revealed that y-tubulin 
exists in a large complex with a sedimentation value of about 32S (Murphy et a l, 1998). 
Electron microscopy (EM) studies revealed that the complex forms a ring structure with a 
diameter of 25 nm, this has been termed the y-tubulin ring complex (y-TuRC) (Zheng et 
a l,  1995). Current thinking is that the y-TuRC will be composed of many units of 
y-tubulin, GCP2 and GCP3, held together by other less abundant proteins (Jeng and 
Steams, 1999). The y-TuRC in centrosomes has been localised to the pericentriolar 
material, from where microtubules are known to be nucleated, and also closely associated 
with the centrioles (Moudjou et a l, 1996).
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In fission yeast the SPB resides in the cytoplasm during interphase and after duplication 
inserts into the nuclear envelope for mitosis, y-tubulin is localised to an area of electron 
dense material that is seen on the inside of the nuclear envelope throughout the cell cycle 
(Ding et a l,  1997). It is from here that the spindle micro tubules are thought to be 
nucleated. It is thought that components in this material may mediate the attachment to 
the centromeres that occurs during interphase.

The nucléation of microtubules
After the identification of the y-TuRC it was suggested that it forms a scaffold on which 
microtubules grow. Purification of similar y-tubulin complexes from Drosophila (Martin 
et a l, 1998) and human (Tassin et a l, 1998) then followed. The exact way in which the y- 

tubulin complex nucleates microtubules is still unclear. Two models have been proposed, 
the template model (Keating and Borisy, 2000; Moritz et a l,  2000; Wiese and Zheng, 
2000) and the protofilament model (Erickson and Stoffler, 1996). The template model 
proposes that the y-TuRC corresponds to the 3-start helix of a microtubule. Ten subunits 
would form a complete ring and these would be bound longitudinally to the a-tubulin 
subunit of the tubulin heterodimer. The protofilament model, on the other hand, suggests 
that the y-TuRC promotes nucléation as a partially or completely straightened 
protofilament, as the microtubule is nucleated it becomes incorporated longitudinally into 
the wall of the new microtubule. It is also significant to note that monomeric y-tubulin has 
been shown to nucleate microtubules in vitro and can cap the minus end of a microtubule 
(Leguy et a l, 2000). Leguy et al. (2000) suggest that y-tubulin within the y-tubulin 
complex may interact with the minus end of the microtubule in the same way as 
monomeric y-tubulin, and GCP2 and GCP3 may help play a role in the stabilisation of this 
interaction. Though many people currently favour the nucléation model, the issue still 
remains to be resolved. Given the high degree of conservation of y-tubulin in eukaryotes, 

which ever nucléation model turns out to be correct is likely to be equally well conserved.

Work in Drosophila has identified a complex of a similar size to the budding yeast 
complex (6S) in addition to the larger y-TuRC. It has been proposed that this may be a 

precursor of the larger complex (Gegema et a l, 1999). Interestingly it has been shown to 
be able to nucleate microtubules in vitro, if this is so, it may be that the nucleating 
capacity of the y-TuRC lies in the 6S subunit, and it is this that forms the basis of the 
25nm ring that has been described. This is consistent with the fact that budding yeast 
contains only the small complex (Knop et a l, 1999).
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Non centrosomal microtubules
Not all cells have a classical MTOC, yet they can still nucleate and organise microtubules. 
For example, in animal female meiotic cells, the spindle can form in the absence of a 
centrosome, and the same is true in plant cells (Hyman and Karsenti, 1998). These cells 
do, however, still have y-tubulin complexes emphasising their importance in microtubule 
nucléation.

While many cells possess predominantly centrosomally nucleated and associated 
micro tubules, this is not always the case. Many cells require different microtubule 
organisation. Cells that are found in epithelial tissue have their microtubules organised in 
parallel arrays allowing vesicle transport and polarisation of the cell. Neuronal cells can 
reach great lengths and the microtubule network comprises a series of shorter overlapping 
microtubules reaching a length that could not be achieved by centrosomally nucleated 
microtubules. The origin of these non centrosomal micro tubules is still not clear though 
there are various ways as to how they may arise. There is some evidence suggesting that 
microtubules are nucleated at the centrosome before being severed and transported away. 
The existence of a microtubule severing factor, called katanin, has been described in 
higher eukaryotes, and localises to the MTOC (McNally et ah, 1996). It is also possible 
that microtubules are released from the centrosome with the nucleating structure as a cap 
(Keating et a l, 1997).

Non centrosomal microtubules may also be nucleated in the cytoplasm, and in many cells 
y-tubulin ring complexes have been identified in the cytoplasm. It is not yet known if 
these cytoplasmic complexes are active, but if they were it may explain the presence of 
centrosome independent microtubules (Keating and Borisy, 1999). It is clear that 
microtubules that are free in the cytoplasm of the cell have to have their minus ends 
capped to avoid depolymerisation and this function could be performed either by MAPs, 
or by the y-TuRC itself (Zheng et a l, 1995).

Regulation of the MTOC
The MTOC is responsible for the nucléation of both cytoplasmic and spindle 
microtubules. The centrosome or SPB and its components must be subject to a number of 
regulatory processes to ensure that it co-ordinates its nucleating activities with cell cycle 
progression. The concentration of y-tubulin at the centrosome is known to increase by up 
to three times as cells enter mitosis (Khodjakov and Rieder, 1999) and this is thought to 
contribute to the large increase in the number of microtubules nucleated at this stage in 
the cell cycle. In budding yeast, co-over-expression of TUB4, SPC97 and SPC98
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increases the concentration of Tub4 complexes, but does not affect the number or type of 
microtubules nucleated (Pereira et a l, 1998). It is likely that the presence of the Tub4 
complex is not sufficient for the nucléation of microtubules and that other factors are 
required.

MTOC binding proteins may also be controlled by phosphorylation. In budding yeast it 
has been shown that Spc98 is phosphorylated on the inner plaque of the SPB. It is known 
to occur after SPB duplication, and after nucléation of new microtubules from the new 
SPB. It has been suggested that this phosphorylation may play a role in promoting the 
altered microtubules dynamics that are seen in mitosis, but this remains to be clarified 
(Pereira et a l, 1998). In Drosophila, y-tubulin has been shown to bind the guanine 
nucleotide exchangeably, and binds GDP with a higher affinity than OTP (Oegema et a l, 
1999). These are all potential forms of regulation of the y-tubulin complex, but the exact 
mechanisms are still unknown.

1.3.6 MTOC Duplication

The MTOC has to duplicate every cell cycle in order to be able to form the opposing ends 
of the mitotic spindle, and to ensure that each new daughter cell receives a centrosome on 
which to rebuild its cytoplasmic array of microtubules and initiate the next round of 
division. The mitotic spindle is organised by the two centrosomes or SPBs that arise after 
duplication. The importance of the regulation of centrosome duplication is highlighted by 
the fact that many human malignancies occur as a result of, or in parallel with over 
duplication of the centrosome (for review, see Brinkley, 2001). If centrosomes either over 
duplicate or fail to duplicate, daughter cells can be left with abnormal chromosomal 
compositions. This could mean the gain of a growth promoting oncogene or the loss of a 
tumour suppressor gene, which could then lead to cancer. Though its importance was 
realised some years ago, many aspects of the centrosome cycle still remain a mystery.

Centrosome duplication
It is now known that the centrosome duplication cycle starts in G1 phase, when the 
centrioles lose their orthogonal arrangement and separate slightly. As they progress 
through Gl-S phase, procentrioles form at the proximal end of each existing centriole. 
During the remainder of the cell cycle the procentrioles elongate until they finally mature 
in late G2. Finally, as cells enter mitosis, the two new centriole pairs divide with the 
pericentriolar material to from the two poles of the mitotic spindle (for review, see Adams 
and Kilmartin, 2000).
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Recent work demonstrated the importance of Cdk2-cyclin E in vertebrate centrosome 
duplication (Hinchcliffe et a l, 1999; Lacey et a l, 1999; Matsumoto et a l, 1999). The 
major transitions in the cell cycle are known to be driven by Cdk complexes, for example, 
the Gl-S phase transition, or the onset of mitosis. It had been shown that if sea-urchin 
eggs or Chinese hamster ovary cells (CHO) were arrested in S-phase, multiple rounds of 
centrosome duplication could occur (Balczon et a l, 1995; Hinchcliffe et a l, 1998). This 
suggested that entry into S phase is required for re-duplication. This led to the idea that 
during S phase there was a licensing event allowing the centrosome to re-duplicate.

Hinchcliffe et a l  (1998) found that addition of a Cdk2-cyclin E inhibitor prevented 
duplication of the centrosomes in conditions that should lead to over duplication. Addition 
of extra Cdk2-cyclin E then overcame this effect enabling reduplication to occur. 
Meanwhile, Lacey et a l  (1999) found that in the presence of p21 or p27, inhibitors of 
Cdk2-cyclin E, centriole duplication did not occur. These data together strongly suggested 
a role for Cdk2-cyclin E in driving centrosome duplication and that this could be the S 
phase licensing factor that allows reduplication.

SPB duplication
It is clear that in higher eukaryotes, regulation by Cdk2-cyclin E couples centrosome 
duplication to the rest of the cell cycle. Many of the components that have been found in 
mammalian centrosomes have also, in fact, been found in yeast spindle pole bodies, so an 
understanding of the process in yeast could shed light on what happens in mammalian 
cells. The budding yeast spindle pole body has been studied in detail, and like mammalian 
cells, SPB duplication starts in G1 phase of the cell cycle. During G1 a satellite structure 
appears on the cytoplasmic side at the end of the half bridge. During S phase the satellite 
enlarges and forms a duplication plaque, the half bridge then elongates and inserts into the 
nuclear envelope (Adams and Kilmartin, 1999). By the end of S phase, duplication is 
complete and the SPBs are ready to separate for mitosis.

The situation in fission yeast is a lot less clear. Here, the SPB is again seen to have an 
appendage, that probably corresponds to the budding yeast half bridge, from where a new 
SPB grows (Ding et a l, 1997). As the new SPB grows, the old one decreases in size, and 
this is followed by a period in which both SPBs grow. Once the two SPBs are ready for 
mitosis, they insert into the nuclear envelope and finally separate to produce the mitotic 
spindle. The two SPBs show both similar and distinct characteristics during duplication 
and in fact, a mutation in cu tll, which encodes a protein required for SPB insertion in S.
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pombe can be partially rescued by an S. cerevisiae homologue Ndcl (West et a l, 1998). 
While it has been shown that both centrosomes and the budding yeast SPB's duplicate in 
G l, the case is not so clear in S. pombe. Reports on the timing of duplication have been 
inconclusive (Kanbe et a l, 1990; Ding et a l, 1997). Figure 1.2 shows an illustration of 
the process of SPB duplication in fission yeast.

1.4 Mitosis

The array of complex and detailed events that occur throughout G l, S phase and G2 all 
culminate in the dramatic and elaborate process of chromosome segregation in mitosis. Of 
all stages in the cell cycle, mitosis is by far the most dynamic. It is at this stage that the 
replicated chromosomes are separated and the cell can divide into two new daughter cells. 
During mitosis the cell undergoes substantial reorganisation to prepare it for the process 
of chromosome segregation. Chromosomes have to be segregated with very high fidelity 
in order to prevent the loss or gain of chromosomes by cells. If this happens it could lead 
to cell death or uncontrolled cell proliferation.

The segregation of sister chromatids is an essential and highly regulated event that cannot 
be reversed once it has started. The processes that occur during M phase are conserved 
from yeast to mammals, and many proteins have been identified in yeast and have later 
been found in higher eukaryotes. Recently, the complexity of the mechanisms governing 
chromosome segregation have become more apparent, reflecting the biological 
importance of this event in the production of two new viable daughter cells.

The activation of the mitotic Cdk (M-Cdk) is the trigger for mitosis to start. On its 
activation, chromosomes condense and cytoplasmic microtubules break down. The 
machinery responsible for chromosome segregation is the mitotic spindle, which is 
composed of specialised microtubules that are nucleated from the spindle poles. In animal 
cells this is the centrosome while in yeast it is represented by the spindle pole body.

The phases of mitosis
Mitosis is divided into a number of distinct phases. The first is prophase, during which 
chromosomes condense and the cytoplasmic microtubules breakdown. The spindle poles 
begin nucleating the microtubules that will form the mitotic spindle. During prometaphase 
the nuclear envelope breaks down (in higher eukaryotes but not in yeast) and the spindle 
microtubules catch the kinetochores on the chromosomes. These are specialised structures
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that are found at the centromere and mediate the attachment of the spindle microtubules to 
the chromosome. A mitotic spindle is comprised of two types of microtubules. Those that 
are attached to kinetochores are called kinetochore microtubules, while those that are not, 
are called polar micro tubules. Micro tubules are also nucleated outwards into the 
cytoplasm away from the chromosomes and these are the astral microtubules. During 
metaphase the spindle stays at a constant length and the chromosomes are aligned along 
the metaphase plate (Alberts et a l,  1994). This is achieved through a balance of forces 
that are, in part, exerted by microtubule motor proteins (Heck, 1999).

Once all the chromosomes have been arranged correctly by the mitotic spindle the next 
stage in mitosis can proceed. Anaphase is triggered by the activation of a large protein 
complex called the Anaphase Promoting Complex or Cyclosome (AFC/C) (for review, 
see Zachariae and Nasmyth, 1999). This acts to induce the break down of key proteins 
that hold the two sister chromatids together. Once they are separated the chromatids move 
towards the spindle poles during anaphase A. The mitotic spindle then begins to elongate 
and the chromosomes get dragged to the cell ends with the poles. Once separated, 
cytokinesis can occur and the cell divides into two. The trigger for mitotic exit is the 
destruction of the mitotic cyclin, and the Cdk is rendered inactive. The two new daughter 
cells are then ready to start their own cell cycles.

Accumulation of mitotic cyclins, which associate with Cdkl, results in the activation of 
the M-Cdk. In animal cells mitotic cyclins include cyclin A and cyclin B, while in 
budding yeast four cyclins, Clbl,2,3,4, act as the mitotic cyclins. In fission yeast, the 
mitotic cyclin Cdcl3 binds to the kinase Cdc2 (Cdkl) and cells are ready to proceed into 
mitosis. As these processes are relatively well conserved, this section will describe in 
detail the processes of mitosis in budding and fission yeast.

1.4.1 Metaphase to Anaphase

During metaphase, chromosomes are aligned in an organised manner at the cell equator 
between the two poles. This is achieved largely by the mitotic spindle microtubules that 
capture the kinetochores and pull them to the cell centre. During metaphase, paired 
chromatids are under tension, and this tension is important for chromosome alignment.

Chromosomes are replicated during S phase of the cell cycle, and sister chromatids have 
to be held together by a ‘glue’ until they are ready to be separated in mitosis. The nature 
of this ‘glue’ was described in yeast a few years ago, and has been seen to be a universal

33



Chapter 1: Introduction

mechanism for holding sister chromatids together. Proteins involved in sister chromatid 
cohesion were isolated in yeast in a screen for mutants that lose chromosomes and 
prematurely separate their sister chromatids (Guacci et a l, 1997; Michaelis et a l, 1997; 
Skibbens et a l, 1999; Toth et a l, 1999). The products of four of these genes, Smcl, 
Smc3, Sccl and Scc3, form a multi subunit complex called ‘cohesin’ (for review, see 
Nasmyth et a l,  2000). These proteins are all required from S phase, when the 
establishment of cohesion occurs, until anaphase for its maintenance.

The alignment of chromosomes on the metaphase plate depends on a balance of forces 
acting on the chromosomes. The cohesin provides a force pushing the sister chromatids 
together, while the mitotic spindle attached to the chromosomes via the kinetochores pulls 
the sisters away from each other to the poles. The destruction of one of the spindle fibres 
attaching a kinetochore to one pole leads to the rapid movement of the chromosomes to 
the opposite pole (McNeill and Bems, 1981). The forces required in anaphase to move the 
sisters to the opposite poles are, therefore, present in metaphase, and it is the presence of 
the cohesin that is preventing its onset. Loss of sister chromatid cohesion is thought to be 
the key to the separation of sister chromatids and the onset of anaphase. In budding yeast, 
sister chromatid separation is triggered by the disappearance from the chromosomes of the 
cohesin subunit Sccl (Michaelis et a l, 1997; Uhlmann et a l,  2000). Once the cohesin 
complex has been disrupted, the forces exerted on the sister chromatids by the kinetochore 
microtubules pull them to opposite poles.

1.4.2 Anaphase

The APC/C and sister chromatid cohesion in yeast
The onset of anaphase is triggered by the activation of the APC/C, which targets the 
ubiquitination of specific proteins for proteolytic destruction. This ubiquitination is 
mediated via activator proteins, which target the APC/C to different components. These 
activator proteins determine the substrate specificity and the timing of proteolysis. In 
budding yeast the principal activator at the start of anaphase is the conserved WD repeat 
protein Cdc20 (Visintin et a l, 1997; D.m. Fizzy; S.p. Slpl). Cdc20 targets the APC/C to a 
protein called Pdsl (Cohen-Fix et a l, 1996; Yamamoto et a l, 1996). Pdsl is a member of 
a functionally conserved class of proteins called ‘securins’ that play a role in sister 
chromatid segregation. Pdsl acts by sequestering the conserved ‘separin’ protein Espl 
(Ciosk et a l, 1998), and once Pdsl is destroyed, Espl is released. Separin (now called 
separase because it is a site-specific protease) then induces the cleavage of Sccl, which is
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a component of the cohesin complex, resulting in the separation of sister chromatids as 
illustrated in Figure 1.3A (Uhlmann et al., 1999, Uhlmann et at., 2000).

This loss of the force pushing the two chromatids together allows the poleward force of 
the kinetochore microtubules to pull the separated sister chromatids to opposite poles. 
This has now been established as a universal mechanism by which sister chromatids are 
separated during the metaphase to anaphase transition (for review, see Clarke and 
Gimenez-Abian, 2000). Though there are variations between different organisms the basic 
process remains conserved, the APC/C promotes anaphase and sister chromatid separation 
by destroying the securin (Pdsl) which then frees the separase (Espl), this then cleaves 
the cohesin complex releasing the two sister chromatids. Homologues of many of these 
proteins have been found in other organisms. In fission yeast Cut2, the securin, is targeted 
for degradation by the APC/C at anaphase releasing Cutl, the separase, (Funabiki et a l, 
1996; Funabiki et a l,  1996). These proteins work in a similar way to co-ordinate the 
destruction of the cohesion complex and sister chromatid separation with the onset of 
anaphase.

Cohesion in animal cells
The story in animal cells is slightly different, but the main principles can still be applied. 
In animal cells the majority of the cohesin complex is seen to leave the chromosomes in 
prophase (Losada et a l, 1998; Waizenegger et a l, 2000; Sumara et a l, 2000). A possible 
reason for this is that in animal cells chromosomes condense a lot more than in yeast. The 
condensin complex only associates with the chromosomes once the majority of the 
cohesin has left (Nasmyth et a l, 2000). The loss of this initial portion of cohesin may 
induce the initial splitting of the sister chromatids, but is not enough for their complete 
separation. It is possible that in animal cells a residual amount of cohesin remains on the 
chromosomes to ensure that they are not separated. The APC/C degradation of securin at 
the metaphase-anaphase transition releases separase which then destroys the remaining 
cohesin on the chromosome resulting in full sister chromatid separation (Nasmyth et a l, 
2000).

It is important that the process of sister chromatid separation and the timing of APC/C 
activity are closely controlled, as mistakes in segregation cannot be repaired. Increased 
levels of securin can cause chromosome mis-segregation and lead to genome instability. 
The human securin protein is overproduced in many tumour cells and is thought to be an 
oncogene (Pei and Melmed, 1997), and mutations in the Drosophila securin homologue
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pimples results in defects in chromosome segregation at the centromeric region 
(Stratmann and Lehner, 1996).

1.4.3 Mitotic Exit

The APC/C not only causes the destruction of securin at the end of metaphase, it is also 
responsible for the destruction of the mitotic cyclin. Cells cannot exit mitosis until the M- 
CDK has been inactivated. As cells exit mitosis a number of different events occur.

Cyclin destruction
As well as targeting destruction of Pdsl/Cut2 and promoting sister chromatid separation, 
ApcCdc2o promotes the inactivation of the mitotic Cdks. This allows the exit of 
mitosis during which the mitotic spindle is disassembled, chromosomes décondense, and 
cytokinesis occurs producing two new daughter cells. The co-ordination of APC/C 
activity and the destruction of securin and mitotic cyclin must be carefully regulated to 
ensure that cells do not exit mitosis without segregating their chromosomes properly. 
Cdhl is a second activator for the APC/C (Visintin et a l,  1997), and while both this and 
Cdc20 bind the APC/C, their regulation is different. Cdc20 binds at the start of anaphase 
but dissociates as anaphase progresses. APC/C^*^* targets the APC/C to mitotic cyclins at 
the end of anaphase and in G l, thus preventing the immediate onset of S phase (Visintin 
et al., 1997).

Though it was widely accepted that the mitotic cyclin was degraded at the start of 
anaphase by APC/Ĉ "̂ ^̂ ° in a number of organisms, there were a few differences that 
remained a puzzle until recently. Endogenous Cyclin B molecules are unstable in clam 
and Xenopus  extracts that are arrested in late anaphase by the presence of a non 
degradable form of cyclin B. This is due to the presence of APC/C^‘*‘̂̂ *̂ targeted 
proteolysis (Zachariae and Nasmyth, 1999). When an analogous experiment was done in 
yeast, Clb2 remained stable (Amon, 1997). Further analysis revealed that the situation in 
budding yeast is more complex.

In animal cells the mitotic cyclins are indeed degraded by APC/C^^^^° targeted proteolysis 
at the onset of anaphase. In budding yeast, however, the mitotic CDK is inactivated in 
three different ways. The first is through the APC/C‘̂‘*‘̂ ®̂ targeted proteolysis of the mitotic 
cyclins Clb3 and Clb5, the second is by the APC/C '̂^^  ̂ targeted proteolysis of mitotic 
cyclins Clbl and Clb2. Finally, CDK is inactivated by the accumulation of the Cdk 
inhibitor Sicl which inactivates any remaining Cdk 1-B-type cyclin complexes (Zachariae,
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1999). By destroying Clb5, not only removes a B-type cyclin, but allows the
Cdcl4 phosphatase to dephosphorylate Sicl and Cdhl which results in the accumulation 
of Sicl and the activation of APC/C^‘“’̂ (Visintin et ah, 1998; Jaspersen et a l,  1999; 
Shirayama et a l, 1999). Clb5 must therefore, somehow inhibit Cdcl4 activity thus 
preventing the activation of Sicl and APC/C^^^ during metaphase. Once APC/C^^^^° has 
promoted the destruction of these proteins, it is destroyed at the end of anaphase and only 
accumulates again at the next mitosis when sister chromatids need to be separated. This 
leaves APC/C^'^^ to target the destruction of the remaining mitotic cyclins and induce 
mitotic exit. This explains why cyclins are stable in budding yeast cells arrested in 
anaphase with non degradable cyclin. Figure 1.3B shows a diagram illustrating the activity 
of the APC/C and its role in the destruction of mitotic cyclins in budding yeast (Zachariae 
and Nasmyth, 1999).

In animal cells APC/C' '̂'''^  ̂ targets the destruction of the mitotic cyclins A and B, and in 
mutants in the Drosophila homologue of Cdc20, Fizzy, neither protein is degraded 
(Sigrist et a l, 1995). These cyclins are seen to disappear at the onset of anaphase at the 
same time as securin. In animal cells it is thought that APC/C^^^ is only required for the 
maintenance of low cyclin levels during G l, thus preventing the immediate onset of S 
phase.

The fission yeast homologues of Cdc20 and Cdhl are Slpl and Srwl/Ste9 respectively 
(Matsumoto, 1997; Yamaguchi et a l, 1997; Kitamura et al., 1998). It has been suggested 
that the regulatory mechanisms of fission yeast APC/C '̂*’̂  and APC/C^’’'̂ '̂̂ ‘®̂ are more 
similar to mammalian rather than budding yeast proteins.

1.5 Checkpoints. The Guardians of Mitosis

As mitosis is such an important event it has to be very highly regulated. It is essential that 
each stage occurs in the correct order. The mitotic spindle cannot separate the sister 
chromatids until all the kinetochores are attached, and cell division cannot occur until the 
chromatids have been separated to the opposite ends of the cell. If a cell divides before the 
sisters are separated properly then the resulting daughter cells will be aneuploid or 
polyploid. Both these situations can be very dangerous and can lead to cell death or 
uncontrolled cell proliferation.
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The predominant checkpoint in mitosis is the metaphase spindle assembly checkpoint. 
This pathway has been extensively characterised in yeast and also found to be conserved 
in mammals. During metaphase, chromosomes attach to the mitotic spindle microtubules 
via their kinetochores. The spindle checkpoint monitors this attachment and prevents 
progression into anaphase until all the kinetochores have been captured by a spindle 
microtubule (for review, see Amon, 1999).

This checkpoint was initially defined in budding yeast by mutants that fail to arrest in the 
presence of microtubule depolymerising drugs. In wild type cells the addition of such a 
drug results in the break down of the mitotic spindle and the activation of the mitotic 
checkpoint. This prevents entry into anaphase causing cells to arrest in metaphase. Seven 
genes were identified that showed a sensitivity to these drugs - BUBl, BUB2, and BUB3 
(Hoyt et a i,  1991), and MADl, MAD2 and MAD3 (Li and Murray, 1991) and M PSl 
(Weiss and Winey, 1996) (Table 1). The mad (mitotic arrest deficient) and bub (budding 
uninhibited by benomyl) mutants fail to respond to the spindle abnormalities and progress 
through mitosis. As sister chromatids cannot be separated due to an abnormal spindle, the 
result is often cell death as cytokinesis proceeds. Homologues of these proteins have been 
identified in many other organisms including humans. These proteins form part of a signal 
transduction cascade that arrests cells in response to unattached kinetochores. When yeast 
cells are arrested in this way they are in a pro-metaphase state, so their sister chromatids 
are unseparated and Cdk-Cdc28 activity remains high. In order for a cell to arrest in 
mitosis, both sister chromatid separation and mitotic exit must be prevented. In higher 
eukaryotes it is thought that these are both inhibited by the same pathway, while in 
budding yeast there is evidence that a second mitotic exit checkpoint pathway exists 
(Zachariae and Nasmyth, 1999).

1.5.1 The Metaphase Checkpoint

As described in the previous sections sister chromatid separation and cyclin destruction 
are controlled by the APC/C. The spindle assembly checkpoint functions by inhibiting the 
APC/C activating protein Cdc20 (Figure 1.3B). There are two ideas as to how the signal 
from unattached kinetochores is generated. These are the absence of tension at the 
kinetochore and the presence of an unattached kinetochore (Clarke and Gimenez-Abian,
2000). While the situation in higher eukaryotes is still being debated, in budding yeast the 
lack of tension is not thought to play a role in checkpoint activation, as cells lacking sister 
chromatid cohesion factors, thus lacking tension, undergo mitosis with wild type kinetics 
(Michaelis et a l,  1997). Defects in kinetochore assembly, however, which prevent
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chromosome to microtubule attachment induces a cell cycle arrest (Wang and Burke,
1995). Thus, it is kinetochore assembly and attachment of the spindle microtubules to the 
kinetochores that is detected by the metaphase checkpoint in budding yeast.

Genetic studies in budding yeast helped to establish the order of function of the 
checkpoint proteins, though the interactions are very complex. When an unattached 
kinetochore is detected, Mpsl is thought to phosphorylate Madl in a Bubl, Bub3 and 
Mad2 dependent manner (Farr and Hoyt, 1998). Bubl, Bub3, Madl, Mad2 and Mad3 are 
thought to form a complex that is recruited to unattached kinetochores and signals a 
metaphase arrest (Figure 1.4) (Amon, 1999). Alternatively these proteins could act 
through more than one pathway to arrest the cell cycle.

The target of this metaphase checkpoint is the APC/C activating protein Cdc20/Slpl. A 
complex between M adl, Mad2 and Mad3 has been shown to interact with this protein in 
yeast (Hwang et a l, 1998; Kim et a l, 1998). Complexes have also been described 
between Mad2 and Slpl (Cdc20 homologue) in fission yeast and similar results have been 
reported in Xenopus extracts (Fang et a l, 1998; Kim et a l, 1998). This binding of Mad2 
to Cdc20-APC/C inhibits its activity. Mutants have been isolated in budding yeast and 
fission yeast, CDClO/slpl, that cannot induce a metaphase arrest as they are defective in 
their binding to Mad2, but can still activate the APC/C (Hwang et a l, 1998; Kim et a l, 
1998). Once the spindle defects have been repaired, the Mad2 complex releases Cdc20. 
The active Cdc20-APC/C complex can now target the destruction of the securin 
Pdsl/Cut2 leading to sister chromatid separation and anaphase onset (Figure 1.4 and 
1.313).

The role of these mitotic checkpoint proteins during a normal unperturbed mitosis is still 
being debated. In budding yeast Madl, Mad2, Mad3, Bubl and Bub3 are all non-essential 
proteins and their deletion phenotypes only become apparent when the cells are treated 
with microtubule destabilising drugs or when combined with mutants that have defective 
mitotic spindles. Though they appear not to be required for normal growth in wild type 
cells, M adl, Mad2 and Mad3 do associate with Cdc20-APC/C throughout the cell cycle 
(Hwang et a l, 1998). In vertebrates, however, Mad2, Bubl and Bub3 are seen to localise 
to unattached kinetochores during a normal cell cycle in the absence of spindle damage 
(Chen et a l, 1996; Li and Benezra, 1996; Taylor and McKeon, 1997; Taylor et a l, 1998), 
and Mad2 associates with Cdc20 during prophase and prometaphase in each cell cycle 
(Fang et a l, 1998). This, along with the fact Bub3 is essential in animal cells (Kalitsis et
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al., 2000), suggests that during each cell cycle the checkpoint plays a role in delaying 
normal cell cycle progression until metaphase is complete.

