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Abstract

In cell division, the spindle-assembly checkpoint (SAC) is an important mechanism which
ensures proper segregation of chromosomes into daughter cells by delaying anaphase onset
until all chromosomes are correctly attached to the mitotic spindle via their kinetochores.
This reduces the risk of aneuploidy, which is associated with severe consequences such as
birth defects and cancer. Once all kinetochores have been properly attached the SAC is

rapidly silenced, allowing the cell to progress through anaphase.

Several SAC silencing factors have been identified to date but the mechanisms by which
silencing occurs remain unclear. This project aims to improve our understanding of SAC
silencing mechanisms by identifying factors involved in this process and characterising their

functions.

High-throughput genetic screening was carried out in fission yeast (Schizosaccharomyces
pombe) to identify silencing defective mutants. In designing this genetic screen, we aimed to
improve upon previous screens by avoiding false positives due to mutations that lead to
prolonged mitotic arrest for reasons unrelated to checkpoint silencing defects, e.g.
disruption of kinetochore function. To achieve this, an ectopic synthetic checkpoint
mechanism developed as part of previous work in the lab was used to spatially separate

checkpoint activation from the kinetochore (Yuan et a/, 2016).

This screening approach has produced a list of candidates. Assays to confirm and
characterise the checkpoint silencing roles of a subset of these factors have been carried
out. These factors were selected on the basis of strength of phenotype in the screen and

include SWI/SNF component Soll and golgi-associated protein Grh1, among others.

Additionally, work was carried out to characterise a previously identified checkpoint silencing
factor, Protein Phosphatase 1 (PP1) Dis2 in a synthetic ectopic checkpoint arrest
(SynCheckABA). This work illustrated the suitability of this synthetic system as a tool for

further study of SAC silencing (Amin et al, 2019).



Lay summary

Living cells reproduce by replicating their contents and splitting into two ‘daughter’ cells.
During cell replication, the genetic information stored in a cell’s DNA is copied and packaged
into chromosomes. Each cell must receive just one full copy of this genetic information, so
pairs of chromosomes must be separated and evenly distributed between daughter cells.
Improper chromosome segregation is associated with severe consequences, including birth

defects and cancer.

To ensure the proper segregation of chromosomes into daughter cells, these events are
highly regulated. This is achieved by attaching chromosomes to a spindle apparatus that
pulls chromosomes apart in a controlled manner. A surveillance mechanism known as the
spindle assembly checkpoint (SAC) detects improperly attached chromosomes and generates
a ‘wait’ signal which prevents the cell from proceeding through the later stages of cell
division until all chromosomes are properly attached to the spindle. Once chromosomes
attach properly, this ‘wait” signal is rapidly silenced. Regulation of checkpoint silencing is an

important but poorly understood process.

This project involved screening approximately 3,000 genes to see if they play a role in SAC
silencing. This produced a shortlist of 29 genes which appeared to impact on this process.
Additional experiments were performed with several of these genes to confirm whether they
were involved in checkpoint silencing. Work to determine what role these factors play in
silencing the SAC is underway. This knowledge will provide an increased understanding of SAC

silencing mechanisms and may eventually lead to the design of anti-cancer treatments.
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CHAPTER 1

Introduction

1.1 The cell cycle

Cells reproduce by a series of events referred to as the cell cycle, during which
chromosomes and other components of cells are duplicated and partitioned into two new
‘daughter’ cells. It is vital that this process is carried out accurately, so that each new cell
contains all the components necessary for its survival. Cells ensure orderly progression
through the cell cycle by regulating the sequence and timing of these events (for a review,

see Nurse, 2000).

The cell cycle is a fundamental process of all living organisms and has been the subject of
intensive study. The observation that new cells must be derived from existing cells was first
recorded in 1855 by Rudolph Virchow (Nurse, 2000). Since then, the various stages of the
cell cycle were identified by microscopy. Molecular mechanisms of cell cycle regulation

have been defined in much more detail over the past few decades.

The cell cycle is divided into two main stages, interphase and M-phase (Figure 1.1). During
interphase, cells grow and replicate their contents, including organelles, membranes, and
other protein and RNA components. The replication of chromosomes occurs once per cell
cycle, during a discrete step of interphase (the synthetic, or S phase). M-phase is a highly
dynamic stage during which cells divide, which is achieved by undergoing mitosis (nuclear
division), followed by cytokinesis (cell division). In many cell types, these phases are
separated by gap phases (G1 and G2, before S- and M-phase respectively). These gap
phases allow extra time for cell growth and regulatory transitions. Mitosis is a highly
dynamic stage of the cell cycle, and is subdivided into several distinct phases, known as

prophase, metaphase, anaphase and telophase (Section 1.1.2).

1.1.1 Cell cycle progression

The timing of progression through the cell cycle varies between organisms (for an overview,
see Morgan, 2007). Human cells have a relatively long cell cycle, of approximately 18-24

hours. Yeast cells divide every 2-4 hours, depending on growth conditions. The relative



durations of the different phases also vary. For example, in human cells, G1 is the gap
between cytokinesis and the beginning of S-phase. Cytokinesis is relatively slow in fission
yeast. As a result, the G1 phase may be short or non-existent, as cells enter interphase of

the next cell cycle before cytokinesis is completed.

Many complex processes occur during the cell cycle, and regulation is crucial for ensuring
these events occur in a timely, ordered fashion. The molecular mechanisms of this
regulation have been elucidated in detail. Key model systems which have been used to
elucidate the cell cycle include budding yeast (Saccharomyces cerevisiae) and fission yeast
(Schizosaccharomyces pombe). The discovery of cdc (cell division cycle) mutants, which
experience cell cycle arrests at non-permissive temperatures, was a key step in cell cycle
research. The first examples of these genes were identified in S. cerevisiae by Lee Hartwell
and colleagues. Paul Nurse developed the use of fission yeast as a model organism for cell

cycle studies.

An important early focus of cell cycle research was whether the cell cycle was controlled
using a timer mechanism, or whether the initiation of later events was dependent on
completion of early events. Early evidence suggested that successful completion of certain
early events was important for cell cycle progression. For example, initiation of mitosis
appeared to depend on completion of DNA synthesis (Hartwell & Weinert, 1989; Rao &
Johnson, 1970). However, experiments in frog (Xenopus laevis) and fly (Drosophila
melanogaster) embryos contradicted this view. These cells were found to undergo nuclear
division even in the presence of inhibitors of DNA synthesis, which suggested that a simple
timer mechanism was responsible for cell cycle progression (Kimelman et al/, 1987; Raff &
Glover, 1988). Eventually, mechanisms were discovered which link initiation of certain
events to completion of earlier processes in somatic cells, although these mechanisms are
absent in early embryonic cells (Lee & Nurse, 1988; Hartwell & Weinert, 1989; Dasso &
Newport, 1990).

The central components of cell cycle regulation were identified to be cyclin-dependent
kinases (CDKs) and cyclins. The first cyclin-dependent kinase, Cdc2, was identified in fission
yeast as a factor that was required for entry into mitosis (Nurse & Bissett, 1981; Nurse &
Thuriaux, 1980; Simanis & Nurse, 1986). It was found that this factor was a highly
conserved mitotic regulator, as Cdc2 homologs were identified in many other species,

including S. cerevisiae Cdc28 and human CDK1 (Lorincz & Reed, 1984; Lee & Nurse, 1987).



Both the human and S. cerevisiae homologs functionally complement conditional mutations
in fission yeast cdc2. Like other regulatory kinases, CDKs can phosphorylate various
components of the cell machinery to influence their interactions and/or enzymatic activity.
Oscillations in levels of CDK activity occur throughout the cell cycle. This causes cyclical
changes in the phosphorylation state of cell cycle machinery, driving initiation of cell cycle

events.

Cyclin was first identified in sea urchin studies, carried out by Tim Hunt and colleagues

(Evans et al, 1983). It was noted that cyclin was important for cell cycle progression, and its
levels gradually increase during interphase before rapidly decreasing in mid-mitosis. Cyclin
was found to be conserved in vertebrate cells. It was also found that many different cyclins

are expressed at distinct stages of the cell cycle (Bhaduri & Pryciak, 2011).

Maturation Promoting Factor (MPF) was purified from frog eggs and found to act as a cell
cycle regulator (Masui, 2001). Cdc2 was found to form part of this factor. Work in clams by
Joan Ruderman and colleagues illustrated that cdc2 and cyclin A/B interact and led to the
discovery that the MPF consisted of both cdc2 and cyclin B (Draetta et al, 1989). It was
discovered that cyclins regulate CDK activity, to trigger various cell cycle events. Regulation
of CDK activity can be controlled in various ways. Different cyclins are expressed at distinct
stages of the cell cycle, and confer substrate specificity on CDKs, allowing the same CDK to
trigger different events at particular stages (Bhaduri & Pryciak, 2011; Kéivomagi et al,
2011).

In higher eukaryotes, multiple cyclins and CDKs play important roles at various stages of the
cell cycle (Sherr, 1993) (Figure 1.1). Cyclin D is expressed during G1, when it activates
Cdk4/Cdk6. Cdk2-cyclin E is important for S phase initiation. Cyclin A binds to both Cdk1
and Cdk2 at different stages of the cell cycle and is involved in G2/M transition and S-phase
maintenance (Pagano et al, 1992). Finally, in mitosis, both cyclin B and cyclin A are involved.
Cdk1-cyclin B activity is important for entry into mitosis. Each Cdk-cyclin complex is
responsible for the activation of the next complex in the sequence, ensuring ordered

progression through the cell cycle.

Cdk activity is regulated by multiple mechanisms. Apart from cyclin levels, regulatory
phosphorylation/dephosphorylation of cyclins and CDKs themselves also plays a role in CDK
activation. In fission yeast, a single CDK, Cdc2%, is responsible for all cell cycle transitions.

It associates with different cyclins to achieve this regulation. Cdc13 (cyclin B homolog) is



important for Cdc2°®! function in mitosis. Cdc2*! is repressed by phosphorylation, and

Weel kinase and Cdc25 phosphatase counteract each other to regulate its activation

(Parker et al, 1992; Parker & Piwnica-worms, 1992; Moreno & Nurse, 1990). Increased
expression of Cdc139"8 and dephosphorylation of Cdc2%! by Cdc25 act together to
activate Cdc2%! towards the end of G2. Initial low levels of Cdc2#!-Cdc13%<"8 activity
further drive its own activation in a positive feedback loop (Enoch & Nurse, 1990). Cdc2¢!-
Cdc13%¢i"B can then initiate mitosis. Towards the end of mitosis, Cdc13%°"® |evels rapidly

drop as a result of proteasomal degradation (Sullivan & Morgan, 2007).
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Figure 1.1 Overview of cell cycle and cyclin levels. The cell cycle is composed of two main
stages, interphase and mitosis. Interphase includes the G1, S, and G2 phases. During G1, cells
grow and replicate organelles. During S phase, DNA is replicated. In G2, cells continue to
grow. Mitosis occurs after G2 and involves segregation of replicated chromosomes and
division of the cell nucleus. This is followed by cell division. Instead of progressing through
the cell cycle, cells may enter a non-proliferative state known as GO. The relevant Cdk-cyclin
complexes in higher eukaryotes are indicated for each stage of the cell cycle. (B) Cyclin
dependent kinases (Cdks) regulate the cell cycle. Different cyclins are expressed at varying
levels throughout the cell cycle, and different Cdk-cyclin complexes have specific roles at
different stages in the cycle. In metazoans, Cdk2 interacts with cyclin E and cyclin A during S-
phase, and Cdkl interacts with Cyclin A and Cyclin B during mitosis. Cyclins are rapidly
degraded during mitotic exit. Figure adapted from work by loanna Leontiou.



1.1.2 Mitosis

During mitosis, the nucleus is divided in preparation for cell division. Mitosis is comprised of
several distinct phases. These include prophase, prometaphase, metaphase, anaphase and

telophase (for reviews see Mitchison & Salmon, 2001; Mclintosh, 2016) (Figure 1.2).

Before mitosis occurs, cells have already replicated their DNA during S-phase. Pairs of
replicated chromosomes, also known as sister chromatids, are held together at their
centromeres. Cohesion between sister chromatids is maintained by loading cohesin onto
chromosome arms during DNA replication. Cohesin is a ring-like complex which consists of
four subunits, Mcd1 (also known as Scc1), Smcl, Smc3 and Scc3 (Nasmyth, 2002). Multiple
cohesin molecules link sister chromatids together. Premature cohesin removal is inhibited
during metaphase by securin. Securin acts by inhibiting separase, an enzyme which cleaves
cohesin. During anaphase, upon degradation of securin, cohesin is removed and sister

chromatids are separated.

During prophase, chromosomes begin to condense. The mitotic spindle also starts to
assemble at this stage. Two microtubule-organising centres (centrosomes in vertebrates,
spindle pole bodies in yeast) move apart towards opposite poles of the cell and start to

nucleate microtubules. These microtubules are bundled into spindle fibres.

During prometaphase, the nuclear envelope breaks down (in humans and other organisms).
This step does not occur in fission yeast, as these cells undergo a closed mitosis in which
the nuclear envelope remains intact. Condensation of chromosomes continues. The mitotic
spindle is formed and begins to bind to (‘capture’) sister chromatids at their kinetochores,
which are multi-protein structures which assemble on centromeric DNA of each

chromosome (Cheeseman & Desai, 2008).

In metaphase, chromosomes are attached to the mitotic spindle. Chromosomes must be
bioriented on the spindle for correct segregation to occur, i.e. the kinetochores of a pair of
sister chromatids must be attached to opposite spindle poles, so they can be pulled apart
(Mclintosh, 2012). In vertebrate cells, chromosomes align at a position between the spindle
poles (known as the cell mid-zone or ‘metaphase plate’). Once all chromosomes are
bioriented, anaphase onset can occur. During anaphase, cohesion between sister
chromatids is lost, allowing them to be separated and pulled towards opposite spindle

poles by spindle fibres (Rieder et al, 1995). Correct segregation of chromosomes at this
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stage is important for ensuring that all daughter cells receive a full set of genetic material.
Failure to segregate chromosomes normally results in cells with an abnormal number of
chromosomes, a condition known as aneuploidy. Aneuploidy can have severe

consequences for cell viability (Section 1.5.1).

During telophase, the nuclear envelope is reassembled around each new set of
chromosomes (except in yeast cells, which remain enclosed in the nucleus throughout the
cell cycle). Finally, cells physically cleave into two new daughter cells, each of which

contains all necessary components, including a full set of chromosomes.

In organisms capable of sexual reproduction, cells may undergo a different type of cell
division called meiosis. Two rounds of chromosome segregation are carried out in these
cells, eventually resulting in the production of haploid cells. These can fuse with another
haploid cell to form a diploid zygote. There are many similarities between the regulation of

mitosis and meiosis, but this thesis focuses on the mitotic cell cycle.
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Figure 1.2 Overview of mitosis
Mitosis is divided into several phases; prophase, prometaphase, metaphase, anaphase and
telophase. In prophase, chromosomes condense, and spindle poles start to separate (in
vertebrates, spindle poles are centrosomes; the yeast equivalents are spindle pole bodies, or
SPBs). In prometaphase, the nuclear envelope is disassembled, and the mitotic spindle is
formed. During metaphase, chromosomes align at the metaphase plate (indicated by dashed
line in the cell midzone). Anaphase onset occurs upon biorientation of all chromosomes on
the mitotic spindle. Chromosomes are segregated to opposite poles of the cell. During
telophase, nuclear membranes reassemble around the two sets of chromosomes, in
preparation for separation into two new daughter cells during cytokinesis. Figure adapted

from work by loanna Leontiou.
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1.1.3 Cell Cycle Checkpoints

To prevent errors in the cell cycle which could have deleterious effects, eukaryotic cells
have evolved various regulatory mechanisms. These mechanisms involve several
‘checkpoints’, which cells must satisfy in order to progress through the cell cycle. The idea
of cell cycle checkpoints was first proposed by Weinert and Hartwell (1989). Checkpoints
guard against various defects, including errors in DNA synthesis, DNA damage and
chromosome segregation (Figure 1.3). Generally, these checkpoints block cells from
progressing through the cell cycle, allowing time for errors to be corrected. Together, these

checkpoints ensure high fidelity of genomic transmission to daughter cells.

Checkpoint mechanisms are generally composed of components which sense cell cycle
defects and amplify the checkpoint signal to ensure a robust cell cycle delay, and
components which inhibit cell cycle progression and/or actively repair defects (Lowndes &
Marguia, 2000). Mechanisms for deactivating these checkpoints once errors have been

corrected are important for allowing cells to proceed through the cell cycle.

One of the first identified checkpoint components was Rad9, which was identified to play a
role in responding to DNA damage in S. cerevisiae (Weinert & Hartwell, 1988). This DNA
damage checkpoint mechanism was found to be highly conserved. This checkpoint can
detect various kinds of DNA damage by monitoring for the presence of single-stranded
DNA (Lowndes & Marguia, 2000). The effector of this checkpoint is the checkpoint kinase,
Chk1 (Walworth et al, 1993). Chk1 can block progress from G1/S phase or G2/M, by
blocking activation of Cdk1¢4?/¢¢<28 |t does this by stabilising the inhibitor of Cdk1¢dc/cd<28,
Weel kinase. Additionally, it prevents localisation of the Cdk14?/¢¢<28 5ctivator, Cdc25
phosphatase, to the nucleus (O’Connell et al, 1997; Raleigh & O’Connell, 2000; Lopez-
Girona et al, 1999). Upon completion of DNA repair, Chk1 is inactivated, allowing cells to

progress to mitosis (Latif, 2004).

