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Abstract

The chromosomal passenger complex (CPC) is a conserved, essential protein
complex in eukaryotes, consisting of Ipl1/Aurora B kinase and three regulatory
subunits: Slil15/INCENP, Birl/Survivin and Nbl1/Borealin. The CPC has numerous cell
cycle roles, the best characterised of which is the regulation of kinetochore-microtubule
attachments during metaphase to promote chromosome bi-orientation on the mitotic
spindle. To efficiently perform these functions, the CPC must be properly regulated and
localised. The original defining characteristic of ‘chromosomal passenger’ proteins was
their dynamic localisation: associated with chromatin and centromeres during early
mitosis followed by translocation to the spindle midzone during anaphase. However,

exactly how the CPC is properly localised and regulated is not fully understood.

Recent studies demonstrated that phosphorylation of the CPC regulatory
subunits by cyclin-dependent kinase (CDK) regulates localisation of the complex. For
example, in budding yeast and human cells the dephosphorylation of CDK-
phosphorylated sites in SIi15/INCENP is required for the efficient translocation of the
CPC from centromeres in metaphase to the spindle in anaphase. Many Ipl1/Aurora B
homologues also contain CDK phosphorylation motifs but whether modification of
these sites is required for proper CPC localisation and function is not known — here this
was investigated in budding yeast. Preventing phosphorylation of CDK consensus sites
in the N-terminus of Ipl1 was found to result in its premature localisation to the spindle
in metaphase; this was dependent on the yeast microtubule binding EB1 homologue
Bim1. However, preventing or mimicking phosphorylation at these sites had no effect

on cell viability or chromosome bi-orientation.

Xiv



During the course of this study, several groups demonstrated that the conserved
Haspin kinase in fission yeast, Xenopus and human cells contributes to CPC localisation
at the centromere during metaphase by phosphorylating histone H3 on Threonine 3 (H3-
T3). In light of these findings, two budding yeast Haspin kinase homologues (Alk1 and
Alk2) were investigated. Although roles for Alk1 and Alk2 in histone H3
phosphorylation and CPC recruitment could not be conclusively determined, unusual
phenotypes were observed in cells lacking both Alk1 and Alk2. In these cells, the
spindle was frequently confined to the bud and incorrectly aligned. If these cells were
arrested in metaphase, the bud became significantly larger than the mother cell. When
anaphase was eventually triggered, the spindle elongated and then broke down entirely
within the bud. These abnormalities were independent of histone H3-T3
phosphorylation, since mutation of H3-T3 to non-phosphorylatable alanine did not
result in these phenotypes. Thus Alkl and Alk2 share novel and redundant roles in
spindle positioning, cell polarity and bud growth that are particularly important during a

metaphase arrest.
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CHAPTER 1

Introduction




1.1  General introduction

The ability to faithfully replicate the genetic and physical properties of the cell is
fundamental for the proliferation of cellular life. This is achieved through a tightly
ordered and regulated series of macromolecular events, collectively termed the cell
cycle, that culminate in the production of two daughter cells each containing an
identical genome. The regulation of these processes is especially critical for the normal
development of higher eukaryotes where misregulation can result in cell death or
aberrant cell proliferation, which in turn can lead to birth defects or the development of
cancer. The unequal distribution of chromosomes during division leads to cells having
an incorrect chromosome number: a state termed aneuploidy. Aneuploidy is the most
common genetic alteration among solid tumours (reviewed in Weaver & Cleveland,
2006). However, there is a continuing debate as to whether aneuploidy is the cause or a
consequence of cancer (Duesberg et al., 2001; Schvartzman et al., 2010; Gordon et al.,

2012).

In 2010 in the UK alone around 325,000 people were diagnosed with cancer.
Cancer is responsible for more than one in four of all deaths in the UK and more than
one in three people in the UK will develop some form of cancer during their lifetime.
There are more than 200 types of cancer each with different causes and symptoms and
although cancer incidence rates have increased by a third since the 1970’s, the survival
rates have doubled and half of the people diagnosed now survive their disease for at
least five years (Cancer Research UK, 2013). This is thanks in no small part to the
extensive research that has been carried out during this time. While it is important to
understand and educate people in how the risk of developing cancer can be minimized it
is also important to understand what is happening at the genetic and cellular levels by

developing our understanding of cell division, the processes involved and how they are




regulated. Targeting key components of the cell cycle presents unique opportunities for
drug discovery to aid in the treatment and cure of cancers as well as many other

diseases.

It became clear in the late 1980’s that chromosome replication and segregation
are essentially similar in all eukaryotic cells. This finding led to the use of a diverse
array of organisms for research into these processes each with its own experimental
advantages (and disadvantages) that have contributed to our current understanding of
the cell cycle. A large proportion of our knowledge in this area comes from genetic
studies with the budding yeast Saccharomyces cerevisiae, the organism that was first to
have its entire genome sequenced (Goffeau et al., 1996) and is also the basis of this
study. Simpler model organisms are often employed to study aspects of the cell cycle as
they are more amenable to genetic manipulation and have shorter generation times than
higher eukaryotes. Furthermore, many fundamental cellular processes are conserved
from simple unicellular eukaryotes, such as S. cerevisiae, to more complex multicellular

organisms, such as human and other mammals.

1.2 Anoverview of the cell cycle

The cell cycle is a complex series of events that involves a myriad of proteins
and processes that regulate cell growth, DNA replication and segregation, and
ultimately culminate in the production of two genetically identical daughter cells (for a
comprehensive overview of the cell cycle, see Morgan, 2007) . This process can be
divided into two morphologically distinct phases; interphase and M (mitotic) phase.
Interphase can be further subdivided into G4, S and G, phases. The G; and G, phases
represent ‘gaps’ in the cell cycle between the two obvious landmarks of DNA

replication in S phase and mitosis. During the complex and dramatic period of mitosis




the replicated DNA is equally segregated to opposite poles and the cell divides into two

daughter cells.

In actively cycling somatic cells, RNAs and proteins are synthesised during the
G, phase in preparation for DNA synthesis and chromosome replication during S phase.
The process of chromosome replication is tightly regulated to ensure that the DNA is
replicated accurately and only once per cell cycle. The replicated chromosomes are now
referred to as sister chromatids and consist of two identical daughter DNA molecules
(and their associated chromosomal proteins) bound together by the cohesin protein
complex along their lengths. During the subsequent G, phase the cell prepares for
mitosis. Mitosis can be subdivided into four cytologically distinguishable phases;
prophase, metaphase, anaphase and telophase/cytokinesis. In prophase the nuclear
membrane retracts into the endoplasmic reticulum in many higher eukaryotes and the
Golgi apparatus breaks down into vesicles. Cellular microtubules start to form the
mitotic spindle and the mass of replicated DNA begins to condense. In vertebrates, the
cohesin complexes holding the sister chromatids together become confined to a discrete
region on each chromosome called the centromere. During metaphase the multi-subunit
kinetochore complex assembles at each centromere. The kinetochores of each sister
chromatid pair associate with microtubules emanating from opposite poles of the
mitotic spindle. The onset of anaphase is denoted by the loss of the remaining cohesin
complexes and the separation of sister chromatids to opposite poles of the cell. Once
this process is complete the cells enter telophase, when the mitotic spindle disassembles,
the nuclear envelope reforms and the chromosomes decondense. Finally, the two
daughter cells are physically separated from one another through the process of
cytokinesis. At this point, cycling cells will re-enter G; and begin another cell cycle.

Non-cycling cells will exit the cell cycle from early G; and enter a quiescent resting




phase known as Go, where they may remain until death or until they are stimulated to

re-enter the cell cycle (Morgan, 2007).

Progression through the cell cycle requires that a series of macromolecular
events are executed in an ordered and timely fashion. Temporal control of the cell cycle
is regulated by a small number of heterodimeric serine/threonine protein kinases that
consist of a catalytic subunit (cyclin-dependent kinase, CDK) and a regulatory subunit
(cyclin). Numerous cyclins are differentially expressed and degraded at different stages
throughout the cell cycle. Association of a particular cyclin with a CDK results in the
targeting of the kinase activity towards a particular set of substrates, which in turn
trigger a series of downstream events. A number of surveillance mechanisms or
‘checkpoints’ exist that monitor key events, such as cell size, DNA replication and
spindle assembly, and these checkpoints have the ability to prevent commitment into, or
delay progression through, the cell cycle if conditions are unfavourable or the fidelity of

the cycle is threatened (Morgan, 2007).

1.3 The budding yeast cell cycle

While many components, processes and principles are conserved between
species, the budding yeast cell cycle differs in a number of ways to that of human cells.
For example, in S. cerevisiae the cell cycle is coordinated by a single CDK, Cdc28
(Nasmyth, 1993), whereas there are four (Cdk1, 2, 4 and 6) that mediate these events in
human cells. Cdk1 and Cdk?2 operate primarily in M phase and S phase, respectively,
while Cdk4 and Cdk6 are important in regulating entry into the cell cycle in response to
extracellular factors (Malumbres & Barbacid, 2005). The duration also varies between
these cell types. Human HeLa cells require approximately twenty four hours to

complete a cell cycle whereas S. cerevisiae takes a mere ninety minutes under optimal




conditions. What follows is a summary of the key events during each stage of the

budding yeast cell cycle (Fig. 1.1).

\ Mother
/ cell

Cytokinesis
! Daughter
( Jcell
Chromosome ]
segregation; Growth
nuclear
division
2 START
I Spindle pole
body
duplication
) Bud
- ~ emergence
Nuclear ~
migration
) g DNA
Spindle / replication
formation \

Figure 1.1. The budding yeast cell cycle. After the initial growth phase, G, the SPB is
duplicated and the bud begins to emerge. DNA is replicated in S-phase and by M-phase,
cells have established a bipolar spindle on which the chromosomes are bi-oriented and
the nucleus migrates to the bud neck. Once all chromosomes are bi-oriented they are
equally divided to opposite poles of the cell. The nucleus divides and the two cells are
physically separated during cytokinesis. This figure is reproduced from Lodish et al.
(2004).

131 G

Following cytokinesis at the end of the previous cycle the cell enters G;. At this
point the cell is unbudded with a single spindle pole body (SPB, the yeast microtubule
organising centre, MTOC) and a single mass of DNA. Induction of mating or nutrient
starvation at this point restricts cells in G; but if nutrients are plentiful and mating is not
induced the cell enters the cell cycle. This transition is monitored by the START
checkpoint, which coordinates the cell cycle with cell growth. Once cells reach a critical

mass this checkpoint is satisfied and the cells pass this restriction point and become




irreversibly committed to progression through the cell cycle. This progression requires
the association of the G; cyclin CIn3 with Cdc28 to activate the SBF and MBF
transcription factors, which trigger a transcriptional programme needed for cell cycle
progression (Dirick et al., 1995). SBF and MBF-regulated genes include those encoding
the CInl and CIn2 G4/S cyclins and the B-type CIb5 and CIb6 S-phase cyclins, which
are required for DNA synthesis (Dirick et al., 1995). Pre-replicative complexes (pre-
RCs) are also formed at DNA replication origins early in G; and this requires the
absence of Cdc28 activity (reviewed in Diffley, 2004). The pre-RC consists of the
origin recognition complex (ORC; Orc1-6), Cdc6, Cdtl and Mcm2-7. As Cdc28 activity
increases, further pre-RC assembly is inhibited (Diffley, 2004). A bud site is also
selected after cell cycle commitment by the accumulation of cortical polarity
determinants, which includes the polarisome protein complex. This requires CIn1/2-
Cdc28 activity and subsequently leads to the polarisation of the actin cytoskeleton,
which is important for numerous processes including bud growth, mitotic spindle
orientation, protein trafficking and organelle inheritance (reviewed in Pruyne &
Bretscher, 2000; Bi & Park, 2012). In late G; CIn1/2-Cdc28 complexes phosphorylate
and inactivate Sicl, a potent inhibitor of Clb-Cdc28 complexes, and the cell enters S-

phase (Schwaob et al., 1994; Verma et al., 1997).

132 S/G;

Clb5/6-Cdc28 and Cdc7-Dbf4 (Dbf4-dependent kinase or DDK) activity are
required in S-phase for the initiation of DNA replication through activation of the pre-
RCs. An active helicase is formed, double stranded DNA is unwound and DNA
polymerases are loaded to initiate DNA synthesis. As well as being required for
initiation, Clb-Cdc28 and DDK activity also inhibits the reassembly of pre-RCs thereby

ensuring that origins initiate only once per cell cycle (reviewed in Toone et al., 1997;




Diffley, 2004). As the DNA is synthesised, the replicated chromosomes become
physically linked by the cohesin complex, which is important for ensuring proper
chromosome segregation in anaphase (Michaelis et al., 1997; reviewed in Nasmyth &
Haering, 2009). A surveillance mechanism detects DNA damage and replication stress
and can arrest cell cycle progression until these issues are dealt with (Baldo et al.,
2012). The bud begins to emerge and CIn1/2-Cdc28 activity maintains actin polarisation
and apical bud growth (reviewed in Pruyne & Bretscher, 2000; Bi & Park, 2012). SPBs
are also duplicated and separated in S-phase and this requires phosphorylation of SPB
components by Cdc28 and Mps1 (reviewed in Jaspersen & Winey, 2004). The SPB is a
complex and dynamic organelle that is inserted in the nuclear membrane and, when
replicated and divided, nucleates both nuclear and cytoplasmic microtubules to form the
bipolar mitotic spindle (Jaspersen & Winey, 2004). Progression through S-phase also
sees the expression of two additional B-type cyclins Clb3 and Clb4 (Richardson et al.,
1992). When all chromosomes have been replicated, cells express proteins required for
mitosis including the B-type cyclins Clb1 and Clb2 (Richardson et al., 1992) and the

nucleus migrates towards the bud neck.

1.3.3 Mitosis

S. cerevisiae and other fungi undergo a ‘closed’ mitosis, in which the nuclear
envelope remains intact throughout the cell cycle and mitosis occurs within the nucleus.
The cells of higher eukaryotes on the other hand undergo ‘open’ mitosis where the
nuclear envelope disassembles during the G,/M transition and is not reassembled until
after DNA segregation in telophase/G; (Morgan, 2007). In budding yeast, transition to
M phase sees the random redistribution of actin patches around the bud cortex and a
switch from apical to isotropic bud growth (reviewed in Pruyne & Bretscher, 2000; Bi

& Park, 2012). At the onset of mitosis the condensin complex, which is closely related




to the cohesin complex, associates with the replicated DNA and facilitates the
compaction of the amorphous mass of DNA into discrete sister chromatids (reviewed in
Thadani et al., 2012). A protein complex known as the kinetochore assembles at the
centromere of each chromosome and provides the attachment site for spindle
microtubules (reviewed in Bloom & Joglekar, 2010). Most eukaryotes have vast
regional centromeres that assemble large kinetochores and bind multiple microtubules.
Budding yeast have discrete point centromeres that bind a single microtubule. For
progression into anaphase each sister chromatid pair must be attached to a microtubule
emanating from opposite poles of the bipolar spindle. This process is known as
chromosome bi-orientation (reviewed in Tanaka et al., 2005). Once bi-orientation is
established, tension is generated between sister chromatids as the cohesin complexes
holding the sister chromatids together counteract the pulling forces generated by spindle
microtubules (Tanaka et al., 2000). The spindle assembly checkpoint (SAC) delays
progression into anaphase until all chromosomes are bi-oriented (reviewed in
Musacchio & Salmon, 2007; Lara-Gonzalez et al., 2012). SAC components are
recruited to unattached kinetochores and their signalling inhibits Cdc20, a co-factor and
activator of the anaphase promoting complex/cyclosome (APC/C; reviewed in Peters,
2006; Barford, 2011), thereby delaying progression into anaphase. When all
chromosomes are bi-oriented, SAC signalling ceases and Cdc20 is released. The
APC/C%? sybsequently ubiquitinates a number of proteins, targeting them for
degradation by the proteasome (reviewed in Finley, 2009) and thus initiating anaphase.
Such proteins include the key substrate Pds1, the yeast securin (Cohen-Fix et al., 1996).
Pds1 binds to and inhibits the yeast separase Espl. Upon Pdsl degradation, Espl is
liberated and cleaves the Sccl component of the cohesin complex allowing the
separation of sister chromatids (Ciosk et al., 1998; Uhlmann et al., 2000). The mitotic

spindle elongates and sister chromatids are pulled to opposite poles of the cell. A




cytokinetic actin ring assembles at the bud neck, the site of cell division. Espl is a
member of the Cdc fourteen early anaphase release (FEAR) network and its activation
also stimulates the partial release into the nucleus of the essential phosphatase Cdc14,
which subsequently dephosphorylates Cdc28 substrates (reviewed in Rock & Amon,
2009). Cdc28 activity also declines rapidly in anaphase. This is brought about by
APC/C-dependent targeting of mitotic cyclins for degradation (Peters, 2006) and
expression of the Cdc28 inhibitor Sicl. In telophase the mitotic exit network (MEN)
drives the full release of Cdc14 and consequently further dephosphorylation of Cdc28
substrates, including removing inhibitory phosphate groups from the APC/C co-factor
Cdh1 (reviewed in Stegmeier & Amon, 2004). APC/C®™ targets Cdc20 for degradation
allowing the accumulation of G4/S cyclins in the next cell cycle (Huang et al., 2001).
Other proteins targeted for degradation include several involved in spindle integrity
(Juang et al., 1997; Hildebrandt & Hoyt, 2001). Consequently, the mitotic spindle
becomes unstable and disassembles. The cytokinetic ring contracts and actin patches
repolarise to the bud neck to direct cell wall synthesis and physically separate the two
cells (reviewed in Pruyne & Bretscher, 2000; Bi & Park, 2012). Cells enter Gy, origins
of replication are reset through the formation of pre-RCs, Cdc28 activity is inhibited by

Sicl and the cell is primed to enter the next cell cycle.

Particular topics of interest with regard to this thesis are the events occurring
during mitosis, particularly those surrounding the metaphase/anaphase transition that
involve the conserved chromosomal passenger complex and Haspin kinases. These will
be discussed in more detail in the following sections. The establishment of cell polarity
and mechanisms of spindle positioning in budding yeast will also be discussed briefly to
give context to certain experiments and observations made during the course of this

study.
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1.4 The actin cytoskeleton, cell polarity and bud growth
1.4.1 Anoverview of actin

A fundamental property of the cell is the ability to polarise and central to the
establishment of cell polarity is actin. Actin is an essential protein that exists in
monomeric globular (G-actin) and filamentous (F-actin) forms (reviewed in Dominguez
& Holmes, 2011). F-actin and related proteins can assemble into discrete cortical actin
patches and long actin cables to form a network known as the actin cytoskeleton
(reviewed in Pruyne & Bretscher, 2000; Heng & Koh, 2010). F-actin has a structural
and functional polarity. G-actin monomers within the F-actin filament are oriented
towards the same end of the filament and therefore each end is distinct from one
another. As these filaments have a defined polarity, the ends are referred to as the plus
and minus ends. The dynamic assembly, disassembly and redistribution of these F-actin
structures during the cell cycle or in response to other stimuli is considered to be central
to actin function within the cell. These polarised actin networks play a key role in
numerous processes including polarised growth, cell morphogenesis, cytokinesis, cell
migration, vesicle trafficking and endocytosis (for example, see Pruyne & Bretscher,
2000; Heng & Koh, 2010; Jin, 2013). The actin cytoskeleton also influences mitotic
spindle positioning and alignment, which is important during development in plants and
animals to generate cell diversity (reviewed in Knoblich, 2010; De Smet & Beeckman,
2011; Morin & Bellaiche, 2011). These processes require the myosin family of proteins.
Myosins have motor domains that track along the F-actin cables to facilitate the
transport of the necessary factors to their required destinations within the cell (reviewed
in Hartman & Spudich, 2012). Budding yeast undergoes highly polarised growth
throughout the cell cycle and many of the genes that regulate cell polarity are conserved
between yeast and more complex eukaryotic organisms (McCaffrey & Macara, 2009;

Heng & Koh, 2010). Consequently, budding yeast has served as a powerful model

11



system for studying these fundamental processes (Pruyne & Bretscher, 2000; Moseley

& Goode, 2006; Bi & Park, 2012).

1.4.2 An overview of the budding yeast actin cytoskeleton in growth polarity

The organisation of the actin cytoskeleton in S. cerevisiae, like other organisms,
changes through the cell cycle (Fig. 1.2; Amberg, 1998; reviewed in Pruyne &
Bretscher, 2000; Moseley & Goode, 2006; Heng & Koh, 2010). As cells commit to a
new cell cycle in G; a bud site is selected. Cortical actin patches aggregate at this site
and F-actin cables converge at this point (Amberg, 1998). Bud growth requires the
transport of secretory vesicles along these actin cables to the bud site where they are
tethered and fused with the plasma membrane (Pruyne et al., 1998). As the bud emerges
in S-phase the actin patches cluster at its tip and actin cables extend from the mother
into the bud. Bud growth at this point is apical (directed to the bud tip). Under certain
conditions, such as nutrient starvation, some S. cerevisiae strains undergo an alternate
filamentous growth state and prolong apical growth to generate highly elongated cells
(reviewed in Dickinson, 2008; Cullen & Sprague, 2012). As cells progress into G,/M-
phase, actin patches and cables are redistributed around the bud cortex while cables
from the mother still extend to the bud. Growth remains restricted to the bud and growth
now proceeds isotropically and the bud expands into an ellipsoid shape (Tkacz &
Lampen, 1973; Lew & Reed, 1993). When bud growth is complete the actin
cytoskeleton is depolarised as actin filaments and cables are distributed randomly and a
contractile F-actin ring forms at the bud neck, the site of cell division. As cells exit
mitosis and progress through cytokinesis the F-actin ring contracts to force the
ingression of the cell wall and plasma membrane (Bi et al., 1998). The actin ring
disassembles and the cytoskeleton repolarises as actin patches and cables congregate at

the former bud neck in both the mother and the bud to target membrane deposition at
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Fig. 1.2. Actin cytoskeleton organisation and polarised growth during the budding
yeast cell cycle. (a) As cells commit to the cell cycle a bud site is established by the
clustering of polarity determinants (such as Cdc42; blue) that orient the actin
cytoskeleton to this position (brown, actin patch; red, actin cable). (b) Secretory vesicles
are directed along the actin cytoskeleton to the bud site where they fuse, resulting in bud
emergence and growth. (c) As cells enter G,/M phase the polarity determinants are
randomly distributed around the bud cortex and consequently bud growth proceeds
isotropically. (d) When bud growth is complete the actin cytoskeleton is disorganised. A
cytokinetic ring forms at the bud neck (pink), which contracts and disassembles after
mitosis. (e) Polarity determinants cluster at the former bud neck, reorienting the actin
cytoskeleton towards this point and thereby directing new cell wall growth to physically
separate the two cells. The mother cell can re-enter another cell cycle immediately. (f)
The daughter cell undergoes a phase of undirected growth. (g) Under certain conditions,
some S. cerevisiae strains enter a filamentous growth state and prolong apical growth to
form highly elongated cells. (h) Haploid yeast cells arrest in G; when exposed to mating
pheromones and polarise growth towards mating partners to form a mating projection
(shmoo). This figure is reproduced from Pruyne & Bretscher (2000).
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this site and the synthesis of new cell walls between the cells (VerPlank & Li, 2005).

Following cell division the actin cytoskeleton is depolarised.

Polarised growth is also stimulated during yeast mating. Haploid budding yeast
cells exist as one of two mating types, MATa and MATa. Each mating type
constitutively secretes a pheromone that triggers a mating response in cells of the
opposite mating type. Exposure to a pheromone stimulates a signalling cascade that
leads to cells becoming arrested in G; and initiates transcription of genes required for
mating. Growth is oriented towards mating partners through polarisation of the actin
cytoskeleton in the direction of the pheromone concentration gradient (Madden &
Snyder, 1992; Arkowitz, 2009). This polarised growth forms a mating projection or

shmoo. Shmoos from the two mating partners fuse and a diploid zygote is formed.

Throughout the cell cycle, growth is directed almost exclusively into the bud.
Cells defective in proper polarised growth are often characterised by one of several
unusual morphologies. Excessive apical growth results in the formation of highly
elongated buds and excessive isotropic growth results in abnormally large and spherical
buds (Watanabe et al., 2009). If growth is not directed to the bud at all, the mother cells

grow into large unbudded cells.

1.4.3 Establishment and reorganisation of actin polarity to direct bud growth and cell
separation
The process of establishing cell polarity and budding is controlled both spatially
and temporally by a coordinated guanosine triphosphatase (GTPase) signalling cascade
(reviewed in Bi & Park, 2012). A single specific bud site is selected to which polarised

growth will be directed and this requires the Ras family GTPase Rsrl and its regulators
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(Cabib et al., 1998; Casamayor & Snyder, 2002). Proteins that are required for bud
formation assemble and restrict growth to this position. Components of the polarisome
complex and the Rho family GTPase Cdc42 and its regulators are central to this
process. The core components of the polarisome complex include the scaffold protein
Spa2, the actin-binding protein Bud6, the formin Bnil and Pea2, a protein with an as yet
unidentified function (Sheu et al., 1998). The polarisome and associated proteins
regulate the downstream processes of Cdc42. Following the establishment of
polarisation and the bud site, the exocytic deposition of secretory vesicles in the plasma
membrane at this site leads to bud emergence and growth (Novick et al., 2006;
Brennwald & Rossi, 2007). Remarkably, Cdc42 (and subsequently growth) can still
effectively polarise at a single random site in the absence of any cortical landmarks,
such as in rsr1A cells (Irazoqui et al., 2003). Exactly how polarisation occurs in the
absence of spatial cues is not known but two distinct models have been proposed
although these will not be discussed further here (Marco et al., 2007; Kozubowski et al.,

2008; Smith et al., 2013).

Regardless of the mechanism, it is clear that Cdc42 plays a key role in the
establishment of cell polarity, bud emergence and cell growth. Cdc42 was first
discovered in yeast (Adams et al., 1990) and has since been shown to be highly
conserved and required for cell polarisation in many, if not all, eukaryotic organisms
(Etienne-Manneville, 2004). Cortical actin patches and actin cables still form in the
absence of Cdc42 but they are completely disorganised (Adams et al., 1990). Cdc42,
like other Rho GTPases, only signals to effectors in an active GTP-bound state. To bind
GTP and become active, Cdc42 requires the guanine nucleotide exchange factor (GEF)
Cdc24 (Zheng et al., 1994). Once active, Cdc42 signals to a number of effectors

including: the formin Bnil (Evangelista et al., 1997); the p21-activated kinases (PAKSs)
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Ste20 (Zhao et al., 1995), Cla4 (Cvrekova et al., 1995) and Skm1 (Martin et al., 1997);
and the yeast-specific CRIB domain proteins Gicl and Gic2 (Brown et al., 1997).
Through these effectors, Cdc42 signalling can differentially influence a wide range of
processes including organisation of actin and septins (discussed later; Moseley &
Goode, 2006; Oh & Bi, 2011; Okada et al., 2013), polarised secretion (Zhang et al.,
2001), initiation of budding and response to mating pheromones (Simon et al., 1995). In
addition to Cdc42, there are a number of other Rho GTPases that have roles in polarised
growth as well as a myriad of other proteins that localise to sites of polarised growth
(reviewed in Park & Bi, 2007; Bi & Park, 2012). For bud emergence and growth, these
polarity determinants must remain concentrated at the bud tip. Although many of these
proteins remain stably concentrated at the bud tip, studies measuring fluorescence
recovery after photobleaching (FRAP) indicate that a number of these proteins,
including Cdc42, reside at the bud tip for only a few seconds at a time (Wedlich-Soldner
et al., 2004), indicating that the localisation of these proteins has to be dynamically
maintained. It is believed that positive feedback loops, endocytic recycling and
polarised secretion help to amplify and maintain this focussed localisation (Irazoqui et
al., 2005; Slaughter et al., 2009; Okada et al., 2013). However, the mechanism is still
not fully understood. The activity of Cdc28 in association with the G; cyclins CInl and
ClIn2 is also important for initiating and maintaining apical growth (Lew & Reed, 1993)
as is Cdc42 signalling through Ste20 (Eby et al., 1998). As the bud grows the polarity
determinants are randomly distributed around the bud cortex, which results in a switch
from apical to isotropic bud growth (Pruyne & Bretscher, 2000). This switch is
triggered by the activity of Cdc28 in association with the mitotic B-type cyclins Clbl
and Clb2 (Lew & Reed, 1993) and is also facilitated by Cdc42 signalling through Cla4
(Benton et al., 1997). Once bud growth is complete, the actin cytoskeleton is

depolarised as the polarity determinants are randomly distributed in both the mother and
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bud (Amberg, 1998; Pruyne & Bretscher, 2000). Septins at the bud neck function as a
scaffold for the localisation of the actin-myosin ring in late anaphase/telophase, which
subsequently contracts and disassembles (Oh & Bi, 2011). Cdc42 and other proteins
become concentrated at the former neck in both the mother and bud and polarise the
actin cytoskeleton to direct the synthesis of new cell walls to physically separate the two
cells. Activation of the APC/C and the release of Cdc14 phosphatase are important for
these processes in late mitosis (Tully et al., 2009; Sanchez-Diaz et al., 2012). The
mechanisms involved in regulating the dynamic distribution of polarity determinants are

both complex and numerous and will not be discussed further here.

1.5  Spindle positioning and orientation in budding yeast
1.5.1 Microtubules and the mitotic spindle

Like F-actin filaments, microtubules also have structural and functional polarity.
Microtubules are hollow cylinders formed from heterodimeric subunits of a- and -
tubulin. These subunits join end to end in the same orientation to form protofilaments,
which associate laterally to form a cylinder (Desai & Mitchison, 1997). This means that
one end of the microtubule is capped with a-tubulin (minus end), while the other is
capped with B-tubulin (plus end). The kinesin and dynein families of proteins have
motor domains that can track along microtubules in a similar manner to myosin proteins
on F-actin filaments. A third class of tubulin, known as y-tubulin, is not incorporated
into the microtubule but instead forms complexes with other proteins to regulate
microtubule polymerisation (reviewed in Kollman et al., 2011). The most notable
microtubule structure within eukaryotic cells is the mitotic spindle. Animals and many
fungi also use microtubules as a cytoskeletal structure to polarise growth in a similar
way to actin. However, budding yeast are divergent and only use microtubules to form

the mitotic spindle.
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The mitotic spindle is an essential structure in eukaryotic organisms that is
required to accurately segregate replicated chromosomes between daughter cells during
mitosis. In many eukaryotic organisms the mitotic spindle consists of microtubules that
are nucleated by a pair of MTOCs (centrosomes in animals, SPBs in yeast). These
structures define the spindle poles and nucleate microtubules that are organised into a
bipolar spindle that consists of interpolar and kinetochore microtubules, which associate
with one another and chromosomes respectively, and astral microtubules that extend
away from the MTOCs towards the cell cortex. Many proteins are involved in the
organisation and regulation of this highly dynamic structure and many of these will not
be discussed here (for excellent reviews on the subject, see Walczak & Heald, 2008;

Winey & Bloom, 2012).

1.5.2 Spindle positioning and asymmetric cell division

The actin cytoskeleton plays a role in the positioning and orientation of the
mitotic spindle. In asymmetric cell divisions the spindle must be aligned with the cell
polarity axis. This is accomplished through the targeting of astral microtubules
originating from each spindle pole to the cortex of opposite cell compartments, which
subsequently interact with the cytoskeleton to generate asymmetric pulling forces and
position the spindle. Accurate spindle positioning is vital during cell division for proper
development and cell diversity in multicellular organisms for a number of reasons. For
example, the position of the spindle often determines the location at which the
contractile ring is formed and therefore the division plane (reviewed in McNally, 2013).
Symmetric and asymmetric cell divisions are also important for cell fate determination,
tissue architecture and tissue morphogenesis in multicellular organisms (reviewed in

Knoblich, 2010; De Smet & Beeckman, 2011; Morin & Bellaiche, 2011).
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In budding yeast the site of cytokinesis (the bud neck) is predetermined and the
spindle must be oriented relative to this division plane to ensure that the replicated
chromosomes are equally distributed between both daughter cells (Fig. 1.3). This is
achieved by two sequential and partially redundant pathways that are monitored by the
budding yeast-specific spindle position checkpoint (SPoC; reviewed in Caydasi et al.,
2010; Markus et al., 2012). The second pathway, which functions later in the cell cycle,
requires the minus end-directed microtubule motor dynein to generate pulling forces at
the cell cortex. This is a common and critical mechanism of spindle positioning in many
organisms. However, budding yeast deficient in this pathway can still properly orient
their spindle through the earlier acting ‘Kar9 pathway’. Deletion of genes in either of
these pathways results in a viable cell, whereas deletion of genes in both pathways is

lethal (Miller & Rose, 1998).

1.5.3 The Kar9 pathway

Early experiments using latrunculin-A to disrupt F-actin indicated that spindle
orientation early in the cell cycle requires actin cables, whereas orientation later in the
cell cycle does not (Theesfeld et al., 1999). Actin perturbation prior to anaphase
significantly reduced the number of cells exhibiting astral microtubules extending
through the neck into the bud, resulting in misoriented spindles (Theesfeld et al., 1999).
This suggested that actin cables play an important role early in the cell cycle to guide
astral microtubules into the bud and/or anchor them with the bud cortex. This actin-
dependent mechanism for early spindle alignment, now referred to as the Kar9 pathway,
requires the yeast myosin V and microtubule binding EB1 homologues, Myo2 and
Bim1, and the adaptor protein Kar9 (Korinek et al., 2000; Lee et al., 2000; Miller et al.,
2000; Yin et al., 2000). Bim1 binds to the plus end of microtubules and to Kar9, which

in turn binds Myo2. Through these interactions and through the motor activity of Myo2,
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Fig. 1.3. Spindle positioning in budding yeast. Fluorescence microscopy images and a
cartoon depicting mitotic spindle dynamics through the cell cycle. Astral microtubules
are captured at the pre-bud site and pull the nucleus towards this position. After SPB
duplication, CDK activity at the new SPB results in the differential recruitment of
proteins to each SPB. As a result, the fate of each pole is specified (new SPB = mother-
bound; old SPB = daughter-bound). This leads to the orientation of the spindle along the
mother-bud axis. The spindle elongates during anaphase, segregating sister chromatids
to opposite spindle poles. The spindle disassembles and the nucleus divides. Key to
microscopy images: DNA, red; microtubules, green; SPB, magenta; cell outline, blue.
This figure has been adapted from Hailey et al. (2001) and Huisman & Segal (2005).

astral microtubules are guided along actin cables towards the bud (Hwang et al., 2003).
To ensure that only astral microtubules from one spindle pole body are directed towards
the bud, Kar9 is asymmetrically localised to the daughter-bound SPB and not the
mother-bound SPB. This asymmetry requires Cdc28-Clb4 activity. Cdc28-Clb4
preferentially localises to the mother-bound SPB where it phosphorylates Kar9 and
inhibits its association with this SPB and Bim1 (Liakopoulos et al., 2003), thereby

limiting the action of the Kar9 pathway to the daughter-bound SPB. Kar9-associated

20



microtubules are captured at the neck or bud cortex, possibly through the interaction of
Bim1 with the cortical protein Bud6 (ten Hoopen et al., 2012). Subsequent attachment-
dependent microtubule depolymerisation pulls the spindle towards the bud neck and
aligns it along the mother-bud axis (Adames & Cooper, 2000). These microtubule
‘capture-shrinkage’ events are thought to be mediated by Kip3 (kinesin-8) and Kar3
(kinesin-14), both of which are microtubule minus end directed motors with plus end
specific depolymerase activity (Gupta et al., 2006; Maddox et al., 2003; ten Hoopen et

al., 2012).

1.5.4 The dynein pathway

The dynein pathway operates later in the cell cycle after the onset of anaphase.
This pathway for spindle positioning requires that an astral microtubule is associated
with cortically-anchored dynein. As the dynein motor tracks towards the minus end of
the astral microtubule that is located at the SPB, the spindle is pulled towards the bud
and aligned with the polarity axis. Localisation of cytoplasmic dynein to the bud cortex
depends on its association with microtubule plus ends. This interaction is mediated by
the plus end tracking protein Bik1 (Sheeman et al., 2003), the yeast homologue of
CLIP-170. Bik1 (and therefore dynein) is transported to plus ends by a number of
different mechanisms. One mechanism is through its association with plus end-directed
kinesin Kip2 (Carvalho et al., 2004). Without Kip2, Bik1 and dynein can still localise to
microtubule plus ends through mechanisms involving a C-terminal motif in a-tubulin
and Bim1 (Caudron et al., 2008). When the plus end of a microtubule carrying dynein
comes into contact with the cortical protein Num1, dynein is offloaded and becomes
anchored to the cell cortex where its motor activity is stimulated to generate the force
necessary to pull the spindle (Markus & Lee, 2011). How this pathway is regulated is

not fully understood. For example, Num1 is distributed in cortical patches around both

21



the mother and bud cortex (Heil-Chapdelaine et al., 2000), yet dynein is preferentially
offloaded at the bud cortex (Markus & Lee, 2011). This is possibly the result of
asymmetric loading of dynein onto astral microtubules emanating from the daughter-
bound SPB (Grava et al., 2006), similar to what is observed for Kar9 (Liakopoulos et
al., 2003). It is also unclear how dynein remains associated with the plus ends of
microtubules since it has minus end directed motor activity. Recent studies have shown
that Pacl, the yeast homologue of LIS1 that binds dynein and is required for its plus end
targeting, reduces the motility of dynein in vitro (Markus & Lee, 2011), suggesting that
Pacl may keep dynein in an inactive state. Additionally, dynein recruits its processivity
factor and cargo adaptor dynactin at the plus end (Kardon et al., 2009). This has been
proposed to trigger a conformational change that allows dynein to interact with Num1 at
the cortex (Markus & Lee, 2011). The dynein pathway appears to be restricted to
anaphase by the inhibitory action of Shel, which seems to prevent the recruitment of
dynactin to microtubules (Bergman et al., 2012) and inhibits dynein motility (Markus et
al., 2012b). At the metaphase-anaphase transition, Shel is removed from astral

microtubules, thereby activating the dynein pathway (Woodruff et al., 2009).

These pathways are required for proper positioning and orientation of the
spindle relative to the division plane. As the spindle elongates in anaphase, the sister
chromatids are pulled to opposite poles of the cell. This requires that the sister
chromatids are attached to microtubules emanating from opposite spindle poles. The
chromosomal passenger complex plays a key role in ensuring that these correct
attachments are made prior to the onset of anaphase. The roles and regulation of this

complex will be discussed in the following sections.
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1.6 The Chromosomal Passenger Complex
1.6.1 Discovery

The term “chromosomal passenger” was first used by Earnshaw and Bernat as a
means to classify a number of proteins that associated with chromosomes through
mitosis and subsequently transferred to the spindle during anaphase (Fig. 1.4; Earnshaw
& Bernat, 1991). Since their initial discovery, other chromosomal passengers have been
identified and a subset of these associate to form what is now referred to as the
chromosomal passenger complex (CPC; Adams et al., 2001; Gassmann et al., 2004).
The CPC is an evolutionarily conserved four subunit complex consisting of Aurora B
kinase and three non-enzymatic components, INCENP, Survivin and Borealin (Table

1.1; reviewed in Carmena et al., 2012).

The first member of this complex was identified in 1987 using a monoclonal
antibody that was raised against a “mitotic chromosome scaffold” protein (Cooke et al.,
1987). Staining with this antibody was concentrated at the centromere in metaphase and
so this antigen was named INCENP (inner centromere protein). At the onset of
anaphase, INCENP dissociated from the separating sister chromatids and localised to
the spindle midzone and the equatorial cell cortex at the site of cleavage furrow

formation (Cooke et al., 1987).

A number of years later it was shown that Aurora B interacts with INCENP
(Adams et al., 2000). The Aurora kinases are a family of serine/threonine kinases that
have essential roles in cell cycle regulation. The first Aurora kinase was identified in S.
cerevisiae during a screen to identify mutants with altered chromosome copy number
and was named Ipl1 (increase in ploidy 1; Chan & Botstein, 1993). Ipl1 was shown to

associate with the budding yeast INCENP homologue Sli15 to promote proper
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Prophase Metaphase Anaphase Telophase

Fig. 1.4. Chromosomal passenger complex localisation during mitosis.
Immunofluorescence in human HeLa cells shows the localisation of Aurora B (green)
during mitosis with kinetochores (pink), microtubules (red) and DNA (blue). Aurora B
is associated with chromosome arms and centromeres during prophase. In metaphase,
chromosomes are aligned on the spindle. As cells progress into anaphase, Aurora B
translocates to the spindle midzone. In telophase, Aurora B is concentrated at the
equatorial cortex. Scale bar =5 um. Images are reproduced from Ruchaud et al. (2007).

Table 1.1 Chromosomal passenger complex components in various organisms

Organism Aurora B INCENP Survivin Borealin
S. cerevisiae Ipll Sli15 Birl Nbl1
S. pombe Arkl Picl Cut17/Birl Nbl1
H. sapiens Aurora B INCENP Survivin Borealin
X. laevis XAurora B XINCENP XSurvivn Dasra A, Dasra B
C. elegans AIR-2 ICP-1 BIR-1 CSC-1
D. melanogaster lal Incenp Deterin Borealin

chromosome segregation (Kim et al., 1999). The first of the kinases to go by the name
of Aurora was identified several years after Ipl1 during a screen designed to detect
mutations that affect the structure and function of the mitotic spindle in Drosophila
melanogaster (Glover et al., 1995). Since then Aurora kinases have been identified in
the genomes of all eukaryotic organisms sequenced to date. S. cerevisiae has a single
Aurora kinase whereas higher eukaryotes have up to three: Aurora A, B and C (Adams

et al., 2001). Aurora A and Aurora B have different subcellular localisations and distinct
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functions. Aurora A associates with spindle poles and functions in mitotic entry,
centrosome maturation and bipolar spindle formation (Carmena et al., 2009).
Ipl1/Aurora B follows the “chromosomal passenger” pattern of localisation and has
numerous functions that will be discussed later. Our understanding of Aurora C is more
limited. Aurora C is expressed primarily in the testis and may have a unique role in
male meiosis (Dieterich et al., 2007), although it may also share similar functions with
Aurora B as it has a similar pattern of localisation and can interact with other CPC

components (Li et al., 2004; Yan et al., 2005; Slattery et al., 2009).

Survivin was the third component of the CPC to be identified. Survivin was
thought to be linked with Aurora B and INCENP as it too was a chromosomal passenger
protein and had similar mutant phenotypes (Uren et al., 2000; Adams et al., 2001).
Later, Survivin was shown to interact with both Aurora B and INCENP (Wheatley et
al., 2001). Survivin and its homologues are conserved members of the inhibitor of
apoptosis protein (IAP) family and contain baculovirus 1AP repeat (BIR) domains.
Human Survivin contains a single BIR domain whereas the budding yeast homologue
Birl contains two (Uren et al., 1999). Whether Birl/Survivin is involved in the
regulation of apoptosis is still actively debated. It has been suggested that cytoplasmic
Survivin may inhibit cell death, while nuclear Survivin regulates mitosis either in
complex with, or independently of, the CPC (Connell et al., 2008). However, analysis
of Birl/Survivin mutants in yeast and vertebrates has failed to identify any significant

defects in cell death responses (Uren et al., 1999; Yue et al., 2008).

Borealin is the most recently identified member of the CPC and was first
discovered in Caenorhabditis elegans and named CSC-1 (chromosome segregation and

cytokinesis defective protein 1; Romano et al., 2003). Later, two independent studies
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identified Borealin and Dasra B proteins in humans and Xenopus laevis respectively
(Gassmann et al., 2004; Sampath et al., 2004). More recently the budding and fission
yeast homologues of Borealin, Nbl1 (N-terminal borealin-like protein 1), were
discovered (Nakajima et al., 2009; Bohnert et al., 2009). Like the other CPC subunits,
Borealin was initially identified as a chromosomal passenger and subsequently found to
interact with Aurora B, INCENP and Survivin (Gassmann et al., 2004; Sampath et al.,
2004; Nakajima et al., 2009). Xenopus and a number of other vertebrates, excluding
humans, have an additional distantly related protein, Dasra A, which may have similar

functions (Sampath et al., 2004).

1.6.2 Functions of the CPC in mitosis

The CPC has many functions during mitosis (reviewed in Carmena et al., 2012).
In early mitosis when the complex is associated with chromosomes, the CPC has roles
in mitotic chromosome structure, spindle assembly, regulation of kinetochore-
microtubule attachments and spindle checkpoint signalling. In late mitosis the CPC
relocates to the spindle and has functions including anaphase chromatid compaction,

spindle regulation and cytokinesis.