The way in which Mad2 inhibits Cdc20-APC/C is currently unclear. It is known that the 
binding of Mad2 to Cdc20 alone is insufficient for inhibition and the other checkpoint 
components are required as well (Fang et a l, 1998). This is further emphasised by the fact 
that Mad2 binds Cdc20 throughout the budding yeast cell cycle without inducing an arrest 
(Hwang et a l, 1998). Spindle damage must induce the activation of other proteins or the 
modification of Mad2 in order to orchestrate a checkpoint arrest.

In Xenopus and mammalian cells Mad2, Bubl and Bub3 have been localised to 
unattached kinetochores, but localisation is only seen in prophase and prometaphase as 
chromosomes are aligning on the metaphase plate (Chen et a l, 1996; Li and Benezra, 
1996; Taylor and McKeon, 1997; Taylor et a l, 1998). Madl in Xenopus is required to 
recruit Mad2 onto the kinetochore, and it has been suggested that once localised, Mad2 
undergoes a conformational change and is released. In this conformation it acts as an 
inhibitor of the APC/C and only once all the kinetochores are attached, will Mad2 return 
to its original non active conformation and the APC/C will be activated (Chen et a l,  
1998; Shah and Cleveland, 2000).

1.6 The Mitotic Exit Checkpoint

The initial screens that isolated mutants that failed to arrest in response to microtubule 
destabilising drugs, identified the genes described above, MADl, MAD2, MADS, and 
B U B l and BUBS. In addition, a sixth gene was isolated and termed BUB2. Though 
initially it was believed to be involved in the metaphase checkpoint, it was later found to 
be a component of a new and different checkpoint. While the activation of the mitotic 
checkpoint in response to nocodazole results in the inhibition of Cdc20-APC/C, causing 
Pdsl to remain stable and sister chromatids to remain attached, Bub2 acts later in mitosis 
to modulate the activity of the APC/C activating protein Cdhl (Alexandru et a l, 1999; 
Fesquet et a l, 1999; Fraschini et a l, 1999; Li, 1999). Bub2 was thought to be different 
following a number of observations. Firstly, bub2 mutants unlike madl, mad2, madS, 
bubl and bubS mutants can arrest normally in the presence of low doses of nocodazole. 
Under these conditions the mitotic spindle can still form, but microtubule to kinetochore 
interactions are inhibited. Secondly, when the mad and bub mutants were treated with 
nocodazole, there was a transient delay in the cell cycle before mitosis continued. This
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delay was eliminated in double mutants with bubl, but not in double mutants that did not 
include bubl. A further difference displayed by Bub2 is its localisation. While Mad 1-3 
and Bubl and 3 localise to unattached kinetochores, Bub2 is found at the SPB throughout 
the cell cycle (Fraschini et a l, 1999). This lead to the suggestion that there were two 
epistasis groups, one of which contained BUBl, and the other contained MADl, MADl, 
MAD3 and BUBl (Wang and Burke, 1995).

1.6.1 Budding yeast: The Mitotic Exit Network

Bub2 was found to be homologous to the essential fission yeast protein, Cdcl6, that plays 
a role in cytokinesis (Fankhauser et a l, 1993). Cdcl6 binds to a protein called Byr4 and 
together they form a two-component GTPase activating protein (GAP) for the G-protein 
Spgl (Purge et a l, 1998). The budding yeast homologue of Spgl is Teml, which forms 
part of the regulatory network that controls exit from mitosis. The budding yeast 
homologue of 5.p.Byr4 has also been isolated and the gene, termed BYR4 (also called 
BFAl), is a non-essential gene whose deletion shows the same phenotype as bubl and is 
part of the Bub2 epistasis group (Alexandru et a l, 1999; Li, 1999).

It is now accepted that Bub2 functions in a checkpoint pathway that is independent from 
the Mad2 pathway and monitors exit from mitosis in budding yeast. Its role is to prevent 
cells from undergoing cytokinesis until the anaphase spindle has entered the daughter bud. 
In order for cells to exit mitosis and divide, the B-type cyclin Clb2 must be destroyed. 
This is targeted for destruction by the APC/C^‘̂ \  The Bub2 pathway modulates the 
activity of Cdhl and when active, inhibits its activity thus preventing cyclin destruction 
(Figure 1.5A) (Li, 2000).

The co-ordination of spindle elongation and cell division in budding yeast is different 
from that in animal cells. The position of the cleavage plane in animal cells is dependent 
on the position of the mitotic spindle and assembly of the actomyosin ring occurs between 
the two poles (Field et a l, 1999). The situation in budding yeast is different as cells divide 
at the bud neck from where the bud grows. As the bud grows the mitotic spindle is 
assembled in the mother cell and one of the spindle poles has to then migrate into the 
daughter bud until the spindle is parallel to the bud neck. When sister chromatids are then 
separated, half will enter the daughter bud and half will remain in the mother cell (Li, 
2000).
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Components of the mitotic exit network
The function of this mitotic exit checkpoint in budding yeast can be easily imagined. It 
exists to prevent mitotic exit until the SPB has migrated into the daughter bud. The key 
regulator for this process is the G-protein Teml. It was identified as a protein required for 
the completion of anaphase, and cells lacking Teml arrest with a fully elongated spindle 
and segregated chromosomes (Shirayama et a l, 1994). Teml localises predominantly to 
the SPB that migrates into the bud (Bardin et a l, 2000; Pereira et a l, 2000). The GAP for 
Teml, Bub2, localises to the SPB with Teml and keeps it in an inactive state while the 
SPB is still in the mother cell. A potential GDP - GTP exchange factor (GEF) for Teml is 
Ltel. Ltel is localised only to the cortex of the bud during nuclear migration. This means 
that Teml is only activated once the SPB has entered the daughter bud and come into 
contact with Ltel, which then converts it into the GTP bound active form. Once active 
Teml signals through a cascade of proteins called the mitotic exit network (MEN) for the 
destruction of cyclin and mitotic exit (Figure 1.5B). This mechanism ensures that mitotic 
exit can only occur once the nucleus and spindle are in the correct position and have 
migrated into the bud (Bardin et a l, 2000; Pereira et a l, 2000).

Mutants in the MEN genes CDC5, CDC14, CDC15, DBF2, DBF20, MOBl and TEMl all 
arrest in late anaphase with separated sister chromatids, an elongated spindle, and high 
mitotic kinase activity. This is similar to the phenotype seen when cells express non 
degradable forms of mitotic cyclins. Genetic analysis has put Teml near the top of the 
mitotic exit network (Shirayama et a l, 1996; Jaspersen and Morgan, 2000). Cdcl5 is a 
protein kinase that localise to both the SPBs and to the bud neck and is thought to be the 
downstream target of activated Teml.

The mitotic exit network is involved in promoting the release of the Cdcl4 phosphatase 
from the nucleolus, which is the limiting factor for exit from mitosis (Figure 1.3B). 
Release of Cdcl4 is dependent on the MEN, and when Teml is activated in anaphase, 
Cdcl4 disperses from the nucleolus and triggers mitotic exit. Cdcl4 activates the Cdk 
inhibitor S icl, and the APC/C activating protein Cdhl. APC/C^^^ promotes the 
degradation of the B-type cyclin Clb2, while Sicl inactivates any remaining Cdkl 
(Visintin et a l, 1998). Cdcl4 remains inactive throughout most of the cell cycle, as it is 
bound to the inhibitor Netl, which forms part of the large complex that sequesters Cdcl4 
to the nucleolus until anaphase. Loss of Netl function will rescue mutations in some 
components of the MEN including cdc5, a d d 5, dbf2 and teml as will over-production of 
Cdcl4 (Shou et a l,  1999; Visintin et a l,  1999). It is now believed that the target of the 
Bub2 mitotic exit checkpoint is Cdcl4, and when Bub2 is active Cdcl4 remains in the
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nucleolus. Figure 1.5A shows an outline of the proteins involved in the mitotic exit 
network and what their targets are.

The activators for the MEN.
While the Mad2 checkpoint pathway responds to abnormalities in the spindle 
microtubules, the Bub2 pathway in yeast responds to problems in the astral microtubules. 
This is reflected in the fact that Bub2 localises to the cytoplasmic face of the SPB 
suggesting that it interacts with microtubules in the cytoplasm (Daum et a l, 2000). 
Spindle positioning in many cells is thought to depend on the interactions between the 
astral microtubules and the cell cortex (Steams, 1997). In budding yeast the migration of 
the spindle pole into the bud neck is dependent on the astral microtubules that emanate 
out from the SPB. Mutations affecting this process activate the Bub2 checkpoint and cells 
arrest in anaphase. This prevents cytokinesis until the daughter SPB has migrated 
correctly into the bud. The dynein mutant, dynlA, is defective in the orientation of the 
mitotic spindle and a small percentage of these cells segregate their chromatids within the 
mother cell and these cells arrest in anaphase (Muhua et a l, 1998). In these anaphase 
arrested cells Cdcl4 is retained in the nucleolus thus preventing mitotic exit. If the GEF 
for Teml was over-expressed it leaked into the mother cell and induced the release of 
Cdcl4 and the exit from mitosis (Bardin et a l, 2000).

Kar9 is a protein that localises to the cell cortex of the bud, and plays a role in co
ordinating the interactions between the astral microtubules and the actin cytoskeleton to 
enable spindle orientation. Deletions of KAR9 show defects in nuclear migration and 
microtubule orientation (Miller and Rose, 1998). Cells that fail to orientate their spindles 
correctly arrest with a large bud and an anaphase spindle. In the double mutant between 
kar9 and bub2, cells no longer arrest in anaphase and instead they proceed with 
cytokinesis producing anucleate and binucleate cells. In a double mutant with m adl, 
however, cells were able to arrest in anaphase and no anucleate cells were seen. This 
indicates that the anaphase arrest induced by the mis-oriented spindles is dependent on the 
Bub2 checkpoint and not on the Mad2 checkpoint (Daum et a l, 2000).

1.6.2 Fission Yeast: The Septation Initiation Network

In fission yeast, cytokinesis occurs by the constriction of an actomyosin ring at the cell 
centre followed by septum formation. On entry into mitosis actin patches from the cell 
ends are redistributed to the cell centre where they form the actomyosin ring which is 
composed of F-actin and type-II myosin. Once the ring is assembled F-actin patches
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localise adjacent to it and are required for the formation of the septum. Once anaphase is 
complete a signal induces the constriction of the actomyosin ring and a primary division 
septum is laid down. This septum can be visualised with calcoflour staining which stains 
cell wall material. Following the appearance of secondary septa on each side of the 
primary septum, cleavage occurs and the cell separates into two (for review, see Le Goff 
et a l, 1999). The regulation of the co-ordination of septation and mitosis is essential to 
ensure that septation does not occur until anaphase is complete.

Components of the septation initiation network
The onset of septation in fission yeast is controlled by the septation initiation network 
(SIN), which is analogous to the MEN in budding yeast. Components of the SIN were 
first identified as cell division cycle (cdc) mutants (Nurse et a l, 1976) and further genetic 
screens have revealed more key players. Mutations in components of the SIN result in 
abnormalities in septum formation, while the actomyosin ring is assembled as normal. 
Two classes of mutations are apparent in these mutants. The majority of SIN components, 
if mutated, prevent the onset of septation (cdc7, cdcll, cdcM, sidl, sidl, sid4 and spgl) 
(Nurse et a l, 1976; Gautier et a l, 1988; Fankhauser et a l,  1993; Schmidt et a l, 1997; 
Balasubramanian et a l, 1998). The nuclear division cycle, however, continues in these 
mutants resulting in long multinucleate cells with no septa. Two genes, cdcl6  and byr4, 
when mutated, induce the formation of multiple septa in the absence of nuclear division 
cycles. Cdc 16 is the homologue of the budding yeast mitotic exit network protein Bub2 
(Fankhauser et a l, 1993). Many of the components of the SIN and MEN are very similar 
and though there are differences, the two pathways are highly conserved (McCollum and 
Gould, 2001).

Control of the SIN, like the MEN, is centred on the regulation of the G-protein Spgl, the 
Teml homologue (Figure I.6A). The nucleotide state of Spgl is important in the 
regulation of the onset of septation. Cells expressing a dominant negative form of Spgl 
fail to initiate septation while those that constitutively over-express it form multiple septa 
(Schmidt et a l, 1997). Spgl is an SPB bound protein that remains at the SPB throughout 
the cell cycle. Its activation state depends on the localisation of its two component GAP, 
Cdc 16 and Byr4 (Purge et a l, 1998). During interphase Spgl is bound to GDP, on entry 
into mitosis Spgl-GTP is seen at the metaphase SPBs until early anaphase when the Spgl 
from one SPB is converted into the GDP form. The availability of antibodies that 
recognise only the GDP form of Spgl enabled this analysis. Finally, once septation has 
proceeded both SPBs carry the GDP bound form of Spgl (Sohrmann et al, 1998). The 
GAP for Spgl also shows asymmetrical localisation. During interphase both Cdc 16 and
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Byr4 localise to the SPB, and on entry to mitosis Cdc 16 is lost while Byr4 remains on 
both poles initially but is then lost from one in anaphase. During anaphase Cdc 16 is 
recruited back onto the same SPB that carries Byr4 (Figure 1.6B). The localisation of 
Cdc 16 correlates with the localisation of GDP-Spgl. This is consistent with the idea that 
the GAP for Spgl is assembled on one of the two SPBs in order to inactivate Spgl in an 
asymmetrical manner (Cerutti and Simanis, 1999).

The effector for Spgl is the kinase Cdc7, homologue of the budding yeast Cdc 15, which 
also shows asymmetric SPB localisation. It is always found on the SPB that carries Spgl- 
GTP. During interphase it is absent from the SPB, but at the onset of mitosis when the 
GAP for Spgl is lost it is recruited onto the SPBs. In early anaphase when Spgl is 
inactivated on one SPB, Cdc7 is also lost from the same pole (Fankhauser and Simanis, 
1994; Sohrmann et a l, 1998). The next protein reported to be in this network is the kinase 
Sidl. Late in anaphase Sidl associates with Cdc 14 (not related to the budding yeast 
Cdc 14 and, in fact, not a phosphatase), and localises asymmetrically to the SPB that has 
retained Cdc7-Spgl-GTP. Sidl localisation to the SPB requires Cdc2 inactivation (Figure 
1.6B), and if cells are arrested in metaphase by the over-production of the checkpoint 
protein Mad2 or inactivation of the p-tubulin gene nda3, Sidl localisation is not seen 
(Guertin et a l,  2000). In the double mutant mad2 ndaS, which fails to maintain a high 
kinase and arrests the cell cycle, Sidl localisation at the SPB is seen. If a Mad2 arrest is 
induced in a strain carrying the mutant temperature sensitive cdc2-33 allele, in which the 
Cdc2 kinase is inactivated at high temperature, then on shift up to 36°C Sidl is recruited 
onto the SPB. It is possible that prevention of Sidl localisation until the mitotic cyclin has 
been destroyed is a mechanism by which septation is coupled to nuclear segregation 
(Guertin et a l, 2000).

Once Sidl is localised, the kinase Sid2, which is the homologue of budding yeast Dbf2, is 
activated. Sid2 is found at the SPBs throughout the cell cycle in a complex with Mobl but 
is only active for a short period of time. Once Sid2 is activated it is transported with Mobl 
to the medial ring. It has been suggested that localisation of active Sid2-Mobl to the 
medial ring results in the phosphorylation and activation of key components that then 
trigger septation (Sparks et a l, 1999; Hou et a l, 2000).

The significance of the asymmetrical localisation of components of the SIN remains to be 
determined. Strains over-expressing cdc7^ or spgl'^ cause cells to produce multiple septa 
and in these cases Cdc7 is found on both the SPBs at the time of septation. This is also the 
case with the cdcl6-116 temperature sensitive mutant where cells produce multiple septa
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at the end of anaphase. It has been suggested that the asymmetry ensures that only one 
septum is laid down and that if Cdc7 is on two SPBs then septation machinery cannot be 
turned off so multiple septa form (Balasubramanian et a l, 2000). The budding yeast SPB 
duplicates in a conservative manner (Winey et a l, 1991), but the situation in fission yeast 
remains to be clarified. It has been reported that the interphase SPB grows first and then 
divides, but then additional material is acquired by each new SPB (Ding et a l, 1997). 
There is evidence for the non-equivalence of SPBs, for example in c u tll  mutants some 
SPB components are incorporated conservatively during spindle pole body duplication 
(Bridge et a l,  1998). It has been suggested that the ability to promote septation is 
acquired by one of the SPBs during duplication. This asymmetrically distributed 
component could take the form of either an inhibitor or an activator, but remains to be 
identified (Cerutti and Simanis, 1999).

The SIN as a checkpoint
The mutants described above highlight one of the key differences between the MEN and 
the SIN. The MEN acts at the end of anaphase to prevent cyclin destruction and 
subsequent cytokinesis. Cells in which the checkpoint is activated arrest in late anaphase 
with separated sister chromatids and an elongated spindle. The role of the SIN, on the 
other hand is only to stop septation, as it cannot induce a cell cycle arrest. Cycles of cyclin 
destruction and accumulation continue in the absence of cell division resulting in 
multinucleate cells. Figures 1.5A and 1.6A show the differences between the MEN and 
SIN with respect to mitotic exit and cyclin destruction. In budding yeast the MEN signals 
for the destruction of cyclin which then allows cytokinesis to proceed. In fission yeast 
however, cyclin appears to be destroyed independently of the SIN, and is actually 
required for septation.

There is, however, evidence that some components of the SIN have a checkpoint related 
role. Cdc 16 activity is required for the maintenance of a high Cdc2 kinase activity in 
metaphase arrested cells (Fankhauser et a l, 1993). Further evidence for a checkpoint role 
comes from the chromosome segregation defects seen in the byr4 null allele (Song et a l,
1996).

The Polo-like kinases
The polo-like kinases (plks) constitute a family of conserved proteins that play an 
important role in mitosis. Plks generally associate with the spindle poles early in mitosis. 
Budding yeast Cdc5 and fission yeast Plol can be seen at the SPBs as cells enter mitosis, 
but is lost as cells progress through anaphase. Fission yeast Plol has been implicated in
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two phases of mitosis. Mutations in Plol lead to abnormalities in both spindle formation 
and cytokinesis. A dual role is further supported by the fact that over-production of Plol 
causes defects in the mitotic spindle and induces the formation of multiple septa in 
interphase cells (Ohkura et a l, 1995; Mulvihill et a l, 1999). Recent analysis places Plol 
above the SIN in the regulation of septation (Tanaka et a l,  2001). Over-production of the 
SIN regulator Spgl in interphase will induce septation (Schmidt et a l, 1997) and Tanaka 
et al. demonstrate that this occurs without the induction of Plol kinase activity and, in 
fact, does not require functional Plol kinase. They suggest that this along with the 
observation that the induction of septation by Plol over-expression requires a functional 
SIN, places Plol upstream of Spgl in the onset of septation.

1.6.3 Alternative mitotic checkpoints

A cytokinesis checkpoint was recently reported in fission yeast and was activated in 
mutants in the cpsl gene (Le Goff et a l,  1999; Liu et a l, 1999; Liu et a l, 2000). Cpsl is 
a 1.3-p-glucan synthase that plays a role in septum formation. Mutants in this gene arrest 
with stable actomyosin rings and two separated 0 2  nuclei. The checkpoint is believed to 
respond to the continued presence of the actomyosin ring and prevents entry into the 
following mitosis until cytokinesis has been completed. The block to mitosis is dependent 
on the actomyosin ring and requires a functional SIN. The role of the SIN in this pathway, 
however remains to be determined. The removal of the Cdc2 inhibitory kinase, Weel, 
relieves the checkpoint arrest seen in cpsl mutants. This suggests that the checkpoint 
functions by maintaining Cdc2 kinase at a low level (Liu et a l, 2000).

There is also evidence for a checkpoint in fission yeast that can detect the presence of 
lagging chromosomes and slow down anaphase B to give them enough time to reach the 
poles (Pidoux et a l, 2000). It was seen that in mutants that display lagging chromosomes, 
cells showing this phenotype also showed a reduction of up to 50% in the speed of spindle 
elongation. Interestingly this was not dependent of the checkpoint proteins Bubl or 
Dmal. This led the authors to suggest that this may represent a novel checkpoint that 
operates later in anaphase to slow down spindle elongation in the presence of lagging 
chromosomes.
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1.7 This Thesis

This introduction has discussed a variety of processes in fission yeast in comparison to 
other eukaryotes, including the establishment of cell polarity, the mitotic cycle and the 
role of the mitotic checkpoints. The work described in the following chapters stems from 
a mutagenic screen performed to isolate polarity mutants in fission yeast. The initial goal 
of the project was to clone and characterise three of these mutants and establish their role 
in the establishment of cell polarity. This thesis describes work done on the role of four 
genes in mitosis and checkpoint control.

Two of these genes, alp4'^ and alp6^, were cloned and found to be conserved y-tubulin 

interacting proteins. Biochemical and cell biological analysis revealed that these proteins 
do interact with y-tubulin and localise to the MTOCs. Phenotypic analysis of these 
mutants revealed a role for these proteins in SPB duplication and mitotic spindle 
formation.

Further analysis also implicated these genes in a mitotic checkpoint. The mutants are 
checkpoint defective and a role for these proteins in a checkpoint pathway independent 
from Mad2 is proposed. The isolation of a multicopy suppressor of alp&\ alpl6^, which 
is a novel y-tubulin interacting protein, is described and its potential role in checkpoint 
control is discussed.

Finally, the third gene from the initial screen to be cloned was alpV^. Preliminary analysis 
indicates it may be a microtubule associated protein that plays a role in the regulation of 
mitosis and mitotic spindle function during metaphase.
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Table. 1 Components and targets of the mitotic checkpoint pathways.
S. cerevisiae S. pombe
Madl Madl
Mad2 Mad2
Mad3
Bubl Bubl
Bub3
Mpsl Mphl
Cdc20 Slpl
Bub2 Cdc 16
Teml Spgl
Byr4/Bfal Byr4
Cdc 14
Ltel
Cdcl5 Cdc7
Cdc5 Plol
Dbf20 Sidl
Dbf2, Sid2

Sid4
Mobl Mobl

Cdc 14
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INTERPHASE MITOSIS

NETO Post Anaphase Array

B

Actin
• DNA

— Microtubules
• SPB

”  mitotic spindle
Figure 1.1. Re-organisation in the microtubule and actin cytoskeleton in the 
fission yeast cell cycle.
A. Reorganisation of the microtubule cytoskeleton during the cell cycle. In interphase 
cytoplasmic microtubules form parallel arrays extending along the axis of the cell. 
These break down at mitosis and the mitotic spindle forms for mitosis. After anaphase 
two MTOCs are activated at the cell centre which nucleate the Post Anaphase Array 
(PAA) of microtubules. Diagrammatic representations and real images are shown. 
Wild type cells were fixed in methanol for immunofluorescence. Tubulin is stained in 
red (TATI ) SPB in green (Sadi), and DNA in blue (DAPI). The bar indicates 10 /^m.
B. Actin reorganisation in the fission yeast cell cycle. As cells enter G l, actin is 
localised only at the old end while growth is monopolar. The redistribution of actin to 
the two ends of the cell in 02  is accompanied by a switch to bipolar growth. When 
cells enter mitosis actin forms a ring at the cell centre at the point of septation. After 
cell cleavage, actin relocalises to the old ends of the new daughter cells.
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A new SPB is 
assembled on 
the half bridge

Both SPBs grow

SPB\^ ^  half bridge

=  nuclear envelope

Y-tubulin

Fenestrae forms 
beneath SPB

SPB inserts into 
fenestrae and starts 
to nucleate spindle

The SPBs 
separate after the 
bridge is severed

G1/S/G2

G2

prophase

spindle
microtubules

metaphase

SPB leaves the 
nuclear envelope anaphase/telophase

Figure 1.2. SPB duplication in fission yeast.
The SPB resides in the cytoplasm during interphase and inserts into the nuclear 
envelope on entry into mitosis, y-tubulin is found on the inside of the nuclear envelope 
at the position of the SPB during interphase. Before SPB duplication the SPB has an 
appendage or bridge on one side from which the new SPB grows. Duplication results in 
two smaller entities that are attached via this bridge structure. Both the SPBs then grow 
in size as the nuclear envelope begins to invaginate and form a fenestra into which the 
duplicated SPBs are inserted. As the spindle microtubules are nucleated the two SPBs 
separate to opposite sides of the nucleus. At the end of anaphase the fenestrae closes 
and expels the SPBs back out into the cytoplasm (adapted from Ding et al. 1997).
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Figure 1.3. APC regulation and activity in budding yeast mitosis..
A. The onset of anaphase is triggered by the activation of the APC/C^^^^ .̂ It targets 
the destruction of the securin, which leads to the release of the separase. Separase 
then degrades the cohesin that holds the sister chromatids together and chromosome 
segregation progresses. B. The APC/C^^^^° also targets the destruction of the mitotic 
cyclin Clb5, this promotes the release of the Cdcl4 phosphatase from Netl, and thus 
release from the nucleolus, enabling it to activate Sicl, the kinase inhibitor, and 
Cdhl, the APC activator. Cdhl targets to APC to the mitotic cyclic Clb2. This in 
combination with Sicl, inactivates the kinase and promotes exit from mitosis and 
cytokinesis. The Mad2 checkpoint pathway, on activation, causes the inhibition of 
Cdc20, and thus prevents cells from entering anaphase as the APC remains inactive. 
The mitotic exit network (MEN) regulates the exit of mitosis and once activated, 
promotes the release of the Cdcl4 phosphatase and thus mitotic exit.
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unattached
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i
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i
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Figure 1.4. The Mad2 checkpoint.
The presence of kinetochores that are not attached to spindle microtubules is detected 
by the checkpoint genes Mad 1-3, Bubl and Bub3. Once activated, the pathway 
prevents the onset of anaphase by binding to and inhibiting the APC/C activating 
protein Cdc20/Slpl. While the APC/C is inactive, the securin Pdsl/Cut2 remains 
bound to the separin Esp 1/Cut 1 preventing it from cleaving cohesin and inducing sister 
chromatid separation. This ensures that anaphase does not progress until all the 
kinetochores are attached to spindle microtubules.
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Figure 1.5. Mitotic exit in budding yeast.
The budding yeast anaphase checkpoint prevents activation of the mitotic exit network 
(MEN) until the daughter SPB has entered the bud. A. Activated G-protein Teml 
stimulates the release of the Cdc 14 phosphates from the nucleolus via the MEN. Cdc 14 
then induces exit from mitosis by dephosphorylating the APC activator Cdhl. 
Activation of the PA PB then promotes cyclin destruction and mitotic exit. B. Teml 
remains associated with the SPB throughout mitosis and is kept in the inactive form by 
the presence of its GAP, Bub2, on the SPB. Once the daughter SPB containing Teml 
has migrated into the bud, the GEF, Ltel, can activate Teml, thus inducing activation 
of the MEN and mitotic exit.
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Figure 1.6. The septation initiation network in fission yeast.
The SIN regulates the onset of septation. On entry into mitosis, the G-protein Spgl is 
activated due to the loss of the GAP cdc 16 from the mitotic SPB. Activated Spgl 
recruits the Cdc7 kinase onto the SPBs. In early anaphase Cdc 16 localises to one 
mitotic SPB converting Spgl to the GDP bound from, subsequently Cdc7 is lost from 
the same SPB. On destruction of the mitotic cyclin, the Sidl kinase localises to the 
SPB that has retained active Spgl and Cdc7 and initiates septum formation by the 
activation of the Sid2 kinase. A. Illustrates the order of action of these proteins while 
B. Shows the asymmetric localisation of key components of the SIN.



CHAPTER 2

The alp Screen and Characterisation of the Mutants

Introduction

This chapter describes the screen undertaken to isolate temperature sensitive mutants that 
are defective in cell shape. The aim was to identify novel genes involved in the formation 
of correct cell polarity. The fission yeast cell grows as a rod shape and extends only at its 
two ends. This highly polarised growth makes it an ideal system in which to study cell 
shape as defects in this regularity can be detected easily. This chapter describes the initial 
screen identifying the fifteen alp mutants (a/tered polarity) and the phenotypic 
characterisations that were undertaken to classify them according to their defect. Four of 
the alp mutants had already been cloned (Hirata et a l, 1998; Radcliffe et a l,  1998; 
Radcliffe et a l, 1999) and found to be tubulin genes and proteins involved in the folding 
of native tubulin heterodimers. This characterisation shows that the alp mutants are not 
only involved in cell morphogenesis but some are essential for mitosis and are involved in 
the regulation of progression of mitotic events.
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2.1 The screen and isolation of the alp mutants

The alp mutants were isolated in a large scale screen for temperature sensitive mutants 
which grew at 30°C but died at 36°C (Hirata et a l, 1998). Fission yeast wild type cultures 
were mutagenised with N-methyl-N’-nitrosoguanidine. 200,960 colonies were screened 
and 2,822 temperature sensitive alleles were isolated. After growth in rich medium at 
36°C for 8 hours, calcofluor, which stains cell wall material and the cell septum, was used 
to isolate mutants displaying abnormal cell morphology. Temperature sensitive mutants 
were selected on the basis of displaying a bent or a branched cell shape at the restrictive 
temperature. Twenty-two mutants were isolated and preliminary complementation tests 
showed they represented 13 different loci {alpl-13).

Multiple alleles of three of the 13 alp mutants had been isolated, and in order to confirm 
that these mutants were allelic, genetic crosses were performed between the alleles. The 
progeny were plated at 36°C, and the presence of wild type colonies suggested that 
homologous recombination had occurred between the two alleles indicating they represent 
different genes. If no wild type colonies formed, then the two alleles were proposed to be 
allelic. The two proposed mutants were not allelic as their progeny produced wild 
type colonies so have been re-classed as alp5 -1134 and alpl5-1218. The third mutant 
allele of alp3^\ alp3-1270, was also seen to be non-allelic to alp3-149 and alp3-601 so has 
been named alpl4-1270.