Another checkpoint, the spindle assembly checkpoint (SAC), regulates the transition from
metaphase to anaphase. This checkpoint is also known as the mitotic checkpoint or spindle
checkpoint. It promotes accurate chromosome segregation by monitoring for errors in
attachment of chromosomes to the mitotic spindle. This checkpoint forms the subject of

this thesis and will be explored in detail in the following sections (Section 1.3).
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Figure 1.3 Cell cycle checkpoints
Checkpoints regulate the progression of cells through the cell cycle by controlling the activity

of Cyclin dependent kinases (Cdks). These checkpoints detect errors in important cell cycle
processes and ensure these are corrected before cells progress to the next stage.
Checkpoints include the DNA replication checkpoint, the DNA damage checkpoint and the

spindle assembly checkpoint. Figure adapted from work by loanna Leontiou.
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1.2 Metaphase-to-Anaphase transition

1.2.1 Metaphase-to-Anaphase transition

Once all chromosomes have been successfully bioriented, cells can enter anaphase. This

transition requires several key steps, as follows:

i) Degradation of cyclin B, which prevents ongoing activation of mitotic effectors

(such as Cdk1) by CDK/cyclin B
ii)  Removing sister chromatid cohesion
iii)  Segregating chromosomes via spindle elongation

Anaphase onset is triggered by the APC/C®?°, The APC is an E3 ubiquitin ligase, which
brings about anaphase onset by targeting key mitotic proteins for degradation, including
cyclins and regulators of sister chromatid cohesion (Barford, 2011). It does this by poly-
ubiquitinating proteins to target them for proteasomal degradation. Poly-ubiquitination
also requires ubiquitin-activating enzymes (E1s) and ubiquitin-conjugation enzymes (E2s)
along with E3 ubiquitin ligases (Hershko & Ciechanover, 1998). The APC needs to interact
with the co-activator Cdc20 for its activity in early mitosis. During anaphase, another APC
co-activator, Cdh1, takes over this role (for an overview, see Barford, 2011). Cdc20 and

Cdh1 are involved in APC substrate recognition.

Degradation of cyclin B (S. pombe: Cdc13) inactivates the mitotic kinase Cdk1. This allows
Cdk targets to be dephosphorylated, which is important for regulating the final steps in

mitosis, including disassembly of the mitotic spindle, cytokinesis.

During metaphase, sister chromatids remain linked to each other by cohesin. During
anaphase, upon degradation of securin, cohesin removal can occur, allowing sister

chromatids to be separated.

During anaphase, sister chromatids must first be separated and then segregated towards
opposite poles of the cell along the mitotic spindle. This segregation is carried out by the
mitotic spindle, a bipolar array of microtubules which attach to chromosomes and pull
sister chromatids apart towards opposite cell poles. Microtubules bind to chromosomes at
their kinetochores, which are large protein structures that assemble on centromeric DNA.
Once all chromosomes are bioriented, anaphase onset can occur (reviewed in Tanaka,

2010).
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The spindle assembly checkpoint regulates the metaphase-to-anaphase transition. It is
important to monitor attachment of chromosomes to the mitotic spindle as incorrect
attachments can result in missegregation of chromosomes and aneuploidy. The SAC
prevents missegregation by inhibiting activation of the anaphase promoting complex (APC-

Cdc20) until all chromosomes are properly attached (Figure 1.4).
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Figure 1.4 Improperly attached chromosomes trigger SAC signalling. See legend over page.
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Figure 1.4 Improperly attached chromosomes trigger SAC signalling

Chromosomes need to be bioriented on the mitotic spindle to ensure accurate segregation
towards opposite poles. When all chromosomes are correctly attached to the mitotic
spindle via their kinetochores, the Spindle Assembly Checkpoint (SAC) is turned off, and
cells proceed to anaphase (A). Prior to anaphase, sister chromatids are held together by
cohesin, but as cells proceed into anaphase, cohesin is cleaved by the enzyme separase,
allowing chromosomes to be separated. In panel B, the SAC remains activated due to errors
in kinetochore-microtubule attachment. Unattached kinetochores of monotelic
chromosomes activate the checkpoint. The SAC also remains active in the case of syntelic
attachments, which lack tension. In panel C, merotelically attached chromosomes are
shown; in these, one kinetochore is attached to microtubules from both spindle poles.
Since these chromosomes are attached and under tension, they may not be detected by
the SAC. However, these merotelic attachments can cause lagging chromosomes and
aneuploidy.

1.2.2 Kinetochores

Chromosomes attach to the mitotic spindle microtubules via kinetochores, protein
structures which assemble on specialised chromatin domains called centromeres.
Kinetochores are highly complex structures, consisting of approximately 100 proteins in

vertebrates (Cheeseman & Desai, 2008; Samejima et al, 2015).

Kinetochores are broadly organised into ‘inner’ and ‘outer’ domains. Inner domain proteins
are close to chromatin, and include CCAN network proteins, which constitutively localise to
centromeres (Perpelescu & Fukagawa, 2011; Takeuchi & Fukagawa, 2012). Outer

kinetochore proteins are recruited to centromeres via CCAN (Figure 1.5).

The outer kinetochore plays an important role in mitosis, as not only is it required for the
formation of kinetochore-microtubule (KT-MT) attachments, it also acts as the scaffold for

the assembly of the SAC signalling complex.

The outer kinetochore consists of the KMN network (KNL1, Mis12 and Ndc80 complexes).
The KNL1 complex consists of KNL1 (S. pombe: Spc7; S. cerevisiae: Spc105) and Zwint. KNL1
is particularly important as a scaffold for SAC signalling (Section 1.3). The Mis12 complex
consists of Mis12, Pmfl, Dsnl and Nsl1. This complex is important for tethering the KMN
network to the inner kinetochore. The Ndc80 complex consists of Ndc80 (Hecl in humans),
Nuf2, Spc24 and Spc25. Microtubules bind kinetochores by direct interactions with Ndc80
(Biggins et al, 2013; Musacchio et al, 2017).

The Dam1/DASH complex is an additional component of the outer kinetochore. It has been

identified in both S. cerevisiae and S. pombe, but no orthologs have been identified in
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higher eukaryotes. This yeast-specific complex consists of 10 proteins and is involved in
microtubule binding. In vitro studies suggest that Dam1 complexes oligomerise to form a
ring around microtubule plus ends (Miranda et al, 2005; Wang et al, 2007; Westermann et
al, 2005), although in vivo work in S. pombe suggests that formation of this ring structure

may not be essential (Buttrick & Millar, 2011).

The Ska (Spindle and kinetochore associated) complex has been identified as an outer
kinetochore component in human cells and has been proposed to play a similar role to the
Dam1/DASH complex in promoting kinetochore-microtubule attachment (Gaitanos et al,

2009; Welburn et al, 2009; Hanisch et al, 2006).

Kinetochore-microtubule attachment

Bipolar attachment of kinetochores is important for accurate chromosome segregation and
satisfaction of the checkpoint. The checkpoint is ‘satisfied’ when the kinetochore
attachment errors that trigger the SAC have been corrected, and the SAC can be switched
off. Even a single unattached kinetochore is sufficient to generate a SAC arrest (Rieder et al,
1995). A SAC arrest is also generated in response to errors in kinetochore attachment, for
example syntelic attachments (where both kinetochores of a pair of chromatids are
attached to microtubules from the same spindle pole) (Figure 1.4). Normally, bipolar
attachment of sister kinetochores generates tension across the kinetochores, as pulling
forces from opposite poles are exerted across the mitotic spindle. This is important for
stabilisation of correct microtubule attachments. Work by Bruce Nicklas and Carol Koch
(1969) demonstrated that artificially manipulating chromosomes with monopolar
attachments to exert tension on them was sufficient to stabilise monopolar attachments.
Both syntelic and monotelic attachments (where only one kinetochore in a pair is attached

to the spindle) are not under tension.
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Figure 1.5 Schematic of kinetochore structure. The inner kinetochore consists of CCAN
(constitutive centromere-associated network) proteins, such as CENP-A, CENP-C and CENP-
T. CCAN proteins mediate the recruitment of outer kinetochore proteins to centromeres.
CENP-A nucleosomes interact with CENP-C directly. CENP-C also binds the Nuf2 subunit of
the Mis12 complex, part of the KMN network of outer kinetochore proteins (Knl1-Mis12-
Ndc80). Additionally, CENP-T interacts with the Ndc80 complex and is important for its
localisation to kinetochores. Microtubule binding sites are present in both Ndc80 and Knl1.
Microtubule binding to Ndc80 is important for attachment to the mitotic spindle. There are
several differences between yeast kinetochores and those of higher eukaryotes. This
diagram mainly illustrates the vertebrate kinetochore. The Dam1 complex is thought to
promote KT-MT interactions in both budding yeast and fission yeast. The human Ska
complex is thought to be analogous to Dam1 complexes in yeast (Welburn et al, 2009;
Jeyaprakash et al, 2012). Image from Yamagishi et al, 2014.
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Error correction

Error correction mechanisms exist to remove incorrect microtubule attachments, allowing
kinetochores to be reattached correctly. There is evidence to suggest that stabilisation of
correct attachments is dependent on tension. In spermatocytes, applying tension to
syntelic attachments using a micro-needle apparatus was shown to stabilise these

attachments (Nicklas & Koch, 1969).

This tension-sensing error correction mechanism is dependent on the kinase Aurora B, the
catalytic component of the Chromosomal Passenger Complex (CPC). The CPC also contains
the proteins Survivin, Borealin and INCENP (Adams et al, 2001). Aurora B (S. pombe: Arki;
S. cerevisiae: Ipll (Francisco et al, 1994)) has been proposed to function as a sensor of intra-
kinetochore stretch (Krenn & Musacchio, 2015). Aurora B activity destabilises incorrect
attachments by reducing the affinity of KT-MT interactions. Several outer kinetochore
targets for Aurora B phosphorylation have been identified (Welburn et al, 2010). These
targets include Ndc80 and Dam1 (in budding yeast) (Cheeseman et al, 2002; Welburn et al,
2010). Ndc80 can be phosphorylated by Aurora B on its N-terminal CH (calponin homology)
domain, which is involved in microtubule binding (Ciferri et al, 2008; Wei et al, 2007). This
phosphorylation results in loss of microtubule attachment and facilitates recruitment of
Mps1. It is thought that tension stabilises KT-MT attachments by stretching kinetochores
and spatially separating centrosome-localised Aurora B from these outer kinetochore
targets (for a review, see Krenn & Musacchio, 2015). This is supported by observations that
outer kinetochore targets of Aurora B (including both artificial targets, such as FRET sensor
proteins, and endogenous Aurora B targets) are not phosphorylated while kinetochores are
under tension, but continue to be phosphorylated if they are relocated close to Aurora B,

e.g. by tethering to CENP-B (Liu et a/, 2009; Keating et al, 2009; Welburn et al, 2010).

1.3 The Spindle Assembly Checkpoint

During mitosis the spindle assembly checkpoint (SAC) is responsible for ensuring that
chromosomes are properly attached to the mitotic spindle prior to anaphase onset, thus

promoting accurate segregation of chromosomes into daughter cells. Errors in
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chromosome segregation have severe consequences for human health, including

embryonic lethality, birth defects and cancer (reviewed in Kops et al, 2005b).

The spindle assembly checkpoint is triggered when kinetochores are improperly attached
and prevents progression to anaphase (Figure 1.4). A diffusible signal generated at
unattached kinetochores causes the cell to arrest in metaphase, allowing time for proper
attachment to be achieved (Rieder et al, 1995). This was demonstrated by laser irradiation
of centromeres (and their associated kinetochores) on mono-oriented chromosomes in
Ptk1 cells. These cells were monitored by light microscopy and it was found that upon
destruction of the last mono-oriented centromere, cells rapidly entered anaphase,
indicating that the SAC signal was generated by these unattached kinetochores. Upon
correct attachment of all kinetochores, the checkpoint signal is turned off (silenced), and

cells proceed through anaphase.

Factors involved in SAC-mediated arrest include Mad and Bub proteins (Hoyt et al, 1991; Li
& Murray, 1991). These Mad (mitotic arrest deficient) and Bub (budding uninhibited by
benzimidazole) proteins were identified as being sensitive to the benzimidazole drugs (e.g.
benomyl). Benzimidazole inhibits microtubule polymerisation, and low doses of these drugs
cause problems in kinetochore-microtubule attachment and activate the SAC. In wild-type
cells this causes an increased duration of mitosis (‘increased mitotic index’) as cells arrest at
metaphase to correct errors in kinetochore-microtubule attachment. However, yeast cells
which lack a functional checkpoint do not arrest in metaphase, and prematurely exit
mitosis. This is likely to result in errors in chromosome segregation and is detrimental to

cell viability.

An important research question in spindle checkpoint regulation is how cells sense
unattached or incorrectly attached kinetochores and activate the spindle checkpoint in
response. Mitotic kinases Mps1 (S. pombe: Mph1) and Aurora B (S. pombe: Ark1) (Funabiki
& Wynne, 2013) are recruited to unattached kinetochores (reviewed in London & Biggins,
2014). It has been demonstrated that kinetochores not only mediate microtubule
attachment but also act as a scaffold for the assembly of anaphase inhibitory complexes
(Rieder et al, 1995). This multifunctionality is important for coupling SAC signalling with

kinetochore-microtubule (KT-MT) attachment status.
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1.3.1 Silencing the SAC signal

The SAC is satisfied by the establishment of stable KT-MT attachments, and the
biorientation of all chromosomes on the mitotic spindle. It is important to consider how
attachment is detected and related to onset of checkpoint silencing. As discussed in Section
1.2.2, microtubule attachments which are under tension are stabilised. This is believed to
be due to tension causing kinetochores to stretch, thus separating Aurora B from its outer
kinetochore substrates. However, multiple mechanisms have been proposed to be involved

in the onset of checkpoint silencing.

Altering the levels of Mps1 activity or recruitment to the kinetochore can have an
important effect on silencing. There is evidence which shows that microtubules compete
with Mps1 for access to their binding sites on Ndc80/Nuf2 (Hiruma et al, 2015). This means
that microtubule binding can physically separate Mps1 from the KNL1 phosphodomain
(Aravamudhan et al, 2015). However, as Mps1 is highly dynamic in human cells, it is

possible that this mechanism may not be sufficient for silencing.

1.3.2 Mechanism of anaphase inhibition by SAC

Anaphase onset is triggered by ubiquitin-mediated degradation of mitotic proteins,
including securin and cyclins. This is mediated by the E3 ubiquitin ligase known as the

anaphase-promoting complex (APC) (reviewed in Peters, 2006).

The SAC prevents anaphase onset by blocking APC activation. It does so by inhibition of
Cdc20, an essential coactivator of the APC. It was observed that Mad2 and Cdc20 are both
recruited to and released from kinetochores in a dynamic manner, making them likely

candidates for a diffusible signal (Shah et al, 2004).

The first inhibitor of the APC/C that was identified was Mad2 (Li et al, 1997; DeAntoni et al,
2005). An activated form of Mad2 was found to bind and inhibit Cdc20. Mad2 can adopt
either an open or closed confirmation (O-Mad2 and C-Mad2, respectively) (DeAntoni et al,
2005; Luo et al, 2002). C-Mad2 binds to Cdc20 (or Mad1) by adopting a ‘safety belt’
conformation, where the C-terminal tail wraps around the ligand to bind it in place (Luo et
al, 2002). In O-Mad2, the C-terminal tail is folded back on itself, blocking binding of

partners (Figure 1.6).
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During SAC signalling, Mad1l—C-Mad2 heterotetramers stably associate with kinetochores,
where they can dimerise with soluble O-Mad2 and convert it to a C-Mad2 conformation. It
was observed from FRAP data (Fluorescence Recovery After Photobleaching) that a highly
dynamic pool of Mad2 localised to kinetochores (Shah et al, 2004; Vink et al, 2006). It was
hypothesised that interactions between soluble O-Mad2 and Mad1-C-Mad2 complexes
promoted the conversion of the former to C-Mad2, in what has become known as the
‘template’ model. Confirmation for this hypothesis was provided by crystal structures of
Mad1—C-Mad2 and O-Mad2—C-Mad2 dimers (Musacchio & Hardwick, 2002; Mapelli et al,
2007).
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Figure 1.6 Open (0) and Closed (C) conformations of Mad2. O-Mad2 is inactive, with its C-
terminal tail folded back upon itself (shown in brown). Upon binding to Mad1 or Cdc20, the
C-terminal region of Mad2 closes across the ligand in a ‘safety belt’ mechanism, locking it in
place. Conversion of soluble O-Mad2 to C-Mad2 is promoted by interactions with
kinetochore-associated Mad1-C-Mad2 dimers. Figure from Nasmyth, 2005.

BubR1 (Mad3 in yeast) was subsequently also found to inhibit the APC/C (Tang et al, 2001).
Mad2-Cdc20 and BubR1 act together by forming an inhibitory complex known as the
mitotic checkpoint complex, or MCC. The MCC is a more potent inhibitor than either BUBR1
or Mad2 alone (Fang, 2002). The MCC complex consists of Mad2, Mad3/BubR1, Bub3, and

Cdc20. This architecture is conserved in model organisms, except for fission yeast, in which
the MCC lacks Bub3.

25



ACTIVE APCCdc20
APC Degradation securin/cyclin B

o I\’Uj\ o Anaphase onset

Unattached kinetochores

\ SAC OFF

Mad2

SACON .

@ Disassembly
and removal of MCC

mee SAC silencing

APC N

@ / All kinetochores attached
|
5 N's
5
APCEA20 _MCC

SACON Anaphase delayed

Figure 1.7 The SAC responds to errors in KT-MT attachment by inhibiting APC activation.
The APC (Anaphase Promoting Complex) is an E3 ubiquitin ligase which targets key mitotic
proteins for degradation, thus promoting anaphase onset. The SAC detects errors in
attachment of chromosomes to the mitotic spindle. In response to these errors, the SAC
promotes the assembly of APC inhibitors such as the mitotic checkpoint complex (MCC),
which consists of Cdc20°?!, Mad2 and Mad3 in S. pombe. The MCC can bind to and inhibit
APC which already has a second copy of Cdc20 present. Cdc20 is an essential coactivator of
the APC, and by inhibiting its activity, APC is maintained in an inactive state. Upon the
formation of correct KT-MT attachments, the SAC can be silenced. Disassembly of the MCC
is important for checkpoint silencing.

It was found that the MCC binds to and inhibits APC which is already bound to a second
copy of Cdc20 (Izawa & Pines, 2015; Alfieri et al, 2016) (Figure 1.7). This suggests that the
APC/C is poised for activation as soon as the MCC is disassembled. This allows rapid onset

of anaphase once the checkpoint is silenced.
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Cryo-electron microscopy of MCC-bound human APC has provided insights into the
mechanisms by which the MCC inhibits APC activity (Alfieri et al, 2016). MCC mainly
interacts with the APC via contacts between APC-bound Cdc20 and MCC components (i.e.
BubR1 and a second Cdc20 protein). Degron-like motifs of BubR1 interact with the APC-
Cdc20 complex and prevent it from recognising substrate degrons. BubR1 also occludes

binding sites for the E2-ubiquitin ligase, UbcH10, impeding ubiquitination activity of APC.