1.6.3 Mitotic chromosome structure

During mitosis the amorphous mass of replicated DNA becomes highly
compacted into discrete sister chromatid pairs. The CPC has been suggested to aid in
both the facilitation and maintenance of this compacted state. A well-recognised
substrate of Ipl1/Aurora B is Serine 10 of histone H3 (H3-S10). The role of this
modification is debated but it would appear to contribute to the release of HP1
(heterochromatin protein 1) in mammalian cells thereby contributing to chromosome

condensation (Fischle et al., 2005; Hirota et al., 2005; Terada, 2006). Mutating H3-S10
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in the ciliate protozoa Tetrahymena thermophile disrupts proper chromatin condensation
and causes aberrant chromosome segregation (Wei et al., 1998). However, the
equivalent mutation in S. cerevisiae has no such effect (Hsu et al., 2000), which could
possibly be a reflection of the absence of HP1-like proteins and this pathway in budding
yeast. Aurora B-dependent phosphorylation of H3-S10 has also been suggested to
influence the binding of other proteins to chromatin (Maccallum et al., 2002; Loomis et
al., 2009). The CPC has also been proposed to be involved in mitotic chromosome
compaction through regulating the binding of condensin, a multi-subunit protein
complex required for the establishment and maintenance of proper mitotic chromosome
structure (Morishita et al., 2001; Petersen & Hagan, 2003; Tada et al., 2011; Thadani et
al., 2012). Exactly how the CPC is involved in this process is also debated. There are
two forms of condensin in most organisms, condensin | and 11, whereas yeast have only
one. The five-subunit condensin complex consists of two SMC (structural maintenance
of chromosomes) proteins and three non-SMC regulatory proteins which include a
member of the kleisin protein family (Thadani et al., 2012). Evidence from studies with
fission yeast suggests that Ark1/Aurora B-dependent phosphorylation of the kleisin
subunit of condensin promotes recruitment of condensin to chromosomes (Nakazawa et
al., 2011). Similarly, phosphorylation of the human kleisin subunit by Aurora B
promotes the efficient recruitment of condensin I, but not condensin 1, to chromosomes
in mitosis (Lipp et al., 2007). Ipl1 can also phosphorylate condensin but whether Ipl1
promotes chromosome condensation in early mitosis is unclear (Lavoie et al., 2004).
However, Ipll activity and histone H3-S10 phosphorylation appear to contribute to
maintenance of chromosome compaction during anaphase (Lavoie et al., 2004; Neurohr

etal., 2011).
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1.6.4 Regulation of kinetochore-microtubule attachments

To ensure that chromosomes are correctly segregated in anaphase it is essential
that sister chromatids are attached to microtubules emanating from opposite spindle
poles (bi-orientation; amphitelic attachment; Fig. 1.5 a). Sister chromatids can also be
attached to microtubules from the same spindle pole (mono-orientation; syntelic
attachment; Fig. 1.5 ¢) and these attachments must be corrected. Early studies in
budding yeast first demonstrated that Ipl1 is required to disrupt kinetochore-microtubule
interactions to promote bi-orientation (Biggins et al., 1999; Biggins & Murray, 2001;
Tanaka et al., 2002a). Aurora B in higher eukaryotes was subsequently shown to
perform the same function (Hauf et al., 2003; Lampson et al., 2004; Cimini et al.,
2006). This function appears to involve the Ipl1/Aurora B-dependent phosphorylation of
a number of substrates at the kinetochore-microtubule interface to destabilise mono-
oriented attachments and allow for the correct bi-oriented attachments to be made.
These substrates include MCAK (mitotic centromere-associated kinesin; kinesin-13) in
metazoans, the Dam1 complex in yeast and components of the conserved outer
kinetochore KMN (KNL1/Mis12 complex/Ndc80 complex) network. Phosphorylation
of MCAK by Aurora B aids its recruitment to the centromere by facilitating its
interaction with the centromeric protein Sgo2 (Andrews et al., 2004; Zhang et al., 2007,
Tanno et al., 2010). Phosphorylation also simultaneously suppresses MCAK
microtubule-depolymerising activity and its localisation to microtubule plus ends
(Tanenbaum et al., 2011). Disruption of MCAK localisation to centromeres through
mutation or depletion results in chromosome alignment defects similar to those seen
when Aurora B function is disrupted (Andrews et al., 2004; Kline-Smith et al., 2004),
suggesting MCAK plays a role in chromosome alignment. Exactly how MCAK
contributes to this process is unclear, although it is possible that a balance of Aurora B

and opposing phosphatase activity regulates MCAK microtubule depolymerisation
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Fig. 1.5. Kinetochore-microtubule interactions on the mitotic spindle. (a)
Amphitelic attachment. For proper chromosome segregation, sister chromatids must be
bi-oriented. Each sister kinetochore is attached to microtubules emanating from
opposite spindle poles. The opposing force generated through amphitelic attachment
results in tension that stretches both centromeres and kinetochores. (b) Monotelic
attachment. One sister kinetochore attaches to microtubules whereas the other does not.
(c) Syntelic attachment. Microtubules from one spindle pole attach to both sister
kinetochores. (d) Merotelic attachment. Microtubules from opposite spindle poles
simultaneously attach to one sister kinetochore (reviewed in Tanaka et al., 2005).

activity at the centromere to control microtubule turnover at the kinetochore. There are
no kinesin-13 family members in S. cerevisiae but it has been suggested that kinesin-8
and kinesin-13 family members may have overlapping or interdependent functions
(Moore & Wordeman, 2004; Tanenbaum et al., 2011). Interestingly, deletion of S.
cerevisiae KIP3, a gene which encodes the kinesin-8 family member Kip3, also results
in chromosome alignment defects (Wargacki et al., 2010) and there are also several
putative Ipl1/Aurora B consensus phosphorylation motifs in Kip3. It is possible that

Kip3 performs an analogous function to MCAK in budding yeast.

Components of the fungi-specific Dam1 (or DASH) complex are phosphorylated

by Ipll (Cheeseman et al., 2002). The Dam1 complex is a ten subunit complex that is
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essential in budding yeast as deletion of any Dam1 complex component causes spindle
abnormalities, chromosome segregation defects and cell death (Cheeseman et al., 2001,
Janke et al., 2002; Li et al., 2005). In vitro, the Dam1 complex forms a ring that
encircles the microtubule plus end like a collar, which allows the exchange of tubulin
subunits while remaining tightly associated with the microtubule (Miranda et al., 2005;
Westermann et al., 2005). In vivo, this complex localises to both the spindle and
kinetochores, and the latter is dependent on the Ndc80 complex and tubulin (Nogales &
Ramey 2009, Maure et al., 2011). The Dam1 complex is believed to contribute to
maintaining the association between the kinetochore and microtubule through
interaction with the Ndc80 complex and also couple microtubule depolymerisation with
minus end-directed movement of chromosomes (Asbury et al., 2006; Westermann et al.
2006; Tanaka et al., 2007). Ipl1-dependent phosphorylation of Dam1 complex
components, including Dam1, Askl, Spc19 and Spc34 (Cheeseman et al., 2002), is
believed to disrupt kinetochore-microtubule interactions and thereby promote bi-
orientation. The ring formation is not necessary for the functions of the Dam1 complex
(Gestaut et al., 2008), which raises the question of how the complex exists in vivo.
Exactly how the Dam1 and Ndc80 complexes work in combination to contribute to
proper kinetochore-microtubule interface formation and chromosome segregation is not
fully understood (Lampert et al., 2010; Lampert et al., 2013). No proteins orthologous
to Dam1 complex components are present in the genome of eukaryotes outside of fungi.
However, recently the SKA (spindle and kinetochore-associated) complex has been
discovered in human cells and this is proposed to be the functional analogue of the
Daml complex in metazoans and is also negatively regulated by Aurora B

phosphorylation (Welburn et al., 2009; Chan et al., 2012; Jeyaprakash et al., 2012).
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Ndc80 (also known as Hecl in humans) is a kinetochore protein that forms a
four subunit complex with Nuf2, Spc24 and Spc25 (Janke et al., 2001) and is part of the
KMN network, which is essential for generating stable load-bearing kinetochore-
microtubule interactions (Kline-Smith et al., 2005; Cheeseman et al., 2006).
Ipl1/Aurora B can phosphorylate the N-terminal globular head domain of Ndc80 in
vitro, which reduces its affinity for microtubules (Cheeseman et al., 2002; Cheeseman
et al., 2006). Human cells expressing a mutant of Ndc80 that cannot be phosphorylated
by Aurora B, or cells injected with an antibody against the N-terminus of Ndc80 that
also prevents Aurora B phosphorylation, have abnormally robust kinetochore-
microtubule attachments and a high frequency of erroneous attachments (DeLuca et al.,
2006). These observations suggest that Ipl1/Aurora B-dependent phosphorylation of
Ndc80 is important for microtubule turnover and error correction to promote bi-
orientation. More recent studies have identified other Aurora B substrates in the KMN
network, namely the Dsn1 subunit of the Mis12 complex and KNL1/Spc105 (Emanuele
et al., 2008; Yang et al., 2008; Welburn et al., 2010; Rosenberg et al., 2011; Akiyoshi
et al., 2013). However, the functional significance of these modifications is debated.
While one study has suggested that Aurora B phosphorylation of Dsn1 contributes to
the destabilisation of erroneous kinetochore-microtubule attachments (Welburn et al.,
2010), others have found that Dsn1 phosphorylation promotes kinetochore assembly in
both yeast and human cells (Emanuele et al., 2008; Yang et al., 2008; Akiyoshi et al.,
2013). KNL1/Spc105 has an N-terminal microtubule binding domain and through a
conserved motif also recruits protein phosphatase 1 (PP1; GIc7 in yeast), the
counteracting phosphatase of Aurora B, to the kinetochore. Aurora B phosphorylation at
these sites has been suggested to lower the affinity of KNL1/Spc105 for microtubules
(Welburn et al., 2010) and also disrupt the KNL1/Spc105-dependent recruitment of

PP1/Glc7 to kinetochores (Liu et al., 2010; Rosenberg et al., 2011). Taken together, it
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seems that dynamic regulation of Ipl1/Aurora B dependent phosphorylation and
PP1/Glc7-dependent dephosphorylation of numerous substrates at the

kinetochore/centromere is required for bi-orientation.

How is this dynamic regulation achieved and how does the CPC discriminate
between bi-oriented and mono-oriented kinetochore-microtubule attachments? The fine
details of the mechanism are still under investigation. However, it is clear that tension
plays a role. Classic experiments performed in the late 1960’s involving the
micromanipulation of chromosomes in meiotic mantid spermatocytes revealed that
kinetochore-microtubule attachments are stabilised when tension is applied (Nicklas &
Koch, 1969). When sister chromatids are bi-oriented the pulling force generated by
microtubules is opposed by the cohesin complex holding the sisters together. This
results in the generation of tension that stretches both centromeres and kinetochores
(Fig. 1.5 a). When sister chromatids are mono-oriented with either one or both sisters
attached to a single spindle pole (monotelic and syntelic attachment respectively) no
tension is generated (Fig. 1.5 b, c; Tanaka et al., 2005). It is this lack of tension that
stimulates Ipl1/Aurora B activity towards its substrates at the kinetochore to disrupt
improper kinetochore-microtubule interactions (Biggins & Murray, 2001; Tanaka et al.,
2002a). The current models for how this tension-dependent mechanism operates are
based on the proximity of Ipl1/Aurora B to its substrates. When sisters are syntelically
attached there is no tension between sister chromatids such that the CPC, which is
located at the inner centromere, is in close proximity to the kinetochore and so
Ipl1/Aurora B can phosphorylate its substrates to induce microtubule turnover. When
sisters are bi-oriented, the tension generated stretches the centromere and kinetochore,
physically separating the CPC from its substrates and allowing the kinetochore-

microtubule attachment to be stabilised (Liu et al., 2009; Welburn et al., 2010).
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Consistent with this model, Ipl1 phosphorylation of Dam1 has been shown to be
tension-dependent (Keating et al., 2009). Furthermore, experiments in human cells
using targeted fluorescence resonance energy transfer (FRET) biosensors showed that
an Aurora B substrate at the centromere was phosphorylated in both the presence and
absence of tension, whereas a substrate at the kinetochore was only phosphorylated
when in close proximity to the centromere in the absence of tension (Liu et al., 2009).
In fission yeast and metazoan cells, where individual centromeres can accommodate
multiple kinetochore-microtubule attachments, merotelic attachment can exist where a
single centromere is attached to both spindle poles. While syntelic attachments generate
no tension and amphitelic attachments generate maximum tension, merotelic
attachments are intermediate between the two (Tanaka et al., 2005). Reduction of
Aurora B activity or preventing phosphorylation of Hec1/Ndc80 increased the
frequency of these attachments (Cimini et al., 2006; DeLuca et al., 2006) indicating that
the CPC is required for their correction. So how does the correction of merotelic
attachments fit into the tension model? It has been suggested that a gradient of Aurora B
phosphorylation at the centromere can allow tension-dependent fine tuning of
kinetochore-microtubule interactions through differential regulation of spatially distinct

substrates within the kinetochore (Welburn et al., 2010).

1.6.5 Spindle assembly checkpoint signalling

Besides linking chromosomes to the mitotic spindle, kinetochores also host the
spindle assembly checkpoint (SAC). The SAC, through its effector the mitotic
checkpoint complex (MCC), prevents the activation of the APC/C, and consequently the
onset of anaphase, until all chromosomes are properly bi-oriented (reviewed in
Musacchio & Salmon, 2007; Lara-Gonzalez et al., 2012). The SAC was first discovered

in budding yeast during genetic screens to identify mutants that were unable to halt cell
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cycle progression in the presence of the microtubule destabilising drug benomyl (Hoyt
etal., 1991; Li & Murray, 1991). These screens identified the majority of the key
components including the MAD (mitotic arrest-deficient) genes MAD1, MAD?2 and
MAD3 (known as BUBRL1 in humans) and the BUB (budding uninhibited by
benzimidazole) genes BUB1 and BUBS3. Later, other components were identified such
as Mpsl (Weiss & Winey, 1996) and the SAC has since been found to be a conserved
mechanism in eukaryotic cells. The MCC consists of Mad2, Mad3/BubR1 and Bub3
together with the APC/C activator Cdc20 (Hardwick et al., 2000; Fraschini et al., 2001,
Sudakin et al., 2001). Both Mad2 and Mad3/BubR1 bind to Cdc20 directly and in doing
so prevent the Cdc20-dependent activation of the APC/C and the onset of anaphase. A
common method used in budding yeast to arrest cells in metaphase is through the
depletion of Cdc20. This is often achieved by placing CDC20 under the control of the
methionine-repressible MET3 promoter (Uhlmann et al., 2000). In addition to the MCC,
other SAC components include Mad1 and the kinases Bub1, Mpsl and Ipl1/Aurora B.
Mad1 serves as the kinetochore receptor for Mad2 and the kinases Bubl, Mps1 and
Ipl1/Aurora B are important for recruiting SAC proteins to the kinetochore (Musacchio
& Salmon, 2007; Lara-Gonzalez et al., 2012). Many other proteins have also been
implicated in SAC function (Lara-Gonzalez et al., 2012). How all these components
cooperate to regulate SAC signalling is complex and not fully understood and will not

be discussed at length here.

It is believed that the SAC can respond to the presence of unattached
kinetochores and to a lack of tension between sister chromatid pairs, although exactly
how these signals integrate into an overall model for SAC activation is debated (tension
vs. attachment; reviewed in Pinsky & Biggins, 2005; Maresca & Salmon, 2010).

Studying the differential effects of tension and attachment on spindle checkpoint
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activation is simplified in budding yeast due to the nature of their point centromeres.
Each centromere binds a single kinetochore, which therefore exists in one of two states:
attached or unattached. Higher eukaryotes have regional centromeres that assemble
kinetochores that bind multiple microtubules and that can therefore exist in a third state
of partial occupancy. Unlike point centromeres, regional centromeres bind multiple
kinetochores and can therefore host merotelic attachments that result in varying levels
of tension. Furthermore, the SAC is not essential in budding yeast during an
unperturbed cell cycle, unlike in metazoans, which makes mutations or gene deletions
that disrupt kinetochore-microtubule function or error correction relatively
straightforward to study. In this model system there are also a number of ways to
experimentally reduce tension without affecting attachment. For example, placing SCC1
(which encodes a cohesin subunit) under the control of a glucose-repressible GAL1
promoter allows depletion of Sccl, the loss of sister chromatid cohesion and therefore
kinetochore-microtubule attachments that are not under tension (Indjeian et al., 2005;
King et al., 2007a). Consequently, much of our understanding of the SAC is derived

from studies using this model system.

A role for the CPC in the SAC was first implied in budding yeast where it was
shown that Ipl1 was required when kinetochore-microtubule attachments were present
but not under tension (Biggins & Murray, 2001). There are two models with regard to
the involvement of the CPC in SAC signalling. The first model suggests that the SAC
responds solely to unattached kinetochores and that the CPC functions indirectly in its
activation by destabilising tensionless attachments, thereby generating unattached
kinetochores (Tanaka et al., 2002a; Pinsky et al., 2006; Maresca & Salmon, 2010). The
second more contested model suggests that, in addition to creating unattached

kinetochores, the CPC has a direct role in SAC signalling that is independent of
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generating unattached kinetochores, possibly through amplification of the checkpoint
signal (Biggins & Murray, 2001; Hauf et al., 2003; King et al., 2007a; VVader et al.,

2007; Maresca & Salmon, 2010; Santaguida et al., 2011).

The requirement of the CPC for generating a tension-dependent checkpoint
response by destabilising incorrect kinetochore-microtubule attachments appears to be
ubiquitous. Depletion or inhibition of Aurora B in human cells causes chromosome
alignment defects that lead to improper chromosome segregation without activating the
SAC (Ditchfield et al., 2003; Hauf et al., 2003; Lampson et al., 2004). Ipl1/Aurora B
activity is required for the recruitment of checkpoint proteins to the kinetochore, but
which proteins show CPC-dependent recruitment appears to vary by organism
(reviewed in Musacchio & Salmon, 2007). These variations in the CPC-dependent
recruitment of spindle checkpoint proteins to the kinetochore suggest that checkpoint
signalling varies in different organisms. In support of this hypothesis, the requirement of
the CPC for SAC signalling also appears to vary between organisms. In human cells and
budding yeast, while the CPC is required for the tension checkpoint, it appears to be
dispensable for checkpoint signalling in response to microtubule depolymerising drugs
such as nocodazole (Biggins & Murray, 2001; Ditchfield et al., 2003; Hauf et al., 2003).
This suggests that the CPC is not necessary to signal to the checkpoint when unattached
kinetochores are present. However, in Xenopus and fission yeast, the CPC appears to be
required for checkpoint signalling in response to both a lack of attachment and a lack of
tension (Kallio et al., 2002; Petersen & Hagan, 2003). These findings, amongst many
others, feed in to the hypothesis that the CPC has a role in checkpoint signalling that is
independent of kinetochore-microtubule error correction (King et al., 2007a; Vader et
al., 2007; Maresca & Salmon, 2010; Santaguida et al., 2011). However, the nature of

this role remains elusive. In budding yeast, mutation of several consensus Ipl1
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phosphorylation sites in Mad3 renders cells unable to mount a checkpoint response
when there is a lack of tension between sister chromatids generated by Sccl depletion
(King et al., 2007a). However, the checkpoint is activated in response to unattached
kinetochores generated by nocodazole treatment (King et al., 2007a). In human cells,
BubR1 requires Aurora B for kinetochore localisation and is also phosphorylated by
Aurora B (Ditchfield et al., 2003; Zachos et al., 2007). Whether this is important in
human cells is unclear but it may contribute to sustaining the association between
BubR1 with APC/C to maintain checkpoint signalling (Morrow et al., 2005). Trying to
determine the contributions of tension and attachment in checkpoint signalling is made
difficult by their intimate nature. Additionally, perturbation of Aurora B has pleiotropic
effects, including defects in kinetochore assembly, which can have a detrimental effect
on recruitment of checkpoint proteins to the kinetochore (Musacchio & Salmon, 2007).
The severity of these defects could vary between different cell types or depend on the
particular methodology employed to study CPC activity and spindle checkpoint
signalling. Consequently, the debate still continues as to whether the CPC has a direct

role in SAC signalling.

Once sister chromatids are properly bi-oriented, SAC signalling must cease to
allow the activation of the APC/C. Spindle checkpoint silencing is achieved in a number
of ways. Mad1 and other checkpoint proteins are removed from attached kinetochores.
In metazoans, this process depends on the minus end-directed motor activity of dynein
on microtubules (Howell et al., 2001). Checkpoint proteins are physically stripped from
kinetochores and transported to the spindle poles (Howell et al., 2001). There is no
nuclear dynein homologue in budding yeast and whether other minus end-directed
motors perform a similar function in this organism is unknown. The activity of

phosphatases to counteract the activity of mitotic kinases is also important for
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checkpoint silencing since Mps1, Bubl and Ipl1/Aurora B recruit checkpoint
components to the kinetochore (reviewed in Lesage et al., 2011). As mentioned
previously, tension and attachment appear to contribute to this process. The re-
localisation of the CPC to the spindle in anaphase has also been shown to prevent
checkpoint re-engagement as tension is lost when cohesin is cleaved (Mirchenko &
Uhlmann, 2010; Vazquez-Novelle et al., 2010). Additionally, several mechanisms
contribute to MCC disassembly (reviewed in Lesage et al., 2011). Once the SAC is
silenced, the APC/C is activated and targets mitotic cyclins and securin for degradation
allowing the separation of sister chromatids, elongation of the spindle and progression

into anaphase.

1.6.6 Formation of a stable spindle midzone

The spindle midzone is formed from the bundled plus-ends of antiparallel
microtubules and is the site of CPC localisation and function as cells progress through
anaphase. The formation of this structure in human cells requires the microtubule
bundling protein Prcl (Mollinari et al., 2002), the kinesin Kif4 (Kurasawa et al., 2004)
and centralspindlin, which is a complex that is formed by Mklp1 and the Rho family
GTPase-activating protein (GAP) MgcRacGAP (Mishima et al., 2002). Aurora B has
been shown to phosphorylate Mklp1, which promotes the clustering of centralspindlin,
increases its microtubule-bundling activity and consequently stabilises the spindle
midzone (Douglas et al., 2010). In budding yeast the formation of bipolar spindles and
the bundling and stabilisation of interpolar microtubules is driven by the kinesins Cin8
and Kipl, and the Prc1 homologue Asel (de Gramont et al., 2007). Ipl1
phosphorylation of Asel is believed to be important for this process since an asel
mutant lacking Ipl1 consensus phosphorylation sites cannot assemble spindles in the

absence of Cin8 (Kotwaliwale et al., 2007). Ipl1 mutants are also defective in spindle

38



disassembly (Buvelot et al., 2003; Woodruff et al., 2010). Recently, Ipl1 activity has
also been reported to be required for maintaining the association of duplicated SPBs and
preventing their over-duplication during meiosis (Shirk et al., 2011). Exactly how Ipl1l
contributes to spindle function is unclear. In higher eukaryotes, Aurora A localises to
centrosomes and has similar roles in bipolar spindle assembly and function that are
distinct from those of Aurora B (Barr & Gergely, 2007; Carmena et al., 2009). The most
well defined roles of Ipll, the sole Aurora kinase in budding yeast, correspond to those
of Aurora B. However, it would appear that Ipl1 can perform functions attributed to

both Aurora A and Aurora B.

1.6.7 Contractile ring formation and function

The process of cytokinesis requires the assembly and constriction of an actin-
myosin contractile ring at the site of cell division. Both the positioning and constriction
of the ring are coordinated with chromosome segregation to ensure that the genome is
accurately divided and two daughter cells are formed. The CPC has been shown to have
an important role in the regulation of these processes (reviewed in Ruchaud et al., 2007,

Waal et al., 2012).

In mammalian cells the CPC promotes cleavage furrow ingression at the
equatorial cortex (reviewed in Waal et al., 2012). Exactly how the CPC is involved in
this process is not fully understood, although it seems likely that it is mediated through
CPC-dependent regulation of the centralspindlin complex. The CPC recruits
centralspindlin to the spindle midzone, which in turn recruits the RhoA GEF Ect2
(Nishimura & Yonemura, 2006; Douglas et al., 2010). Aurora B phosphorylation of the
centralspindlin component MgcRacGAP induces its Rho GAP activity (Minoshima et

al., 2003). Properly regulated RhoA activity is required for proper assembly and
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constriction of the actin-myosin ring (Piekny et al., 2005). In addition to this indirect
regulation of RhoA, the CPC is thought to have a wider role in the regulation of the
cytoskeleton during cytokinesis. It is widely believed that the interaction between actin
filaments and myosin Il provide the force required for constricting the actin-myosin ring
thereby driving cleavage furrow ingression. Aurora B activity has been reported to
modulate the binding of myosin 11 to the cytoskeleton (Ozli et al., 2010). This may be
via phosphorylation of myosin regulatory light chain Il (Murata-Hori et al., 2000).
However, this has not been confirmed in human cells (Ozli et al., 2010). The CPC may
also contribute to actin polymerisation at the cleavage furrow since it has been shown
that Aurora B binds and phosphorylates the formin FHODZ1, which interacts with Racl

GTPase to regulate actin polymerisation (Ozli et al., 2010).

Septins are also important for cytokinesis. Septins are GTP-binding cytoskeletal
proteins and have a lipid-binding motif that allows them to bind to membranes
(Casamayor & Snyder, 2003). They were first discovered in budding yeast during a
screen to identify cell division cycle mutants (Hartwell, 1971) and have since been
found to be highly conserved and required for cytokinesis in many organisms including
humans (Kinoshita et al., 1997; Pan et al., 2007; DeMay et al., 2011). In S. cerevisiae
septins form ordered rings at the bud neck where they act as a scaffold for the
recruitment of other proteins required for actin-myosin ring function and membrane
abscission, and also form a barrier that prevents the diffusion of cortical proteins
between mother and daughter cells to maintain cell polarity (Gladfelter et al., 2001,
Dobbelaere & Barral, 2004; Bertin & Nogales, 2012). In budding yeast, it has been
suggested that a CPC sub-complex consisting of Sli15 and Birl regulates septin
dynamics in late mitosis (Gillis et al., 2005; Thomas & Kaplan, 2007). Similarly, an

interaction between the CPC and septins in C. elegans appears to be essential for
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cytokinesis (Lewellyn et al., 2011) and human Aurora B has been shown to
phosphorylate septin 1 (Qi et al., 2005). It remains to be demonstrated exactly how the

CPC regulates cytokinesis.

1.6.8 Regulation of abscission

Abscission is required to complete cytokinesis and involves the fusion of cell
membranes to physically separate the two cells. This process is monitored by the NoCut
pathway, which delays abscission if chromatin is present in the cytoplasmic bridge
between the two cells and thereby preventing chromosome damage. This pathway was
first discovered in budding yeast (Norden et al., 2006; Mendoza et al., 2009) and has
since been found to be conserved in human cells (also known as the abscission
checkpoint; Steigemann et al., 2009). This mechanism is poorly understood but several
studies have demonstrated that Ipl1/Aurora B is involved in its activation. In budding
yeast, Ipl1 localisation and activity at the spindle midzone is required to activate the
NoCut pathway by targeting Boil and Boi2, two anillin-like proteins implicated in polar
growth and bud emergence, to the bud neck (Norden et al., 2006; Mendoza et al., 2009).
Ahcl, a component of the ADA histone acetyltransferase complex, appears to act
upstream of Ipl1 in NoCut activation and artificial targeting of Ipl1 to chromatin in
anaphase is sufficient to trigger a NoCut response (Mendoza et al., 2009). These
observations have led to the development of a model for the NoCut pathway. The
current model states that Ipl1 at the spindle midzone becomes active through the
interaction of chromatin-associated factors, which require Ahcl and acetylated
chromatin, and triggers the NoCut pathway. In the absence of chromatin in the
cytoplasmic bridge, Ipll is inactive and NoCut signalling ceases (Mendoza et al., 2009).
Aurora B localisation and activity at the spindle midzone is also required for the

activation of the abscission pathway in human cells (Steigemann et al., 2009). Recent
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studies have identified that Borealin binds to CHMP4C, a subunit of the ESCRT-III
(endosomal sorting complex required for transport) complex (Capalbo et al., 2012;
Carlton et al., 2012). ESCRT-11l1 mediates membrane fission at the end of cytokinesis
(Elia et al., 2011; Guizetti et al., 2011) and it has been suggested that Borealin binding
may mediate phosphorylation of CHMPA4C by Aurora B, inhibiting its involvement in

this process and thereby delaying cytokinesis (reviewed in Carmena, 2012).

1.6.9 Activation and regulation of Ipl1l/Aurora B

The activity of Ipl1/Aurora B is regulated in a number of ways through its
protein interactions, post-translational modifications, localisation and degradation. The
activation of its kinase activity is a complex process that is achieved in numerous steps.
Ipl1/Aurora B first binds to a conserved region at the C-terminus of SIi1l5/INCENP
known as the IN box (Kang et al., 2001; Honda et al., 2003), which stimulates a low
level of kinase activity. This enables Ipl1/Aurora B to phosphorylate a conserved TSS
(Thr-Ser-Ser) motif in the C-terminus of SIil5/INCENP (Bishop & Schumacher, 2002;
Honda et al., 2003) and also auto-phosphorylate the threonine in the T-loop of its kinase
domain (Thr-260 in budding yeast, Thr-232 in human cells; Yasui et al., 2004; Sessa et
al., 2005), which results in the full activation of the Ipl1/Aurora B. Crystal structures of
Aurora B with an INCENP fragment suggest that INCENP allosterically induces the
extension of the activation loop to facilitate its modification and phosphorylation of the
TSS motif mediates the opening of the catalytic cleft, both of which are required for full
Aurora B activation (Sessa et al., 2005). These phosphorylation events are thought to
occur in trans, suggesting that Aurora B activation is local concentration dependent
(Sessa et al., 2005). This goes towards explaining why kinase activation is coupled with
its enrichment at the centromere and spindle midzone. Aurora B can also be activated

by microtubules (Rosasco-Nitcher et al., 2008; Tseng et al., 2010) and this requires TD-
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60 (Rosasco-Nitcher et al., 2008), another chromosomal passenger protein. Since TD-60
is required for CPC localisation (Mollinari et al., 2003), it is possible that it stimulates

Aurora B activation by increasing its local concentration.

Other kinases can also influence Aurora B activity. The checkpoint kinase Chk1
is required to delay entry into mitosis when cells have unreplicated or damaged DNA
(Takai et al., 2000). However, it has also been implicated in proper spindle checkpoint
function since Chk1-deficient cells have an increased resistance to the microtubule
stabilising drug taxol, chromosome segregation defects and fail to recruit BubR1 to
kinetochores (Zachos et al., 2007). In budding yeast, Chk1 has been shown to
phosphorylate and stabilise the yeast securin Pds1 to prevent progression into anaphase
(Wang et al., 2001). It has recently been demonstrated that Chk1 is localised to
kinetochores and that full activation of human Aurora B requires phosphorylation of
Ser-311 by Chk1 (Zachos et al., 2007; Petsalaki et al., 2011). Although Chk1 is
conserved, it is unclear if this mechanism is conserved in budding yeast as Ipl1 does not
contain a phosphorylatable amino acid at or around the equivalent position to Ser-311 in

Aurora B.

Other post-translational modifications of Aurora B have also been reported to
regulate its localisation and activity. Ubiquitination of Aurora B has been shown to
promote the removal of the CPC from chromatin and its recruitment to the spindle in
anaphase (Sumara et al., 2007; Maerki et al., 2009). Sumoylation of Aurora B is also
required for proper mitotic progression since an Aurora B mutant that cannot be
sumoylated at a single site in its kinase domain exhibits abnormal CPC localisation,
chromosome segregation defects and fails to complete cytokinesis (Fernandez-Miranda

etal., 2010).
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Modification of other CPC subunits has also been reported to contribute to its
localisation and Aurora B activity. Ubiquitination of Survivin is required for its
association with centromeres in metaphase and its deubiquitination is necessary for its
targeting to the spindle in anaphase (\Vong et al., 2005). The phosphorylation of
Borealin by Mps1 appears to be required for optimal Aurora B activity at centromeres in
vivo but is not required for CPC localisation (Jelluma et al., 2008). Phosphorylation of
INCENP, Survivin and Borealin by CDK has been shown to modulate CPC localisation
and function (Pereira & Schiebel, 2003; Himmer & Mayer, 2009; Tsukahara et al.,
2010), although these appear to vary between organisms. Prior to this current study,
whether CDK phosphorylation of Ipl1 regulates its activity or localisation was
unknown. Aurora B activity is ultimately terminated during mitotic exit when the CPC
is targeted by the APC/C and degraded by the proteasome (Nguyen et al., 2005; Stewart

& Fang, 2005).

For proper cell cycle progression it is essential that the phosphorylation of
Ipl1/Aurora B substrates is regulated. This requires the antagonistic action of
phosphatases to appropriately dephosphorylate these substrates. This regulatory
relationship is complex and continues to be a highly active area of research. It is best
understood in early mitosis during the process of kinetochore-microtubule error
correction and bi-orientation. As mentioned previously, GIc7/PP1 is the major
counteracting phosphatase for Ipl1/Aurora B and is recruited to the outer kinetochore
during mitosis by Spc105/KNL1 (Hsu et al., 2000; Pinsky et al., 2006b; Rosenberg et
al., 2011). A number of other proteins have also been suggested to facilitate recruitment
of PP1 to kinetochores. These proteins include the PP1 regulatory subunit Sds22 (Posch
et al., 2010) and the kinesin-7 CENP-E (Kim et al., 2010) in humans, the kinesin-8

Klp5/Klp6 in fission yeast (Meadows et al., 2011) and the Glc7 regulatory subunit Finl
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in budding yeast (Akiyoshi et al., 2009). The phosphatase PP2A has also been reported
to oppose Aurora B activity (Sugiyama et al., 2002; Foley et al., 2011). In human cells,
PP2A along with its B56 regulatory subunit, dephosphorylates Aurora B substrates to
stabilise kinetochore-microtubule attachments (Foley et al., 2011). PP2A is enriched at
centromeres without microtubule attachment and dissociates upon establishment of a
proper bi-oriented attachment (Foley et al., 2011). Whether PP2A is required in budding
yeast for the same function is unclear. However, it has been shown that Ipl1/Aurora B is
required to maintain the centromeric localisation of PP2A at centromeres in meiosis to
protect centromeric cohesin (Yu & Koshland, 2007; Tanno et al., 2010), suggesting that
PP2A has conserved functions at the centromere. As discussed previously, it is believed
that the tension-dependent stretching and relaxation of the centromere and kinetochore
regulates whether an Ipl1/Aurora B substrate is in proximity of the kinase or
phosphatase (Liu et al., 2009; Welburn et al., 2010). However, there are a number of
other factors that can also influence Ipl1/Aurora B activity towards its substrates. For
example, the acetylation and phosphorylation of histone H3 (Li et al., 2006; Rosasco-
Nitcher et al., 2008) and methylation of Dam1 (Zhang et al., 2005) alters their affinity
as substrates for Ipl1/Aurora B. It is possible that similar mechanisms may regulate

Ipl1/Aurora B phosphorylation of other substrates.

1.6.10 Localisation of the CPC in early mitosis

While the distinct localisation pattern was the original defining characteristic of
the CPC, how its localisation was regulated remained unclear until relatively recently. A
number of studies have identified two histone modifications that are important for the
recruitment of the CPC to the centromere: phosphorylation of histone H2A and histone
H3 (Kawashima et al., 2010; Kelly et al., 2010; Yamagishi et al., 2010; Wang et al.,

2010).
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Studies have shown that Sgo2 (Shugoshin 2) regulates CPC localisation in
fission yeast mitosis, likely through interaction with Birl/Survivin (Vanoosthuyse et al.,
2007; Kawashima et al., 2007) and that the conserved SAC protein kinase Bubl is
required for the centromeric localisation of Shugoshin (Kitajima et al., 2004; Fernius &
Hardwick, 2007). Shugoshins are conserved and important chromatin-associated
proteins that have a number of roles in chromosome segregation during both mitosis and
meiosis (reviewed in Gutiérrez-Caballero et al., 2012). While fission yeast Sgo2 is
essential for CPC recruitment (Vanoosthuyse et al., 2007), Sgo1 is required for the
protection of centromeric cohesion (Kitajima et al., 2004). This separation in function is
not reflected in human cells as depletion of both Sgol and Sgo2 are required to disrupt
the localisation of the CPC (Tsukahara et al., 2010). A later study by Kawashima et al.
(2010) uncovered the link between Bubl and Shugoshin by demonstrating that Bubl
phosphorylates the conserved Ser-121 residue of histone H2A in S. pombe, which
provides a mark for the direct binding of Shugoshin. This also appears to be a conserved
mechanism in budding yeast and mammalian cells (Kawashima et al., 2010). Bubl
siRNA treatment or injection of an antibody that recognises histone H2A
phosphorylated at the equivalent Thr-120 position (H2A-T120ph) in human cells
interferes with the centromeric localisation of Sgol (Kawashima et al., 2010). However,
in human cells it appears that the Borealin subunit of the CPC interacts with Shugoshin
as opposed to Birl in fission yeast (Tsukahara et al., 2010; Vader & Lens, 2010).
Additionally, it also appears that Cdk1 phosphorylation of Borealin in human cells and
Birl in fission yeast is required for their interaction with Shugoshin since mutation of
these sites abolishes centromere localisation and function of the CPC (Tsukahara et al.,
2010). Mutation of Ser-121 in S. cerevisiae histone H2A or deletion of BUB1 abolishes
Sgol localisation (Kawashima et al., 2010). However, in budding yeast, neither Bubl

nor the sole Shugoshin Sgol are required for CPC localisation or Ipll activity
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(Storchova et al., 2011). Localisation of the CPC in budding yeast may be achieved by
the direct binding of Birl with the Ndc10 component of the CBF3 complex (Yoon &
Carbon, 1999; Bouck & Bloom, 2005; Gillis et al., 2005), which is the DNA sequence-

specific scaffold of the kinetochore at the yeast centromere.

Phosphorylation of histone H3 on the conserved Thr-3 residue (H3-T3ph) has
also been shown to contribute to the centromeric localisation of the CPC in fission
yeast, Xenopus and human cells (Kelly et al., 2010; Yamagishi et al., 2010; Wang et al.,
2010). This modification is performed by the evolutionarily conserved Haspin kinase
(Higgins, 2003; discussed in more detail later) and appears to provide a mark for the
direct binding of Survivin via its conserved BIR domain (Kelly et al., 2010; Yamagishi
et al., 2010; Wang et al., 2010). Whether Haspin kinases in budding yeast

phosphorylate histone H3 on Thr-3 or contribute to CPC localisation is unknown.

Phosphorylation of the kinetochore protein Spc105/KNL1 by Mps1 recruits
Bub1 to kinetochores (London et al., 2012; Yamagishi et al., 2012) and consequently
phosphorylated histone H2A-S121 is most abundant at the centromere (Kawashima et
al., 2010). Haspin and histone H3-T3ph are found along the length of chromosomes and
become particularly concentrated at the centromere as cells progress into metaphase
(Dai et al. 2005; Yamagishi et al. 2010). In fission yeast, the activity of Hrk1 (Haspin-
related kinase 1) requires the cohesin regulator Pds5 and the HP1 homologue Swi6
(Yamagishi et al., 2010). The CPC is most highly enriched in the region where these
two histone modifications overlap (Fig. 1.6; Yamagishi et al., 2010). Perturbation of
either of these pathways by Haspin or Bubl RNAI in human cells disrupts Aurora B
localisation (Wang et al., 2010; Yamagishi et al., 2010). Similarly, deletion of

components from these pathways or mutation of histone H3-T3 or histone H2A-S121 in
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fission yeast has the same effect and results in chromosome bi-orientation and
segregation defects (Yamagishi et al., 2010). Disruption of both pathways
simultaneously significantly increases the severity of these phenotypes and results in a

strong growth defect (Yamagishi et al., 2010).

Haspin " > ot
Lishizn

Nucl
Wy Nucleosome

Sister
Chromatids

Kinetochores

Fig. 1.6. Chromosomal passenger complex recruitment to the centromere in early
mitosis. Phosphorylation of histone H2A by Bubl and histone H3 by Haspin has been

reported to recruit the CPC to centromeres in fission yeast and human cells. This figure
is adapted from Vader & Lens (2010).

Together, these studies show that Haspin, Bub1 and Shugoshin are required for
the enrichment of the CPC at the centromere in fission yeast and higher eukaryotes.
However, the localisation of Bubl and Shugoshin and the accumulation of H3-T3ph at
the centromere require Aurora B activity (Hauf et al., 2003; Dai et al., 2006; Wang et
al., 2011), suggesting the existence of a positive feedback loop that is required for the
association of the CPC with the centromere. In support of this hypothesis, Wang et al.
(2011) have demonstrated that Haspin is phosphorylated by Aurora B and that

preventing this modification by mutating these sites or inhibiting Aurora B prevents full
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Haspin activity in mitosis, reducing the level of centromeric CPC. Additionally, they
were able to show that mutations in the Survivin BIR domain that disrupt the
association with H3-T3ph results in the diffuse distribution of the CPC on chromatin
and reduced H3-T3ph at the centromere. The Bub1-Shugoshin pathway also contributes
to this feedback mechanism at least in part by localising the CPC to centromeres (Wang
etal., 2011). It is also well established that Mps1 localisation to the kinetochore, and
consequently Bubl, is Aurora B-dependent (Jelluma et al., 2010; Santaguida et al.,
2010). Therefore, this intricate feedback loop ensures the rapid enrichment of the CPC

to centromeres during mitosis.

1.6.11 Re-localisation of the CPC during anaphase

As cells progress into anaphase the CPC is transferred from the inner centromere
to the spindle midzone and a decrease in Cyclin B-CDK activity is important for this
translocation. In budding yeast the Cdc14-dependent dephosphorylation of a number of
CDK phosphorylation sites in Sli15 facilitates this transition (Pereira & Schiebel, 2003).
Mutation of these residues to prevent CDK phosphorylation results in the premature
localisation of Slil5 to the spindle in metaphase (Ser-335 mediates much of this
phenotype; Pereira & Schiebel, 2003). In human cells, CPC translocation to the spindle
requires the dephosphorylation of a single CDK site in INCENP (Thr-59; Himmer &
Mayer, 2009), presumably by Cdc14 (Gruneberg et al., 2004), and a phospho-mimetic
mutant of INCENP (T59E) fails to localise to the spindle midzone in anaphase
(Himmer & Mayer, 2009). In budding yeast the Sli15 CDK sites lie within the domain
required for the direct binding of microtubules (Kang et al., 2001), which suggests that
the dephosphorylation of these sites is necessary for this interaction and translocation to
the spindle. In human cells, the dephosphorylation of Thr-59 promotes the interaction of

INCENP with the kinesin-6 MKIp2, which binds to microtubules at the spindle midzone
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(Himmer & Mayer, 2009). Aurora B can also directly bind MKIlp2 (Gruneberg et al.,
2004). Budding yeast lack MKIp2 and it was unclear how the CPC was targeted to the

spindle midzone in this organism prior to this current study.

CPC recruitment to centromeres in human cells is suppressed by the
dephosphorylation of histone H3-T3 as cells enter anaphase (Kelly et al., 2010; Qian et
al., 2011), which likely contributes to its translocation. Additionally, active removal of
the CPC from mitotic chromosomes may also facilitate this process. Aurora B is
ubiquitylated by two spindle midzone-associated Cullin3-based E3 ubiquitin ligase
complexes (Sumara et al. 2007; Maerki et al. 2009). Ubiquitinated Aurora B is then
removed from chromosomes by Cdc48 and its adaptor proteins (Ramadan et al., 2007;
Dobrynin et al., 2011). Ubiquitination of Aurora B may also promote its retention at the

midzone (Maerki et al., 2009).

Recently, in budding yeast, the phosphorylation of Sli15 by Ipl1 has also been
shown to regulate binding to microtubules. Mutation of a number of serine and
threonine residues that exist within Ipl1 consensus phosphorylation sites in Sli15 results
in the premature localisation of Sli15 to the spindle in metaphase (Nakajima et al.,
2011; Makrantoni et al., unpublished) and to the midzone in anaphase (Nakajima et al.,
2011). Additionally, inhibition of Ipl1 activity with the use of an ATP analogue-
sensitive IPL1 allele (ipl1-as6) also resulted in the same premature spindle localisation.
These observations suggest that Ipl1 phosphorylation of Sli15 is also important for
regulating the localisation of the CPC. Whether Aurora B phosphorylation of INCENP
is important for a similar mechanism is not known. Loss of Ipl1 activity results in the
premature localisation of the CPC to the spindle (Nakajima et al., 2011). In contrast to

this, Aurora B activity is required for CPC localisation to the spindle in chicken DT40
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cells and rat NRK cells (Murata-Hori et al., 2002; Xu et al., 2009). This may suggest

that this mechanism is not conserved.