2.2 Characterisation of the alp mutant phenotypes

In order to gain an insight into the general nature of the alp  mutants, phenotypic 
characteristics of the mutants were examined. This included analysis of growth rate, cell 
morphology and DNA structure, microtubule and mitochondrial localisation and 
sensitivity to the microtubule destabilising drug thiabendazole (TBZ). The 15 alp mutants 
were classified according to these criteria as shown in Table 2. Four of the alp^ genes had 
been cloned previously (Hirata et a l, 1998; Radcliffe et a l, 1998; Radcliffe et a l, 1999), 
and shown to encode tubulin proteins. alp2'^ and alpl2^ encode a2- and (3- tubulin 

respectively, while alpl~  ̂ and alp 11^ encode cofactors D and B. These cofactors are 
known to play a vital role in the folding of the new tubulin molecules so that they are in 
the correct conformation to be assembled into a tubulin heterodimer (Tian et a l, 1996).
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Mutant morphology
The alp mutants are all temperature sensitive, and show a reduced growth rate at 36° in 
comparison to the wild type strain. Cells that had been grown for 6 hours at 36°C were 
fixed with formaldehyde and stained with calcofluor. The mutants were classified as 
displaying a curved, bent or branched morphology (Table 2). Examples of mutants from 
each category are shown in Figure 2.2.1.

Mutant chromosomal structure
Formaldehyde fixed cells were stained with DAPI (4’,6-diamidino-2-phenylindole 
dihydrochloride) which binds specifically to DNA. This showed any mitotic chromosome 
segregation defects that were present. Three main categories of phenotypes were seen. 
alp8,9,10 and 15 mutants showed no severe abnormal DNA structures and cells were seen 
with apparently normal interphase and mitotic DNA. alp3*' showed a severe cut 
phenotype. Cut cells arise when chromosomes fail to separate but mitosis continues, the 
septum forms and cleaves the undivided nucleus into two. The third phenotype displayed 
to differing degrees by alp4, alp5, alp6, alp7, alp 11, alp 12 and alp 14 mutants was a 
failure to correctly segregate the mitotic DNA resulting in daughter cells with unequal 
DNA contents (Figure 2.2.2). These latter two abnormal chromosome segregation 
phenotypes are likely to be the cause of the lethal temperature sensitivity.

The microtubule cytoskeleton
The microtubule cytoskeleton is known to play an important role in the formation of cell 
shape. Immunofluorescence analysis was performed to examine the state of the 
microtubules in all the 15 alp mutants in order to see if there were any abnormalities. 
Each mutant was grown in rich media for 6 hours at 36°C and then fixed in methanol. The 
anti a-tubulin antibody, TATI, was used to detect microtubule structures. The mutants 
showed a variety of abnormalities illustrated in Figure 2.2.3. alpl, alp2, a lp ll and alpl2 
mutants, which encode tubulin proteins and tubulin folding proteins all showed severely 
compromised microtubules with just a few short structures being seen around the nucleus 
(Figure 2.2.3A).

Those mutants that show a bent or curved cell shape, like alp9‘\  often displayed thick 
microtubule bundles around the outer curve of the cell with bending around the tip as in 
Figure 2.2.3B. This is in contrast to the situation in wild type cells where microtubules 
form parallel arrays stretching from one end of the cell to the other. The majority of the 
alp mutants do show an altered microtubule cytoskeleton to some extent, which in many 
cases may be the cause of the abnormal cell shape.
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Mitochondrial localisation in the mutants
Correct mitochondrial localisation requires intact microtubules (Yaffe et a l, 1996). As 
many of the alp mutants displayed abnormalities in microtubular structures, the state of 
mitochondria within the cell was examined using the fluorescent dye 2-(4- 
dimethylaminostyryl)-1 -methylpyridinium iodide (DASPMI). Mitochondrial distribution 
in wild type cells follows the pattern of microtubules. This was seen to be abnormal in 
mutants alpl, alp2, a lp ll and a lp ll, which fail to form cytoplasmic microtubule arrays. 
Instead of being evenly distributed along microtubules and around the cell as in wild type 
cells, the mitochondria were clustered at the ends of the cell (Figure 2.2.4). This is a 
further indication that the microtubule cytoskeleton is required for the correct localisation 
of mitochondria in the cell, and when the microtubule cytoskeleton is compromised, 
mitochondria fail to be distributed correctly.

The actin cytoskeleton
The actin cytoskeleton is also known to be involved in the formation of cell shape and 
especially in the determination of the direction of growth. In the fission yeast cell, actin 
localises to the areas of growth, the cell tips. After mitosis when cells are in G l, F-actin is 
seen predominantly at the old end of the cell. Cells then undergo a process called new 
end take off (NETO) and F-actin is redistributed to both growing ends of the cell. It was 
possible that F-actin function could be compromised in the alp mutants and so its 
localisation using rhodamine labelled phalloidin on formaldehyde fixed cells was 
determined. All the mutants showed a relatively normal distribution of actin after 6 hours 
at 36°C and although the cell shape was abnormal, actin was still found at the growth 
zones at the ends of the cell.

Thiabendazole sensitivity
As many tubulin related mutants show a sensitivity to microtubule destabilising drugs, it 
was suspected that some of the alp mutants could show a similar phenotype. 
Thiabendazole is an inhibitor of microtubules and on its addition to cells the microtubule 
cytoskeleton is broken down and cells arrest in mitosis. Serial dilutions of the alp mutants 
were spotted onto plates containing 20 /xg/ml of TBZ and incubated for three days at 
19°C, 26°C, 29°C, 32°C and 36°C. The majority of the alp mutants showed a degree of 
sensitivity to TBZ with alpl, alpl, a lp ll, and a lp ll being super-sensitivity to the drug, 
with a great reduction in growth even at the permissive temperature (Figure 2.2.5).
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2.3 Identification of the a/p^^and alp6* genes

The characterisations in the previous section show that the alp mutants display a variety 
of microtubule related phenotypes. They show that the alp genes are not only involved in 
cell morphogenesis but some appear to be essential for mitosis and are involved in the 
regulation of mitotic events. The next step was to select mutants to clone. Both alp4-1891 
and alp6-719 showed very similar mitotic segregation phenotypes, whereby they proceed 
with septation in the absence of proper chromosome separation, resulting in daughter cells 
with unequal distributions of DNA. As the phenotypes were so similar it was hoped the 
proteins would be related in function, so these two genes were cloned first. This section 
describes the cloning and identification of alp4^ and alp6^.

Cloning of alp4* and alp6*
The method of cloning alp4^ and alp6^ took advantage of the temperature sensitivity of 
the mutants. The wild type copy of the gene was isolated by its ability to suppress the 
lethal mutant phenotype. Two different high copy number plasmid libraries were 
employed. Attempts to clone alp4-1891 and alp6-719 were done firstly with a pIRS LEU2 
based library (gift from S.Katayama), but of the 15,000 transformants no suppressing 
candidates were isolated. A pUR based library, which carries the ura4* marker gene, was 
then used (Barbet et a l, 1992). leul', ura4\ alp4-1891 and alp6-719 were transformed 
and transformants were selected for on minimal media (MM) plates containing leucine at 
the permissive temperature (26°C). Colonies containing the plasmid were able to grow on 
these plates in the absence of uracil due to the presence of the wild type ura4^ gene on the 
plasmid. These colonies were replica plated onto YE5S and YPD (see Materials and 
Methods) with Phloxine B and incubated for 2 days at 36°C. Phloxine B is a dye that will 
stain dead cells a deep red, whilst those that are growing normally will be pink. Those 
colonies that were able to grow and remained pink with Phloxine B at 36°C were selected 
as candidates for plasmid isolation. Both mutants showed a transformation efficiency of 
about 500 cells per plate with a total of 15,000 transformants being examined. Of these, 
59 and 7 colonies were selected for the ability to grow at 36°C for alp4^ and alp6^ 
respectively.

Plasmid dependency test
In order to determine if the rescue phenotype that was seen was due to the presence of a 
suppressing plasmid and not just a high frequency of reversion to wild type, plasmid 
dependency tests were performed. Candidate colonies were grown overnight in rich media 
(YPD) at 26°C, which results in a high degree of plasmid loss. Approximately 500 cells
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were plated onto YE5S at 26°C and replica plated to Phloxine B containing plates at 36°C 
and to MM+leu plates at 26°C. To determine if the rescue phenotype was plasmid 
dependent, candidates were checked for a correlation between the ability to grow at 36°C 
and the presence of the plasmid (growth on MM+leu plates) and between those that failed 
to grow at 36°C and loss of the plasmid. For all the candidates, growth at 36°C was seen 
to be plasmid dependent.

Plasmid isolation
Candidates containing plasmids with suppressing genes were grown in MM+leu until late 
log phase. Plasmid DNA was isolated and amplified in E. coli. 2.5/xl of each purified 
plasmid was digested with either HindHl or EcoRI and run on a 1% DNA agarose gel. 
Banding patterns between different candidates were compared to determine if the 
plasmids contained the same gene. These patterns are seen in Figure 2.3.1 A. Of the 7 
plasmids suppressing alp6-719, plasmid DNA was isolated from 5 of these and they all 
produced different banding patterns after digestion. Of the 31 plasmids isolated that 
suppressed alp4-1891, plasmid DNA was isolated from 19 of these and they all fell into 
two banding pattern categories. These patterns, however, contained similar bands and so 
were classed as the same gene. Further attempts to isolate plasmids from the remaining 
candidates failed. Colony PCR was performed on these candidates with primers against 
the plasmid in order to determine if the plasmid was present. All of these were, however, 
unsuccessful.

alp6-719 suppressing plasmids, pUR6-l, pUR6-3, pUR6-4, pUR6-5 and pUR6-7, were 
retransformed into the alp6-719 mutant to check the degree of suppression, and the same 
was done in the alp4-1891 mutant with suppressing plasmids pUR4-18 and pUR4-19. 
Figure 2.3.IB shows the suppression of the mutant phenotype on rich media plates at 
36°C. The degree of suppression was compared between plasmids. The alp6‘" suppressing 
plasmid, pUR6-l caused a weaker suppression as it enabled growth, but morphological 
defects were still apparent, while the remaining plasmids all showed apparently complete 
suppression. Both the alp4-1891 suppressing plasmids showed an apparent complete 
rescue at 36°C.

Identification of the gene by transposon mutagenesis
In order to sequence the gene that rescues the mutant phenotype, the method of 
transposon mutagenesis was employed (Morgan et a l, 1996). This involves a transposon 
jumping from a donor plasmid into the recipient suppressing plasmid that contains the 
gene of interest. If the transposon jumps into the suppressing gene then it will no longer
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be able to rescue the mutant phenotype at 36°C. Primers designed against the flanking 
transposon sequence (-20 universal primer) can then be used to sequence the gene. The 
transposon employed here (TnlOOO) contains the streptomycin resistance gene for 
selection.

Competent E. coli strain HBlOl was transformed with the six different plasmids (pUR4- 
19, pUR6-l, pUR6-3, pUR6-4, pUR6-5, pUR6-7). After mating with the donor E. coli 
strain DHl that contained the transposon in a plasmid, streptomycin resistant colonies 
were isolated. On re-transformation back into the mutant those plasmids no longer 
capable of suppressing the mutant phenotype at 36°C were then selected for sequencing. 
Four plasmids were selected for pUR6-l, pUR6-4 and pUR4-19, two plasmids for pUR6- 
5, and one for pUR6-7. Primers designed against the two ends of the transposon were 
used to sequence the flanking regions of DNA. Sequences obtained were then checked 
against the fission yeast database in the Sanger Centre to see if the gene had been 
sequenced already. Sequences obtained from pUR6-l all pulled up the same gene present 
in cosmid SPCC 49.19. The majority of the sequences for the remaining a lp ^ ' 
suppressing plasmids overlapped with each other but non of them with pUR6-l. Similarly, 
the alp4̂  ̂ suppressing plasmids contained sequences that overlapped each other but failed 
to pull out the sequenced gene from the Sanger Centre. New primers were designed for 
pUR4-19 and pUR6-7 and the whole gene was sequenced.

After sequencing was complete, homology searches identified the suppressing genes in 
pUR4-19 and pUR6-7 as the homologues of the related budding yeast y-tubulin 
interacting proteins Spc97 and Spc98 respectively, y-tubulin is a highly conserved protein 
that is seen to localise to the microtubule organising centres (MTOCs) in many systems 
and is thought to play a direct role in the nucléation of microtubules. Homologues of 
Spc97 and Spc98 were also found in Xenopus, Drosophila and human (Table 3) 
(Schiebel, 2000).

To determine if the correct alp genes had been cloned and not multicopy suppressors, 
genetic crosses were performed. The proteins encoded by the genes in pUR4-19 and 
pUR6-7 were tagged with the protein epitope 3HA (see Figure 2.4.3) with the kanamycin 
resistance (kan^) gene as a selectable marker. Crosses were performed against these 
tagged strains and the original mutant. No wild type recombinants (ts", kan^) were 
identified, suggesting that the mutant and the tagged gene were at the same locus. On the 
basis of this, the genes present in pUR4-19 (now called ipUR-alp4^) and pUR6-7 (pUR- 
alp6^) were classified as the correct alp4~  ̂ and alp6'^ genes. The suppressing gene
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contained within pUR6-l (pUR-aZpid"^) was classed as a multicopy suppressor of alp6- 
719 and termed alpl6^. Figure 2.3.2 shows an alignment of the Alp4 and Alp6 
homologues from budding yeast (Spc97 and Spc98) and human (hGCP2 and hGCPS). 
The identity between Alp4 and GCP2 or Spc97 is 22% and 11%, whilst that between Alp6 
and GCP3 or Spc98 was 25% and 18% respectively (Table 4). This indicates that the 
fission yeast proteins are evolutionarily closer to vertebrates than budding yeast. In a 
similar manner to the vertebrate proteins, Alp4 and Alp6 also show a distant evolutionary 
relationship and probably evolved from a common ancestor (Figure 2.3.3).

2.4 Analysis of alp4'" and alp6^ gene products

The homologues of Alp4 and Alp6 had been shown to form a complex with y-tubulin in 
humans and budding yeast (Knop et a l, 1997; Murphy et a l, 1998). They are essential 
and are believed to be directly involved in the nucléation of microtubules. This section 
describes efforts to biochemically characterise these proteins. The localisation of the 
proteins is described, along with their deletion and over-production phenotypes.

Deletion of alp4* and alp6*
In order to determine if alp4^ and alp6^ were essential, the genes were deleted using a 
PCR based method (Bahler et a l, 1998). Heterozygous diploid strains were transformed 
with a DNA fragment containing the ura4^ gene and 80 base pairs of the flanking regions 
of the gene to be deleted. This enables homologous recombination to occur. Colonies 
were selected for growth on plates without uracil, indicating that they had integrated the 
ura4'^ gene in place of the alp gene and were now ura4~ .̂ The diploids were allowed to 
sporulate and tetrad analysis then determined if the genes were essential. Figure 2.4.1 A 
shows that alpô'^is an essential gene as only two of the four spores grew and all these were 
Ura'. A closer examination revealed that the spores could in fact germinate but appeared 
to proceed with a lethal abnormal mitosis in the first division (Figure 2.4. IB).

Over-production of Alp4 and Alp6 is toxic
In order to determine if increased levels of these proteins caused a detrimental phenotype, 
strains were created in which the thiamine repressible strong nm tl promoter was 
integrated at the 5’ end of the alp gene to replace its natural promoter. The kanamycin 
resistance gene {kan^) was integrated as a selectable marker. PCR using primers specific 
to the kanamycin gene and the alp gene was performed to confirm that integration had 
occurred in the correct place. Western blot analysis to check the strain was over
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producing the protein could not be performed as there are no antibodies to either Alp4 or 
Alp6. Colonies were streaked on MM plates without thiamine to look at growth 
inhibition. Over-expression of the alp4^ gene on plates resulted in a severe retardation of 
growth. nmtl-alp6^ also showed retarded growth in the absence of thiamine (Figure 
2.4.2A). Liquid studies were performed with nmtl-alp4'^, colonies were grown in rich 
media at 26°C before being washed and transferred to media without thiamine. Cells were 
collected for immunofluorescence at 16, 18, 20 and 24 hours after induction. Cells were 
stained for tubulin and DNA (DAPI). After 16 hours of induction microtubules in the 
Alp4 over-producing cells were longer than those seen in wild type cells and curved 
around the ends of the cell (Figure 2.4.2B).

Alp4 and AIp6 localise to the MTOCs
The Alp4 and Alp6 proteins were tagged with the protein epitopes OFF (green fluorescent 
protein) or HA (Hemagglutin A) as shown in Figure 2.4.3. C- terminus tagging of each 
gene was achieved with OFF and 3HA with the kanamycin resistance gene as a selectable 
marker. FCR fragments containing the epitope tag flanked by sequences corresponding to 
the 3’ end of the gene where insertion was to occur, were transformed into a diploid yeast 
strain. After tetrad analysis a 2:2 segregation of Kan^ to Kan^ (kanamycin resistance to 
sensitive) was seen. Kanamycin resistant strains were then tested by FCR to determine if 
the gene was integrated in the correct place in the genome (Bahler et a l, 1998). Western 
analysis using anti HA or OFF antibodies was performed to see if the tagged proteins 
were being produced. GFF and HA tagging of the Alp4 and Alp6 proteins did not 
interfere with the function as the strains grew as well as wild type.

Alp4-GFF cells were fixed with formaldehyde and examined for the presence of the GFF 
signal. A single dot of Alp4-GFF was seen on each nucleus and staining was seen in the 
cell centre at the end of mitosis (Figure 2.4.4A). As this nuclear staining was likely to 
correspond to the spindle pole body, immunofluorescence was performed using an anti- 
Sadl antibody. Sadi is a protein that is known to associate with the SFB throughout the 
cell cycle (Hagan and Yanagida, 1995). Figure 2.4.4B shows that Alp4-GFF exactly co- 
localises with Sadi throughout the cell cycle. During interphase a single spot was seen, 
while in mitosis two spots were seen at both ends of the mitotic spindle. Alp4-GFF was 
also seen independently of Sadi at the end of anaphase in the cell centre where it forms a 
ring like structure. Images taken on the confocal microscope were rotated around their 
longitudinal axis to show the presence of this ring structure (Figure 2.4.4C). 
Immunofluorescence with anti-tubulin antibodies showed that the Alp4-GFF protein 
localised to the cell centre at the same time as the post anaphase array of microtubules
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was forming. This localisation is very similar to that reported for y-tubulin (Tugl/Gtbl) 
previously (Horio et a l, 1991). The presence of y-tubulin in a ring structure at the mid 

zone lead to this being described as the equatorial MTOC (EMTOC) (Heitz and Hagan 
personal communication). As septation progresses, the ring gets smaller until finally it 
disappears as two new daughter cells are produced. Similar staining was seen for both 
Alp4-3HA and Alp6-3HA after using an anti-HA antibody (Figure 2.4.4A).

2.5 Interactions between Alp4. Alp6 and y-tubulin

So far this thesis has described that Alp4 and Alp6 are the fission yeast homologues of 
two highly conserved y-tubulin interacting proteins Spc97 and Spc98. They localise to 
the SPB and the post anaphase EMTOC in a similar manner to y-tubulin. The next step 
was to look for any genetic or physical interaction between Alp4, Alp6 and y-tubulin. In 
budding yeast it has been shown that both Spc97 and Spc98 interact physically with each 
other and with y-tubulin with a stoichiometry of two y-tubulin molecules to every one of 
Spc97 and Spc98 (Geissler et a l, 1996).

Genetic interactions
To look for a genetic interaction between alp4^ and alp6^ cross suppression analyses were 
performed. pUR-a/pd'^ and p\JR-alp4* were transformed into alp4-1891, alp4-225 and 
alp6-719. Transformants were streaked at 36°C for two days to look at any rescue 
phenotype. Extra copies of wild type alp6^ could not suppress either allele of alp4'' but 
could suppress the alp6‘̂  mutant, but p\JK-alp4^ was capable of suppressing both the 
alp4*' alleles and alp6-719 (Figure 2.5.1). This shows that there is a genetic interaction 
between these two genes as multicopy alp4^ can rescue the alp6" phenotype.

Physical interactions
To determine the relative protein concentrations of Alp4 and Alp6, protein extracts from 
Alp4-3HA and Alp6-3HA were run on an SDS PAGE gel. y-tubulin was used as a loading 

control. Anti-HA antibodies showed that Alp4 and Alp6 are present in similar 
concentrations within the cell (Figure 2.5.2A).

In order to identify any physical interactions between Alp4, Alp6 and y-tubulin, co- 
immunoprecipitations (co-IP) were done using Alp4 and Alp6 tagged with the 3HA 
epitope. Immunoprécipitations were performed with a monoclonal anti-HA antibody, and 
the presence of y-tubulin was detected on an SDS PAGE gel with specific monoclonal
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antibodies, y-tubulin can clearly be seen to co-IP with both Alp4-3HA and Alp6-3HA 
suggesting that they do physically interact (Figure 2.5.2B). The amount of y-tubulin 
pulled down was less than that seen in the whole extract, but this could be attributable to a 
low efficiency of binding, or y-tubulin may exist independently of Alp4 and Alp6 in the 
cell. This shows that some population of both Alp4 and Alp6 show a physical interaction 
with y-tubulin.

The fission yeast y-tubulin complex is large
In budding yeast the size of the y-tubulin complex has been seen to be much smaller than 

in higher eukaryotes with a sedimentation value of 6S (Knop et a l, 1997). In mammalian 
cells however the y-tubulin complex has a sedimentation value of about 32S (Murphy et 
a l, 1998). In order to determine if the fission yeast complex was more related in size to 
the budding yeast or mammalian complexes, its size was measured using gel filtration 
analysis. Alp4-3HA and Alp6-3HA whole cell extracts were run on a size exclusion gel 
filtration column and fractions were analysed on a 10% SDS PAGE gel. It was seen that 
the majority of the Alp4 and Alp6 protein is found in the same large fractions as y-tubulin 
(Figure 2.5.2C). The estimated size is over 2,000kDa, which is more comparable in size to 
the complex in metazoans than in budding yeast. Small amounts of y-tubulin were also 
seen to exist in the smaller fractions of between 200 kDa and 600 kDa (lanes 13-22) some 
of which still overlap with Alp4 and Alp6. It is possible that like in other eukaryotes, 
multiple forms of the complex may exist in fission yeast. This genetic and physical 
interaction suggests that Alp4 and Alp6 exist with y-tubulin in a very large complex that 
localises to the MTOC within the cell.

Cell cycle regulation of Alp4 and Alp6
In order to determine if the protein levels of Alp4 and Alp6 fluctuate during the cell cycle, 
their levels in a synchronous culture were measured. The cdc25-22 temperature sensitive 
mutant will arrest cells in late 0 2  at 36°C. On shift down to the permissive temperature of 
26°C, cells pass through mitosis in a highly synchronised manner. Alp4 and Alp6 were 
tagged with 3HA in the cdc25-22 mutant, and shifted up to 36°C for four hours to 
synchronise them in late 02. After release into mitosis at 26°C, samples were taken every 
twenty minutes to examine the protein levels. Samples were run on an SDS PAGE gel and 
the HA tagged proteins detected with specific antibodies. Tubulin was used as a loading 
control. Figure 2.5.3 shows the levels of Alp4-3HA do not fluctuate as cells progress 
through mitosis (Alp6-3HA shows the same pattern). The septation index shows the 
synchrony as cells go through two rounds of division. This indicates that the protein levels 
of Alp4 and Alp6 are not regulated at different stages of the cell cycle.
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2.6 Summary

This chapter has described the screen undertaken to isolate novel components involved in 
the formation of cell polarity. The screen pulled out 15 alp mutants, and phenotypic 
analysis revealed a variety of phenotypes. Those mutants encoding tubulin related genes 
or tubulin folding cofactor genes, were seen to have very few microtubules and so failed 
to form spindles and segregate their DNA. Consistent with this, mitochondria were mis- 
localised to the ends of the cells in these mutants.

Wild type alp4'" and alp6* were cloned by suppression of the temperature sensitive mutant 
phenotype. They were seen to be the homologues of the budding yeast y-tubulin 

interacting proteins Spc97 and Spc98. They are essential genes whose over-expression is 
toxic. Complementation analysis established a genetic interaction between the two 
mutants, while biochemical analysis illustrated a physical interaction with y-tubulin. This 
interaction and the localisation to the SPB and EMTOC confirm that they are indeed 
MTOC proteins.

2.7 Discussion

The cause of lethality in polarity mutants
The highly regulated cell shape in fission yeast makes it a very good organism in which to 
study polarity control. The alp screen succeeded in the isolation of 15 temperature 
sensitive mutants that show defects in cell shape and polarity. For six of these the reason 
for the temperature sensitivity has been determined. alpV\ alpT, alp4‘\  alp6>\ alp ll"  and 
alpll", all show defects in mitosis. At 36°C they fail to form a functional bipolar spindle 
and so fail to segregate their DNA. They all encode proteins that are involved in the 
production and maintenance of the spindle micro tubules, and the polarity defects appear 
to be secondary in these mutants. The formation of the correct cell polarity is not essential 
in fission yeast as many mutants have been isolated that show an abnormal cell shape but 
are still viable, for example mal3 (Beinhauer et a l, 1997), teal (Mata and Nurse, 1997), 
teal (Browning et a l, 2000) and tipi (Brunner and Nurse, 2000). These mutants all show 
defects in microtubule structure, but can still grow and divide. It is only when the spindle 
is affected, as in the alp mutants mentioned above, that viability is lost. The identification 
of teal^, teaT  and tipl'^ polarity mutants probably resulted from the fact that they were 
isolated from non-lethal screens as they would not be detected in a lethal screen due to the 
fact they are non-essential. It is clear from this preliminary analysis that many of the
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remaining alp mutants show mitotic chromosomal defects, e.g. alp3‘\  alp5'" and alp7^\ 
The mutants that might prove to be in proteins involved more directly in polarity control 
may be those that show abnormal microtubule structure, but not chromosome segregation 
defects, for example, alp9^' and alp 10". It will be interesting to see what the remaining 
alp genes encode and what the cause of their lethality is. It is possible they could be 
defective in cell cycle progression or microtubule breakdown, which would prevent entry 
into mitosis, and thus cell death.

In many of the alp mutants including alp7" and alp9", microtubules are seen to lie against 
the cortex on the side of the cell that forms the outer curve of the bend. It is probable that 
this mis-alignment of microtubules is the cause of the polarity defects seen. The mutant 
that shows many branched cells, alpl4", displays abnormally short microtubules. This 
could result in the development of a third growth zone at the cell centre as polarity 
components may not be being delivered to the ends of the cells correctly.

The conservation of AIp4 and Alp6
Alp4 and Alp6 turned out to be related proteins, and this is reflected in the fact the 
mutants show very similar chromosome segregation phenotypes. The fact that Alp4 and 
Alp6 show a greater identity to the human proteins GCP2 and GCP3 than the budding 
yeast Spc97 and Spc98, suggests that their analysis could shed light on the functioning of 
these proteins in metazoans. The large size of the fission yeast y-tubulin complex suggests 
it is more related to the metazoan complex than the budding yeast complex. In fact, the 
cell cycle regulation of the SPB in fission yeast shows similarities to both these 
organisms. While the budding yeast SPBs remain embedded in the nuclear envelope 
throughout the cell cycle, the mammalian centrosome resides in the cytoplasm generally 
next to the nucleus. The fission yeast SPB is found in the cytoplasm throughout interphase 
but inserts into the nuclear envelope during mitosis to nucleate the spindle. It is possible 
that many of the proteins present in the large mammalian complex will also be present in 
the fission yeast complex. Isolation of y-tubulin complex proteins in fission yeast should 

prove fruitful in the future.

While the Xenopus and Drosophila y-tubulin complexes have been shown to form ring 
structures that are thought to be involved in the direct nucléation of microtubules, the 
situation in fission yeast has not been described. As the fission yeast complex is of a 
similar size to the metazoan complex it is possible that these ring structures could also be 
formed at the SPB. Detailed EM analysis is required to determine the structural nature of 
the complex in this yeast.
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The necessity of Alp6
Alp4 and Alp6 are clearly essential proteins, and without them y-tubulin is probably 

rendered inactive. It is interesting that the alp6::ura4^ spores could germinate but failed to 
divide. It is possible that the SPB in the new spore retained some functional y-tubulin 

complexes that were competent for germination, and the production of the first 
micro tubules. Due to the lack of newly synthesised Alp6, however, the germinated cell 
would be unable to nucleate a spindle and would therefore die due to the inability to 
divide.

The significance of AIp4 and Alp6 localisation
The localisation of Alp4 and Alp6 to the SPB throughout the cell cycle is consistent with 
them being y-tubulin interacting proteins. Their localisation at the Equatorial MTOC also 

identifies them as core MTOC components. It is not yet known what the exact role of the 
EMTOC is in fission yeast, though the microtubules it nucleates, which form the post 
anaphase array (PAA), are thought to be involved in the positioning of the post mitotic 
nucleus to prevent it being cleaved by the septum (Hagan, 1998). Though this EMTOC 
appears to be non-essential, it may function to increase the fidelity of cell division and the 
prevention of cut cells. As to whether the y-tubulin complex resides only at the SPB and 
EMTOC remains to be determined. Detailed EM analysis on Alp4-GFP by S.Uzawa and 
Z.Cande suggests that spots of Alp4 can be seen around the nuclear envelope. These 
signals may be below the resolution of the confocal microscope used in this study. It 
would tie in with the fact the cytoplasmic microtubules are thought to be assembled from 
around the nuclear envelope as opposed to at the SPB (Mata and Nurse, 1997).

The over-expression phenotypes of alp4^ and alp6^ show that the concentration of the 
protein in the cell is obviously critical. The cause of the toxicity at present is not clear. 
The predominant phenotype detectable by immunoflourescence is the abnormally long 
micro tubules, but this is unlikely to be lethal. It is probable that some aspect of mitosis is 
disrupted, but this remains to be determined.