1.3.3 Generating the SAC signal

As previously mentioned, the key mechanism by which anaphase inhibitory complexes are
formed is by localising spindle checkpoint proteins to kinetochores, including mitotic

kinases Aurora B and Mps1 as well as Bub1, BUBR1 (Mad3 in yeast), Mad1 and Mad2.

Mitotic kinases have been found to play a key role in activation of the spindle checkpoint. It
was thought that the sole contribution of Aurora B to checkpoint activation was via the
error correction mechanism, which destabilises incorrect attachments to generate
unattached kinetochores. However, there is growing evidence for the importance of Aurora
B for SAC activity (Vanoosthuyse & Hardwick, 2009). Aurora B activity is an important
upstream event in SAC signalling, with loss of Aurora B resulting in failure of any other
checkpoint components to localise to kinetochores (Heinrich et al, 2012; Santaguida et al,
2011; Saurin et al, 2011). It has been shown in human cells that tethering Mps1 at
kinetochores bypasses the requirement for Aurora B. This supports the hypothesis that the

primary role of Aurora B in SAC signalling is to localise Mps1 at kinetochores.

Mps1 as a master regulator of SAC signalling

Mps1 has pleiotropic functions in mitosis. Mps1 is involved in chromosome biorientation in
both yeast and vertebrate cells (Maure et al, 2007; Maciejowski et al, 2017). In budding
yeast, Mps1 was identified to be important for spindle pole body (SPB) duplication,
however this function is not conserved in the fission yeast homolog (Mph1) (Winey et al,
1991; He et al, 1998). Mps1 plays a highly conserved role in checkpoint signalling, although
C. elegans lacks an Mps1 homolog (Essex et al, 2009). There is evidence to suggest that C.
elegans Polo-like kinase (PLK-1) functionally substitutes for Mps1 in the spindle checkpoint
by phosphorylating KNL-1 (Knl1 homolog) (Espeut et al, 2015).
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Mps1 regulates the recruitment of MCC components in a stepwise manner. There are two
main modules involved in SAC signalling, the KNL1-Bub3-Bub1 interaction and the Mad1-

Mad?2 interaction.

Mps1 phosphorylates the outer kinetochore protein KNL1 (Spc7) at its MELT motifs
(IM/11[E/D/N][I/L/M][S/T]) (London et al, 2012; Yamagishi et al, 2012). Once
phosphorylated, these motifs recruit Bub3-Bub1 complexes (Shepperd et al, 2012) (Figure
1.8). This binding is mediated through Bub3, although Bub1 interactions with KNL1 may

stabilise the interaction (Krenn et al, 2012; Primorac et al, 2013).
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Figure 1.8 Phosphorylation of MELT motifs in Knl1/Spc7 is a key upstream event in SAC
activation. Mps1™Ph phosphorylates MELT motifs in N-terminus of KNL15P<7, This
phosphorylation is required for recruitment of Bub3-Bub1 to unattached kinetochores.

BUBR1 (Mad3) is recruited to kinetochores via the KNL1-Bub3-Bub1 scaffold (Overlack et al,
2015). Initially it was thought that this interaction was mediated by direct interactions
between Bub3 and BUBR1, however it is now believed that Bub1l is important for BUBR1

recruitment.

It is hypothesised that the KNL1-Bub3-Bub1l scaffold generates an arrest, and that
phosphorylation of Bub1 by Mps1 allows it to recruit Mad1-Mad2, which results in robust
inhibition of the APC by promoting the formation of the MCC complex (Figure 1.9). Work in
budding yeast has demonstrated that the generation of the Mad1-Bub1 complex is a

hallmark of checkpoint signalling (London & Biggins, 2014; Brady & Hardwick, 2000). Recent
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data from our lab has detected the Mad1-Bubl complex in fission yeast and demonstrated

that disrupting this interaction abolishes the checkpoint (Yuan et a/, 2016).

Anaphase
Promoting
~ Complex
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Checkpoint @ Mitotic arrest
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UNATTACHED KINETOCHORE

Figure 1.9 Schematic of endogenous spindle assembly checkpoint. Unattached
kinetochores generate a checkpoint signal which triggers mitotic arrest, allowing
attachment defects to be corrected before cells pass through anaphase. This is achieved by
the repression of the anaphase promoting complex (APC) by the mitotic checkpoint
complex (MCC). Checkpoint proteins including Mps1 kinase, Knl1 and Mad1 localise to
kinetochores, where they are believed to act as a scaffold to guide the assembly of
complexes involved in delaying anaphase onset, i.e. the MCC. Some checkpoint proteins
stably associate with kinetochore-bound proteins, e.g. Bub1, Bub3 and Mad2, whereas
others interact in a dynamic fashion (indicated by curved arrows), e.g. Mad2 and Mad3.
Adapted from Yuan et al, 2016.

1.3.4 Non-kinetochore sites of checkpoint activation

Although kinetochores are the principal site of MCC formation, there is evidence to suggest
that anaphase-inhibitory complexes also function away from the kinetochore. It has been
demonstrated that anaphase inhibitory complexes are present during interphase in Hela
cells (Sudakin et al, 2001), and can also be formed in S. cerevisiae cells which lack functional
kinetochores (Fraschini et al, 2001). It has also been observed that Mps1 which lacks a
kinetochore-binding domain is capable of delaying mitotic exit in MEF cells (Foijer et al,
2014) and RPE1 cells (Rodriguez-Bravo et al, 2014). The essential functions of BubR1 in
mitosis can also be carried out by an N-terminal fragment which cannot localise to

kinetochores (Malureanu et al, 2009).
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This pre-mitotic, kinetochore-independent pool of anaphase inhibitors defines a minimum
duration of interphase in unperturbed cells by preventing premature mitotic exit before

new kinetochores assemble and can generate a SAC response (Meraldi et al, 2004).

It has been shown in humans and S. cerevisiae that Mad1-Mad2 complexes associate with
the nucleoplasmic side of nuclear pore complexes during interphase (Campbell et al, 2001;
Scott et al, 2005), where they can interact with soluble Mad2 and catalyse its structural

conversion to allow it to bind Cdc20 (Rodriguez-Bravo et al, 2014).

1.3.5 Non-checkpoint functions of checkpoint/MCC components

Several of the proteins involved in the SAC have additional, non-checkpoint associated
functions. These pleiotropic functions are important to bear in mind when interpreting
studies of SAC function. For example, Bub1 has non-checkpoint functions including roles in
chromosome congression and stabilisation of kinetochore-microtubule attachments (Klebig
et al, 2009; Warren et al, 2002; Williams et al, 2007). Bub1 also affects error correction of
KT-MT attachment, as localisation of shugoshin (and the CPC) to centromeres depends on
Bub1-dependent phosphorylation of histone H2A (Boyarchuk et al, 2007; Kitajima et al,
2004, 2005; Fernius & Hardwick, 2007; Kawashima et al, 2010).

A Golgi-localised pool of Mad1 has been discovered in mammalian cell lines (Wan et al,
2014). Mad1 associates with the Golgi independently of Mad2. Mad1-depletion
experiments suggest that this pool of Mad1 promotes a-integrin secretion and affects cell

migration, although the mechanism for these functions is unclear.

Mps1 is also involved in spindle pole duplication and error correction (for a review see

Pachis & Kops, 2018).

1.4 Silencing the SAC

Despite its importance in cell cycle regulation, relatively little is known about the
mechanisms for silencing SAC signalling. Although certain aspects of silencing are becoming
clearer, such as the mechanism by which kinetochore-microtubule attachment triggers

silencing, our understanding of how the generation of SAC complexes at the kinetochore is
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shut off or how the activity of existing complexes throughout the nucleus/cell is quenched

is incomplete.

In the absence of continued MCC generation at unattached kinetochores, spontaneous
dissociation of MCC components may occur. However, the rate at which SAC silencing is
achieved suggests that active processes are involved. Degradation of cyclin B has been
observed to occur soon after the completion of correct kinetochore attachment (Clute &
Pines, 1999). However, the rate of spontaneous dissociation of anaphase inhibitory
complexes is relatively slow. It has been shown that after release of Hela cells from a
nocodazole-induced SAC arrest, the association of Cdc20 with Mad2 is quickly lost in wild-
type cells. However, in cells with both the known SAC silencing protein p31 and ubiquitin-
conjugating enzyme UbcH10 depleted, Mad2 and Cdc20 can still be co-immunoprecipitated
90 minutes post-release (Reddy et al, 2007). Thus the existence of SAC silencing
mechanisms explains the disparity between the slow rate of spontaneous MCC:APC
complex dissociation in vivo and rapid anaphase onset (for a review, see Ciliberto & Shah,

2009).

Balancing the activities of mitotic kinases and phosphatases plays an important role in
controlling SAC signalling. Phosphorylation of APC subunits, Cdc20, and other checkpoint
proteins regulates their mutual affinities and activity (Kramer et al, 2000). It has been
demonstrated that tension across kinetochores can trigger checkpoint silencing by spatially
separating Aurora B from its substrates. Additionally, microtubule attachment can block
Mps1 from binding to Ndc80 (Aravamudhan et al, 2015). Spatially separating these mitotic

kinases from their substrates allows dephosphorylation to occur.

Protein phosphatases have been identified to play an important role in SAC silencing. PP1
(Vanoosthuyse & Hardwick, 2009; Meadows et al, 2011; Pinsky et al, 2009; Rosenberg et al,
2011) and PP2A-B56 (Nijenhuis et al, 2014) have been found to play important roles.

There appear to be multiple redundant mechanisms involved in checkpoint silencing, at
least in vertebrate cells. In addition to regulation of silencing by phosphatases, other known
silencing mechanisms including dynein-mediated stripping of checkpoint proteins from the
kinetochore upon microtubule attachment (Howell et al, 2001). Various mechanisms to
disrupt MCC complexes have been identified, including a p31°°™* dependent pathway (Xia
et al, 2004; Yang et al, 2007) and Cdc20 ubiquitination (Reddy et al, 2007).
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Mechanisms of these silencing pathways are described in more detail in the following

section.

1.4.1 PP1°*2js a conserved checkpoint silencing factor

Protein phosphatase PP1P? has been identified to play a conserved role in silencing the
spindle checkpoint (Meadows et al, 2011; Pinsky et al, 2009; Vanoosthuyse & Hardwick,
2009; Nijenhuis et al, 2014). PP1 (S. cerevisiae: Glc7) is a widely expressed Ser/Thr
phosphatase. It acts upon thousands of substrates across all stages of the cell cycle
(Winkler et al, 2015), including Retinoblastoma protein in G1 (Hendrickx et al, 2009), MCM4
in S-phase (Hiraga et al, 2014), Cdc25 in G2, and Aurora A/B in M-phase. Like other
phosphatases, PP1 is regulated by interactions with different subunits. PP1 has
approximately 200 such confirmed interactors, which confer specificity upon its

interactions by influencing its localisation and substrate specificity (Hendrickx et al, 2009).

PP1 plays multiple roles during mitosis, and deletion of PP1 has been demonstrated to
cause a mid-mitotic arrest, with abnormal mitotic spindle organisation and over-condensed
chromosomes (Axton et al, 1990; Chen et al, 2007; Hisamoto et al, 1994). In S. cerevisiae,
loss of Glc7 function results in a lethal metaphase arrest, which indicates that it has

important functions in mitosis (Hisamoto et al, 1994; Bloecher & Tatchell, 1999).

Studying the functions of PP1 presents several challenges. Knockdown experiments are
problematic. In many organisms, PP1 has several isoforms which exhibit functional
redundancy. This makes knockdown experiments with individual isoforms uninformative
(Cheng et al, 2000; Kirchner et al, 2007). Additionally, the broad functionality of PP1

complicates analysis of knockdown experiments due to pleiotropic effects.

Discovery of PP1°2 SAC silencing functions

Ohkura et al identified defective in sister chromatid disjoining genes (dis1, 2 and 3) in S.
pombe (Ohkura et al, 1988). Dis mutants enter mitosis normally but experience defects
during mitosis. Despite failure to disjoin sister chromatids, chromosome condensation and
spindle elongation still occur in dis mutants, resulting in unequal segregation of

chromosomes (Ohkura et al, 1988).
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Dis2 was found to be a catalytic subunit of protein phosphatase PP1. Two such PP1 catalytic
subunits are found in S. pombe, Dis2 and Sds21 (Ohkura et al, 1989). These have partially
overlapping functions. Dis2 is highly conserved, with 82% sequence homology to rabbit PP1

(Ohkura et al, 1989).

Dis2 is enriched in the nucleus, but has a broad cellular distribution (Ohkura et al, 1989;
Alvarez-Tabarés et al, 2007; Matsuyama et al, 2006). Dis2 mutants have multiple defects,
including disrupted mitotic spindle structure, spindle degradation, chromosome
condensation, regulation of RNA Pol Il transcription termination and cell polarity (Ohkura et

al, 1989; Vanoosthuyse & Hardwick, 2009; Kokkoris et al, 2014; Parua et al, 2018).

PP1°2 was first identified to play a role in spindle checkpoint silencing in fission yeast
(Vanoosthuyse & Hardwick, 2009; Meadows et al, 2011). Previous research in this lab
demonstrated that although dis2A cells enter a SAC arrest normally, they experience
prolonged mitotic arrest, which suggests that they are unable to effectively silence the

checkpoint.

One of the challenges of studying checkpoint silencing is that it is difficult to distinguish
whether a prolonged mitotic arrest is due to failure of chromosomes to biorient or defects
in silencing itself. To overcome this limitation, this lab devised a system for separating these
functions (Vanoosthuyse & Hardwick, 2009) (Figure 1.10). For these experiments, strains
were used which contained the cold-sensitive tubulin mutant nda3-KM311.
Depolymerisation of microtubules at the restrictive temperature prevented these cells from
satisfying the SAC and caused prolonged metaphase arrest. These strains also contained an
analogue-sensitive allele of Aurora kinase (Ark1-as), allowing Ark1 to be inhibited upon the
addition of INMPP1 (ATP analogue). By inhibiting Ark1 during the metaphase arrest, cells
were unable to maintain activation of the SAC, and wild-type cells exited from metaphase

even in the absence of microtubules, i.e. independently of chromosome biorientation.

In this nda3-KM311 ark1-as assay, dis2A cells were unable to efficiently exit metaphase
arrest, even after Ark1 inhibition. This defect was found to be specific to Dis2, as deletion of
other phosphatases, including Sds21, Clp1 (Cdc14 homolog) and Parl (PP2A) did not have
an effect (Vanoosthuyse & Hardwick, 2009). The dis2A phenotype was found to occur under
more physiological conditions, i.e. when checkpoint signalling was deactivated by
microtubule attachment, using nda3-KM311 strains without Ark1 inhibition. This result has

been confirmed in several other studies, where the absence of kinetochore-localised PP1
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has been shown to cause failure to silence the checkpoint signal even when the checkpoint
is satisfied by microtubule reattachment (Meadows et al, 2011; Pinsky et al, 2009;

Rosenberg et al, 2011).
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Figure 1.10 nda3-KM311 ark1-as assay for checkpoint silencing. (A) Schematic diagram of
silencing assay. The SAC was activated by shifting cells with the cold-sensitive tubulin
mutant nda3-KM311 to the restrictive temperature. At 6 hours, the majority of cells were
arrested in metaphase, as determined by high levels of cyclin B localised to spindle pole
bodies (SPBs). The analogue-sensitive mutant kinase Ark1 was inhibited by adding INMPP1
(DMSO for controls). As a readout of checkpoint activity, cyclin B levels were monitored by
live cell microscopy. (B) Microscopy timecourse of cells illustrating the progressive loss of
cyclin B-GFP at SPBs as wild-type cells silence the SAC, in the absence of microtubules
(Vanoosthuyse & Hardwick, 2009).

Although the precise mechanisms of PP1-mediated silencing are not understood, these
experiments demonstrated that PP1°*2 js required to dephosphorylate Ark1 (Aurora B)
targets (Vanoosthuyse & Hardwick, 2009). There is evidence to suggest that Aurora B is
counteracted by PP1 in several systems, including human and yeast cells (Pinsky et al, 2009;

Emanuele et al, 2008; Wang et al, 2008).
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It is unclear what the important downstream targets of PP1P2 gre for silencing.
Dephosphorylation of KNL1 MELTs appears to be important, although there are likely to be

additional downstream targets (London et al, 2012; Nijenhuis et al, 2014).

It is notable that although knocking out PP1P*2 function has a severe impact on checkpoint
silencing in fission yeast, it does not completely abolish checkpoint silencing in either yeast
or human cells (Vanoosthuyse & Hardwick, 2009; Nijenhuis et al, 2014), which suggests that

other redundant pathways are involved.

Regulation of PP1°*? silencing functions

Recruitment of PP1°*? to kinetochores has been demonstrated to be important for its
checkpoint silencing functions. PP1 is targeted to kinetochores via KNL1%* (Liu et al, 2010;
Rosenberg et al, 2011; Meadows et al, 2011). In human cells, kinetochore-localised Aurora
B has been demonstrated to phosphorylate PP1-docking sites at the amino terminus of
KNL1%¢, blocking PP1P*2 recruitment (Liu et al, 2010). PP1°*2 can be recruited following
removal of Aurora B from the kinetochore upon the establishment of stable kinetochore-
microtubule attachments. A separate pool of PP1°*? is recruited to the mitotic spindle via

kinesins Klp5 and KIp6 (Meadows et al, 2011).

KNL1%¢” has been found to contain conserved PP1-binding motifs, SILK and RVxF (Egloff et
al, 1997). In S. pombe these conserved sequence motifs are KGILK and RRVSF respectively.
Mutation of the RVSF motif (either by deletion or substitution with alanines) was shown to
abolish PP1 binding in yeast and human cells (Meadows et al, 2011; Liu et al, 2010;
Rosenberg et al, 2011). The role of the SILK motif has been more controversial. Some
studies did not observe an effect of ablating this motif (Liu et a/, 2010), whereas others
have found that it reduces PP1 affinity, albeit in a less dramatic manner than deleting RVSF
(Meadows et al, 2011; Espeut et al, 2012; Bajaj et al, 2018). Recently, crystallographic and
NMR studies demonstrated that SILK (along with RVxF and another binding motif, ®®)
directly contacts PP1 (Bajaj et al, 2018) (Figure 1.11). It was demonstrated in the same
study that the N-terminal portion of KNL1 containing these motifs is sufficient for recruiting

PP1 in human cells (aa residues 23-80; SILK is 25-28, RVSF is 58-61).
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Figure 1.11 Human KNL1 binds to PP1 via direct interactions with SILK, RVSF and ®®
domains. (A) Crystal structure of KNL1,3.50 bound to PP1 holoenzyme. KNL1 fragment
shown in magenta, PP1 in grey. A flexible linker separates the SILK and RVSF motifs. (B)
Schematic of KNL1 binding domains. PP1-binding domains (SILK, RVSF and ®®) are shown
in magenta, microtubule binding region in blue, KI motifs in orange, and MELT motifs in
dark grey. The C-terminal Mis12-binding domain is also shown (light grey). Figure adapted
from Bajaj et al, 2018.