1.7  Haspin kinases
1.7.1 Discovery and overview

Haspin (haploid germ cell-specific nuclear protein kinase; reviewed in Higgins,
2010) was first identified in mice and was believed to be a testis-specific gene (Tanaka
et al., 1994; Tanaka et al., 1999). It was shown to localise to the nuclei of round
spermatids and possess intrinsic serine/threonine kinase activity. Several years later the
human Haspin gene was discovered and it was also shown to be highly abundant in the
testis, although it was also found at lower levels in other somatic tissues that have high
numbers of dividing cells and in all proliferating cell lines that were tested (Higgins,
2001). Since then, genes encoding Haspin homologues have been identified in every
eukaryotic genome sequenced to date, which includes numerous vertebrates, arthropods,
nematodes, amoebozoa, fungi and plants. Most species have a single Haspin
homologue, although S. cerevisiae has two and C. elegans has at least three together
with approximately sixteen Haspin-related genes (Higgins, 2003). A Haspin homologue
can even be found in the microsporidium Encephalitozoon cuniculi, which contains less
than 2000 potential protein-encoding genes and has a genome size of around 2.9
megabases that is smaller than many bacterial genomes (Katinka et al., 2001). This
suggests that Haspins have an important and conserved role to play in the biology of
eukaryotic organisms. All Haspin genes encode proteins containing a distinctive
atypical kinase domain at their C-terminus that lack a number of the conserved motifs
found in canonical protein kinases (Higgins, 2003). Despite this, yeast, plant, Xenopus
and human Haspins have all been shown to be active kinases (Dai et al., 2005; Nespoli

et al., 2006; Kelly et al., 2010; Yamagishi et al., 2010; Ashtiyani et al., 2011). The N-
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termini of the Haspin proteins are much less conserved, having no clear homology with

any known domains or other proteins.

Several years after its discovery, the localisation of human Haspin was more
accurately defined. Dai et al. (2005) observed that Haspin was associated
predominantly with condensed chromosomes throughout mitosis and was particularly
concentrated at centromeric regions. They also found that Haspin co-purifies with
histone H3 and phosphorylates it at Thr-3 (H3-T3ph). Haspin homologues in fission
yeast and plants have also been shown to have similar patterns of localisation and
phosphorylate histone H3 at the same position during mitosis (Yamagishi et al., 2010;
Ashtiyani et al., 2011). To date, histone H3 remains the only known substrate of the
Haspin kinases (other than themselves). Histone H3 is heavily and differentially
modified throughout the cell cycle. These modifications include phosphorylation,
methylation, acetylation and ubiquitinylation (reviewed in Oliver & Denu, 2010). In
mitosis, histone H3 is phosphorylated at a number of sites in the densely modified N-
terminal tail, including Thr-3, Thr-6, Ser-10, Thr-11 and Ser-28 (Dai et al., 2005).
Histone H3 Ser-10 is phosphorylated by Ipl1/Aurora B and is the best characterised of
these modifications (Hsu et al., 2000; Giet & Glover, 2001; Crosio et al., 2002). The
role of H3-T3ph and Haspin was unclear. However, it was noticed that depletion of
Haspin by RNAI resulted in aberrant metaphase chromosome alignment and that Haspin
overexpression delayed progression through early mitosis (Dai et al., 2005). Recently,
Haspin and histone H3-T3ph were shown to be required for the efficient recruitment of
the CPC to centromeres in fission yeast, Xenopus and human cells as discussed above

(Kelly et al., 2010; Yamagishi et al., 2010; Wang et al., 2010).
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1.7.2 Haspin-like kinases in budding yeast

Two Haspin homologues have been identified in budding yeast: Alk1 and Alk2
(Haspin-like kinase; Higgins, 2001a). However, the function of these kinases is yet to be
determined and it is not known whether they perform the same role as described in
fission yeast and higher eukaryotes. To date, there has only been a single publication

where Alk1 and Alk2 have been the subject of investigation (Nespoli et al., 2006).

Nespoli et al. (2006) became interested in the budding yeast Haspins when they
identified ALK1 as the top hit in a 2-hybrid screen using the DNA damage checkpoint
protein Ddc1 as bait. This was curious since an annotation for ALK1 in the GenBank
database stated that it was a novel DNA-damage response gene although it is not clear
how this was established. Nespoli et al. (2006) found that knockouts of either or both
ALK1 and ALK2 were viable but they were not sensitive to the DNA damage induced by
ultraviolet irradiation, hydroxyurea (HU) or methyl methanesulphonate (MMS). They
did find that both Alk1 and Alk2 were hyperphosphorylated in response to DNA

damage but it is still unclear if either have a role in the DNA-damage response.

By comparing the expression of HA tagged Alk1 and Alk2 with the progression
of nuclear division, spindle length and the DNA content of synchronously cycling cells
they were able to determine that both Alk1 and Alk2 levels fluctuate throughout the cell
cycle. Both proteins were absent in cells arrested in G; with a-factor and Alkl1 and Alk2
levels peaked in Go/M and late S/early G, respectively before being degraded as cells
exited mitosis. Both proteins contain KEN- and D-box sequences. These are recognised
by activators of the APC/C, which subsequently targets these proteins for degradation
(Glotzer et al., 1991; Pfleger & Kirschner, 2000). Nespoli et al. (2006) demonstrated

that mutation of these sequences stabilised the levels of both proteins, although Alk1

53



was stabilised to a lesser extent. This suggests that both proteins are degraded in an

APC/C-dependent manner.

Although Alk1 and Alk2 are Haspin homologues, they are somewhat divergent
and lack a number of conserved motifs that are normally associated with kinase activity
(Higgins, 2001a), suggesting that they may not be active kinases. However, Nespoli et
al., (2006) demonstrated that both are in fact active kinases as Alk1 and Alk2
immunoprecipitated from yeast or bacteria were able to auto-phosphorylate when
subjected to in vitro kinase assays. Furthermore, they were able to demonstrate that
mutagenesis of one of the conserved kinase motifs significantly reduced this activity.
While attempting to purify the Haspin-like kinases from yeast they found that
overexpression of Alk2, but not Alk1, from multi-copy plasmids resulted in the
accumulation of cells with replicated DNA and short bipolar spindles, suggestive of an
early mitotic block. This block was found to be dependent on the kinase activity of Alk2
since the overexpression of the kinase deficient mutant attenuated this delay (Nespoli et
al., 2006). Interestingly, overexpression of Haspin in human cells also resulted in a
delay during mitosis (Dai et al., 2005). Although Haspin was known to phosphorylate
histone H3 at Thr-3 (Dai et al., 2005), Nespoli et al. (2006) were unable to identify
histone H3 as an in vitro substrate of either Alk1 and Alk2 although this experiment was

not presented in their publication.

Collectively, these observations suggest that Alk1l and Alk2 are active kinases
and that they most likely have roles in mitosis. Whether they also phosphorylate histone
H3 and contribute to CPC localisation at centromeres like their counterparts in other

species is not known.
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1.8  Aims of the thesis

The CPC is an essential and conserved protein complex with numerous roles
during mitosis. Although the CPC has been studied extensively there are still many
aspects of its function and regulation that are still not fully understood. In this study,
several lines of investigation were followed using the yeast Saccharomyces cerevisiae

in the hope of further developing our understanding of how this complex is regulated.

The initial aim of this work was to investigate whether the regulated
phosphorylation of consensus CDK motifs in the budding yeast Aurora B homologue
Ipl1 was necessary for its proper function as a regulator of the cell division cycle.
However, following the recent discovery that Haspin kinase contributes to the
localisation and function of the CPC in fission yeast and human cells, a second major
goal was to establish whether the largely uncharacterised budding yeast Haspin-like
kinases Alk1 and Alk2 played a similar role. This led to the unexpected discovery that
rather than being important as regulators of Ipl1 function, the budding yeast Haspin-like
kinases are required to ensure proper spindle orientation and regulate bud growth during

mitosis.
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CHAPTER 2

Material and Methods
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2.1  Strains, media and growth conditions
2.1.1 Strains

All yeast (S. cerevisiae, S. pombe) and bacteria (E. coli) strains used in this study
are listed in Tables 2.1 and 2.2 respectively. All strains were saved as 20% glycerol

stocks that were snap frozen and stored at -80°C.

Table 2.1. Yeast strains used in this study |

Figure Strain Genotype Source
3.2A K699 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 canl- K. Nasmyth
100 ssd1-d2
NRY38a MATa ipl1-321::HIS3MX6 Lab collection
SJIC175 MATa sgolA::HIS3MX6 This study
YABD302 MATa mad2A::HIS3MX6 Lab collection
SJC13 MATa ipl1(S15A)::HIS3MX6 This study
SIC15 MATa ipl1(S50A)::HIS3MX6 This study
SJC17 MATa ipl1(S76A)::HIS3MX6 This study
SJC30 MATa ipl1(S15A,550A)::HIS3MX6 This study
SJC32 MATa ipl1(S15A,576A)::HISMX6 This study
SIC34 MATa ipl1(S50A,576A)::HIS3MX6 This study
SJC42 MATa ipl1(S15A,550A,576A)::HIS3MX6 This study
SJC114 MATa ipl1(S38A,550A,576A)::HIS3MX6 This study
SJC115 MATa ipl1(S15A,538A,550A,576A)::HIS3MX6 This study
SJC202 MATa ipl1(S269A)::HIS3MX6 This study
SJC19 MATa ipl1(S15E)::HIS3MX6 This study
SJC21 MATa ipl1(S50E)::HIS3MX6 This study
SJC23 MATa ipl1(S76E)::HIS3MX6 This study
SJC36 MATa ipl1(S15E,S50E)::HIS3MX6 This study
SJC38 MATa ipl1(S15E,S76E)::HIS3MX6 This study
SJIC40 MATa ipl1(S50E,S76E)::HIS3MX6 This study
sica4 MATa ipl1(S15E,S50E,S76E)::HIS3MX6 This study
SJC213 MATa ipl1(S38E,S50E,S76E)::HIS3MX6 This study
SJC214 MATa ipl1(S15E,S38E,S50E,S76E)::HIS3MX6 This study
32B SJC206 MATa/MATo IPL1/ipl1(S269E)::HIS3MX6 This study
SJC207 MATa/MATa IPL1/ipl1(S269E)::HIS3MX6 This study
SJC208 MATa/MATa IPL1/ipl1(S269E)::HIS3MX6 This study
SJC209 MATa/MATa IPL1/ipl1(S269E)::HIS3MX6 This study
3.3B SJC79 MATo TRP1 CFIII(CEN3.L.YPH278) URA3 SUP11 This study
sJC133 MATa ipl1(4SA)::HIS3MX6 TRP1 CFIII(CEN3.L.YPH278) This study
URA3 SUP11
SJc449 MATa ipl1(4SE)::HIS3MX6 TRP1 CFIII(CEN3.L.YPH278) This study
URA3 SUP11
SJC447 MATe ipl1(S269A)::HIS3MX6 TRP1 CFIII(CEN3.L.YPH278) This study
URA3 SUP11
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Table 2.1. continued...

Figure Strain Genotype Source
VMY113 MATa bir1-17::NATMX4 TRP1 CFIlI(CEN3.L.YPH278) URA3 Lab collection
SUP11
3.3D SJC90 MATa CEN3-tetO335::URA3 tetR-GFP::LEU2 YFP- This study
TUBI1::TRP1 pMET-CDC20::TRP1
SJC132 MATa ipl1(4SA)::HIS3BMX6 CEN3-tetO;36::URA3 tetR- This study
GFP::LEU2 YFP-TUB1::TRP1 pMET-CDC20::TRP1
SJC318 MATa ipl1(4SE)::HIS3MX6 CEN3-tetO;s5::URA3 tetR- This study
GFP::LEU2 YFP-TUB1::TRP1 pMET-CDC20::TRP1
SJC259 MATa ipl1(S269A)::HIS3MX6 CEN3-tetOss5::URA3 tetR- This study
GFP::LEU2 YFP-TUB1::TRP1 pMET-CDC20::TRP1
3.4 YABD352 MATa PDS1-mycqs::LEU2 kanMX6-pGAL1-SCC1 Lab collection
barlA::HPHMX4
SIC660  MATa ipl1(4SA)::HIS3MX6 PDS1-mycys::LEU2 KANMX6- This study
PGAL1-SCC1 barlA::HPHMX4
SJC664 MATa ipl1(4SE)::HIS3MX6 PDS1-mycys::LEU2 KANMX6- This study
PGAL1-SCC1 barlA::HPHMX4
3.5 SJC606 MATa IPL1-EGFP::KANMX6 YFP-TUB1::TRP1 pMET- This study
CDC20::TRP1
SJC607 MATa ipl1(4SA)-EGFP::KANMX6 YFP-TUB1::TRP1 pMET- This study
CDC20::TRP1
SJC609 MATa ipl1(4SE)-EGFP::KANMX6 YFP-TUB1::TRP1 pMET- This study
CDC20::TRP1
SJC815 MATa bim1A::NATMXG6 ipl1(4SA)-EGFP::KANMX6 YFP- This study
TUB1::TRP1 pMET-CDC20::TRP1
3.6A VMY30 MATa sli15A::KANMX6 his3::SLI15::HIS3 Lab collection
SJCe41 MATa ipl1(25A)::HIS3MX6 sli154::KANMX6 This study
his3::SL115::HIS3
VMY363  MATa sli15A::KANMXG6 his3::sli15(S335A)::HIS3 Lab collection
SJC594 MATa ipl1(2SA)::HIS3MX6 sli15A::KANMX6 This study
his3::sli15(S335A)::HIS3
SJC644 MATa ipl1(2SE)::HIS3MX6 sli15A::KANMX6 This study
his3::SL115::HIS3
VMY361  MATa sli15A::KANMXG6 his3::sli15(S335D)::HIS3 Lab collection
SJC600 MATa ipl1(2SE)::HIS3MXE6 sli15A::KANMX6 This study
his3::sli15(5335D)::HIS3
3.6B VMY148 MATa sli15A::KANMXG6 his3::sli15(20A)::HIS3 Lab collection
SIC597  MATa ipl1(2SA)::HIS3MXG6 sli15A::KANMX6 This study
his3::sli15(20A)::HIS3
VMY365  MATa sli15A::KANMXG6 his3::sli15(20A,S335A)::HIS3 Lab collection
SIC649  MATa ipl1(25A)::HIS3MX6 sli15A::KANMX6 This study
his3::s1i15(20A,335A)::HIS3
VMY187  MATa sli15A::KANMXG6 his3::sli15(20D)::HIS3 Lab collection
SJC603 MATa ipl1(2SE)::HIS3MXE6 sli15A::KANMX6 This study
his3::sli15(20D)::HIS3
VMY367 MATa sli15A::KANMXG6 his3::sli15(20D,5335D)::HIS3 Lab collection
SJC655 MATa ipl1(2SE)::HIS3MXG6 sli15A::KANMX6 This study
his3::sli15(20D,5335D)::HIS3
4.1Ai K699 MATa Lab collection
NRY38a MATa ipl1-321::HIS3MX6 Lab collection
YABD377 MATa mad3A::NATMX4 Lab collection
SJC125 MATa alk1A::NATMX4 This study
SIC127 MATa alk2A::NATMX4 This study

(Table continues)
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Table 2.1. continued...

Figure Strain Genotype Source
SJC123 MATa alk1A::NATMX4 alk2A::NATMX4 This study

4.1 Aidi SJC711 MATa [YCplac111] J. Smith; this study
SJC696 MATa alk1A::NATMX4 alk2A::KANMX6 [YCplac111] J. Smith; this study

SJC699 MATa alk1A::NATMX4 alk2A::KANMX6 [YCplac111-ALK1]  J. Smith; this study
SJC702 MATa alk1A::NATMX4 alk2A::KANMX6 [YCplac111-ALK2] J. Smith; this study

4.1B K699 MATa Lab collection
SJC125 MATa alk1A::NATMX4 This study
SJC399 MATa alk24::KANMX6 This study
SJC423 MATa alk1A::NATMX4 alk2A::KANMX6 This study
YABD302 MATa mad2A::HIS3MX6 Lab collection

4.3 SJC56 MATa PDS1-myc,g::LEU2 bar1A::HPHMX4 This study
SJC754 MATa mad34::KANMX6 PDS1-myc;s::LEU2 This study

bar1A::HPHMX4
SIC753 MATa alk1A::NATMX4 alk2A::KANMX6 PDS1-mycig::LEU2  This study
bariA::HPHMX4

4.4 SJC403 MATa ALK1-3HA::HIS3MX6 PDS1-myc;g::LEU2 This study
barlA::HPHMX4
SJC409 MATa ALK2-3HA::HIS3MX6 PDS1-myc;g::LEU2 This study
bariA::HPHMX4
45Ai SJC435 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA3 This study
Sic441 MATa hht1-hhflA::KANMX3 hht2(T3A)-HHF2::URA3 This study
SJC483 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA3 This study
alk1A::NATMX4
SJC487 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA3 This study
alk2A::NATMX4
SJC491 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA3 This study
alk1A::NATMX4 alk2A::NATMX4
4.5Aii SJC435 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA3 This study
Sic441 MATa hht1-hhflA::KANMX3 hht2(T3A)-HHF2::URA3 This study
SIC770 MATa bub1A::HIS3 hht1-hhflA::KANMX3 HHT2- This study
HHF2::URA3
SIC773 MATa bub1A::HIS3 hht1-hhf1A::KANMX3 hht2(T3A)- This study
HHF2::URA3
SIC475 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA This study
sgol1A::HIS3MX6
SJC480 MATa hht1-hhflA::KANMX3 hht2(T3A)-HHF2::URA This study
sgolA::HIS3MX6
45B K699 MATa Lab collection
SJC125 MATa alk1A::NATMX4 This study
SJC399 MATa alk24A::KANMX6 This study
SJC423 MATa alk1A::NATMX4 alk2A::KANMX6 This study
K7508 MATa bub1A::HIS3 K. Nasmyth
SJC175 MATa sgo1A::HIS3MX6 This study
SIC776 MATa bub1A::HIS3 alk1A::NATMX4 This study
SIC779 MATa bub1A::HIS3 alk2A::KANMX6 This study
SIC782 MATa bub1A::HIS3 alk1A::NATMX4 alk2A::KANMX6 This study
SJC451 MATa sgolA::HIS3MX6 alk1A::NATMX4 This study
SJC455 MATa sgo1A::HIS3MX6 alk2A::KANMX6 This study

(Table continues)
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Table 2.1. continued...

Figure Strain Genotype Source
SJC459 MATa sgo1A::HIS3MX6 alk1A::NATMX4 alk2A::KANMX6 This study
4.6B SJC90 MATa CEN3-tetO33s::URA3 tetR-GFP::LEU2 YFP- This study
TUB1::TRP1 pMET-CDC20::TRP1
SIC144 MATa alk1A::NATMX4 alk2A::NATMX4 CEN3- This study
tetOs35::URA3 tetR-GFP::LEU2 YFP-TUB1::TRP1 pMET3-
CDC20::TRP1
SJC970 MATa sgol1A::HIS3MX6 CEN3-tetOsz35::URA3 tetR- This study
GFP::LEU2 YFP-TUB1::TRP1 pMET3-CDC20::TRP1
SJC974 MATa sgolA::HIS3MX6 alk1A::NATMX4 alk2A::NATMX4 This study
CEN3-tetOs35::URA3 tetR-GFP::LEU2 YFP-TUB1::TRP1
pPMET3-CDC20::TRP1
SJC587 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA3 trp1::YFP-  This study
TUB1::TRP1 pMET-CDC20::TRP1 his3::Lacl-NLS-GFP::HIS3
CEN15-LacOs::URA3
SJC589 MATa hht1-hhflA::KANMX3 hht2(T3A)-HHF2::URA3 This study
trpl::YFP-TUB1::TRP1 pMET-CDC20::TRP1 his3::Lacl-NLS-
GFP::HIS3 CEN15-LacOs::URA3
478, C SJC79 MATo TRP1 CFIII(CEN3.L.YPH278) URA3 SUP11 This study
SJC149 MATa alk1A::NATMX4 alk2A::NATMX4 TRP1 This study
CFIlII(CEN3.L.YPH278) URA3 SUP11
SJC949 MATa sgolA::HIS3MX6 TRP1 CFIII(CEN3.L.YPH278) URA3 This study
SUP11
SJC952 MATa sgolA::HIS3MX6 alk1A::NATMX4 alk2A::NATMX4 This study
TRP1 CFIII(CEN3.L.YPH278) URA3 SUP11
48A SJC910 MATa trp1::pTEF1-mCherry-TUB1::TRP1 pMET- This study
CDC20::TRP1 barlA::HPHMX4
SJC906 MATa alk1A::NatMX4 alk2A::KanMX6 trpl::pTEF1- This study
mCherry-TUB1::TRP1 pMET-CDC20::TRP1 barlA::HPHMX4
4.8B SJC587 MATa hht1-hhflA::KANMX3 HHT2-HHF2::URA3 trp1::YFP-  This study
TUB1::TRP1 pMET-CDC20::TRP1 his3::Lacl-NLS-GFP::HIS3
CEN15-LacOs::URA3
SJC589 MATa hht1-hhflA::KANMX3 hht2(T3A)-HHF2::URA3 This study
trp1::YFP-TUB1::TRP1 pMET-CDC20::TRP1 his3::Lacl-NLS-
GFP::HIS3 CEN15-LacOs::URA3
49 SJC910 MATa trp1::pTEF1-mCherry-TUB1::TRP1 pMET- This study
CDC20::TRP1 barlA::HPHMX4
SJC906 MATa alk1A::NatMX4 alk24::KanMX6 trpl::pTEF1- This study
mCherry-TUB1::TRP1 pMET-CDC20::TRP1 barlA::HPHMX4
4.10A SJC395 MATa kar9A::TRP1 This study
SJC263 MATa dyn1A::HIS3MX6 This study
4.10B SJC429 MATa kar9A::TRP1 dyniA::HIS3MX6 This study
SIC426 MATa alk1A::NATMX4 alk2A::KANMX6 This study
4.10C SJC250 MATa bim1A::HIS3MX6 This study
SIC426 MATa alk1A::NATMX4 alk2A::KANMX6 This study
4.10D SJC256 MATa jnm1A::HIS3MX6 This study
SIC426 MATa alk1A::NATMX4 alk2A::KANMX6 This study
4.10E K699 MATa Lab collection
SJC395 MATa kar9A::TRP1 This study
SJC244 MATa dynlA::HIS3MX6 This study
SJC429 MATa kar9A::TRP1 dynlA::HIS3MX6 This study
4.10F K699 MATa Lab collection
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Table 2.1. continued...

Figure Strain Genotype Source
SJC125 MATa alk1A::NATMX4 This study
SJC127 MATa alk2A::NATMX4 This study
SJC123 MATa alk1A::NATMX4 alk2A::NATMX4 This study
SJC241 MATa kar9A::HIS3MX6 This study
SJC273 MATa kar9A::HIS3MX6 alk1A::NATMX4 This study
SJC275 MATa kar9A::HIS3MX6 alk2A::NATMX4 This study
SIC277 MATa kar9A::HIS3MX6 alk1A::NATMX4 alk2A::NATMX4 This study
SJC250 MATa bim1A::HIS3MX6 This study
SJC290 MATa bim1A::HIS3MX6 alk1A::NATMX4 This study
SJC292 MATa bim1A::HIS3MX6 alk2A::NATMX4 This study
SJC294 MATa bim1A::HIS3MX6 alk1A::NATMX4 alk2A::NATMX4 This study
SJC244 MATa dynlA::HIS3MX6 This study
SJC279 MATa dynl1A::HIS3MX6 alk1A::NATMX4 This study
SJc281 MATa dynlA::HIS3MX6 alk2A::NATMX4 This study
SJC283 MATa dynl1A::HIS3MX6 alk1A::NATMX4 alk2A::NATMX4 This study
SJC256 MATa jnm1A::HIS3MX6 This study
SJC302 MATa jnm1A::HIS3MX6 alk1A::NATMX4 This study
SJC304 MATa jnm1A::HIS3MX6 alk2A::NATMX4 This study
SJIC305 MATa jnm1A::HIS3MX6 alk1A::NATMX4 alk2A::NATMX4 This study
4.11 SJC581 MATa ALKI-EYFP::NATMX4 bar1A::HPHMX4 pMET- This study
CDC20::TRP1
SJC584 MATa ALK2-EYFP::NATMX4 bar1A::HPHMX4 pMET- This study
CDC20::TRP1
4.13 A SIC785 MATa zrt1A::HIS3MX6 This study
SJC426 MATa alk1A::NATMX4 alk2A::KANMX6 This study
4.13 B K699 MATa Lab collection
SJC125 MATa alk1A::NATMX4 This study
SJC399 MATa alk2A::KANMX6 This study
SJC423 MATa alk1A::NATMX4 alk2A::KANMX6 This study
SJC785 MATa zrt1A::HIS3MX6 This study
SJC796 MATa zrt1A::HIS3MX6 alk1A::NATMX4 This study
SJIC799 MATa zrt1A::HIS3MX6 alk2A::KANMX6 This study
SJC802 MATa zrt1A::HIS3MX6 alk1A::NATMX4 alk2A::KANMX6 This study
4.13C SJC831 MATa haclA::HIS3MX6 This study
SIC426 MATa alk1A::NATMX4 alk2A::KANMX6 This study
4.13D SJC834 MATa irel1A::HIS3MX6 This study
SIC426 MATa alk1A::NATMX4 alk2A::KANMX6 This study
4.13E SJC837 MATa spt3A::HIS3MX6 This study
SIC426 MATa alk1A::NATMX4 alk2A::KANMX6 This study
A2 K699 MATa Lab collection
SJCc423 MATa alk1A::NATMX4 alk2A::KANMX6 This study
SJC175 MATa sgolA::HIS3MX6 This study
SJC459 MATa sgolA::HIS3MXG6 alk1A::NATMX4 alk2A::KANMX6 This study
YABD302 MATa mad2A::HIS3MX6 Lab collection
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Table 2.1. continued...

Figure Strain Genotype Source
A3 SIC679 MATa IPL1-EGFP::KANMXG6 trpl1::pTEF1-mCherry- This study
TUB1::TRP1 pMET-CDC20::TRP1
SIC750 MATa alk1A::NATMX4 alk2A::NATMX4 IPL1- This study
EGFP::KANMXG6 trpl::pTEF1-mCherry-TUB1::TRP1 pMET-
CDC20::TRP1
A4 SJC587 MATa hht1-hhf1A::KANMX3 HHT2-HHF2::URA3 trp1::YFP-  This study

TUB1::TRP1 pMET-CDC20::TRP1 his3::Lacl-NLS-GFP::HIS3
CEN15-LacOs::URA3

SJC589 MATa hht1-hhflA::KANMX3 hht2(T3A)-HHF2::URA3 This study
trpl1::YFP-TUB1::TRP1 pMET-CDC20::TRP1 his3::Lacl-NLS-
GFP::HIS3 CEN15-LacOs::URA3

KP340 nda3-KM311 h” (S. pombe) K. Hardwick

N/A AYS927 MATa/MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 Lab collection

canl1-100 ssd1-d2

SJC614 MATa alk1A::NATMX4 lypl::HPH::LEU2 can1A::STE2pr- This study
Sphis5 his3A1 leu2A0 ura3A0 met15A0 (S288C
background)

SJC617 MATa alk24::NATMX4 lypl::HPH::LEU2 can1A::STE2pr- This study
Sphis5 his3A1 leu2A0 ura3A0 met15A0 (S288C
background)

SIC620-1 MATa alk1A::NATMX4 alk2A::HPHMX4 canlA::STE2pr- This study
Sphis5 lyp1A::LEU2 his3A1 leu2A0 ura3A0 met15A0
(S288C background)

1 Unless stated otherwise, all strains are S. cerevisiae and are derived from the W303 background,
containing the alleles listed under the K699 genotype in addition to those shown for each strain.

Table 2.2. E. coli strains used in this study

Strain  Genotype Source

DH5a F— ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17 (ri, my') phoA Invitrogen
SUPE44 A" thi-1 gyrA96 relAl
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2.1.2 Media and growth conditions

All solid and liquid media for the propagation of yeast and bacteria were
prepared by the Media Service within the College of Life Sciences. Yeast strains were
cultured in or grown on various media (see Table 2.3) and at various temperatures
depending on the genotype of the strain and the purpose of the experiment. Strains were
typically grown at 26°C unless otherwise stated. E. coli strains were cultured in or
grown on lysogeny broth (LB) medium (see Table 2.4) and incubated at 37°C. To
maintain selection for plasmids the medium was supplemented with ampicillin (AMP).

E. coli strain DH5a was used in all cloning and transformation procedures.

2.2 Yeast strain construction
2.2.1 Crossing, diploid selection, zygotes and tetrad dissection

Yeast strains were crossed by taking a small scoop of cells of opposite mating
type and resuspending thoroughly in 20 pl of sterile water. This cell suspension was
then spread onto an appropriate agar plate and incubated at 26°C overnight. Diploids
were selected by streaking a sample of the crossed strains onto the appropriate selective
medium. Where diploid selection by this method was not possible (i.e. if the two strains
being crossed had no unique auxotrophic or drug selection markers) zygotes were
picked. Yeast strains were crossed as above but after incubation for 5 — 8 hours zygotes
were identified as described in Stansfield & Stark (2007) and picked using a Singer
“Sporeplay” micromanipulator. Once the diploids had formed colonies they were
patched onto YPAD and grown overnight before being patched onto VB sporulation
medium and incubated at 26°C. Tetrads (four-spored asci) typically developed after 2
days. Tetrad dissection was performed by resuspending sporulated cells in 200 ul sterile
water and adding 40 pg of Zymolyase 100T. The digestion was carried out at room

temperature for 5 minutes. Once digested, 1 ml sterile water was gently added and the
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Table 2.3. Yeast growth medium and supplements

YPA

yeast extract

peptone

adenine hydrochloride
glucose (YPAD)
raffinose/galactose (YPARG)
agar (for plates)

SD (synthetic drop-out)
yeast nitrogen base (w/o amino acids)
amino acids (omit as appropriate)

glucose

VB (sporulation medium)
sodium acetate
potassium chloride
sodium chloride
magnesium sulphate

agar (for plates)

YES (for S. pombe)

yeast extract

arginine, histidine, leucine, lysine, uracil,
adenine

glucose

agar (for plates)

Drugs and working concentrations
Geneticin (G418)
Nourseothricin (clonNAT)

Hygromycin B (HygB)

% (w/v)
1
2
0.01

2 (each)

% (w/v)
0.0067
varied

2

% (w/v)
0.82
0.19
0.12
0.035

1.5

% (w/v)
0.5
0.0002
(each)
2

2

pg/ml
200

100
200

For detailed recipes of yeast media, see (Amberg et al., 2005)

Table 2.4. E. coli growth medium and supplements

LB medium
tryptone

yeast extract
sodium chloride

agar (for plates)

Drugs and working concentrations
ampicillin (AMP)

% (w/v)
1
0.5
1
1.2

ug/ml
100
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cell suspension was pipetted onto the search area of an angled plate. Tetrad dissection

was performed using a Singer “Sporeplay” micromanipulator.

2.2.2 Yeast transformation

Yeast strains were transformed following the lithium acetate method described
previously (Gietz & Woods, 2002). Cells from 25 ml of an exponentially growing
culture were collected by centrifugation at 3,000 rpm for 2 minutes at room
temperature, washed once with distilled water and finally resuspended in 1 ml distilled
water. For each transformation, 200 pl of the cell suspension was centrifuged and the
following mix was added to the pellet: 360 ul PEG 3350 33% (w/v), 100 mM lithium
acetate, 100 pg sheared herring sperm DNA and a suitable amount of plasmid or PCR
product (typically a few pg of PCR product or 50 — 100 ng of plasmid DNA). The pellet
was resuspended by thorough vortexing before heat-shock incubation at 42°C for 40
minutes. Finally the cells were washed and inoculated onto the appropriate selective
plates. When using drug selection (G418, clonNAT, Hygromycin), cells were
resuspended in 1 ml YPAD and incubated at 26°C for 3 hours following the heat shock
before being inoculated onto selective plates. Correct transformants were identified by

colony PCR.

2.2.3 Colony PCR

A small amount of yeast cells was resuspended in 10 pl of SPZ solution [1.2 M
sorbitol, 100 mM sodium phosphate (pH 7.5) and 2.5 mg/ml Zymolyase 100T] and
subsequently incubated at 37°C for 30 minutes and then 95°C for a further 5 minutes to
digest the cell wall and liberate the genomic DNA. This suspension was then diluted 10-
fold with distilled water and 2.5 pl used as a template in a 25 ul PCR reaction (See 2.3.2

PCR and primers).
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2.2.4 Generation of IPL1 mutant alleles

IPL1 mutant alleles were generated at the genomic IPL1 locus following the
methodology described by Toulmay & Schneiter (2006). Briefly, a HIS3MX6 cassette
was inserted downstream of the IPL1 genomic locus. Using this DNA as a template (see
genomic DNA preparation), one of the forward primers listed in Table 2.5 and a reverse
primer downstream of the HIS3MX6, a PCR product was generated using Phusion®
High Fidelity DNA Polymerase (NEB Inc.) that incorporated the codon mutation and
cassette. This was subsequently transformed into a wild-type diploid W303 strain
(AYS927) to generate heterozygous diploids to avoid problems associated with sickness
or lethality caused by the mutations. Correct transformants were identified with a
combination of PCR, restriction digest and sequencing. These diploid strains were then
sporulated and dissected to obtain haploid strains containing the IPL1 mutant allele.
Tetrad analysis identified the lethality associated with the ipl1-S269E allele. Four
independent transformants (verified by sequencing) were dissected to confirm the

lethality associated with this mutant allele.

Table 2.5. Primers used for IPL1 mutagenesis

Primer Sequence

IPL1 S1SA F GAAGTAAAAAGGGAATGCAACGCAATAGTTTAGTAAATATCAAACTAAACGCT
- - AATGCACCATCGAAAAAGACCAC

IPL1 SS0A F CCATGGAGAATATCCCATTCGCCGCAGCAAAGAAACCCGAATTCAAAAATACC
- - TGCACCTGTAAGAGAAAAATTGAAC

IPLL ST6A F GATTACCTGTAAACAATAAGAAGTTTTTGGATATGGAAAGCTCCAAAATTCCA
- - GCACCTATAAGGAAAGCGAC

IPL1 S1SE F GAAGTAAAAAGGGAATGCAACGCAATAGTTTAGTAAATATCAAACTAAACGCT
- - AATGAACCATCGAAAAAGACCAC

IPL1 SSOE F CCATGGAGAATATCCCATTCGCCGCAGCAAAGAAACCCGAATTCAAAAATACC
- - TGAACCTGTAAGAGAAAAATTGAAC

IPL1 ST6E F GATTACCTGTAAACAATAAGAAGTTTTTGGATATGGAAAGCTCCAAAATTCCA
- - GAACCTATAAGGAAAGCGAC

IPL1_S38A_F EETCCAGGATCAATAAACCATGGAGAATATCCCATGCACCGCAGCAAAGAAAC

CAATAAACCATGGAGAATATCCCATGAACCGCAGCAAAGAAACCCGAATTCAA

IPL1_S38E_S50E_F
B B B AAATACCTGAACCTGTAAGAGAAAAATTGAAC

Optimized codon mutations are highlighted in red. All primers were synthesized by Sigma Aldrich, UK
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2.2.5 Generation of histone H3 mutant strains

The S. cerevisiae genome contains two genes that encode histone H3 (HHT1 and
HHT2) and each are expressed at different loci from a bi-directional promoter that is
shared with one of two copies of histone H4 (HHF1 and HHF2). To generate H3(T3A)
and the corresponding H3 control cells, a strain was acquired in which both loci were
deleted (hht1-hhf1A::KANMX3 hht2-hhf2A::HIS3) and viability was maintained through
the expression of HHT2-HHF2 from a URA3-marked plasmid (YCpURA3[HHT2-
HHF2]; a gift from N. Lowndes, NUI Galway). These two knockout loci were separated
into different strains by backcrossing with a wild-type strain. As these resulting haploid
strains now had the respective wild-type and knockout loci, the covering plasmid was
removed by several round of selection on 5-FOA plates. Two plasmids were sourced
that carried a synthetic locus of HHT2-HHF2 with either wild-type HHT2 or mutant
hht2(T3A) that were marked with URA3 and had flanking sequence homology with the
HHT2-HHF2 genomic locus (Thermo Scientific Open Biosystems Histone H3 and H4
Mutant Collection; Dai et al., 2008). A TRP1 marker was also present on these plasmids
at a position not linked to the synthetic HHT2-HHF2 locus. These plasmids were
linearised at their unique Swal restriction site and transformed into the strain carrying
hht2-hhf2A::HIS3 so as to replace hht2-hhf2A::HIS3 with HHT2-HHF2::URA3 or
hht2(T3A)-HHF2::URA3. Transformants were struck out onto selective plates to check
that the synthetic locus had integrated correctly and replaced the knockout locus (correct
integration = Trp’, His", Ura"). These HHT2-HHF2 and hht2(T3A)-HHF2 strains were
then crossed with the strain carrying hht1A-hhfl1A to generate haploid strains where the

sole source of histone H3 was either HHT2 or hht2(T3A).
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2.3 Molecular biology techniques
2.3.1 Yeast genomic DNA preparation

A 10 ml overnight yeast culture was harvested by centrifugation at 3,000 rpm for
2 minutes. The pellet was resuspended in 0.5 ml of a 1 M sorbitol, 0.1 M EDTA (pH
7.5) buffer to which 100 ug of Lyticase was added before incubation at 37°C for 60
minutes. A pellet was collected by centrifugation at 13,200 rpm for 1 minute and
subsequently resuspended in 0.5 ml 50 mM Tris-HCI (pH 7.4), 20 MM Na;EDTA to
which 25 ul of SDS 20% (w/v) was added. The suspension was mixed thoroughly and
incubated on ice for 60 minutes. A large white pellet was collected by centrifugation at
13,200 rpm for 5 minutes and the supernatant transferred to a new tube. One volume of
100% isopropanol was added to the supernatant, mixed thoroughly by inversion and left
to stand for 5 minutes. Following centrifugation at 13,200 rpm for 10 seconds, the
supernatant was discarded and the pellet air-dried for 15 minutes. The pellet was
resuspended in 0.3 ml TE buffer [10 mM Tris-HCI (pH 7.4), 1 mM EDTA (pH 8.0)]
and 15 pg of RNase A was added before incubation for 30 minutes at 37°C. 30 ul of 3
M NaOAc was added and mixed followed by 200 ul of 100% isopropanol to precipitate
the DNA. After several inversions of the tube the DNA was pelleted by centrifugation at
13,200 rpm for 10 seconds. The pellet was air-dried and resuspended in 50 pl of

distilled water.

2.3.2 PCR and primers

A typical PCR reaction contained 50 — 200 ng template DNA, 1x PCR buffer,
200 uM dNTPs, 0.2 uM each of forward and reverse primers, 1 —5 U DNA polymerase
and made up to 50 pul with sterile water. A typical PCR program consisted of an initial
denaturation step of 2 minutes 94°C followed by 30 cycles of 1 minute 94°C

(denaturation), 30 seconds 55°C (annealing) and 1 minute per kb DNA 72°C
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(elongation). A final elongation step for 10 minutes 72°C concluded the program. All
primers used in this study were synthesised by Sigma Aldrich UK. The annealing
temperature was adjusted if required based on the temperatures specified by the
manufacturer. Recombinant Taq polymerase (purified in-house) was used for diagnostic
PCR and followed the conditions listed above. The Expand Long Template PCR System
(Roche) was used as a higher fidelity option for generating PCR fragments for
transformation. For instances where the DNA sequence needed to be correct after
amplification, Phusion® High Fidelity DNA Polymerase (NEB) was used. Reaction
constituents and conditions were adjusted when using these enzymes based on the

manufacturers’ specifications.

2.3.3 Plasmid isolation, restriction digests and ligations

A single colony of an E. coli strain carrying the plasmid of interest was
inoculated into LB medium supplemented with the relevant drug to maintain selection
for the plasmid and incubated at 37°C for 16 — 24 hours. Plasmid DNA was isolated
using a miniprep kit (Bioline Reagents). Typically 0.5 — 5 ug (depending on the
application) of isolated plasmid DNA was incubated with 10 U of the relevant
restriction enzyme(s) (NEB) in the appropriate buffer and at the applicable temperature
for one to three hours. Digests were analysed by running the samples on an agarose gel
(1 - 2% (w/v) agarose, 1x TAE [40 mM Tris, 20 mM acetic acid, 1 mM EDTA])
containing 5 ul SafeView nucleic acid stain (NBS Biologicals Ltd.) per 100 ml agarose.
For ligation reactions the vector and insert bands of interest were excised from the gel
and the DNA extracted using a gel extraction kit (Qiagen). Vector DNA was
dephosphorylated using Antarctic phosphatase (NEB) before the ligation reaction was

performed using a rapid ligation kit (Roche). Ligations were subsequently transformed
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into an appropriate E. coli strain, typically DHS5a. Positive clones were identified by

restriction digest and sequencing.

2.3.4 E. coli competent cell preparation and transformation

Competent cell preparation and transformation were carried out following the
improved methodology described in Tu et al. (2005). Briefly, for transformation,
approximately 0.5 ug of plasmid DNA and 1 pl DMSO was added to 100 pl of
competent cells, mixed thoroughly and incubated on ice for 30 minutes. Cells were then
heat shocked at 42°C for 90 seconds and placed on ice for 2 minutes. Following a one
hour recovery period in 1 ml LB medium at 37°C (with shaking), cells were plated onto

the appropriate selective medium.

2.3.5 Plasmid and PCR fragment sequencing
All plasmid and PCR fragment sequencing was carried out by the DNA
Sequencing & Services facility within the College of Life Sciences. DNA samples were

prepared following the facilities guidelines available at www.dnaseq.co.uk

2.3.6 Generation of ALK1 and ALK2 containing vectors for complementation studies
ALK1 and ALK2 (including approximately 500 bp of upstream and downstream
DNA) were amplified from a genomic DNA preparation of a wild-type W303
background strain (K699) using the primers listed in Table 2.6 and Phusion® High
Fidelity DNA Polymerase (NEB Inc.). These fragments were then gel purified and
inserted into the pJET1.2 blunt cloning vector (Fermentas) using the Rapid DNA
Ligation Kit (Roche) as per the manufacturer’s instructions and transformed into the
DH5a E. coli strain. Correct clones were identified by restriction digest and sequencing.

The cloned ALK1 and ALK2 sequences were then excised from the pJET1.2 vector, gel
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purified and inserted into the yeast centromere containing YCplac111 plasmid (LEU2
CEN4 ARS1 amp®; Gietz & Sugino, 1998). ALK1 was excised using Swal and Bglll and
cloned into the BamHI site of YCplac111. ALK2 was excised using Xhol and Mfel and
cloned between the EcoRI and Sall of YCplac111. Following transformation into E. coli

strain DH5a, correct clones were identified by restriction digest and DNA sequencing.