This chapter has described the cloning and characterisations of alp4'^ and alp6' .̂ 
Biochemical and genetic analysis has established that they are conserved _-tubulin 
interacting proteins that localise to the MTOC throughout the cell cycle. The availability 
of mutants in these genes enabled the detailed characterisations of the phenotypes and the 
determination of the role of the proteins during the cell cycle. These will be discussed in 
the next chapter.
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alp3-419 Curved cells

alp4-J891 Bent cells

/
alpM-1270 Branched cells

#•
Figure 2.2.1. The ceil shape defects of the alp mutants.
Cells were grown for 6 hours at 36°C, fixed in formaldehyde and stained with 
calcofluor to show the cell wall and septum. Examples of curved {alp3-419), bent 
(alp4-1891) and branched cells {alpl4-1270) are shown. The bar indicates 10 pm.
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A Wild type

#%
B alp3-149 CnictWs

C  alp4-1891 Mis-segregated chromosomes

Figure 2.2.2. The abnormal chromosome phenotypes of the alp mutants.
Cells were grown for 6 hours at 36°C, fixed in methanol and stained with DAPI to 
show the DNA. Examples of (A) wild type, (B) cut (alp3-149) and (C) mis-segregated 
{alp4-I89I) DNA are shown. The bar indicates 10 pm.
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A alp 11-924

B alp9-1437

Figure 2.2.3. The abnormal microtubule phenotypes of the alp mutants.
The alp mutants were grown for 6 hours at 36°C, fixed in methanol, and 
immunofluorescence performed to show the microtubules. Examples of (A) alpll- 
924, (B) alp9-1437 are shown. The bar indicates 10 pm.
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Wild type

t

Figure 2.2.4. Abnormal mitochondrial distribution in the alp mutants.
Wild type and the alpl2-l212 mutant were grown in rich media for 6 hours at 36°C 
and samples were stained with the mitochondrial die DASPMI. The bar indicates 
10/^m.
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Figure 2.2.5. Sensitivity of the alp mutants to thiabendazole (TBZ).
The alp mtants were spotted onto YPD plates with or without 20 pglmX TBZ and 
incubated at 26°C for three days.
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Figure 2.3.1. Cloning of alp4'̂  and alp6 .̂
A. alp4-I89J and alp6-719 were transformed with a wild type genomic library and 
transformants plated at 36°C. Plasmid DNA was isolated from the suppressing 
plasmids and was digested with HindlW. Digested fragments were separated on a 1% 
TBE DNA Gel. B. Colonies containing candidate plasmids were re-streaked on YE5S 
at 36°C for two days.
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Figure 2.3.2. A. Comparison between Alp4 and its human and budding yeast 
homologues GCP2 and Spc97.
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Figure 2.3.2. B. Comparison between Alp6 and its human and budding yeast 
homologues GCP3 and Spc98
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S.c. Spc98 

S.p. Alp6 

D.m. Dgiip91 

H.S. GCP3 

S.p. Alp4 

“  D.m. Dgrip84 

H.S. GCP2 

■ S.c. Spc97

Figure 2.3.3. Evolutionary relationship between Alp4 and Alp6 with their budding 
yeast (S.c.), Drosophila (D.m.) and human (H.s.) homologues.
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B

Figure 2.4.1. Deletion of alp6 .̂
A. The alp6^ gene was deleted using PCR-generated fragments (Bahler et al., 1998) 
and asci from a heterozygous diploid were dissected. B. Microscopic observation of 
haploid cells germinated from spores deleted for alp6"".
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A + Thiamine - Thiamine

B WT nmtl-alp4^ 16h

Figure 2.4.2. Over expression of alp4^ and alp6^ is toxic.
The thiamine-repressible strong nmtl promoter was integrated in the genome in front of 
the initiator ATG of the alp4^ and alp6^ genes by a PCR-based gene targeting method. 
A. Over-expressing strains were streaked onto media with and without thiamine at 
26°C. B. Immunofluorescence of tubulin in wild type and cells that have been over
expressing alp4^ for 16 hours. The bar indicates 10 pm
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Kan^GFP

alp4

alp4^ GFP Kan^

Figure 2.4.3. Tagging a protein in fission yeast.
C-terminal tagging with GFP or HA epitopes was performed using PCR-generated 
fragments. PCR amplified fragments containing the GFP tag and the kanamycin 
resistance gene as a marker are transformed into fission yeast. The construct contains 
two 80 base pair regions homologous to the flanking sequences at the position of 
insertion (black and grey thick lines). Homologous recombination ensures that the 
constuct is integrated into the gemone in the correct place ( Bahler et al. 1998).



Chapter 2; Identification of alp4^ and alpô''

B

A1d4-GFP

A1d4-3HA

DNA Anti-Sad 1 A1d4-GFP Merged

Figure 2.4.4. Localisation of Alp4.
A. Fluorescence from Alp4-GFP (two top panels) or immunofluorescence microscopy 
using anti-HA antibody (two bottom panels; Alp4-3HA) are shown. B. Localisation of 
Alp4-GFP during the cell cycle. Triple staining using DAPl (left), anti-Sadl (the 
second panels), GFP (the third panels) and merged pictures (right) during the cell cycle 
are shown. Representative images from interphase (row 1), anaphase (row 2 and 3), 
post-anaphase (row 4) and septated cells (row 5) are presented. In the rightmost corner, 
combined images are depicted, in which blue corresponds to chromosomal DNA, 
orange shows the merged images between Sadi and Alp4, and green represents Alp4 at 
the equatorial MTOC (marked with an arrow in row 4). C. ‘Ring’ structures of the 
equatorial MTOC (arrows). Anti-HA signals from a post-anaphase cell (corresponding 
to row 4) have been rotating around a vertical axis after observation under a confocal 
microscope. The bar indicates 10 pim.
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Vecto

alp6-719

Figure 2.5.1. Genetic interaction between alp4^ and alp6^.
alp4-1891, alp4-225 and alp6-719 mutants were transformed with an empty vector or 
plasmids containing alp4^ or alp6^ {^\JK-alp4^ or \A2K-alp6^, respectively), and 
transformants were streaked on rich plates and incubated at 36°C for 3 days.
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Figure 2.5.2. Physical interactions between AIp4/Alp6 and y-tubulin.
A. Identification of the alp4~̂  and alpô'  ̂ gene products. Immunoblotting was 
performed with an anti-HA antibody against extracts prepared from an Alp4-3HA 
(lane 1) or Alp6-3HA strain (lane 2). y-tubulin was used as a loading control. B. 
Physical interaction between Alp4/Alp6 and y-tubulin. Cell extracts were prepared 
from an Alp4-3HA strain (lanes 1 and 4), an Alp6-3HA strain (lanes 2 and 5) or an 
untagged wild type (lanes 3 and 6), and immunoprécipitation performed with anti-HA 
antibody (lanes 4 - 6). Precipitated proteins were detected with anti-HA or anti-Gtbl 
antibody. Total cell extracts (corresponding to 1/50 amount used for 
immunoprécipitation) were also run (lanes 1-3). C. Gel filtration chromatography. 
Soluble cell extracts were analysed by immunoblotting with anti-HA or anti-Gtbl 
antibody. Total extract (10 pg) was run in the far-left panel. Protein extracts from two 
strains (Alp4-3HA and Alp6-3HA) were loaded on separate columns, and separation 
profiles were superimposed according to a control pattern using anti-Gtbl antibody. 
The positions of the size markers are shown.
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Figure 2.5.3. Cell cycle regulation of Alp4.
cdc25-22 alp4-3HA strains were synchronised in late G2 at 36°C and on release at 
26°C samples were taken every 20 minutes to analyses the proteins level. Samples were 
run on an SDS PAGE gel and proteins detected with specific antibodies. Tubulin was 
used as a loading control.
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Table 2. The alp mutants.

Loci Alleles Morphology Microtubules Genes/products

alp 1 3 Bent/branched No Cofactor D

2 3 Bent/branched No atb2^l a2-tubulin

3 2 Curved/cut

4 2 Bent/cut SPC97

5 1 Bent

6 1 Bent/cut SPC98

7 1 Bent/cut Coiled Coil

8 1 Bent/branched teal^

9 1 Bent

10 1 Curved

11 1 Bent/branched No Cofactor B

12 1 Bent/branched No nda3^!^ -tubulin

13 1 Bent/cut

14 1 Bent/branched Few

15 1 Bent/cut



Chapter 2: Identification of alp4^ and alp6"̂

Table 3. Homologs of Alp4 and Alp6.

S.pombe S.cerevisiae H.Sapiens X.Laevis D.melanogaster

Alp4 Spc97 hGCP2 - Dgrip84

Alp6 Spc98 hGCP3 Xgripl09 Dgrip91
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Table 4. Homology of amino acid sequences between Alp4 and Alp6 and the related 
mammalian and budding yeast proteins. Percentage similarity is in bold and identity in

species S. pombe 
Alp4

H. sapiens 
GCP2

S. cerevisiae 
Spc97

S. pombe 
Alp4

- 33.2 28.6

H. sapiens 
GCP2

23.8 - 22.9

S. cerevisiae 
Spc97 17.9 14.5 -

species
S. pombe 

Alp6
H. sapiens 

GCP3
S. cerevisiae 

Spc98

S. pombe 
Alp6

- 39.7 31.1

H. sapiens 
GCF3

28 - 27.5

S. cerevisiae 
Spc98 19.4 16 -



CHAPTER 3

Analysis of the alp4 ’‘ and alp(f^ Mutants

Introduction

In the previous chapter the interaction of Alp4 and Alp6 with y-tubulin was described. It 
is known that y-tubulin is directly involved in the nucléation of microtubules in a wide 
variety of organisms. The predominant alp4' and a lp 0 ' phenotype is a severe mis- 
segregation of mitotic chromosomes, which could be attributable to a malfunctional 
mitotic spindle. The SPB and y-tubulin complex have been shown in other organisms to 
be involved in the nucléation of the mitotic spindle. It is possible that mutations in Alp4 
or Alp6 result in disruption of the y-tubulin complex leading to the phenotypes that are 
seen. In order to determine why alp4*  ̂ and alp&' mutants become lethal, a series of 
synchronous culture analyses were performed. This chapter reports on the timing of when 
alp4-1891 becomes lethal and what the consequences are for the cell. The nature of the 
lethal alp4-1891 event and cause of the chromosome mis-segregation phenotypes is 
established.
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Chapter 3: Mutant analysis

3.1 The development of the alp4 '̂ and alpf?" phenotypes 

Asynchronous culture analysis of alp4' and alpÛ"
In order to investigate the mutant phenotype of alp4-1891 and alp6-719, at first 
asynchronous culture analyses were performed. alp4‘" and alp&' cells were shifted up to 
36°C in rich medium and the progression of the mutant phenotype was monitored. Figure
3.1.1 A shows the percentage of alp4‘" cells that are septating, and those showing abnormal 
mitotic DNA. It can be seen that after about 4 hours there is a sudden increase in the 
percentage of cells with septa and abnormal mitotic DNA. Immunofluorescence analysis 
of alp4^' and alp&  ̂at 36°C revealed the abnormal chromosome segregation phenotype and 
the state of the microtubules (Figure 3.1.IB). Many cells are seen with abnormally 
segregated chromosomes, and septated cells often have all the DNA in just one daughter 
cell. This indicates that both alp4" and alp&^ show severe abnormalities in chromosome 
segregation.

alp4-1891 fails in the second mitosis following a G2 synchronisation
In order to try and delineate the progression of the mutant phenotype further, alp4-1891 
cells were synchronised in early G2 by cell élutriation. This involves the centrifugation of 
mid log phase cells and the elution of only small early G2 cells. In fission yeast G1 phase 
is very short and by the time the two daughter cells have finished cytokinesis, S phase will 
be complete and G2 will have just started. These cells will all be very short as they have 
not undergone the switch to bipolar growth yet. The synchronised cells were shifted up to 
36°C and the progression of the mutant phenotype was monitored. Samples were taken 
every 20minutes and fixed for immunofluorescence analysis of microtubule and SPB 
(Sadi) staining. Cells were also fixed in formaldehyde in order to examine the septation 
index and chromosome structure of the cells. Viability was measured by plating 500 cells 
onto rich media plates at the permissive temperature and looking for their ability to grow. 
Figure 3.1.2A shows the septation index and cell number of an aliquot of synchronised 
alp4-1891 culture that remained at 26°C. It can be seen that synchrony is relatively high 
as the septation index reached 57% in the first mitosis and went down as low as 2% in the 
following G2 phase, and back up to 45% in the second mitosis.

alp4-1891 cells shifted to 36°C in early G2 pass through the first mitosis apparently 
normally, bipolar spindles form and the chromosomes are separated properly before 
septation. On entry into the second mitosis, abnormally segregated chromosomes were 
seen as cells failed in the formation of a normal bipolar spindle. Figure 3.1.2B shows the
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development of the mutant phenotype at 36°C. At 240 minutes there is an increase in cells 
with abnormally segregated DNA. The mitotic checkpoint appears to fail to delay the cell 
cycle significantly and septation continues in the absence of proper chromosome 
segregation. Cell viability remains high during the first mitosis but drops rapidly at about 
120 minutes. This is at the same time as the septation index drops, suggesting that the 

alp4-1891 mutant is committed to undergo a lethal mitosis early on in the cell cycle. In 
fission yeast, G1 phase is very short and occurs simultaneously with septation (Moreno et 
a l, 1991), this means alp4‘" could become lethal at this early stage of the cell cycle.

Immunofluorescence microscopy at each time point showed the development of the 
abnormal microtubule phenotype. The first phenotype to be seen concerned the 
cytoplasmic microtubules. After just 40minutes at 36°C cytoplasmic microtubules are 
seen to grow much longer than they do in wild type cells and they curl around the tips of 
the cell. In addition, these microtubules are seen to associate with the SPB, an event that 
rarely occurs in normal cells (Figure 3.1.2C). In the first mitosis, normal bipolar spindles 
are seen, but in the second mitosis, the cell fails to form a functional spindle (Figure 
3.1.2D). The spindle pole bodies can often be seen to separate with a half spindle 
emanating from only one of them. The cell cycle continues and cytoplasmic microtubules 
can be seen to reform after septation, often in only one half of the cell, which corresponds 
to the half with the mis-segregated DNA (Figure 3.1.2E). So after a G2 synchronisation, 
alp4-1891 fails in the second mitosis after producing an abnormal mitotic spindle.

alp4-1891 fails in the second mitosis after shift up in early S phase
As the above result was somewhat unexpected, alp4-1891 cells were synchronised at 
other points in the cell cycle to see if the same thing happened. Firstly, cells were 
synchronised at the start of S phase with hydroxy-urea (HU) and shifted up to 36°C. 
Samples were taken every 20 minutes for 6 hours and fixed in formaldehyde for 
examination of the septation index and DNA. Figure 3.1.3A shows that alp4-1891 cells 
divide once normally and then abnormal mitotic DNA first appears in the second cell 
cycle in a similar way to an elutriated culture. Viability also remains high during the first 
mitosis and drops before the second mitosis.

alp4-lS91 fails in the first mitosis after shift up in G1 phase
alp4-1891 cells were then synchronised in G1 phase. If fission yeast cells are starved of 
nitrogen they exit the cell cycle in G1 and enter GO. On re-addition of nitrogen, cells will 
all re-enter the cell cycle and pass through the first mitosis together. After starvation for 
10 hours at 26°C (G1 arrest was verified by FACS analysis, data not shown), alp4-1891
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cells were transferred to rich media and incubated at 36°C for 6hours. Figure 3.1.3B 
shows that synchronisation and shift up in G1 leads to a first cell cycle failure, with the 
appearance of abnormal mitotic DNA and a loss in viability.

This data suggests that Alp4 may play a crucial role at the G 1/S phase transition for 
passage through the following mitosis. If cultures are shifted up to 36°C before this point 
they fail in the first mitosis, but if shifted up after it, they fail in the second mitosis. It does 
not, however, exclude the possibility that it could just take 4hours for the mutant 

phenotype to develop. After an HU synchronisation or an élutriation, cells enter the 
second mitosis at about 240minutes. After a nitrogen starvation cells enter the first 

mitosis after a similar time due to the time lag cells need to re-enter the cell cycle after an 
arrest.

3.2 Alp4 is required at the Gl/S phase transition for passage through the following 
mitosis

Two possible reasons for the differences in cell cycle failure described in the previous 
section, are firstly that it may just take 240 minutes to inactivate the alp4-1891 protein, or 
secondly, it could depend on the point during the cell cycle at which the mutant is shifted 
to 36°C. In order to distinguish between these two possibilities, two modified 
synchronisation experiments were performed. The aim of the following experiments was 
to determine the timing of lethality and whether Alp4 is required at a specific stage in the 
cell cycle.

The Alp4 essential function is executed in Gl/S phase
In order to further clarify when Alp4 is required, a cell élutriation was performed with 
alp4'" and early G2 cells were selected as before, but were grown at 26°C before being 
shifted up to 36°C at different time points. Aliquots were shifted up at 0, 80, 100, 120, 
140, and 160 minutes after synchronisation and the development of the mutant phenotype 

was monitored. Figure 3.2.1 A shows the septation index of cells left at 26°C for three 
generations. Figure 3.2. IB and C shows the progression of the mutant phenotype of cells 
shifted up at time points progressively further into the first mitosis. These results show 
that there is a critical time point at which Alp4 is functional.

Until 100 minutes when cells are still in the first mitosis, defects appeared predominantly 
in the second mitosis. As cells were shifted up after this time point an increasing number
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of cells fail in the third mitosis (Figure 3.2.IB,C). These cells have undergone the 
essential Alp4 event and so can pass through the second mitosis as normal, they then 
undergo G1 and S phase at the restrictive temperature and so fail in the third mitosis. The 
time at which Alp4 function is required appears to be between 120 and 140 minutes, this 

corresponds to the peak of the septation index which is when cells are probably in Gl/S 
phase. If this stage is undergone at the restrictive temperature, cells will fail in the next 
mitosis, but if it is accomplished at 26°C the second mitosis will be normal even if 
undertaken at 36°C. This suggests that there is a critical time at which alp4-1891 becomes 
lethal. Alp4 plays an essential role, after the G1 nitrogen starvation time point, but before 
the HU arrest point. This has to be undergone at the permissive temperature in order to 
pass through the following mitosis.

Cell cycle progression is required for alp4-1891 lethality
In order to determine whether the length of time spent at 36°C is the deciding factor on 
when alp4-1891 cells will fail, mutant cultures were held in a G1 block and incubated at 
36°C. alp4-1891 cells were synchronised, as before, in G1 in the absence of nitrogen. 
After synchronisation, all the cells were shifted to 36°C. Half were kept under nitrogen 
starvation conditions and so remained in G l, and the other half were released with the 
addition of nitrogen. Cells released at 36°C showed a clear viability drop after 
120minutes as cells progressed through a lethal mitosis. Cells that were kept in G l, 
however, retained a high viability even after 7 hours at 36°C (Figure 3.2.2). This 
demonstrates that progression of alp4-1891 through the cell cycle at 36°C is required for 
viability loss.

This result and data from the previous section strongly suggests that Alp4 function is 
required at Gl/S phase of the cell cycle for progression through the following mitosis, and 
eliminates the idea that it takes four hours at the restrictive temperature for the mutant 
phenotype to manifest itself.

3.3 alp4-1891 does not have to enter mitosis at 36°C to fail if the critical point has 
been passed at the restrictive temperature

Having established that Alp4 is required at the Gl/S phase transition for passage through 
the following mitosis, the next question was whether cells had to enter mitosis at 36°C in 
order to fail. It was possible that cells were irreversibly damaged, and so would die even if 
shifted down to 26°C after the Gl/S phase had been passed at the restrictive temperature.
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Viability loss occurred before entry into the second mitosis after a G2 synchronisation 
possibly suggesting this was the case (Figures 3.1.2). It was also possible, however, that 
alp4' cells must enter mitosis at the restrictive temperature in order to fail, as they may be 
able to recover from the damage if shifted down to 26° before mitosis. In order to 
determine which of these scenarios were correct, alp4-1891 cells were incubated at 36°C 
during the lethal event and then shifted down for entry into mitosis.

alp4' mutants become irreversibly lethal before entry into mitosis
The crucial Alp4 event occurs in Gl/S phase and if it occurs at 36°C in the alp4' mutant 
the following mitosis will be lethal. To determine whether entry into mitosis was required 
for viability loss, alp4-1891 cells were synchronised by nitrogen starvation and released 
into rich media at 36°C. At the time points shown in Figure 3.3.1 A aliquots were shifted 
down and their ability to pass through a normal mitosis was monitored. The aim was to 
determine whether continued incubation at 36°C after G l phase until mitotic entry was 
necessary for the development of the abnormal mitotic phenotype. Figure 3.3.IB shows 
that viability loss (shaded boxes) had already started at 2.5 hours after release at which 
point S phase is complete (Figure 3.3.1C). Mitotic cells (closed circles) are only seen after 
4 hours which means that viability loss occurs 1.5 hours before entry into mitosis (Figure 
3.3.ID). Cells shifted down to 26°C were followed through mitosis, and the percentage of 
cells undergoing an abnormal mitosis was seen to correlate with the percentage of cells 
that lost viability (Figure 3.3.IB).

alp4̂ " mutants become irreversibly lethal after Gl/S phase is passed at 36°C
The second experiment was again designed to determine the timing of lethality of alp4- 
1891, and it involved the synchronisation of alp4‘" with HU at 36°C. If the crucial Alp4 
event occurs before the HU arrest point at Gl/S phase then all alp4‘" cells synchronised in 
HU at 36°C should be destined to fail in the following second mitosis even if shifted 
down to 26°C after release. An asynchronous culture of cells was shifted up to 36°C 
simultaneously with the addition of HU. After 4 hours at 36°C all the cells should be 
arrested at the start of S phase and after the essential Alp4 event. HU was washed out and 
cells were shifted down to 26°C and their progression through mitosis was monitored. 
Cells shifted down after 2 hours at 36°C passed through the next mitosis normally as they 
had not yet passed the critical event at 36°C. Cells shifted down after 4 hours, however, 
showed an abnormal mitosis. On release from the HU block and shift down to 26°C, cells 
progress through a lethal mitosis, and the majority of mitotic cells displayed a monopolar 
spindle (Figure 3.3.2) in a similar manner to those that entered mitosis at 36°C (see Figure 
3.1.2D).
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This series of results indicates that the essential Alp4 event occurs in Gl/S phase before 
the HU arrest point and after the nitrogen starvation arrest point. Cells become committed 
to a lethal mitosis during this time, and this cannot be reversed even if cells enter mitosis 
at the permissive temperature.

3.4 alp4-1891 can maintain a large y-tubulin complex, but fails in its recruitment to 
the SPB

Having established that Alp4 executes its essential function in Gl/S phase, experiments 
were undertaken to identify what the cause of the mutant phenotype was. There were a 
number of possibilities, firstly, the y-tubulin complex may not be assembled, secondly, it 

may be assembled but fails to function normally, and thirdly it may be assembled but is 
not incorporated into the SPB.

alp4-1891 retains the y-tubulin complex at 36°C
The first question addressed concerned the size of the y-tubulin complex in the alp4-1891 
mutant. Gel filtration analyses were performed on WT and the alp4" mutant after 
incubation for 6 hours at the restrictive temperature when cells will have passed through a 
failed second mitosis. Figure 3.4.1 A shows that y-tubulin is present in a complex of a 
similar molecular weight in the WT and the mutant, indicating that the y-tubulin complex 
is maintained in the alp4‘" mutant. This does not indicate clearly whether new complexes 
are being assembled, but it does show that the old complexes are being retained.

The localisation of the mutant protein could not be established as several attempts to tag 
the mutant alp4'" and alp6>' proteins failed. Efforts were also made to prepare strains in 
which Alp6 was tagged (with HA or GFP) in the alp4^' mutant and vice versa. Tetrad 
analysis indicated that all these combinations and the reverse in the alp6i' mutant were 
lethal.

alp4-1891 fails to recruit the y-tubulin complex onto the SPB
Finally, the localisation of y-tubulin in the alp4'" mutant was examined. An alp4-1891 
culture was synchronised in HU and after release was shifted up to the restrictive 
temperature. Under these conditions, cells can pass through the first mitosis normally, but 
fail in the second mitosis (see Figure 3.1.3A). Samples were taken for 
immunofluorescence analysis before synchronisation (26°C), during the first mitosis
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(36°C) and during the second mitosis (36°C). The alp4‘" strain used also included the SPB 
component Cut 12 tagged with GFP (Bridge et a l, 1998). Immunofluorescence with anti- 
Gtbl (Masuda and Shibata, 1996) showed that samples taken before synchronisation and 
during the first mitosis had y-tubulin located as normal at both the mitotic and interphase 

SPBs. However, samples taken from the second mitosis showed clear Cutl2-GFP 
staining, but no y-tubulin localisation (Figure 3.4.IB). This suggests that the localisation 
of the y-tubulin complex is defective in the alp4^' mutant.

Monopolar spindles tend to grow from the same SPB
alp4-1891 mutants showed a high percentage of cells with monopolar mitotic spindles 
during mitosis, and these cells can often be seen to have two separated SPBs. The 
question addressed concerned whether the SPB that nucleates the monopolar spindle is 
predetermined or if it is a random event. It was possible that at the time of duplication, 
one of the SPBs was destined to fail completely in spindle nucléation, while the other 
would retain the ability to nucleate. This could tie in with the idea that at duplication an 
old and a new SPB are produced, and in alp4-1891 the old one is capable of nucléation.

There is evidence for the non-equivalence of SPBs in fission yeast (Cerutti and Simanis, 
1999), so a correlation between the SPB that nucleated the spindle and any 
asymmetrically localised SPB marker was sought. Components of the septation initiation 
network (SIN) are localised asymmetrically on the mitotic SPBs to enable septation to 
occur in a controlled manner (see Figure 1.6). Mutations that prevent the monopolar 
localisation of these components disrupt septation. The kinase Cdc7 is recruited onto the 
SPB on entry into mitosis, and during early anaphase it is lost from one SPB and remains 
on the other until cells have exited mitosis. Once cells have entered G l, Cdc7 is no longer 
present at the SPB (Sohrmann et a l, 1998). It is likely that at the time of duplication the 
two SPBs are in fact different and one of them is predetermined to lose Cdc7 in anaphase. 
The nature of SPB duplication in fission yeast remains to be clarified, but it is believed 
that duplication gives rise to non-identical SPBs.

A strain was created in which Cdc7 was tagged with GFP in the alp4-1891 mutant. These 
cells were incubated at 36°C and samples taken for immunofluorescence analysis after 5, 
6 and 7 hours when cells should be undergoing a lethal mitosis. Samples were fixed in 
methanol and anti-a-tubulin and anti-Sadl antibodies added. The Cdc7-GFP signal is 
maintained during methanol fixation. Cells were examined for the presence of monopolar 
spindles emanating from separated SPBs that had monopolar Cdc7 staining. Figure 3.4.2A 
shows a bar chart illustrating the types of cells identified after 6 hours at 36°C. Where
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monopolar spindles were seen Cdc7 was often on both the SPBs as it would be in a cell in 
metaphase (5 hours), but after Cdc7 had become monopolar there was a strong bias 
towards Cdc7 remaining on the SPB with the monopolar spindle (6 hours). Figure 3.4.2B 
shows an example of a cell in which the spindle is emanating from the SPB on which 
Cdc7 has been retained. Tubulin is in blue (Cy5), Sadi in red (Cy3) and Cdc7-GFP in 
green (natural fluorescence). This suggests that the localisation of Cdc7 to one SPB in 
anaphase is not random, and that the SPBs were destined to lose Cdc7, probably from 
duplication. In fission yeast, it is possible that SPB duplication produces an old and a new 
SPB, and that the old SPB is still capable of nucleating the mitotic spindle and it is this 
SPB that retains Cdc7 in anaphase.

Figure 3.4.3 shows a summary of what is defective in the alp4-1891 mutant. Alp4 is 
involved in the recruitment of the y-tubulin complex onto the SPB at the Gl/S phase 
transition. The alp4-1891 mutant at 36°C fails in this recruitment, resulting in a failure to 
form mitotic bipolar spindles. If alp4-1891 cells are shifted up to 36°C in G l, before this 
event, cells will fail in the first mitosis, however, if they are shifted up in early G2, after 
this event has been accomplished at the permissive temperature, the first mitosis will 
progress normally, and cells will die in the second mitosis.

3.5 alp4-1891 displays abnormal cytoplasmic microtubules 

alp4-1891 micro tubules are long and associate with the SPB
During the élutriation experiments, an inability to nucleate a functional bipolar spindle 
was observed and is likely to be the cause of the lethality of the mutation. In 
addition to this mitotic microtubule defect, abnormalities were also seen in cytoplasmic 
micro tubules. In wild type cells, a parallel array of cytoplasmic microtubules is present 
that extend from one end of the cell to the other, and they only rarely curl around the cell 
tips (Figure 2.4.2B). In the alp4‘̂ mutant, however, microtubules can be seen to curl 
around the cell tip. Figure 3.5.1 shows examples of alp4-1891 cells that have been at 36°C 
for various times. Cells synchronised by élutriation (see Figure 3.1.2), were examined 
after shift up to 36°C. At 0 hours, microtubules look normal, but within 40 minutes of 

being at the restrictive temperature, longer microtubules can be observed. This phenotype 
then persisted in all interphase cells for the remainder of the time cells were at 36°C.

When wild type cells enter mitosis, all the cytoplasmic microtubules break down to make 
way for the mitotic spindle. This process appeared to occur as normal in the alp4-1891
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mutant. However, when the microtubules re-grew after cells had exited mitosis, they were 
extended round the tips of the cell. After the lethal second mitosis, cells can be seen to 
exit mitosis despite their failure to segregate their DNA, and cytoplasmic microtubules 
reform in one half of the cell, corresponding to the half with the mis-segregated DNA. 
These post anaphase array microtubules can be seen to be much longer than in WT cells.

Not only are microtubules much longer in the mutant, but they often appear to associate 
with the SPB. In wild type cells microtubules are seen to form long parallel arrays 
independent of the SPB. In contrast, in the alp4*' mutant, one or two very long 
microtubules that run around the ends of the cell can be seen to associate with the SPB.

alp4-1891 is not defective in Teal localisation or plus end microtubule catastrophe
There are a number of possibilities as to why these microtubules are too long. Factors 
important in the regulation of tip extension may fail to be loaded onto the microtubule 
minus end at the time of nucléation and so are not transported to the growing end. 
Alternatively, the microtubule end markers, which act at the plus end, may not be 
functioning properly to restrain elongation and promote catastrophe.