PP1 recruitment to kinetochores via Knll

PP1 is recruited to kinetochores specifically during metaphase. Regulation of PP1 binding
appears to be dependent on Aurora B activity. Both the SSILK and RVSF motifs of KNL1
contain conserved Aurora B consensus sites, which have been demonstrated to be

phosphorylated by Aurora B both in vivo and in vitro (Ser24, Ser25 and Ser60) (Welburn et
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al, 2010; Kettenbach et al, 2011). Phosphomimic mutants (S-D substitution) of these
residues have been demonstrated to block PP1 binding (Liu et al/, 2010; Bajaj et al, 2018). In
contrast, mutating these residues to non-phosphorylatable alanine residues caused only a
mild reduction in PP1 binding (Liu et al, 2010). Increasing Aurora B activity at the outer
kinetochore by tethering Aurora B to Mis12 (of the KMN network) results in reduced levels
of PP1 recruitment to kinetochores (Liu et al, 2010). These Aurora B consensus sequences
are conserved in fission yeast KNL1%°, although it has not been confirmed that Aurora BA™

is responsible for their phosphorylation in this organism.

A model of regulation of PP1 silencing activity has emerged. Aurora B activity excludes PP1
from kinetochores by phosphorylating binding motifs on KNL1. Phosphatase PP2A-B56 acts
to counteract this inhibition and promote PP1 binding. PP2A-B56 is recruited to
phosphorylated BUBR1 (Mad3 homolog) during prometaphase (Wang et al, 2016). During
metaphase, there is a balance between phosphorylation and dephosphorylation of Aurora
B targets (Nijenhuis et al, 2014). When the SAC is satisfied, Aurora B is spatially separated
from its outer kinetochore targets, which allows dephosphorylation to occur.
Dephosphorylation of KNL1 binding sites allows PP1 to be recruited to kinetochores, where
it can silence the SAC by dephosphorylating mitotic proteins. Important targets of PP1
remain to be discovered, however PP1 activity has been shown to counteract
phosphorylation of KNL1 MELT motifs and the recruitment of checkpoint proteins, e.g.
Bub3-Bub1 (London et al, 2012; Nijenhuis et al, 2014).

The N-terminal region of KNL1%*¢ is also involved in microtubule binding. This binding is not
required for forming tension-bearing KT-MT attachments or for SAC activation, as these
functions are mediated through Ndc80, but is involved in checkpoint silencing (Espeut et al,
2012). There is a basic patch immediately upstream of the SILK motif that is important for
microtubule binding (Espeut et al, 2012; Bajaj et al, 2018), however the region containing
the SILK and RVSF motifs has recently been shown to also be involved in microtubule
binding (residues 1-80; contains two binding domains, at residues 17-34 and 53-80) (Bajaj
et al, 2018). Phosphorylation of SILK by Aurora B also negatively regulates microtubule
binding. Microtubules and PP1 cannot bind KNL1 simultaneously, and it has been shown
that PP1 has a much higher affinity than microtubules for KNL1 (Bajaj et al, 2018). It is
possible that microtubule binding aids in recognition of attachment status and may
facilitate active transport of PP1 to KNL1 (Kim et al, 2010b), where it displaces KNL1-

microtubule interactions and silences the checkpoint (Espeut et al, 2012; Bajaj et al, 2018).
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PP1 recruitment to kinetochores via Kip5/KIp6

Fission yeast Klp5 and Klp6 are members of the kinesin-8 motor protein family (West et al,
2001; Garcia et al, 2002a). Kinesin-8 family members include processive, plus-end directed
molecular motors that concentrate at kinetochores early in mitosis (for a review, see
Messin & Millar, 2014). Kinesin-8 proteins are involved in microtubule depolymerisation,
kinetochore dynamics and anaphase onset (Mayr et al, 2007; Stumpff et al, 2008). Other
kinesin-8 family members include Kip3 (budding yeast) (DeZwaan et al, 1997) and KLP67A
(Drosophila) (Pereira et al, 1997), as well as Kif18A, Kif18B and Kif19 in humans (Zhu &
Jiang, 2005; Stout et al, 2011; Tanenbaum et al, 2009).

Mutation of either KIp5 or Klp6 results in aberrant chromosome movements and
stabilisation of microtubules, which results in abnormally long metaphase spindles (Garcia
et al, 2002b; Gergely et al, 2016; Meadows et al, 2011; West et al, 2001, 2002; Klemm et al,
2018). Although microtubule depolymerase activity has been reported for some kinesin-8
members, e.g. budding yeast KIP3 (Gupta et al, 2006; Varga et al, 2006), fission yeast
kinesins Klp5 or Klp6 were found not to have measurable depolymerisation activity in vitro

for stabilised microtubules (Grissom et al, 2009).

A separate pool of PP1 Dis2 is recruited to the mitotic spindle via Klp5 and Klp6 binding
sites (Meadows et al, 2011). Both Spc7- and Klp5/Klp6-bound pools of Dis2 have been
shown to play a role in checkpoint silencing, although recruitment to Klp5/Klp6 appears to
play a more minor role, and cells are generally able to silence the arrest, albeit less

efficiently, in klp5A/klp6A/double mutant strains (Meadows et al, 2011).

The motor activity of Klp5/Klp6 is important for many of their functions, as motor-defective
mutants display most of the defective phenotypes associated with their deletion mutants,
including chromosome biorientation defects. However, motor activity appears to be
unnecessary for the spindle checkpoint silencing function of these proteins in the absence
of microtubules (Meadows et al, 2011). In contrast, disrupting the PP1-binding sites of
these proteins results in phenotypes indicative of defects in checkpoint silencing, including
sensitivity to microtubule depolymerising drugs and delays in anaphase onset, despite

having normal metaphase spindle length (Meadows et al, 2011).
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1.4.2 Dynein-mediated stripping of checkpoint proteins to spindle poles

It has been observed that a range of SAC proteins localise to spindle poles upon formation
of kinetochore-microtubule attachments, including Mad2, Mad1, BubR1 and Mps1. It has
been proposed that ‘stripping’ of checkpoint components from kinetochores to spindle
poles plays a role in checkpoint silencing. Dynein/dynactin, a minus-end-directed
microtubule motor complex, was noted to be involved in movement of Mad2 to spindle
poles (Howell et al, 2001). Dynein remains localised at unattached kinetochores until stable
microtubule attachments are formed, which allow it to ‘walk’ along microtubules and
relocalise its cargo to spindle poles. This is thought to prevent formation of new MCC, as
proteins are no longer under the influence of regulatory phosphorylation by centromere-

localised Aurora B (Famulski et al, 2011; Howell et al, 2001).

Kinetochore proteins RZZ (Rod: Zw10: Zwilch) and Spindly are involved in this process
(Gama et al, 2017; Ying et al, 2009; Griffis et al, 2007; Kops et al, 2005a). Spindly is required

for recruiting dynein to kinetochores (Griffis et al, 2007).

Several observations suggest that ‘stripping’ is unlikely to be crucial for SAC silencing.
Firstly, it has been shown that checkpoint proteins Mad1 and Mad2 localise to spindle poles
even in the absence of Spindly, albeit at lower levels (Gassmann et al, 2010). Secondly, this
model assumes that spindle pole localised MCC components cannot inhibit APC/C. This
assumption is called into question by the fact that kinetochores are not the only site at
which APC/C inhibitory complexes can form (Essex et al, 2009; Kulukian et al, 2009;
Malureanu et al, 2009; Vanoosthuyse et al, 2009b). Finally, it has been demonstrated that
removal of Mad2 from kinetochores is not a requirement for anaphase onset (Canman et

al, 2002).

It appears this mechanism is not conserved in yeast, which lack RZZ and Spindly homologs.

Additionally, dynein is not essential for SAC silencing in yeast (Courtheoux et al, 2007).

1.4.3 Inactivation of Mad2 by p31<©°™¢!/TRIP13

Another vertebrate-specific mechanism of checkpoint silencing involves Mad2 inactivation
by TRIP13 and p31®™, As discussed in Section 1.3.2, a key event in MCC assembly is the
conversion of 0-Mad2 (open) to its active form, C-Mad2 (closed), which is capable of

binding Cdc20.
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Evidence for the role of p31°°™t in SAC silencing has been confirmed in several studies, with
p31¢™et knockdown resulting in delayed mitotic exit (Habu et al, 2002; Xia et al, 2004).

p31°Met gverexpression can disrupt SAC signalling.

p31¢™ and Mad2 are both HORMA domain proteins. Generally, HORMA domains appear
to be important for various protein-protein interactions, and a common feature of HORMA
domain-containing proteins is their ability to interact with chromatin (Aravind & Koonin,
1998). Crystal structures of p31°°™ reveal a very similar structure to C-Mad2 (Yang et al,
2007). This structural mimicry is important for its silencing function. It was found that
p31©™et forms a heterodimer with C-Mad2, which resembles the Mad2 dimers formed at
unattached kinetochores (Xia et al, 2004; Mapelli et al, 2007; Yang et al, 2007). It was
proposed that p31°°™* could bind to kinetochore-localised Mad1—C-Mad2 dimers and
block them from catalysing the conversion of O-Mad?2 to C-Mad2. However, it appears that
kinetochore localisation of p31°°™® may not be necessary for its silencing functions. O-
Mad2 levels are not affected by p31°°™* kinetochore localisation (Westhorpe et al, 2011)
and p31®°™t has been demonstrated to bind C-Mad2 in both soluble and APC/C-bound MCC
(Teichner et al, 2011; Westhorpe et al, 2011), suggesting that it functions downstream of

kinetochores.

In cooperation with TRIP13, p31©°™ promotes MCC disassembly (Westhorpe 2011) (Eytan
et al, 2014; Wang et al, 2014b; Westhorpe et al, 2011). p31°°™* and BubR1 share similar
Mad2-binding interfaces, so p31°™! may compete with BubR1 for Mad2 binding, blocking
the formation of the MCC complex (Chao et al, 2012; Yang et al, 2007).

TRIP13 is an ATPase which localises to kinetochores during mitosis, and physically interacts
with p31%°™", |t is a member of the 'ATPases associated with diverse cellular activities'
(AAA+) family. AAA+ ATPases use energy extracted from ATP hydrolysis to remodel or
translocate target substrates. Previous studies have shown that ATP hydrolysis is required
for MCC disassembly, although it was unclear what process this was required for
(Miniowitz-Shemtov et al, 2010). It has been demonstrated that TRIP13 ATPase activity is
required for p31¢°™-mediated silencing (Wang et al, 2014b; Eytan et al, 2014; Tipton et al,
2012). TRIP13 depletion delays metaphase-to-anaphase transition due to prolonged MCC
activity (Wang et al, 2014b).

TRIP13 has been shown to be capable of binding to and unfolding the MAD2 N-terminal

domain (Wang et al, 2014b). Unfolding of just a few N-terminal residues of Mad2 has been
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shown to destabilise the C-terminal ‘safety belt’ region of Mad2 from its closed
conformation and promote Cdc20 release (Wang et al, 2014b; Eytan et al, 2014). p31°met
increases the efficiency of this process, but there are conflicting reports as to whether it is
required or not. Other results suggest that while TRIP13 is essential for converting C-Mad2
to O-Mad2, ablation of p31<°™ only partially compromises this inactivation (Ma & Poon,
2016). Structural and in vitro studies suggest that p31«°™ is involved in both recruiting
TRIP13 to Mad2, and activating TRIP13 (Tipton et al, 2012; Wang et al, 2014b; Ye et al,
2015). Recently, structural and molecular modelling approaches have improved our
understanding of the mechanics of the conformational conversion of Mad2 by TRIP13

(Alfieri et al, 2018).

This mechanism has a major effect on silencing in vertebrates, with some studies showing it
is essential for mitotic exit. However, it has also been shown that p31<°™ and TRIP13 are
not essential for an unperturbed mitosis (Ma & Poon, 2016). It has also been observed that
TRIP13-deficient mice (with a strongly hypomorphic allele) are viable and phenotypically

normal, despite being born at sub-mendelian ratios (Li & Schimenti, 2007).

TRIP13 is also involved in checkpoint activation

TRIP13 also appears to be required for SAC activation (Nelson et al, 2015; Ma & Poon,
2016). It was found that TRIP13 deficient cells contain exclusively C-Mad2 (Ma & Poon,
2016). Activation of the SAC may require dynamic conversion of C-Mad2 to O-Mad2, rather
than just the presence of C-Mad2 (see Musacchio, 2015).

Despite being conserved between humans and C. elegans, this mechanism is unlikely to be
found in yeast. Both fission and budding yeast lack a p31°™* homolog (Vleugel et al, 2012).
While S. pombe also lacks a TRIP13 ortholog (Wu & Burgess, 2006), the S. cerevisiae TRIP13

homolog, Pch2, is only expressed during meiosis (San-Segundo & Roeder, 1999).

1.4.4 Additional mechanisms for MCC disassembly

There is evidence to suggest additional pathways for MCC disassembly. Recently, it was
proposed that CCT chaperonin plays a role in release of Cdc20 in an ATP-dependent process
(Kaisari et al, 2017). CCT chaperonin is an essential complex required for the folding of

many proteins (Yam et al, 2008). Hershko and colleagues purified a factor which was
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associated with MCC disassembly, and demonstrated by immunoblotting and mass
spectrometry that this factor consisted of CCT chaperonin subunits (Kaisari et al, 2017).

Finally, they demonstrated in vitro that recombinant CCT5 contributes to MCC dissociation.

Several studies have indicated the importance of APC/C-mediated ubiquitination for the
release of MCC bound to APC/C (Reddy et al, 2007). These experiments were performed in
vitro, in the absence of proteasomes, which demonstrates that this effect is independent of
protein degradation. However, until recently it was unclear what the important targets of
this ubiquitination were. By incubating MCC-bound APC/C with components of the
ubiquitination machinery, it was demonstrated that Cdc20, and to a lesser extent BubR1,
are poly-ubiquitinated and that this contributes to removal of MCC components from

APC/C (Eytan et al, 2013; Sitry-Shevah et al, 2018).

1.4.5 Mitotic slippage

Cells usually successfully biorient chromosomes and silence the checkpoint before exiting
mitosis. In some cases, cells may fail to satisfy the checkpoint. There are several possible
outcomes for these cells: they may die, exit mitosis without dividing, or else override the
SAC signal. In yeast, cells may exit a prolonged SAC arrest by inhibition of Cdk1/cyclin B
activity, e.g. by inhibitory phosphorylation, allowing cells to progress through the cell cycle
even in the absence of correct KT-MT attachments (Wolfe & Gould, 2004; Rudner et al,
2000; Minshull et al, 1996). This process is known as adaptation. Vertebrate cells can
undergo ‘mitotic slippage’, where gradual degradation of cyclin B results in cells bypassing
the active SAC (Brito & Rieder, 2006). It has been suggested that adaptation and SAC

silencing may be related processes.

An important factor involved in mitotic exit which has been implicated in adaptation is
Cdc14 (Toda et al, 2012). Cdc14 is an essential gene required for progression through
anaphase in S. cerevisiae. Cdc14 is a phosphatase that acts directly upon effectors of
mitotic exit. Cdc14 is sequestered in the nucleolar chromatin for most of the cell cycle and
is released in two waves which are regulated by the FEAR (Cdc Fourteen Early Anaphase
Release) and MEN (Mitotic Exit Network) pathways (Geymonat et al, 2002; Stegmeier et al,
2002; D’Amours & Amon, 2004). Cdc14 activity is important for several different processes
which occur during anaphase. Cdc14/FEAR activity has been shown to be involved in

stabilising anaphase spindles, regulating nuclear positioning and segregation of repetitive
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DNA and activation of motors required for spindle elongation. Cdc14/FEAR activates mitotic
exit by promoting MEN activation, in a positive feedback loop. The FEAR pathway only
mediates Cdc14 release into the nucleus and does not affect CDK inactivation. Later, the
MEN pathway releases Cdc14 into the cytoplasm, where it can dephosphorylate Clb-CDK

and its downstream targets.

Components of the FEAR network include kinetochore protein Slk19, nucleolar protein
Spo12 and its homolog Bns1, Espl (Separase homolog) and polo kinase Cdc5 (Stegmeier et
al, 2002; Visintin et al, 2003). FEAR is negatively regulated by Pds1 (Securin homolog),
which inhibits Esp1, and Fob1 (Cohen-Fix & Koshland, 1999; Tinker-Kulberg & Morgan,
1999; Sullivan & Uhlmann, 2003; Stegmeier et al, 2004).

Cdc14 is sequestered in the nucleolus by the anchor protein Cfil/Net1, where it remains in
an inactive state. Association with this inhibitor is reported to be regulated by
phosphorylation (Azzam et al, 2004). Phosphomutant versions of Cfil/Net1 exhibit similar
phenotypes to FEAR pathway mutants. It is likely that the FEAR pathway promotes Cdc14
release by promoting Cfil/Net1 phosphorylation. Cdc5 has been demonstrated to
disassemble Cdc14-Cfil/Netl in vitro (Shou et al, 2002), and several studies suggest that it
is involved in Cfil/Net1 phosphorylation (Visintin et al, 2003). However, other studies

suggest that mitotic CDKs are involved in this regulation (Azzam et al, 2004).

The organisation of the FEAR pathway remains unclear. Models based on genetic
interaction data have suggested that Esp1, SIk19 and Cdc5 function in one branch and
Spo12, Bnsl and Fob1 function in another (Visintin et al, 2003), or that Cdc5 acts in a third
branch (Roccuzzo et al, 2015). Alternative models have all components interacting in a

single branch (Liang et al, 2013).