Table 2.6. Primers used in ALK1 and ALK2 vector construction

Primer Sequence

ALK1_F ATGTCCTACAAAGATTTCCC
ALK1_R CACAAACTCAGGTTATTGGC
ALK2_F TGTTCATAAATGACATGGGG
ALK2_R CAACCTTTTCCCATCGTGGC

All primers were synthesized by Sigma Aldrich, UK

2.4 Yeast protein extraction and analysis
2.4.1 NaOH/TCA method for total protein extraction

Cells were harvested and thoroughly resuspended in 4 volumes of NaOH buffer
[1.8 M NaOH, 7% B-mercaptoethanol] and chilled on ice for 10 minutes. TCA was
added (10% final) and mixed by inversion followed by a further 10 minute incubation
on ice. Samples were centrifuged at 13,200 rpm for 2 minutes and the supernatant
discarded. 1 volume of cold acetone was added to the pellet, vortexed and centrifuged at
13,200 rpm for 2 minutes. The supernatant was discarded and the pellets left to air-dry
briefly. The pellet was dispersed in 4 volumes of 2x Laemmli buffer [0.125 M Tris-HCI
(pH 6.8), 4% SDS (w/v), 20% glycerol, 0.01% bromophenol blue, 5% [-
mercaptoethanol] and heated to 75°C for 15 minutes. The sample was then vortexed
thoroughly and centrifuged at 13,200 rpm for 2 minutes to collect the insoluble cell

debris. Typically, 5 ul of the supernatant was used for SDS-PAGE analysis.
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2.4.2 Nuclei preparation and histone acid extraction

Histones were extracted from yeast nuclei using a standard acid extraction
method adapted from Gardner et al. (2011). Briefly, 250 ml cultures were grown to 1.5
ODggo /ml at 26°C. Cells were harvested by centrifugation at 3000 x g for 5 minutes and
washed once with STOP buffer [154 mM NaCl, 1 mM NaNs;, 50 mM NaF, 1 mM
NazVOs, 10 mM EDTA], once with water and then resuspended in 7.5 ml Buffer 1 [0.1
mM Tris-Cl (pH 9.4), 10 mM DTT] and incubated at 30°C with shaking at 150 rpm for
15 minutes. Cells were collected by centrifugation for 3 minutes at 3000 x g and
washed once with 15 ml Buffer 2 [1.2 M sorbitol, 20 mM HEPES (pH 7.4)]. Cells were
harvested as before and resuspended in 15 ml Buffer 2 containing 0.2 mg/ml Zymolyase
100T and incubated at 30°C with shaking at 150 rpm until at least 90% of cells were
spheroplasted. Spheroplasting typically took 40 — 50 minutes and was monitored by
mixing 4 pl of the cell suspension with 4 pl 1% SDS on a glass slide and visually
inspecting the ratio of intact and ghosted cells. Once adequately spheroplasted, 15 ml
ice-cold buffer 3 [1.2 M sorbitol, 20 mM PIPES (pH 6.8), 1 mM MgCl,] was added.
Cells were collected by centrifugation at 1300 x g for 5 minutes at 4°C, gently
resuspended in 7.5 ml ice-cold Buffer 4 [0.25 M sucrose, 60 mM KCI, 14 mM NacCl, 5
mM MgCl,, 1 mM CacCl,, 15 mM MES (pH 6.6), 1 mM PMSF, 0.8% TritonX-100],
incubated on ice for 20 minutes and collected by centrifugation at 1700 x g for 5
minutes. Nuclei isolation in Buffer 4 was completed three times in total. Nuclei were
washed three times in 12.5 ml Wash Buffer 1 [10 mM Tris-CI (pH 8.0), 0.5% NP-40, 75
mM NaCl, 1 mM PMSF] for 15 minutes on ice for the first two washes and 5 minutes
on the third wash, followed by two washes in Wash Buffer 2 [10 mM Tris-Cl (pH 8.0),
400 mM NaCl, 1 mM PMSF] for 10 minutes on the first wash and then centrifuged
immediately after the second resuspension. Histones were extracted by resuspending

nuclei in 1.5 ml 0.4 N H,SO, and incubating on ice for 30 minutes with occasional
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vortexing. Debris was pelleted by centrifugation at 10,000 x g and histones were
precipitated from the supernatant by addition of 100% (w/v) TCA to a final
concentration of 20% with incubation on ice for 30 minutes. Histones were pelleted by
centrifugation at 15,000 x g for 30 minutes, washed once with cold acetone containing
1% (v/v) HCI and once with cold acetone. Following removal of acetone and air-drying,

the pellet was resuspended in 200 pl 10 mM Tris-Cl (pH 8.0).

2.4.3 SDS-PAGE

Protein samples were analysed by SDS-PAGE using NUPAGE® 4-12% and
10% Bis-Tris precast gels (Invitrogen). Around 20 pg of protein was loaded per lane
alongside 3.5 ul of SeeBlue® Plus2 pre-stained standard (Invitrogen). Gels were run in
NuPAGE® MOPS SDS running buffer at 200 V for 50 minutes. Direct visualisation of
protein bands in SDS-PAGE gels was achieved by InstantBlue Coomassie (Novexin) or

silver staining.

2.4.4  Western blotting

Following SDS-PAGE proteins were transferred to Immobilon-P PVDF
membrane (Millipore) using Towbin buffer [25 mM Tris base, 192 mM glycine, 20%
methanol (v/v)] in a Bio-Rad transfer tank at 100 V for 60 minutes. Following transfer
the membrane was stained with Ponceau S [0.1% (w/v) Ponceau S, 5% (v/v) acetic acid]
to check the efficiency of the transfer and then washed in TBST [50 mM Tris-CI (pH
7.5), 150 mM NaCl, 0.2% (v/v) Tween-20]. Membranes were blocked for 60 minutes in
TBST with 5% (w/v) of milk or BSA. Membranes were then incubated with a primary
antibody overnight at 4°C. The membrane was subsequently washed three times for 10
minutes each in TBST on a rocking platform before being incubated with an appropriate

HRP conjugated secondary antibody for 60 minutes. The membrane was washed as
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before and incubated with ECL reagent (Millipore) according to the manufacturers’
guidelines and chemiluminescence was detected using a Fujifilm LAS-4000 system and

Image Reader software.

2.45 Antibodies

Each of the antibodies used in this study are listed in Table 2.7.

Table 2.7. Antibodies used in this study

Target Source Cat. #/I1D Dilution used
Cdc28 (C-term) Santa Cruz Biotechnology  sc-6709 1in 10,000
GFP Roche 11814460001 1in 1000

HA Santa Cruz Biotechnology = sc-7392 1in 3000

H3 (C-term) Abcam ab1791 1in 5000
H3-T3ph Upstate/Millipore 07-424 1in 2000
H3-T3ph J. Higgins (Dai et al. 2005) B8634 1in 2000
H3-T3phK4me3 Abcam ab3738 1in 5000
Myc Santa Cruz Biotechnology  sc-789 1in 10,000
TAP Pierce/Thermo Scientific CAB1001 1in 5000

2.5  Yeast experimental procedures
2.5.1 Spot assays

Spot assays were used to assess sensitivity of yeast strains to various
temperatures or drugs. Exponentially growing cultures were diluted in YPAD to 1.0
ODggo /ml and four subsequent 10-fold dilutions were spotted onto appropriate agar
plates. After two days incubation the plates were imaged to compare growth. To test
thermosensitivity, several identical plates would be spotted and incubated at a range of
temperatures (typically 26°C, 30°C and 37°C). To test sensitivity to a particular drug,
cells were spotted onto several agar plates, each containing varying concentrations of
the drug. Typically, three independently isolated strains of the same genotype were

tested.
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2.5.2 Generating synchronous yeast cultures using alpha-factor

An appropriate volume of a mid-log phase culture was harvested and the
resulting pellet was washed thoroughly in pre-warmed media to remove traces of the
extracellular Barl protease (the protease which degrades alpha-factor). The cells were
then diluted to 0.18 ODggo /ml in media containing 1.25 pg/ml of alpha-factor (0.5
pg/ml for barlA cells) to arrest cells in G;. Alpha-factor was then added at the same
concentration after the first 60 minutes and then every 30 minutes thereafter.
Synchronisation was generally achieved after 2 hours. Cell cultures had arrested

efficiently if 95% of cells displayed shmoo morphology.

2.5.3 Metaphase arrest through Cdc20 depletion

Cells containing CDC20 under the control of the MET3 methionine-repressible
promoter (PMET3-CDC20) were arrested with a-factor as previously described in
medium lacking methionine to deplete Cdc20. These cells were released from G, by
thoroughly washing the cells and then resuspending them in YPAD supplemented with
5 mM methionine to repress the expression of Cdc20. Efficient metaphase arrest was
usually achieved after 2.5 hours and was confirmed by the accumulation of either large

budded cells or cells with short bipolar spindles.

2.5.4 Metaphase arrest using benomyl or nocodazole

Cells were arrested in metaphase by the addition of 30 ug/ml benomyl or 15
pg/ml nocodazole. Media due to receive either of these drugs were supplemented with
1% DMSO to maintain solubility of the drugs. Efficient metaphase arrest was confirmed
by the accumulation of either large budded cells or the persistence of Pds1/Securin

(assessed by western blotting).
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2.5.5 Monitoring spindle checkpoint signalling through the kinetics of Pds1

destruction in synchronous cultures

Cell cycle progression and spindle checkpoint signalling can be observed by
monitoring the cell cycle regulated expression and degradation of the yeast securin
Pdsl. Pdsl is rapidly degraded upon entry into anaphase, but persists when cells arrest
in metaphase. Briefly, cells expressing Pds1-myc;g were harvested from a mid-log
phase culture and diluted to 1.8 ODggo /ml in 20 ml medium and a-factor was added to
synchronise cells in G;. Cells were then washed thoroughly with 100 ml medium to
remove the a-factor and then resuspended in 200 ml medium to synchronously release
cells from G;. For the first time-point a 25 ml sample was taken immediately and
centrifuged at 3,000 rpm to collect the cells. The pellet was then resuspended in 1 ml
sterile water and transferred to a 1.5 ml microcentrifuge tube and centrifuged at 10,000
rpm for 30 seconds. The supernatant was discarded and the pellet was frozen on dry ice.
This process was repeated usually every 20 minutes for each time-point. Protein
extraction from the cell pellets was performed using the NaOH/TCA method. Pds1-

mycig levels were monitored by SDS-PAGE and western blotting.

2.5.6 Assessing tension-dependent checkpoint signalling — depletion of Sccl

A pGAL-SCC1 construct was used to conditionally deplete cells of Sccl, a
subunit of the cohesin complex, and thereby prevent proper cohesin loading onto
replicated DNA. This results in the loss of tension at centromeric regions of sister
chromatids and triggers a checkpoint response in wild-type cells. The same time-course
approach to monitor Pds1 kinetics was used but varied in several ways. Cells were
initially cultured in medium containing galactose (YPARG) to maintain expression of

Sccl. Gy synchronisation using a-factor was then performed in medium containing
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glucose (YPAD) to deplete cells of Sccl and cells were also released in YPAD medium

to maintain the depletion.

2.5.7 Assessing chromosome bi-orientation and segregation using ‘CEN-dot’ strains
Strains were constructed to enable the visualisation of both the microtubules
(YFP-TUBL) and sister centromeres of chromosome 11 by way of tetR-GFP binding to
an array of tetO repeats inserted close to the centromere of chromosome 111 (CEN3).
These strains also carried pMET3-CDC20 so that cells could be efficiently arrested in
metaphase (strain SJC90). Cells from mid-log phase cultures were arrested in G; with a-
factor and released to a metaphase block in rich medium as described above. Time-lapse
images were taken over a 5 minute period for each field of cells (see 2.6 Microscopy
Techniques). In these “CEN-dot” strains, bi-oriented chromosomes are characterised by
the dynamic separation and convergence of the two sister CEN-dots in metaphase,
whereas mono-oriented chromosomes appear as a single, unresolved CEN-dot that is
localised towards a single spindle pole (Tanaka et al. 2000). Only large budded cells
were scored with spindles that were visible and remained on the plane of view for the
duration of the time-course. When these cells are released from metaphase into
anaphase, the spindle elongates and proper chromosome segregation is deduced from
observing two separate dots at opposite ends of the spindle. Unsuccessful segregation
results in a single GFP dot being visible at one spindle pole. Fisher’s exact test was used
for the statistical analysis to compare results from different strains and all P-values are

two tailed.
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2.5.8 Chromosome loss assay

The rate of chromosome loss was assayed as previously described (Spencer &
Hieter, 1992) by monitoring the loss of a supernumerary chromosome 111 fragment
(CFII) carrying URA3 and SUP11 in a colony sectoring assay. Loss of CFIII (and
consequently SUP11) results in a red colony colour due to the inability to suppress the
ade2-1 mutation. The wild-type assay strain (SJC79) and mutant derivatives were
grown in SD medium lacking uracil to mid-log phase at 26°C and then washed and
resuspended in YPD medium which lacks additional adenine. Following brief
sonication to separate cells, suitable dilutions were made and cells were plated onto
YPD agar and incubated at 26°C for 6 days. The loss of CFIII was monitored visually
by the production of red sectored colonies and the loss rate per cell division was
calculated by dividing the number of half-sectored red colonies (50% or more red) by
the total number of colonies (excluding completely red colonies that were derived from

cells that lost CFIII before plating).

2.5.9 Viability assays

The viability of yeast strains was evaluated by using a number of different
assays. Methylene blue staining was performed by mixing equal parts of a briefly
sonicated mid-log phase culture growing in SC (synthetic complete) medium with 0.1 %
(w/v) methylene blue solution and leaving for 5 minutes to stain. Viable cells are able to
metabolise methylene blue and remain unstained whereas dead cells are not
metabolically active and are stained blue. Averages of over 900 cells were counted on a
haemocytometer per strain and the percent viability was calculated by dividing the

number of unstained cells by the total number of cells counted.
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An alternative method employed to determine viability was to assess the ability
of cells to form colonies. Sample of cells were taken from mid-log phase cultures and
sonicated. Cell number per millilitre was determined by haemocytometer counts and an
appropriate volume of culture containing approximately 200 cells was plated onto each
of four YPAD plates per strain. Viability was calculated as a percentage of colonies

formed versus the number of cells plated.

To assess the relative viability of strains after exposure to benomyl, cultures
were grown to mid-log phase and diluted to an appropriate cell density. Samples were
taken, briefly sonicated and plated onto three YPAD medium per strain at a density of
approximately 200 cells per plate. An equal volume of medium containing 60 pg/ml
benomyl was added to the cultures (final concentration of 30 pg/ml) and equivalent
samples (taking the dilution factor into account) were taken every 2 hours, sonicated
and plated out as before. Over 500 colonies were present at time zero for each strain. In
each case, this value was set at 100% and viability at subsequent time points was plotted

by expressing colony forming units as a percentage of the time zero value.

2.6 Microscopy techniques and image analysis
2.6.1 Microscopy equipment

Visualisation of proteins with a fluorescent tag was achieved using a
DeltaVision RT microscope (Applied Precision), a 100x UplanSApo 1.4 numerical
aperture oil immersion objective lens (Olympus), SoftWoRx image acquisition software
(Applied Precision) and a CoolSnap HQ charge-coupled device camera (Photometrics).
GFP, YFP and mCherry were visualised with an ET filter set or a JP3 filter set was used

to distinguish between GFP and YFP when expressed in the same yeast strain.
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2.6.2 Image acquisition

Image acquisition was performed following the methodology described in
Tanaka et al. (2010). Typically, cells expressing a fluorescent protein were immobilised
on an agarose pad and ten z-section images spaced 0.5 pm apart were taken at ambient
temperature (23°C). For time-lapse imaging a series of z-sections were collected every
15 seconds for 5 minutes. An exposure time to excitation light was typically 0.1 seconds

but this varied depending on the signal intensity of target samples.

2.6.3 Image analysis

Acquired images were deconvolved using the Spinlock Cluster Deconvolution
server (College of Life Sciences) and z-sections were typically projected with maximum
intensity signals to 2D images with VVolocity image analysis software (Perkin Elmer).
Statistical analysis of data obtained from microscopy experiments was performed as

described in the legend of the relevant figures.

2.7  SGA screening and data analysis
2.7.1 Query strain construction

The alk1A and alk2A single mutant query strains were generated by
transforming DLY 7325 with an NATMX4 cassette amplified using primers with gene
specific flanking sequences to delete the genes of interest (SJC614, SJIC617). The alk1A
alk2A double mutant query strain was generated by sequential transformation of strain
Y7092 with NATMX4 and HPHMX4 cassettes to delete ALK1 and ALK2 respectively.
The resulting strain was then crossed by Dr. Peter Banks to generate a strain with the
same complement of drug resistance and auxotrophic markers as the single mutant

query strains (SJC620-1).
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2.7.2 SGA screening

The SGA screens were funded by an MRC Centenary Award and performed in
collaboration with Prof. David Lydall at the University of Newcastle. The screens
themselves were carried out by Dr. Peter Banks (High Throughput Screening Facility
Manager) following previously described methodology (Tong and Boone, 2006).
Briefly, the query strains generated in this study were crossed with a collection of
around 5000 viable gene deletion mutants (Winzeler et al. 1999, Giaever et al. 2002)
and approximately 800 compromised alleles of essential genes (Breslow et al. 2008).
Funds were also allocated to allow me to spend 3 days at the facility to work alongside
Dr. Banks which allowed me to be involved in several key steps in the screening

process and gain experience using the equipment.

2.7.3 Data analysis
The raw interaction data was analysed and filtered as described in Chapter 4.
Gene ontology (GO) enrichment analysis was performed with the BINGO plug-in

(v2.44; Maere et al. 2005) for the open-source network visualisation software

Cytoscape (v2.82; Smoot et al. 2011; www.cytoscape.org). The latest ontology and

annotation files were used in the analysis (www.geneontology.org). For details of the

parameters and output, see Appendix Table A4.
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CHAPTER 3

CDK-dependent phosphorylation of Ipl1 prevents premature
localisation of Ipll to the mitotic spindle in metaphase
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3.1 Introduction

Temporally regulated phosphorylation of a wide range of proteins by cyclin-
dependent kinases (CDKSs) is critical for timely and coordinated progression through the
cell cycle. Association of stage-specific cyclins with CDKs differentially targets the
kinase activity towards specific substrates. Amongst this plethora of confirmed and
putative CDK substrates are the components of the CPC. Consensus CDK
phosphorylation motifs can be found in each of the S. cerevisiae CPC proteins (Ipl1,
Sli15, Birl, Nbl1; see Appendix Fig. Al). Some of these motifs have been confirmed as
targets for phosphorylation by CDK and shown to have functional significance. For
example, dephosphorylation of residues targeted by CDK in Slil5/INCENP has been
shown to be required for efficient translocation of the CPC from the
centromere/kinetochore in metaphase to the central spindle in anaphase in budding yeast
and human cells (Pereira & Schiebel, 2003; Parry et al., 2003; Gruneberg et al., 2004;
Himmer & Mayer, 2009). This change in the localisation of the CPC has been proposed
to be required to prevent checkpoint reactivation when tension between sister
chromatids is lost upon entry into anaphase (Mirchenko & Uhlmann, 2010; Vazquez-
Novelle & Petronczki, 2010), and also for other functions such as the regulation of

septin dynamics at the bud neck (Thomas & Kaplan, 2007).

Aurora B homologues in a variety of different species contain putative CDK
phosphorylation sites. Many of these sites are found within the less well conserved N-
terminal domains, although in some species, such as S. cerevisiae and D. melanogaster,
there are sites within the C-terminal kinase domain (Fig. 3.1 A). Previous studies have
demonstrated that the budding yeast Aurora B homologue Ipll is phosphorylated by the
yeast CDK Cdc28 (see next section for references), although the functional significance

of these post-translational modifications were unknown prior to this study (Fig. 3.1 B).
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Are these modifications required to regulate Ipl1 kinase activity, localisation or binding

to other proteins? In this chapter a potential functional role for Cdc28-dependent

phosphorylation of Ipl1 was investigated.

A
S. cerevisiae | ‘ ’ ’ ’ I \ | I Ipll
Agossypii | [[] | I e
S. pombe | ’ | | | Arkl
H. sapiens | | | | Aurora B
C. elegans I | | | AIR-2
D. melanogaster | | ] | | Tal
X. laevis | ‘ ‘ ’ | ‘ | | XAurora B
A. thaliana | | | | Aurora-2
B [S/T]-P-X-[K/R] -- consensus phosphorylation
site for Cdc28 / Cdkl
S15S38 S50 S76 S269
. . ?
> CeIﬁY's'ae Kinase 367
T;'éo
in vitro in vivo

Sis IKLNANSPSKKTTT + -

S38  PWRISHSPQQRNPN + +

S50 PNSKIPSPVREKLN + +

S76  ESSKIPSPIRKATS + +

S269 GTIDYLSPEMVESR - -

Figure 3.1. Cdc28/Cdk1 phosphorylation motifs in Ipll and other Aurora B
homologues. (A) Aurora B homologues from a number of different species contain
Cdk1 phosphorylation motifs (red). A large proportion of these Cdk1 consensus sites
are found within the N-terminal non-kinase domain of the protein (white), although in
some species they can also be found in the kinase domain (grey). Database entries
searched for CDK consensus sites were: S. cerevisiae (P38991); A. gossypii (Q755C4);
S. pombe (059790); H. sapiens (Q96GD4); C. elegans (001427); D. melanogaster
(Q9VKNY7); X. laevis (Q6GPL3); A. thaliana (Q683C9). (B) Ipl1 has five consensus
Cdc28 sites in total (red). Four are located within the non-kinase N-terminus and a fifth
site that is located in the kinase domain close to the canonical threonine residue of the
activation loop (‘T-loop’; blue). All four of the N-terminal sites have been mapped
following phosphorylation in vitro but only three have been identified in vivo (see main
text for references).
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3.2 Mutation of confirmed and putative CDK phosphorylation motifs in Ipl1
Cdc28 is the major CDK responsible for coordinating passage through the cell
cycle in budding yeast. Previous studies have demonstrated that the N-terminus of Ipll
is phosphorylated by Cdc28 both in vitro and in vivo. Analysis of the full length peptide
sequence of Ipl1 (367 amino acids; Appendix Fig. Al) reveals a total of three sites that
conform to the full consensus CDK phosphorylation motif [*/-P-X-</g] (S15, S50, S76)
and a further two sites (S38, S269) that have the minimal CDK phosphorylation motif
[3/+-P] (Fig. 3.1 B). Although all of the N-terminal sites have been shown to be
phosphorylated by Cdc28 in vitro (Chang et al., 2004; Zimniak et al., 2012) only three
(S38, S50, S76) have been confirmed in vivo (S38: Chi et al., 2007; Smolka et al., 2007,
Huber et al., 2009; S50: Gnad et al., 2009; Soufi et al., 2009; Soulard et al., 2010;
Zimniak et al., 2012; S76: Cheeseman et al., 2002; Holt et al., 2009; Zimniak et al.,
2012). The functional relevance of these post-translational modifications was unclear.
Four of these consensus sites are located in the non-kinase N-terminus of the protein
within the first 80 amino acids. The S76 site is conserved in many fungi and in S.
cerevisiae, the motif is embedded in a repeated sequence (-SKIPSP['/v]R-) shared with

the S50 site (Fig. 3.1 B).

To investigate whether or not phosphorylation of these residues play a role in the
regulation of Ipl1, the serine residues within these motifs were mutated to alanine
residues, individually and in combination, to create a series of non-phosphorylatable
mutants. This was achieved by using a two-step method to introduce single and multiple
mutations at a single IPL1 genomic locus in a wild-type diploid strain, followed by
tetrad dissection to isolate haploid mutants (see Methods; Toulmay & Schneiter, 2006).
This approach was used for several reasons. Firstly, expression from the IPL1 genomic

locus ensures defined copy number, homogenous expression across the cell population
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and expression of the protein at endogenous levels. Secondly, generating haploid
mutants from heterozygous diploid strains makes no assumptions about whether
particular substitutions might be lethal or drive selection of suppressor mutations and is
therefore an unbiased method for determining associated phenotypes. Once generated
these mutants were assayed for any robust growth defects, including altered growth rate,
temperature sensitivity and hypersensitivity to the microtubule destabilising drug
benomyl. No obvious growth defects were observed when comparing the wild-type and
mutant strains (Fig. 3.2 A). A previous study had reported that mutation at the S76
position resulted in a temperature sensitive phenotype (Francisco & Chan, 1994), but
this finding could not be replicated in the current study. A series of phospho-mimetic
mutants were also generated, in which each serine residue within the CDK motif was
replaced with glutamic acid residues to mimic constitutive phosphorylation at these
sites. This series of mutants was also tested for robust growth phenotypes but again
none were observed (Fig. 3.2 A), with the sole exception that viable haploid strains
carrying the ipl1-S269E mutation could not be isolated. Tetrad analysis was performed
on four independently verified diploid strains heterozygous for the ipl1-S269E mutation
and each displayed the same 2:2 segregation pattern (Fig. 3.2 B). Additionally, mutants
could not be isolated by transforming the ipl1-S269E mutant allele directly into a wild-
type haploid strain. Intriguingly, S269 is positioned nine amino acids downstream of the
canonical threonine residue of the activation loop (‘T-loop”) in the heart of the kinase
domain. However, alignment of Ipl1 homologues from several different species
indicates that this residue is most often a proline residue and only appears to be a serine
residue in several species within the Saccharomycetaceae family including

Kluyveromyces lactis, Candida glabrata and Ashbya gossypii (Fig. 3.2 C).
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Figure 3.2. Mutation of CDK phosphorylation motifs in Ipl1. (A) The single and
multiple Ipl1 CDK site mutants were spotted in 10-fold serial dilutions onto YPAD
medium to test for any growth defect, temperature sensitivity or hypersensitivity to
benomyl. All the generated mutant combinations displayed no obvious growth
phenotype and behaved as wild-type except for the ipl1-S269E mutation, which was
lethal. (B) Tetrad dissection of a diploid IPL1/ipl1-S269E strain highlights the lethality
associated with this mutation. This tetrad analysis is representative of four independent
diploid strains tested. (C) Sequence alignment of the region surrounding the S269
position in Ipl1 and other Aurora B homologues. S269 and the equivalent positions in
other species are indicated by the red box. This residue is only a serine in several yeasts
and is in close proximity to the canonical threonine residue of the activation loop/T-loop
(*). Key to sequence database entries: S. cerevisiae (P38991), A. gossypii (Q755C4), S.
pombe (059790), H. sapiens (Q96GD4), C. elegans (001427), D. melanogaster
(Q9VKNTY), X. laevis (Q6GPL3), A. thaliana (Q683C9).
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3.3  Chromosome bi-orientation and segregation are not affected in Ipl1 CDK

site mutants

Although no strong growth defects were apparent in the initial set of assays
(excluding ipl1-S269E), the Ipl1 CDK site mutants could confer more subtle phenotypes
not revealed by the previous assays. Ipl1 has been shown to be required for the
destabilisation of syntelic microtubule attachments to allow the correct bi-oriented
kinetochore-microtubule attachments to be made (reviewed in Lampson & Cheeseman,
2010; Musacchio, 2011; Carmena et al., 2012). Without properly regulated Ipl1 kinase
activity and localisation, these syntelic attachments may persist, resulting in an
increased frequency of mono-oriented chromosomes and aberrant chromosome
segregation as cells progress into anaphase. Two different methods were used to test
whether chromosome bi-orientation or segregation were perturbed in strains carrying
the Ipl1 CDK site mutations. The first approach involved the generation of a series of
strains where the loss of a supernumerary chromosome fragment could be visualised in
a colony sectoring assay. Loss of the chromosome fragment carrying the SUP11 gene
results in the formation of a red colony colour due to the inability to supress the ade2-1
mutation present in the genetic background of the strains being used (Fig. 3.3 A). The
number of half sectored colonies in relation to the total number of colonies can then be
used to calculate the chromosome loss rate per cell division (see Methods). Each of the
Ipl1 CDK site mutants tested behaved in a comparable manner to a wild-type strain and
showed no significant increase in chromosome loss rate, whereas the temperature
sensitive birl-17 mutant, used here as a positive control and described previously by
Makrantoni & Stark (2009), displayed a greater than 20-fold increase in loss rate even

when grown at the 26°C permissive temperature (Fig. 3.3 B).

88



A Chromosome fragment (150 kb)

SUPII] E Chr. I1I left arm . k
URA3 CEN6

B Chromosome loss rates
Half- Loss rate per
Strain Red  gectored  Total  cell division*  Fold
colonies  ¢olonjes  Colonies (107 increase
WT 0 1 1742 0.57 =
ipl1-4SA 1 1 1672 0.60 1.05
ipl1-4SE 1 2 1736 1.15 2.02
ipl1-S269A 1 1 1675 0.60 1.05
birl-17 14 22 1885 11.76 20.63

* Calculated as half-sectored/(total - red)

metaphase anaphase

C Bi-oriented Segregated
- (& — (=
@ =@ e
nucleus  SPB SPBs Moo ocleried Missegregated
duplicated @)
CEN unseparated
D
2 60 ;
3 ! ® Mono-oriented
X 40 = Bi-oriented
20 m
0 = : 5
IPLI1 ipl1-4SA ipl14SE ipl1-S269A
n=145 n=104 n=188 n=169
P=1 P=075 P=0.78
E o
80
2 60
8 = Missegregated
X 40 @ Segregated
i
0
IPL1 ipl1-4SA ipl1-4SE ipl1-S269A
n=125 n=112 n=156 n=144
P=1 P=1 P=1

Figure 3.3. IPL1 mutant cells show no chromosome bi-orientation or segregation
defects. (A) Loss of the indicated chromosome fragment was monitored in a colony
sectoring assay by the formation of a red colony colour. Representative images of red
and half-sectored colonies are shown. (B) Quantification of chromosome loss rates for
wild-type (WT) and ipl1 mutant strains. birl-17 was used as a positive control. (C)
Wild-type (WT) and ipl1 mutant cells containing CEN3-(tetO)sss, tetR-GFP, YFP-TUB1
and pMET3-CDC20 were arrested in G; with a-factor and released to a metaphase block
in rich medium supplemented with 5 mM methionine (to deplete Cdc20) to assess bi-
orientation, and then subsequently released into anaphase (in medium lacking
methionine) to assess segregation. Quantification of (D) chromosome bi-orientation and
(E) segregation. Representative images from the respective image sequences are shown.
n = total number of cells scored for each strain. P-values are two-tailed and were
calculated using Fisher’s exact test comparing mutants with the wild-type.

89



The second approach involved the generation of control and ipl1 mutant strains
in which bi-orientation and chromosome segregation could be monitored
microscopically and in real-time. Microtubules were visualised through fluorescently
tagged tubulin (YFP-Tubl) and sister centromeres on chromosome 11 were visualised
by tetR-GFP binding to an array of tet operators inserted in the pericentromeric region
of CEN3. In metaphase arrested cells, bi-oriented chromosomes were scored where
there was a dynamic splitting and reassociation of ‘CEN-dots’, whereas mono-oriented
chromosomes were scored in instances where there was only a single unresolved CEN-
dot visible (Tanaka et al., 2000). Chromosome segregation can also be monitored in
these cells by allowing them to progress into anaphase. Proper chromosome segregation
can be inferred when two separate dots are visible at opposite ends of the elongated
anaphase spindle (Fig. 3.3 C). Five minute time-lapse image sequences were taken for
multiple fields and over 100 metaphase arrested cells were scored for bi-orientation or
persistent mono-orientation (Fig. 3.3 D). Cells were then released from metaphase and
over 100 cells were also scored for proper segregation (Fig. 3.3 E). The data obtained
from these experiments showed that there was no statistically significant difference in
the incidence of chromosome mono-orientation or missegregation in the ipl1 mutants

compared to wild-type.

3.4  Spindle assembly checkpoint signalling is not defective in ipl1-4SA and ipl1-
4SE cells
Ipl1 has previously been shown to be required for spindle checkpoint activation
in response to a lack of tension between sister chromatids. Biggins & Murray (2001)
demonstrated that the temperature sensitive ipl1-321 mutant can still activate the spindle
checkpoint in response to microtubule depolymerisation induced by nocodazole but

cannot in response to a lack of tension in a mcd1-1 (sccl) cohesin mutant. If Ipll is
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incorrectly localised or regulated then it is reasonable to hypothesise that checkpoint
signalling in response to a lack of tension may be compromised. To address this
possibility, a series of strains were generated in which spindle checkpoint signalling
under several conditions could be visualised by monitoring the levels of the yeast
securin Pdsl1. Wild-type, ipl1-4SA and ipl1-4SE cells expressing Pds1-myc;g were
arrested in G; with a-factor and released into three different media. These cells also
expressed Sccl, a subunit of the cohesin complex, under control of the GAL promoter
(pGAL-SCC1) to allow the conditional depletion of Sccl and consequently the
generation of tensionless sister chromatid pairs. Cells were released into medium
containing galactose (to maintain SCC1 expression) with or without benomyl and into
medium containing glucose to deplete Sccl. Cells were harvested at the indicated times
after release and Pds1 levels were determined by western blot. The ipl1-4SA and ipl1-
ASE cells behaved similarly to wild-type under each condition. Pds1 levels rose and fell
when the cell cycle was not perturbed and levels persisted when treated with benomyl
and when Sccl was depleted (Fig. 3.4). These results suggest that the ipl1-4SA and ipl1-
4SE mutants are not defective in spindle checkpoint signalling in response to

microtubule depolymerisation or lack of sister chromatid tension.
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Figure 3.4. Spindle checkpoint signalling is not defective in ipl1-4SA and ipl1-4SE
cells. Wild-type, ipl1-4SA and ipl1-4SE cells expressing Pds1-myc;g and Sccl under
control of the GAL promoter were synchronised in G; with a-factor and released into
medium with or without benomy! or with glucose to repress the expression of SCCL1.
Samples were taken at the indicated times and analysed by western blotting. Cdc28
detected by an anti-Cdc28 antibody was used as a loading control.
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35 Ipl1-4SA is prematurely loaded onto spindle microtubules in metaphase
Previous studies have demonstrated that Cdc14-dependent dephosphorylation of
CDK phosphorylated sites in SIi15/INCENP is required for the translocation of the CPC
from centromeres in metaphase to the central spindle in anaphase (Pereira & Schiebel,
2003; Parry et al., 2003; Gruneberg et al., 2004; Himmer & Mayer, 2009). It stands to
reason that the same may apply to phosphorylated sites on Ipl1l. A series of strains were
generated to test whether Ipl1 localisation was affected in cells carrying the Ipl1 N-
terminal mutants. This was achieved by fusing an in-frame EGFP cassette immediately
prior to the IPL1 stop codon of the wild-type and mutant sequences at the IPL1 locus.
Expression of Ipl1-EGFP in these strains was confirmed by microscopy. These cells
were synchronised in G; with a-factor and released to a metaphase block through Cdc20
depletion (PMET3-CDC20). Five minute time-lapse image sequences were taken and
over 100 cells were analysed for each strain. IPL1 wild-type and ipl1-4SE mutants
displayed a diffuse localisation in the majority of cells. In contrast to this, the ipl1-4SA
mutants displayed a strong localisation to the metaphase spindle (P < 0.0001, Fig. 3.5
A, B). This would suggest that the loss of CDK phosphorylation in the Ipl1-4SA mutant
allows either direct or indirect association with spindle microtubules. Ipl1 has
previously been shown to bind to the yeast microtubule plus end-tracking EB1
homologue Bim1 (Zimniak et al., 2009) and EB1 has been shown to interact with other
proteins through a conserved SxIP motif (Honnappa et al., 2009). Two of the four
phosphorylatable serine residues that form part of the N-terminal CDK phosphorylation
motifs in Ipl1 (S50, S76) lie immediately downstream of a SKIP motif (Fig. 3.1 B).
Could the loss of the adjacent CDK phosphorylatable serine residue result in premature
binding of Ipl1-4SA to Bim1 and subsequently the metaphase spindle? To begin to
address this, BIM1 was knocked out in the ipl1-4SA strain. In these cells the premature

spindle localisation of Ipl1-4SA was absent and appeared similar to wild-type (Fig. 3.5
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A, B). Together these results suggest that the loss of CDK regulated phosphorylation of
Ipl1 results in the premature association of Ipl1 with the metaphase spindle, and that this

interaction is dependent on BimL1.

P < 0.0001
A B p< P P
100 0.0001 1 0.63
IPLI
80
= ipll- 2 60
S 4SA 8
= 40
20
ipll-
4SE
0 : . :
IPL1 ipll- ipll- ipll-
4SA  4SE 4SA
é ipll- BIMI bimIA
5 45A = Spindle MTs and poles
= Diffuse

Ipl1-EGFP YFP-Tubl

Figure 3.5. Ipl1-4SA is prematurely loaded onto spindle microtubules in
metaphase. (A) Cells expressing YFP-Tubl and either wild-type or mutant Ipl1-EGFP
were synchronised in G; with a-factor and released to a metaphase block through
depletion of Cdc20. (B) Localisation was scored in over 100 cells for each strain. n is
the number of cells scored for each strain: IPL1, n = 190; ipl1-4SA, n = 145; ipl1-4SE, n
=190; ipl1-4SA, n = 179. P-values are two-tailed and were calculated using Fisher’s
exact comparing mutants with the wild-type unless otherwise indicated.

3.6 Genetic interaction of IPL1 and SLI15 mutants

Serine 335 of Sli15 is one of a number of serine residues that lies within a
consensus CDK phosphorylation motif (Appendix Fig. Al). Mutating this residue to
alanine (slil5-S335A) has previously been shown to result in the premature localisation

of Slil5 to the metaphase spindle (Pereira & Schiebel, 2003). A concurrent study
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published by Zimniak et al. (2012) shows that a ipl1-2SA (S50A, S76A) mutant also
binds prematurely to the spindle in metaphase. These observations suggest that a degree
of redundancy may exist between Ipl1 and Sli15 for localisation of the CPC to the
spindle. Preventing or mimicking phosphorylation at these sites in both proteins may
result in an additive phenotype. To begin to investigate this possibility, the ipl1-2A and
ipl1-2E mutants generated in this study were crossed with sli15-S335A and sli15-S335D
mutants respectively. All mutant combinations were viable and their fitness was
assessed by spotting onto the appropriate medium. Interestingly, no additive growth
phenotype was observed when these mutations were combined and grown at either
26°C or 37°C to test for thermosensitivity or in the presence of the microtubule
destabilising drug benomyl (Fig. 3.6 A). A concurrent study in the Stark laboratory
(Makrantoni et al., unpublished) and another by Nakajima et al. (2011) found that Ipl1-
dependent phosphorylation of Sli15 also influences CPC localisation. They showed that
alanine substitution mutations at a number of phosphorylatable residues within Ipl1
consensus sites resulted in the premature localisation of Sli15 to the spindle in
metaphase. This provides evidence for an additional mode for regulating CPC
localisation and suggests that a further level of redundancy may exist. Additional strains
were generated that combined the ipl1 CDK site mutants with slil5 alleles mutated at
CDK and/or Ipl1 consensus sites. All mutant combinations were viable and were
spotted onto the appropriate medium to compare growth (Fig. 3.6 B). Combinations of
alleles with mutations to alanine residues that would be expected to localise prematurely
and strongly to the metaphase spindle showed no growth defect, thermosensitivity or
sensitivity to benomyl. Conversely, all strains carrying phospho-mimetic mutations of
the Ipl1 consensus sites in Slil5 showed a marked sensitivity to benomyl compared to
all the other strains tested. The sli15-20D strain exhibited mild thermosensitivity and a

marked sensitivity to benomyl. The combination of ipl1-2SE and sli15-20D intensified
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this thermosensitivity and also resulted in a mild growth defect when grown 26°C,
indicated by the smaller colony size. Interestingly, this growth defect was not observed
in ipl1-2SE sli15-20D, S335D strains and the thermosensitivity was recovered
somewhat although both strains carrying the sli15-20D, S335D allele displayed the
same intermediate level of thermosensitivity compared with sli15-20D and ipl1-2SE
sli15-20D mutants. These results suggest that premature localisation of the CPC to the
spindle does not interfere with progression through mitosis. On the other hand, it would
appear that preventing proper spindle localisation of the CPC in the case of the
phospho-mimetic alleles is more of an issue when mitosis is stressed due to increased

temperature or microtubule depolymerisation.
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Figure 3.6. Combinations of ipl1 and slil5 alleles defective in proper CPC
localisation. The indicated strains were spotted in 10-fold serial dilutions onto YPAD
medium to test for any additive growth defect, temperature sensitivity or
hypersensitivity to benomyl. (A) Combinations of ipl1 and slil5 CDK site mutants. (B)
Combinations of ipl1 CDK site mutants and sli15 alleles mutated at both CDK-
dependent and Ipl1-dependent sites.
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3.7 Discussion

The localisation and function of many proteins can be influenced by discrete
post-translational modifications. Phosphorylation of proteins is a common regulatory
modification and the Sli15 and Birl components of the budding yeast CPC have all
been shown to be phosphorylated at CDK consensus sequences in vivo. While the
phosphorylation of Birl is required for proper anaphase spindle elongation and
localisation of Ndc10 (Bouck & Bloom, 2005; Widlund et al., 2006) and Cdc14-
depenedent dephosphorylation of Slil5 is required for translocation of the CPC from
centromeres to the spindle in anaphase (Pereira & Schiebel, 2003), it was unclear
whether the regulated modification of CDK sites in Ipll is important for its function

prior to this study.

To begin to investigate whether modification at these sites in Ipl1 has any
functional significance, the phosphorylatable serine residues contained within the CDK
consensus motifs were mutated individually and in combination to either non-
phosphorylatable alanine residues or phospho-mimetic glutamic acid residues. All
single and multiple mutants of the N-terminal cluster of sites behaved like wild-type
when assayed for growth defects, thermosensitivity or hypersensitivity to benomyl. A
previous study had suggested that mutation of S76 to alanine resulted in a temperature
sensitive phenotype (Francisco & Chan, 1994), although this was not found in the
current study. The reason for this discrepancy is unclear although it may be explained,
at least in part, by the fact that the previous study used a plasmid based system to
harbour the mutations and support growth of an IPL1 knockout strain, whereas the
mutations were introduced directly into the genomic locus in this study. Mutation of the
C-terminal CDK site located within the highly conserved kinase domain close to the T-

loop produced a different result. While the ipl1-S269A mutant was viable and behaved
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like wild-type, the ipl1-S269E mutation was lethal. Tetrad dissection of four
independent heterozygous diploid strains yielded no viable haploid ipl1-S269E strains.
Additionally, mutants could not be isolated by direct transformation into a haploid
strain, which suggests that the inability to isolate the mutant from the tetrad dissection
was not a result of issues in meiosis. While these data may suggest that phosphorylation
of S269 could play a significant role in the regulation of Ipl1 there are a number of
things to consider. Firstly, S269 is the only phosphorylatable CDK site residue in Ipl1
that has not been identified as being phosphorylated either in vitro or in vivo.
Additionally, the residue equivalent to S269 is only conserved amongst a subset of yeast
species, so any regulatory mechanism related to this residue is unlikely to be widely
conserved. Also, while mutation to alanine absolutely prevents phosphorylation,
mutation to glutamic acid does not necessarily mimic phosphorylation. It is possible that
S269 is not phosphorylated in vivo and that replacing it with an amino acid that has a
large, negatively charged side chain disrupts the structure and function of the T-loop
and kinase domain, resulting in lethality. More research will be required to ascertain
whether S269 is phosphorylated by Cdc28, and whether the finding that the ipl1-S269E

mutation is lethal provides information that is useful for understanding Ipl1 function.

Subsequent experiments were performed to characterise the Ipl1 CDK site
mutants further. Ipl1 activity has been shown to be required to promote bi-orientation of
sister chromatids (Biggins & Murray, 2001; Kang et al., 2001; Tanaka et al., 2002). If
the ipl1 mutants are incorrectly localised or regulated then it would be reasonable to
hypothesise that an increase in mono-oriented and missegregated chromosomes may be
observed. However, no defects in chromosome bi-orientation or segregation were
identified. Previous studies have also demonstrated that an ipl1-321 mutant is unable to

activate the spindle checkpoint in response to a lack of tension between sister
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chromatids but can in response to microtubule depolymerisation (Biggins & Murray,

2001). However, the ipl1-4SA and ipl1-4SE mutants generated in this study can respond
to both reduced tension and microtubule depolymerisation. Taken together, these results
suggest that the bi-orientation and tension-dependent checkpoint signalling functions of

Ipl1 are not affected when the CDK sites are mutated.

In contrast, what does appear to be affected is the localisation of Ipl1. In
metaphase-arrested cells Ipl1-4SA prematurely localised to the spindle whereas wild-
type and Ipl1-4SE displayed a diffuse localisation. This premature localisation was
similar to that described for Sli1l5 CDK site mutants (Pereira & Schiebel, 2003).
Recombinant Ipl1 has been shown to bind directly to microtubules using in vitro co-
sedimentation assays (Kang et al., 2001) so it is possible that without CDK
phosphorylation, 1pl1-4SA can bind directly to microtubules in metaphase. However,
both S50 and S76 lie immediately downstream of SKIP motifs, which are consensus
sequences for Bim1/EB1 binding (Honnappa et al., 2009). Ipl1 and Bim1 have
previously been shown to form a stable complex (Zimniak et al., 2009) so the
possibility that Ipl1-4SA may be binding to microtubules indirectly through interaction
with Bim1 was considered. Indeed, when BIM1 was deleted, Ipl1-4SA exhibited a
diffuse localisation in metaphase similar to wild-type, suggesting that the premature
spindle localisation of Ipl1-4SA was due to interaction with Bim1. This is supported by
a concurrent study that was recently published. Zimniak et al. (2012) demonstrated that
Ipll interacts with Bim1 through the SKIP motifs and that CDK-dependent

phosphorylation of the adjacent serine residues (S50, S76) inhibits this interaction.