In order to determine if the failure is at the elongating plus end of the microtubule, the 
localisation of the microtubule and cell end marker Teal was examined. In wild type cells 
Teal is transported along the microtubules to the cell tips where it acts as an end marker 
for polarised growth. In the absence of Teal, microtubules are seen to extend around the 
ends of the cell, and cells are often seen to bend and branch (Mata and Nurse, 1997). 
Figure 3.5.2 shows that Teal localises to the cell ends and to the ends of the long 
microtubules in the alp4‘" mutant. This suggests that the machinery that functions to 
prevent the overgrowth of microtubules and induce catastrophes is still present.

To investigate whether the microtubules were defective in the functioning of the tip 
markers, and could not undergo catastrophe, double mutants were made with tipl::kan^. 
In tipi A cells, microtubules are very short as the catastrophe rate is very high. Tipi is 
believed to have a role in preventing microtubule catastrophe until the plus ends are at the 
cell tips. Tipi can distinguish between the cell cortex along the length of the cell and at 
the end of the cell. This means that when microtubules reach the cell tips, they undergo 
catastrophe and shrink (Brunner and Nurse, 2000). Figure 3.5.3A shows that in the tipi 
deletion many short microtubules exist, while in alp4-1891, one or two long microtubules 
can be seen that associate with the SPB. In the double mutant, however, one or two 
shorter microtubules which associate with the SPB are seen. This suggests that
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microtubules in alp4-1891 cells can still undergo catastrophe, as in the absence of Tipi 
the microtubules shrink. The defects in cytoplasmic microtubules, therefore, may not be 
due to a failure in regulation at the plus end, but may originate from abnormal nucléation 
at the SPB. Figure 3.5.3B shows an illustration of the mutant phenotypes in the alp4^" and 
alp4‘"tiplA cells.

Live image analysis of alp4-1891 cells at 36°C carrying the p^£Pl-atb2^-GFP  plasmid, 
is shown in Figure 3.5.4. It can be seen that microtubules do indeed extend around the 
ends of the cell. After 200minutes, the extended microtubules (arrow) can be seen to 
undergo a sudden catastrophe and shrink. This data shows that alp4-1891 is defective in 
some aspect of cytoplasmic microtubule nucléation. Although the cells can still induce 
catastrophe, by the time it occurs, the microtubules have extended around the end of the 
cell.

99



Chapter 3: Mutant analysis

3.6 Summary

This chapter has discussed the alp4-1891 mutant phenotype, and established the identity 
of the lethal event. It appears that Alp4 is required at the G 1/S phase transition for passage 
through the following mitosis. If cells are shifted to 36°C after this time, the first mitosis 
will be fine, but if shifted up before it, the first mitosis will fail. The y-tubulin complex is 

retained in the alp4-1891 mutant, but it fails to be localised to the SPB. The result is a 
failure to nucleate a functional bipolar spindle, and so chromosomes cannot be separated, 
and cells die. Viability loss can be seen to start as cells are exiting the first mitosis after a 
02  synchronisation, which coincides with the timing of Gl/S phase in fission yeast. The 
experiments described have established that Alp4 is required for a specific event in the 
cell cycle. The length of time spent at 36°C does not determine the lethality of the mutant, 
it is the passage through this crucial event at 36°C that condemns the cells to fail in 
mitosis and die.

The second phenotype that is apparent in the alp4-1891 mutant is the abnormally long 
cytoplasmic microtubules. After just 40 minutes at 36°C cytoplasmic microtubules can be 
seen to extend beyond the tips of the cells. Teal can still localise to the cell ends and the 
microtubule tips, and double mutants with tipi A show that microtubules are still capable 
of undergoing catastrophe, suggesting the problem stems from the site of nucléation. 
Figure 3.6.1 shows a diagrammatic representation of the development of the alp4‘" mutant 
phenotype at 36°C.

3.7 Discussion

It is clear that Alp4 and Alp6 play a crucial role in microtubule regulation in the fission 
yeast cell cycle. Though this chapter has described detailed mutant characterisations of 
alp4-1891, similar results were obtained for alp6-719. alp&' also shows a first mitotic 
failure after a G1 shift up and a second mitotic failure after an early S phase shift up. As 
the mutant phenotypes are so similar at 36°C, it is likely that the cause of lethality is the 
same in both mutants.

The essential Alp4 event
Alp4 plays a crucial role at the Gl/S phase transition and the key question concerns what 
this event is. SPB duplication in budding yeast and centrosome duplication in mammalian
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cells occurs in G1 and S phase. The timing of fission yeast duplication is, however, 
controversial. Recent detailed analysis suggests that it occurs in G1 phase (S. Uzawa and 
W.Z. Cande, personal communication). It is possible that during duplication of the SPBs 
in G l, Alp4 plays a role in the recruitment of the y-tubulin complex onto the SPB. The 
Alp4 mutant protein may remain functional if it is recruited onto the SPB in Gl phase at 
the permissive temperature. Failure in this recruitment may result in the SPBs being 
unable to nucleate normal bipolar mitotic spindles as seen in the alp4-1891 mutant. This 
is consistent with recent analysis of the dd4 gene in Drosophila which encodes the 
homologue of Alp6 (Barbosa et a l, 2000). In the dd4 mutant, y-tubulin is found to be 
dispersed throughout the cell and fails to localise to the centrosome. In these cells other 
centrosomal proteins fail to localise as normal. This led the authors to suggest that the y- 
tubulin complex plays a role not only in the nucléation of microtubules but also in the 
separation of centrosomes and the structure of the centrioles.

y-tubulin in the alp4-1891 m utant
The fact that monopolar spindles form in the alp4-1891 mutant could be due to a residual 
amount of y-tubulin being retained inside the nuclear envelope. During interphase in 
fission yeast cells, y-tubulin localises to the inner surface of the nuclear envelope at the 
position of the SPB. On entry into mitosis the SPB enters the nuclear envelope and the 
spindle is formed (Ding et a l,  1997). This y-tubulin could be responsible for the 
nucléation of the monopolar spindle. On entry into mitosis, when the signal comes for 
spindle nucléation, it may be this y-tubulin that is activated. It is possible that the amount 
of y-tubulin present is too low to be detected on a light microscope, and the resolution of 
the electron microscope (EM) is required.

Another possibility is that the y-tubulin complex is not actually required for microtubule 
nucléation. Though it has been described that y-tubulin and its associated proteins (Spc97 

and Spc98) are essential (Knop et a l, 1997), they may not be absolutely required for the 
nucléation. In vitro, tubulin heterodimers at a high concentration can assemble into 
microtubules, and the presence of a MTOC or centrosome increases the nucléation 
capacity and organises the microtubules (Hyman and Karsenti, 1998). It is possible that in 
vivo the y-tubulin complex plays a more important role in the organisation of the mitotic 
microtubules (and interphase micro tubules, see below). This would explain why spindle 
microtubules are produced but that they cannot form a bipolar spindle.

Though the y-tubulin complex is maintained in the alp4-1891 mutant, this does not tell us 
if new complexes containing the mutant alp4 protein which are synthesised at the
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restrictive temperature are being assembled. It is possible that only the old complexes are 
being detected during gel filtration analysis. This does show, however, that the old 
complexes are stable in the alp4-1891 mutant. Newly synthesised Alp4 must play a role in 
recruiting these old complexes onto the SPB during SPB duplication. It is possible that in 
the alp4^' mutant new complexes are assembled, and the mutant protein cannot be 
replaced if wild type protein is present. This assumption is supported by the fact that cells 
cannot recover after GI/S phase has been passed at 36°C even after shift down to the 
permissive temperature, suggesting that Alp4 may be non-exchangeable once 
incorporated into the y-tubulin complex.

SPB duplication in S. pombe.
It is important to note that in alp4-1891 the two new SPBs can separate, so duplication 
does occur. Separation is usually not seen until cells have proceeded with septation, and 
whether they are actively separated or just drift apart has not been established. It is clear 
though, that in the majority of cases, only one of the SPBs can be seen to be nucleating 
microtubules. The correlation between the SPB that retains the Cdc7 kinase and the one 
that can nucleate microtubules suggests that these events are determined at the time of 
duplication. It is possible that it is the old SPB that has retained nucléation ability, and 
even though y-tubulin is not detected by immunofluoresence there may be some present 
that is not detectable by this method. If this were the case the new SPB that had been 
assembled at the restrictive temperature, may be completely malfunctional. Structural EM 
to look at the SPBs in alp4-1891 could help to resolve this issue. The localisation of y- 
tubulin in this mutant could ascertain whether all the y-tubulin complexes are actually lost 
from the SPB, or if some of it is retained on one SPB preferentially.

These data provides support for the proposal that the two SPBs that arise after duplication 
are not identical, and that they are destined to either retain or lose Cdc7 in early anaphase 
(Cerutti and Simanis, 1999). The predetermination lies in the ability to re-recruit Cdcl6 
back onto the SPB as it is this protein that, in conjunction with Byr4, forms the GAP for 
Spgl and renders it inactive (Purge et a l, 1998). This then leads to the loss of Cdc7 from 
that SPB.

The event that actually leads to the death of the alp4‘" cell is probably the chromosome 
segregation defects and septation. It was often observed that one half of the septated cell 
would re-nucleate cytoplasmic microtubules and begin growth. If cells were observed 
after 8 hours at 36°C, some cells could be seen to be growing at both the old and new end 
of the daughter cell. These cells had often not actually separated and so branched cells
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were formed. In this situation, it is likely that the DNA has been completely retained 
within the growing daughter cell resulting in one polyploid and one anucleate cell.

Regulation of cytoplasmic microtubules
Alp4 clearly plays a role in the regulation of microtubule dynamics. The mutant shows 
interphase microtubules that abnormally associate with the SPB and that grow around the 
tips of the cells. It is possible that as microtubules are nucleated, factors important in 
polarity and the regulation of microtubule end dynamics fail to be recruited onto the 
microtubule. The localisation of Teal in the alp4' mutant, however, suggests that it is not 
a failure in the recruitment of this protein onto micro tubules. The presence of shortened 
microtubules in the alp^'tiplA  mutant suggests that Tipi is functioning in the alp4‘" 
mutant, and microtubules are capable of undergoing catastrophe. The ability to undergo 
catastrophe is also highlighted by the live image analysis of microtubules in alp4-1891. 
The cause of these long microtubules remains undetermined, but there are a number of 
possibilities as to how they could arise.

At present it is not clear where the microtubules in the alp4-1891 mutant are nucleated 
from. It is possible that, similar to wild type cells, they are nucleated from around the 
nuclear envelope, but are captured by the SPB and stabilised there. It may be that in wild 
type cells, the y-tubulin complex plays a role in capping the minus end of the microtubule 
after nucléation. Failure to do this could result either in their rapid depolymerisation or in 
microtubules becoming associated with the SPB, which may have retained some 
functional y-tubulin complex. Alternatively, on shift up to 36°C, y-tubulin complexes that 
are not associated with the SPB may become malfunctional and no longer nucleate 
micro tubules, y-tubulin complexes at the SPB may be stabilised and still functional and so 
remain the only nucléation site in the mutant.

In both these situations it may be the bundling of microtubules at the SPB that results in a 
failure in length maintenance. It may be that the combined nucléation force of the bundle 
of microtubules is not as sensitive to the end markers that induce catastrophes and so they 
grow beyond the cell tip. The microtubules do eventually appear to respond to the 
catastrophe signal as shrinkage is still seen. Perhaps if these microtubules are bundled, 
they may be more stable and protected and, therefore, undergo catastrophe less 
frequently. Though at present there is no evidence that these microtubules are bundled, 
detailed image analysis could help to resolve this point.
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It is likely that the cytoplasmic microtubule defect is not directly related to the spindle 
defect as it is seen within 40 minutes of incubation at 36°C. After the second mitosis, 
when the y-tubulin complex fails to localise to the SPB, the same defect is observed. This 
suggests that the presence of y-tubulin at the SPB may not be important for the bundling 

or elongation of these cytoplasmic microtubules.

It is interesting to note that the interphase nuclei in alp4-1891 are not severely displaced 
in the alp4-1891 mutant. Microtubules have been shown to be important in nuclear 
positioning and when they extend to the cell tips they exert a pushing force on the 
nucleus. The combined forces exerted on the nucleus from the microtubules act to keep it 
in the cell centre (Tran et a l, 2001). This process must still be functioning to position the 
nucleus in the alp4-1891 mutant despite the abnormal microtubules.

It is likely that it is the presence of these elongated microtubules that are responsible for 
the cell shape defects in the alp4-1891 mutant. The microtubules are often seen to run 
along the edge of the outer cortex of the bend. The extension of microtubules at the tips 
may force polarity components to be distributed slightly beyond the cell tip, resulting in a 
bent cell.

Mutations in fission yeast y-tubulin have been shown to alter the dynamics of spindle and 
cytoplasmic microtubules (Paluh et a l, 2000). Paluh et al, describe a gtbl (y-tubulin) 
mutant in which spindle microtubules were seen to form single bundles of microtubules 
that extend beyond the length of the cell. The mutant y-tubulin protein localises normally 
in this mutant, but just fails in the regulation of microtubule dynamics. The fact that both 
this mutant and alp4-1891 show similar phenotypes indicates that the y-tubulin complex 
plays an important role in the organisation of microtubules and in the maintenance of 
correct plus end dynamics. If this process is disrupted, the microtubules may bundle 
together, and fail to shrink when they reach the cell tips.
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Figure 3.1.1. Asynchronous culture analysis of alp4-1891 and alp6~719 at 36°C.
A. alp4-1891 cells were shifted to 36°C for 6 hours and cells were fixed in 
formaldehyde and septated cells (red) and abnormal mitotic DNA was monitored 
(black). B The abnormal mitotic DNA phenotype of alp4-1891 and alp6-719 after 6 
hours at 36°C. The bar indicates 10 pm.
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Figure 3.1.2. Alp4 is required for the formation of mitotic bipolar spindles.
A. B. G2 synchronisation. Small early G2 cells of an alp4-1891 strain were collected 
by centrifugal élutriation and the cultures were divided into two parts, one part 
incubated at 26°C (A) and the other at 36°C (B). Samples were collected at 20 min 
intervals, and cell number, septation index and viability (the percentage of viable 
colonies) were measured. Immunofluorescence microscopy with anti-tubulin, anti- 
Sadl antibody and DA PI was performed to examine the percentage of cells containing 
anaphase B nuclei (open circles in green) and abnormal mitotic DNA (open triangles in 
blue). C. Abnormally long interphase microtubules in the alp4-1891 mutant. Confocal 
microscopy was performed using synchronous interphase samples (220 min at 36°C) 
with anti-tubulin (red) and anti-Sadl (green) antibodies. Merged images are shown. D. 
Aberrant mitotic spindles. Characteristic cells showing monopolar-like spindles (320 
min) are presented. E. Displaced long interphase microtubules. Interphase-like cells 
with longer cytoplasmic microtubules after an aberrant mitosis (420 min) are shown. 
The bar indicates 10 pm.
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Figure 3.1.3. Alp4 is required in Gl/S phase of the cell cycle.
A. HU block and release experiment. Cultures of alp4^ mutant grown at 26°C in rich 
medium containing 10 mM HU for 3 h were shifted up to 36°C after washing out the 
HU. The septation index (squares in black), viability (diamonds in red), anaphase B 
nuclei (circles in green) and abnormal mitotic DNA (triangles in blue) at 36°C were 
examined as in Figure 3.1.2 A and B. B. Nitrogen deprivation and addition 
experiments. alp4‘̂  cells were starved of nitrogen for 7h at 26°C, and after the addition 
of fresh rich medium cells were shifted up at 36°C. Symbols are the same as in (A).
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Figure 3.2.1. The essential Alp4 function is executed in Gl/S phase.
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Figure 3.2.1. The essential Alp4 function is executed in Gl/S phase.
A. Centrifugal élutriation was performed to collect small early G2 cells from an 
exponentially growing alp4^  ̂mutant at 26°C, and the synchronised cells continued to 
grow at 26°C. After various incubation times at 26°C (shown by arrows, 0, 80, 120, 
140 and 160 min), the cultures were shifted up to 36°C. The septation index at 26°C 
is shown (up to the third mitosis). B. Graphs showing the progression of the mutant 
phenotypes and appearance of abnormal mitotic cells of cells shifted up to 36°C after 
80, 120, 140 and 160 minutes. C. Appearance of cells showing the defective mitosis 
after shift up to 36°C at different time points. The percentage of cells that show 
abnormalities in the first (black column), second (hatched) or third mitosis (dots) is 
plotted.
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Figure 3.2.2. alp4-1891 requires ceil cycle progression in order to die at 36°C.
An alp4-I891 culture was synchronised in Gl by nitrogen starvation. Cells were 
shifted to 36°C and half were kept in nitrogen deprived media (black) while the other 
half was transferred to nitrogen containing media (red). Viability was measured every 
twenty minutes for seven hours.



Figure 3.3.1. alp4*̂  voxitaxiXs become irreversibly lethal before entry into mitosis.
A. Experimental plan, alp4-1891 cells were synchronised by nitrogen starvation and 
upon release, shifted to 36°C. At the time points shown, aliquots were shifted down to 
26°C, and their viability and mitotic index (percentage of cells in mitosis or septating) 
was measured. Progression through mitosis was monitored and the percentage of cells 
undergoing an abnormal mitosis after 6 hours was measured. B. The timing of lethality. 
Samples were taken every 30 min, and viability loss (dotted boxes) and the percentage 
of mitotic cells (closed circles) were measured. At each time point, aliquots were 
shifted down to 26°C and the percentage of cells showing an abnormal mitosis at 6 
hours (hatched) was counted. C. DNA content upon nitrogen addition. Samples used in 
(B) were fixed and processed for FACS analysis. D. Graph showing the 1.5 hour time 
difference between the start of viability loss and entry into mitosis.
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Figure 3.3.2. alp4-1891 becomes irreversibly lethal after S phase at 36°C.
An asynchronous culture of cells was shifted up to 36°C simultaneously with the 
addition of HU. After 4 hours at 36°C, HU was washed out and cells were shifted 
down to 26°C and their progression through mitosis was monitored. Appearance of 
monopolar spindles under permissive conditions. Samples were taken at different time 
points for immunofluorescence microscopy with anti-tubulin antibody (red) and 
Cut 12-GFP (green, an integral SPB protein; Bridge et al., 1998). The figure (confocal 
microscopy) shows representative abnormal mitotic cells that have monopolar 
spindles (2 h at 26°C). The bar indicates 10 //m.



Chapter 3: Mutant analysis

2000 kDa 669 kDa 232kDa
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

WT

anti  Y-tubulin

B
26°C 36°C

90 mins (first Mitosis) 300 mins (second Mitosis)

y - tubu lin

Cut 12-GFP

Figure 3.4.1. alp4̂ '‘ mutants retain the y-tubulin complex but fail in its localization 
to the SPB.
A. Gel filtration chromatography in the alp4‘̂  mutant. Soluble cell extracts were 
prepared from wild type and alp4-J891 mutants that were incubated at 36°C for 6h, 
separated through a size exclusion gel filtration column and immunoblotted as in 
Figure 2.5.2C. B. Cellular localisation of the SPB (Cut 12-GFP) and y-tubulin. alp4^  ̂
mutants in which Cut 12 was tagged with GFP were grown at 26°C in the presence of 
HU and shifted up to 36°C upon washout of HU. Immunofluorescence microscopy 
using affinity-purified anti-Gtbl antibody was performed. At the same time, the 
location of Cutl2 was determined by GFP. The bar indicates 10 pm.



Chapter 3: Mutant analysis

A 40n

T3

Cu
30-

OJQ

8  10 -

\  Spindle microtubules 
e CdcTonSPB 
O No Cdc7 on SPB

B Tubulin Cdc7 Sadi Merged

Figure 3.4.2. Monopolar spindles emanate from the SPB which retains Cdc7 in 
anaphase.
alp4-I891 cdc7-GFP cells were grown for 6 hours at 36°C and processed for 
immunofluorescence. A. Cells were counted that showed spindle microtubules and 
two SPBs. The bar chart shows the percentage of cells showing the monopolar spindle 
emanating from either the SPB with or without Cdc7 when Cdc7 is on one SPB. The 
remaining percentage of cells includes those with spindle microtubules emanating 
from two SPBs, and cells in which Cdc7 is localised to 2 SPBs. B. 
Immunofluorescence images showing tubulin in blue(Cy5), Sadi in red (Cy3) and 
Cdc7-GFP in green (natural fluorescence). The bar indicates 10 pm.
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Figure 3.4.3. Model of the timing of the Alp4 execution point.
Alp4 is required at the 01/S phase transition for the recruitment of the y-tubulin 
complex onto the SPB. If the alp4-I89l mutant is shifted up to36°C in 01, this event 
will fail and so cells will die in the first mitosis. If cells are shifted up after this point 
then the first mitosis will be fine, even if undergone at 36°C, but the second mitosis will 
fail. Mitotic abnormalities result from the failure in the recruitment of the y-tubulin 
complex onto the SPB during 01/S phase.
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Figure 3.5.1. The longer microtubule phenotype of alp4-1891.
Early G2 alp4-1891 cells were shifted up to 36°C after synchronisation by centrifugal 
élutriation (see Figure 3.1.2). Samples were taken at intervals, fixed in methanol and 
immunofluorescence performed. Tubulin is in green and Sadi (SPB) in red. 0 mins 
corresponds to cells at 26°C, 40 mins corresponds to cells at 36°C before the first 
mitosis, 2(X) mins after the first mitosis and 400 mins after the second mitosis. The bar 
represents 10 pim.
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Figure 3.5.2 Teal localises in the alp4-1891 mutant.
The microtubule and cell end marker Teal was localised in alp4-189I cells that had 
been at 36°C for three hours. Tubulin is in red and Teal in green. The bar indicates 
lOpm.
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Figure 3.5.3. Microtubules in alp4-1891 can undergo catastrophe.
A. tipi A, alp4‘̂  and alp4^^tipIA strains were grown at 36°C for three hours and stained 
for tubulin in red and the SPB in green. B Diagram showing the abnormal microtubule 
phenotype in alp4-I89I. In wild type, microtubules elongate and catastrophe is 
inhibited by Tipi until their ends reach the cell tips when catastrophe is induced. In 
alp4^  ̂the abnormal association of microtubules with the SPB (possibley with bundling) 
causes them to grow around the cell ends despite Teal being present. In the alp4^^tiplA 
double mutant microtubules still abnormally associate with the SPB but the absence of 
Tipi causes microtubules to undergo catastrophe at an increased rate so microtubules 
fail to elongate. The arrows in the cells indicate an increase in nucleation/elongation or 
catastrophe in the mutants. The bar indicates 10/im.
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Figure 3.5.4. Dynamics of microtubules in alp4-1891.
Plasmids containing a-tubulin ath2-GFP under the nmtl thiamine repressive promoter 
were transformed into alp4-1891. Strains were grown in 0.2 pm  thiamine to induce 
expression for 10 hours before shift up to 36°C for 4 hours. Images were then taken on 
a confocal microscope at 20 second intervals. Arrows indicate the end of the dynamic 
microtubule, and the switch from growth to shrinkage is illustrated. The bar represents 
10 pm.
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Figure 3.6. Development of the alp4-1891 mutant phenotype at 36°C.
Both wild type and mutant representations are shown. A. In wild type cells interphase 
microtubules form parallel arrays that terminate at the cell tip. On entry into mitosis 
the Cdc7 kinase is found on both SPBs as cells progress through metaphase, and in 
early anaphase it is lost from one SPB. Septation proceeds and finally Cdc7 is lost 
from both SPBs as the cytoplasmic microtubules reform. B. On shift up of alp4^  ̂to the 
restrictive temperature, microtubules are seen to associate with the SPB and extend 
beyond the tips of the cell. On entry into mitosis, the SPB nucleates a monopolar 
spindle that fails to segregate the mitotic chromosomes. Cdc7 is found on both the 
mitotic SPBs as cells continue with septation. Cdc7 eventually becomes 
asymmetrically localised and is retained on the SPB that has nucleated the monopolar 
spindle. As cells fully exit mitosis, longer cytoplasmic microtubules reform, and Cdc7 
is lost form both SPBs.



CHAPTER 4

Cloning and Characterisations of alpl6*

Introduction

In this chapter the work that has been done on Alp 16 is described. Chapter 2 details how it 
was cloned as a multicopy suppressor of alp6-719. This chapter reports on the initial 
characterisations of the alpl6  gene and its product. Localisation and biochemical analysis 
revealed that it is a novel spindle pole body protein that is a component of the y-tubulin 
complex.
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4.1 Alp 16 is a novel non-essential protein

As described in Chapter 2, alp 16^ was cloned as a multicopy suppressor of alp6-719. 
Sequence analysis of alp 16^ revealed that it is a 760 amino acid protein with no obvious 
homologues in other systems (Figure 4.1 A). Once alp 16* had been cloned the next step 
was to establish if it was an essential gene. It was deleted using PCR based fragments in a 
similar manner to alp6*. Dissection of heterozygous asci revealed that it is a non-essential 
gene (Figure 4.IB) as the ura4* marker segregated 2:2 and ura4* spores could grow. 
Further analysis of the deletion revealed that it had no apparent phenotype. 
Immunofluorescence analysis showed that microtubules and the SPB all looked wild type 
and no growth defects were observed (data not shown), alp 16A did show a super

sensitivity to the microtubule destabilising drug TBZ and the significance of this and its 
implication for a role in the mitotic checkpoints is discussed in Chapter 6.

4.2 Multicopy alp 16* can suppress alp6-719 and alp4-225

As this protein was isolated as a multicopy suppressor of alp6-719 it was thought possible 
that it may also show a genetic interaction with the alp4'" mutants. alp4-1891, alp4-225 
and the alp6-719 mutants were transformed with a multicopy plasmid containing the 
alp4* or alp6* gene and a plasmid carrying the alp 16* gene. Transformants were streaked 
at 36°C on rich media for two days. Figure 4.2 shows that alp 16* can suppress alp6-719, 
and in addition it can also suppress alp4-225 but not alp4-1891. alp4-225 is a weaker 
allele and shows a less severe phenotype when grown at 36°C, whereas alp4-1891 is very 
sick. This shows that there is a genetic interaction between alp 16*, alp4* and alp6*.

4.3 Alpl6 is a component of the y-tubulin complex

The Alp 16 protein was tagged in the same way as Alp4 and Alp6 with 3HA and GFP. 
Extracts were run on an SDS PAGE gel and detected with specific antibodies. Figure
4.4 A shows Alpl6-3HA detected on an SDS-PAGE gel by anti HA antibodies. Its 
concentration is about five fold lower than Alp4 and Alp6. y-tubulin has been shown as a 
loading control. In order to localise the protein, an Alpl6-GFP tagged strain was used. As 
the signal in live cells was so weak, antibodies against GFP were used on methanol fixed 
cells to enhance the signal. Cells were also stained with DAPI. Figure 4.3 shows that
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Alp 16 localises to the SPB throughout the cell cycle and to the equatorial MTOC in late 
anaphase. This localisation is identical to that seen with Alp4, Alp6 and y-tubulin.

It was then suspected that Alp 16 could be component of the y-tubulin complex. 
Immunoprécipitations were performed to see if Alp 16-HA could pull down y-tubulin. 
Alpl6-3HA, Alp4-3HA and Alp6-3HA extracts were prepared and incubated with 
monoclonal anti-HA antibody. The presence of y-tubulin was then detected on an SDS 
PAGE gel. Figure 4.4 shows that y-tubulin is co-immunoprecipitated with Alp 16 though 
at a much lower concentration than Alp4 and Alp6. The concentration of Alp 16 in the cell 
is very low compared to Alp4 and Alp6, which could explain why the band is so faint 
after probing with the anti-HA antibody.

In order to determine if Alp 16 is in a large complex with y-tubulin Alpl6-3HA extracts 
were separated on a size exclusion gel filtration column and fractions run on a protein gel. 
Alp 16 was detected in the larger fractions with y-tubulin. This, along with the co- 
immunoprecipitation with y-tubulin and localisation data, suggests that Alp 16 is a novel 
component of the y-tubulin complex.
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4.4 Summary

This chapter has described the cloning and characterisations of the novel fission yeast 
protein Alp 16. It was identified as a multicopy suppressor of the alp6-719 mutation and 
was shown to also suppress the weaker allele of alp4^\ alp4-225. Biochemical analysis 
revealed that it co-immunoprecipitates with y-tubulin and is present in a complex of a 
similar large size to Alp4, Alp6 and y-tubulin. It localises to the SPB throughout the cell 
cycle and also to the equatorial MTOC in post anaphase. These data suggest that Alp 16 is 
a new component of the y-tubulin complex in fission yeast.

4.5 Discussion

Alp 16, though non-essential, is likely to be a very interesting new component of the y- 
tubulin complex in fission yeast. While it has frequently been suggested that the complex 
in higher eukaryotes is composed of many copies of y-tubulin and the Alp4 and Alp6 
homologues (y-tubulin small complex -  y-TuSC), very little is known about the other 
components in the complex. If it is the y-TuSC that is directly involved in microtubule 
nucléation, as has been suggested in budding yeast and Drosophila, (Knop et a l, 1997; 
Oegema et a l, 1999) then the remaining y-tubulin complex proteins may play a more 
regulatory role. Proteins must also exists that not only join all the y-TuSCs together, but 
that also attach the entire complex to the SPB. Alp 16 is indeed present in very low levels 
(about 1/5) compared to Alp4 and Alp6, but its role remains elusive.

Recent analysis of alp 16^ indicates it contains two conserved motifs that have been 
identified in y-tubulin complex proteins (A.Fujita and T.Toda unpublished results). Grip 

motif 1 and 2 were described in Drosophila (Gunawardane et a l, 2000). These two motifs 
were found to be present in all known grips (y-tubulin ring complex proteins), except 

Dgrip 128 which lacks grip motif 1. It is thought that these grip motifs define novel 
structural motifs that are found only in the grip proteins. The presence of these grip motifs 
in Alp 16 (and in Alp4 and Alp6) provides further support for it being a new y-tubulin 
complex protein, and although it has no obvious structural homologues, it may be 
functionally conserved.