Histone PTMs have been postulated to play a role in Cdc14 release (Hwang & Madhani,
2009), which indicates that chromatin modifiers may be involved in Cdc14 regulation. One
chromatin modifier, RSC, has been identified to play a role in mitotic exit via the FEAR
pathway. Deletion of the Rsc2 subunit of RSC results in a mitotic exit defect in conditions
where the MEN is partially compromised, like FEAR pathway mutants (Rossio et al, 2010).
Deletion mutant phenotypes suggest that RSC is involved in phosphorylation of Netl and
activation/nucleolar release of Cdc14. This paper also shows a direct interaction of RSC with
Cdc5. Several possible explanations for this defect were investigated. Altered recruitment

of Cdc5 to chromatin regions was ruled out as a possible explanation, as were defects in
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Cdc5 binding to rDNA. It was suggested that RSC mediates changes in chromatin structure
which influence interactions between Cdc14 and Netl, which are bound to different rDNA
sequences via Cdc5 (Rossio et al, 2010). It is also possible that RSC plays a role in mitotic

exit independently of its chromatin-binding activity.

Most FEAR proteins have homologs in yeasts and in more complex, multicellular eukaryotes
(higher eukaryotes), however the existence of a FEAR-related network has not been
demonstrated in higher eukaryotes to date (D’Amours & Amon, 2004). In higher eukaryotes
many of these components play a role in cytokinesis rather than in inactivation of mitotic
CDKs. MEN proteins play a conserved role in cytokinesis, with Cdc14 involved in S. pombe
(SIN, Septation Initiation Network) and C. elegans (Trautmann et al, 2001; Chen et al, 2006;
Gruneberg et al, 2002).

1.5 Importance of studying SAC silencing

1.5.1 Therapeutic potential of SAC silencing factors

Studies of spindle checkpoint signalling are of biomedical importance. Aneuploidy is a
common feature of cancers and may contribute to oncogenesis. Perturbations to spindle

checkpoint signalling are found in many tumour types.

Impaired SAC signalling may contribute to genome instability by allowing premature mitotic
exit. Defects in SAC silencing may also have a detrimental effect by delaying mitotic exit.
SAC silencing factors which have been associated with cancers include TRIP13, which is
overexpressed in several tumour types and has been associated with chromosomal
instability (Banerjee et al, 2014; Larkin et al, 2012). p31 has also been found to be
overexpressed in cancers, with levels of p31 affecting the sensitivity of cells to antimitotic

drugs (Ma et al, 2012).

SAC signalling is a potential target for cancer therapies, which could avoid problems
associated with traditional chemotherapeutics (for a review, see Ruan et al, 2018). These
problems include toxicity and resistance of some tumour types to treatment with these

drugs.

Traditional chemotherapeutics include taxanes and vinca alkaloids, which act by disrupting
microtubule function. These anti-mitotic drugs prevent proliferation of cancerous cells by

disrupting mitotic spindle assembly and promoting apoptosis. Cells are arrested in mitosis
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for prolonged periods. However, there is variation between tumour types in the their
tendency to undergo apoptosis in response to anti-mitotic drug treatments (Gascoigne &
Taylor, 2008; Shi et al, 2008; Milross et al, 1996). There is a risk that some cells may
undergo mitotic slippage and escape apoptosis, resulting in aneuploid cells which may

resume the cell cycle.

Second generation anti-mitotics have been developed to address these issues. These drugs
target mitotic regulators, including Mps1, Plk1, Aurora kinase and APC/C (Chan et al, 2012;
Mason et al, 2017; Jackson et al, 2007). However, these have reduced efficacy compared to
drugs which disrupt spindle assembly (Bavetsias & Linardopoulos, 2015; Gutteridge et al,
2016).

Inhibition of mitotic exit may be a useful alternative strategy. This approach could be
particularly effective for killing cancer cells which are prone to mitotic slippage, have
increased resistance to apoptosis, or have reduced SAC activity. The potential efficacy of
this approach has been illustrated by a study involving Cdc20 inhibition. Inhibition of Cdc20
by RNAi was shown to kill cells efficiently and prevent mitotic slippage in several solid-
tumour derived human cancer cell lines (Huang et al, 2009). As Cdc20 acts as a co-activator
of APC and is required for anaphase onset, inhibition of Cdc20 prevents cells from exiting a
mitotic arrest. This study found that cyclin B1 degraded more slowly upon directly inhibiting
Cdc20 by RNAi than when a SAC arrest was triggered by kinesin-5 inhibition. Cdc20
inhibition led to a longer mitotic arrest. It is likely that the increased efficacy of this
treatment in killing cells was due to this longer time spent in mitosis, which increased the

likelihood that cells would die by apoptosis before exiting mitosis.

Mitotic exit could also be blocked by inhibition of checkpoint silencing factors, including
PP1°2, Selective inhibition of PP1 by overexpression of NIPP1 (nuclear inhibitor of PP1) has
been shown to impair tumour growth in mouse xenografts (Winkler et al, 2015).
Identification of novel spindle checkpoint silencing factors could identify additional cancer

drug targets.

1.5.2 Prospects for further studies of SAC

Despite SAC activation being well-characterised, our view of checkpoint silencing remains
unclear. It will be important to identify additional factors involved in SAC silencing. Key

regulators and downstream effectors of identified pathways (e.g. PP1°*2) remain to be
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determined, and it is possible that additional redundant mechanisms exist. Improved

understanding of checkpoint silencing will have important therapeutic implications.

1.5.3 S. pombe as a model for studying SAC silencing

The relative simplicity of yeasts makes them attractive systems for studying chromosome
segregation. For example, budding yeast kinetochores have approximately 50 protein
components (Biggins et al, 2013), compared to ~100 proteins in vertebrates (Cheeseman &
Desai, 2008; Samejima et al, 2015). Despite this, kinetochore architecture is highly

conserved between eukaryotes.

There are some notable differences in the fission yeast SAC that should be borne in mind
when considering our results. For example, Bub3 is required for SAC activity in humans and
S. cerevisiae but is dispensable in S. pombe. Bub3 plays a role in silencing the checkpoint in
S. pombe (Vanoosthuyse et al, 2009b). Silencing mechanisms found in vertebrate cells,
including dynein-mediated stripping of Mad2 and p31<°™/TRIP13-mediated Mad2
inactivation, are not conserved in S. pombe. However, PP1P52 plays an important, conserved

role in S. pombe SAC silencing.

1.6 High-throughput genetic screens

Genetic screens are a powerful approach for identifying genes involved in a biological

process. In designing a genetic screen, one needs to consider the following:
1) Identifying the process of interest
2) Predicting the phenotypes of mutants defective in that process

3) Designing a method for identifying mutants with that phenotype

The information obtained from such screens can be used to suggest specific follow-up
studies to confirm gene function. For example, physical interactions can be confirmed by
cross-linking mass spectrometry, and biochemical assays or in vivo experiments can be

designed to probe gene function.
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In this study, we aim to identify genes involved in silencing the spindle checkpoint, by
screening for genetic mutants which are defective in this process. Defects in checkpoint
silencing are likely to cause prolonged mitotic arrest, which can be determined by
measuring the mitotic index of cells. This can be directly established by imaging cells during
the transition from metaphase to anaphase, for example with fluorescently labelled
tubulin. It can also be estimated by measuring colony growth on solid media. In cases of
severe delays in metaphase, increased levels of cell death might be observed. This could be

measured by microscopy, or by adding a vital dye to media to stain dead cells.

The design of the genetic screen carried out as part of this project is described in more
detail in Chapter 3. In the following sections, background information is presented on the
resources used, specifically the Bioneer haploid deletion library, and synthetic checkpoint

system (SynCheck).

1.6.1 Screening the Bioneer deletion library

The development of large-scale single gene deletion libraries for yeast has proved to be a
valuable aid for dissecting gene function and interactions. Initial studies in S. cerevisiae
showed the utility of such studies (Winzeler et al, 1999; Birrell et al, 2001; Ooi et al, 2001).
The development of similar S. pombe deletion libraries provides a powerful tool for such
studies in this organism (Kim et al, 2010a; Deshpande et al, 2009; Pan et al, 2012; Lie et al,
2018).

Many genes in S. pombe have yet to be characterised, especially non-essential genes. It is
likely that some of these genes have important functions, especially those that are highly
conserved (Wood et al, 2019). By performing a high-throughput screen, we expected that

some of the identified genes may play a role in silencing the SAC.

Unfortunately, the use of a deletion library means that we are unable to analyse essential
genes. There are several alternative screening methods that could be used to avoid this
problem (see Chapter 6 for a discussion of alternative screening strategies). However, since
high levels of redundancy have been observed in vertebrate checkpoint silencing, we

hypothesise that many checkpoint silencing genes may be non-essential.

In this study we screened the Bioneer haploid deletion library, version 2.1 (Bioneer v2.1).

We aimed to perform an extensive screen for checkpoint silencing factors. This collection
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contains single-gene deletion strains for 3004 non-essential S. pombe genes. This covers a
substantial portion of the S. pombe genome, which consists of slightly over 5000 genes in

total (see https://www.pombase.org/status/statistics, release version: 30" Jan 2017). The

number of genes annotated as non-essential in the PomBase database is currently 3574

(10* December 2019).

It should be noted that there have been some problems associated with strains from the
Bioneer library (v2.1). Thirty-one strains from this collection have been reported to lack the

specified gene deletion (work from Henry Levin lab; see https://dornsife.usc.edu/

pombenet/bioneer-reports/).

1.7 SynCheck, a synthetic checkpoint system

We needed to develop a query strain that would sensitise strains to the effects of defects in
checkpoint silencing. This sensitivity will be particularly important if multiple redundant
pathways, each with minor effects on silencing efficiency, are involved. To achieve such a
query strain, we aimed to generate a mutant with a stronger spindle checkpoint and ideally
one which was inducible, so that we could easily compare the effects of the mutation with

and without the checkpoint activated and thus rule out secondary effects.

For our query strain we opted to use an inducible, synthetic version of the spindle
checkpoint that has recently been developed in our lab (Yuan et al, 2016). This ‘SynCheck’
system was developed to allow dissection of key checkpoint components and mechanisms

away from the highly complex kinetochore architecture.

This query strain has several advantages which make it suitable for our purposes. By
generating the spindle checkpoint at an ectopic location, false positives due to mutants
which disrupt KT-MT attachment may be ruled out. Additionally, unlike previous screens
performed in our lab, it does not rely on overexpression of Mph1 to induce the checkpoint.

This is important because Mph1 overexpression could have pleiotropic effects.

The SynCheck screen was designed on the principle that promoting interactions between
upstream effectors of the spindle checkpoint (Mph1 kinase and the kinetochore protein
Spc?) is sufficient to generate a checkpoint-mediated metaphase arrest. Initially this was
done by co-tethering these two proteins to a location on chromosome arms (Figure 1.12).

The tetracycline transcriptional activation system was used to achieve this co-localisation.
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The tetracycline transcriptional activation system is based on a tetracycline repressor (TetR)
protein identified in E.coli (Gossen & Bujardt, 1992). TetR is capable of binding to both
tetracycline antibiotic and to a 19bp operator sequence, tetO. The binding of TetR protein
to tetO can be modulated by the addition of tetracycline to growth media. In the original
‘tetOFF’ system, TetR only binds to tetO in the absence of tetracycline. A second system,
‘tetON’, was developed by introducing point mutations to TetR to reverse the effect of
tetracycline on binding. In this system the mutant protein, reverse transcriptional
transactivator (rTetR) can only bind to tetO upon the addition of anhydrotetracycline (a

tetracycline derivative).

The SynCheck system we employ in this study is based on the TetON system. Fusion
proteins of key upstream spindle checkpoint effectors with an N-terminal rTetR domain
were used to co-target these proteins to a 112-copy tetO array on a chromosome arm (arg3
locus, chromosome I) (Yuan et al, 2016). It was found that co-targeting Mph1 and Spc7
proteins was sufficient to generate an ectopic spindle checkpoint-mediated arrest. These
fusion proteins had their kinetochore localisation domains removed (i.e. the C-terminus of
Spc7, and first 302 N-terminal residues of Mph1 (Petrovic et al, 2014, 2016; Heinrich et al,
2012).

The induction of the SynCheck arrest is controlled by regulating the expression of the rTetR-
Mph1 construct. While rTetR-Spc7 is constitutively expressed under an adh21 promoter, an
inducible nmt promoter (nmt81, no message in thiamine) is used for rTetR-Mph1. This

allows it to be conditionally expressed, when thiamine is removed from media.
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Figure 1.12 — Synthetic Checkpoint (SynCheck) system. See legend over page.
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Figure 1.12 — Synthetic Checkpoint (SynCheck) system. (A) Schematic diagram illustrating
SynCheck design. Instead of checkpoint proteins being recruited to endogenous
kinetochores, the signal can be induced independently of kinetochore attachment status by
promoting ectopic interactions between key checkpoint proteins, i.e. Spc7 and Mph1. This
system was designed to recruit rTetR-Spc7 and rTetR-Mph1 constructs to a tetO array on a
chromosome arm, upon the addition of anhydrotetracycline. It was later found that this
tethering to the chromosome arm was unnecessary and that the rTetR fusion proteins
simply needed to be co-expressed to dimerise and induce checkpoint signalling. The
checkpoint can be induced by controlling rTetR-Mph1 expression. rTetR-Mph1 is expressed
when thiamine is removed from the media, whereupon it can interact with rTetR-Spc7 to
generate a checkpoint-dependent metaphase arrest. (B) Images illustrating cycling cells and
cells in SynCheck-induced metaphase arrest. In the presence of thiamine, cells do not
express rTetR-Mph1 (Mph1 OFF) and the SynCheck signal is not induced. When thiamine is
removed from the media, rTetR-Mph1 is expressed (Mph1 ON). Anhydrotetracycline
addition to media facilitates binding of rTetR-Mph1 and rTetR-Spc7 fusion proteins to a
tetO array on a chromosome arm, promoting interactions between these proteins and
generating a metaphase arrest. This arrest can be visualised by looking for short thick
metaphase spindles, as are seen here for Mph1 ON, in comparison to long interphase
spindles (shown in green, atb2-GFP). (C) Timecourse experiment illustrating kinetics and
dependencies of SynCheck arrest. Levels of cells in a SynCheck-induced metaphase arrest
peak approx. 16-18h after thiamine wash-out from media. Control strains containing either
rTetR-Mph1 or rTetR-Spc7 constructs alone do not arrest. D) Model of SynCheck
mechanism of action. Upon dimerisation of rTetR-Mph1 and rTetR-Spc7, Mph1l
phosphorylates Spc7 MELT motifs, allowing Bub3-Bub1 to be recruited. Mad1-Mad2 is
subsequently recruited. Phosphorylation of checkpoint proteins Mad1 and Bub1l by rTetR-
Mph1 may be important in this process. Local concentration of checkpoint proteins
promotes the assembly of the mitotic checkpoint complex (MCC). Figure adapted from
(Yuan et al, 2016).

1.8 Alternative Silencing Assay — SynCheckABA

In this study, checkpoint silencing candidates are tested in various SAC systems, including
an alternative synthetic checkpoint, SynCheckABA. This system involves chemically induced

dimerisation by abscisic acid.

Chemically induced dimerisation (CID) is a method of controlling specific protein-protein
interactions with small molecules. Examples of CID include rapamycin, gibberellin, auxin
and abscisic acid systems. The most well-known of these is rapamycin, which induces
strong binding between two proteins which are fused to rapamycin-binding domains.
However, there are several disadvantages to this system, as the tight binding is difficult to
reverse. Other systems offer several advantages, such as reduced toxicity, and the ability to

rapidly wash out small molecule inducers and abolish dimerisation. Plant-based systems
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have the advantage of limiting interaction with other yeast proteins, resulting in fewer off-

target effects.

Abscisic acid (ABA) is a plant phytohormone. In vivo, ABA induces binding between the PYL
domain of the ABA receptor PYL1 and the ABI domain of PP2C phosphatase ABI1 (Miyazono
et al, 2009). By fusing the ABl domain and the PYL domain to two proteins of interest, this
system can be applied to study interactions involved in a range of different processes (Liang
et al, 2011). These fusion proteins do not interact until the addition of ABA to media, after

which dimerization typically occurs within just a few minutes.

SynCheckABA was recently developed in our lab as a way of studying the spindle checkpoint
ectopically (Amin et al, 2019), thus bypassing kinetochore complexity. It operates along
similar principles to the original SynCheck rTetR system, in that it forces heterodimerisation

between the upstream checkpoint proteins Mph1l and Spc7.

As in the original SynCheck, the fusion proteins of Mph1 and Spc7 had their kinetochore
localisation domains removed. Spc71.666 Was fused to a C-terminal PYL domain (residues 33-
209) and an adh21 promoter (Tanaka et al, 2009). Mph1ai-302 was fused to a C-terminal ABI

domain (residues 126-423) and expressed under an adh41 promoter (Figure 1.13A).

SynCheckABA strains also contained the cdc25-22 mutation, which was used to synchronise
cultures by blocking cells in G2 upon shifting temperature to 36°C. Dimerisation of the
Mph1-ABI and Spc7-PYL fusion proteins and metaphase arrest occurred within 30 minutes
of ABA addition to synchronous cultures (Figure 1.13B). This arrest was demonstrated to be
dependent on downstream spindle checkpoint factors (e.g. Mad1) (Amin et al, 2019).
SynCheckABA can induce an arrest independently of endogenous checkpoint activation at
kinetochores (i.e. when endogenous Mph1 is deleted). Examination of arrest kinetics

revealed that the number of arrested cells usually peaks one hour after ABA addition.

SynCheckABA has several advantages over rTetR-based SynCheck which make it more
suitable for studying checkpoint silencing. In contrast to the rTetR-based system, fine-tuned
control of checkpoint signalling is possible with SynCheckABA. In the rTetR system,
dimerisation is constitutive, and the arrest is controlled on a transcriptional level.
Expression of the rTetR-Mph1, driven by a nmt promoter, requires several hours of growth
in media lacking thiamine. The resulting arrest peaks at around 14h post-induction and is
not completely synchronous. Termination of this arrest is not easily controlled. However, in

SynCheck ABA, checkpoint arrest is initiated by the addition of ABA, which induces an arrest
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within 30 minutes. ABA can be washed out rapidly, allowing cells to silence the checkpoint
signal and escape from the metaphase arrest. This latter feature is particularly important

for our purposes, as it allows us to directly monitor the rate of checkpoint silencing.
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Figure 1.13 Silencing of spindle checkpoint signalling after ABA wash-out. (A)
Representation of the dissociation of Mph1-Spc7 heterodimers after ABA wash-out. (B)
Schematic of silencing workflow. Cells are pre-synchronised in G2 (via cdc25-22 mutation,
at 36°C), followed by shifting cultures to 25°C to allow release into mitosis. Checkpoint
arrest is induced through the addition of ABA, and ABA is subsequently washed out after 60
min incubation, allowing silencing of checkpoint to occur.