It seemed curious that such a striking change of localisation in the ipl1-4SA

mutant did not affect the viability of the cells or cause defects in bi-orientation or
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chromosome segregation. Since previous studies have identified that SIi15/INCENP
binding to microtubules is also regulated by CDK phosphorylation (Pereira & Schiebel,
2003; Himmer & Mayer, 2009) it was hypothesised that combining ipl1 and slil5 CDK
site mutant alleles may result in a synergistic defect and decreased viability. However,
ipl1-2SA sli15-S335A and ipl1-2SE sli15-S335D double mutants were viable, with no
additive growth defect compared to the single mutants and wild-type. While Ipl1-2SA
and Sli15-S335A proteins have been shown to localise prematurely to the spindle in
metaphase (Pereira & Schiebel, 2003; Zimniak et al., 2012), there are additional CDK
sites in Slil15 that may contribute to the regulation of microtubule binding. Zimniak et
al. (2012) were unable to isolate ipl1-2A sli15-6A double mutants by crossing, but by
using a conditional system to express ipl1 mutants in slil5-6A strains they were able to
show that viability is dramatically decreased, suggesting that CDK regulation of both
Ipl1 and Sli15 is important for viability. Other studies from the Stark laboratory
(Makrantoni et al., unpublished) and by Nakajima et al. (2011) demonstrated that Ipl1-
dependent phosphorylation of Sli15 also inhibits CPC binding to pre-anaphase spindles.
Alleles of sli15 with mutated Ipl1 consensus phosphorylation sites were also combined
with Ipl1 and Slil5 CDK site mutants. All combinations of the non-phosphorylatable
alleles grew similarly to wild-type whereas the phospho-mimetic alleles displayed
growth defects. While the sli15-20D mutant was mildly sensitive to temperature and
hypersensitive to benomyl, the combination of ipl1-2E sli15-20D was significantly
temperature-sensitive and even displayed a growth defect when grown at 26°C. This
may suggest that preventing proper spindle localisation of the CPC in anaphase is more
detrimental than premature localisation to the spindle in metaphase, although further

experiments would be required to demonstrate this.
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The picture emerging from the data collected during this study and the others
mentioned above is that CDK-dependent phosphorylation of Ipl1 and Sli15 and the Ipl1-
dependent phosphorylation of Sli15 are important for regulating CPC localisation to the
spindle in budding yeast. An important question is whether these mechanisms for CPC
localisation are conserved in other organisms. While there is evidence to suggest that
CDK phosphorylation of INCENP regulates microtubule binding in human cells
(Himmer & Mayer, 2009), it is unclear whether Aurora B phosphorylation of INCENP
has a similar role. Inhibition of Ipll in yeast results in the premature localisation of the
CPC to the central spindle (Nakajima et al., 2011) whereas Aurora B activity is required
for central spindle targeting in chicken DT40 cells and rat NRK cells (Murata-Hori et
al., 2002; Xu et al., 2009), suggesting this may not be a conserved mechanism. It is also
not clear whether the interaction between Ipl1 and Bim1 observed in S. cerevisiae is
evolutionarily conserved. The Ipl1/Aurora B homologue in the closely related
filamentous fungus A. gossypii has CDK phosphorylation motifs at the equivalent
positions to S50 and S76. However, these are not preceded by SxIP motifs nor are there
any SxIP motifs present in the entire amino acid sequence. The Ipl1/Aurora B
homologue in the budding yeast K. lactis has neither SxIP motifs nor N-terminal CDK
consensus sequences. Based on these observations it seems unlikely that this interaction
and mode of microtubule binding is conserved even in closely related fungi. However,
while human Aurora B also does not have any SxIP motifs, physical interactions have
been reported between Aurora B and EB1 (Sun et al., 2008). It is therefore possible that
the Aurora B/EBL interaction is conserved but that the mode of interaction may differ.
Alternatively, other proteins may perform a similar role in higher eukaryotes. For
example MKIp2, a kinesin-6 motor protein absent in yeast, binds the CPC and is
required for its translocation to the spindle midzone and equatorial cortex, where Aurora

B activity is essential for cleavage furrow ingression and cytokinesis (Gruneberg et al.,
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2004; Himmer & Mayer, 2009; Kitagawa et al., 2013). This interaction between MKIp2
and the CPC is negatively regulated by Cdk1 phosphorylation (Himmer & Mayer,

2009) similarly to the Ipl1-Bim1 interaction (Zimniak et al., 2012).

Based on these observations it appears that the mechanisms involved in the
targeting of the CPC to the spindle midzone vary in different organisms. Additionally, it
would seem that pre-anaphase targeting of the CPC to centromeric chromatin also
varies. In budding yeast it appears that the CPC is targeted to the centromere by a single
Birl-dependent interaction. Birl binds directly to the Ndc10 subunit of the centromeric
DNA-binding budding yeast-specific CBF3 complex, an interaction that requires CDK
phosphorylation of Birl (Widlund et al., 2006; Cho & Harrison, 2011). In fission yeast,
Birl binds to Sgo2 (Shugoshin), which recognises and binds to histone H2A
phosphorylated at a conserved residue by the kinetochore-associated Bubl kinase
(Kawashima et al., 2010). This mechanism is conserved in human cells although the
interaction between Shugoshin and the CPC is mediated by Borealin rather than
Birl/Survivin (Vader & Lens, 2010). These interactions also require CDK
phosphorylation of the respective CPC component (Tsukahara et al., 2010). While the
recruitment of Shugoshin to centromeres through Bub1 phosphorylation of histone H2A
appears to be conserved in budding yeast (Kawashima et al., 2010), Bub1 and Sgol are
not required for CPC localisation or Ipll activity (Storchova et al., 2011), unlike in
fission yeast and human cells (\Vanoosthuyse et al., 2007; Tsukahara et al., 2010). This
may suggest that this mechanism for CPC recruitment is not conserved in budding yeast
although this remains to be tested. In fission yeast and higher eukaryotes, the
phosphorylation of histone H3 on Thr-3 by Haspin kinase also contributes to the
centromeric targeting of the CPC (Kelly et al., 2010; Yamagishi et al., 2010; Wang et

al., 2010). However, while several Haspin-like kinases have been identified in S.
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cerevisiae, it is not known whether this function is shared and this will be the subject of
the next chapter. While these mechanisms vary between species, it would seem that the

regulation of CPC localisation by Cdk1 is an evolutionarily conserved principle.

These differences between S. cerevisiae and other organisms may be explained
by the fact that budding yeast has a single Aurora kinase whereas vertebrates have
Aurora A and Aurora B, each with distinct functions and patterns of localisation
(Carmena et al., 2009). Although the most well defined roles of Ipl1 correspond to the
known functions of Aurora B, Ipl1 has also been implicated in proper bipolar spindle
assembly (Kotwaliwale et al., 2007), which is an Aurora A-dependent function in
higher eukaryotes (Barr & Gergely, 2007; Carmena et al., 2009). It is therefore
reasonable to hypothesise that Ipl1 carries out the functions of both Aurora A and
Aurora B and as a result requires different regulatory patterns. Consistent with this idea,
non-phosphorylatable ipl1 and slil5 mutants accumulate at spindle poles and
microtubules, which resembles Aurora A localisation (Barr & Gergely, 2007; Carmena
et al., 2009). Differential patterns of phosphorylation of CPC subunits could specifically
target the complex to discrete locations at specific times to perform the combined roles

of Aurora A and B.

In this study, evidence has been provided suggesting that phosphorylation of
Ipl1 by CDK prevents the association of Ipl1 with the mitotic spindle in metaphase.
Mimicking or preventing CDK phosphorylation of Ipl1 has no effect on chromosome
bi-orientation or cell viability. The premature spindle localisation of Ipl1-4SA appears
to be mediated through interaction with the yeast EB1 homologue Bim1, although it is

not clear whether this interaction is conserved in other species.
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CHAPTER 4

A role for the budding yeast Haspin-like kinases Alkl and Alk2 in
regulating isotropic bud growth and spindle orientation
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4.1  Introduction

Haspin kinases are a family of atypical protein kinases that are conserved in
many eukaryotic organisms including fission yeast, plants and mammals (Higgins,
2003). Haspin in these organisms has been shown to localise predominantly to
chromosomes and phosphorylate histone H3 at Thr-3 (H3-T3ph) during mitosis (Dai et
al., 2005; Yamagishi et al., 2010; Ashtiyani et al., 2011). This modification along with
Bubl mediated phosphorylation of histone H2A have recently been identified as being
required for the efficient localisation of the CPC to centromeres (Kelly et al., 2010;
Yamagishi et al., 2010; Wang et al., 2010). Interest in the Haspin kinases has intensified
since this discovery and there is still much to learn with regard to their regulation and

any additional functions they may perform.

Two Haspin homologues (Alkl, Alk2) have been identified in the budding yeast
S. cerevisiae (Higgins, 2001a) although very little is known about them and it is not
clear whether they perform the same role as reported for Haspins in other organisms. At
the time this work was undertaken, there had only been one publication where Alk1 and
Alk2 have been investigated directly. Nespoli et al. (2006) identified ALK1 in a two-
hybrid screen using the DNA damage checkpoint protein Ddcl as bait. They proceeded
by attempting to characterise Alk1 and Alk2 and showed that their expression is cell
cycle regulated and that the stability of both proteins is regulated by KEN- and D-boxes.
Interestingly, they found that both proteins are hyperphosphorylated in response to
DNA damage but that neither single nor double knockouts of ALK1 and ALK2 are
sensitive to DNA damaging agents. Although they were able to show that both have
weak autophosphorylation activity, they were unable to detect phosphorylation of
histone H3 in in vitro kinase assays using recombinant proteins expressed and purified

from E. coli. In their initial attempts to overexpress and purify the Haspin-like kinases
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directly from budding yeast they found that overexpression of Alk2 but not Alk1 blocks
progression through mitosis. This phenotype was linked to the kinase activity of Alk2,
since overexpression of a hypomorphic kinase-deficient mutant greatly reduced the

mitotic delay.

Together, these observations indicate a role for the budding yeast Haspin-like
kinases in mitosis although it was still unclear what this role may be. In this chapter the
Haspin-like kinases Alk1 and Alk2 were investigated in an attempt to characterise their

role in budding yeast mitosis.

4.2  Deletion of ALK1 and ALK2 results in a hypersensitivity to the microtubule

destabilising drug benomyl

To gain insight into the function of the Haspin-like kinases in budding yeast it
was necessary first to knockout both ALK1 and ALK2. Nespoli et al. (2006) had
previously confirmed that cells remain viable when both of the Haspin-like kinases were
knocked out and this finding was replicated in this study. The single and double
knockouts showed no obvious growth defect or thermosensitivity (Fig. 4.1 A i) and the
double knockout showed no significant loss of viability compared to wild-type cells as
determined by two independent assays (Fig. A2). However, when these strains were
spotted onto medium containing benomyl it was noticed that the double knockout strain
displayed benomyl hypersensitivity (Fig. 4.1 A i). This phenotype can be rescued by
complementing the double knockout with plasmid-borne copies of either ALK1 or ALK2
(Fig. 4.1 A ii; see 2.3.6 Methods). This confirms that the benomyl hypersensitivity is a
result of the loss of both ALK1 and ALK?2 and not due to the disruption of adjacent
genes and also suggests complementary or overlapping functions of these Haspin-like

kinases. Deletion of genes encoding spindle checkpoint proteins, such as Mad3, also

105



results in a hypersensitivity to the microtubule poison benomyl. These cells are unable
to activate the spindle assembly checkpoint in response to tensionless or unattached
kinetochores and prematurely enter anaphase without properly bi-oriented
chromosomes, resulting in aberrant chromosome segregation and ultimately cell death
(King et al., 2007a; Musacchio & Salmon, 2007). Interestingly, in this spotting assay
the alk1A alk2A strain appeared to be more sensitive to benomyl than a mad3A strain

(Fig. 41 Ai).

4.3  Spindle assembly checkpoint signalling is not disrupted in alk1A alk2A cells
Hypersensitivity to spindle poisons such as benomyl is a classic hallmark of
mutants defective in spindle checkpoint signalling (Straight et al., 1996). It was
therefore reasonable to hypothesise that Alk1 and Alk2 may have redundant roles in
promoting proper checkpoint signalling. Several experiments were designed to address
this possibility. Spindle checkpoint mutants die rapidly in liquid cultures supplemented
with spindle poisons such as benomyl and nocodazole (Straight et al., 1996). Having
identified that alk1A alk2A cells appeared more sensitive than mad3A cells when grown
on solid medium containing benomyl (Fig. 4.1 A i), it was decided to test how long
alk1A alk2A cells maintained viability when exposed to benomyl in liquid culture. Cells
were grown to mid-log phase and transferred to medium containing 30 pg/ml benomyl.
Cells were harvested from these cultures at two hour intervals, washed to remove traces
of the drug and plated onto solid rich medium. Viability was scored as the percentage of
cells able to form colonies with the number of colonies formed at time zero for each
strain normalised to 100%. ALK1 and ALK2 single knockouts maintained a similar level
of viability to the wild-type control strain whereas the checkpoint deficient mad2A cells
died rapidly (Fig. 4.1 B). Interestingly, alk1A alk2A cells retained a level of viability

similar to that of wild-type cells after the initial 2 hour exposure to benomyl but then
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Figure 4.1. Deletion of ALK1 and ALK2 results in a hypersensitivity to benomyl.
(A) (i) The indicated strains were spotted in 10-fold serial dilutions onto YPAD medium
and grown at 26°C, 37°C or at 26°C in the presence of 10 ug/ml benomyl. (ii) Wild-
type (WT) or alk1A alk2A strains carrying either an empty vector (EV) or a vector
containing ALK1 or ALK2 as indicated were spotted on SC-LEU medium (to maintain
selection for the plasmids) and grown at 26°C in the absence or presence of 10 pg/ml
benomyl. (B) The indicated strains were grown in liquid YPAD medium to mid-log
phase and transferred to YPAD medium supplemented with 30 pg/ml benomyl. Samples
were taken from these cultures at the indicated time-points and plated onto solid YPAD
medium lacking benomyl. The viability of these cells was measured as a percentage of
cells able to form colonies with the number of colonies formed at time zero for each
strain normalised to 100%. Over 500 colonies were present at time zero for each strain
and the experiment was performed in triplicate. Error bars represent the standard
deviation. Data were subjected to a two way ANOVA test which showed a significant
effect of genotype [F(4, 50) = 461.5, P < 0.001] and time in benomyl [F(4, 50) = 392.6,
P < 0.001] on viability. The interaction between genotype and time was also significant
[F(16, 50) = 40.4, P <0.001]. Subsequent pairwise comparisons were performed using
the Holm-Sidak method to analyse the significance of the variation in the viability of
each strain at individual time-points. P-values shown are those calculated between WT
and alk1A alk2A. No statistically significant difference in viability exists between the
WT control strain and single alk1A and alk2A mutant strains at any time-point.
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displayed a marked reduction in viability after this point. However, this loss of viability
was nowhere near as dramatic as that of the mad2A cells (Fig. 4.1 B). These results
would suggest that the spindle checkpoint is not absent in alk1A alk2A cells although it
may be partially compromised. A visual inspection of these cells throughout the
experiment also highlighted a curious morphological phenotype associated with alk1A
alk2A cells. In wild-type cells, exposure to benomyl resulted in a prolonged metaphase
arrest evident by the formation of large budded cells with both compartments remaining
of approximately equal proportions between 4 and 8 hours, although the overall size of
the budded cells was larger after 8 hours. In alk1A alk2A cultures supplemented with
benomyl, large budded cells were initially formed but rather than both compartments

remaining a similar size, one compartment became much larger than the other after

Time in benomyl
4 hrs 8 hrs

alk1A

alk2A

Figure 4.2. Morphology of wild-type and Haspin-like kinase knockout cells when
treated with benomyl. Cells of the indicated genotypes were grown to mid-log phase
and then transferred to medium containing benomyl. Representative images of different
cells after 4 and 8 hours exposure to benomyl. Scale bar represent 3 pm.
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8 hours (Fig. 4.2). While it was not possible to quantitate this phenomenon accurately,
estimates from the images taken suggested a 6 — 17-fold disparity in the volume of the

two compartments after 8 hours.

To gauge more accurately the checkpoint response in alk1A alk2A cells, a series
of strains were generated in which the progression of the cell cycle and the onset of
anaphase could be observed by monitoring the cell cycle regulated expression and
degradation of the yeast securin Pdsl1. Wild-type, mad3A and alk1A alk2A cells
expressing Pds1-myc;g were arrested in G; with a-factor and released into rich medium
including or excluding benomyl. Cells were harvested at the indicated time-points after
release and Pdsl levels were analysed by western blotting (Fig. 4.3). Pds1 is expressed
as cells enter S-phase and levels peak during mitosis. At the onset of anaphase Pdsl is
targeted for degradation by the APC/C thus liberating the yeast separase Espl1, which
then cleaves cohesin and initiates chromosome segregation. This pattern of expression
and degradation can be seen during unperturbed cell cycles in wild-type, mad3A and
alk1A alk2A cells (Fig. 4.3). In mad3A cells, proper checkpoint signalling is absent and
in the presence of benomyl these cells are unable to delay cell cycle progression. This is
apparent as the Pds1 expression profile observed for mad3A cells in benomyl medium
was similar to that of an unperturbed cell cycle (Fig. 4.3 B). alk1A alk2A cells on the
other hand behaved like wild-type cells in that Pds1 persisted in the presence of

benomyl (Fig. 4.3 A,C).

Taken together, these results suggest that spindle checkpoint signalling is not
compromised in alk1A alk2A cells and that the hypersensitivity to the spindle poison
benomyl is a consequence of some other effect on these cells caused by the loss of Alkl

and Alk2.
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Figure 4.3. Benomyl hypersensitivity of alk1A alk2A cells is not a consequence of
defective spindle assembly checkpoint signalling. (A) WT, (B) mad3A (C) alk1A
alk2A cells expressing Pds1-myc;s were synchronised with a-factor and released into
YPAD medium with or without benomyl. Samples were taken at the indicated times and
analysed by western blotting. Cdc28 detected by an anti-Cdc28 antibody was used as a
loading control.
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4.4  Alkl and Alk2 levels peak around the metaphase to anaphase transition

and persist when the spindle checkpoint is activated

The levels of human Haspin remain near constant throughout the cell cycle (Dai
et al., 2005). In contrast to this, the levels of Alkl and Alk2 have been reported to be
cell cycle regulated, peaking in mitosis and late G, respectively (Sullivan et al., 2004;
Nespoli et al., 2006). This is consistent with potential mitotic roles for Alkl and Alk2.
Having identified the benomyl hypersensitivity of alk1A alk2A cells it was decided to
look at how Alk1 and Alk2 levels correspond to the kinetics of Pds1 expression and
degradation and whether the two kinases persist in response to spindle checkpoint
activation. Strains were constructed that contained C-terminally 3HA-tagged versions of
either Alkl or Alk2 and also expressed Pds1-mycis. These cells were synchronised in
G, with a-factor and released into rich medium with or without benomyl. Cells were
harvested at the indicated time-points after release and protein levels were analysed by
western blotting (Fig. 4.4). Alk1 expression peaked after anaphase was triggered at
around 100 minutes (Fig. 4.4 A), whereas Alk2 levels were highest immediately prior to
anaphase initiation at 80 minutes (Fig. 4.4 B). In contrast to unperturbed cultures in
which both Alk1 and Alk2 had largely disappeared by 40 minutes after the respective
peaks, Alk1 and Alk2 were still detectable after 200 minutes when the spindle
checkpoint was activated in the presence of benomyl. These results indicate that both
Alk1 and Alk2 are present at the metaphase/anaphase transition and suggest that their
activities are required in metaphase and during a metaphase block as their levels persist
during a spindle checkpoint arrest. Additionally, the signal intensity of Alk2-3HA was
much lower than Alk1-3HA. As the amount of whole cell lysate loaded from both
strains was approximately equal and both blots were exposed for the same time, this

suggests that the abundance of Alk2 is significantly lower than Alk1.
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Figure 4.4. Alkl and Alk2 levels peak around the metaphase to anaphase
transition and persist when the spindle checkpoint is activated. Cells expressing
Pds1-myc;g and either (A) Alk1-3HA or (B) Alk2-3HA were synchronised in G; with a-
factor and released into YPAD medium with or without benomyl. Cells were harvested
at the indicated time-points after release and protein levels were analysed by western
blotting. Cdc28 detected by an anti-Cdc28 antibody was used as a loading control.

4.5  bublA and sgolA do not interact genetically with H3(T3A) or alk1A alk2A
Previous studies have demonstrated that the phosphorylation of a conserved
residue in histone H2A (Ser-121 in fission yeast, Thr-120 in human cells) by Bubl is
required for the centromeric localisation of Shugoshin and subsequently recruitment of
the CPC (Vanoosthuyse et al., 2007; Kawashima et al., 2007; Kawashima et al., 2010).
This conserved residue is also phosphorylated by Bubl in S. cerevisiae and is required
for Shugoshin localisation (Kawashima et al., 2010). The recent discovery that Haspin-

mediated phosphorylation of histone H3 at the conserved Thr-3 position also contributes
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to centromeric CPC localisation has provided a better understanding of how the CPC is
recruited to the inner centromere during early mitosis (Kelly et al., 2010; Yamagishi et
al., 2010; Wang et al., 2010). Yamagishi et al. (2010) highlighted a partial redundancy
that exists between these two pathways of CPC recruitment. They were able to show
that knocking out Hrk1/Haspin or mutating histone H3 at the Thr-3 position [H3(T3A)]
in fission yeast resulted in a reduction in the level of Ark1/Aurora B at centromeres, but
the cells remained viable with only a minor growth defect. Likewise, they showed that
disrupting the Bub1-mediated pathway by knocking out Sgo2 had a similar effect.
However, disruption of both pathways in H3(T3A) sgo2A or hrk1A sgo2A cells resulted
in a severe growth defect. It was therefore reasonable to hypothesise that if Alk1 and
Alk2 have a similar role in CPC recruitment that these genetic interactions would be

replicated in S. cerevisiae. To address this, a series of mutants were generated (Fig. 4.5).

The S. cerevisiae genome contains two genes that encode histone H3 (HHT1 and
HHT2) and each are expressed at different loci from a bi-directional promoter that is
shared with one of two copies of histone H4 (HHF1 and HHF2). To generate cells
expressing either histone H3(T3A) or the corresponding wild-type histone H3, strains
lacking the HHT1-HHF1 locus but with either a wild-type or T3A mutant HHT2-HHF2
locus were constructed (see 2.2.5 Methods). Both the H3 wild-type and T3A mutant
strains were viable and the T3A mutant showed no hypersensitivity to high temperature
or benomyl compared to the wild-type strain (Fig. 4.5 A). ALK1 and ALK2 knockouts
were also generated in the context of the wild-type histone H3 genotype and, in line
with previous observations, the alk1A alk2A double mutant is hypersensitive to benomyl
(Fig. 4.5 A'i). The histone strains were also crossed with BUB1 and SGO1 knockout

strains and sporulated to generate haploid mutants. All the required combinations of
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Figure 4.5. bubl1A and sgolA do not interact genetically with H3(T3A) or alk1A
alk2A. Mutants were generated in S. cerevisiae to identify whether any genetic
interactions analogous to those observed in S. pombe could be replicated. The indicated
strains were spotted in 10-fold serial dilutions onto YPAD medium and incubated at
26°C, 37°C or in the presence of benomyl. (A) Combinations of histone H3 mutants
with (i) ALK1/ALK2 knockouts or (ii) BUB1 and SGO1 knockouts. These cells
contained only wild-type or mutant versions of the HHT2-HHF2 locus as their source of
histones H3 and H4 (see text). (B) Combinations of ALK1, ALK2, BUB1 and SGO1
mutants.
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mutants were recovered from the crosses. H3(T3A) sgolA and H3(T3A) bublA strains
were viable with no negative genetic interactions apparent (Fig. 4.5 A ii), unlike the
equivalent interactions described in fission yeast (Yamagishi et al., 2010). Strains were
also generated to test for negative genetic interactions between Haspin-like kinase
knockouts and BUB1 or SGO1 knockouts. Again, no interaction was observed for the
phenotypes tested (Fig. 4.5 B). The relative viability of several of these mutants was
also assessed. No significant difference in methylene blue staining of wild-type, alk1A
alk2A, sgol1A and sgolA alk1A alk2A mutants was observed suggesting that there was
no difference in viability of these cells (Fig. A2 A). However, this method for
determining cell viability can be unreliable and inaccurate due to a potentially high false
positive detection rate (Smart et al., 1999). Old or stressed cells that cannot divide may
not stain. An alternate method is to determine the number of colonies formed on agar
plates compared to the total number of cells inoculated. This method indicated that the
viability of sgo1A mutants was significantly reduced compared to wild-type and alk1A
alk2A cells. However, the combination of sgolA with alk1A alk2A did not significantly

reduce viability further (Fig. A2 B).

Collectively, these data suggest that phosphorylation of histone H3 at Thr-3 is
not essential for growth and that if the Haspin/H3/CPC pathway exists in budding yeast,
mutations that would disrupt its function do not interact with mutations in the
Bub1/Shugoshin/CPC pathway, unlike the analogous mutant combinations in fission

yeast (Yamagishi et al., 2010).
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4.6  alklA alk2A cells do not exhibit defects in chromosome bi-orientation or

chromosome maintenance

Previous studies have demonstrated that the kinase activity of Ipl1/Aurora B is
required during mitosis to phosphorylate substrates present at the kinetochore-
microtubule interface to destabilise improper microtubule attachments and allow for re-
orientation and the establishment of bi-orientation (Cheeseman et al., 2006; Welburn et
al., 2010). Without properly localised Ipl1/Aurora B these syntelic attachments may
persist, resulting in an increased frequency of mono-orientation and aberrant
chromosome segregation. Yamagishi et al. (2010) have shown that fission yeast cells
lacking Haspin or phosphorylatable H3-T3 have decreased levels of centromeric
Arkl1/Aurora B and exhibit defects in chromosome bi-orientation and segregation. To
test whether this is the case in budding yeast, a series of strains were generated to assess
chromosome bi-orientation and chromosome maintenance in alk1A alk2A and H3(T3A)

cells.

Chromosome bi-orientation in alk1A alk2A cells was monitored by incorporating
YFP-TUBL to visualise microtubules and sister centromeres on chromosome 111 were
visualised by tetR-GFP binding to an array of tet operators that were inserted at a
position close to CEN3. Cultures of these ‘CEN-dot” strains were synchronised in G;
with a-factor and released to a metaphase block through Cdc20 depletion by virtue of
the methionine repressible pMET3-CDC20 construct (Tanaka et al., 2000). Bi-oriented
chromosomes in metaphase-arrested cells were scored by the dynamic splitting and
reassociation of GFP dots whereas mono-orientation was scored when a persistent
unresolved CEN-dot was observed (Fig. 4.6 A). Five minute time-lapse image
sequences were taken for multiple fields. There was no significant increase in the

occurrence of mono-oriented chromosomes in alk1A alk2A cells (P = 1; Fig. 4.6 B).
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Due to the proposed redundancy that is reported to exist between the Haspin and
Bub1/Shugoshin pathways in other organisms (Yamagishi et al., 2010), it was
hypothesised that combining knockouts of these pathways in budding yeast may result
in chromosome bi-orientation defects. However, although sgolA cells displayed a
significant increase in the persistence of mono-orientation compared to wild-type and
alk1A alk2A cells (P < 0.001), the combination of sgolA alk1A and alk2A mutations did
not result in a significant synergistic defect (P = 0.255; Fig. 4.6 B). A similar method
was employed to monitor bi-orientation in H3 and H3(T3A) cells. These cells differed
in that the ‘CEN-dot’ system functioned through lacl-GFP binding to lac operators
inserted in the pericentromeric region of CEN15 (Kitamura et al., 2007) and that both
contained the necessary knockouts and synthetic histone loci to express either solely
wild-type or T3A versions of histone H3 (see 2.2.5 Methods). No significant variation
in the frequency of mono-oriented chromosomes was detected between these strains (P

= 0.731; Fig. 4.6 B).

To assess chromosome maintenance in cells lacking the Haspin-like kinases, a
series of strains were generated in which the loss of a previously described
supernumerary chromosome fragment could be visualised in a colony sectoring assay
(Spencer & Hieter, 1992). Loss of the chromosome fragment, and consequently the
SUP11 gene, results in the formation of a red colony colour due to the inability to
supress the ade2-1 mutation present in the genetic background of the strains used in this
study (Fig. 4.7 A). The chromosome loss rate per cell division can then be calculated
from the number of half-sectored colonies in relation to the total number of colonies
(see 2.5.8 Methods). Cells lacking both of the Haspin-like kinases showed no significant
increase in chromosome loss rate compared to wild-type control cells (P = 1; Fig. 4.7

B). In contrast, sgol1A cells that have previously been demonstrated to be defective in
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Figure 4.6. alk1A alk2A cells do not show defects in chromosome bi-orientation. (A)
Cartoon depicting the experimental design to assess chromosome bi-orientation. Cells
containing a ‘CEN-dot’ system were synchronised in G; with a-factor and released to a
metaphase block in medium supplemented with 5 mM methionine to deplete Cdc20. Bi-
oriented chromosomes display a dynamic separation and reassociation of sister CENs.
(B) Chromosome bi-orientation was scored in over 125 cells for each strain per
experiment and each experiment was performed in triplicate. Error bars represent the
standard deviation. Representative images of mono-oriented and bi-oriented
chromosomes from time-lapse image sequences are also shown. Data for ALK1 ALK2,
alk1A alk2A, sgol1A and sgolA alk1A alk2A passed normality and equal variance tests
and were subjected to a one way ANOVA test [F(3, 8) = 67.2, P < 0.001]. Subsequent
pairwise comparisons were performed using the Bonferroni t-test. WT vs. alk1A alk2A
P =1, sgolA vs. sgolA alk1A alk2A P = 0.255; all other pairwise comparisons P <
0.001. Data for H3 and H3(T3A) also passed normality and equal variance tests and
were subjected to a one way ANOVA test [F(1, 4) =0.136, P = 0.731].

proper chromosome bi-orientation (Fig. 4.6 B; Fernius & Hardwick, 2007) showed a
substantial increase in the chromosome loss rate per cell division (approximately 140
fold; P <0.001; Fig. 4.7 B,C). Cells with the combination of sgol1A alk1A and alk2A
mutations displayed a chromosome loss rate similar to that of sgolA cells indicating no

synergistic effect of Haspin and Shugoshin knockouts (P = 1; Fig. 4.7 B,C).
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Together, these results suggest that the sole budding yeast Shugoshin (Sgol) is
very important for the promotion of chromosome bi-orientation and correct
chromosome segregation whereas the potential phosphorylation of histone H3 at Thr-3

and the Haspin-like kinases (Alk1, Alk2) appear to be dispensable for these processes.

A Chromosome fragment (150 kb)

SUPI1 Chr. 111 left arm u . n
URA3 CFgM

B Chromosome loss rates

Total half- Average loss rate

Strain Totalred  gectored  TOWI  per cell division*
colonies  ¢ojonies  colonies  (1¢7) £ SD
WT 36 11 32183 0.34£0.15
alkIA alk2A 11 7 33820 020+£0.11

sgoIA 1515 898 20412 47.69+3.79
sgolA alkIA alk2A 1279 810 18110 4834+5.76

* Calculated as half-sectored/(total - red)

alkIA
alk2A

Figure 4.7. alk1A alk2A cells do not show an increase in the frequency of
chromosome loss. (A) Cartoon depicting the synthetic chromosome 111 fragment
(CFI111) used to assess chromosome maintenance in a colony sectoring assay and
examples of white, red and half-sectored colonies. (B) Chromosome loss rates of CFI1I
were determined in wild-type (WT), alk1A alk2A, sgolA and sgolA alk1A alk2A cells.
The experiment was performed in triplicate and the total numbers of colonies are shown
along with the average loss rate per cell division. Square root transformed values of the
chromosome loss rates passed normality and equal variance tests and were subjected to
a one way ANOVA test [F(3, 8) =572.2, P<0.001]. Subsequent pairwise comparisons
were performed using the Bonferroni t-test. WT vs. alk1A alk2A P = 1; sgolA vs. Sgol1A
alk1A alk2A P = 1; all other pairwise comparisons P < 0.001. (C) Representative images
of colonies from the strains of the indicated genotypes.
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4.7  alklA alk2A cells exhibit cell morphology and spindle positioning defects
During the analysis of the time-lapse images taken for the assessment of bi-
orientation, very prominent cell morphology and spindle positioning defects were
observed in alk1A alk2A cells. When these cells were arrested in metaphase through
Cdc20 depletion (pMET3-CDC20), it was noticed that one compartment of the cell
became larger than the other while wild-type cells remained homogenously large
budded. This phenotype was similar to that observed when alk1A alk2A cells were
treated with benomyl (Fig. 4.2). However, it was not possible to determine which
compartment of the cell (mother or bud) was enlarging in these previous experiments.
To make this distinction, a series of strains were generated in which the gene encoding
the a-factor degrading Barl protease was knocked out. These barlA cells form a very
distinct mating projection or shmoo when treated with a-factor in addition to becoming
synchronised in G;. Upon removal of the pheromone from the growth medium the cells
abandon the mating response, re-enter the cell cycle and select a bud site at a position
away from the shmoo. Therefore, the shmoo defines which compartment of the cell is
the mother. This procedure was performed using wild-type and alk1A alk2A cells which
were then arrested in metaphase through benomyl treatment or Cdc20 depletion.
Analysis of cells from these cultures indicated that it was the bud that became
abnormally large when alk1A alk2A cells were arrested in metaphase (Fig. 4.8 A). H3
and H3(T3A) strains were tested in a similar manner to examine the possibility that this
phenotype is caused by the loss of H3-T3ph. Although these cells were not barlA
mutants, and therefore the identity of the cell compartments could not be distinguished,
it was apparent that both cell compartments remained of similar proportions during an

extended metaphase arrest (Fig. 4.8 B).
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+ Benomyl

Figure 4.8. The bud of alk1A alk2A cells becomes abnormally large during an
extended metaphase arrest. (A) Wild-type (WT) and alk1A alk2A cells with barlA
and pMET3-CDC20 mutations were synchronised in G; with a-factor and released to a
metaphase block by transferring the cells into medium containing benomyl or
methionine. Images were taken 8 hours after release from a-factor arrest. The mating
projection or shmoo that defines the mother cell is clearly visible (arrow). (B) H3 and
H3(T3A) cells containing pMET3-CDC20 were grown to mid-log phase and transferred
into medium containing benomyl or methionine to block cells in metaphase. Images
were taken 8 hours after release from o-factor arrest. Scale bars represent 3 um.

In the original bi-orientation experiments it was also noticed that the mitotic
spindle was often mispositioned in alk1A alk2A cells. In metaphase-arrested wild-type
cells the mitotic spindle was normally positioned in close proximity to the bud neck and
aligned along the mother-bud axis as expected. Conversely, in alk1A alk2A cells the

spindle was frequently positioned away from the bud neck and misaligned. However,
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once again it was not possible to determine which compartment of the cell the spindle
was located from this previous experiment. To address this, control and alk1A alk2A
cells expressing mCherry-Tubl with the barlA mutation were generated. These cells
were synchronised in G; with a-factor and released to a metaphase block by Cdc20
depletion (PMET3-CDC20). Three hours after release from G, a series of five minute
time-lapse image sequences were taken. Examples of cells from these image sequences
are shown in Figure 4.9 A. In total, twenty one images were taken over each five minute
time-lapse series and spindle position was scored in cells as being in one of four
positions relative to the bud neck in each image: Bud (Distal); Bud (Proximal); Mother
(Proximal); Mother (Distal). In instances where the spindle spanned two zones, the
spindle was scored as being in the position where the largest proportion of the spindle
was present. These data from a number of cells (n) were pooled and the relative spindle
position is represented as a percentage (Fig. 4.9 B). Although spindles in metaphase-
arrested wild-type and alk1A alk2A cells were most frequently positioned in the bud
(WT 72.9%; alk1A alk2A 98.8%), wild-type cell spindles spent the majority of the time
at the neck in the bud (WT 72.6%; alk1A alk2A 42.2%; P < 0.001) while alk1A alk2A
cell spindles were most commonly positioned in the bud away from the neck (alk1A
alk2A 56.6%; WT 0.3%; P < 0.001; Fig. 4.9 A, B). In contrast to wild-type cells, when
alk1A alk2A cells were released from the metaphase block into anaphase many
elongating spindles did not properly align and were unable to penetrate the bud neck

and elongated within the bud where they remained and broke down (Fig. 4.9 C).

These results suggest that Alk1 and Alk2 are required during metaphase to

promote or maintain proper spindle positioning and to regulate bud growth.
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Figure 4.9. Metaphase-arrested alk1A alk2A cells exhibit spindle positioning
defects. (A) Cells expressing mCherry-Tubl were synchronised in G; with a-factor and
released to a metaphase block through Cdc20 depletion. A series of 5 minute time-lapse
image sequences to assess mitotic spindle positioning. (B) Quantification of spindle
position in metaphase-arrested cells. Data were subjected to a two way ANOVA test
which showed that genotype has a significant effect on spindle position [F(3, 220) =
25.5, P < 0.001]. Subsequent pairwise comparisons of relative spindle position between
the wild-type control and alk1A alk2A cells were calculated using the Holm-Sidak
method. n = number of cells in which spindle positioned was scored in 21 time-lapse
images taken over 5 minutes. (C) Examples of spindle elongation and breakdown within
the bud of alk1A alk2A cells released from a metaphase block into anaphase. Arrows
highlight separate spindle poles in the bud after spindle break down. Scale bars
represent 3 um.
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4.8  Alkl and Alk2 do not function directly in either the Kar9 or the Dynl

mediated pathways of spindle positioning

The striking defect in spindle positioning observed in the experiments with
metaphase-arrested alk1A alk2A cells suggested that the Haspin-like kinases may have a
role in orienting and aligning the mitotic spindle through one of two sequential and
partially redundant pathways that are already known to position the spindle relative to
the bud neck. The first pathway, which functions early in the cell cycle, involves the
yeast EB1 and myosin VV homologues, Bim1 and Myo2 respectively, and the yeast
specific adaptor protein Kar9. The microtubule plus end tracking protein Bim1 binds to
Kar9 which, in turn, binds to Myo2. Myo2 subsequently directs the growing
microtubule plus ends along polarised actin cables towards the bud tip. The second
pathway, which functions later in the cell cycle, involves dynein and the yeast CLIP-
170 homologue Bik1. At the metaphase to anaphase transition the yeast-specific dynein
inhibitor Shel is removed from cytoplasmic microtubules. This allows the targeting of
cytoplasmic dynein to microtubule plus ends through interaction with Bik1l. When a
microtubule carrying dynein interacts with the yeast-specific cortical protein Numl1,
dynein becomes anchored to the cortex and subsequently pulls the spindle through the
action of its minus end-directed motor activity (for review, see Huisman & Segal, 2005;
McNally 2013). Deletion of genes involved in either of these pathways results in a
viable cell, although the spindle is frequently mispositioned, whereas deletions of genes
involved in both pathways has been reported to result in synthetic lethality (Eshel et al.,

1993; Miller & Rose, 1998; Hwang et al., 2003).
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Figure 4.10. Alkl and Alk2 do not appear to function directly in the Kar9 or the
dynein mediated pathways of spindle positioning. (A-D) Diploid strains
heterozygous for deletions of ALK1, ALK2 and known components of spindle
positioning pathways were sporulated to generate haploid progeny and subjected to
genotypic analysis. Genotypes of spores are denoted as follows: wt, wild-type; 1, alk1A;
2, alk2A; k, kar9A; d, dynlA; b, bim1A; j, jnm1A. Colonies with genotypes of interest
are highlighted with red boxes. (E, F) The indicated strains were spotted in 10-fold
serial dilutions and grown at 26°C, 37°C or at 26°C in the presence of benomyl.
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As it would appear that Alk1 and Alk2 are functioning redundantly with regard
to their contribution to spindle positioning it is possible that their involvement in either
of these pathways has remained undetected in previous analyses. To ascertain whether
Alk1 and Alk2 are involved in either of these pathways, a series of mutants were
generated to assess whether any synergistic interaction exists between the Haspin-like
kinases and components of the two partially redundant spindle positioning pathways. As
a control it was first necessary to replicate the reported interaction between kar9A and
dyn1A mutations for comparison. This was achieved by crossing haploid kar9A and
dyn1A strains to generate a kar9A dynlA heterozygous diploid. This diploid strain was
then sporulated to form haploid meiotic progeny and subjected to tetrad analysis.
Although viable kar9A dynl1A double mutants were isolated from this cross they were
severely compromised for proliferation (Fig. 4.10 A, highlighted with red boxes). Next
an alk1A alk2A kar9A dynlA heterozygous diploid strain was generated and the same
analysis was performed. Again, any strains bearing both kar9A and dyn1A knockouts
were severely compromised (Fig. 4.10 B, highlighted with red boxes), although no
synergistic interactions associated with combinations of alk1A and alk2A with either
kar9A or dynlA were observed in this analysis (Fig. 4.10 B). Additional knockouts of
another component from each pathway were also tested, namely bim1A and jnm1A.
Interestingly, a synthetic lethal interaction between jnm1A and alk1A had been
described previously (Schoner et al., 2008). However, this could not be replicated in
this study and no synergistic negative interaction was identified following tetrad
analysis with combinations of alk1A and alk2A with either bim1A or jnm1A (Fig. 4.10
C, D; triple knockouts highlighted by red boxes). However, further analysis of the Kar9
and dynein pathway mutants revealed that kar9A dynl1A double mutants were
hypersensitive to benomyl (Fig. 4.10 E). Triple mutant strains containing alk1A alk2A in

combination with either kar9A or bim1A also showed an increased sensitivity to
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benomyl compared to the relevant single and double mutant combinations whereas

alk1A alk2A in combination with dyn1A or jnm1A did not (Fig. 4.10 F).

These data suggest that Alk1 and Alk2 do not function directly in the early Kar9
or late dynein spindle positioning pathways as there is no strong genetic interaction with
regards to unperturbed growth between ALK1 and ALK2 knockouts in combination with
spindle positioning pathway knockouts. However, the synthetic benomy! sensitivity
shown by alk1A alk2A with the loss of the Kar9 pathway may indicate that Alk1 and
Alk2 have a function within the dynein pathway when mitosis is delayed that is not

evident during unperturbed proliferation.

4.9  Alkl is localised to the cell cortex in metaphase-arrested cells

Haspin in HelLa cells appears to be localised exclusively in the nucleus and
associates strongly with condensed chromosomes throughout mitosis (Dai et al., 2005).
The Haspin homologue in A. thaliana also shares a similar localisation pattern during
mitosis but differs during interphase, where it is predominantly visible in the cytoplasm
(Kurihara et al., 2011). This raised the question of whether the budding yeast Haspin-
like kinases share a similar localisation pattern. There are no existing data describing the
localisation of Alk2. However, the localisation of Alk1-GFP was examined as part of
two separate studies investigating the localisation of proteins using systematic genome-
wide approaches, although the images obtained are ambiguous (Huh et al., 2003; Tkach
et al., 2012). To investigate the localisation of Alkl and Alk2, a series of strains were
generated expressing enhanced yellow fluorescent protein (EYFP) fusion proteins
(Alk1-EYFP, Alk2-EYFP) from endogenous promoters by in-frame insertion of the
EYFP coding sequence immediately preceding the stop codon of ALK1 and ALK2. The

brighter EYFP variant was used as the previous studies hinted at potential difficulties in
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assessing Alk1 localisation with GFP. Additionally, since both Alk1 and Alk2 are cell
cycle regulated with their levels peaking around metaphase (Fig. 4.4), pMET3-CDC20
was also incorporated into these strains so that cells could be synchronously arrested in
metaphase through Cdc20 depletion to increase the likelihood of detecting a signal.
Expression of the fusion proteins was confirmed by western blot analysis (Fig. 4.11 A).
Alk1-EYFP was found to localise to the cell cortex in metaphase-arrested cells (Fig 4.11
B). Unfortunately, a full cell cycle analysis of AIk1-EYFP localisation was impeded by
poor fluorescence and a signal above background could not be detected in cells
expressing Alk2-EYFP. Detection of Alk1-EYFP at the cell cortex supports the

hypothesis of a role for Alk1 in the regulation of cell polarity.