The lack of any mutant phenotype in the alp 16^ deletion suggests it may not be required 
for normal growth. Its super-sensitivity to TBZ however implicates it in mitotic
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checkpoint control. This will be discussed in more detail in Chapter 6. Currently little is 
known about the assembly of the y-tubulin complex in fission yeast or higher eukaryotes 
and the way in which it is tethered to the MTOC remains to be shown. The isolation and 
characterisation of new y-tubulin complex proteins may help to shed light on this process. 
The similar sizes of the y-tubulin complexes in higher eukaryotes and fission yeast 

suggests that many of these proteins may be conserved and play a similar role in both 
organisms.
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LNLNVCCCIAEPIQSFILSFLRSTYKVLKNDFQVFDLLNFFHSTFLFQN
YEFSDNVISLLKSRRLDKSDRNELAEDLNSDDRYNFISRLKKFIFMEKE
KNGLSRSLSKSITFTLDSASVSEFEDVYPDLQFQCQVIGALRILFTDNS
LNYYSKTFSYVLHLFQAQSDFESSVELKDRSIVTKTTIMSWSKYQGTKE
SLFQFLSIYIPECMLPFTKLLKSIYSPDCPTNIQNSAIKNAASVHEQCT
KAIYQKVKELFDTMKLWESSIKVS

B

Figure 4.1. Alpl6 is a novel non-essential protein.
A. The amino acid sequence of alpl6^. B. The alpl6"" gene was deleted with ura4^ 
using the PCR based method (Bahler et al., 1998). Heterozygous diploids were 
dissected on rich media. The ura4'^ marker was seen to segregate 2:2.
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Figure 4.2. multicopy alpl6^ suppresses the weaker allele of alp4 -̂
alpI6^ on a multicopy plasmid suppresses alp4-225 but not alp4-189J. Mutants were 
transformed with plasmids containing alp4^ or alp6^, alpl6^ and the empty vector, 
transformants were streaked on rich media at 36°C for two days
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Alpl6-GFP DAPI Merged

Figure 4.3. Localisation of AIpl6.
Localisation of Alpl6-GFP during the cell cycle. Alpl6-GFP strains were fixed in 
Methanol and anti-GFP antibodies added to amplify the GFP signal. Double staining 
using DAPI (middle), and GFP (first panel) are shown. Panels on the right show 
merged pictures. Representative images from interphase (row 1), anaphase (row 2&3), 
post-anaphase (row 4) and septated cells (row 5) are presented. Arrow points to Alp 16 
staining at the equatorial MTOC in post-anaphase cells. The bar represents 10 //m.
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Figure 4.4. Physical interactions between Alp 16 and y-tubulin.
A. Identification of the alplô^ gene product. Immunoblotting was performed with 
anti-HA antibody against extracts prepared from wild type (lane 1), Alp 16-3HA (lane 
2), Alp6-3HA (lane 3), and Alp4-3HA strain (lane 4), and y-tubulin was used as a 
loading control. B. Physical interaction between Alp 16 and y-tubulin. Cell extracts 
were prepared from an Alp4-3HA strain (lanes 1 and 5), an Alp6-3HA strain (lanes 2 
and 6) an Alp 16-3HA strain (lane 3 and 7) or an untagged wild type (lanes 4 and 8), 
and immunoprécipitation performed with anti-HA antibody (lanes 5 - 8). Precipitated 
proteins were detected with anti-HA or anti-Gtbl antibody. Total cell extracts 
(corresponding to 1/50 amount used for immunoprécipitation) were also run (lanes 1- 
4). C. Gel filtration chromatography. Soluble cell extracts were analysed by 
immunoblotting with anti-HA or anti-Gtbl antibody. Total extract (10 pg) was run in 
the far-left panel (T). Protein extracts from Alpl6-3HA were loaded on a column, and 
separation profiles of Alp 16 and y-tubulin were determined with specific antibodies. 
The position of size markers are shown.



CHAPTER 5

The State of the Mad2 Checkpoint at 36°C in the alp4~1891 
Mutant

Introduction

Eukaryotic cells possess a checkpoint mechanism that enables them to detect 
abnormalities in the metaphase spindle so that they can prevent progression of mitosis and 
cytokinesis until sister chromatids have separated properly. In Chapter 3, the phenotype of 
the alp4^' mutant at the restrictive temperature was described. Alp4 is involved in the 
recruitment of the y-tubulin complex onto the SPB in Gl/S phase of the cell cycle and if 
this occurs at the restrictive temperature, cells proceed through a lethal mitosis. A bipolar 
spindle fails to form, so chromosomes are not separated and septation continues resulting 
in either polyploid or aneuploid cells which cannot survive. In wild type cells the mitotic 
checkpoint should respond to situations in which the spindle is not assembled and 
chromosomes are not aligned correctly in metaphase. This signal then leads to the 
inactivation of the AFC/C causing cyclin levels to remain high. This prevents the 
progression of cytokinesis without proper chromosome segregation. In the alp4-1891 
mutant, abnormal spindles are formed yet septation continues suggesting that the 
metaphase checkpoint has not detected the damaged spindle and cells exit mitosis 
regardless. In order to understand why the checkpoint does not appear to arrest alp4-1891 
cells, the mutant phenotype was examined more closely.

Chapter 5 and 6 will discuss two aspects of checkpoint function in the alp4‘" mutant. 
Chapter 6 describes the checkpoint defect of alp4‘" and alp^^ai the permissive 
temperature, and suggests a possible involvement for the y-tubulin complex in mitotic 

checkpoint control independent from Mad2. Chapter 5 will discuss the state of activation 
of the Mad2 checkpoint in the mutant at the restrictive temperature and proposes a reason 
as to why the cells do not arrest in response to the monopolar spindles. Various factors 
that are indicative of a metaphase arrest will be examined in the alp4-1891 mutant as they 
proceed through a lethal mitosis at 36°C.
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5.1 Mad2 localises to the kinetochores in the alp4-1891 mutant at 36°C

One of the early steps in metaphase checkpoint activation is the localisation of Mad2 to 
the unattached kinetochores (Chen et a l, 1998; Taylor et a l,  1998). Mad2 is a highly 
conserved checkpoint protein whose localisation to the kinetochore signals the inhibition 
of the and arrests cells in metaphase. Fission yeast Mad2 has been shown to
localise to the kinetochores in metaphase arrested cells, while in interphase it localises 
throughout the entire nucleus (Garcia et a l, 2001). In order to see if Mad2 could detect 
the unattached kinetochores in alp4^', an alp4-1891 strain was created in which Mad2 was 
tagged with GFP. Mad2-GFP has been shown to localise transiently to the kinetochores 
in prophase in fission yeast (T. Matsumoto, personal communication, Garcia et a l, 2001). 
alp4-1891 mad2^-GFP cells were synchronised in early S phase with HU at 26°C, and 
released into HU free rich medium at 36°C. As described in Chapter 3, these cells pass 
through the first mitosis normally and form monopolar spindles in the second mitosis. 
After 5 hours cells had entered the second mitosis and samples were fixed in methanol 
and stained for tubulin. Mad2-GFP was seen to localise in the nucleus as no more than 
three dots, which are likely to correspond to the kinetochores, in all cells displaying a 
monopolar spindle (Figure 5.1 A, 5h). Many of these cells had septa suggesting that the 
Mad2 checkpoint can detect the failure in kinetochore attachment but fails to elicit an 
arrest, and so cells proceed with septation (Figure 5.IB). Cells do eventually lose Mad2 
from the kinetochores when the mitotic spindle breaks down and cytoplasmic 
microtubules reform (Figure 5.1 A, 7h).

It is also interesting to note that in most cells showing Mad2 localisation at 5 hours, no 
more than three dots were seen. This may correspond to the three kinetochores on the 
unseparated chromosomes. Once septation has progressed, but before Mad2 is lost from 
the kinetochore and cytoplasmic microtubules reform, Mad2 is seen in five or six dots 
(data not shown). This could indicate that cells are eventually released from the 
metaphase arrest despite Mad2 localisation and the sister chromatids separate.

5.2 alp4-1891 show a multiple septation phenotype at 36°C

One clear abnormality observed in alp4-1891 cells is the formation of multiple septa and 
after 6 hours at the restrictive temperature, the majority of cells show this phenotype. 
Samples taken from the élutriation described in Chapter 3 were examined for this
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phenotype. Figure 5.2 shows the rapid increase in cells with multiple septa once they have 
passed through the second mitosis. This phenotype is very reminiscent of mutations in the 
septation initiation network (SIN) which is involved in the regulation of the onset of 
septation. Deregulation of this pathway can lead to cells becoming multiply septated.

5.3 Cdc7-GFP localises to two SPBs in septating cells

Having observed that alp4-1891 displays a multiple septation phenotype at 36°C, the 
localisation of components of the SIN were examined. Many proteins involved in the SIN 
localise to the SPB during mitosis, often in an asymmetric manner. Cdc7 is a protein 
kinase whose localisation is important for the proper control of septation in fission yeast. 
On activation of the G-protein Spgl at the start of mitosis, Cdc7 is localised to both the 
mitotic SPBs. Early in anaphase the GAP for Spgl, Cdcl6, is recruited onto one SPB and 
this inactivates Spgl resulting in the release of Cdc7 from one SPB. This means that in 
wild type cells, septation only ever occurs when Cdc7 is on one SPB. As cells then exit 
mitosis and cytoplasmic microtubules reform, Cdc7 is lost from both SPBs until the next 
mitosis (Balasubramanian et a l, 2000).

If cdc7^, or spgl^ are over-expressed or in the cdcl6-116 mutant, cells proceed through 
mitosis and display multiple septa. In these cases Cdc7 is found on two SPBs (Sohrmann 
et a l, 1998). The localisation of Cdc7 to just one SPB in anaphase is not required for the 
initiation of septation, but it is required for its regulation and to ensure that only one 
septum is formed. In order to see if the SIN was affected in the alp4-1891 mutant, the 
localisation of the Cdc7 kinase was examined.

Wild type and alp4-1891 cells, in which genomic Cdc7 was tagged with GFP, were grown 
at 36°C and samples were taken after 4, 4.5 and 5 hours when cells were progressing 
through a lethal second mitosis. Cells were fixed in methanol and stained for Sadi and 
tubulin. In the wild type situation, it was clear that at the start of anaphase Cdc7 became 
monopolar, septation continued and finally Cdc7 was lost from both the SPBs. However, 
In the alp4-1891 mutant, Cdc7 was often seen on two SPBs in septated cells. Figure 5.3A 
shows immunofluorescence images of septated cells in which Cdc7 co-localises with 
Sadi at both the SPBs, these cells also show mitotic microtubules, albeit abnormal ones. 
The septa can be seen in formaldehyde fixed cells after staining with calcofluor (Figure 
5.3B). Once cytoplasmic microtubules reform, Cdc7 is lost sequentially from first one, 
and then both SPBs (Figure 5.3C). Figure 5.3D shows the relative frequencies of the
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appearance of Cdc7 on one or two SPBs and whether cytoplasmic or mitotic microtubules 
are present. The presence of Cdc7 on both SPBs at the time of septation suggests that the 
SIN is somehow deregulated in the alp4^' mutant. Thus, a reason for the multiple septation 
phenotype in alp4-1891 cells could be due to Cdc7 being retained on both SPBs as 
septation progresses. There is a strong bias towards those cells that have Cdc7 on two 
SPBs, also having mitotic microtubules. As Cdc7 is lost from one SPB more cells are seen 
with cytoplasmic microtubules, and finally once Cdc7 is lost from both SPBs, the 
microtubules are predominantly cytoplasmic. Figure 5.3E illustrates the progression of 
Cdc7 localisation, microtubules structure and septation in wild type cells and in the alp4 '̂ 
mutant.

In a Mad2 dependent checkpoint arrest cells, should remain in metaphase. The phenotypes 
described above - Mad2-GFP localisation to the kinetochores, the presence of spindle 
microtubules and Cdc7 being present on both SPBs - suggests that cells are in a 
metaphase arrested state, but septation continues regardless. Thus, it appears that the 
absence of the y-tubulin complex at the SPB results in a failure to prevent septation in 

metaphase arrested cells.

5.4 Septation is initiated through the SIN in the alp4-1891 mutant

There were a number of possibilities as to how septation could be initiated in the alp4- 
1891 mutant under apparent metaphase arrest conditions. Mitotic cyclin destruction is 
required for septation and promotes the localisation of the Sidl kinase to the SPB that has 
retained Cdc7. This event cannot occur while cyclin levels are high, which makes it a key 
event in the onset of septation (Guertin et a l, 2000). Septation could be being initiated in 
the alp4-1891 mutant either through the SIN, or by directly targeting the septation 
machinery itself. The fact that multiple septa are observed suggests that it may be working 
through the SIN and this phenotype is the result of Cdc7 being retained on both SPBs.

In order to determine which of these hypotheses are correct the localisation of the Sidl 
kinase in the alp4‘̂  mutant was examined. Localisation of Sidl is a limiting step in the 
progression of septation as it can only be recruited onto the SPB in wild type cells if 
cyclin has been destroyed. An alp4-1891 strain in which Sidl was tagged with GFP was 
grown at 36°C for 5 hours and samples fixed for immunofluorescence. Sidl was seen to 
localise to either one or both the SPBs probably coinciding with Cdc7 localisation (Figure 
5.4). Unfortunately, as both Cdc7 and Sidl were tagged with GFP it was not possible to
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do double staining of these two proteins. This suggests that septation is being initiated 
through the septation initiation pathway and it is the localisation of Sidl that triggers 
septation.

5.5 Deletion of madl* in the alp4-1891 mutant

These results indicate that the Mad2 checkpoint can detect the monopolar spindles in 
alp4‘\  so to further illustrate this, the effect of deleting mad2 in the alp4-1891 mutant was 
examined. The mad2::ura4^ strain shows no growth defects unless under conditions that 
should activate the metaphase checkpoint, for example in the presence of TBZ. The 
mutants alp4-1891 and alp4-1891 mad2::ura4^, were synchronised in early S phase with 
HU and shifted up to 36°C for 6 hours. Samples were taken every half-hour for 
immunofluorescence analysis. The percentage of cells showing normal cells with two 
mitotic nuclei, and cells showing abnormal mitotic DNA were scored. Figure 5.5 shows 
that in the alp4-1891 mutant the first mitosis occurs normally and abnormal mitotic DNA 
rapidly increases as cells enter the second mitosis. The double mutant, alp4-1891 
mad2::ura4^, shows a similar progression though the first mitosis, however, instead of 
dropping down to interphase cells with only single nuclei, there is a persistence of cells 
with two nuclei. Immunofluorescence analysis indicates that these cells often have an 
anaphase spindle and that cytoplasmic microtubules have reformed. Cells do eventually 
progress through a lethal second mitosis and show similar monopolar spindle phenotypes 
to the single mutant. This unexpected delay phenotype means that the two strains cannot 
be compared for their progression through the lethal mitosis. It does, however, illustrate 
that Mad2 is playing a role in the alp4-1891 mutant at 36°C, which is consistent with the 
activation of the Mad2 checkpoint in the alp4' mutant as shown before.
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5.6 Summary

This chapter has described the state of the Mad2 checkpoint in the alp4-1891 mutant. The 
checkpoint appears to be able to detect the abnormal mitotic spindle that forms at 36°C, 
and Mad2 localises to the unattached kinetochores. Consistent with a metaphase arrest, 
mitotic spindles remain, and Cdc7 stays on both the SPBs. Septation proceeds through 
activation of the SIN and Sidl is recruited onto the SPB thus signalling septation. The 
appearance of multiple septa could be attributable to the presence of Cdc7 on both SPBs. 
This, and the localisation of Sidl, suggests that septation is occurring through the SIN and 
that its untimely activation is what is inducing septation. These results establish a role for 
the y-tubulin complex in the prevention of septation in metaphase arrested cells.

5.7 Discussion

This chapter has highlighted the potential role of the y-tubulin complex in the prevention 
of septation in Mad2 arrested cells. In alp4-1891 cells the y-tubulin complex fails to be 
recruited onto the SPB and as a result cells fail in the subsequent mitosis after the 
formation of an abnormal mitotic spindle. The metaphase Mad2 dependent checkpoint 
should respond to the presence of unattached kinetochores in metaphase and as a result, 
inactivate the APC/C. Inactivation of the APC/C should prevent firstly, the targeted 
destruction of the securin (Cut2) thus preventing sister chromatid separation and anaphase 
onset, and secondly the destruction of the mitotic cyclin, thereby preventing mitotic exit 
and cytokinesis. In the alp4-1891 mutant, Mad2 localises to the unattached kinetochores 
and cells show signs indicative of a metaphase arrest. They show mitotic microtubules 
and Cdc7 is retained on both SPBs as it would be in metaphase. Under these conditions 
septation proceeds resulting in septated cells with Mad2 localised at the kinetochores, 
monopolar spindles, and Cdc7 on two SPBs. These are conditions that never occur under 
normal wild type or metaphase arrested conditions.

These results implicate the y-tubulin complex in the prevention of septation under 

metaphase arrested conditions. In the absence of this complex at the SPB, septation fails 
to be prevented and cytokinesis progresses. Failure to localise the complex results in the 
failure of two mitotic events, namely spindle formation, and checkpoint control. While the 
spindle formation defect activates the checkpoint the second defect prevents a proper 
metaphase arrest by allowing septation to progress.
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Is the Mad2 checkpoint activated?
One of the key questions concerns what constitutes Mad2 checkpoint activation. Mad2 in 
fission yeast has been shown to localise as dots in the nucleus - which are likely to be the 
kinetochores - transiently in prophase (T. Matsumoto, personal communication, Garcia et 
a l,  2001). Although Mad2 is non-essential in fission yeast, it may help to increase the 
fidelity of metaphase chromosome alignment and to ensure that anaphase does not 
progress until sister chromatids are all attached to the spindle correctly. Under conditions 
that induce a metaphase Mad2 dependent arrest, Mad2 is seen to localise to the 
kinetochores. The nda3-311 |3-tubulin mutant fails to nucleate a mitotic spindle at 18°C, 

thus arresting cells in metaphase (Toda et a l, 1983). Under these conditions, Mad2-GFP 
is seen to localise as a dot to the kinetochores (this study. Chapter 6; Garcia et a l, 2001 ). 
This suggests that localisation of Mad2 is an event indicative of checkpoint activation in 
fission yeast.

Role of the y-tubulin complex in the prevention of septation
The alp4-1891 mutant shows clear Mad2 localisation in virtually all cells that display a 
monopolar spindle. As septation proceeds, the cells appear to remain in a metaphase state 
as spindle microtubules persist and Cdc7 is retained on both the SPBs. After 5 hours at 
36°C, Mad2 is seen predominantly as just three dots in the nucleus. These three dots are 
likely to correspond to the three kinetochores of the unseparated sister chromatids. The 
fact that after septation, as the cytoplasmic microtubules reform and cells exit mitosis, up 
to five or six dots of Mad2 are seen, suggests that at this time the sister chromatids may 
have separated. This indicates that sister chromatid separation may be being inhibited 
until the arrest is eventually overcome and cells enter G1 phase. This suggests that Mad2 
is inhibiting Slpl, thus causing the APC/C to remain inactive. This would place the role 
for the y-tubulin complex downstream or independent of APC/C inactivation as illustrated 

in Figure 5.6. A closer examination of the state of the sister chromatids in alp4-1891 
could involve the use of the system in which the centromere of chromosome 1 is tagged 
with GFP (Nabeshima et a l, 1998). The presence of one or two spots of GFP would 
indicate whether the sister chromatids were separated in cells that shows Mad2 
localisation to the kinetochores.

The next question concerns how the absence of the y-tubulin complex at the SPB can 
result in the progression of septation in metaphase arrested cells. The fact the cells form 
multiple septa indicates that septation is being initiated through the SIN, while Cdc7 is on 
both SPBs. This is the phenotype that is seen when either cdc7^ or spgl'^ are over
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expressed, or if the GAP for Spgl, Cdcl6, is inactivated (Sohrmann gr al., 1998). While 
the cdcl6-116 mutant has been shown to fail in the maintenance of a high kinase at the 
restrictive temperature, and the formation of multiple septa proceeds when kinase levels 
are low (Fankhauser et a l, 1993), the state of the mitotic cyclin has not been determined 
for alp4‘\  It was also possible that the septation machinery was being activated directly 
and independently from the SIN. The y-tubulin complex in wild type cells localises to the 

central ring during late anaphase and so may be in direct contact with the septation 
machinery. It was possible that it could play an inhibitory role during mitosis, until the 
end of anaphase when it triggers septation. The fact that the Sidl kinase is recruited onto 
the SPB in the alp4-1891 mutant, however, suggests that septation is being initiated 
through the SIN. Recruitment of this kinase would then activate the Sid2 kinase leading to 
septation.

The localisation of the Sidl kinase is a crucial event in the onset of septation, and in wild 
type cells it occurs only once the mitotic cyclin has been destroyed and kinase levels are 
low (Guertin et a l, 2000). The next question to be addressed concerns whether Sidl is 
recruited abnormally in the presence of high cyclin levels, or if the mitotic cyclin levels 
fail to be maintained. It is possible that the y-tubulin complex plays a role in the 
maintenance of high cyclin levels during a metaphase arrest. Cyclin B and Cdc2 localise 
to the SPBs during metaphase (Alfa et a l, 1990) and so could come into direct contact 
with the y-tubulin complex. The absence of the y-tubulin complex from the SPB in the 
alp4-1891 mutant may result in the untimely destruction of cyclin.

Alternatively, the y-tubulin complex may play a role in inhibiting the recruitment of the 
Sidl kinase onto the SPB until the cyclin has been destroyed. A situation can be 
envisaged in which the y-tubulin complex can detect the level of cyclin at the SPB and 
only on its destruction can Sidl be recruited. In the absence of the y-tubulin complex, 
there is nothing to prevent Sidl recruitment, and this event may then be enough to trigger 
septation. Figure 5.6 shows a model illustrating the possible roles of Alp4 in the 
prevention of septation in metaphase arrested cells.

While other mutants have been isolated that appear to undergo septation after the 
activation of the Mad2 checkpoint, e.g. a lp lV \  there is a key difference between these 
two phenotypes. Cells that are arrested in metaphase do eventually proceed through 
anaphase and exit mitosis. This is illustrated in fission yeast in a number of ways. Over
production of Mad2 will induce a metaphase arrest after 16 hours of expression under the 
nm tl thiamine repressible promoter. Continued incubation in the absence of thiamine
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reveals that cells eventually exit mitosis and septate (He et a l, 1997). In a similar manner, 
wild type cells incubated in TBZ show a metaphase arrest with high kinase levels. After 6 
hours, however, kinase levels drop and the cells exit mitosis and undergo septation. This 
is also the case in the a lp IV  mutant. At 36°C the metaphase checkpoint is activated and 
induces a transient mitotic delay. The cells, however, fail to maintain the arrest and they 
exit mitosis. In the alp4-1891 mutant, cells do not appear to exit mitosis until after 
septation has progressed. This appears to be the one of the few examples where septation 
progresses in a metaphase arrested state. The nuc2-663 mutant shows a related 
phenomena whereby the cells undergo septation with an apparently high kinase level and 
condensed chromosomes (Hirano et a l, 1988). Ascertaining whether septation is induced 
in high cyclin levels in the alp4-1891 mutant will be important in elucidating the role of 
the y-tubulin complex in the prevention of septation in Mad2 arrested cells.

There are a number of ways that the level of the mitotic cyclin could be analysed in these 
cells. Cdcl3 (cyclin B) shows SPB localisation in metaphase (Tatebe and Yanagida, 
2000), and its localisation could be analysed in the alp4-1891 mutant. The presence of 
Cdcl3 at the SPB in cells that had already formed a septa would indicate septation is 
progressing in the absence of cyclin destruction. Cdcl3 that lacks its destruction box is 
stable and on its expression cells arrest in metaphase as exit of mitosis is inhibited 
(Yamano et a l, 1998). The expression of non-degradable cyclin in the alp4-1891 mutant 
could indicate whether septation was occurring in a high kinase. If cells fail to septate it 
would suggest that in the alp4-1891 mutant, cyclin is unstable and its destruction leads to 
mitotic exit. Alternatively, if cells continued to septate in the presence of non-degradable 
cyclin, the indication is that septation is promoted in the presence of a high cyclin level 
and Sidl is being recruited abnormally to the SPB.

Cdc7 localisation
The retention of Cdc7 on both SPBs in metaphase arrested cells indicates that the 
recruitment of the GAP for Spgl, CdcI6, is prevented in these conditions. It may be that 
Cdcl6 is a target for the Mad2 checkpoint and under arrest conditions its localisation is 
inhibited. This would again emphasise the fact that the Mad2 checkpoint is functional, 
and only fails in the prevention of septation. Cdcl6 has itself been implicated in the 
checkpoint pathway. The temperature sensitive allele, cdcl6-116, prevents the 
establishment of a metaphase arrest in the presence of TBZ at the restrictive temperature 
(Fankhauser era/., 1993).
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The mad2A in alp4-1891
The apparent delay in the progression of the alp4-1891 mutant phenotype in the absence 
of Mad2 was unexpected. Cells appeared to be delayed in late mitosis with two nuclei and 
an anaphase spindle with cytoplasmic microtubules. This is reminiscent of cells arrested 
in G2 by the Cpsl checkpoint (Liu et a l, 2000). This checkpoint is believed to arrest cells 
before mitosis in late G2 and responds to the presence of actin rings in cells that have not 
undergone septation. Arrested cells show two duplicated G2 nuclei with cytoplasmic 
microtubules. The significance of this double mutant phenotype is currently unclear, and 
further analysis would be required to establish the origins of this phenotype. It is possible 
that in the absence of Mad2 there is a delay in septation in the alp4-1891 cells and this is 
detected by the Cpsl checkpoint. This suggests that Mad2 is playing some role in the first 
mitosis of alp4^' cells shifted up to 36°C, though what this role is remains undetermined. 
Although this is a potentially interesting phenomenon, it does prevent further clarification 
of the role of Mad2 in arresting the failed mitosis in the alp4-189l mutant.

This chapter has described a potential role for the y-tubulin complex in the maintenance of 
a mitotic checkpoint arrest in response to spindle damage. Determination of the levels of 
cyclin in the mutant at the time of septation should indicate where the y-tubulin complex 
function lies. It will help to establish whether it is involved in the maintenance of high 
cyclin levels in arrested cells, or in the prevention of SIN activation while the mitotic 
cyclin levels are high.
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Figure 5.1. Mad2-GFP localises to the kinetochores in septated cells in the alp4- 
1891 mutant.
alp4-1891 mad2^GFP was grown at 36°C for 7 hours and samples processed for 
immunofluorescence after 5 and 7 hours. A. Tubulin is in red and GFP is in green. The 
5 hour time point shows cells with mitotic microtubules still present, while the 7 hour 
time point shows cells that have reformed cytoplasmic microtubules. B. Cells stained 
with calcofluor to show the presence of the septum (blue) while GFP is in green. The 
bar indicates 10 pm.
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Figure 5.2. alp4-1891 shows a multiple septation phenotype after failing in mitosis 
at 36°C. alp4-189l cells were incubated at 36°C after a G2 synchronisation by 
élutriation and cells were fixed in formaldehyde every 20 minutes. A. After staining 
with calcofluor the percentage of septating cells and multipley septated cells (B) was 
scored. The bar represents 10 pm.
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A Cdc7 Sad1 Tubulin Merged
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Figure 5.3. Septation occurs while Cdc7 is on two SPBs in the alp4-1891 mutant.
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Figure 5.3. Septation occurs while Cdc7 is on two SPBs in the alp4‘1891 mutant.
An alp4-1891 cdc7-GFP strain was grown at 36°C for 5 hours and processed for 
immunofluorescence. A. Images showing septated mitotic cells with Cdc7-GFP in 
green, Sadi in red and tubulin in blue. B. Calcofluor staining (blue) to show up the 
septum, Cdc7-GFP is in green. C. Septated cells with cytoplasmic microtubules, 
colours as in A. D. Quantification of the phenotypes described in A, B and C. Cells 
counted were those showing 2 spots of Sadi. E. Illustration of the defective 
phenotypes in alp4-J89I compared to wild type. Cdc7 is retained on both SPBs (black 
spot) at the time of septation (S). It is eventually lost from one SPB (grey spot) as 
cytoplasmic microtubules reform and is finally lost from both SPBs. The bar 
represents 10 pm.
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Figure 5.4. Sidl can localise in the alp4-1891 mutant.
alp4-I89J sidl-GFP strains were incubated at 36°C for 5 hours and the presence of 
GFP signal was examined. The bar indicates 10 pm.
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Figure 5.5. The alp4^mad2A double mutant phenotype at 36°C.
alp4-1891 (squares) and alp4^^mad2 (circles) mutants were synchronised at 26°C in 
HU and released at 36°C. The percentage of cells showing normal mitotic DNA with 2 
separated nuclei (open symbols) and abnormal mitotic DNA (closed symbols).



Chapter 5: The Mad2 Checkpoint

GAP Cdcl6 
Byr4 Ny

Spgl-OTP

Securin
destruction

cyclin
destructionAPC Cdc7

Sidl
A lp4Mad2

Septation

Figure 5.6. A potential role for Alp4 in the regulation of the SIN.
Alp4 and the y-tubulin complex may play a role in preventing septation in a Mad2 
dependent arrest. At 36°C the checkpoint is activated in the alp4-1891 mutant in 
response to the presence of monopolar spindles, but septation continues regardless. 
This may be due to a failure to maintain high cyclin levels, or to the untimely 
recruitment of the Sidl kinase to the SPB while cyclin levels are still high.



CHAPTER 6

Involvement of AIp4 and Alp6 in the Mitotic Checkpoint

Introduction

Chapter 5 described the possible involvement of the y-tubulin complex in the prevention 
of septation in Mad2 arrested cells. This analysis involved the study of the mutant 
phenotype at the restrictive temperature. A role for the y-tubulin complex in a mitotic 
checkpoint at the permissive temperature was examined. This chapter describes the 
potential role of Alp4, Alp6 and Alp 16 in a mitotic checkpoint pathway independent of 
the Mad2 checkpoint. The potential activators and targets of this pathway are discussed.
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6.1 alp4“ and are supersensitive to TBZ

Chapter 2 reports that alp4‘" and alp&' were sensitive to the microtubule destabilising drug 
thiabendazole. To look at this more closely alp4-1891, alp4-225 and alp6-719 colonies 
were spotted onto plates containing 20 /xg/ml TBZ and grown at 26°C for three days. 
Figure 6.1 shows that all three strains fail to grow whereas mutants which contain a wild 
type copy of the gene on a plasmid grow normally. The mad2::ura4 strain has been 
included as a negative control. Mad2 is a protein essential for a metaphase checkpoint 
arrest and responds to the presence of kinetochores that are not attached to spindle 
microtubules. Its deletion is non lethal in normal growing conditions, but is lethal in the 
presence of TBZ or other factors that disrupt the metaphase spindle. Wild type cells in the 
presence of TBZ will arrest in metaphase due to the absence of a metaphase spindle being 
detected by the Mad2 dependent checkpoint.