1.9 Project overview

This project was designed to provide further insight into the mechanism of SAC signalling.

Specifically, | set out to study checkpoint silencing.

Using fission yeast S. pombe as a model organism, the objective was to identify factors
involved in SAC silencing by performing a high-throughput screen. Our approach differs
from earlier attempts by employing a synthetic checkpoint to spatially separate SAC
signalling from the kinetochore, thus eliminating false positives obtained as a result of
mutations which disrupt kinetochore attachment and persistently activate the checkpoint.
This synthetic approach identified several potential silencing factors, enabling resources to

be focused on the most promising candidates.
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In addition to studying candidates from the screen, | analysed a known silencing factor,
PP1°%2, in more detail. This work attempts to establish the use of the synthetic checkpoint

system to further study of PP1°2 silencing mechanisms.

1.10 Aims

The goal of this project was to improve our understanding of SAC silencing mechanisms.

More specifically, the aims were to:

i) Perform a high-throughput genetic screen for SAC silencing factors (Chapter 3)
ii) Analyse SAC silencing factors in more detail, including:

e Candidates from the screen (Chapter 4)

e Known checkpoint silencing factor Dis2 (Chapter 5)
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CHAPTER 2

Materials and Methods

2.1 Yeast methods (S. pombe)

2.1.1. S. pombe growth media

Yeast cells were grown in either YES or PMG media. Recipes for liquid media are shown in
Table 2.1. For solid media, 2% w/v agar was added. Media was sterilised by autoclaving
before use. Additives such as supplements and drugs were filter-sterilised and added after

autoclaving.

Liquid cultures were usually grown in dry shaking incubators at 30°C, except in the case of

temperature-sensitive mutants.

Yeast Extract Supplemented (YES) media contains thiamine, which results in the repression

of nmt promoters. Additional thiamine (at a final concentration of 15uM) was added as a
precaution when culturing SynCheck strains, where repression of rTetR-Mph1 expression
from the nmt81 promoter was desired. YES is a rich growth medium but amino acid

supplements were added to ensure all nutrients were present in sufficient amounts.

Pombe Minimal Glutamate (PMG) media requires the addition of amino acid supplements

(which allows for the omission of one or more amino acids when amino acids are
supplemented, facilitating selection for auxotrophic markers). It also lacks thiamine,
allowing genes under the control of nmt promoters to be expressed. Thiamine can be
added to PMG (at a final concentration of 15uM) to repress nmt-driven expression. If

adding thiamine to PMG solid media, it was added at double the concentration (30uM).

Clear PMG was used for microscopy as it reduces background fluorescence seen when

imaging GFP-tagged constructs. This is because filter-sterilised D-glucose is added after
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autoclaving (final concentration 2% w/v), avoiding the yellow colour caused by

caramelisation of glucose.

Anhydrotetracycline (aTC) was added to yeast cultures at a final concentration of 10uM to

induce binding of rTetR to tetO sequences. A 1000X stock was prepared in DMSO, filter-

sterilised and stored at -20°C.

Phloxin B plates were made by adding 10 mg/L of phloxin B to PMG agar with supplements.

Plates were made with or without thiamine (at a final concentration of 15uM).

Media/Solution

YES

PMG

SPA (synthetic
sporulation agar)

*Supplements mix
(20X)

*Vitamins mix
(1000X)

*Minerals mix
(1000X)

G418
CloNAT

Hygromycin

Ingredient

yeast extract (0.5%), D-glucose (3%), 1X supplements*, 1X minerals*, 1X
vitamins*

Potassium hydrogen phthalate (14.7 mM), Na;HPQO,4 (15.5 mM), L-
glutamic acid, monosodium salt (25.4 mM), D-glucose (2%), 1X
supplements*, 1X minerals*, 1X vitamins*

D-glucose (1%), KH2PO4 (0.1%), agar (3%),

0.2X supplements*, 1X minerals*, 1X vitamins*

Adenine (3.2 g/L), arginine (1.6 g/L), histidine (1.6 g/L), leucine (3.2 g/L),
uracil (1.6 g/L), lysine (1.6 g/L)

Biotin (10 mg/L), pantothenic acid (1 g/L), nicotinic acid (10 g/L), inositol
(10 g/L)

Boric acid (80.9 mM), MnS04 (23.7 mM), ZnS04.7H,0 (13.9 mM),
FeCls.6H,0 (7 mM), molybdic acid (2.47 mM), KI (6.02 mM), CuSO, .5H,0
(1.6 mM), citric acid (47.6 mM)

150 pg/ml G418 sulphate

100 pg/ml CloNAT

100 pg/ml hygromycin

Table 2.1. Recipes for S. pombe growth media and additives
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2.1.2. S. pombe strain construction

Cells were revived from freezer stocks and plated on YES overnight. To perform mating
crosses, strains of opposite mating types were mixed on a SPA plate and incubated at 30°C.

Formation of tetrads was checked for under a light microscope.

Random spore analysis (RSA) was performed by taking a small loopful of tetrads from

mating plates and adding them to 200ul dH,0 and 1pul glusulase extract (MP Biomedicals)
and incubating for 1-2 days at 37°C to remove parent strains and digest the asci containing
spores. Spores were then washed with sterile water and plated on YES plates. Once
colonies appeared (up to 3 days after plating at 32°C) they were streaked out and replica
plated to selective media. Other desired components of strains were screened for by PCR
or Western blotting, or by microscopy to detect fluorescently tagged constructs. Stocks of

desired strains were stored at -80°C in YES with 50% glycerol.

In some instances, tetrad dissection was performed instead of RSA. Tetrad dissection was

performed using a Singer MSM 400 microscope/micromanipulator system. After
performing crosses on SPA plates, tetrads were plated to YES plates and placed about 3mm
apart in aline, using the micromanipulator. Tetrads were incubated at 37°C for 3-5 hours,
until ascus walls broke down. The micromanipulator was used to separate each tetrad into
a horizontal line of four individual spores, approximately 5mm apart. Spores were
incubated at the appropriate temperature (usually 30°C) until colonies formed. Phenotypes

of these colonies was then assessed by replica plating and/or microscopy.

2.1.3. S. pombe transformation
Transformation by electroporation

Cells were grown to mid-exponential phase (ODggo=0.5) in YES medium. Cells were
harvested by centrifugation (1701 x g for 2.5min at 20°C) and washed once in 1ml ice-cold
water and again in 1ml 1M sorbitol. The final resuspension was in ice-cold 1M sorbitol at a
density of 1-5 X 10° ml. 10ul DNA (1500ng) + 40ul of cell suspension were added to chilled
Eppendorfs and incubated on ice for 5 mins. Samples were transferred to chilled

electroporation cuvettes (0.2cm gap).

Electroporation was carried out using a BioRad electroporator at 1.5kV, 200 Q, 25uF. Upon

electroporation, 0.5ml of ice-cold 1M sorbitol was added to the cuvette immediately and
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the cell suspension was returned to a chilled 1.5ml tube. Cells were plated directly onto
minimal selective medium (washing in 1ml dH20 prior to plating optional). Alternatively,
cells were allowed to recover on YES plates prior to replating to drug-containing selective

media.

Lithium acetate transformation

Alternatively, cells were transformed using a lithium acetate transformation protocol (Ito et
al, 1983). Exponentially growing cells were harvested and washed with 25ml dH,0 before
being resuspended in 1ml dH0. 1 x 10® cells were aliquoted for each transformation.
Water was removed by centrifuging cells (1701 x g, 2.5 mins). Cells were then resuspended
in 100mM lithium acetate buffer (pH 4.9) and incubated at 30°C for 30 minutes. Cells were
then pelleted and resuspended in 290uL of PEG buffer (50% w/v polyethylene glycol 3350,
0.1M lithium acetate (pH4.9)) with 2-4ug (5-10pL) of the DNA construct to be transformed.
This transformation mixture was incubated at 30°C for 60 minutes, before undergoing heat
shock at 42°C for 15 minutes. Cells were harvested by centrifugation and either plated
immediately to selection media or allowed to recover by growing in YES liquid media

overnight at 30°C before plating (particularly in the case of drug-resistant selection).

Transformed colonies were confirmed by PCR and/or Western blotting to check expression.
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2.1.4. S. pombe strains used in this study

ID Genotype

cen2-GFP, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:urab5,
555 Pnmt81-rTetR-mph1(A1-302):leul

eaf6A::kanR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,
556 Pnmt81-rTetR-mph1(A1-302):leul

pof9A::kanR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,
557 Pnmt81-rTetR-mph1(A1-302):leul

spcl9A::kanR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:urad, tetO:kanR,
558 Pnmt81-rTetR-mph1(A1-302):leul

gcn5A::kanR, lys1::Padhl15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,
559 Pnmt81-rTetR-mph1(A1-302):leul

moplA::kanR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:urad, tetO:kanR,
5510 Pnmt81-rTetR-mph1(A1-302):leul

apcl4A::kanR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,
5511 Pnmt81-rTetR-mph1(A1-302):leul

duolA::kanR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,
5512 Pnmt81-rTetR-mph1(A1-302):leul

apcl5A::natR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,
5513 Pnmt81-rTetR-mph1(A1-302):leul

apcl5A::hygR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,
5514 Pnmt81-rTetR-mph1(A1-302):leul
5520 PEM-2, Pnmt81-rTetR-mph1(A1-302):leul
5522 dis2A::hygR, lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR

PEM-2, Pnmt81-rTetR-mph1(A1-302):leul,
5529 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4
5538 dis2A::hygR, Pnmt81-rTetR-mph1(A1-302):leul

bub3A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5542 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

eaf6A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5543 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

mad2A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5545 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

mad2A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5546 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

ell1A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5547 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

ell1A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5548 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

apcl5A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5549 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

apcl5A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5550 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

SPBC29A3.05A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5564 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4
SS65

eaflA::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
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lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4

SPBC20f10.10A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,

5566 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4
SPBC18H5.08CA::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5567 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4
SPB(C21C3.08cA::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5568 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4
ogmdA::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5563 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4
mugl112A::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
5570 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4
reglA::kanR, Pnmt81-rTetR-mph1(A1-302):leul,
8577 lys1::Padh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, PEM-2
sol1A::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
5591 adhl15-mcCherry-atb2:natR
reglA::hygR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
5592 adhl15-mcCherry-atb2:natR
SPCC18B5.5CA::hygR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
5593 adhl15-mcCherry-atb2:natR
psy2A::hygR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
5595 adh15-mcCherry-atb2:natR
tls1A::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
5596 adh15-mcCherry-atb2:natR
grh1A::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
5598 adh15-mCherry-atb2:natR
nup37A::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
5599 adh15-mCherry-atb2:natR
SPAC227.17cA::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22,
55100 adh15-mCherry-atb2:natR
sol1A::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,
55101 adh15-mCherry-atb2:natR
reglA::hygR, adh41-mph1(A1-302)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,
55102 adh15-mcCherry-atb2:natR
SPCC18B5.5CA::hygR, adh41-mph1(A1-302)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,
55103 adh15-mcCherry-atb2:natR
psy2A::hygR, adh41-mph1(A1-302)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,
55105 adhl15-mcCherry-atb2:natR
tls1A::kanR; adh41-mphl1(A1-302)-3xHA-ABI:LEU2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4; cdc25-22,
55106 adhl15-mcCherry-atb2:natR
grhlA::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,
55108 adh15-mcCherry-atb2:natR
55109 nup37A::kanR; adh41-mph1(A1-302)-3xHA-ABI:leu2,

lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,
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adh15-mCherry-atb2:natR

SPAC227.17cA::kanR, adh41-mph1(A1-302)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,

55110 adhl15-mcCherry-atb2:natR

SS111 sol1A::kanR

SS112 reglA::hygR

55113 SPCC18B5.5CA::hygR

SS115 psy2A::hygR

SS116 tls1::kanR

55118 grhlA::kanR

SS119 nup37A::kanR

55120 SPAC227.17cA::kanR
lys1::Padh21-spc7(1-666, A136-150)-mCherry-PYL-2xFLAG:ura4,

55121 Padh41-mph1(303-678)-3xHA-ABI:leu2, cdc25-22, Padh15-atb2-RFP:natR
lys1::Padh21-spc7(1-666, A331-345)-mCherry-PYL-2xFLAG:ura4,

55122 Padh41-mph1(303-678)-3xHA-ABI:leu2, cdc25-22, Padh15-atb2-RFP:natR
Padh41-mph1(303-678)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666, A136-150)-mCherry-PYL-2xFLAG:ura4, cdc25-22, Padh15-

55123 atb2-RFP:natR
dis2A::hygR, Padh41-mph1(303-678)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,

55128 Padh15-mCherry-atb2:natR, cdc13-GFP:leu
klp6A::ura4 Padh41-mph1(303-678)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666)-mCherry-2xFLAG-PYL:ura4, cdc25-22,

55130 Z:Padh15-mCherry-atb2:natR, cdc13-GFP:leu, ark1-as:hygR
klp6A::urad, Padh41-mph1(303-678)-3xHA-ABI:leu2,
lys1::Padh21-spc7(1-666, A136-150, A331-345)-mCherry-2xFLAG-PYL:ura4, cdc25-22,

55158 Z:Padh15-mCherry-atb2:natR, cdc13-GFP:leu, mphlA::natR

55144 sol1A::kanR, ark1-as3::hygR, cdc13-gfp::leu, nda3-KM311

55145 sol1A::kanR, ark1-as3::hygR, cdc13-gfp::leu, nda3-KM311

WI472 | pEn-2, dis24::hygR, ade6-210, leul-32, urad-D18, h-MTL:cycS

WI1525 | pEM-2, bub3A::hygR, ade6-210, leul-32, ura4-D18, h-MTL:cycS

KMPSOL | pepg2, mad2a::hygR, ade6-210, leu1-32, urad-D18, h-MTL:cycS
lys::adh21-spc7(1-666)wt-flag-mCherry-PYL:ura, adh41-mph1(303-678)-GFP-ABI:leu2,

PA175 mph1A:natR, cdc25-22

IM5349 klp6::ura4, cdc13-gfp, ark1-as, nda3-KM311

KMP010 ade6-210, leul-32, ura4-D18

KMPO11 ade6-210, leul-32, ura4-D18

KMP477 PEM-2, ade6-210, leul-32, ura4-D18, h-MTL:cycS

Vvi3sl ark1-as3::hygR, cdc13-gfp, nda3-KM311

VV1388

ark1-as3::hygR, cdc13-gfp, nda3-KM311, dis2A::ura4
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lys1::adh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,

Y230 Pnmt81-rTetR-mph1(A1-302):leul, mad2-GFP
lys1::adh15-rTetR-mCherry-spc7(1-666)-9TE:urad, Pnmt81-rTetR-mph1(A1-302):leul,

Y222 mad2-GFP
lys1::adh15-rTetR-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,

Y240 Pnmt81-rTetR-mph1(A1-302):leul, mad2-GFP, bub3A::hygR
lys1::adh15-rtTA-mCherry-spc7(1-666)-9TE:ura4, tetO:kanR,

L322 Pnmt81-rtTA-mph1(A1-302):leul, ath2-GFP:leul, mad2-RFP:natR

IL375 lys1::adh15-rtTA-mCherry-spc7(1-666)-9TE:urad, Pnmt81-rtTA-mph1(A1-302):leul

PA284 adh41-mph1(A1-302)-3xHA-ABI:leu2, cdc25-22, adh15-mCherry-atb2:natR, ura-
adh41-mph1(A1-302)-3xHA-ABI:leu2, mphlA::natR, lys::adh21-spc7(1-666)-PYL:ura;

PA252 cdc25-22, adh15-mCherry-atb2:natR, bub1-GFP:his

PA338 adh41-mph1(A1-302)-3xHA-ABI:leu2, lys::adh21-spc7(1-666)-PYL:ura, cdc25-22,

adhl15-mcCherry-atb2:natR, cdc13-GFP:leu

Table 2.2 S. pombe strains used in this work. | constructed strains (SS) for this work. Other strains
used include those made in this lab by Vincent Vanoosthuyse (VV), Karen May (KMP), Priya Amin
(PA), loanna Leontiou (IL) and Ivan Yuan (1Y). Strain JM5349 was a gift from Jonathan Millar.
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2.2 DNA methods

2.2.1 Genomic DNA extraction

Yeast genomic DNA extracts were prepared using a protocol adapted from the single tube

LiOAc-SDS lysis method (Looke et al, 2011).

2.2.2 DNA Purification/EtOH precipitation

DNA was precipitated from aqueous solutions by adding the 3 volumes ice-cold 96%
ethanol, 1/10 volume 3M sodium acetate solution and 1/10 volume 3M sodium chloride
solution. After mixing well and incubating at -20°C for 20 min, tubes were centrifuged at
maximum speed for 10 min at 4°C. Supernatant was removed, and the pellet washed with
500ul 70% ethanol before centrifuging tubes for another 5 min. After removing the

supernatant, pellets were allowed to dry before being resuspended in dH,0 or TE buffer.

2.2.3 PCR Amplification of DNA fragments

For polymerase chain reactions (PCR) homemade Taq polymerase was used (see Table 2.3
for default conditions). For samples requiring higher proof-reading activity, Q5 High-Fidelity
Master Mix 2X (New England Biolabs) was used in accordance with manufacturer’s

instructions.