Figure 4.11. Alk1 is localised to the cell cortex in metaphase. (A) Expression of
Alk1-EYFP and Alk2-EYFP fusion proteins in the respective strains was confirmed by
western blotting. EYFP was detected using an anti-GFP antibody. Cdc28 detected by an
anti-Cdc28 antibody was used as a loading control. (B) Cells expressing Alk1-EYFP
were synchronised in G; with a-factor, released to a metaphase block through Cdc20
depletion and imaged. Projections are series of Z-sections merged. Scale bar represents
3 um. A signal above background could not be detected in Alk2-EYFP cells.
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4.10 Synthetic genetic array analysis to identify genes interacting with ALK1 and

ALK2

Genetic analysis is an important and powerful tool for evaluating the roles of
genes in vivo and for identifying novel components of specific pathways. A common
approach is to test whether a combination of mutations in two genes results in reduced
fitness or cell death. These are termed ‘synthetic sick” and ‘synthetic lethal’ interactions
respectively. This approach has been used extensively in a number of different
organisms to aid in the identification and characterisation of genes. For S. cerevisiae a
collection of approximately 5000 viable gene deletion mutants were generated by an
international consortium of laboratories (Winzeler et al., 1999; Giaever et al., 2002).
Using this collection, a query strain and a method termed Synthetic Genetic Array
(SGA) analysis developed by Tong & Boone (2006) it is possible to construct double
mutants systematically and score for growth defects thus allowing large-scale mapping

of synthetic genetic interactions.

With funds granted from an MRC Centenary Award, a series of SGA screens
were performed in collaboration with Prof. David Lydall at the University of Newcastle.
Having identified a functional redundancy between ALK1 and ALK2 it was decided that
three screens would be performed in parallel, using each of the single deletions and the
double deletion as query strains. In addition to the array of approximately 5000 viable
deletion mutants, the three query strains were also crossed with an array of
compromised alleles of essential genes. These alleles were generated by Breslow et al.
(2008) by utilising the Decreased Abundance by mRNA Perturbation (DAmMP)
approach, which involved inserting a kanamycin resistance cassette immediately
downstream of the stop codon of essential genes. This has been shown to destabilise the

corresponding transcript and can reduce mRNA levels four to ten-fold. By incorporating
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this collection, an additional = 800 essential genes not present in the standard knockout

collection were screened, thus providing a more comprehensive genetic analysis.

The query strains were crossed with each strain from the collection in
quadruplicate and following sporulation and several rounds of selection the resulting
haploid progeny, if viable, were given a fitness score based on colony size (Lawless et
al., 2010). The raw interaction data obtained from these screens identified a range of
negative genetic interactions. These data were subsequently filtered using several
criteria to improve the quality and focus. For each interaction a P-value was calculated
from the fitness scores of each replicate to determine whether the replicates were
consistent and if the interactions were significant. To reduce false positives and allow
for a direct comparison between the three screens, genes that were located within 10 kb
of ALK1 and ALK2 were removed from all three datasets to account for linkage effects
and only interactions with a P-value less than 0.05 were considered (Fig. 4.12 Ai). To
enrich for strong and biologically relevant interactions the data were further filtered
based on the genetic interaction score (GIS). The GIS gives a measure of the fitness of
the mutant combination compared against the average fitness of all strains in the
experiment. Interactions with a GIS of -15,000 or less were considered for further
analysis (Fig. 4.12 A ii). Filtered data for the three screens that conform to the above
criteria can be found in Appendix Tables A1, A2 and A3. Interactions with a P-value
less than 0.05 and a GIS less than -15,000 were deemed to be synthetic lethal if the
mutant combination had a fitness score of 10,000 or less. Synthetic lethal interactions
are represented in Figure 4.12 B and brief descriptions of the interacting gene functions
are summarised in Tables 4.1, 4.2 and 4.3. The fitness scores from the control SGA

screen are included for comparison.
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Next, the filtered data was evaluated using gene ontology enrichment analysis
software. Gene ontology (GO) is a major public bioinformatics initiative that aims to
provide descriptions of molecular functions, biological processes, and sub-cellular
locations associated with gene products in a range of different organisms using a
controlled vocabulary. By analysing high-throughput datasets in this manner it is
possible to assess whether groups of strong interactors are enriched for particular GO
terms, therefore providing an insight into processes and pathways in which query genes
of interest may be involved. The analysis generated a list of enriched GO terms along
with the genes from the query data associated with these particular terms and a P-value
indicating the statistical significance. A summary of these results can be found in
Appendix Table A4. This full GO analysis consists of many thousands of GO terms,
many of which are highly specific, nested and related terms that may apply to multiple
species. This makes visualisation of the enrichment network problematic due to its
complexity. To address this, a more focussed analysis was carried out using Yeast GO-
slim terms. GO-slims are tailored to particular organisms and contain only a subset of
the terms from the full ontologies to give a broad overview of the GO content. These are
particularly useful for the annotation of genes in genome wide or microarray studies
where a broad classification of gene product function is required. The Yeast GO-slim
analysis for the negative interactors from each screen highlighted a number of enriched
GO-slim terms (Fig. 4.13). Genes involved in processes which include endosomal
transport, vesicle organisation and mitochondrion organisation were enriched in single
knockout screens (Fig. 4.13 A, B). Mitochondrion organisation was also a term that was
enriched in the double knockout screen. However, this screen also had a number of
additional enriched terms including chromatin organisation, cellular response to DNA
damage stimulus and DNA repair (Fig. 4.13 C). To further visualise the relationship

between the three screens the synthetic sick and lethal interactors that were shared with
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Table 4.1. alk1A synthetic lethal interactions

ORF Gene Esse:tnal P GIS C}uery C?ntrol Description
? Fitness  Fitness

YBR144C YBR144C n 3.87E-04 -60063 3634 93327 Dubious ORF. Mutants defective in endocytosis and have abnormal vacuolar morphology

YDR319C YFT2 n 6.80E-12 -57474 78 84323  Required for normal ER membrane biogenesis. Interacts with Sst2, a GTPase activating protein
required to prevent receptor-independent signalling of the mating pathway

YDR213W uprc2 n 3.81E-16  -53560 77 78586  Sterol regulatory element, induces transcription of sterol biosynthetic genes

YDR107C TMN2 n 9.88E-03 -48168 9185 84031 Transmembrane protein with a role in cellular adhesion and filamentous growth

YGL255W ZRT1 n 6.02E-05 -48112 6619 80190 High-affinity zinc transporter of the plasma membrane.

YDR111C ALT2 n 1.84E-02 -46183 9895 82164  Catalytically inactive alanine transaminase. Mutants have abnormal vacuole morphology.

YDR150W NUM1 n 7.36E-04  -38307 4396 62567  Required for nuclear migration and mitochondria distribution. Component of mitochondria-ER-
cortex-anchor (MECA). Localises to mother cell cortex and bud tip.

YBL0O94C YBL094C n 2.55E-03  -34983 0 51255 Dubious ORF. Overlaps uncharacterised YBLO95W. Mutants have increased cell size and abnormal
bud morphology

YDL143W CCT4 v 7.37E-04  -30844 4813 52243  Subunit of the cytosolic chaperonin Cct ring complex required for assembly of actin and tubulins.

YHLO25W SNF6 n 9.41E-13  -25919 5383 45862  Subunit of SWI/SNF chromatin remodelling complex involved in transcriptional regulation

YBR200OW BEM1 n 1.00E-02  -25749 7130 48173  Involved in establishing cell polarity and morphogenesis. Functions as a scaffold for complexes
that include Cdc24, Cdc42 and Cla4.

YILO76 W SEC28 4.23E-04 -24610 4384 42481  Subunit of coatomer, regulates retrograde Golgi-to-ER protein traffic.

YLRO66W SPC3 y 3.37E-02  -22915 9930 48122  Subunit of signal peptidase complex which catalyses cleavage of N-terminal signal sequences of
proteins targeted to secretory pathway

YBR289W SNF5 n 2.35E-03  -18058 1503 28661  Subunit of SWI/SNF chromatin remodelling complex involved in transcriptional regulation
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Table 4.2. alk2A synthetic lethal interactions

ORF Gene Esse_:‘t'al P GIS (.luery C?ntrol Description
? Fitness  Fitness

YGL255W ZRT1 n 8.04E-06 -63583 3125 80190 High-affinity zinc transporter of the plasma membrane.

YFLO32W  YFLO32W n 6.50E-05 -59359 7149 79950 Overlaps HAC1, which is a transcription factor that regulates unfolded protein response. Also
induces transcription of genes involved in membrane biogenesis

YBR0O36C CSG2 n 1.54E-05 -56487 1226 69376  Endoplasmic reticulum membrane protein, required for mannosylation of
inositolphosphorylceramide and growth at high calcium concentrations

YMR205C PFK2 n 8.67E-05 -56394 8991 78599  Subunit of phosphofructokinase involved in glycolysis. Mutation inhibits glucose induction of cell
cycle regulated genes

YKL212W SAC1 n 3.32E-07 -49952 247 60344  Phosphatidylinositol phosphate phosphatase. Involved in protein trafficking and processing,
secretion and cell wall maintenance

YNL315C ATP11 3.80E-05 -35633 8872 53500 Molecular chaperone required for assembly of mitochondrial ATP synthase

YGLO92W  NUP145 v 7.32E-03  -29129 4960 40978  Nuclear pore protein with roles in nuclear pore complex biogenesis, localisation of genes to
nuclear periphery and nucleocytoplasmic transport

YILO76 W SEC28 n 5.62E-04 -28896 6443 42481  Subunit of coatomer, regulates retrograde Golgi-to-ER protein traffic.

YBR289W SNF5 n 1.94E-03 -23285 557 28661  Subunit of SWI/SNF chromatin remodelling complex involved in transcriptional regulation
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Table 4.3. alk1A alk2A synthetic lethal interactions

Essential

Query

Control

ORF Gene ? P GIS Fitness  Fitness Description

YGL116W CcDC20 y 3.42E-16  -62826 46 88386  Activator of anaphase promoting complex required for metaphase/anaphase transition by
directing ubiquitination of mitotic cyclins and anaphase inhibitors

YGL255W ZRT1 2.55E-14  -56623 418 80190 High-affinity zinc transporter of the plasma membrane.

YLR166C SEC10 y 3.59E-13  -55975 0 78691  Subunit of exocyst complex, mediates polarised targeting and tethering of post-Golgi secretory
vesicles to active sites of exocytosis at the plasma membrane

YBRO11C IPP1 y 7.05E-11  -54345 0 76400 Cytoplasmic inorganic pyrophosphatase that catalyses the rapid exchange of oxygens from Pi
with water

YLR339C YLR339C y 9.42E-07 -51609 0 72553  Dubious ORF. Overlaps with RPPO that encodes a conserved ribosomal protein involved in
interaction between translational elongation factors and the ribosome

YMLO31W NDC1 y 6.39E-05 -41486 2264 61504  Subunit of transmembrane ring of nuclear pore complex (NPC). Contributes to nucleocytoplasmic
transport, NPC biogenesis and spindle pole body duplication

YFLO31W HAC1 n 4.51E-08 -41210 8783 70281  Transcription factor that regulates unfolded protein response. Also induces transcription of genes
involved in membrane biogenesis

YPLO63W TIM50 v 4.49E-03  -40320 6859 66325 Component of translocase of the inner mitochondrial membrane

YOR224C RPB8 y 1.15E-02  -28038 154 39633 RNA polymerase subunit ABC14.5; common to RNA polymerases I, Il, and IlI

YLR198C YLR198C y 6.14E-03  -25411 2303 38961 Dubious ORF. Overlaps SIK1 that encodes essential nucleolar protein component of box C/D
snoRNP complexes, overexpression causes spindle orientation defects.

YOLO78W AVO1 v 2.58E-03 -24476 0 34409 Component of membrane-bound complex containing Tor2 and other proteins which may have a
role in regulation of cell growth

YMR309C NIP1 y 2.04E-02  -23953 3315 38334  elF3c subunit of the eukaryotic translation initiation factor 3 (elF3); involved in the assembly of
preinitiation complex and start codon selection

YDR123C INO2 n 5.02E-03  -20315 7471 39062 Component of complex that binds inositol/choline-responsive elements, required for
derepression of phospholipid biosynthetic genes in response to inositol depletion

YGL136C MRM?2 n 2.43E-02  -19410 9659 40866  Mitochondrial methyltransferase. Deletion confers loss of mitochondrial DNA and abnormal
vacuolar and lipid particle morphology.

YBR109C CMD1 v 453E-02 -18689 6857 35914  Calmodulin, regulates processes such as mitosis, bud growth, actin organisation, endocytosis and
stress-activated pathways.

YBR289W SNF5 n 3.38E-03 -18161 2227 28661  Subunit of SWI/SNF chromatin remodelling complex involved in transcriptional regulation
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Table 4.4. Genes identified as viable in query SGA screens that were inviable in the control screen

Essential

Query

Control

Screen ORF Gene > P GIS R . Description
? Fitness  Fitness
alk1A YLRO88W GAA1 y 8.41E-04 30076 30112 53 Subunit of GPI protein transamidase complex. Removes GPI anchoring signal and
attaches GPI to proteins in ER. Reduction of function decreases shmoo formation
YDR103W STES n 1.05E-05 48618 48618 0 Pheromone-responsive MAPK scaffold protein
YDR410C STE14 n 6.09E-05 49930 49930 0 Farnesyl cysteine-carboxyl methyltransferase, mediates a step during processing of a-
factor and RAS proteins in ER. Localises to ER
YHR193C EGD2 n 1.03E-03 50178 50189 17 Subunit of NAC complex involved in protein sorting and translocation
YILO54W YILO54W n 2.41E-04 62264 62264 0 Uncharacterised. Mutants have increased cell size and abnormal vacuolar
morphology.
YDR461W MFA1 n 4.37E-04 63502 63502 0 Mating pheromone a-factor.
YDR227W SIR4 n 3.03E-04 63916 63916 0 Silent information regulator, involved in assembly of silent chromatin domains at
telomeres and silent mating-type loci.
alk2a YDL0O90C RAM1 n 1.15E-03 25034 25034 0 Subunit of CAAX farensyltransferase that prenylates a-factor mating pheromone and
Ras proteins and is required for their membrane localisation
YLRO88W GAA1 y 2.14E-03 34085 34130 53 Subunit of GPI protein transamidase complex. Removes GPI anchoring signal and
attaches GPI to proteins in ER. Reduction of function decreases shmoo formation
YDLO42C SIR2 n 6.60E-03 42031 42031 0 NAD+ dependent histone deacetylase with role in silencing mating type loci and
telomeres
alk1A YLRO88W GAA1 y 3.73E-04 32942 32980 53 Subunit of GPI protein transamidase complex. Removes GPI anchoring signal and
alk2A attaches GPI to proteins in ER. Reduction of function decreases shmoo formation
YHLOO7C STE20 n 3.84E-04 37520 37520 0 Cdc42-activated signal transducing kinase of the PAK family. Involved in pheromone
response, invasive growth, vacuole inheritance and down-regulation of sterol uptake
YHRO59W FYv4 n 9.61E-03 45796 45796 0 Unknown function, required for survival upon exposure to K1 killer toxin
YDR461W MFA1 n 4.87E-02 52939 52939 0 Mating pheromone a-factor.
YHR193C EGD2 n 3.20E-04 67388 67400 17 Subunit of NAC complex involved in protein sorting and translocation
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Figure 4.12. Synthetic genetic array (SGA) analysis to identify genes interacting
with ALK1 and ALK2. (A) (i) The raw interaction data from the alk1A, alk2A and
alk1A alk2A screens was initially filtered to remove genes linked to either ALK1 or
ALK2 and interactions with a P-value greater than 0.05 to reduce false positives. (ii) For
further analysis, only genes with a genetic interaction score (GIS) less than -15,000
were considered likely to be enriched for biologically relevant interactions. (B)
Interactions with fitness of less than 10,000 were scored as synthetic lethal.
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Figure 4.13. Gene ontology (GO) analysis for negative interactions. The filtered
interaction data were subjected to Yeast GO-slim enrichment analysis that identified a
number of GO-slim terms that were enriched in the negative interactors (P < 0.05, GIS
< -15,000) for the (A) alk1A, (B) alk2A and (C) alk1A alk2A screens. All nodes
represent a significant enrichment of that particular Yeast GO-slim term. White nodes
were identified as significant in the initial analysis and coloured nodes indicate
significant enrichments after P-value correction to account for false discovery rates.
Yellow through orange represents an improvement in the associated P-value for the
enrichment of that particular GO-slim term following P-value correction. Node size is
representative of the number of genes in each category.
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two or all of the screens were plotted. A number of GO terms that were enriched within
this data set are also indicated (Fig. 4.14). A large number of these genes are associated

with the mitochondrion and the endomembrane system.

The equivalent GO analysis was performed for positive interactions from the
three screens although no GO term enrichment was identified. However, some
interesting positive genetic interactions were observed. A number of viable deletion
mutants that usually do not come through SGA screens, such as those defective in
mating or meiosis, have produced viable mutants in the Haspin-like kinase SGA
screens. An example from the alk1A alk2A screen is ste20A, which is defective in
mating and annotated as sterile. Mutants that had fitness scores of less than 10,000 in
the control screen and a significant recovery of fitness in the query screens are listed in

Table 4.4.

Large scale SGA screens such as these often generate a number of false
positives and while the initial statistical analysis can help to reduce the numbers, it is
also important to independently validate genetic interactions of interest. Accordingly,
attempts were made to validate a number of the synthetic lethal and synthetic sick
interactions identified in the screens. The first to be tested was zrt1A, which was
synthetic lethal in all three query screens (Fig. 4.12 B). However, when a zrt1A strain
was crossed with an alk1A alk2A strain and tetrad analysis was performed it was
discovered that viable haploid strains with all mutant combinations could be isolated
(Fig. 4.13 A). Zrtl is a high-affinity transporter of the plasma membrane required for
zinc uptake (Zhao & Eide, 1996). Accordingly, it was hypothesised that the Haspin-like
kinases may have some role in the regulation of zinc uptake or the induction of a

response to the stress of zinc deficiency. To address this, a series of mutants were
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spotted onto medium containing EDTA to limit the availability of zinc. Strains with
single and double deletions of ALK1 and ALK2 showed growth comparable to wild-type
strains on media with limited zinc whereas all strains with zrt1A displayed an equivalent
level of sensitivity. zrt1A strains also showed no synergistic effects in terms of growth
at 37°C or in the presence of benomyl (Fig. 4.15 B). Next, several genes were examined
that are involved in the unfolded protein response (UPR; reviewed in Ron & Walter,
2007) and were strong negative genetic interactors in the screens, namely HAC1, IRE1
and SPT3. HAC1 encodes a transcription factor that increases the transcription of genes
involved in the UPR. Transcription of these genes involves the SAGA histone
acetyltransferase complex of which Spt3 is a member and this complex, along with Irel,
iIs required for HAC1 mRNA splicing in vivo (Welihinda et al., 2000). As well as
responding to endoplasmic reticulum stress due to accumulation of unfolded proteins,
there is increasing evidence to suggest that the UPR is involved in lipid homeostasis
(Raychaudhuri et al., 2012). Additionally, zinc depletion has also been shown to
strongly activate Irel and stimulate the UPR (North et al., 2012; Nguyen et al., 2013).
An alk1A alk2A strain was crossed with haclA, irelA and spt3A strains and tetrad
analysis was performed. Again, viable haploid strains with all mutant combinations
were isolated (Fig. 4.15 C, D, E). The colony sizes of mutants isolated from the haclA
and irelA tetrad analysis showed a degree of variability. For example, some of the
single haclA and irelA mutants formed colonies of a size comparable to wild-type
while others only formed micro-colonies. The same was also true for double and triple
mutant combinations (Fig. 4.15 C, D). spt3A tetrad analysis was more consistent
although no obvious synergistic interaction was observed with the various mutant
combinations (Fig. 4.15 E). A particularly interesting synthetic lethal interaction in the
alk1A alk2A double mutant screen that was not replicated in either of the single mutant

screens was with the DAmP allele of CDC20. Presumably, strains carrying this allele
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Figure 4.15. Verifying hits from the SGA screens. (A) Diploid strains heterozygous
for alk1A, alk2A and zrt1A mutations were sporulated to generate haploid progeny and
the genotypes were determined through tetrad analysis. (B) The indicated strains were
spotted in 10-fold serial dilutions and grown at the indicated temperatures or at 26°C in
the presence of benomyl and EDTA. (C, D, E) Tetrad analysis from the indicated
crosses. Genotypes of spores are denoted as follows: wt, wild-type; 1, alk1A; 2, alk2A;
z, zrtlA; h, haclA; i, irelA; s, spt3A.

142



will express lower than normal levels of Cdc20 resulting in a prolonged metaphase.
Although this interaction has not been independently verified it is consistent with the
hypothesis that alk1A alk2A cells lose viability when arrested in metaphase.
Unfortunately, further investigation into these interactions and others identified in the

screens could not be pursued due to time constraints.

4.11 Discussion

Haspins are atypical serine/threonine protein kinases that were originally
identified in mice (Tanaka et al., 1994). Homologues have since been discovered in the
genomes of many other eukaryotic organisms including the genome of the
microsporidian E. cuniculi, which is predicted to contain less than 2000 protein-
encoding genes (Katinka et al., 2001), suggesting an important and conserved role for
Haspins. Two Haspin homologues, Alk1 and Alk2 are encoded by the S. cerevisiae
genome, although they are largely uncharacterised. Recently, a number of studies have
demonstrated that Haspins in fission yeast and higher eukaryotes contribute to localising
the CPC to the centromere during mitosis (Kelly et al., 2010; Yamagishi et al., 2010;
Wang et al., 2010). In the light of this information an attempt was made to characterise

the two budding yeast Haspin-like kinases.

4.11.1 Haspin-like kinases, H3-T3ph and the CPC

Although the data contained herein does not conclusively demonstrate whether
or not the Haspin-like kinases contribute to CPC localisation in budding yeast, evidence
has been provided to suggest that deletion of ALK1 and ALK2 or mutation of histone
H3-T3 does not interfere with the function of the CPC at the centromere. In alk1A alk2A
and H3(T3A) cells there was no significant defect in chromosome bi-orientation or

maintenance, unlike what was observed for Haspin and histone mutants in fission yeast
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(Yamagishi et al., 2010). Kawashima et al. (2010) have demonstrated that
phosphorylation of histone H2A at a conserved residue by Bubl is required for
Shugoshin localisation and function in humans and both fission and budding yeasts,
suggesting that the Bub1/H2A/Shugoshin pathway is likely to be conserved. However,
the negative genetic interactions observed in fission yeast between components of the
Haspin/H3 and Bub1/H2A/Shugoshin pathways of CPC recruitment were not replicated
using the equivalent mutants in budding yeast. Furthermore, while sgol1A cells
displayed significant defects in chromosome bi-orientation and chromosome
maintenance, the combination of sgolA alk1A alk2A did not result in an additive
phenotype. An additional experiment would be to examine whether CPC localisation is
disrupted in these cells. Strains were generated to look at Ipl1-EGFP localisation in
alk1A alk2A cells although there was not time to carry out a comprehensive analysis.
Preliminary inspection of IpI1-EGFP localisation in these cells appears to suggest that
Ipl1 localisation is not disrupted in alk1A alk2A cells (Fig. A3). However, it would be
necessary to quantify this signal and include mutants such as sgo1A and sgolA alk1A
alk2A in the analysis to determine whether these partially redundant pathways for CPC
recruitment that exist in other organisms are shared with S. cerevisiae. It has been
reported that Ipl1 association with the centromere is not disrupted in alk1A alk2A cells
as determined by chromatin immunoprecipitation (Adele Marston, unpublished) and
another study has shown that Ipl1 localisation is not disrupted in Bubl or Sgol
knockouts (Storchové et al., 2011). However, this does not rule out a potential

redundancy between the two proposed pathways and would require further testing.

The localisation of Alk1 also differs compared to Haspins in other organisms.
While strong localisation of Haspin to mitotic chromosomes is observed in the likes of

human and fission yeast cells (Dai et al., 2005; Yamagishi et al., 2010), here it was
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found that Alk1 localises to the cell cortex in metaphase, with no discernible signal that
would suggest the presence of a nuclear pool. Unfortunately, the subcellular localisation
of Alk2 could not be determined as an Alk2-EYFP signal could not be detected above
the background signal. This is likely a reflection of the lower abundance of Alk2
compared to Alk1, as determined by western blotting. Of course it is possible that Alk2
localises to the nucleus and this will need to be investigated further and it will also be of
interest to determine whether the localisation of these kinases is dynamic. Several
annotations in the Saccharomyces Genome Database (SGD) suggest that Alk1l may be
associated with the centromere and chromatin. Ranjitkar et al. (2010) detected Alk1 by
mass spectrometry analysis of fractions eluted from an immunoprecipitation of the
centromeric histone H3 variant Cse4 and Gilmore et al. (2012) detected Alk1 associated
with affinity purified histone H3 and histone H4 through the same analysis. However,
closer inspection of the data from these studies indicates that these interactions may not
be significant, since very few Alk1 peptides were detected. An interesting experiment
for the future would be to investigate whether the reciprocal interactions are observed

when immunoprecipitating Alk1 and Alk2 from whole cell lysates.

A key observation that is yet to be made in budding yeast is whether histone H3
is phosphorylated at Thr-3 and if the Haspin-like kinases perform this modification.
Although Nespoli et al. (2006) were able to show that Alk1 and Alk2 have weak
autophosphorylation activity, they were unable to detect any activity towards histone H3
in in vitro kinase assays. However, this may have been due to technical issues as they
state that the purification of both endogenous and recombinant Alk1 and Alk2 was
problematic. Attempts were made during the course of this study to identify H3-T3ph
by western blotting of whole cell extracts from asynchronous and metaphase arrested

wild-type and alk1A alk2A cells, using extracts from H3(T3A) cells as a negative
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control and lysates from metaphase-arrested S. pombe nda3-KM311 mutant cells as a
positive control (Yamagishi et al., 2010). Western blots were probed with a
commercially available H3-T3ph antibody (Millipore) and one that was generously
gifted by Dr. J. Higgins (Dai et al., 2005) although a signal could not be detected with
either antibody even in the control samples. However, a signal was detected using an
antibody against the dual modification of histone H3 Thr-3 phosphorylation and Lys-4
trimethylation (H3-T3phK4me3) in whole cell extracts from asynchronous and
metaphase-arrested wild-type S. cerevisiae strains and a S. pombe strain. This signal
was not detectable in a whole cell extract from an H3(T3A) budding yeast strain
(Appendix Fig. A4 A). While this may hint at the presence of H3-T3ph in budding
yeast, it is important that these experiments are repeated to include an alk1A alk2A
strain and the other antibodies. It has been reported that H3-T3ph in S. pombe was only
detected in extracts from metaphase-arrested cells (Yamagishi et al., 2010). However,
probing with an H3-T3phK4me3 antibody showed a detectable signal in extracts from
both asynchronous and metaphase-arrested cultures (Appendix Fig. A4 A). This raises
the question of specificity regarding antibodies for detection of histone modifications.
For example, the N-terminal tail of histone H3 is heavily modified post-translation and
these modifications can exist in a multitude of different combinations that can
differentially influence adjacent modifications, chromatin structure or protein binding
(Oliver & Denu, 2010). Karimi-Ashtiyani & Houben (2013) have shown that the in
vitro phosphorylation of histone H3 at Thr-3 by the Arabidopsis thaliana Haspin
homologue is strongly influenced by the post-translational modifications of the adjacent
amino acids. The particular combination of modifications is also likely to affect
antibody recognition. An antibody that recognises H3-T3ph may not bind to H3-
T3phK4me3 for example. Therefore, it is important that any observations regarding the

distribution of histone modifications made with antibodies is interpreted with caution. It
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may be necessary to test the antibodies used in this study against a panel of histone H3
N-terminal peptides with a variety of known modifications to determine the specificity.
Alternatively, a different method of detection could be used such as mass spectrometry.
This may also go towards explaining the poor signal observed in the western blots
although this could be due to numerous factors, including low antibody avidity or
modification abundance. In an attempt to address these potential issues preliminary
experiments were carried out to isolate nuclei from yeast and extract proteins associated
with chromatin. This significantly enriched the amount of histones in the protein extract
and dramatically depleted non-nuclear proteins compared to whole cell extracts
(Appendix Fig. A4 B). It will be necessary to continue to pursue these experiments in
the future and determine whether histone H3 is phosphorylated at Thr-3 in budding

yeast and, if so, whether Alk1 and/or Alk2 are responsible for the modification.

Another interesting observation from this study was that the deletion of both
ALK1 and ALK2 results in a hypersensitivity to the microtubule destabilising drug
benomyl. Hypersensitivity to microtubule poisons is a hallmark of mutants defective in
spindle checkpoint signalling so it was hypothesised that the spindle checkpoint might
be perturbed in alk1A alk2A cells. However, western blot analysis to monitor Pds1
levels indicated that these cells were able to mount a checkpoint response and arrest in
metaphase when treated with benomyl. Additionally, these cells did not rapidly lose
viability during benomyl treatment, unlike bona fide checkpoint mutants. If this
phenotype was caused by the loss of H3-T3ph in these cells it stood to reason that
H3(T3A) cells may also be benomyl sensitive; however, this was not the case. These
observations therefore point towards a function for the Haspin-like kinases which is not

related to the phosphorylation of histone H3 at Thr-3.
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4.11.2 A role for the budding yeast Haspin-like kinases in the regulation of

isotropic bud growth and cell polarity
Spindle positioning and cell morphology

Evidence has been provided to suggest that the Haspin-like kinases Alk1 and
Alk2 have a role in the regulation of cell polarity and bud growth that is not linked to
H3-T3ph. Initial experiments indicated that the mitotic spindle was frequently
misaligned in alk1A alk2A cells arrested in metaphase and it was presumed that the
spindle was in the mother cell and unable to orient towards the bud. This phenotype was
not observed in wild-type or H3(T3A) cells. This led to the hypothesis that Alk1 and
Alk2 may have some role in spindle orientation through the early or late microtubule
delivery pathways, since mutants affecting these pathways displayed similar phenotypes
(reviewed in Huisman & Segal, 2005) and the combination of knockouts of ALK1 and
JNM1, a component of the late pathway, was reported to be lethal (Schoner et al.,
2008). By generating a series of mutant strains with combinations of Haspin-like kinase
deletions and early/late pathway deletions it has been shown that it is unlikely that Alk1
or Alk2 have a direct role in either pathway and the reported synthetic lethal interaction
between alk1lA and jnm1A could also not be replicated. However, it remains possible
that the Haspin-like kinases may have an indirect or lesser influence on these pathways

that would not be highlighted in this analysis.

Subsequent experiments highlighted that the bud became abnormally large when
alk1A alk2A cells were metaphase-arrested for a prolonged period of time, either
through benomy!l treatment or Cdc20 depletion, whereas wild-type and H3(T3A) cells
remained homogenously large budded. Additionally, in metaphase-arrested cells it was
noticed that the mitotic spindle became restricted to the enlarged bud in the majority of

alk1A alk2A cells and eventually elongated in this compartment. This would result in
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the formation of anucleate mother cells and binucleate daughters and have a severely
negative effect on cell viability and subsequent mitosis. These observations suggest that
both Alk1 and Alk2 are required to prevent continued isotropic bud growth in
metaphase-arrested cells (Fig. 4.16). Normally, when bud growth is complete, cortical
actin patches and cables are redistributed randomly thus preventing further bud growth
(Fig. 4.16 b). Could the actin cytoskeleton remain polarised towards the bud in alk1A
alk2A cells (Fig. 4.16 d)? This would provide an explanation for the abnormal
morphology observed in metaphase-arrested alk1A alk2A cells and also why the DAmMP
allele of CDC20 is synthetic lethal with alk1A alk2A but not with the individual
deletions. This would also explain why the viability of alk1A alk2A cells was
maintained if the metaphase block was lifted after a short arrest. If cells are only
arrested in metaphase for a short period of time before being allowed to progress into
anaphase and complete the cell cycle then presumably isotropic bud growth and
polarisation does not become excessive and interfere with the proper anaphase spindle

dynamics.

Many genes identified in the SGA screens also have roles in the regulation of the
actin cytoskeleton and processes such as endocytosis that require actin. Potentially
interesting genes that were lethal include bem1A and num1A. Bem1 (Bud EMergence 1)
is involved in establishing cell polarity and morphogenesis and functions as a scaffold
for complexes that include Cdc24, Rsrl and Ste20 (Kozubowski et al., 2008; for review
see Bi & Park, 2012). Num1 (NUclear Migration 1) is required for nuclear migration
and localises to the mother and bud cell cortices (in a very similar pattern to Alk1)
where it mediates interactions of dynein and cytoplasmic microtubules preferentially
with the bud cell cortex (Heil-Chapdelaine et al., 2000; Markus & Lee, 2011).

Misregulation of either of these proteins may go towards explaining the phenotypes

149



associated with alk1A alk2A cells. However, bem1A and num1A were only synthetically
lethal with alk1A and neither was even synthetically sick with alk2A or alk1A alk2A.
Similarly, rvs161A and rvs167A, knockouts of genes encoding proteins involved in the
regulation of the actin cytoskeleton, endocytosis and cell polarity were severely
synthetically sick with alk2A and may also be of interest. However, while rvs161A was
synthetically sick, albeit to a much lesser degree, with alk1A, rvs167A was not and
neither was found to interact with alk1A alk2A. This apparent lack of overlap in the top

hits between the three screens is curious and will require further investigation.
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Figure 4.16. Model for excessive bud growth seen in metaphase-arrested alk1A
alk2A cells. (a) In G,/M there is a switch from bud-tip directed growth to isotropic
growth resulting in the formation of an ellipsoidal shaped bud. (b) When bud growth is
complete, polarity determinants (blue) are removed from the cell cortex, actin cables
(red) and patches (brown) become disorganised and a cytokinetic ring forms, which
contracts and disassembles after mitosis. (c) Actin and growth is repolarised between
the mother and daughter cells to generate new cells walls. (d) In alk1A alk2A cells it
would appear that isotropic growth in the bud persists during a metaphase arrest,
resulting in the formation of an abnormally large bud. Adapted from Pruyne &
Bretscher (2000).
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If Alk1 and Alk2 are functionally redundant, then it would be reasonable to
hypothesise that a number of unique or synergistic interactions would be observed in the
alk1A alk2A double knockout screen that were not present in the single knockout
screens. Examples of potentially interesting genes to which this applies include AVO1,
CMD1 and SEC10. AVOL1 encodes an essential component of the TORC2 complex and
iIs required for TORC2 binding to the plasma membrane (Berchtold & Walther 2009).
TORC?2 is involved in the regulation of the actin cytoskeleton during polarised growth
and cell wall integrity (Loewith et al., 2002) and localises to the cell cortex in a similar
pattern to Alk1 (Berchtold & Walther 2009). Interestingly, avol and tor2 mutants are
sensitive to benomyl like alk1A alk2A mutants (van Pel et al., 2013). CMD1 encodes the
essential calcium binding protein Calmodulin which is known to be involved in a vast
number of different processes including spindle pole body (SPB) formation,
organisation of the actin cytoskeleton, polarised growth, endocytosis, and mating and
stress responses (Cyert, 2001; Okano & Ohya, 2003; Schaerer-Brodbeck & Riezman,
2003; Muller et al., 2005; Grotsch et al., 2010). SEC10 encodes an essential subunit of
the exocyst complex that is required for the polarised targeting of secretory vesicles to
sites of exocytosis at the plasma membrane (e.g. the bud site; Hsu et al., 2004). The
relevance of these interactions is unclear but some potentially interesting relationships
between these genes and the yeast Haspin-like kinases can be inferred based on the
literature and the phenotypes associated with alk1A alk2A mutants. For example, a
recent study has shown that plasma membrane stress induced by either inhibition of
sphingolipid metabolism or by mechanical stretching the membrane leads to the
activation of the TORC2 complex (Berchtold et al., 2012), which in turn triggers a
signalling cascade resulting in the upregulation of sphingolipid biosynthesis (Aronova
et al., 2008). The excessive bud growth observed in alk1A alk2A suggests that bud

growth is not being properly regulated and therefore lipid homeostasis may be
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disrupted. If this is true, then there would be a significant requirement for sphingolipid
biosynthesis in these cells and this may explain why the perturbation of proper TORC2
function would lead to such a detrimental effect on cell viability. A number of other
negative interactors identified in the screens are also involved in lipid or membrane
biosynthesis such as INO2, FEN1, SAC1 and ARG82. Components of the unfolded
protein response also regulate membrane biogenesis (Raychaudhuri et al., 2012) and
many other genes identified in the screens are related to the endomembrane system in
some way. Another recent study has shown that Cdc28-CIb2 dependent phosphorylation
of the exocyst component Exo84 (which binds directly to Sec10) in mitosis disrupts
exocyst assembly and thereby inhibits bud growth prior to the metaphase-anaphase
transition (Luo et al., 2013). Could Alk1 and Alk2 be involved in this pathway? How
the synthetic lethality of sec10-DAmMP alk1A alk2A would fit into this hypothesis is
unclear. We also know that mitotic delay reduces the viability of alk1A alk2A cells so
any mutation that causes a delay in mitosis is likely to be synthetically sick or lethal in
combination with alk1A alk2A. Calmodulin is required for SPB organisation (Muller et
al., 2005) so it is possible that the cmd1-DAmP allele causes a delay in mitosis due to
defective spindle formation which would explain the observed synthetic lethality. Many
more inferences can be made based on the results of the screen but without further
investigation they are speculative. Consequently, extended discussion of the screen will

remain limited to the examples given above.

The cortical localisation of Alk1 in metaphase-arrested cells also suggests that
Alk1 is ideally positioned to regulate actin dynamics or the cortical localisation/function
of other proteins during this time. It will be important to investigate this further by
comparing the arrangement of the actin cytoskeleton and by looking at the localisation

of cortical polarity determinants, such as the Rho-like GTPase Cdc42, in metaphase-
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arrested wild-type and alk1A alk2A cells. It will also be of interest to fully characterise
the localisation pattern of Alkl and Alk2 and determine whether the localisation of
these kinases changes during different phases of the cell cycle. This analysis was
hindered during this study due to the poor signal provided by the EYFP fusion proteins.
Possible ways to overcome this would be to generate strains expressing fusion proteins
with brighter fluorophores or to overexpress the fusion proteins. While this latter option
would almost certainly aid in the visualisation of both kinases, the expression would no
longer be cell cycle regulated and the localisation pattern observed may not be
representative of the endogenous proteins. There is also the issue of the reported
metaphase block induced by the overexpression of Alk2 to consider (Nespoli et al.,
2006). Therefore, it would seem appropriate to proceed by generating strains expressing

Alk1 and Alk2 fusion proteins with brighter fluorophores.

Identifying substrates and other proteins physically interacting with Alk1l and Alk2

An important direction for future work will be to uncover how the Haspin-like
kinases function and dissect their individual or shared contributions to these functions
by identifying substrates and physical interactors. A genome-wide phosphoproteomic
analysis carried out by Bodenmiller et al. (2010) with Saccharomyces cerevisiae has
provided some insight into what some of the substrates may be. By systematically
deleting or mutating kinases and phosphatases and analysing phosphopeptides isolated
from each mutant strain by mass spectrometry, they were able to identify 8814 regulated
phosphorylation events and generate a system-wide protein phosphorylation network.
Amongst the kinases analysed in their study were the Haspin-like kinases Alk1 and
Alk2. They identified significant variations in the levels of phosphopeptides mapping to
19 proteins in alk1A cells and 9 proteins in alk2A cells. Hits from this

phosphoproteomic screen are summarised in Table 4.5. These hits represent both
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increases and decreases in the abundance of particular phosphopeptides. While a
reduction or loss of a particular phosphopeptide may indicate that the associated protein
is a substrate of either Alk1 or Alk2, it is also possible that the relative abundance is
changing due to misregulation of other associated proteins resulting from the loss of the
Haspin-like kinase activity. The hits representing increases in the abundance of a
particular phosphopeptide could also be the result of misregulated proteins in alk1A and
alk2A cells. Interestingly, many of the proteins identified in this phosphoproteomic
screen are annotated as being involved in cytoskeletal organisation, endocytosis, stress
responses and regulation of the pheromone response pathway, which correlates with the
cell polarity phenotype observed in alk1A alk2A cells and the annotated functions of
many of the positive and negative interactors identified in the SGA screens performed

for this study.

A marked reduction in the phosphorylation of Akrl was seen in alk1A cells
(Bodenmiller et al., 2010) and this protein is annotated as being required for the
endocytosis of pheromone receptors and control of cell shape. Null mutants of AKR1
display abnormal bud morphology and increased cell size (Watanabe et al., 2009) as
well as a hypersensitivity to benomyl (Parsons et al., 2004), similar to alk1A alk2A
cells. Phosphorylation of Digl is reduced in both alk1A and alk2A cells (Bodenmiller et
al., 2010). Digl is a MAP kinase-responsive inhibitor of the Ste12 transcription factor
which is involved in the regulation of mating-specific genes and the invasive growth
pathway (Olson et al., 2000). Phosphorylation of Bbcl, a protein involved in the
assembly of actin patches and endocytosis, is reduced in alk2A cells (Bodenmiller et al.,
2010). Intriguingly, bbcl null mutants suppress the abnormally large cell morphology

and endocytosis defects seen in vrplA cells (Mochida et al., 2002) and phosphorylation
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Table 4.5. Changes detected in the phosphoproteome of alk1A and alk2A cells (Bodenmiller et al., 2010)

Kinase Target Type l(?gngC) Description of target
ALK1 SKG1 FC 25 Transmembrane protein with a role in cell wall polymer composition; localizes
on inner surface of plasma membrane at bud and daughter cell
EDE1 FC 24,19 Endocytic protein; involved in a network of interactions with other endocytic
proteins, binds membranes
STB1 FC 2.3 Protein with role in regulation of MBF-specific transcription during G1/S
transition, binds Swi6.
IRS4 FC 1.8 Involved in regulating phosphatidylinositol 4,5-bisphosphate levels and
autophagy; Irs4p and Tax4p bind and activate the Ptdins phosphatase Inp51p
NUP2 FC 1.8 Nucleoporin involved in nucleocytoplasmic transport, binds to either the
nucleoplasmic or cytoplasmic faces of the nuclear pore complex depending on
Ran-GTP levels; also has a role in chromatin organization
VRP1 FC 1.7 Proline-rich actin-associated protein involved in cytoskeletal organization and
cytokinesis
HRB1 FC 1.6 Poly(A+) RNA-binding protein; involved in the export of mMRNAs from the
nucleus to the cytoplasm
RCK2 FC 1.6 Protein kinase involved in response to oxidative and osmotic stress
MCK1 FC 1.6 Dual-specificity ser/thr and tyrosine protein kinase; roles in chromosome
segregation, meiotic entry, genome stability, phosphorylation-dependent protein
degradation (Rcnlp and Cdc6p), inhibition of protein kinase A, transcriptional
regulation, inhibition of RNA pol 111, calcium stress and inhibition of Clb2p-
Cdc28p after nuclear division
STE20 FC 15 Cdc42p-activated signal transducing kinase of the PAK (p21-activated kinase)
family; involved in pheromone response, pseudohyphal/invasive growth,
vacuole inheritance, down-regulation of sterol uptake
YBLOO5W-B FC -1.5 Transposable element
BCY1 FC -1.5 Regulatory subunit of the cyclic AMP-dependent protein kinase (PKA), a
component of a signaling pathway that controls a variety of cellular processes,
including metabolism, cell cycle, stress response, stationary phase, and
sporulation
STF2 FC -1.6 Protein involved in resistance to dessication stress, exhibits antioxidant
properties, binds to FO sector of mitochondrial F1FO ATPase
ITR1 FC -1.8 Myo-inositol transporter; member of the sugar transporter superfamily;
expression is repressed by inositol and choline via Opilp and derepressed via
Ino2p and Inodp
YAR009C FC -1.8 Transposable element
AKR1 FC -1.9 Palmitoyl transferase involved in protein palmitoylation; acts as a negative
regulator of pheromone response pathway; required for endocytosis of
pheromone receptors; involved in cell shape control
DIG1 FC -2.4,-16  MAP kinase-responsive inhibitor of the Ste12p transcription factor; involved in
the regulation of mating-specific genes and the invasive growth pathway
TPO2 \Y -8.6 Polyamine transporter of the major facilitator superfamily; member of the 12-
spanner drug:H(+) antiporter DHAL family; specific for spermine; localizes to
the plasma membrane
YMR045C \Y -11.6 Transposable element
ALK2 SPO12 FC 29 Nucleolar protein of unknown function; positive regulator of mitotic exit;
involved in regulating release of Cdc14p from the nucleolus in early anaphase
PCT1 FC 1.8 Cholinephosphate cytidylyltransferase; a rate-determining enzyme of the CDP-
choline pathway for phosphatidylcholine synthesis, inhibited by Sec14p,
activated upon lipid-binding
ZEO1 FC -1.6 Peripheral membrane protein of the plasma membrane that interacts with
Mid2p; regulates the cell integrity pathway mediated by Pkclp and Slt2p; the
authentic protein is detected in a phosphorylated state in highly purified
mitochondria
DIG1 FC -1.8 MAP kinase-responsive inhibitor of the Ste12p transcription factor; involved in
the regulation of mating-specific genes and the invasive growth pathway
SOD1 FC -1.9 Cytosolic copper-zinc superoxide dismutase; detoxifies superoxide and is
involved in repressing respiration in the presence of glucose, via stabilization of
Ycki1p and Yck2p kinases
IGD1 FC -2 Cytoplasmic protein that inhibits Gdb1p glycogen debranching activity;
required for normal intracellular accumulation of glycogen
BBC1 FC -2.2 Protein possibly involved in assembly of actin patches; interacts with an actin
assembly factor Las17p and with the SH3 domains of Type | myosins Myo3p
and Myo5p; localized predominantly to cortical actin patches
SPC29 \Y% -6 Inner plaque spindle pole body (SPB) component, links the central plaque
component Spc42p to the inner plaque component Spc110p; required for SPB
duplication
NUP2 \Y% -6 Nucleoporin involved in nucleocytoplasmic transport, binds to either the

nucleoplasmic or cytoplasmic faces of the nuclear pore complex depending on
Ran-GTP levels; also has a role in chromatin organization

FC = Fold change, V = Vanished. Gene descriptions sourced from SGD.
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of Vrpl, a homologue Wiskott-Aldrich Syndrome Protein (WASP)-Interacting Protein

(WIP), has been shown to increase in alk1A cells (Bodenmiller et al., 2010).