6.2 alp4^ and alp(7  ̂are checkpoint defective 

Analysis at 26°C
A number of mutants in the past have been found to be sensitive to TBZ and these fall 
into two categories. The first includes the tubulin mutants e.g. some alleles of nda3 and 
nda2 (Umesono et a l, 1983) where they fail to grow in TBZ but viability remains high as 
the mitotic checkpoint is still activated and cells arrest in mitosis. These cells have weaker 
microtubule structures so a lower dose of TBZ will cause their depolymerisation. The 
second class of mutants are those involved in the checkpoint pathway e.g. mad2::ura4^. 
These not only fail to grow in TBZ, but they lose viability. They are defective in the 
checkpoint that should arrest cells in metaphase in the absence of a mitotic spindle. As a 
result they continue with septation in the absence of chromosome segregation resulting in 
a lethal cut phenotype.

In order to determine which category of mutants alp4^' and alp&' fall into, the viability of 
the mutants in the presence of TBZ was measured. If these proteins are required to arrest 
cells in the absence of a metaphase spindle, cells will fail to arrest in TBZ and proceed 
with septation in the absence of chromosome separation and die. Figure 6.2.1 A shows that 
both alp4‘" and alp6" lose viability rapidly in the presence of TBZ and the percentage of 
cells showing a ‘cut’ phenotype rises (Figure 6.2. IB). This is in contrast to an alp4-1891 
strain containing a wild type copy of the alp4"" gene on a plasmid in which viability
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remains high as in wild type cells. This suggests that Alp4 and Alp6 are required for the 
checkpoint arrest of cells in the presence of TBZ.

Cells arrested in mitosis in the presence of TBZ, arrest with high cyclin levels and so cdk 
activity remains high. Checkpoint defective mutants like mad2::ura4^ fail to maintain a 
high kinase in TBZ and so proceed with septation. To determine if the alp4-1891 mutant 
loses viability in TBZ due to a failure to maintain a high kinase, a HI kinase assay was 
performed. Wild type and alp4-1891 cells were synchronised in HU at 26°C for four 
hours, and on washout and release, 50/rg/ml TBZ was added and samples were taken 
every hour for HI kinase assays. Figure 6.2.1C shows that in the presence of TBZ, wild 
type cells maintain a high kinase activity indicative of a metaphase arrest. alp4-1891 cells, 
on the other hand, after release into TBZ show an initial increase in HI kinase activity as 
cells enter mitosis, but fail to maintain it. The activity then rapidly decreases again as cells 
progress with a lethal septation. This suggests that alp4-1891 fails to maintain a high 
cyclin in the presence of TBZ.

Analysis at 36°C
Having established that alp4'" and alp&' are checkpoint defective at the permissive 
temperature, sensitivity to TBZ was examined at 36°C. alp4-1891 cells were synchronised 
in HU, and on release they were shifted up to 36°C. Half the cells were incubated in 
50/zg/ml TBZ and the other half remained drug free. Progression through mitosis was 
monitored. Figure 6.2.2A shows that those cells shifted up without TBZ progressed 
through the first mitosis normally and viability dropped in the second cell cycle as 
expected (see Figure 3.1.3). Those cells incubated with TBZ were seen to lose viability 
almost immediately, and there was a sharp increase in cells displaying a cut phenotype. 
This cut phenotype in the presence of TBZ is different from that seen in the alp4^' mutant 
as the DNA is actually cleaved, whereas in the mutant, septation leads to the production 
of aneuploid and polyploid cells.

The sensitivity of alp4-1891 to TBZ at 36°C is in contrast to the phenotype seen in mad2 
deletion cells. mad2A cells lose viability in TBZ rapidly in the presence of TBZ at 26°C, 
but not at 36°C. Figure 6.2.2 B and C shows that at 36°C, mad2A retains a high viability, 

and cells appear to arrest as no cell division is seen. The reason for the lack of sensitivity 
to TBZ at 36°C by mad2A is currently unknown.
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6.3 Alp4 functions in a checkpoint pathway independent from Mad2

alp4mad2 double mutants show an exaggerated phenotype in TBZ
The next question was to determine which mitotic checkpoint Alp4 and Alp6 were 
involved in. The Mad2 dependent pathway is the best characterised mitotic checkpoint 
and is conserved from yeast to mammals. When kinetochores are not attached to 
microtubules in metaphase, Mad2 binds to the kinetochore and activates the checkpoint 
pathway. This acts to inhibit Slpl, a protein that targets the APC/C to destroy Cut2. 
Destruction of Cut2 leads to the onset of anaphase and sister chromatid separation. While 
Slpl is inactive, cells remain in metaphase (for review, see Clarke and Gimenez-Abian, 
2000).

If Alp4 plays a role in the same pathway as Mad2, the double mutant should show the 
same phenotype as the single mutant. If they are in different pathways, the double mutant 
will be defective in both pathways and so may show an exaggerated phenotype in the 
presence of TBZ. In order to examine this, single mutants and the double mutants alp4- 
1891 mad2::ura4^ and alp6-719 mad2::ura4^ were constructed. Figure 6.1 shows these 
strains spotted onto rich media containing 20/xg/ml of TBZ after growth for three days at 
26°C. It can be seen that there is no real difference in sensitivity under these conditions. 
The same strains were then grown in rich liquid media in the presence of 50/xg/ml TBZ 
for 6 hours and viability and morphology of the cells was examined. The viability curves 
in Figure 6.3.1 show that the double mutants do not lose viability any faster that the single 
mutants. However, as the single mutants are very sick in TBZ anyway, any differences 
may not be detectable in this experiment.

If the phenotypes of these mutants in TBZ are examined it becomes apparent that the 
double mutant alp4-1891 mad2::ura4 shows an exaggerated multiple septation phenotype 
in the presence of TBZ (Figure 6.3.2). mad2::ura4 mutants rarely display a multiple 
septation phenotype in the presence of TBZ, and in the single alp4-1891 mutant, 15% of 
septated cells show multiple septa after four hours. In contrast, after four hours in TBZ the 
double mutant shows a much stronger phenotype with 47% of septated cells displaying 
multiple septa. This suggests that Alp4 may be involved in a checkpoint pathway 
independent of Mad2 and in the double mutant when both pathways are inactivated a 
more severe phenotype is seen.
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alp4-1891 does not affect a Mad2 dependent checkpoint arrest
In order to clarify that Alp4 is not involved in the Mad2 dependent checkpoint, it was 
determined whether the Mad2 checkpoint pathway could still induce a metaphase arrest in 
alp4-1891 cells at 26°C. Over-expression of madl'^ in wild type cells leads to a 
metaphase arrest with up to 70% of cells showing metaphase DNA after 16 hours of over 
expression (He et a l, 1997). When madl* was over-expressed in the alp4-1891 mutant, 
cells arrested exactly as they did in wild type as shown in Figure 6.3.3. Cells failed to 
divide and on examination of the morphology, they were found to be in a metaphase 
arrested state with condensed chromosomes. This suggests that Alp4 is not required for 
the Mad2 dependent checkpoint, but is involved in a checkpoint pathway independent 
from it.

alp4-1891 does not affect an nda3-311 induced mitotic arrest
To further demonstrate a role for Alp4 and Alp6 in a mitotic checkpoint, double mutants 
were constructed with the cold sensitive P-tubulin mutant ndaS-Sll. At 18°C ndaS-Sll 
fails to produce microtubules resulting in the activation of the metaphase spindle 
checkpoint and a metaphase arrest. It was thought that the effect on cells of the ndaS-Sll 
mutation and TBZ were similar and alp4-1891 and alp6-719 should be defective in both 
of these in a similar manner. However, double mutants between alp4‘" or alpâ' and nda3- 
311 were viable, and cells arrested as normal. Figure 6.3.4A shows the viability of the 
double mutants and nda3-311 alone at 18°C. In these strains the checkpoint protein Mad2 
was tagged with GFP and its localisation to the kinetochores is an indication that the 
checkpoint has been activated. Figure 6.3.4B shows that in all three strains Mad2-GFP 
localised to the kinetochore. TBZ sensitivity of the alp4‘̂ and alp6i^ mutants at 18°C was 
then measured and they were found to be as sensitive as at 26°C

6.4 The alpl6  deletion is checkpoint defective 

Alp 16 is sensitive to TBZ
Alpl6 appears to be dispensable for normal growth, as the alpl6'^ deletion strain showed 
no phenotype in normal dividing cells. The alpl6::ura4^ strain was spotted onto rich 
media plates containing 20/ig/ml TBZ. Growth at 26°C for three days showed that alpl6A 

showed a strong inhibition of growth suggesting that the deletion is super-sensitive to 
TBZ (Figure 6.4.1 A).
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olpl6::ura4 cells were then grown in rich liquid media containing 50^g/ml TBZ and 
viability was measured every hour. Figure 6.4. IB shows that after 2 hours in the presence 
of TBZ, viability drops and analysis of the cells shows that they die due to a cut 
phenotype. This phenotype is very characteristic of mutations in genes involved in the 
mitotic checkpoint pathway as described above. This shows that Alp 16, along with Alp4 
and Alp6, is required for the integrity of a mitotic checkpoint in response to TBZ. These 
data, therefore, implicates the y-tubulin complex in the regulation and functioning of 

checkpoint control.

alpIV  shows an enhanced multiple septation phenotype in the absence of Alpl6
As alpl6::uraV  was a deletion strain, it made it easier, than the temperature sensitive 
alp4 and alp6 mutants, to study its checkpoint role, a lp IV  encodes the fission yeast 
homologue of cofactor B. Cofactor B is one of a group of conserved cofactors that are 
involved in the folding of the new tubulin molecule so that it is in the correct 
conformation to be assembled into a microtubule (Radcliffe and Toda, 2000). The mutant, 
alp11-924, fails to produce microtubules at the restrictive temperature and as a result 
activates the Mad2 checkpoint. The cell cycle is arrested transiently before septation 
continues and the cells cut. A double mutant between a lp lV  and mad2::ura4'^\osQS 
viability at an increased rate at the permissive temperature, suggesting that the Mad2 
checkpoint is required for the survival of alplV^ at 26°C (Garcia and Toda, unpublished 
results). A double mutant was constructed between alplVdind alpl6A. The progression of 
the mutant phenotype was monitored at the semi-permissive temperature of 30°C. Figure
6.4.2 shows that in the absence of Alp 16, a lp IV  shows a greatly enhanced multiple 
septation phenotype. This suggests that Alp 16 is playing a role in preventing the 
formation of multiple septa in a lp lV  at 30°C, which suggests a potential role in the 
regulation of the SIN. Even at 0 hours, when the cells are still at 26°C, the double mutant 
displays a higher percentage of cells with multiple septae than the single mutant.
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6.5 Summary

This chapter has described the possible involvement of the y-tubulin tubulin complex in 
mitotic checkpoint control, alp4'\ alp&' and alpl6A  are all super-sensitive to the 

microtubule destabilising drug TBZ. Further analysis revealed that these proteins fail to 
arrest in mitosis and septation continues in the absence of chromosome segregation, 
leading to cell death. Double mutant analysis with alp4-1891 and m adlA  suggests that 
Alp4 may function in a checkpoint pathway independent of Mad2. This is further 
suggested by the ability to induce a Mad2 dependent metaphase arrest in the alp4-1891 
mutant. Double mutants between alpl6A  and a lp IV  again suggest a role for this complex 

in checkpoint control as the double mutant shows an exaggerated multiple septation 
phenotype at the semi-permissive temperature of 30°C.

6.6 Discussion

This chapter has presented results implicating the y-tubulin complex in checkpoint 
control. The exact role of the complex in this process is still not known, but it is likely that 
it functions independent of the Mad2 pathway. Much of the data remains unexplained and 
is at times contradictory. Further investigation is required in order to establish what is 
defective in these alp mutants with respect to checkpoint control.

Alp4 checkpoint function is independent of Mad2
The data presented show that in the presence of TBZ at the permissive temperature, alp4- 
1891 shows an exaggerated multiple septation phenotype in the absence of Mad2. It was 
possible Mad2 may be playing some role in aiding the survival of the alp4-1891 mutant at 
26°C. This, however, is unlikely as the alp4mad2 double mutant shows normal growth at 
the permissive temperature, and at 36°C does not show a more severe phenotype than the 
alpV  single mutant (Figure 5.5). Although in the absence of Mad2, in the alpV  mutant, 
an apparent delay in the progression of the lethal phenotype is seen, at 26°C the double 
mutant appears normal. This suggests that the multiple septation phenotype seen in the 
double mutant in TBZ is due to the inactivation of two separate checkpoint pathways that 
are required to arrest cells in response to TBZ.

Further indication that Alp4 is involved in a checkpoint independent from Mad2 comes 
from the Mad2 over-production data. When Mad2 is over-produced in the alp4-1891
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mutant it can still induce a normal metaphase arrest, indicating that alp4-1891 is not 
downstream of Mad2. It must be remembered, however, that this protein was over
expressed to very high levels and this may have been enough to overcome any 
downstream problems caused by alp4-1891.

The Alp4 checkpoint
Alp4 is likely to be required for a checkpoint pathway independent of the Mad2 
metaphase checkpoint, and the question of what this checkpoint is needs to be examined. 
In budding yeast, substantial work has been done on a second checkpoint pathway 
involved in mitotic exit. This is called the mitotic exit network (MEN). The negative 
regulator in this pathway is the checkpoint protein Bub2 which monitors the migration of 
the nucleus into the daughter bud. If it fails to migrate, the spindle checkpoint remains 
active and prevents activation of the G-protein Teml. Once the nucleus is in the correct 
position in the daughter bud, Teml is activated and this signals the release of the 
phosphatase CdcI4 from the nucleolus. On release, this protein activates Cdhl which 
targets the APC/C to destroy the mitotic cyclin which then leads to mitotic exit (Amon, 
1999).

A related pathway exists in fission yeast, called the septation initiation network (SIN), and 
homologues of Teml, Bub2 and some of the down-stream components have been 
identified (Table 1). It has not yet, however, been demonstrated that the fission yeast SIN 
pathway functions as a checkpoint. The target of the SIN is the, septation machinery and 
once activated signals the onset of cytokinesis. The activity of the Bub2 homologue, 
Cdcl6, inhibits the pathway, thus preventing septation. One of the key differences 
between the budding yeast MEN and the fission yeast SIN is the role played by cyclin 
destruction. The MEN targets the destruction of cyclin by causing the activation of the 
APC/C activator Cdhl. In contrast, in fission yeast, cyclin destruction is required for the 
onset of septation and does not appear to be a downstream target of the SIN (Guertin et 
a l, 2000) (Figures 1.5A, 1.6A).

Mutants that cause the inactivation of the SIN, e.g. cdc7 and spgl, prevent the onset of 
septation, but the cycles of DNA replication continue, producing cells with four or eight 
nuclei and no septa. This illustrates the role of the SIN in septation and not cell cycle 
progression as a whole. It has been suggested, however, that Cdcl6 is involved in the 
maintenance of high Cdc2 kinase activity in the presence of TBZ (Fankhauser et a l, 
1993). This is also the case when the dm al gene, which was isolated as a multicopy
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suppressor of cdcl6-116, is deleted. A double mutant between nda3-311 and dmal A fails 
to arrest at 18°C as the single nda3-311 mutant does (Murone and Simanis, 1996).

As Alp4 appears to act independently from Mad2 it is possible that it may have a role 
similar to that of Cdcl6 in the septation initiation network. The localisation of the y- 
tubulin complex to the SPB would be consistent with this as the regulators of both the SIN 
and the MEN are found at the SPB. Double mutant and biochemical analysis should help 
to establish if Alp4, Alp6 and Alpl6 play a role in a mitotic checkpoint that is related to 
the SIN.

Alternatively, it is possible that the y-tubulin complex functions in a checkpoint pathway 
that is independent of both the SIN and the metaphase Mad2 checkpoint. The fact that 
alp4^\ alp&' and alpl6A  are all sensitive to TBZ, but can arrest as normal in an nda3-311 
mutation was unexpected. It is possible that the signals emitted by these two phenomena 
are in fact different, and that TBZ disrupts something that activates an Alp4 dependent 
checkpoint while nda3-3Il does not.

The difference between madlA  and alp4' sensitivity to TBZ at 36°C is intriguing. The 
fact that madlA  cells do not lose viability in TBZ at this temperature and no increase in 
cell number is seen suggests that these cells are arrested. The possibility that TBZ is 
ineffective at 36°C is unlikely, firstly because alp4 ' still loses viability rapidly in its 
presence, and secondly because in mad2A, cell division is inhibited. This inhibition must 
be being induced by a Mad2 independent mechanism. It is possible that the metaphase 
checkpoint can function without Mad2 under some circumstances and the other 
checkpoint proteins in the pathway are still able to induce an arrest. Alternatively, a 
different checkpoint mechanism may be active at this temperature, possibly involving 
Alp4 and the y-tubulin complex. When this is inactivated, as in the alp4‘" mutant, cells 
may no longer arrest and proceed with a lethal septation. Further analyses could involve a 
closer examination of the arrest phenotype seen in the madlA  to determine whether it is 

actually a metaphase arrest that is seen.

This chapter has described a role for the y-tubulin complex in the establishment of a 

mitotic arrest in response to TBZ. These investigations have been performed at the 
permissive temperature of 26°C where alp4'\ alp6" and <2 /p i6A  grow apparently 
normally. This is in contrast to the events illustrated in Chapter 5 which all occur at the 
restrictive temperature of 36°C. Under these conditions, cells passed through a failed 
mitosis and the y-tubulin complex is absent from the SPB, as a result cells proceed with
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septation while still in a metaphase arrested state. In this situation it is the absence of the 
complex from the SPB that results in a failure to maintain a mitotic arrest. The y-tubulin 
complex, however, is recruited apparently normally to the SPB at 26°C. The cause of the 
failure in mitotic arrest is, therefore, different in these two situations. While at 26°C it is 
clear that alp4-1891 cells can’t maintain a high HI kinase in TBZ, at 36°C it is not yet 
clear whether a failure to prevent cyclin destruction is what promotes septation.

In order to gain more of an insight into the nature of the Alp4 checkpoint, further detailed 
analysis is required. The localisation of Mad2 in TBZ arrested cells has been unsuccessful 
as very few cells actually show kinetochore localisation. This could lead to the 
questioning of whether TBZ activates the Mad2 checkpoint and whether cells are arrested 
in metaphase in its presence. The fact that wild type cells show an elevated kinase level in 
its presence does suggest that cells are actually in a metaphase arrest and this is probably 
induced by the Mad2 checkpoint. The use of the centromere tagged GFP system 
(Nabeshima et a l, 1998) should prove fruitful in establishing whether sister chromatids 
can separate in alp4'\ alp&' or alpl6A  in the presence of TBZ. If sister chromatids do not 
separate, this indicates that the Mad2 checkpoint is activated, but can’t maintain a high 
kinase due to the abnormal y-tubulin complex. It may be possible that sister chromatids 
are prematurely separated in which case the y-tubulin complex will be implicated as 
having a role earlier in mitosis.

The conservation of the y-tubulin complex checkpoint
The fact that the y-tubulin complex is so conserved between organisms suggests it may 
play a similar role in higher eukaryotes. This section has discussed the mitotic exit 
checkpoint as a potential candidate checkpoint in which the y-tubulin complex may 
function. An important question concerns the conservation of this pathway. Fission yeast, 
and many higher eukaryotic cells divide at the cell centre, budding yeast, on the other 
hand do things differently. It is essential that in a budding yeast cell, the spindle and SPB 
migrate into the daughter bud before cells divide. Fission yeast do not have this problem 
as septation occurs in the cell centre where the spindle mid zone is. There may be no need 
for fission yeast or higher eukaryotes to have such a mechanism.

While homologues of many of the Mad and Bub genes involved in the metaphase 
checkpoint have been identified in Xenopus and mammals, homologues of components of 
the SIN and MEN have not. A potential homologue of Bub2/Cdcl6 has been described in 
human (Tbcl) and has been suggested to have a role in co-ordinating the cell cycle with 
cell differentiation (Richardson and Zon, 1995). A homologue of the fission yeast Dmal
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protein, Chfr, was described as having a role in a prophase checkpoint and is involved in 
arresting cells after the activation of Cdc2/cyclin B, but before chromosome condensation 
and the formation of a metaphase spindle (Scolnick and Halazonetis, 2000). Though it has 
been suggested that Dmal has a role in the Septation Initiation Network and mitotic 
checkpoint control in fission yeast (Murone and Simanis, 1996), it is possible that it could 
function in a different pathway in higher eukaryotes. It may be the case that a yet 
unidentified pathway, possibly related to the SIN and MEN exists in higher eukaryotes 
and is involved in the regulation of cytokinesis and mitotic exit and requires the function 
of the y-tubulin complex. Alternatively, as illustrated by the proteins described above, 

homologues of components of the MEN may be involved in different mitotic pathways.

Further analysis of the y-tubulin complex checkpoint pathway in fission yeast should shed 
light on what its roles are within the cell. The next step is to identify what the checkpoint 
is responding to, and what its targets are. This will then enable the investigation of related 
pathways in higher eukaryotes. It is interesting to note that in fission yeast the y-tubulin 
complex is as large as that of metazoans, and Alp 16, a newly identified y-tubulin complex 
protein plays a role in the potential checkpoint pathway.

Though these investigations of the fission yeast y-tubulin complex are still in their 
preliminary stages, it is clear that the y-tubulin complex plays an important and novel role, 
not only in microtubule organisation, but also in checkpoint control. Given the universal 
conservation of the y-tubulin complex it is likely that this SPB mediated checkpoint 
pathway is conserved in higher eukaryotes, thus, establishing the centrosome as a focus in 
the cell for the co-ordination and regulation of mitotic checkpoint control.
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Figure 6.1. Alp4 and Alp6 are sensitive to thiabendazole (TBZ).
Super-sensitivity of alp4^  ̂ and alp6^  ̂ mutants to thiabendazole. The alp4-189I mutant 
containing plasmids carrying alp4~̂  (wild-type equivalent), mad2 deletion, alp4-225, alp4- 
1891, alp4-1891mad2, the alp6-719 mutant containing plasmids carrying alp6'  ̂ (wild-type 
equivalent), alp6-719 and alp6-719mad2 strains were spotted on to rich media plates (- 
TBZ, right) or plates containing 20 pglmX thiabendazole (+TBZ, left) as serial dilutions 
(10^ cells in the top row and then diluted 10-fold in each subsequent spot below) and 
incubated at 30°C or three days.
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Figure 6.2.1. In the presence of TBZ alp4-1891 cuts and can’t maintain a high HI 
kinase activity.
A. Loss of viability in the presence of TBZ at the permissive temperature. alp4-1891, 
alp6-719 and carrying the alp4~̂  gene on a plasmid were grown in rich medium at 
26°C in the presence of TBZ (50 //g/ml). Viability at each hour was measured. B. After 
5 hours cells were fixed with formaldehyde and stained with DAPI. The bar indicates 
lOpm. C. HI kinase assay. alp4-1891 and WT strains were synchronised in HU and on 
wash out, incubated in TBZ. Samples were taken to measure the HI kinase activity 
every hour for 4 hours.
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Figure 6.2.2. alp4-1891 is sensitive to TBZ at 36°C, but mad2::uro4^ is not.
A. alp4-1891 strains were synchronised in HU at 26°C before being shifted up to 36°C 
for 6 hours. 50/^g/ml TBZ was added to half the cells (black squares) and the rest 
remained drug free (open circles). B. mad2A was spotted onto rich media plates with 
and without 20//g/ml TBZ and incubated for three days at 26°C and 36°C. C. mad2A 
strains were grown in the presence of 50//g/ml TBZ at 26°C and 36°C for 6 hours and 
viability was measured every hour.
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Figure 6.3.1. alp4-1891mad2A and alp6-719mad2A mutants show similar viability 
loss in TBZ to the single mutants.
A. alp4-1891, mad2A, and alp4-1891 mad2A were grown in rich media with 50/ig/ml 
TBZ and viability measured every hour. B. The same was done with alp6-719, mad2A 
and alp6-719 mad2A.
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Figure 6.3.2. alp4-1891 shows an exaggerated multiple septation phenotype in the 
absence of mad2 in TBZ.
A. Multiple septation phenotypes of the alp4mad2 double mutant in the presence of 

TBZ. alp4-1891 (black), alp4mad2 (hatched) and mad2 (dotted) mutants were 
synchronised with HU (10 mM) at 26°C. After 3 h incubation, HU was washed out and 
TBZ was added, and the culture was monitored for 4 h. The percentage of septating 
cells displaying multiple septa is shown. B. Cell morphology in the presence of TBZ. 
Typical cell morphology stained with calcofluor is shown (top, alp4-l891\ middle, 
alp4mad2; bottom, mad2). The bar indicates 10//m.
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Figure 6.3.3. alp4-1891 does not prevent a Mad2 dependent metaphase arrest.
A plasmid containing mad2^ under the thiamine repressive promoter nmtJ was 
transformed into wild type and alp4-1891 cells. A. Transformants were streaked onto 
plates with and without thiamine at 26°C for two days. B. Transformants were grown 
in liquid media without thiamine for 16 hours and samples were fixed in 
formaldehyde and stained with DAPI. The bar indicates 10/^m.
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Figure 6.3.4. alp4^ and alp6‘̂  are not defective in an ndaS-Sll induced metaphase 
arrest.
A. nda3-3Il, alp4 nda3-311 and alp6 nda3-311 were grown for 8 hours at 18°C and 
viability measured every 90 minutes. B. The strains in ‘A’ all had Mad2 tagged with 
GFP. Samples were taken after 8 hours and fixed in formaldehyde and the localisation 
of Mad2 examined. The bar indicates lOpm.
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Figure 6.4.1. alpl6A is super-sensitive to TBZ.
A. alpl6::ura4^ was spotted onto rich media plates with and without TBZ (20 pg/m\) 
and incubated at 30°C for two days, B. Viability of alpl6A, alp4^  ̂and alp4^  ̂carrying 
wild type alp4^ on a plasmid. C. alpl6A cells die by a cut phenotype in the presence 
of TBZ. Bar indicates 10 pm.
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Figure 6.4.2. alpl1-924 shows an exaggerated multiple septation phenotype in the 
absence of alpl6^. alpl and alpl V^alpl6A were grown at 30°C for 6 hours and 
cells were examined every hour for their morphology. A. A graph showing the 
frequency of cells with multiple septa. B. Examples of cells displaying multiple septa 
in both strains. The bar indicates \Opm.



CHAPTER 7

Cloning and Characterisations of alp7*

Introduction

In addition to cloning alp4^ and alp6^, attempts were also made to clone alp7^. alp7-738 
was chosen as it displays severe cell shape defects, and a small percentage of cells show 
abnormalities in mitotic chromosome segregation. This chapter describes the cloning and 
initial characterisation of the Alp7 protein.
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7.1 The phenotype of alp7-738

alp7\ like the other alp mutants is a temperature sensitive mutant that shows retarded 
growth and lethality at 36°C. Phenotypic characterisations showed that it fails to maintain 
the correct cell shape at 36°C. Cells of a variety of different sizes are seen, some of which 
are very long and bent, often at an angle of up to 90°. Figure 7.1 shows examples of alp7- 
738 cells after being grown at 36°C for 6 hours in rich media. Microtubules can often be 
seen to lie along the outer edge of the bent cell. The mutant also displays a small percent 
(5%) of cut cells, where septation continues in the absence of chromosome segregation. 
At 26°C alp7-738 is viable, but cells still display abnormal morphologies and often appear 
bent and elongated, but to a lesser degree than that seen at the restrictive temperature.

7.2 Cloning of alp7^

alp7^ was cloned in a manner similar to alp4^ and alp6^. The mutant was transformed 
with a pUR based library (Barbet et a l, 1992), and candidates were selected for the ability 
to rescue the lethal mutant phenotype at 36°C. Of the 15,000 transformants screened, 3 
candidates were selected for growth at 36°C and plasmid DNA was isolated from two of 
these (Figure 7.2.1 A). Both pUR7-3 and pUR7-4 were digested with Hindlll or EcoRI 
(Figure 7.2. IB) and their banding patterns compared. These patterns were dissimilar so 
transposon mutagenesis was performed to identify the genes in both plasmids. The 
resulting sequences did not match any in the Sanger Centre, and after sequencing, both 
plasmids were found to contain the same gene.

In order to determine if the cloned gene was the correct one, crosses were performed 
between the original mutant and a strain in which the proposed alp7^ gene was tagged 
with HA with the kanamycin resistance gene as a selectable marker. The cross did not 
reveal any wild type recombinants suggesting that the real alp7^ gene had been cloned. 
Alp7 is a 475 amino acid protein that contains three predicted coiled coil sequences 
(Figure 7.2.2).
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7.3 alp7^ is a non-essential gene

alp7^ was deleted in a manner similar to that of alp4^ and alp6^. The wild type copy of 
the gene was replaced with the ura4* gene. Tetrad analysis of the four spores showed the 
gene to be non essential (Figure 7.3A) as the ura4^ marker segregated 2:2. Ura^ strains 
were streaked on rich media at 36°C for 2 days. Figure 7.3b shows that like alp7-738, the 
deletion is temperature sensitive and also shows similar morphological phenotypes. The 
mutant actually looks more defective at both 26°C and 36°C, this could be due to the fact 
that both strains have different genetic backgrounds, and the mutant is Ura’. It is also 
possible, however, that the mutant is more sick than the deletion. If the alp7-738 mutant 
protein retained partial function, it may be that this is more deleterious than a total 
deletion.