63



Steps

Denature DNA

i) Denature
DNA

ii) Anneal
primers

iii) Extension

Repeat i)-iii) 35X

Final extension step

End of PCR

Temperature

(°C)

94

94

55

68

68

10

Time

2 min

30 sec

30 sec

1 min/kb

10 min

Table 2.3 PCR default settings for lab Taq polymerase

2.2.4 Primers used in this study

ID Name Sequence (5’-3’)
SSO5  Ptef F CGGATCCCCGGGTTAATTAA
SS21  Mph1 S5UTR F 700 CCTGTTTTGCTTGATGGC
SS23  Mph1 3UTR R 600 ATGTCTGAGTTAATTCGTCCT
SS26  [Mphl 5UTR F AATCTATACGTCCTTGGTGT
SS27  [Mphl 3UTRR ITCATGACTTCGATTCACACT
SS30  [pAdh21F GTGCCTTCGCTTTTCTTTA

SS31  |mCherry 53 R

CGCATGAACTCCTTGATGATG

SS32  |LysF GCTCGTATGTTGTGTGGA
SS33  LLysR GAAAGCAACCTGACCTACAG
SS34  Spc7 SUTR F GCATCATCGTAGTCTACCGT
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SS35  |pAdh21 F2 TTGCCGATGTTACTTGGGGAG

SS43  |soll 5’UTR F ACGTTTGCGA GATTTAAAGG AA

SS44  sol1 3’UTRR AATTGTTGCAATGCGTAGAATG
ACTTGAAACATCTACGTCCTGGATACAATTGTTGCATTTAGGG
AGTTAGCCATCACGAATTGTGTTGGTAATTTGTTTGC —

SS45  [regl Bahler F CGGATCCCCGGGTTAATTAA
CCATAAATCAGATGTCACATCACTTCAATAAAATAAAAAGCTC
CAGATTTGAATAATTATTTTTTGAAGGCATTTCAAAA —

SS46  [regl Bahler R GAATTCGAGCTCGTTTAAAC

SS47  |regl SUTRF GTACATATCCATTTCCCCCAGA

SS48  |regl 3UTRR CACTTTTGTAAATAAAGGCCCG

SS51  |SPCC18B5.05c SUTR F CCCTTCATTAGGGAATGTTGAA

SS52  |SPCC18B5.05c 3UTR R GACACAAAATCATAAACCGCTG

SS55  |ppk15 5’UTR F AAGTGTTTCCCTTTGTTCCAGA

SS56  |ppk15 3’UTR R TTGGCGATTTGTGAATGTCTAC
GTCTTCACTTTTGAAAATTTGGTGACGAACGCCAACGTCGTAA
ATTCGAAGCTGACGTCTACCCTTAATCCGCCGTAGAA -

SS57  |psy2 Bahler F CGGATCCCCGGGTTAATTAA
AAAATACGATGTCCATATGATGATTCACTTGCATTACAATCTTC
TAGAGTTTTTGGAGCTTCCCTTTTTATGTTCATCTTGAATTCGA

SS58  |psy2 Bahler R GCTCGTTTAAAC

SS59  |psy2 SUTR F TGCAATCTACGGTATTGCATTC

SS60  |psy2 3UTRR GTCCCTTAATGAACAACCCAAA

SS63  tIs1 SUTRF ACGAAACAATCCTACTCCCTGA

SS64  tIs1 3UTRR TAACGATTCCCAAACAACTCCT

SS67  |gyp2 SUTRF AGTACTCGAACCTCACACCCAT

SS68  |gyp2 3UTR R CATAAGAAAATGGCCCATCAAT
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SS71  |grh1 5UTR F AAGAGCGGTGATTGCTTCCA

SS72  |grh1 3UTR R GCAACAGTTTGGCAAGGTTCA

SS75  |nup37 5UTR F GTTACCTGCAACACCATATCAC

SS76  |nup37 3UTR R TCAATTCAAATCGCATATCGG

SS79  |SPAC227.17c¢ SUTR F CAGCAATGATATGAGCAGAAGG

SS80  |SPAC227.17¢ 3UTR R CCCCGCCAACTATAAACAATTA
TGCTGTATAGCTATTTATCAAAGCTATAATTATATTGGAAACTT
GAAACATCTACGTCCTGGATACAATTGTTGCATTTA —

SS83  |regl Bahler F2 CGGATCCCCGGGTTAATTAA
CCGGCGGAAGTAATACAACATTCAATGCGCTATTTAGAAAACC
AAGATAAACTCAACTGCATACAAGTATTAATTTACAT -

SS84  |regl Bahler R2 GAATTCGAGCTCGTTTAAAC

SS89  |ppnl 5’UTR GATGGTGTAGCGAAGGGTTTAG

SS90  |ppnl 3’UTR TTTTTGGCCATCATGTTTGTT

SS93  |sds22 5UTR F ATTAAGCTGCAATTGGGATTGT

SS94  Isds22 3UTR R ITATACGCAATTCTTTTCCAGCA

SS97  |sds23 5UTR F AGTTTTACCTTGCTGGGATGAA

SS98  [sds23 3UTR R TCAAGAGGCAAAGTTTCAATCA

SS101 |ppe2 S5UTR F ACTAATAATGGTGGAGCAACCG

55102 |ppe2 3UTRR ATGTTTGAAAACCGAGCATTTT

SS105 [glc9 S5UTRF AAGTAGATGTTTGGCCATTGCT

SS106 [glc9 3UTRR GTACAACCAAAGTGAAAAGGGC

SS109 |regl CDS F ITCAGAACAGGACACCCAACAT

SS110 |regl CDS R TCATTATCGTCGGCTCCAGTA

KM65 Regl 5'UTR F ATCCCCTTGAAACAACAGTAG

KM66 [Regl 3’UTRR GTGTACACCAATATGAACGC

KM79 [Regl 5’UTR F1 TGAATTTCAGACTTATCAGTT
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KM80

Regl 3’'UTR R1

ACATTAGAAGACGAGTCATTGAG

KM67 |Duol 5’UTRF TCATGTTATGACTTATTTTAC
KM68 [Duol 3'UTR R ACTTTCTCATAAGTTTAGGAG
KM69 |gen5 5’'utr F TGCCGAGTTTCCTTAAGTTTT
KM70 |gen5 3’'utr R CATGACTTGTTCTGATAACAT
KM71 |eaf6 5’utr F GATCTCGGAATTCGTTGGTT
KM72 |eaf6 3'utr R CACACGTTACATAAGAGATGC
KM87 |Pof9 5’UTR TTGATTCGTGCAATGACTACACC
KM88 |Pof9 3'UTR TTTTCTCACTTATTTAATCACCG
KM89 |Pof9 F1 TTGTGAAAATCCATGCTGGTCG
KM90 |Pof9 R1 AGTGAATTTGATGTGGAATGGAAAC
KM91 |[SPBC17G9.12C 5’UTR TAACCATACTACTTCTTCTAGCC
KM92 [SPBC17G9.12C 3'UTR 1602 TTTACATAGAAGCCAAGAGAGATG
KM77 |pFA6 EcoR1 F (Ptef) CCAGCTGAGAATTCGTACGCTGCA
CPN10 |KanR CPN10 GATGTGAGAACTGTATCCTAGCAAG
KM235 BUB3 5’'UTR F TGTCAGAATCAGCTCCTTTGC
KM236 BUB3 3'UTR R TTATATAAATATGGTCTTGCG
KM237 DIS2 5’UTR F TTTGTAGAGCAGCAAGATTTAG
KM238 DIS2 3’UTR R TCCACCGATAGCAAACAGAA
ACCATGTTAATTAACCCGGGGATCCGATTCAAAGTTGAAATTG
PA30 |[spc7(1-666) + paclsite R |ATTTT
agaattGCTAGCATGCCTAAGAAGAAGCGTAAAGTTATGCCAAC
PA33 |spc7 + nhel-NLS F ATCGCCTCGTCG
PA92 PYLR GTGAACTCGTCCTGGGTGGCCAT
PA93 [adh724F GGGTGGTGGACAGGTGCCTTCG
AS61  |ADHterm-FW CTCTTATTGACCACACCTCTACC
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AS62  [ysl-Rev GTGATGTGTCTGGGAAAGGCAGAG

IL017 3’ URA4 ITCAGCAAAGACTTTCTCA

IL018 [5’Urad ITGAAATACTCTAGCATCC

Leontiou (IL), and Alicjia Sochaj (AS).

Table 2.4 List of primers used in this work. Primers with IDs starting SS were constructed for

this study. Other primers used were constructed by Karen May (KM), Priya Amin (PA), loanna

2.2.5 Plasmids used in this study

Vector
Plasmid backbone | ID/Source
Padn21-spc71-6ss-mCherry-2xFLAG-PYL (PP1-binding site plY03
mutants) (plY03 vector backbone) vector This work
pRad41
Padh41—Mph1303.578—3xHA—ABI
vector Amin et al, 2019
Gift from
pLYS1K-Spc7(A136-150) ‘AA’
pLYS1K Jonathan Millar
Gift from
pLYS1K -Urad-Spc7(A331-345) ‘AB’ pLYS1K Jonathan Millar
pLYS1U-Padh15-NLS-2xFLAG-rtTA-mCherry-Spc71-666- plY10/
9TE pLYS1U. | Yuan etal, 2016
PLYS1U-Padh15-NLS-2xFlag-rTetR-Spc71-666) pLYS1U. Yuan et al, 2016
pHFF81C
Pnmt81-2xFlag-rTetR-Mph13o3.67s vector Yuan et al, 2016

Table 2.5 List of plasmids used in this work.
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2.2.6 Restriction endonuclease digestion

Restriction enzymes obtained from New England Biolabs or Roche were used in accordance

with the manufacturer’s instructions.

2.2.7 Ligation

Ligation reactions were carried out using T4 Quick Ligase (New England Biolabs) in

accordance with the manufacturer’s instructions.

2.2.8 Bacterial transformations

For transformations, DNA was added to thawed competent E. coli cells (DH5a, made in our
lab) and gently mixed. The mix was incubated on ice for 30 min, followed by heat-shocking
for 45 seconds at 42°C. 400ul of SOC media was added and cells were incubated at 37°C for
1 hour with shaking. Cells were then spun down for 2 min (4000rpm) and 250ml| media was
removed. The pellet was then resuspended in the remaining volume. 1:10 and 1:4 dilutions
were prepared in SOC media for plating onto selective media (kanamycin or ampicillin) at

37°C overnight for selection of transformants.

2.2.9 Sequencing

All sequencing was carried out by Genepool (University of Edinburgh). Samples were
prepared using BigDye v3.1 Cycle Sequencing Kit (Applied Biosystems) in accordance with

the manufacturer’s instructions.
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2.3 Protein methods

2.3.1 S. pombe protein extracts

10-25ml of cells were grown overnight (30°C, 250 RPM) in the appropriate medium to mid-
exponential phase (ODg00=0.6) and harvested by spinning down (1701 x g, 2 min 30 s) and
transferring to a screw-cap tube. Cells were washed with 1ml of ice-cold water before
pellets were measured and normalised. 100yl lysis buffer (as in Table 2.6) was added for a
cell pellet of 0.03g, along with silica beads. Cells were broken by bead-beating (2x 30 s, with
1 min on ice in between beating cycles) before an equal volume of 2X sample buffer (with
0.2M dithiothreitol) was added. Cells were briefly vortexed and incubated at 95°C for 5 min

to denature protein. Cell debris was pelleted by centrifugation (10,621 x g, 5 min, 4°C).

Component Concentration
HEPES pH7.6 50mM
KCl 70mM
MgCl, 1mM
EGTA 1mM
Triton-X-100 0.1%
NaVO, 1ImM
Pefabloc 20mM
CLAAPE* 1:2000

Table 2.6 Lysis buffer composition. * CLAAPE is a protease inhibitor mix
composed of chymostatin, leupeptin, aprotinin, antipain, pepstatin and E-64,

all dissolved in DMSO at a final concentration of 10 mg/ml each.

For analysis of unstable proteins, e.g. Spc7-mCherry-PYL, cells were broken directly into 2X
sample buffer, with CLAAPE mix, Pefabloc, DTT and microcystein (1ul) added immediately

before use.
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2.3.2 Resolving proteins on SDS-PAGE gels

12.5% resolving gels were prepared as outlined in Table 2.7. A layer of butanol-1-ol was
added to ensure gel surface was level. Once the gel was set, the alcohol layer was removed
and stacking gel (prepared as in Table 2.7) was added. A 1X stock solution of stacking gel
without gelling components added was prepared and stored at -4°C. 5ml of this solution

was used per (10cm X 20cm) gel and gelling components were added immediately prior to

pouring.
Steps Volume added
HEPES pH7.6 4.7ml
KCl 0.75ml
MgCl, 3.75ml
EGTA to 15ml

Gelling agents:

(added last)

APS 150pl (10%)

(ammonium persulfate)

TEMED 15ul

Table 2.7 Components of 12.5% acrylamide gel

Proteins were resolved by running on SDS-PAGE gels for 90 min at 120-160V in SDS-PAGE
buffer (50 mM Tris, 384 mM glycine, 2% SDS).
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2.3.3 Western blotting

Once proteins had been resolved by electrophoresis on SDS-PAGE gels, transfer of protein
to nitrocellulose membranes was carried out using a semi-dry transfer unit (Hoefer, TE77)
at 150 mA for 1.5-2.5 hours in semi-dry transfer buffer (25mM Tris, 130mM glycine, 20%
methanol).

Membranes were blocked in blocking solution (1x PBS, 0.08% Tween 20, 5% w/v dried
skimmed milk (Marvel)) for up to 30 min at room temperature before incubation overnight
in primary antibody at 4°C. Membranes were then washed 3 times with PBS + 0.08% Tween
for 10 min each. Secondary antibody was applied for 1 hour at room temperature. A further
3 washes of PBS + 0.08% Tween were performed to remove unbound antibody.

Proteins were visualised by chemiluminescence using an ECL detection kit (SuperSignal
West Pico or SuperSignal West Femto, Pierce) according to the manufacturer’s instructions.
Membranes were covered with clear acetate and exposed to X-ray film (Agfa Healthcare).

Films were developed using a SRX-101A Film Processor (Konica-Minolta).

2.3.4 Antibodies used in this work

Antibody Species Concentration Source

Primary antibodies

Anti-tubulin (TAT1) Mouse  1:1000 Gift from Keith Gull
Anti-Mph1 Sheep T 1:1000 Hardwick lab
Anti-FLAG M2 Mouse  1:1000 Sigma-Aldrich
Anti-HA 12CA5 Mouse  1:1000 Kumiko/Earnshaw lab
Anti-Spc7 Sheep 1:1000 Hardwick lab
Anti-GFP Sheep 1:1000 Hardwick lab

Secondary antibodies (all HRP-conjugated)

Anti-sheep Donkey 1:5000 Jackson Immuno-Research
Anti-mouse Donkey 1:5000 GE Healthcare
Anti-rabbit Sheep 1:5000 GE Healthcare

Table 2.8 List of antibodies used in this work
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2.4 Microscopy

Fluorescence microscopy was performed using a Zeiss Axiovert 200M inverted epi-
fluorescent microscope (Carl Zeiss Ltd.) equipped with a 100x 1.49 N.A. objective lens and a
CoolSnap CCD camera (Photometrics). Slidebook v5.5 software (Intelligent Imaging
Innovations Inc.) was used to acquire and analyse images. Acquisition settings were as
follows: 300ms exposure (FITC & TRITC), 2x binning, Z-series over 3um range in 0.5um steps

(7 planes).

Fixed samples for microscopy were prepared by centrifuging 1.5ml of culture for 1 min at
6000 rpm. Cell pellets were fixed in 200—-500ul of 100% ice-cold methanol. To image cells,
8ul of the cell suspension was added to a glass slide. Once the methanol had evaporated, 2
ul DAPI (0.4pg/ml) was added to the sample and a glass cover slip was placed on top. Cells
were imaged immediately as described above. Typical exposure setting for imaging DAPI

was 100ms.

2.5 Checkpoint assays and checkpoint silencing assays

2.5.1. Synthetic checkpoint arrest assay (SynCheck, rTetR system)

To induce a synthetic arrest in strains containing Mph1 kinase fragments driven by the
nmt81 promoter, exponentially growing cells were obtained by growth in liquid PMG
medium (with thiamine) at 30°C with shaking for 6-8 hours to load cells with thiamine. Cells
were harvested (1701 x g, 2 min 30 s) and washed twice with 50ml PMG and split into two
PMG cultures, one with thiamine added and one without. aTC was added to both cultures
and cells were grown at 30°C with shaking for 6-20 hours, with samples taken for

microscopy at regular intervals. Cells were imaged immediately.

2.5.2. Serial dilution growth assays

Strains were pre-grown on PMG plates (with and without thiamine) for 24 hours. Serial
tenfold dilutions of cells were prepared in PMG media without thiamine (1, 1/10 and
1/1000 dilutions) in a 96-well plate. A pinning device was used to transfer cells to phloxin-

containing plates (with and without thiamine added). Plates were usually incubated at 30°C
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(except when using temperature sensitive strains). Plates were photographed and scanned

24 and 48 hours after plating.

For phloxin B serial dilution growth assays, plates were made by adding phloxin B to PMG
agar at a concentration of 10mg/L. Amino acid supplements were also added. Plates were

made with and without thiamine.

Strains were examined for defects in spindle checkpoint by plating to benomyl-containing
media. Benomyl was added to boiling YES agar at concentrations ranging from 0-10 pg/ml.

Plates were used within 2 days of pouring, to avoid degradation of the drug over time.

2.5.3. nda3-KM311 block-and-release checkpoint silencing assays

Cells were spindle checkpoint arrested by depolymerising microtubules using cold-sensitive
nda3-KM311 mutants (Hiraoka et al, 1984). Log-phase cultures were shifted to 18°C for 6
hours, until 80-90% of cells were checkpoint arrested. Cultures were shifted back to 25°C
and samples were taken every ten minutes to monitor rates of mitotic exit. Samples were
fixed in ice-cold methanol. Microscopy was performed to visualise levels of cyclin B (Cdc13-

GFP).

2.5.4. Assays with an abscisic acid based synthetic checkpoint, SynCheckABA
cdc25-22 synchronisation

Cells were grown on YES plates at 25°C for 1-2 days. These were pre-cultured in liquid YES
(10ml) with added amino acid supplements for 6-8 hours, before inoculating over-night

cultures. The next day, log-phase cultures were shifted to the non-permissive temperature
of 36°C and incubated for 3.5 hours to block cells in G2. Cultures were shifted back to 25°C

after this, to release them from G2.