Phosphorylation of particular residues in the nucleoporin Nup2 and the spindle
pole body component Spc29 disappear completely in alk2A cells hinting at a possible
relationship between Alk2, the nucleus and the mitotic spindle. This could be potentially
significant as Haspin in HeLa cells has also been shown to localise to spindle
microtubules and spindle poles (Dai et al., 2005). There are many other potentially
interesting hits identified in the phosphoproteomic screens carried out by Bodenmiller et
al. (2010) and it would be interesting to see if any of these proteins are in fact substrates
of Alk1 and AlIK2. It is also worth considering that if Alkl and Alk2 are functioning
redundantly they may have activity towards common substrates, so phosphorylation
events that are reduced in both alk1A and alk2A knockouts, such as those observed for
Digl, may disappear altogether in the double knockout for example. Likewise,
substrates for which both Alkl and Alk2 have a similar affinity may not even be
identified in this screen. To address this and gain more insight into the role of the
Haspin-like kinases it may be worthwhile to apply this phosphoproteomic approach in a
more comprehensive and focused study directly comparing the phosphoproteome of
wild-type, alk1A, alk2A and alk1A alk2A cells. As Alkl and Alk2 are cell cycle
regulated it may be of additional benefit to perform this analysis in metaphase-arrested
cells to enrich for changes in the phosphoproteome at the stage in the cell cycle when

the Haspin-like kinases are normally expressed.

Immunoprecipitation and mass spectrometry analysis would also facilitate the
identification of potential substrates and also interacting partners. During this study,

strains were generated expressing Alkl and Alk2 with in-frame tandem affinity
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purification (TAP) tag fused to their C-termini (Alk1-TAP, Alk2-TAP). Attempts were
made to isolate Alkl and Alk2 along with any other associated proteins from whole cell
lysates. Unfortunately, progress was hampered by technical issues. Preliminary data
(not shown) identifies a number of potentially interesting proteins although it would be
essential to repeat these experiments before any conclusions were made as the peptide
counts were very low. A potentially interesting hit with Alk1-TAP is the yeast
homologue of protein kinase C, Pkcl. Pkcl regulates a highly-conserved cell wall
integrity pathway that is essential for cell wall remodelling in proliferating cells and
localises to the bud neck and sites of polarised growth (Andrews & Stark, 2000).
Intriguingly, Pkcl also has nuclear localisation and mitotic spindle binding domains,
which may provide a molecular explanation for observations that suggest an additional

role for Pkcl in regulating microtubule dynamics (Denis & Cyert, 2005).

Could Alk1 and Alk2 regulate cell polarity by promoting the displacement or
inactivation of cortical determinants of cell polarity through direct phosphorylation of
substrates at the cell cortex and transcriptional regulation? Without further investigation
this is only speculation, although collectively the data provided here from this study and
those gathered from other sources certainly support this hypothesis. It will be a priority
in the future to unravel the mechanism behind this novel role for the Haspin-like kinases

in the regulation of cell polarity.

Is the role for the budding yeast Haspin-like kinases in the regulation of cell polarity
conserved?

A key question is whether this role for Alk1 and Alk2 in the regulation of cell
polarity is shared with Haspin homologues in other organisms. Evidence gathered from

research into the Arabidopsis thaliana homologue of Haspin (AtHaspin) hints that this
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may be the case. Complete loss of function of AtHaspin results in embryonic lethality,
but a striking effect on plant development was observed in AtHaspin mutant zygotes.
After fertilisation, wild-type zygotes first elongate approximately three-fold before the
first cell division, which is asymmetric and results in the production of a large basal cell
and a small apical cell. The basal cell subsequently divides longitudinally to produce a
file of cells and the apical cell divides twice longitudinally and once laterally to form an
eight cell proembryo (Zhang & Laux, 2011). In AtHaspin mutant zygotes the plane of
this first cell division is skewed. Abnormal arrangements of apical cell progeny are
observed and extra cell divisions are seen in the basal cell progeny resulting in clusters
of cells rather than a single file of longitudinal cells (Kurihara et al., 2011; Ashtiyani et
al., 2011). AtHaspin RNA. also results in a range of pleiotropic growth phenotypes such
as adventitious shoot formation, defects in vascular tissue patterning and lateral organ
outgrowth (Ashtiyani et al., 2011). These phenotypes resemble those seen in mutants
with defective auxin transduction pathway signalling and polar auxin transport in plants
is a key process for guiding plant polarity and morphogenesis (Yoshida et al., 2013).
Additionally, AtHaspin is expressed in actively dividing tissues such as those found at
root and shoot tips and is absent or at very low levels in differentiated tissues except the
vasculature, a pattern shared with proteins involved in the auxin pathway and similar to
Haspin homologues in other cell types (Higgins, 2001). Many of the auxin pathway
proteins are highly polar in localisation and are involved in signal transduction,
endosomal protein recycling and vesicle trafficking. Interestingly, the expression of a
number of these genes is also significantly reduced in AtHaspin mutant plants
(Ashtiyani et al., 2011). Data gathered from the budding yeast SGA screens showed that
many of the genes interacting negatively with alk1A and alk2A are involved in
endocytosis, cell and organelle membranes and regulation of transcription. A number of

studies have also identified that MAPK signalling pathways can influence auxin signal
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transduction pathways (Lee et al., 2009; Zhao et al., 2013). Could AtHaspin have some

effect on the regulation of these pathways to influence cell polarity?

Interestingly, Haspin in HeLa cells also appears to localise to spindle
microtubules and spindle poles as well as mitotic chromosomes (Dai et al., 2005), and
Haspin RNAI leads to the development of multiple extra centrosome-like foci that
nucleate microtubules (Dai et al., 2009). Plants have no centrosomes, but microtubules
polymerise around the nuclear envelope during prophase and this is where AtHaspin is
localised at this time (Kurihara et al., 2011). These microtubules become sorted into two
poles that are perpendicular to the cell division plane that is predetermined by a cortical
ring of microtubules (Ambrose & Cyr, 2008). Could the abnormal symmetry of cell
divisions observed by Ashtiyani et al. (2011) in AtHapsin mutants and the appearance
of extra centrosome-like foci in HeLa cells after Haspin RNAI treatment described by

Dai et al. (2005) be the result of misregulation of these spindle or cortical microtubules?

These observations suggest additional roles for Haspin kinases. However,

further investigation will be required before these roles can be accurately defined.
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CHAPTER 5

Final discussion and perspectives
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51 Ipl1, Bim1 and microtubule binding

Data has been provided within this study suggesting that preventing
phosphorylation of several serine residues in CDK phosphorylation motifs present in the
N-terminal non-kinase domain of Ipl1 results in its premature localisation to the spindle
in metaphase. Furthermore, this interaction between Ipl1 and microtubules appears to be
mediated by the yeast microtubule binding EB1 homologue Bim1. These observations
were supported by a concurrent study that also showed that the phosphorylation status
of the CDK motifs regulates the direct binding of Ipl1 to Bim1 through the adjacent
EB1 binding motifs (SxIP; Zimniak et al., 2012). Dephosphorylation of these CDK sites
as cells progress into anaphase allows the binding of Ipl1 to Bim1 and contributes to the
spindle localisation of the CPC. Whether this is a conserved mechanism for Ipl1/Aurora
B localisation in other organisms is not clear. Ipl1 homologues in the closely related
yeasts K. lactis and A. gossypii do not contain SxIP motifs and neither does human
Aurora B. However, a physical interaction has been reported between human Aurora B
and EB1 (Sun et al., 2008), suggesting that the interaction is conserved but the mode of
interaction may differ. Whether this interaction is regulated by CDK phosphorylation or
contributes to CPC localisation is not known and would require further investigation.

Indeed, it is also not known whether CDK directly phosphorylates Aurora B.

5.2  How is the budding yeast CPC localised to centromeres?

Recent studies have demonstrated that the conserved Haspin and Bubl kinases
phosphorylate histone H3 and histone H2A respectively to mediate the recruitment of
the CPC to centromeres in fission yeast and human cells (Tsukahara et al., 2010;
Yamagishi et al., 2010; Wang et al., 2010). While phosphorylated histone H3 binds
Birl/Survivin directly, phosphorylated histone H2A recruits Shugoshin, which acts as

an adaptor protein for the CPC. Perturbation of either or both of these CPC recruitment
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pathways disrupts CPC localisation to the centromere (Wang et al., 2010; Yamagishi et
al., 2010) and causes defects in chromosome bi-orientation and reduced viability in

fission yeast (Yamagishi et al., 2010).

Is this mechanism for the centromeric recruitment of the CPC conserved in
budding yeast? The data presented here and from other studies appear to suggest that it
is not. Firstly, while the recruitment of Shugoshin through Bubl-mediated
phosphorylation of histone H2A appears to be conserved (Yamagishi et al., 2010),
neither Bubl nor Shugoshin are required for CPC localisation in budding yeast
(Storchova et al., 2011). Furthermore, Ipl1 localisation at centromeric regions as
determined by chromatin precipitation (Adele Marston, unpublished) and microscopy
(this study) is not disrupted by loss of Alk1 and Alk2. Additionally, Alk1, Alk2 or H3-
T3ph was not required for proper functioning of the CPC at centromeres or for viability
when either Shugoshin or Bubl were absent (this study), suggesting that the CPC was

correctly localised in these cells although this still needs to be confirmed.

So how is the CPC localised to centromeres in budding yeast? This is still
unclear and will require further investigation. Previous studies have demonstrated that
Birl can bind directly to the Ndc10 subunit of the CBF3 complex (Yoon & Carbon,
1999; Widlund et al., 2006). This complex is budding yeast-specific and binds to
centromere-specific DNA sequences to provide a platform for kinetochore formation.
This interaction could be sufficient to localise the CPC to centromeres in budding yeast
although it is possible that other as yet unknown interactions also contribute to this
process. A recent study has demonstrated that deleting the N-terminus of Slil5 prevents
the association of Ipl1-Sli15 with Birl-Nbl1, yet chromosome bi-orientation and

segregation occur normally (Campbell & Desai, 2013). This Sli15 mutant was found to

162



localise strongly and prematurely to the spindle in metaphase-arrested cells similarly to
the Ipl1 and Slil5 CDK site mutants (this study; Pereira & Schiebel, 2003; Zimniak et
al., 2012), suggesting that the localisation of Ipl1-Slil5 on microtubules is sufficient for
bi-orientation in the absence of Birl-dependent targeting to kinetochores. This
discovery has intriguing implications for how Ipl1/Aurora B discriminates between
correct and incorrect kinetochore-microtubule attachments. Current models state that the
tension generated by bi-oriented attachments stretches the centromere and kinetochore,
physically separating Ipl1/Aurora B at the inner centromere from its substrates in the
kinetochore. This separation and subsequent dephosphorylation of Ipl1/Aurora B
substrates by outer-kinetochore-localised phosphatase activity has been suggested to
stabilise this attachment (Liu et al., 2009; Welburn et al., 2010; Lampson &
Cheeseman, 2011). However, if bi-orientation proceeds normally when Ipl1 is localised
to the spindle then this suggests that proximity between Ipl1 and its substrates is not the
factor used to discriminate between correct and incorrect attachments in budding yeast.
Since it is clear from numerous studies that tension is central to this error correction
mechanism, one possible explanation is that conformational changes induced when the
kinetochore complex is under tension prevents Ipl1l gaining access to its substrates
(Campbell & Desai, 2013). In support of this hypothesis, studies using super-resolution
imaging has identified structural changes in kinetochores that are attached and under
tension compared to those that are not (Joglekar et al., 2009; Wan et al., 2009; reviewed
in DeLuca & Musacchio, 2011). These findings warrant further investigation to uncover
how Ipl1/Aurora B discriminates between microtubule attachments and also contribute
an additional factor to be considered in current models of microtubule error correction
and bi-orientation. Furthermore, the Sli1l5 N-terminal mutant also suppressed the
lethality of BIR1 and NBL1 deletion (Campbell & Desai, 2013). The ability to create

viable yeast strains with deletions of these seemingly essential proteins provides a
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method to investigate the individual contributions of Birl and Nbl1 in CPC function and

may also lead to the identification of CPC-independent roles of these proteins.

5.3  Anovel role for Alkl and Alk2 in the regulation of cell polarity and spindle

positioning

Two weeks prior to the submission of this thesis, a paper was published online
ahead of print regarding Alkl1 and Alk2 (Panigada et al., 2013; from the same lab that
published Nespoli et al., 2006). In this paper they presented many observations that
concur with those made during this current study. They too show that alk1A alk2A cells
are hypersensitive to benomyl and that this is not a result of defective spindle
checkpoint signalling by analysing the degradation kinetics of Pds1. They also observed
spindle mispositioning, elongation and disassembly in the bud of alk1A alk2A cells after
mitotic arrest (through nocodazole treatment and Cdc20 depletion) in addition to
continued bud growth. They too investigated whether Alk1 and Alk2 were directly
involved with Kar9 and Dyn1 mechanisms of spindle positioning and came to the same

conclusion that they are not.

Panigada et al. (2013) have also presented a number of additional observations
that are of interest. A hypothesis that was described in the discussion of Chapter 4 is
that Haspin-like kinases may function by regulating the displacement or inactivation of
cortical determinants of cell polarity to depolarise the actin cytoskeleton. This would
provide an explanation as to why the bud continues to grow in metaphase-arrested
alk1A alk2A cells. In support of this hypothesis, Panigada et al. (2013) have shown that
the actin cytoskeleton remained polarised towards the bud in metaphase-arrested alk1A
alk2A cells (Fig. 4.14 b). In contrast to this, metaphase-arrested wild-type cells evenly

redistributed actin between mother and bud (Fig. 4.14 d). Additionally, they found that a
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number of polarity determinants were mislocalised in alk1A alk2A cells. The formin
Bnrl, which nucleates actin filaments, and the polarisome component Spa2, which
functions in actin organisation, remained asymmetrically distributed to the bud in
metaphase-arrested alk1A alk2A cells but not in wild-type cells (Panigada et al., 2013).
Bud6, another polarisome component that interacts with formins and actin, was also
mislocalised in alk1A alk2A cells. Bud6 is important for astral microtubule interaction at
the bud neck and bud cortex to align and position the spindle. In alk1A alk2A cells,
Bud6 was absent from the bud neck and enriched at the bud cortex (Panigada et al.,
2013). This could provide an explanation as to why the spindle becomes restricted to the
bud in these cells. The cortical localisation of Alk1 (this study) suggests that it is ideally
positioned to regulate the dynamics of these proteins during the period surrounding the
metaphase to anaphase transition. It will be interesting to see whether Alk2 shares a
similar localisation pattern and whether the localisation of both kinases is dynamic.
Together, these observations and the data gathered from the alk1A alk2A
phosphoproteomic (Bodenmiller et al., 2010) and SGA (this study) screens all suggest a

novel role for the budding yeast Haspin-like kinases in regulating cell polarity.

The data presented here also shows that these phenotypes are not related to H3-
T3 phosphorylation. Panigada et al. (2013) found that cells expressing kinase-deficient
alleles of ALK1 and ALK2 also displayed similar phenotypes to alk1A alk2A cells.
Together, this shows that the kinase activity of Alkl and Alk2 is required for their
function but that their function is mediated through substrates other than H3-T3.
However, no substrates of either kinase have been identified to date. As discussed at the
end of the Chapter 4, it will be important in the future to identify the substrates and
interacting partners of Alkl and Alk2 to dissect their mode of action and understand

how they contribute to spindle positioning and cell polarity.
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5.4  Aconserved role for Haspin kinases in regulating cell polarity?

As discussed in Chapter 4, the strongest evidence for a conserved role for
Haspin kinases in the regulation of cell polarity comes from studies with Arabidopsis
thaliana, since AtHaspin mutant zygotes divide along abnormal division planes leading
to defects in tissue patterning and development (Kurihara et al., 2011; Ashtiyani et al.,
2011). However, until the mechanisms are investigated further this suggestion of
conservation is relatively speculative. On this subject, one of the most intriguing results
presented by Panigada et al. (2013) was that expression of AtHaspin in alk1A alk2A
cells suppressed their benomyl hypersensitivity and significantly rescued the numbers of
cells with binucleate buds (Panigada et al., 2013). This provides further evidence to
suggest that the role for Haspin kinases in the regulation of cell polarity is evolutionarily
conserved. Asymmetric cell divisions are critical during embryogenesis for cell
differentiation and for tissue maintenance in adult organisms. It will be interesting to
investigate whether this role for the budding yeast Haspin-like kinases in the regulation
of cell polarity is shared with Haspin homologues in mammalian cells and other model

organisms used to study development such as D. melanogaster or C. elegans.
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Table Al. SGA screen results for alk1A query strain

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YBR144C YBR144C 3.88E-04  4.30E-03  -60063 3634 93327 767 3621
YDR319C YFT2 6.80E-12 6.87E-09  -57474 78 84323 1007 61
YDR213W UPC2 3.81E-16 193612 -53560 77 78586 309 45
YDR107C TMN2 9.88E-03 3.90E-02  -48168 9185 84031 972 8289
YGL255W ZRT1 6.02E-05 122603  -48112 6619 80190 814 1986
YDR111C ALT2 1.85E-02 5.94E-02  -46183 9895 82164 667 9895
YBRO76W ECM8 3.16E-02 8.73E-02  -41341 16357 84537 280 10829
YBRI7IW SEC66 5.38E-06 2.42E-04  -40667 11156 75928 504 997
YPR133C SPN1 1.63E-02 5.47E-02  -38735 12398 74919 5438 9045
YMR168C CEP3 2.21E-06 1.30E-04  -38539 13448 76169 214 573
YMR205C PFK2 2.79E-02 7.986-02  -38491 15154 78599 681 9634
YDR150W NUM1 7.36E-04  6.95E-03  -38307 4396 62567 339 2731
YDR477W SNF1 250E-04  3.256-03  -35295 23559 86230 830 2149
YLLO39C UBI4 7.81E-06 3.04E-04  -35023 17892 77530 514 981
YBLO94C YBLO94C 2.55E-03 1.586-02  -34983 0 51255 11196 0
YDR132C YDR132C 6.80E-11  4.91E-08  -34217 22387 82935 547 446
YPR173C VPS4 1.42E-13 239610  -32774 15979 71432 597 154
YOR340C RPA43 1.08E-05 370E-04  -32327 14760 68990 389 867
YoLo81w IRA2 1.75E-03 122602 -31006 20614 75632 1382 3413
YDL143W ccT4 7.37E-04  6.95E-03  -30844 4813 52243 8237 2987
YCRO71C IMG2 1.09E-04 1.82603  -30835 23387 79444 1850 2352
YNROOGW VPS27 9.36E-06 3.41E-04  -30609 32760 92846 631 1039
YOR149C SMP3 2.13E-02 6.55E-02  -30093 22046 76391 290 6795
YBR18IW RPS9B 4.16E-05 9.52E-04  -29906 12464 62079 679 1301
YGLOOIC ERG26 1.55E-03 113602 -29766 27612 84068 1013 3019
YHR189W PTH1 1.92E-06 127604  -28517 25373 78958 472 721
YPRO35W GLN1 2.39E-02 71102 -28241 22967 75028 467 6663
YOR148C SPP2 5.32E-03 2.60E-02  -27153 21625 71468 267 3739
YKL173W SNU114 3.92E-02 1.02E-01  -26808 25084 76031 1084 7693
YGRO32W GsC2 2.28E-03 147602 -26567 26558 77838 593 2846
YGLOOGW PMC1 7.27€-03 321E-02  -26261 30447 83087 570 4077
YGRO97W ASK10 2.58E-03 1.60E-02  -25938 16137 61647 4537 4328
YHLO25W SNF6 9.41E-13 119609  -25919 5383 45862 560 135
YBR200W BEM1 1.00E-02 3.94E-02  -25749 7130 48173 10549 3582
YPR141C KAR3 3.42E-02 9.196-02  -25673 20782 68064 425 6943
YHR198C FMP22 6.34E-07 5.61E-05  -25368 45084 103223 1893 1333
YMLO28W TSA1 5.61E-10  2.83E-07  -24793 27634 76813 442 2659
YNL315C ATP11 3.34E-05 8.40E-04  -24700 11815 53500 798 1225
YILO76W SEC28 423E-04  462E-03  -24610 4384 42481 5848 2605
YNL284C MRPL10 5.38E-03 261E-02  -24585 19182 64126 1961 3974
YGLOOSC coG7 7.90E-07 633E-05  -24217 41588 96414 2184 1361
YNL297C MON2 6.53E-04  6.39E-03  -23803 28499 76631 806 1965
YKL144C RPC25 1.03E-03 8.74E-03  -23588 32917 82788 2346 2952

(Table continues)
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Table Al. Continued...

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YGR027C RPS25A 4.10E-08 7.136-06  -23493 34188 84511 725 652
YPL143W RPL33A 361E-04  4.10E-03  -23295 31152 79773 2027 2401
YGLO63W PUS2 1.95E-02 6.16E-02  -23069 14337 54806 4826 5920
YLROG6W SPC3 3.37E-02 9.09E-02  -22915 9930 48122 3011 6541
YKRO35C YKRO35C 3.64E-05 8.89E-04  -22912 35373 85396 1050 1360
YKLO4IW VPS24 3.36E-02 9.096-02  -22811 24217 68903 1132 6196
YGL115W SNF4 2.84E-05 7.66E-04  -22694 30274 77606 620 1018
YAL010C MDM10 9.15E-05 159603  -22629 12880 52026 1368 1696
YKLI95W MIA40 9.72E-03 3.84E-02  -22482 32432 80458 1158 4017
YLR317W YLR317W 129602  4.68E-02  -22188 35131 83981 550 4202
YGLO47W ALG13 2.29E-02 6.91E-02  -22096 35027 83694 2065 5424
YBRO36C 562 1.11E-03 9.17E-03  -21907 25444 69376 227 1792
YOR065W cvT1 6.40E-03 2926-02  -21764 30039 75899 1133 3440
ycLo32w STES0 1.03E-04 175603  -21668 32441 79278 1275 1628
YGLO42C YGLO42C 6.00E-04  599E-03  -21649 32698 79627 5421 2371
YGRO17W YGRO17W 371E-04  4.18E-03  -21485 39476 89318 1269 1920
YGL219C MDM34 2.83E-03 1.70E-02  -21400 42645 93836 634 2511
Y0L002C 1ZH2 4.76E-02 116601  -21311 36050 84043 411 6570
YFRO1OW UBP6 4.60E-05 1.02603  -21072 23313 65030 239 726
YGLO35C MIG1 4.66E-04  491E-03  -20757 46923 99162 512 1470
YNLOO3C PET8 2.74E-04  3.42E-03  -20649 14908 52096 1369 1848
YCRO09C RVS161 2.92E-02 8.25E-02  -20643 38052 85997 1939 5485
YOR360C PDE2 6.22E-04  6.16E-03  -20257 37010 83904 1096 1908
YFLO31W HAC1 4.65E-03 237E-02  -20198 27771 70281 258 2665
YPR144C NoC4 4.01E-03 214602 -20171 34031 79415 497 2593
YGRO13W SNU71 7.58E-03 330E-02  -20063 38102 85221 532 3179
YKL213C DOA1 7.69E-05 1.44E-03  -19700 31783 75430 239 775
YOR256C TRE2 2.81E-02 8.00E-02  -19616 26873 68115 4390 5564
YJR120W YIR120W 499E-04  521E-03  -19552 28597 70546 151 1225
YOR243C PUS7 4.96E-02 119601  -19426 34459 78950 888 6121
YOR106W VAM3 6.256-04  6.18E-03  -19309 33943 78022 329 1381
ycLo44c MGR1 3.52E-05 870E-04  -19226 35971 80872 1778 1562
YOR139C YOR139C 2.39€-08 5.49E-06  -19145 38967 85143 1262 237
YDLO13W HEX3 1.156-04 1.886-03  -19098 15022 49993 554 1079
YGLOO4C RPN14 1.10E-02  4.23E02  -18877 35061 79027 867 3480
YPRO24W YME1 6.92E-04  6.66E-03  -18818 10398 42805 1575 2096
YPLO57C SUR1 4.69E-03 238E-02  -18786 33578 76721 474 2541
YPR164W MMS1 2.58E-06 1.40E-04  -18542 29166 69899 722 786
YGL237C HAP2 4.23E-03 222E-02  -18454 45588 93831 1594 2873
YGRO31W YGRO31W 2.48E-02 7.286-02  -18437 41313 87544 1120 4519
YOR043W WHI2 7.79E-05 145603  -18415 43145 90195 1409 1503
YGLO1OW YGLO1OW 1.56E-02 5.32E-02  -18357 32130 73972 7865 3311
YDLO83C RPS168 4.30E-02 1.086-01  -18129 31823 73187 868 5402

(Table continues)
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Table Al. Continued...

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YKL212W SACI 6.44E-03 2.94E-02  -18099 23087 60344 3309 3585
YBR289W SNF5 2.35E-03 149602  -18058 1503 28661 5847 1503
YMRO21C MAC1 6.30E-03 2.89E-02  -17934 25914 64244 635 2720
YBR267W REI1 3.20E-03 1.856-02  -17862 26099 64410 612 2205
YKLOS3W YKLO83W 8.08E-04  7.43E-03  -17841 34276 76360 1021 1792
YGR022C YGR022C 4.01E-03 2.146-02  -17804 45309 92470 1180 2589
YDLOOGW pTCI 177604  251E-03  -17647 22227 58421 3189 1933
YPL270W MDL2 4.10E-05 9.46E-04  -17626 31806 72426 1514 1413
YHRO12W VP29 1.50E-07 194605  -17616 44945 91662 1633 782
YDR532C KRE28 127605  4.16E04  -17572 18157 52348 1896 1355
YGRO10W NMA2 5.22E-03 25702 -17558 35296 77439 821 2585
YLR214W FRE1 4.26E-02 107601  -17486 42965 88571 900 5199
YKLO73W LHS1 126E-02  4.64E02  -17483 48129 96132 1583 3590
YGL127C SOH1 2.186-04 295603  -17482 38477 81989 496 1097
YLLO43W FPS1 2.88E-05 7.70E-04  -17444 36916 79646 420 738
YBR266C YBR266C 8.16E-03 3.476-02  -17305 27536 65699 548 2831
YGRO0SC STF2 8.73E-03 361E-02  -17115 46158 92705 193 2802

YLLOO9C cox17 5.22E-06 237E-04  -16974 33494 73944 807 851
YILOS2W IML2 8.46E-10  356E-07  -16916 40355 83911 928 306
YOR247W SRL1 6.31E-05 127603  -16898 46634 93084 838 1108
YMLO47C PRM6 2.00E-02 6.27E-02  -16782 55059 105259 985 3814
YJL029C VPS53 6.19E-03 2.876-02  -16692 22591 57557 244 2432
YLR229C cpca2 3.92€-03 212602 -16521 32544 71888 1069 2377
YGLISIW NUT1 5.25E-05 1.10E-03  -16521 35478 76186 571 896
YGROO7W mMuQ1 6.96E-03 3.11E-02  -16489 34079 74090 266 2506
YELO13W VACS8 1.69E-03 118602  -16429 39326 81691 550 1697
YPRO62W FeY1 1.65E-07 2.02E05  -16377 36457 77410 843 663
YBRO25C YBRO25C 4.90E-03 2.46E-02  -16357 41993 85492 464 2259
YOL095C HMI1 253E-04  3.276-03  -16340 27460 64174 551 1117
YGRO85C RPL11B 129604  2.00E-03  -16147 40296 82698 688 1085
YMR229C RRP5 1.17E-04 1.90E-03  -16084 54947 104070 2708 1674
YNL306W MRPS18 7.44E-03 3.26E-02  -16059 44555 88809 1789 2987
YDL188C PPH22 139605  4.45E-04  -16049 47750 93476 503 708
YDL186W YDL186W 9.38E-06 3.41E-04  -16016 43980 87903 740 833
YNRO20C YNRO20C 1.46E-03 1.10E-02  -16002 32810 71517 1335 2007
YKL208W CBT1 1.32E-03 103602 -15992 31694 69867 33 1362
YOR244W ESA1 2.52E-02 7.356-02  -15965 35176 74930 251 3841
YHRO0SC sop2 9.23E-04  8.09E-03  -15960 36057 76214 854 1609
YGLO49C TIF4632 245E-04 322803  -15872 49443 95697 955 1346
YLR455W YLR455W 8.63E-05 154603  -15738 40219 81986 1818 2319
YGRO55W MUP1 4.54E-06 213E-04  -15694 46108 90550 1103 945
YALO13W DEP1 136602  4.84E02  -15656 34607 73643 507 3041
YGRO38W ORM1 9.426-04 822603  -15615 42083 84536 550 1413

(Table continues)
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Table Al. Continued...

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YGR0O18C YGR0O18C 6.72E-03 3.02E-02 -15613 40714 82528 1793 2857
YGRO11W YGRO11W 2.82E-02 8.02E-02 -15521 43995 87201 1968 4178
YPL183C YPL183C 1.04E-04 1.77E-03 -15450 51892 98667 747 1066
YIL122W ALB1 3.64E-03 2.02E-02 -15326 52239 98994 1171 2245
YPR185W ATG13 5.09E-06 2.34E-04 -15269 42742 84996 1182 968
YCLO46W YCLO46W 8.76E-03 3.62E-02 -15266 41739 83521 1784 2975
YGRO28W MSP1 8.51E-05 1.52E-03 -15222 53319 100424 3008 1234
YOR293W RPS10A 9.35E-08 1.44E-05 -15172 28666 64230 1395 482
YPR191W QCR2 1.95E-06 1.27E-04 -15011 32009 68892 262 392

Table A2. SGA screen results for alk2A query strain

ORF Gene P Q GIS I:Q|tl:1ee.rsys (Iii(i:tersosl Query SE Control SE
YGL255W ZRT1 8.04E-06 1.85E-04 -63583 3125 80190 814 1842
YFLO32W YFLO32W 6.50E-05 8.33E-04 -59359 7149 79950 320 1989
YHRO79C IRE1 6.45E-04 4.12E-03 -57433 19456 92427 1813 4896
YDR388W RVS167 7.60E-04 4.65E-03 -57371 11079 82284 1632 4926
YBRO36C CS5G2 1.54E-05 2.97E-04 -56487 1226 69376 227 1226
YMR205C PFK2 8.67E-05 1.04E-03 -56394 8991 78599 681 2398
YKL212W SAC1 3.32E-07 2.15E-05 -49952 247 60344 3309 247
YCR0O0OSC RVS161 1.53E-03 7.64E-03 -49940 21599 85997 1939 5405
YGL237C HAP2 1.11E-03 6.12E-03 -45168 32887 93831 1594 4446
YGL219C MDM34 2.72E-04 2.30E-03 -44894 33166 93836 634 2583
YMLO28W TSA1 1.32E-15 6.67E-12 -43551 20348 76813 442 2700

YMLO13C-A YMLO13C-A 1.54E-03 7.66E-03 -42402 18350 73029 622 3962
YBR189W RPS9B 3.71E-04 2.87E-03 -40862 10780 62079 679 2624
YFLO31IW HAC1 5.67E-05 7.59E-04 -40365 18100 70281 258 1339
YBLO21C HAP3 9.05E-03 2.79E-02 -39346 31923 85672 5293 8208
YGL115W SNF4 4.05E-03 1.57E-02 -39112 25447 77606 620 4980
YDR359C VID21 9.02E-11 9.11E-08 -37838 12004 59915 1344 779
YBR0O25C YBR025C 7.85E-04 4.75E-03 -37701 33418 85492 464 2837
YHR198C FMP22 3.30E-09 8.34E-07 -36968 48901 103223 1893 720
YNROO6W VPS27 3.11E-10 2.24E-07 -35863 41373 92846 631 609
YNL315C ATP11 3.80E-05 5.84E-04 -35633 8872 53500 798 1660
YLR338W YLR338W 4.35E-04 3.19E-03 -35545 24388 72046 496 2301
YDR0O71C PAA1 1.08E-08 1.74E-06 -35351 40566 91260 1865 531
YMLO13W SEL1 7.08E-04 4.40E-03 -34699 20522 66382 4080 4577
YNL284C MRPL10 8.93E-03 2.76E-02 -34642 18703 64126 1961 6232
YHR189W PTH1 2.57E-03 1.12E-02 -34593 31090 78958 472 3781

YCRO28C-A RIM1 2.14E-06 7.36E-05 -33586 18343 62423 410 809
YDR392W SPT3 9.52E-03 2.87E-02 -32643 34380 80569 141 5495
YHLO20C OPI1 4.13E-02 8.29E-02 -32496 28869 73767 817 9483
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Table A2. Continued...

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YLLO39C UBI4 7.45E-04 458603  -31912 32583 77530 514 2441
YFLO36W RPO41 9.23€-03 2.826-02  -31891 16724 58440 1100 5519
YPROG6W UBA3 2.16E-07 161605  -31646 25328 68488 2166 1542
YDR207C UME6 4.85E-06 133604  -31566 18517 60204 3406 2105
YMR282C AEP2 2.69E-04  2.29E03  -31434 15191 56048 465 1820
YGR101W PCP1 2.28E-02 533E-02  -30915 17228 57873 1714 7404
YIL175W YIL175W 1.46E-03 7.396-03  -30779 28105 70785 628 2928
YDR477W SNF1 1.64E-04 168603  -30759 40974 86230 830 1934
yJLo91C GWTI 1.24E-03 6.59E-03  -30142 26728 68364 4217 4457
YKL213C DOA1 1.82E-05 337E-04  -30045 32704 75430 239 813
YJRO73C oPI3 1.96E-03 9.11E-03  -29740 10350 48191 1469 3601
YGL127C SOH1 1.98E-03 9.17E-03  -29389 38816 81989 496 2999
YGLO92W NUP145 7.32€-03 2.40E-02  -29129 4960 40978 8608 4908
YAL010C MDM10 237604  208E03  -29056 14223 52026 1368 2405
YILO76W SEC28 5.626-04  3.78E-03  -28896 6443 42481 5848 365
YLROGIW RPL22A 7.70E-03 2.49E-02  -28790 24719 64323 248 4509
YPR144C NOC4 1.13€-03 6.18E-03  -28618 37445 79415 497 2480
YLR218C YLR218C 1.14E-08 174606 -27747 38702 79879 755 746
YKLO4IW VPS24 6.80E-09 137606  -27684 29634 68903 1132 886
YDROSOW VPS41 2.28E-08 2.83E-06  -27438 34366 74295 439 549
YLRO38C cox12 1.05E-03 5.85E-03  -27295 33061 72555 765 2515
YDR375C BCS1 1.16E-03 6.27E-03  -27200 30733 69641 283 2279
YOR065W cvT1 1.52E-05 2.96E-04  -26812 36327 75899 1133 1543
YMR304W UBP15 2.996-05  4.86E-04  -25984 60120 103505 3046 2266
YHL023C RMD11 467604  3.36E-03  -25905 41351 80849 451 1777
YFRO10W UBP6 474E-04  338E-03  -25888 28209 65030 239 1634
YLR192C HCR1 4.05E-06 1.16E-04  -25699 19366 54173 1281 1431
YBLO91C-A 5C522 5.17E-04 357603  -25611 52068 93378 494 1839
YJL204C RCY1 5.196-04  357E-03  -25588 33737 71315 620 1940
YLRO56W ERG3 1.53€-07 122605  -25179 36501 74253 1955 1090
YNL297C MON2 7.37E-09 1.43E-06  -24961 38786 76631 806 720
YPRO24W YME1 6.47E-08 6.40E-06  -24689 10920 42805 1575 412
YLR285W NNT1 8.68E-07  4.14E-05  -24611 46652 85666 944 1062
YDR512C EMI1 6.23E-04  4.026-03  -24337 34387 70593 530 1876
YIR120W YIR120W 3.21E-05 5.10E-04  -24167 34519 70546 151 692
YLRO62C BUD28 1.80E-03 8.56E-03  -23982 46663 84923 379 2363
YNRO20C YNRO20C 2.29€-08 2.83E-06  -23941 35552 71517 1335 911
YNLOO3C PET8 8.23E-04  4.92E-03  -23567 19770 52096 1369 2547
YDROO5C MAF1 6.08E-07 3.20E-05  -23529 20397 52804 1192 1140
YBRI3IW ccz1 9.67E-03 2.90E-02  -23495 40681 77147 956 4177
YBROO6W UGA2 195602 475602  -23381 48902 86892 1165 5279
YBR289W SNF5 1.94E-03 9.05E-03  -23285 557 28661 5847 519
YIL027C KRE27 3.47E-04 277603 -23240 51191 89473 1920 2513
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Table A2. Continued...

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YPR173C VPS4 9.99E-04  5.66E-03  -23147 36276 71432 597 2072
ycLo44c MGR1 5.75E-03 2.00E-02  -23058 44217 80872 1778 3913

YMR115W FMP24 1.92E-10 161607  -23008 37786 73081 609 483
YNLO2IW HDA1 4.14E-07 239E-05  -22958 54249 92810 1849 1181
YKRO35C YKRO35C 1.57E-09 5.48E-07  -22911 48128 85396 1050 369
YLR393W ATPI0 490E-10 275607  -22808 35286 69835 958 560
YGL236C MTO1 5.53E-03 194602  -22806 57807 96906 1446 3688
YGR250C YGR250C 1.91E-06 6.66E-05  -22806 56592 95445 2402 1131

YLR390W-A ccwi4 4.41E-06 123604  -22736 61118 100800 1439 1422
YDL142C CRD1 1.94E-03 9.05E-03  -22691 54959 93343 1202 2792
YFRO39C YFRO39C 2.08E-03 9.51E-03  -22625 67951 108883 2105 3298

YBR267W REI1 4.69E-04  3.36E-03  -22589 30993 64410 612 1727
YER153C PET122 8.76E-09 1.64E-06  -22584 32873 66666 1206 379
YOR106W VAM3 1.19E-04 132603  -21984 42921 78022 329 1065
YBLO31W SHE1 4.50E-03 1.69E-02  -21954 44890 80354 316 2885
YHLO4IW YHLO4IW 222604  201E03  -21757 43828 78840 1992 2306
YKL137W YKL137W 274605  4.51E-04  -21720 49570 85698 795 1233
YLR317W YLR317W 2.04E-04 1.89E-03  -21243 48618 83981 550 1365
YPRI9IW Qcr2 1.336-03 6.96E-03  -21242 36067 68892 262 1876

YMROS6C-A  YMROS6C-A  1.96E-03 9.11E-03  -21226 50767 86543 1019 2554

YHR178W STBS 3.15E-02 6.74E02  -21182 35480 68114 1190 5674
YMR256C cox7 5.80E-05 7.736-04  -21022 35571 68031 676 1223
YDL232W 05T4 1.64E-03 8.05E-03  -20974 29851 61097 357 2024
YBL102W SFT2 1.66E-03 8.11E-03  -20925 54626 90821 2046 2979

YIL002C INP51 3.43E-04  2.75E-03  -20829 65836 104180 1805 2286
YDR173C ARG82 1.16E-05 2.48E-04  -20789 29767 60773 2531 1496
YGR183C QCR9 1.48E-03 7.45E-03  -20785 42279 75809 737 2187
YLLO4OW LDB18 3.88E-03 152602  -20767 33775 65565 470 2661
YOL095C HMI1 9.82E-12 1.246-08  -20612 32773 64174 551 347

YDR386W MUS81 1.37€-03 7.076-03  -20591 51938 87187 794 2171
YPL183C YPL183C 4.63E-09 102606  -20557 61521 98667 747 610
YBR17IW SEC66 2.10E-03 9.56E-03  -20519 42644 75928 504 2211
YDL100C GET3 233604 207603  -20405 59976 96626 2098 2253
YGL256W ADH4 1.03E-02 3.04E-02  -20240 41679 74433 1264 3839
YBR170C NPL4 2.18E-04 198603  -20175 37175 68940 610 1387
YFRO24C YFRO24C 1.60E-02 41302  -20017 73477 112389 2598 4732
YBROO7C DSF2 181602 450802  -19839 49158 82941 4087 5055
YBROO1C NTH2 4.38E-05 6.38E-04  -19838 54298 89119 563 1052

YMR316C-A  YMR316C-A  2.57E-06 8.44E-05  -19793 55004 89913 1567 1267
YPR179C HDA3 1.57E-04 162603  -19723 59880 95691 3494 1028

YMR280C CATS 3.32€-03 135602  -19698 51068 85069 243 2330
YGL212W VAM7 2.84E-05  4.64E-04  -19688 40416 72252 710 1114
YDR532C KRE28 1.69E-03 8.20E-03  -19610 23937 52348 1896 2791
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Table A2. Continued...

ORF Gene P Q GIS FQltferSys i:’t:ter;' QuerySE  Control SE
YHRO12W VP29 6.47E-04 412603  -19598 56653 91662 1633 2309
YBROSAW Mis1 8.04E-03 256E-02  -19506 47366 80387 578 3198

YBLOOIC ECM15 3.83E-02 7.876-02  -19023 47368 79809 791 5430
YMROS7W YMROS7W 1.07E-04 123603  -18995 51659 84933 795 1346
YLR126C YLR126C 1.61E-07 125605  -18779 46935 78995 1074 861
YGL173C KEM1 6.41E-03 217E-02  -18688 29573 58015 756 2936
YLR199C YLR199C 1.10E-04 125603  -18649 55158 88723 1471 1731
YNRO41C coq2 1.68E-04 1.70E-03  -18624 42931 73995 526 1196
YDR334W SWR1 4.26E-02 8.48E-02  -18591 53123 86207 1306 5608
YBLO79W NUP170 1.95E-05 3.54E-04  -18551 49909 82297 1099 1285
YLR443W ECM7 6.03E-05 7.90E-04  -18545 53081 86102 766 1218
YGR027C RPS25A 2.54E-06 8.40E-05  -18544 51759 84511 725 878
YNL223W ATG4 9.56E-03 2.88E-02  -18500 52844 85763 435 3177
YKL139W CTK1 5.11E-05 7.06E-04  -18479 36048 65547 404 888
YBRO73W RDH54 1.51E-04 157E-03  -18423 56629 90220 1957 1947
YIL128W MET18 6.12E-06 1.54E-04  -18418 30039 58250 1264 1223
YDLO13W HEX3 168E-02 427602  -18265 23322 49993 554 3835
YDL163W YDL163W 6.36E-07 3.28E-05  -18223 36255 65489 334 1212
YPR134W MSS18 8.93E-04  523E-03  -18207 41395 71649 676 1736
YLLO43W FPS1 3.92E-04 297603  -18142 48114 79646 420 1278
YCRO34W FEN1 8.75E-07  4.14E-05  -18108 58854 92517 753 817
YLR394W csT9 3.28E-04 267603  -18101 66259 101409 3464 1776
YMRO021C MACI1 6.03E-10  2.77E-07  -18093 35350 64244 635 459
YNL170W YNL170W 378E-04  2.89E-03  -18079 34296 62960 1480 1970
YLR460C YLR460C 5.18E-04  357E-03  -18054 52874 85262 758 1616
YMR186W HSC82 4.93E-03 1.80E-02  -17945 71466 107481 1690 3077
YDR526C YDR526C 2.39E-02 5.50E-02  -17913 37943 67144 3296 4870
YNL192W CHS1 1.32E-02 361E-02  -17701 59819 93186 3447 4178
YNL333W SNZ2 5.22E-03 187602  -17682 63374 97438 2398 3309
YLR265C NEJ1 9.91E-09 168606  -17678 64341 98596 743 587
YPRO7OW MED1 1.29€-02 357E-02  -17620 46054 76543 1133 3578
YCRO63W BUD31 4.82E-02 9.346-02 17575 40000 69210 757 5484
YLR401C DUS3 239605 417604  -17566 60138 93409 972 1202
YDLO76C RXT3 5.44E-03 193602  -17514 69168 104201 3441 3421
YLRO9OW XDJ1 3.44E-07 220E-05  -17512 63243 97076 584 655
YOR267C HRK1 7.29€-07 3.68E-05  -17495 54048 86002 1022 914
YPL159C PET20 3.04E-02 6.56E-02  -17491 47356 77952 658 4565
YOR252W TMA16 1.04E-02 3.056-02 17382 64709 98681 1807 3580
YLR395C COX8 9.12E-04  530E-03  -17242 49313 80007 618 1636
YBR185C MBA1 5.27E-06 142604  -17179 47364 77587 1294 1163

YKRO35W-A DID2 5.60E-07 298E-05  -17134 49941 80631 996 875
YKL208W CBT1 5.50E-04  3.73E-03  -17050 41070 69867 33 1081
YPLIIIW CAR1 2.60E-02 5.85E-02  -17038 58720 91068 459 4170
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Table A2. Continued...