7.4 Over-production of Alp7 is toxic

Strains over-producing Alp7 were constructed in a similar way to those for Alp4 and 
Alp6. The nmtl strong thiamine repressible promoter was integrated at the 5’ end of the 
alp7'^ gene in place of its native promoter. The kanamycin gene was integrated before the 
nmtl promoter as a selectable marker, so positive colonies were selected for their ability 
to grow in the presence of G418. After streaking onto EMM plates lacking thiamine, Alp7 
over-production caused a strong inhibition of growth (Figure 7.4A). Over-producing 
strains were then grown in liquid media in the absence of thiamine for 16 hours and 
samples were taken for immunofluorescence analysis. Methanol fixed cells were stained 
with antibodies against tubulin (Tati, red) and the SPB protein Sadi (green). Cells 
displayed bent and branched (6%) phenotypes, and a large percentage (13%) of cells 
produced an abnormal star shaped spindle emanating from a single SPB. Figure 7.4B 
shows examples of cells with abnormal mitotic spindles.

7.5 Alp7 localises to microtubules

Chromosomal alp7^ was tagged with 3HA and GFP using the method described for alp4^ 
and alp6* (Figure 7.5A). The size of the Alp7 complex was estimated using gel filtration 
analysis. Alp7-3HA protein extract was run on a size exclusion gel filtration column and 
fractions were loaded onto a 10% SDS PAGE gel. Anti-HA antibodies showed that the
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protein is present in the very small fractions with an estimated size of 43 kDa. This 
suggests that Alp7 may exist predominantly as a monomer in the cell (Figure 7.5B).

Localisation studies were performed with the Alp7-GFP strain. As the protein is of a low 
abundance, cells were fixed in methanol and anti-GFP antibodies were used to amplify the 
signal (gift from K. Sawin). Alp7 was seen to localise as dots along microtubules. In 
interphase cells distinct dots of GFP can be seen along and at the ends of cytoplasmic 
microtubules. In mitosis, stronger but still punctate staining can be seen on the metaphase 
spindle and on the spindle poles. This staining dies away as cells progress through 
anaphase. Staining then reappears at the central ring when the post anaphase array of 
microtubules is forming (Figure 7.5).
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Figure 7.1. alp7-738 shows a defective cell shape at 36°C.
alp7-738 cells were grown for 6 hours at 36°C and fixed for immunofluorescence. 
Tubulin is in red and DNA in blue. The bar indicates \Opim.
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Figure 7.2.1. Cloning of alp7\
A. alp7-738 was transformed with a wild type genomic library and transformants 
plated at 36°C. Candidate plasmids were re-streaked on YE5S at 36°C. B. Plasmid 
DNA was isolated from the suppressing plasmids and were digested with HindiU and 
EcoKX. Digested fragments were separated on a 1% TBE DNA gel.
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Figure 7.2.2. The alp7^ gene.
A. alp7 encodes a 475 amino acid protein. B. alp7^ contains three predicted coiled coil 
regions (Window length 28, MTK matrix).
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Figure 7.3. Deletion of alp7\
A. The alp7^ gene was deleted using PCR-generated fragments (Bahler et al., 1998) 
and asci from a heterozygous diploid were dissected. B. alp7::ura4 and alp7-738 
strains were streaked on rich medium at 26°C and 36°C.
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Figure 7.4. Over-expression of alp7' .̂
A. alp7^ was over-expressed with the nmtJ thiamine repressible promoter. WT and 
nmtl alp7^ strains were streaked on plates with and without thiamine and grown for 2 
days at 26°C. B. Immunofluorescence of strains that have been over-producing Alp7 
for 16hrs. The arrows point to the ‘V’ shaped spindles. Tubulin is in red, DNA in blue 
and Sadi in green. The bar represents Wpm.
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Figure 7.5. Localisation of Alp7.
A. Integrated Alp7 was tagged with GFP and HA using the PGR based method. 
Western analysis of the tagged protein. Lane I and 3 are wild type controls, lane 2 is 
AIp7-GFP and lane 4 is Alp7-HA. B. Gel filtration analysis of Alp7-HA. Fractions were 
separated on a 7.5% SDS PAGE gel. C. Immunoflourescence of Alp7-GFP. Strains 
were grown at 26°C until mid log phase and immunofluorescence analysis performed. 
Tubulin is in red, DNA in Blue and Alp7-GFP in green. The bar indicates \Opim.
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8.1 Laboratory stocks and solutions

All media, pipette tips, autoclaved glassware and other commonly used solutions were 
provided by the ICRF Central Services.

Solutions, buffers and media
The recipes of all the buffers and solutions described in this chapter are listed below.

Equilibration Buffer 
(QIAGEN)
Wash buffer (QIAGEN) 
Elution buffer (QIAGEN) 
Plasmid solution I (PI) 
Plasmid solution 1 (P2) 
Plasmid solution I (P2) 
TE
Gel filtration buffer A

STOP Buffer 
HB Buffer

5X loading buffer (PAGE)

I OX loading buffer (DNA 
agarose gel)
PM buffer 
PEM (pH 6.9)
PEMS
PEMBAL (pH 6.9) 

L-Broth (LB)

750mM NaCl2, 50 mM MOPS pH7.0, 15%(v/v) 50 mM 
MOPS pH 7.0, 15% (v/v) Ethanol.
50 mM MOPS pH 7.0, 15% (v/v) Ethanol.
1.25 M NaCl, 50 mM Tris-HCl pH 8.5, 15% (v/v) Ethanol. 
50 mM glucose, 25 mM Tris-pH 8.0, 10 mM EDTA.
200 mM soduim hydroxyde, 1% (w/v) SDS.
3 M potassium Acetate.
10 mM Tris-HCl, pH 7.0, O.I M EDTA.
20 mM Tris-HCl pH 7.5, 20% glycerol, O.lmM EDTA, 
ImM mercaptoethanol, 5mM ATP, cocktail of inhibitors 
(Sigma).
150 mM NaCl, 50 mM NaF, 10 mM EDTA, NaN^ pH 8.
2 5mM MOPS, pH 7.2, 6QnM ^-glycerophosphate, 
15mM -p-nitrophenyl-phosphate, 15mM MgCl2, 15 mM 
EGTA, I mM dithiothreitol (DTT), O.lmM sodium 
vandate, 1% Triton X-100, 1 mM PMSF, 2 0 /xg/ml 
leupeptin, 40 /xg/ml aprotinin.
6 0mM Tris-Hcl (pH 6.8), 25% Glycerol, 2% SDS,
14.4 mM 2-mercaptoethanol, 1% bromophenol blue.
60% (w/v) sucrose, 0.1% (w/v) bromophenol blue.

35 mM K-Phos pH 6.8, 0.5 mM MgSO^.
100 mM PIPES, I mM EGTA, I mM MgSO^.
PEM -f 1.3 M Sorbitol.
PEM +1%BSA, .1% NaNj, 100 mM lysine hydrochloride. 
Filter sterilised.
170 mM NaCl, 0.5% (w/v) yeast extract, 1% (w/v) bacto- 
tryptone.
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0.5% Difco yeast extract, 3% dextrose +250 mg/ml, 
histidine, leucine, uracil, adenine, and lysine.
14.7 mM KH phthalate, 15.5 mM Na2HP0 4 , 93.5 mM 
NH 4 CI, 111 mM Glucose, salt and vitamin stocks.

2 % dextrose, 2 % bacto-peptone, 1 .1 % yeast extract.
45 mM Tris base, 1 mM EDTA.

EMM-NH 4 CI.
3 9mM glycine, 48mM Tris base, 0.037% SDS, 20% 
methanol.
170mM sodium chloride, 3 mM KCl, lOmM Na2HP0 4 , 
2 mM KH2PO4.
25 mM Tris, 250 mM glycine pH 8.3, 0.1% SDS.

8.2 Yeast physiology 

Nomenclature
The nomenclature in fission yeast is not universally established so this thesis will use 
those that are more commonly used. Fission yeast gene names consist of three italicised 
letters followed by a number e.g. alp4. If a mutant allele of the gene is being referred to, 
its allele number will follow the gene name, e.g. alp4-1891. Temperature sensitive strains 
are also referred to with a superscript ts (temperature sensitive) e.g. alp4-1891‘\  The wild 
type allele may also be designated with a superscript plus, e.g. alp4^. Phenotypes are 
described in a similar way to the gene name but are not in italics, e.g. an alp phenotype. 
When a gene has been deleted with a specific marker gene this is written as the gene name 
followed by the name of the gene that is replacing it, separated by a e.g. alpl6::ura4^. 
Deleted genes are also referred to with a ‘A’ after the gene name e.g. alp 16A. Gene 
products are given the same name as the gene name, but are not italicised and the first 
letter is in high-case e.g. Alp4. For mutated gene products, the protein name is followed 
by the allele number. Genes that have been tagged are written with the protein name 
followed by the name of the tag, e.g. Alp4-GFP. For strains that have the kanamycin 
resistance gene as a selectable marker the genotype is written with a superscript R or S for 
resistance and sensitive e.g. kan^.

For budding yeast the nomenclature was used as follows. Gene names are designated with 
three italicised letters in upper case letters and a number, e.g. SPC98. Recessive mutant 
alleles are written in lower case and italicised e.g. spc98. Gene products are written in
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non-italicised letters with the first letter being in high case e.g. Spc98. Mammalian and 
Xenopus proteins are referred to as three non italicised uppercase letters, e.g. GCP2. 
Drosophila proteins are referred to in uppercase letters and the genes in lowercase italic 
letters

Strain growth and maintenance
Techniques used to grow and maintain fission yeast strains and to store and revive frozen 
cultures, were performed as previously described (Moreno et al., 1991; MacNeill and 
Fantes, 1993). Fission yeast were grown either on solid agar plates or in liquid media. 
Plates contained 1.6% agar. Recipes for rich media and selective media are given in 
section 8.1. Stocks of yeast strains were stored in YE5S (referred to as rich media) 
containing 15% glycerol at -70°C.

Transformation of fission yeast
Yeast cell transformations were carried out to either transform in a plasmid, or to 
transform in a PGR fragment for integration into the genome. Plasmid transformations 
were carried out using Lithium acetate and PEG as described previously (Ito et al., 1983). 
Approximately 0.5 /xg of plasmid DNA was used for a normal transformation and about 
2 pg for library transformations. Auxotrophic yeast strains were transformed with a 
plasmid containing a wild type copy of the marker gene. Selective markers used were, 
LEU2, ura4^, his7^, and kan^ (kanamycin resistance). PGR fragments (10 /xg) for 
integration were transformed using the lithium acetate and DMSG method described by 
Keeney and Boeke (1994).

Production of a synchronous culture
Gentrifugal élutriation was carried out using a Beckman J6 centrifuge and elutriator rotor 
as described previously (Moreno et a l, 1991). Elutriations were performed in YE5S 
media at 26°G. For temperature sensitive strains the elutriated culture was filtered and 
resuspended in media prewarmed to 36°G. Synchrony was determined by cell number 
determination and the percentage of septated cells at 26°G.

For hydroxy-urea (HU) block and release experiments, 10 mM HU was added to an 
exponentially growing culture at 26°G, incubated for three hours, filtered, washed and 
resuspended in HU free rich medium and cultured at 36°G.

Nitrogen starvation and release experiments were performed with a prototrophic strain. 
Mid log phase cells were filtered and washed in MM without nitrogen and then
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resuspended in the same nitrogen free media, starvation was for 10 hours at 26°C. Cells 
were then filtered and grown in rich YE5S media at 36°C. Samples were collected at 
different time points for immunofluorescence and viability analysis. Synchronisations for 
both HU and nitrogen starvation experiments were monitored by flow cytometry (FACS) 
analysis and the percentage of septated cells.

Flow cytometric analysis.
10^ -  10  ̂ cells were fixed in 70% ethanol. After pelletting they were washed in 3 ml 
50mM  Na^Citrate, resuspended in 1 ml 50 mM Na^ Citrate, 0.1 mg RNAse, 2 fig/ml 
propidium iodide and incubated at 37°C for 4 hours. They were then sonicated for 60 
seconds at setting 6 (soniprep 150 sonicator, MSB) and flow cytometry performed as 
described previously (Sazer and Sherwood, 1990) using a Becton-Dickinson FAC Scan 
with an excitation wavelength of 488 nm and a detection wavelength of 510-550 nm. The 

CELL QUEST software package was used for data analysis.

Determination of fission yeast cell number and viability
200 /xl of sample was added to 10ml of isoton (Beckman Coulter). After sonication, cells 

were counted on a Sysmex Microcell counter F-800 on the white blood cell channel. 
Viability was measured by plating out 500 cells at the permissive temperature (26°C) at 
each time point and counting the colonies that could grow. This number as a percentage of 
500 is the viability.

Thiabendazole drug treatment
Thiabendazole was added to plates at a concentration of 20 jLig/ml, and to liquid YE5S to 
a concentration of 5Qng/ml. Stock solutions of TBZ were stored at 20mg/ml 
concentrations in DMSO at 4°C.

8.3 Fission yeast strains

Strains Genotypes
HM123 h-, leul
CHP428 /i+, leul- ura4- his7- ade6-210-
CHP429 h - , leul- ura4- his7- ade6-216-
DH135 h-, leul, alpl-135
DH996 h-, leul, alp2-996
DH149 h-, leul, alp3-149

Derivations
Lab stock 
Dr C.Hoffman 
Dr C.Hoffman 
Lab stock 
Lab stock 
Lab stock
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DH1891 h-, leul, alp4-1819 Lab stock
DH1134 h-, leul alp5-1134 Lab stock
DH1218 h-, leul alp5-1218 Lab stock
DH719 h-, leul alp6-719 Lab stock
DH738 h-, leul alp7-738 Lab stock
DH1146 h-, leul alp8-1146 Lab stock
DH1437 h-, leul alp9-1437 Lab stock
DH103 h-, leul alplO-103 Lab stock
DH924 h-, leul alpll-924 Lab stock
DH1828 h-, leul alpl2-1828 Lab stock
DH1837 h-, leul alpl3-1837 Lab stock
DH1270 h-, leul alpl4-1270 Lab stock
DH1218 h-, leul alpl5-1218 Lab stock
DH601 h-, leul alp3-601 Lab stock
DH225 h-, leul alp4-225 Lab stock
LVl h-, leul ura4, alp4-1891 This study
LV2 h-, leul ura4, alp4-225 This study
LV3 h-, leul ura4, alp6-719 This study
LV4 h-, leul ura4, alp7-738 This study
LV6 h-, alp4-1891 This study
LV7 h-, alp6-719 This study
LV8 h-, leul, alpl6: :ura4^ This study
LV9 h-, leul. ura4, his7, ade6, alp7::ura4^ This study
L V ll h-, leul. alp4^ GFP-kan^ This study
LV12 h-, leul. alp6'^ GFP-kan^ This study
LV13 h-, leul. alp 16^ GFP-kan^ This study
LV14 h-, leul. alp7^ GFP-kan^ This study
LV15 h-, leul. alp4^ 3HA-kan^ This study
LV16 h-, leul. alp6^ 3HA-kan^ This study
LV17 h-, leul. alp 16^ 3HA-kan^ This study
LVl 8 h-, leul. alp7^ 3HA-kan^ This study
LV21 h-, leul. nmtl-alp4^-kan^ This study
LV22 h-, leul. nmtl-alp6^-kan^ This study
LV23 h-, leul. nmtl-alpl6^-kan^ This study
LV24 h-, leul. nmtl-alp7^-kan^ This study
AE148 h-, leul. ura4, mad2::ura4^ Dr T.Matsumoto
LV31 h-, leul. ura4, alp4-1891, mad2::ura4^ This study
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LV32 h-, leul, ura4, alp6-719, mad2::ura4^ This study
1356 /%+, leul, ura4, cutl2^GFP-ura4^ Dr.I.Hagan
LV35 h-, leul, ura4, alp4-1891, cutl2^GFP-um4^ this study
LV36 h-, leul, ura4, alp6-719, cutl2^GFP-ura4^ this study
AE307 h+, leul, ura4, mad2^GFP-LEU2 Dr T.Matsumoto
LV39 h-, leul, ura4, alp4-1891 mad2'^ GFP-LEU2 This study
LV40 h-, leul, ura4, alp6-719 mad2^ GFP-LEU2 This study
Cdc7-GFP h-, leul, ura4, ade6, cdc7^ GFP-kan^ Dr I. Hagan
LV41 h-, leul, ura4, alp4-1891 cdc7^ GFP-kan^ This study
LV42 h-, leul, ura4, alp6-719 cdc7* GFP- kan^ This study
Sidl-GFP h-, leul, ura4, ade6, sidl^ GFP-um4^ Dr V. Simanis
LV45 h-, leul, ura4, alp4-1891 sidl* GFP-ura4^ This study
Cdc25-22 h-, leul, cdc25-22 Dr P. Nurse
LV71 h-, leul, cdc25-22, alp4-3HA-kan^ This study
LV72 h-, leul, cdc25-22, alp6-3HA-kan^ This study
KM311-110 h-, leul, nda3-311 Lab stock
AE310 h-, leul, nda3-311, mad2^ GFP-LEU Dr T.Matsumoto
LV51 h-, leul, nda3-311, alp6-719, mad2^ GFP-LEU This study
LV52 h-, leul, nda3-311, alp4-1891, mad2^ GFP-LEU This study
Atipl h-, leul, ura4, his7, tipl::kan^ Dr D. Brunner
LV62 h-, leul, ura4, his7, tipl::kan^, alp4-1891 This study

8.4 Molecular Biological techniques

Molecular Biological techniques were used as described (Maniatis et a l, 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 a l, 
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. DNA fragments were 
examined on a 1% (w/v) agarose gels in IX TBE buffer which was electrophoreses at 
lOOV in IX TBE buffer.
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Polymerase Chain Reaction
PCR reactions were performed with Vent polymerase when the product was to be used for 
transformations and with Taq polymerase for colony PCRs. PCR reactions for yeast 
transformations were performed in 100 jil volumes with 1 mM MgSO^, 1 fiM  of each 
primer, 10 ng of template DNA and 200 mM dNTPs and 2.5 units of enzyme. Products 

were purified using the using the wizard DNA clean up system (Promega), and run on an 
1% DNA agarose gel. Colony PCRs were performed in a similar manner except samples 
were initially prepared without enzyme, and a toothpick full of yeast colony was added 
before boiling for 5 minutes. Following this the enzyme was added and the PCR started. 
All PCRs were performed on a Peilter Thermal Cycler-200. 5 /xl of PCR product was run 

on a 1% DNA agarose gel.

Cloning of the alp genes
An S. pombe pUR based genomic library (Barbet et al., 1992) was used for the isolation 
of plasmids suppressing the alp4-1891, alp6-719 and alp7-738 mutants. Suppressing 
plasmids were isolated and transformed into E. coli for the transposon method of gene 
isolation described in Morgan et al. (1996). This involves a transposon jumping from a 
donor plasmid into the recipient suppressing plasmid that contains the gene of interest. If 
the plasmid can no longer suppress the mutant at 36°C it suggests that the transposon has 
jumped into the candidate gene. Primers designed against the transposon can then be used 
to sequence the gene. The transposon employed here (TnlOOO) contains the Streptomycin 
resistance gene for selection.

Competent E. coli strain HBlOl was transformed with the six different plasmids (pUR4- 
19, pUR6-l, pUR6-3, pUR6-4, pUR6-5, pUR6-7) and colonies were selected for on LB 
plates containing ampicillin and methicillin. 2ml of liquid donor culture DHl, containing 
the plasmid with the transposon tagged with a streptomycin marker, were pelletted and 
resuspended in 1ml of recipient culture from each transformation plate. After spreading 
onto LB plates for two hours, the mating mixture was washed and plated onto LB plates 
containing ampicillin (50 /xg/ml) and streptomycin (100/xg/ml) in order to select for 
colonies that contained plasmids into which the transposon had jumped.

20 colonies were then selected from each plate, grown in selective LB media and 
minipreps were performed to re-isolate the plasmid. Purified plasmid DNA was then run 
on a DNA gel to check the presence of DNA. Digestion patterns were then compared 
between the original plasmid and the transposon tagged plasmid.
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In order to check if the transposon had jumped into the suppressing gene the plasmids 
were transformed back into the relevant mutants. Those no longer suppressing the mutant 
phenotype at 36°C were then selected for sequencing. Four plasmids were selected for 
pUR6-l, pUR6-4 and pUR4-19 and two plasmids for pUR6-5, and one for pUR6-7. 
Primers designed against the two ends of the transposon were used to sequence the 
flanking sequences.

From the sequences obtained new primers were designed in order to sequence the entire 
gene. Sequencing was performed by the dideoxy method (Sanger et a l, 1977). This was 
then submitted to the Sanger Centre. Nucleotide sequence data reported in this thesis are 
in the DDBJ/EMBL/Genbank databases under the accession numbers; AB026664 {alp4^), 
AB040811 {alp6^), P87244(a/p76+) and Q9URY2(a/p7+).

Recovering plasmids from yeast transformants
Transformant fission yeast colonies containing the plasmid were grown in liquid YE5S 
and the plasmid was isolated as described previously (MacNeill and Fantes, 1993). 
Plasmid DNA was purified using the wizard DNA clean up system (Promega) following 
the recommended protocol. Plasmid concentrations were determined by running 1 /xl on a 
1% DNA agarose gel.

Gene disruption
alp6^, alpl6^, and alp7^ genes were disrupted using PCR-generated fragments (Bahler et 
a l,  1998). The 1.8 kb ura4^ gene flanked with sequences corresponding to the 5'and 3’ 
ends of the relevant alp genes were transformed into a ura' diploid. The diploid ura^ 
strains that grew were sporulated on plates lacking nitrogen. 20 asci from each 
heterozygous diploid were dissected. alp6"" was seen to be essential as only two ura' cells 
grew. Both alp 16 and alp7 deletion spores grew, as tetrads segregated with a 2:2 ratio of 
Ura"̂  to Ura . alp 16^ was also deleted in a similar manner with the kanamycin resistance 
gene.

Transformation of E.coli.
Competent E. coli that had been stored at -70°C were thawed on ice and incubated for 10 
minutes with 10 /xg 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 methicillin.
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Isolation of plasmid DNA from E. coli
400 ml of transformed E. coli were grown overnight in LB + 100 /xg/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 (PI) containing 100 /xg/ml 
RNase A. 10ml of P2 was added and cells were left to lyse for 10 minutes on ice. The 
addition of 10ml of P3 precipitated the bacterial and plasmid DNA. DNA was separated 
from the cell debris by filtering it through a syringe (QIAGEN). Plasmid DNA was 
collected in a column (QUIAGEN tip 500) that had been equilibrated with equilibration 
buffer. Degraded RNA and cellular debris pass through the column, while plasmid DNA 
is retained. The QUIAGEN tip was then washed twice in 60 ml Wash buffer and the 
plasmid DNA eluted with 15 ml elution buffer. Plasmid DNA was then recovered by 
isopropanol precipitation.

Over-expression and C-terminal epitope tagging of genes by chromosomal 
integration
The thiamine repressible strong nmtl promoter was integrated in the genome in front of 
the initiator ATG of the alp4^, alp6^, alp 16^ and alpy^ genes by a PCR-based gene 
targeting method (Bahler et a l, 1998). In order to activate the promoter and over-produce 
the protein, cultures were grown in minimal medium until mid log phase and then filtered, 
washed and resuspended in MM without thiamine, cultures were followed for 20 hours 
which is about 4-5 generations. Strains were also streaked on plates without thiamine and 
grown overnight to induce expression (MacNeill and Fantes, 1993). C-terminal tagging 
with GFP or HA epitopes was also performed using PCR-generated fragments as 
described (Bahler et a l, 1998). These were confirmed by PCR and then western blotting 
with specific antibodies. To over-express mad2^, the plasmid containing the madl^ gene 
was transformed in and cells were incubated in MM media lacking thiamine for 18 hours 
(Plasmid was a gift from Dr S. Sazer).

8.5 Protein biochemistry 

Western blot analysis
Fission yeast whole cell extracts were prepared by lysing cells with glass beads in HB 
buffer (Moreno et a l,  1991). Protein concentration was determined using a Bradford 
assay (BioRad). Extracts were boiled in sample buffer for five minutes and 20/xg 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-
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conjugated goat anti-rabbit IgG, goat anti-mouse IgG (BioRad) and chemiluminescence 
system (ECL, Amersham) were used to detect bound antibodies.

Immunoprécipitations
For immunoprécipitation analysis, 2 mg of soluble cell extract was prepared in the same 
way as for normal western blot analysis. 2.5/xg of polyclonal anti-HA antibody was 
incubated at 4°C for 1 hour. 30 /xl of Protein A-Sepharose beads (Pharmacia Biotech. 

Co.), prewashed in HB buffer were added and incubation continued for 1 hour. The 
protein A beads were then washed eight times in HB buffer followed by the addition of 
10 /xl sample buffer. Samples were run on a 10% SDS-PAGE gel and candidate proteins 

were detected as described above.

Antibodies for Western analysis
HA(16B12) BabCO (MMS-IOIR) monoclonal 1/1,000
y-tubulin Sigma (T6557) monoclonal 1/10,000
GFP Clonetech (8362-1) monoclonal 1/200
a-tubulin Sigma (T5168) monoclonal 1/5,000

Gel filtration chromatography
Soluble protein extracts were prepared in Buffer A. Gel filtration chromatography was 
performed on a superose-6 column by FPLC (Pharmacia Biotech). The column was 
equilibrated with 2 column volumes of buffer A containing 100 mM NaCl2. A parallel 
column was run with the standard size markers dextran (2,000kDa), thyroglobin (669kDa) 
and a-amylase (232kDa). 50/xl fractions were collected and separated on 10% SDS- 
PAGE gels and fractionated proteins were detected with specific antibodies.

HI kinase assay
Extracts were prepared from 10* frozen cells using glass bead lysis in HB buffer. 100 /xl 
of cell extract was incubated with 15 /xl p i3""*'̂  agarose (oncogene research) and incubated 
for 1 hour at 4°C. The beads were then washed three times and resuspended in 20 /xl of 
reaction buffer containing 10 /xg//xl Histone HI (Calbiochem) and 40 /xCi/ml y(*^P)ATP 

(Amersham). Extracts were incubated at 30°C for 20 minutes then stopped by boiling for 
five minutes. After the addition of 5X SDS sample buffer they were run on a 10% SDS 
PAGE gel (BioRad).
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8.6 Microscopic analysis

Analysis of DNA, cell wall and mitochondria
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. 
Mitochondria were visualised with 2-(4-dimethylaminostyryl)-1 -methyIpyridinium iodide 
(DASPMI, Sigma) (Yaffe et a l, 1996). 0.2 ml of sample was mixed with 0.5mg/ml 

DASPMI in water and incubated for 5 minutes at 36°C. Cells were pelletted and re
suspended in YE.

Indirect immunofluorescence microscopy
Immunofluorescence procedures were used as described in Hagan and Hyams (1988). 
5X10^ cells were filtered and fixed in methanol at -70°C for 8 minutes. After 3 washes in 
PEM the cell wall was digested with 0.6 mg/ml zymolyase 20T in PEMS for 70 minutes. 
After digestion, cells were pelletted and resuspended in l%TritonX in PEMS for 1 
minute. After 3 further washes in PEM, cells were incubated in PEMBAL for 30 minutes 
and primary antibody was added in 50 fil of PEMBAL and left overnight. The primary 
antibody was washed out with PEMBAL, and the secondary antibody added in 200^1 
PEMBAL and incubated in the dark for 2 hours. Finally, after washing the secondary 
antibody out with PEMBAL, cells were resuspended in PBSA + 0.2 /xg/ml NaNj. 
Immunofluorescence images were viewed with a chilled video-rated CCD camera (model 
C5985, Hamamatsu) connected to a computer (Apple Power Macintosh G3/400) and 
processed by use of Adobe(R) Photoshop (version 4). A confocal microscope LSM510 
(Zeiss Co.) was also used.

Primary antibodies
Gtbl
Teal
Sadi
a-tubulin (TAT-1)

HA
GFP

Secondary antibodies 
Cy3-conjugated goat 
Cy3-conjugated sheep

Dr. Hirohisa Masuda polyclonal 1:50
Dr. Manuel Arellano polyclonal 1:100
Dr. Iain Hagan polyclonal 1:25
Dr.Keith Gull monoclonal 1:40

BabCo (MMS-lOlR) monoclonal 1:500
Dr. Ken Sawin polyclonal 1:200

anti-rabbit IgG (Sigma C2306) 1:500
anti-mouse IgG (Sigma C2128) 1:500
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Fluorescein-linked sheep anti-rabbit IgG (Amersham F0208) 1:40
Fluorescein-linked sheep anti-mouse IgG (Amersham F0261) 1:40
Cy5- conjugated anti rabbit IgG (Jackson 111-175-003) 1:50

Rhodamine phalloidin staining
Cells were fixed in formaldehyde (16% EM-grade MeOFl-free, Polyscience) in order to 
visualise rhodamine phalloidin staining of actin. 1/10 volume of PM buffer and 1/5 
volume of formaldehyde were added to 10 ml of a mid log phase culture and incubated 
under growing conditions for 60 minutes. Cells were pelletted, washed 3 times in PM 
buffer and resuspended in 1% Triton X-100 for 3 minutes. After further washing in PM 
buffer, 5 /xl of rhodamine phalloidin (Molecular probes) was added to the pellet of cells 

and incubated in the dark for 1 hour at room temperature. Cells were visualised as for 
methanol fixed cells.

Live cell imaging
Live imaging was performed as described in Brunner and Nurse (2000), alp4-1891 cells 
expressing the a-tubulin atb2'^ GFP from a multicopy plasmid under the control of the 
nm tl promoter were used. Precultures were grown in 15 [iM thiamine before being 
washed three times in minimal media. After inoculation into minimal media containing 
0.2 jjM thiamine cells were grown for 14 hours in 26°C before being shifted to 36°C for 
three hours. Live images were taken with a Zeiss LSM 510 laser scanning confocal 
microscope. Cells were mounted on a layer of rich media beneath a coverslip. Z-stacks 
(200-400 nm steps) were taken every 30 seconds for 10 minutes.
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