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YDR125C ECM18 7.04E-06 171604  -17016 53168 84368 543 787
YNL239W LAP3 2.88E-03 122602  -17015 60497 93178 863 2257
YGR203W YGR203W 9.44E-03 2.86E-02  -16988 70196 104804 2110 3528
YKROOSW RSC4 2.86E-03 122602  -16966 54465 85867 821 2225
YGROSOW TWF1 2.70E-03 116602  -16960 67853 101954 901 2240

YPL183W-A RTC6 2.80E-07 191605  -16899 50372 80866 403 511
YBRO42C YBRO42C 186602  4.59E02  -16786 55417 86796 642 3678
YBR206W YBR206W 2.796-05 457604  -16766 59039 91125 923 1162
YDLO77C VAME 1.236-02 3.44E-02  -16743 35920 63307 778 3241
YILOOSW EPS1 9.93E-04  564E-03  -16489 59752 91650 3265 2241
YLR452C SST2 1.13€-02 324602 -16443 58584 90191 1125 3239
YMR209C YMR209C 9.54E-03 2.88E-02  -16386 53262 83725 1216 3121
YOR263C YOR263C 5.96E-05 7.83E-04  -16330 63804 96330 298 746
YOR247W SRL1 122606  4.96E-05  -16293 61141 93084 838 838
YNLOS9C YNLOS9C 2.16E-03 9.796-03  -16280 64895 97581 1305 2292
YDR316W oms1 1.76E-03 8.42E-03  -16276 46632 75622 678 1847
YPL143W RPL33A 1.34E-04 143603  -16249 50112 79773 2027 1735
YGL162W SUT1 5.46E-06 1.44E-04  -16193 61159 92985 1359 1132
YGRO85C RPL11B 8.94E-07  4.14E-05  -16189 52606 82698 688 740
YALO55W PEX22 2.82E-02 6.21E-02  -16162 56810 87720 1433 4291
YDR042C YDR042C 1.48E-05 2.90E-04  -16125 54635 85060 804 1005
YNL169C PSD1 2.17€-03 9.796-03  -16123 41565 69347 553 1846
YBLO71C YBLO71C 1.76E-02 440802  -16110 54286 84623 381 3417
YGR268C HUA1 1.43E-02 3.81E-02  -16109 72280 106253 2345 3765
YLR309C IMH1 8.43E-05 1.02603  -16104 66903 99782 869 1241
YBL104C YBL104C 1.19E-05 251E-04  -16103 55182 85692 1676 1253
YLRO34C SMF3 1.78E-04 174603  -16098 58615 89813 597 1162
YLR450W HMG2 3.65E-07 2.25E-05  -16032 64485 96790 675 684
YKRO65C PAM17 1.63E-05 3.156-04  -15943 52806 82643 795 1002
YBRO22W POA1 4.02E-03 156602  -15914 52879 82697 4145 2523
ycLo3zw STES0 9.73€-03 2.926-02  -15895 50054 79278 1275 3080
YHR111W UBA4 4.16E-03 159602  -15883 52188 81829 392 2092

YIL077C YIL077C 2.78E-03 119602  -15882 53631 83562 661 2005
YGLISIW NUT1 4.88E-05 6.81E-04  -15872 47505 76186 571 953
YDRO77W SED1 2.27€-02 531E-02  -15806 53610 83445 1256 3880
YMR318C ADH6 2.386-04  2.08E03  -15796 57331 87906 940 1438
YHR203C RPS4B 159602  4.10E-02  -15753 47150 75616 407 3227
YNLI0OW YNL1I0OW 1.04E-02 3.056-02  -15734 57130 87590 382 2785
YPL213W LEAI 474E-04 338603  -15710 31911 57245 1836 1960

YMR130W YMR130W 2.22E-02 5.23E-02  -15624 61126 92261 1461 3871
YLRO63W YLRO63W 5.34E-06 143604  -15609 67588 100012 1201 1065
YCROSSW ABP1 4.00E-02 8.14E-02  -15561 72440 105786 3008 4897
YERO20W GPA2 8.87E-03 2756-02  -15534 53387 82850 936 2813
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ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YELO49W PAU2 6.23E-04  4.02E-03  -15528 52985 82360 847 1570
YGR275W RTT102 1.51E-02 397602 -15458 70933 103851 1454 3440
YLRO15W BRE2 2.69E-05 4.48E-04  -15447 53230 82557 766 1016
YOR139C YOR139C 3.01E-06 932605 -15443 55386 85143 1262 1010
YBRO11C 1PP1 1.58E-02 4.09E02  -15432 48123 76400 1222 3400
YLR171W YLR171W 8.81E-03 27302 -15410 51185 80055 481 2611
YMR092C AlP1 5.35E-04 365603  -15405 53732 83109 565 1326
YLR346C YLR346C 4.15E-03 1.596-02  -15344 69047 101446 3835 2580
YBR023C CHS3 2.91E-03 123602 -15306 54184 83534 434 1841
YPRO20W ATP20 1.03E-03 5.80E-03  -15294 52456 81443 3569 1212
YLRO79W sic1 1.73€-03 832603  -15244 34250 59496 1352 2125
YPRO61C JID1 6.34E-09 133606  -15197 60018 90417 819 491
YDR382W RPP2B 2.75E-02 6.09E-02  -15089 35958 61364 207 3754
YOR360C PDE2 4.26E-07 241E-05  -15054 54744 83904 1096 791

Table A3. SGA screen results for alk1A alk2A query strain

ORF Gene P Q GIS FQIt'“r'fersys (F:i:::’s' QuerySE  Control SE
YGL116W €DC20 3.42E-16 8.63E-13  -62826 46 88386 290 30
YGL255W ZRT1 255E-14 429611 -56623 418 80190 814 219
YLR166C SEC10 3.59E-13 45310  -55975 0 78691 592 0
YBRO11C 1PP1 7.05E-11 5.93E-08  -54345 0 76400 1222 0
YLR339C YLR339C 9.42E-07 755605 -51609 0 72553 4562 0
YFLO32W YFLO32W 1.98E-04 354E-03  -45992 10878 79950 320 2153
YMLO31W NDC1 6.39E-05 1.63E-03  -41486 2264 61504 7466 1576
YPR133C SPN1 6.70E-03 3.80E-02  -41480 11811 74919 5438 7858
YFLO3IW HAC1 4.51E-08 759606  -41210 8783 70281 258 418
YPLOG3W TIM50 4.49E-03 2.98E-02  -40320 6859 66325 4313 6739
YDR392W SPT3 1.38E-06 9.82E-05  -37357 19954 80569 141 445

YJL204C RCY1 4.68E-04 6.49E-03  -36186 14542 71315 620 2407
YBROO1C NTH2 5.72E-04 7.496-03  -34843 28550 89119 563 2427
YBLO21C HAP3 3.11E-05 102603  -33182 27759 85672 5293 925
YBRO36C €562 7.46E-05 1.776-03  -32987 16362 69376 227 1163
YBROO9C HHF1 4.95E-05 1.40E-03  -32381 38479 99616 3413 2889
YGL127C SOH1 4.16E-02 1.21E-01  -31830 26492 81989 496 9294
YOR256C TRE2 6.21E-03 3.64E-02  -30195 18257 68115 4390 5748
YDR173C ARG82 1.44E-07 1.82E-05  -28463 14767 60773 2531 1253
YNL297C MON2 8.01E-07 6.85E-05  -28184 26326 76631 806 934
YOR224C RPBS 1.15E-02 5.34E-02  -28038 154 39633 11597 153
YBR18IW RPS9B 2.36E-03 2.00E-02  -26248 17911 62079 679 2892
YDR207C UMEG 7.13E-06 353E-04  -26111 16714 60204 3406 604
YBROOSW RCR1 7.63E-03 413602 -25559 32915 82204 2960 4857
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ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YDR359C VD21 1.66E-08 3.99E-06  -25454 17164 59915 1344 141
YLR198C YLR198C 6.14E-03 361E-02  -25411 2303 38961 9335 1976

YMLO28W TSA1 1.26E-16 6.36E-13  -25107 29532 76813 442 1464
YBLO20W RFT1 3.13€-03 235E-02  -24694 38679 89091 1245 3232
YoL078W AVO1 2.58E-03 2.08E-02  -24476 0 34409 7532 0
YLROG6W SPC3 4.54E-02 128601  -24362 9869 48122 3011 7673
YCRO71C IMG2 238E-08  4.62606  -24186 32324 79444 1850 804
YBRO12C YBRO12C 1.26E-02 5.62E-02  -24160 32451 79585 880 4603
YBLOO3C HTA2 3.35E-03 246E-02  -23906 38934 88343 1407 3280
YBROO4C GPI18 5.72E-09 2.18E-06  -23593 42740 93253 1183 757
YMLO13W SEL1 7.29€-05 174603  -23236 23984 66382 4080 513
YMR224C MRE11 3.44E-10 217607  -22955 20721 61402 842 2445
YBLO79W NUP170 9.59E-03  4.80E-02  -22841 35699 82297 1099 4055
YiLO4OW APQ12 4.39E-03 294E02  -22802 34017 79878 1663 3482
YLRO6IW RPL22A 417604  5.99E-03  -22234 23520 64323 248 1356
YBRO25C YBRO25C 7.80E-03  4.19E-02  -22036 38777 85492 464 3503
YGL219C MDM34 1.28€-03 134602 -21690 45057 93836 634 2051
YMR304W UBP15 2.70E-04  4.34E03  -21452 52174 103505 3046 2504
YIRO74W MOG1 1.83E-02 7.10E:02  -20933 31103 73154 1447 4685
YERO95W RAD51 127604  2.60E03  -20396 38957 83441 339 987
YDR123C INO2 5.02E-03 321E-02  -20315 7471 39062 441 2793
YNL226W YNL226W 1.24E-02 557E-02  -20143 32465 73959 593 3788
YDRO71C PAA1 2.186-04  3.76E-03  -20126 44790 91260 1865 2024
YDROSOW VPS41 1.78E-03 165602  -19878 32970 74295 439 1985
YNL299W TRF5 1.996-04  3.54E03  -19851 42785 88055 641 1300
YJRO73C orPI3 2.93E-06 174604  -19675 14605 48191 1469 1193
YNL284C MRPL10 2.57E-02 877E-02  -19612 26003 64126 1961 5037
YHR189W PTH1 3.36E-05 1.076-03  -19558 36607 78958 472 863
YILO76W SEC28 2.20E-03 1.89E-02  -19485 10732 42481 5848 415
YCRO34W FEN1 3.28E-07 352E-05  -19422 46388 92517 753 722
YKL137W YKL137W 1.05E-07 1.43E-05  -19226 41733 85698 795 687
YNL227C 1 5.39E-03 3356-02  -19076 31773 71485 462 2697
YER083C GET2 7.706-03  4.16E-02  -19038 22456 58333 109 2975
YLLO39C UBI4 2.43E-03 2.026-02  -19013 36135 77530 514 2121
YPLO76W GPI2 1.91E-02 731E-02  -19006 49634 96496 2454 4604
YBR109C cMD1 4.53E-02 128601  -18689 6857 35914 2862 5966
YBROO6W UGA2 3.45E-03 251E-02  -18527 43281 86892 1165 2594
YBLO23C McM2 2.41E-05 8.39E-04  -18509 42272 85447 2031 1546
YNL296W YNL296W 3.79E-06 2.08E-04  -18336 35826 76142 939 951
YIL175W YIL175W 1.27€-02 5.64E-02  -18335 32016 70785 628 3490
YHR178W STB5 1.74E-03 162602  -18285 30166 68114 1190 2229
YBR289W SNF5 3.38E-03 2476-02 18161 2227 28661 5847 2227
YLRO89C ALTI 7.97E-06 3.83E-04  -18109 38204 79166 463 691
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Table A3. Continued...

ORF Gene P Q GIS FQltferSys i:’t:terg QuerySE  Control SE
YBLO3IW SHE1 4.29E-02 123601  -18013 39145 80354 316 5327
YLR143W YLR143W 5.75E-07 5.45E-05  -17189 49901 94317 1858 712

YIL084C SDS3 9.04E-06  4.12E-04  -17104 34085 71963 495 707
YGRO85C RPL11B 1.47E-03 148602  -16925 41900 82698 688 1770
YLR320W MMS22 217604  3.76E03  -16834 31674 68194 549 1123
YPRI9IW QCR2 1.04E-02 505602 -16754 32251 68892 262 2928
YLR214W FRE1 3.36E-03 2.46E-02  -16654 46348 88571 900 2248
YDR335W MSN5 6.27E-05 161603  -16535 47478 89991 707 1031
YDLO20C RPN4 2.30E-09 116606  -16516 36800 74954 543 413
YLR140W YLR140W 2.236-02 8.03E-02  -16513 18066 48611 3673 4416

YMLOI3C-A  YMLOI3C-A  1.29E-07 172605  -16512 35436 73029 622 567
YBLOOAW UTP20 3.46E-04 532603  -16511 40340 79923 413 1109

YOLO64C MET22 1.36E-03 1.40E-02  -16488 34070 71075 937 1844
YLR410W ViP1 4.35E-03 2926-02  -16429 49219 92291 1490 2625
YBRO24W sc02 142E-04  2.76E03  -16293 42694 82925 501 990
YHR198C FMP22 S.46E-04  7.24E-03  -16282 57144 103223 1893 1983
YKLO73W LHS1 439E04  621E-03  -16145 52236 96132 1583 1809
YDL163W YDL163W 7.29E-06 3.58E-04  -15973 30611 65489 334 1424
YPL172C cox10 3.25E-03 240E-02  -15970 36469 73720 1020 2212
YLR212C TUB4 5.22E-04  7.016-03  -15937 52832 96677 2403 2053
YDR245W MNN10 4.70E-07  474E05  -15915 28595 62574 1680 682
YBLO19W APN2 2.38E-06 152604  -15909 42039 81465 1547 1018
YNL153C GIM3 1.83E-07 226605  -15715 39779 78015 1383 733
YGL256W ADH4 111605 477604  -15529 37418 74433 1264 1094
YBRO1OW HHT1 4.89E-04  6.70E-03  -15484 41917 80697 1540 1768

YLR287C-A RPS30A 131604  2.63E03  -15436 37935 75031 760 1126

YIL027C KRE27 5.53E-06 2.82E-04  -15435 48210 89473 1920 1066
YBRO23C CHS3 1.62E-03 157602  -15404 44016 83534 434 1544
YDL232W 05T4 9.34E-03  4.70E-02  -15391 28069 61097 357 2608
YLRO79W sic1 9.95E-08 1.40E-05  -15290 27031 59496 1352 603
YOR360C PDE2 4.73E-05 1.36E-03  -15230 44453 83904 1096 1169
YOR333C YOR333C 1.42E-02 6.04E-02  -15184 39144 76375 530 3004
YIL206C-A YIL206C-A 6.60E-05 1.66E-03  -15135 57664 102342 1908 1455
YDL150W RPC53 1.12E-02 5.25E-02  -15061 47255 87605 1438 3031
YNL306W MRPS18 6.41E-03 371E-02  -15058 48114 88809 1789 2770
YBROOSC FLR1 1.88E-02 724602  -15010 39430 76533 1036 3389
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Table A4. SGA screen GO term enrichment analysis for negative genetic interactors

Screen GO-ID Description P-value corr P-value Enrichment n X N
alk1A 7005 mitochondrion organization 1.55E-05 1.93E-02 3.38 16 172 127 4609
16197 endosomal transport 1.08E-04 6.77E-02 4.67 9 70 127 4609
7034  vacuolar transport 2.60E-04 1.08E-01 3.50 11 114 127 4609
46907 intracellular transport 5.64E-04 1.34E-01 1.89 28 539 127 4609
9991 response to extracellular stimulus 6.45E-04 1.34E-01 3.39 10 107 127 4609
1902582  single-organism intracellular transport 7.13E-04 1.34E-01 1.92 26 492 127 4609
70676 intralumenal vesicle formation 7.53E-04 1.34E-01 36.29 2 2 127 4609
9605 response to external stimulus 8.62E-04 1.35E-01 3.27 10 111 127 4609
45324  late endosome to vacuole transport 1.20E-03 1.67E-01 6.05 5 30 127 4609
51649 establishment of localization in cell 1.94E-03 1.76E-01 1.74 28 583 127 4609
71496 cellular response to external stimulus 1.94E-03 1.76E-01 3.17 103 127 4609
31668 cellular response to extracellular stimulus 1.94E-03 1.76E-01 3.17 103 127 4609
6900 membrane budding 2.13E-03 1.76E-01 10.89 10 127 4609
6688 glycosphingolipid biosynthetic process 2.22E-03 1.76E-01 24.19 2 3 127 4609
7005 mitochondrion organization 1.55E-05 1.93E-02 3.38 16 172 127 4609
42221 response to chemical 2.24E-03 1.76E-01 2.02 19 341 127 4609
44765  single-organism transport 2.25E-03 1.76E-01 1.58 36 826 127 4609
32106 positive regulation of response to extracellular stimulus 2.87E-03 1.88E-01 9.90 3 11 127 4609
32109 positive regulation of response to nutrient levels 2.87E-03 1.88E-01 9.90 3 11 127 4609
32103 positive regulation of response to external stimulus 2.87E-03 1.88E-01 9.90 3 11 127 4609
6950 response to stress 3.12E-03 1.95E-01 1.69 28 602 127 4609
6810 transport 3.36E-03 1.98E-01 1.49 41 1001 127 4609
45913  positive regulation of carbohydrate metabolic process 3.75E-03 1.98E-01 9.07 12 127 4609
10676 positive regulation of cellular carbohydrate metabolic process 3.75E-03 1.98E-01 9.07 12 127 4609
70887 cellular response to chemical stimulus 3.87E-03 1.98E-01 2.14 15 254 127 4609
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Table A4. continued...

Screen GO-ID Description P-value corr P-value Enrichment n X N
alk1A 16482 cytoplasmic transport 4.09E-03 1.98E-01 1.84 21 414 127 4609
1900436 positive regulation of filamentous growth of a population of unicellular organisms in
response to starvation 4.36E-03 1.98E-01 18.15 127 4609
6687 glycosphingolipid metabolic process 4.36E-03 1.98E-01 18.15 127 4609
32543 mitochondrial translation 4.44E-03 1.98E-01 5.81 4 25 127 4609
72594  establishment of protein localization to organelle 5.19E-03 2.03E-01 2.23 13 212 127 4609
10467 gene expression 5.23E-03 2.03E-01 1.39 48 1252 127 4609
51234 establishment of localization 5.34E-03 2.03E-01 1.45 41 1026 127 4609
6605 protein targeting 5.40E-03 2.03E-01 2.21 13 213 127 4609
16050 vesicle organization 6.11E-03 2.03E-01 4.22 43 127 4609
31667 response to nutrient levels 6.30E-03 2.03E-01 2.87 101 127 4609
44764 multi-organism cellular process 6.30E-03 2.03E-01 2.87 101 127 4609
51641 cellular localization 6.38E-03 2.03E-01 1.57 30 693 127 4609
33554 cellular response to stress 6.72E-03 2.03E-01 1.71 23 489 127 4609
1900434 regulation of filamentous growth of a population of unicellular organisms in
response to starvation 7.13E-03 2.03E-01 14.52 2 5 127 4609
10907 positive regulation of glucose metabolic process 7.13E-03 2.03E-01 14.52 2 5 127 4609
45722  positive regulation of gluconeogenesis 7.13E-03 2.03E-01 14.52 2 5 127 4609
70272  proton-transporting ATP synthase complex biogenesis 7.13E-03 2.03E-01 14.52 2 5 127 4609
43461 proton-transporting ATP synthase complex assembly 7.13E-03 2.03E-01 14.52 2 5 127 4609
33615 mitochondrial proton-transporting ATP synthase complex assembly 7.13E-03 2.03E-01 14.52 2 5 127 4609
45041 protein import into mitochondrial intermembrane space 7.13E-03 2.03E-01 14.52 2 5 127 4609
7154  cell communication 8.18E-03 2.24E-01 1.92 16 302 127 4609
32107 regulation of response to nutrient levels 8.80E-03 2.24E-01 6.80 3 16 127 4609
32104 regulation of response to extracellular stimulus 8.80E-03 2.24E-01 6.80 16 127 4609
32101 regulation of response to external stimulus 8.80E-03 2.24E-01 6.80 3 16 127 4609
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Table A4. continued...

Screen GO-ID Description P-value corr P-value Enrichment n X N
alkin 34614 cellular response to reactive oxygen species 8.80E-03 2.24E-01 6.80 3 16 127 4609
33365 protein localization to organelle 9.20E-03 2.30E-01 2.01 14 253 127 4609
alk2A 7005 mitochondrion organization 2.09E-09 3.03E-06 3.67 27 172 197 4609
6996 organelle organization 1.84E-06 1.33E-03 1.65 72 1021 197 4609
16043 cellular component organization 2.55E-05 1.23E-02 1.45 87 1407 197 4609
2 mitochondrial genome maintenance 1.79E-04 4.63E-02 6.68 21 197 4609
10821 regulation of mitochondrion organization 1.98E-04 4.63E-02 11.70 4 8 197 4609
97034 mitochondrial respiratory chain complex IV biogenesis 1.98E-04 4.63E-02 8.36 14 197 4609
61024 membrane organization 2.79E-04 4.63E-02 2.29 21 215 197 4609
71840 cellular component organization or biogenesis 3.30E-04 4.63E-02 1.34 92 1610 197 4609
70271 protein complex biogenesis 3.83E-04 4.63E-02 2.35 19 189 197 4609
43623 cellular protein complex assembly 4.39E-04 4.63E-02 2.78 14 118 197 4609
33108 mitochondrial respiratory chain complex assembly 5.51E-04 4.63E-02 6.88 5 17 197 4609
44802  single-organism membrane organization 5.81E-04 4.63E-02 2.22 20 211 197 4609
16197 endosomal transport 6.82E-04 4.63E-02 3.34 10 70 197 4609
10907 positive regulation of glucose metabolic process 7.22E-04 4.63E-02 14.04 3 5 197 4609
10822 positive regulation of mitochondrion organization 7.22E-04 4.63E-02 14.04 3 5 197 4609
45722  positive regulation of gluconeogenesis 7.22E-04 4.63E-02 14.04 3 5 197 4609
70272  proton-transporting ATP synthase complex biogenesis 7.22E-04 4.63E-02 14.04 3 5 197 4609
43461 proton-transporting ATP synthase complex assembly 7.22E-04 4.63E-02 14.04 3 5 197 4609
33615 mitochondrial proton-transporting ATP synthase complex assembly 7.22E-04 4.63E-02 14.04 3 5 197 4609
42773  ATP synthesis coupled electron transport 7.37E-04 4.63E-02 6.50 5 18 197 4609
42775 mitochondrial ATP synthesis coupled electron transport 7.37E-04 4.63E-02 6.50 5 18 197 4609
22904 respiratory electron transport chain 7.37E-04 4.63E-02 6.50 5 18 197 4609
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Table A4. continued...

Screen GO-ID Description P-value corr P-value Enrichment X n X N
alk2ha 17004 cytochrome complex assembly 7.37E-04 4.63E-02 6.50 5 18 197 4609
22900 electron transport chain 9.65E-04 5.59E-02 6.16 5 19 197 4609
6119 oxidative phosphorylation 9.65E-04 5.59E-02 6.16 5 19 197 4609
70071 proton-transporting two-sector ATPase complex assembly 1.40E-03 7.78E-02 11.70 3 6 197 4609
51668 localization within membrane 1.71E-03 8.09E-02 7.20 4 13 197 4609
10978 gene silencing involved in chronological cell aging 1.82E-03 8.09E-02 23.40 2 2 197 4609
46 autophagic vacuole fusion 1.82E-03 8.09E-02 23.40 2 2 197 4609
32042 mitochondrial DNA metabolic process 1.82E-03 8.09E-02 23.40 2 2 197 4609
31047 gene silencing by RNA 1.82E-03 8.09E-02 23.40 2 2 197 4609
70676 intralumenal vesicle formation 1.82E-03 8.09E-02 23.40 2 2 197 4609
9991 response to extracellular stimulus 1.85E-03 8.09E-02 2.62 12 107 197 4609
10467 gene expression 2.04E-03 8.52E-02 1.35 72 1252 197 4609
71822 protein complex subunit organization 2.08E-03 8.52E-02 1.86 24 302 197 4609
6461 protein complex assembly 2.12E-03 8.52E-02 2.15 17 185 197 4609
6122 mitochondrial electron transport, ubiquinol to cytochrome c 2.37E-03 9.27E-02 10.03 3 7 197 4609
9605 response to external stimulus 2.53E-03 9.62E-02 2.53 12 111 197 4609
7006 mitochondrial membrane organization 2.79E-03 1.03E-01 4.13 6 34 197 4609
10468 regulation of gene expression 3.32E-03 1.14E-01 1.50 43 672 197 4609
9891 positive regulation of biosynthetic process 3.43E-03 1.14E-01 1.88 21 261 197 4609
31328 positive regulation of cellular biosynthetic process 3.43E-03 1.14E-01 1.88 21 261 197 4609
44237  cellular metabolic process 3.45E-03 1.14E-01 1.16 132 2652 197 4609
31667 response to nutrient levels 3.58E-03 1.14E-01 2.55 11 101 197 4609
44088 regulation of vacuole organization 3.67E-03 1.14E-01 8.77 3 8 197 4609
6515 misfolded or incompletely synthesized protein catabolic process 3.93E-03 1.14E-01 5.85 16 197 4609
436 carbon catabolite activation of transcription from RNA polymerase |l promoter 3.93E-03 1.14E-01 5.85 16 197 4609
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Screen GO-ID Description P-value corr P-value Enrichment n X N
alk2ha 32107 regulation of response to nutrient levels 3.93E-03 1.14E-01 5.85 16 197 4609
32104 regulation of response to extracellular stimulus 3.93E-03 1.14E-01 5.85 16 197 4609
32101 regulation of response to external stimulus 3.93E-03 1.14E-01 5.85 16 197 4609
71496 cellular response to external stimulus 4.17E-03 1.16E-01 2.50 11 103 197 4609
31668 cellular response to extracellular stimulus 4.17E-03 1.16E-01 2.50 11 103 197 4609
10565 regulation of cellular ketone metabolic process 4.97E-03 1.25E-01 3.69 6 38 197 4609
60988 lipid tube assembly 5.30E-03 1.25€-01 15.60 2 3 197 4609
32978 protein insertion into membrane from inner side 5.30E-03 1.25E-01 15.60 2 3 197 4609
32979 protein insertion into mitochondrial membrane from inner side 5.30E-03 1.25E-01 15.60 2 3 197 4609
30042 actin filament depolymerization 5.30E-03 1.25E-01 15.60 2 3 197 4609
71825 protein-lipid complex subunit organization 5.30E-03 1.25E-01 15.60 2 3 197 4609
65005 protein-lipid complex assembly 5.30E-03 1.25E-01 15.60 2 3 197 4609
34389 lipid particle organization 5.30E-03 1.25€-01 15.60 2 3 197 4609
51205 protein insertion into membrane 5.34E-03 1.25E-01 7.80 3 9 197 4609
30837 negative regulation of actin filament polymerization 5.34E-03 1.25E-01 7.80 3 9 197 4609
1902589 single-organism organelle organization 5.42E-03 1.25E-01 1.49 40 630 197 4609
8104 protein localization 5.94E-03 1.34E-01 1.53 35 535 197 4609
9893 positive regulation of metabolic process 6.09E-03 1.36E-01 1.74 23 310 197 4609
32272 negative regulation of protein polymerization 7.39E-03 1.56E-01 7.02 10 197 4609
33617 mitochondrial respiratory chain complex IV assembly 7.39E-03 1.56E-01 7.02 10 197 4609
6900 membrane budding 7.39E-03 1.56E-01 7.02 3 10 197 4609
45184 establishment of protein localization 7.45E-03 1.56E-01 1.57 30 446 197 4609
45991 carbon catabolite activation of transcription 7.57E-03 1.56E-01 4.93 4 19 197 4609
31669 cellular response to nutrient levels 7.95E-03 1.60E-01 2.41 10 97 197 4609
45324 late endosome to vacuole transport 8.07E-03 1.60E-01 3.90 5 30 197 4609
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Screen GO-ID Description P-value corr P-value Enrichment n X N
alk2ha 34727 piecemeal microautophagy of nucleus 8.07E-03 1.60E-01 3.90 5 30 197 4609
90150 establishment of protein localization to membrane 8.41E-03 1.64E-01 2.54 9 83 197 4609
72657 protein localization to membrane 9.08E-03 1.71E-01 2.51 9 84 197 4609
44804 nucleophagy 9.30E-03 1.71E-01 3.77 5 31 197 4609
6351 transcription, DNA-templated 9.59E-03 1.71E-01 1.56 29 435 197 4609
8535 respiratory chain complex IV assembly 9.84E-03 1.71E-01 6.38 3 11 197 4609
alkiA 9987 cellular process 4.49E-05 2.97E-02 1.19 90 3630 96 4609
alk2n 34645  cellular macromolecule biosynthetic process 9.39E-05 2.97E-02 1.87 34 875 96 4609
9058 biosynthetic process 1.04E-04 2.97E-02 1.65 44 1281 96 4609
9059 macromolecule biosynthetic process 1.06E-04 2.97E-02 1.85 34 880 96 4609
1901576 organic substance biosynthetic process 1.40E-04 2.97E-02 1.65 43 1254 96 4609
44249  cellular biosynthetic process 1.57E-04 2.97E-02 1.66 42 1218 96 4609
16043 cellular component organization 2.28E-04 3.69E-02 1.57 46 1407 96 4609
6996 organelle organization 4.09E-04 4.30E-02 1.69 36 1021 96 4609
45862 positive regulation of proteolysis 4.29E-04 4.30E-02 48.01 2 96 4609
32436 positive regulation of proteasomal ubiquitin-dependent protein catabolic process 4.29E-04 4.30E-02 48.01 2 96 4609
1901800 positive regulation of proteasomal protein catabolic process 4.29E-04 4.30E-02 48.01 2 2 96 4609
51037 regulation of transcription during meiosis 4.55E-04 4.30E-02 18.00 3 8 96 4609
44237  cellular metabolic process 5.55E-04 4.85E-02 1.29 71 2652 96 4609
71840 cellular component organization or biogenesis 7.66E-04 5.89E-02 1.46 49 1610 96 4609
44699 single-organism process 7.79E-04 5.89E-02 1.25 74 2834 96 4609
43170 macromolecule metabolic process 8.47E-04 6.01E-02 1.38 57 1985 96 4609
44260 cellular macromolecule metabolic process 9.27E-04 6.19E-02 1.39 55 1897 96 4609
10954 positive regulation of protein processing 1.27E-03 6.87E-02 32.01 2 3 96 4609
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Screen GO-ID Description P-value corr P-value Enrichment n X N
alkin 32434 regulation of proteasomal ubiquitin-dependent protein catabolic process 1.27E-03 6.87E-02 32.01 2 3 96 4609
alk2n 32958 inositol phosphate biosynthetic process 1.27E-03 6.87E-02 32.01 3 96 4609

34389 lipid particle organization 1.27E-03 6.87E-02 32.01 3 96 4609
71704  organic substance metabolic process 1.36E-03 7.01E-02 1.26 70 2662 96 4609
44238 primary metabolic process 1.42E-03 7.01E-02 1.27 68 2562 96 4609
32543 mitochondrial translation 1.60E-03 7.56E-02 7.68 4 25 96 4609
6325 chromatin organization 2.30E-03 9.81E-02 2.69 11 196 96 4609
43457  regulation of cellular respiration 2.51E-03 9.81E-02 24.01 2 4 96 4609
10674 negative regulation of transcription from RNA polymerase Il promoter during
meiosis 2.51E-03 9.81E-02 24.01 2 96 4609
10672 regulation of transcription from RNA polymerase Il promoter during meiosis 2.51E-03 9.81E-02 24.01 2 96 4609
51785 positive regulation of nuclear division 2.51E-03 9.81E-02 24.01 2 96 4609
6913 nucleocytoplasmic transport 2.95E-03 1.11E-01 3.25 8 118 96 4609
51169 nuclear transport 3.10E-03 1.14E-01 3.23 8 119 96 4609
8152 metabolic process 3.22E-03 1.14E-01 1.22 73 2883 96 4609
44710 single-organism metabolic process 3.41E-03 1.17E-01 1.42 44 1486 96 4609
46488 phosphatidylinositol metabolic process 3.57E-03 1.19E-01 4.80 50 96 4609
436 carbon catabolite activation of transcription from RNA polymerase Il promoter 4.03E-03 1.28E-01 9.00 16 96 4609
31497 chromatin assembly 4.06E-03 1.28E-01 6.00 4 32 96 4609
6461 protein complex assembly 4.77E-03 1.46E-01 2.60 10 185 96 4609
10467 gene expression 5.11E-03 1.52E-01 1.46 38 1252 96 4609
6974 cellular response to DNA damage stimulus 5.29E-03 1.52E-01 2.30 12 250 96 4609
6281 DNA repair 5.40E-03 1.52E-01 241 11 219 96 4609
70271 protein complex biogenesis 5.55E-03 1.52E-01 2.54 10 189 96 4609
44763  single-organism cellular process 5.64E-03 1.52E-01 1.25 64 2466 96 4609
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Screen GO-ID Description P-value corr P-value Enrichment n N
alkin 6650 glycerophospholipid metabolic process 6.07E-03 1.54E-01 3.60 6 80 96 4609
alk2n 45732  positive regulation of protein catabolic process 6.10E-03 1.54E-01 16.00 2 96 4609

43647 inositol phosphate metabolic process 6.10E-03 1.54E-01 16.00 2 96 4609
45991 carbon catabolite activation of transcription 6.66E-03 1.64E-01 7.58 3 19 96 4609
31670 cellular response to nutrient 6.90E-03 1.67E-01 5.19 4 37 96 4609

7584  response to nutrient 7.59E-03 1.71E-01 5.05 4 38 96 4609

6351 transcription, DNA-templated 7.60E-03 1.71E-01 1.88 17 435 96 4609
50658 RNA transport 7.68E-03 1.71E-01 3.43 6 84 96 4609
51236 establishment of RNA localization 7.68E-03 1.71E-01 3.43 84 96 4609
32774 RNA biosynthetic process 8.12E-03 1.71E-01 1.86 17 438 96 4609
50657 nucleic acid transport 8.13E-03 1.71E-01 3.39 85 96 4609

6644 phospholipid metabolic process 8.34E-03 1.71E-01 3.00 112 96 4609
61136 regulation of proteasomal protein catabolic process 8.42E-03 1.71E-01 13.72 7 96 4609
51038 negative regulation of transcription during meiosis 8.42E-03 1.71E-01 13.72 7 96 4609
22402  cell cycle process 8.71E-03 1.72E-01 1.77 19 515 96 4609

6334 nucleosome assembly 8.87E-03 1.72E-01 6.86 21 96 4609
51028 mRNA transport 8.95E-03 1.72E-01 3.87 62 96 4609
46486 glycerolipid metabolic process 9.08E-03 1.72E-01 331 6 87 96 4609
44711 single-organism biosynthetic process 9.63E-03 1.76E-01 1.75 19 520 96 4609
44255  cellular lipid metabolic process 9.69E-03 1.76E-01 2.34 10 205 96 4609

Cytoscape v2.82 (Smoot et al., 2011); BINGO v2.44 (Maere et al., 2005); Ontology file: OBO v1.2; Annotation file: gene_association.sgd; Reference set: All mutants in array; Statistical test:

Hypergeometric test; Correction: Benjamini & Hochberg False Discovery Rate (FDR) correction. N = total number of genes, n = total number of genes associated with specific go term, X = number of

genes input for analysis from screen, x = number of genes in the intersection. Enrichment = (x/X) / (n/N)
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Ipll  (YPL209C)

1 HARNSLYNIK LNANSPSKKT TTRPNTSRIN KPWRISHSPO QRNPNSKIPS
51 PYREKLNRLP YHNKKFLDME SSKIPSEIRK ATSSKMIHEN KKLPKFKSLS
101  LDDFELGKKL GKGKFGKYYC VRHRSTGYIC ALKVMEKEEI TKYNLOKQFR
151  REVEIQTSLN HPNLTKSYGY FHDEKRVYLL MEYLYNGEMY KLLRLHGPFN
201 DILASDYIYOD TANALDYMHK KNITHRDIKP ENILIGFNNY TKLTDFGWSI
251  INPPENRRKT YCGTIDYLSP EMVESREYDH TIDAWALGYL AFELLTGAPP
301 FEEEMKDTTY KRIAALDIKM PSHNISQDAGD LILKLLKYDP KDRMRLGDYK
351  MHPWILRNKP FWENKRL

SlilS (YBR156C)

1 HDWATKAARK KTQRKPGSTR SITETLDDLN NLTTDAHSEI NOQRLYESSEW
51 LRNNYYMNTL KYEDKKHEES LISPENTHNK MDYEFPKMKG EYELSNSQND
101 AAKDVTKTPR NGLHNDKSIT PKSLRRKEVT EGMNRFSIHD THKSPVEPLN
151  SYKVYDANESE KSSPWSPYKY EKVLRESSKT SESPINTKRF DHNOTWAAKEE
201 MENEPILOAL KKAESYKVKP PPNSGIARSQ RRSHMFVPLP NKDPLITQHI
251 PPTKSSGSIP KYRTVKESEI AFKKKSTINS_BATRAVENSD TAGSTKASSY
301  FDRLSSIPTK SFENKISRGN VGHKYSSSSI DLTGSPHKKY SQKFKSINST
351 DTDMQEALRD TFSYKNKITK NHSPKGKNSR KSSIPRFDKT SLKLTTHKKL
401  ATIAEQKKKS KHSSDYHKTG SRPHSISPTK ISVDSSSPSK EVKNYYQSPY
451  RGYLRPTKAS TSPNKNKNLT TSQIPHRLKI KEKTLRKLSP NIADISKPES
501  RKSKNYRLTHN LOQLLPPAEAE RDDLKKKFDK RLSGIMRSOQ EHHRRKQEKQ
551  KRMSHLEQDL KKQTSFSHDY KDIRLKESLA PFDNHYRDTI NKNTAFSTDN
601  TLATINTYDH REIIGNYIPK TASVNDSLPE INTDSEDEAS VTLAAWAKSP
651  YLQEQLIRQO DINPOQTIFGP IPPLHTDEIF PHNPRLNRLKP RQIVPKRS

Birl (YJRO8OW)

1 MDGOIDKMEK RYSHTKLENR LRTFQDGYAL EKKKLKWSFK YIPYQAMAKL
51 GFYFDPYIDP KTSKLKKDSY RCCYCHRQTY NYRDCRSKRK DYLETLSNIM
101 ROHLTYTDHK QYCLLIYLRN KLLTDYSFHM GYSDWKNDKY FSNPDDENYI
151  NLRKFTFQDN WPHSGSQNEH PLGIEKHYNA GLMRYDSSIE GLGDPSHDKT
201 LMNDTCYCIY CKQLLQGWSI NDDPHMSRHYK VSOQNGNCYFF QTRNRFERIK
251  NDNDSITKNC EYSPTLGENG KREVINTKTA SQRQCPLFES_PPSSTGPQLD
301 DYNEKTDISY TQHNISYLDG AQGENYKRNS VEEKEQINME NGSTTLEEGH
351 INRDVLADKK EYISTPTAKE IKRPNVAQLTQ SSSPIKKKRK FKRISERKIF
401  DEEDSEHSLN NNSANGDNKD KDLYIDFTSH TIKNRDYGRK NAILDDSTDE
451  FSFSHOQGHNT FDIPIPTSSH LLKGIDSDND NYIREDDTGI NTDTKGASSK
501  HEKFSYNSEE DLNFSEYKLT GRDSSTHNILI RTOIVDGNLG DIDRDKYPHNG
551 GSPEVPKTHE LIRDNSEKRE AQNGEFRHQK DSTYRQSPDI LHSHKSGDNS
601 SNITAIPKEE QRRGNSKTSS IPADIHPKPR KNLQEPRSLS ISGKYYPTER
651  KLDNINIDLN FSASDFSPSS QSEQSSKSSS VISTPYASPK THLTRSLHAY
701 KELSGLKKET DDGKYFTHNKQ ETIKILEDYS YKNEIPNNEM LLFETGIPIA
751  SQENKSRKLF DEEFSGKELD IPIDSSTYEI KKYIKPEFEP YPSVARNLVS
801 GTSSYPRNSR LEEQRKETST SLADNSKKGS SFNEGNNEKE PHNAAEWFKID
851  ENRHLYKNYF HDLLKYINNN DATLANDKDG DLAFLIKQMP AEELDMTFHNN
901  WYNLKVOSIK REFIDDCDKK LDILRRDYYT ATNFIETLED DNQLIDIAKK
951 MGIL

Nbll (YHR199C-A)

1 WIPALIPEER OKLRSATILHR MOLELETTEK LIENIKEETL KKLHLLQQPD
51, ATSAPOSKEL TREVLEQEGR RIE

Figure Al. Phosphorylation sites in components of the S. cerevisiae CPC. Sites of
phosphorylation identified by mass spectrometry are highlighted in red (phosphoGRID,
Zimniak et al. 2012). CDK phosphorylation motifs are underlined.
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Figure A2. Viability of alk1A alk2A and sgol1A mutant cells. Viability of cells of the
indicated genotypes was assessed using two independent methods: methylene blue vital
staining and by determining the number of colony forming units relative to the total cell
count. (A) Methylene blue is metabolised by viable cells leaving them unstained while
dead cells are unable to do this and become stained. The experiment was performed in
triplicate. Averages of over 900 cells were scored for each strain during each replicate.
Data passed normality and equal variance tests and were subjected to a one way
ANOVA test [F(5, 12) = 15412.8, P < 0.001]. Subsequent pairwise comparisons were
performed using the Holm-Sidak method. WT (sterilised) vs. all other genotypes P <
0.001; all other pairwise comparisons are not significant. (B) Viability in terms of the
ability of cells to reproduce was calculated by counting the number of colonies formed
on a plate and comparing this against the total number of cells plated. The experiment
was performed in triplicate. Averages of over 700 cells between 300 and 1000 colonies
were counted for each strain in each replicate. Data passed normality and equal variance
tests and were subjected to a one way ANOVA test [F(4, 10) = 20.7, P < 0.001].
Subsequent pairwise comparisons were performed using the Holm-Sidak method. Key
P-values are indicated.
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Figure A3. Preliminary experiment to assess Ipl1 localisation in alk1A alk2A cells.
Examples of wild-type (WT) and alk1A alk2A cells expressing Ipl1-EGFP and
mCherry-Tubl with short bipolar spindles.
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Figure A4. Preliminary experiments to detect H3-T3ph. (A) Whole cell extracts
were prepared from S. cerevisiae strains expressing either wild-type (H3) or mutant
[H3(T3A)] histone H3 and an S. pombe strain. Histone H3 and H3-T3phK4me3 were
detected by western blot. a; asynchronous culture, m; metaphase-arrested culture. (B)
Coomassie stained protein gel highlights how histones are enriched when the nuclei
preparation and histone acid extraction (NP+HAE) method is used compared with a
whole cell extract (WCE).
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