Induction of synthetic arrest by ABA addition

After synchronising cells in G2, cultures were released and after 5 minutes ABA was added
(Sigma Aldrich A1049, final concentration 250uM). DMSO was added to control cultures at

the same volume.
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ABA wash-out and SynCheckABA silencing assays

Cells were incubated with ABA for 60 mins to induce a synthetic checkpoint arrest.
Following induction of SynCheckABA arrest, cells were washed three times with 50ml YES to
remove ABA. 1.5ml samples of cultures were taken immediately after wash-out and at
various timepoints after release (e.g. 30 minute intervals, for up to 2 hours). Samples were

immediately preserved in ice-cold methanol and stored at -20°C.
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2.6 SynCheck Genetic Screen of Bioneer deletion collection

Construction of PEM-2 SynCheck strain

PCR was used to amplify rTetR-Mph1 (leul:Pnmt81-rTetR-mphlsos-67s) and rTetR-Spc7
(lys1::Padh15-rTetR-mCherry- spc71-6s6-9TE:ura4) cassettes from plasmids. These constructs
were transformed by electroporation into a PEM-2 genetic background (Roguev et al,
2007). Transformants were identified based on ura and leu auxotrophic markers and were

confirmed by PCR/immunoblotting.

Genetic crosses (for screen)

3004 G418-resistant single-deletion haploid strains were obtained from the Bioneer v2.1
library (Kim et al, 2010a). Genetic crosses were performed according to the usual PEM-2
protocol (Roguev et al, 2007, 2018). The PEM-2 SynCheck strain (SS29: leu1:Pnmt81-rTetR-
mph1os-67s, lysl::Padh15-rTetR-mCherry-spc7i.665-9TE:ura4, PEM-2) was used as a query

strain which was crossed with the Bioneer v2.1 library (using a Singer ROTOR robot).

Library strains were thawed, replica plated to YES media and incubated at 30°C for 2-3 days.
Strains were then condensed from a 96-strain to a 384-strain array format using a Singer

RoTor robot.

In the meantime, the PEM-2 SynCheck query strain was grown in a lawn on YES plates (with
additional thiamine). Once strains were sufficiently grown, the isolates from the library
were mated with the SynCheck query strain by pinning strains on to SPA agar plates
together. Each cross was performed in quadruplicate, so the array was pinned in 1536-

strain format.

After sporulation, the PEM-2 background allowed for selection against parental strains,
diploids and h+ haploid cells on the basis of cycloheximide sensitivity. Desired progeny
were selected for based on G418 resistance and auxotrophic markers. Cycloheximide
concentration in screen selection plates was 250ug/ml, and G418 was used at a final

concentration of 200ug/mL G418.

Plates with and without thiamine (+Th/-Th) added were used as control and test plates

respectively, to determine the effects of inducing rTetR-Mph1 expression/SynCheck
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activation in these strains. These plates contained phloxin B, a dye which stains dead cells

pink.

Images of plates were acquired on a flatbed scanner at 24-hours, 48-hours, and 1-week

post-plating. Plates were scored for strain growth and colour by eye.

Quantification of high-throughput screen results

To more rigorously quantify strain phenotypes, software was used to measure colony size
and normalise values. By automating analysis, we hoped to achieve rapid, quantitative and
unbiased scoring of screen phenotypes. SGAtools/gitter was selected for this purpose
(Wagih & Parts, 2014; Wagih et al, 2013). SGAtools successfully recognised the array layout
in all plates, unlike some other software tested, e.g. Spotsizer (Bischof et al, 2017). This
software corrects for some factors which may affect growth, e.g. differences in growth
conditions between plates and between strains plated in different positions on the same

plate.

To quantify the screen, scanned images were uploaded to SGAtools website. These plates
were cropped to size and rotated, but not subjected to any other processing. To obtain
scores for the -Th condition, the experimental strains were compared with parental control
strains (Bioneer library strains). Colony areas were normalised by SGAtools for each plate
(Baryshnikova et al, 2010; Wagih et al, 2013). The software then computed scores and p-
values for each strain based on the four replicates tested. The same process was repeated
for +Th plates. Finally, the +Th score was subtracted from the score for the -Th condition to
give an adjusted score which represents the effect of inducing SynCheck signalling on

phenotypes.

Strains were ranked based on this adjusted score. Large negative values indicate a strong
synthetic sickness phenotype. A threshold value of -0.2 (or +0.2 for strains with a synthetic

positive interaction) was applied to data.

Results from the analysis with SGAtools can be found in Appendix 1.6.
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2.7 SynCheckABA yeast strain construction

2.7.1 PP1-binding mutant strain construction

Padh21-Spc7;.6ss-mCherry-2xFLAG-PYL (PP1-binding site mutants)

Plasmids containing full-length Spc7 PP1-binding mutants (AA, deletion of residues 136—
150; AAB, deletion of residues 136-150 and residues 331— 345) (provided by the Millar
laboratory, University of Warwick) were used as PCR templates to amplify mutant versions
of Spc71.665. Nhel-NLS and Pacl restriction sites were introduced during amplification,
allowing Spc7 constructs to be digested and ligated into digested plYO3-derived vector
backbone, which also contained a C-terminal mCherry-2xFLAG-PYL tag (pLYS1U-Padh21-
NLS-Spc71-s66-mCherry-2XFLAG-PYL, see Amin et al, 2019). These constructs were amplified
by PCR and transformed into fission yeast strains which contained adh41-mph1-3xHA-ABI,
atb2-RFP and cdc25-22. Efforts were also made to generate a strain with just the B motif

deleted, but no transformants were obtained.
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CHAPTER 3

A High-throughput Genetic Screen to Identify Novel Spindle

Assembly Checkpoint Silencing Factors

3.1 Introduction

The overall aim of this project is to better understand the spindle assembly checkpoint
(SAC), with a specific focus on how the SAC is silenced. The SAC plays an important, highly
conserved role in genomic stability. Mechanisms of SAC activation and silencing are worthy
of detailed investigation. Studies of the SAC have identified therapeutic targets for cancer
treatment (Section 1.5.1). Insights gained from SAC silencing studies in S. pombe may make
valuable contributions to the understanding of this fundamental cell cycle process and of

cell signalling mechanisms in general.

This chapter recounts our efforts to identify novel SAC silencing factors. Our rationale in
taking this approach is that the discovery and characterisation of novel SAC silencing factors
will suggest possible mechanisms of action which can be investigated further. As we have
seen in the Introduction (Section 1.4), several independent SAC silencing mechanisms have
been identified in vertebrates to date, including dynein-mediated stripping of checkpoint
proteins from microtubule-attached kinetochores, and p31°™-mediated inhibition of
Mad2. The existence of multiple redundant mechanisms indicates that there may be
additional undiscovered pathways at work in silencing the spindle checkpoint. The
possibility of identifying SAC silencing components which operate independently of known

pathways is an argument in favour of using a high-throughput screening strategy.

Additionally, a wide-scale screen may provide useful information on known SAC silencing
mechanisms. Many of the pathways that have been identified to date are not well-
characterised, so a genetic screen may identify important components of these pathways.
For example, protein phosphatase PP1 Dis2 has been found to play a highly conserved role
in SAC silencing, and has a particularly strong effect in S. pombe (Pinsky et al, 2009;
Vanoosthuyse et al, 2009a). Despite its established importance for SAC silencing, key

targets and regulators of this pathway have yet to be determined.
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3.1.1. Overview of screening strategy

We conducted a high-throughput genetic screen to identify novel SAC silencing factors.
Specifically, we set out to screen the Bioneer single-gene deletion haploid library (v2.1) of S.
pombe. To sensitise strains to the effect of mutations which disrupt SAC silencing we used a
synthetic checkpoint system, SynCheck (Yuan et al, 2016). This system allows us to induce a
checkpoint-mediated arrest by promoting interactions between SAC proteins
independently of their localisation to unattached kinetochores. This system is both

inducible and ectopic, which offers several advantages for our purposes (Section 1.7).

A Singer RoTor robot was used to mate the synthetic checkpoint (SynCheck) query strain
with strains from the Bioneer haploid library of 3004 single-gene null mutants (Kim et al,
2010a). The synthetic checkpoint was induced, and strains were spotted out in
quadruplicate on agar plates containing phloxin B dye. Data analysis was carried out to

determine which gene deletions cause reduced fitness upon checkpoint induction.

Genetic screens

High-throughput genetic screens are a powerful tool for identifying genes involved in a
biological process (Section 1.6). In designing a screen, it may be useful to sensitise strains to
the effects of defects in a process, so that the observed phenotype is more obvious. This
can be achieved by using a background strain with a mild defect in the process under
investigation and crossing it with mutant strains. If a second mutation exacerbates the
phenotype of the original ‘query’ strain, this indicates that it is involved in the same

process. Phenotypes due to such genetic interactions are known as ‘synthetic’ interactions.

For this screen, increasing the sensitivity of strains to checkpoint silencing defects is likely
to be particularly important. This is because multiple redundant pathways may be involved,
each with minor effects on silencing efficiency. For the query strain used, we aimed to
generate a mutant with a stronger spindle checkpoint, and ideally one which was inducible.
Query strains which are inducible/conditional mutants are often particularly useful in
genetic screens. Having a query strain which grows normally under uninduced conditions
makes it easier to work with and allows for direct comparison of the mutant phenotype
alone and in combination with the defect induced by the query mutation, helping to rule

out secondary effects of the genetic background of the query strain.
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A previous high-throughput screen involving inducible Mph1 overexpression

Previous efforts by our lab to identify spindle checkpoint silencing mutants included a high-
throughput screen which employed a query strain with inducible Mph1 overexpression. An
Mph1 cassette was inserted which was under the control of an inducible nmt81 promoter
(no message in thiamine) (Basi et al, 1993; Maundrell, 1993). Thiamine represses
expression from this promoter, and so removal of thiamine from media resulted in
overexpression of Mph1 (approx. 6-fold), followed by a metaphase delay mediated by
spindle checkpoint proteins. This slight delay did not have a significant impact on cell fitness
in isolation, but when combined with mutants which were impaired in checkpoint silencing
cells experienced more profound metaphase delays (visible as reduced colony sizes) and
increased levels of cell death. However, there were concerns that this approach generated
a high level of false positives. This was because Mph1 has pleiotropic functions, including
chromosome biorientation, which increases the likelihood that its overexpression would

have off-target effects.

Another complication of this screening strategy was that the overexpressed Mph1 could
localise to kinetochores, and potentially exacerbate the effect of mutations which caused
defects in microtubule-kinetochore attachment. Increased activation of the SAC by these
mutants could result in a synthetically sick phenotype when Mph1l was overexpressed,
resulting in false positive results from the screen. This concern was particularly relevant in
relation to the several kinetochore proteins which were identified in the Mph1l

overexpression screen (e.g. Dam1/DASH complex subunits Duol, Spc19).

To address these issues, we opted to use a synthetic version of the spindle checkpoint that

has recently been developed in our lab as our query strain (Yuan et al, 2016) (Section 1.7).

SynCheck

The SynCheck system was designed on the principle that promoting interactions between
upstream effectors of the spindle checkpoint (Mph1 kinase and outer kinetochore protein
Spc?) is sufficient to generate a checkpoint-mediated metaphase arrest. Constructs of
Mph1 and Spc7 with their kinetochore localisation domains removed were generated. The
tetracycline transcriptional activation system was used to achieve co-localisation of these

protein fragments. rTetR-Spc7 was constitutively expressed, whereas rTetR-Mph1ai-30, was
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expressed from a nmt81 promoter, so expression could be induced by removal of thiamine
from media. Addition of anhydrotetracycline to media allowed rTetR-Mph1 and rTetR-
mCherry-Spc7 constructs to co-localise to tetO sequences which had been introduced to a
chromosome arm. Heterodimerisation of these proteins generated a checkpoint-mediated

metaphase arrest (see Appendix 2; Yuan et al, 2016).

3.1.2. Characterisation of SynCheck

In preparation for carrying out the high-throughput screen, additional characterisation of
the SynCheck system was needed. Firstly, the effect of the tetO array on the strength of the
arrest was examined. It was found that varying the size of the array (from 0-112 tetO
repeats) has only a minor effect on the efficiency of the arrest (work by P. Amin). In
collaboration with I. Leontiou, | confirmed that the kinetics of the arrest are similar with

and without the tetO.

Secondly, work was carried out in our lab which confirmed that the rTetR domains of the
Spc7-9TE and Mph1 fusion proteins are still required for the arrest, although addition of
anhydrotetracycline is not necessary. Surprisingly, simply expressing fusion proteins of Spc7
and Mph1 with rTetR domains allowed them to form heterodimers. This activated
checkpoint signalling away from the kinetochore (Figure 3.1A). It was also demonstrated
that this arrest did not require endogenous Mph1 and could operate independently of
endogenous checkpoint activation. Dependency of the arrest on various downstream
checkpoint components was tested (Figure 3.1B). Synthetic checkpoint signalling was
demonstrated to generate a Mad1-Bub1 complex (Yuan et al, 2016). Details of the work

described above have been published (Yuan et al, 2016, see Appendix 2).
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Figure 3.1 Characterisation of SynCheck. (A) Revised model of SynCheck action. It was
found that tethering checkpoint proteins to the chromosome arm was unnecessary, and
that the rTetR fusion proteins simply need to be co-expressed to dimerise and induce
checkpoint signalling. Signalling was confirmed to occur only when both Spc7 and Mph1
protein constructs contained an rTetR domain, and heterodimerisation was shown to be
required for checkpoint activity. (B) SynCheck arrest is dependent on Mad1, Mad2, Mad3
and Bub1, but independent of Bub3, Bub1l kinase activity (kd = kinase dead mutant) and
Sgo2. SynCheck-mediated metaphase arrest was induced in these cells by washing out
thiamine, allowing expression of rTetR-Mph1 from its nmt81 promoter. Percentages of cells
arrested in metaphase at 16h post-induction (approximate time for peak numbers of cells
in metaphase in wild-type control) are shown here for each strain. Experiments were
repeated (at least) three times. More than 100 cells were analysed per strain. Data is
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plotted as mean # s.d. All strains contain a fluorescent marker to allow metaphase arrested
cells to be identified by microscopy (Atb2-GFP in the majority of strains shown, which
allows short metaphase spindles to be visualised; the exception is the sgo2A strain which
was had been constructed in a different genetic background (Mad2-GFP, which localises to
spindle pole bodies during metaphase), which was compared with a wild-type SynCheck
control which also contained Mad2-GFP.

3.1.3. Chapter Aims
The aims of this chapter are as follows:

i) Establish whether SynCheck could be successfully used to test for checkpoint
silencing defects (Section 3.2)

ii) Describe the design and execution of a high-throughput screen for SAC silencing
mutants (Sections 3.3 and 3.4)

iii) Analyse the results obtained from this screen, and present a list of candidate genes

involved in SAC silencing (Section 3.4)

84



3.2 SynCheck as a system for testing SAC silencing function

For the purposes of this genetic screen, it was necessary to confirm that the SynCheck
strain did indeed exhibit synthetic sickness phenotypes when combined with mutations

which cause defects in spindle checkpoint silencing.

It had previously been noted that SynCheck strain survival was severely reduced after
induction of a synthetic arrest in liquid cultures (lvan Yuan and loanna Leontiou, data not
shown). When cells were grown in liquid cultures without thiamine to induce a SynCheck
arrest (checkpoint arrest peaks at 16h after thiamine wash-out; cells were grown for 14-20h
in these experiments) and subsequently plated to thiamine-containing media in attempt to
‘rescue’ arrested cells, many cells were unable to recover and went through few or no cell
divisions before dying. Such a severe phenotype would prohibit us from conducting a
screen with SynCheck, because if the query strain itself was severely sick or lethal upon
checkpoint induction, it could not be used for identifying synthetic phenotypes when
combined with a checkpoint silencing mutant. We hoped that inducing the checkpoint on
solid media would have a less severe impact on cell fitness, possibly due to solid media

providing more spatial cues to guide cell division, e.g. gradients of nutrients in media.

To confirm that the SynCheck system was suitable for identifying candidate checkpoint
silencing mutations a small-scale pilot screen was performed. We aimed to compare strain
fitness between conditions where the spindle checkpoint is induced and not induced, thus
specifically looking at the effect of the gene deletion on checkpoint silencing. We planned
to do this by plating strains on to solid media with thiamine (+Th) and without thiamine (-
Th) and comparing the effects on cell growth for four independent replicates. This
experiment was also designed to check that the proposed methods for assessing strain

fitness in the high-throughput screen were suitable for detecting such phenotypes.

To increase the sensitivity of the screen, strains were grown on plates containing phloxin B.
Phloxin B is a vital dye which specifically stains dead cells red. This is because the dye is
excluded by intact membranes of healthy cells. Cells might go through a few rounds of cell
division before thiamine is depleted from cells and the synthetic spindle checkpoint is
induced, or until the effects of subtle defects in spindle checkpoint silencing become
apparent. As such, measuring colony size alone might not reveal silencing defects. Phloxin B

has been used in yeast studies as a vital dye for some time (Kucsera et al, 2000; Tange &
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Niwa, 1995), and has been recently demonstrated to be useful for increasing the sensitivity

of high-throughput yeast screens for synthetically sick phenotypes (Lie et al, 2018).

Apcl5 encodes a small subunit of the APC and apc15A cells exhibit defects in checkpoint
activation, so both SynCheck apc15A and the wild-type strains were used as negative
controls for defects due to checkpoint silencing. Known checkpoint silencing defective
mutant, bub34, was used as a positive control, and was expected to have a synthetically
sick phenotype. It would be informative to see how other confirmed checkpoint silencing
mutations behave in combination with the synthetic checkpoint strain, to assess whether a
synthetically sick phenotype is observed for all SAC silencing mutants, or just a subset.
PP1°2 plays a conserved role in chromosome segregation (Pinsky et al, 2009; Espeut et al,
2012; Liu et al, 2010; Nijenhuis et al, 2014) and has been shown to have a relatively strong
effect on checkpoint silencing in S. pombe (Vanoosthuyse & Hardwick, 2009; Meadows et
al, 2011), so it is reasonable to expect that dis2A cells would be noticeably synthetically sick
in the presence of an induced synthetic checkpoint arrest. However, attempts to obtain a
SynCheck dis2A strain by both mating crosses and transformation ran into difficulties due to

a strong synthetically sick phenotype (Chapter 5).

We also aimed to test a subset of candidates from the previous Mph1 overexpression
screen. These included DASH complex subunits Spc19 and Duol, Gen5 (the SAGA complex
histone acetyltransferase catalytic subunit), Eafé (NuA4 histone acetyltransferase complex
subunit), Pof9 (an F-box protein), and Mop1 (a conserved fungal protein). Most of these
candidates had been verified using independent silencing assays, e.g. recovery from
checkpoint arrest after nda3-KM311 block and release (K. May, unpublished data; see
Section 4.5.2 for a description of nda3-KM311 assay). Some of these candidates did not
have a phenotype in nda3-KM311 assays but had a particularly strong phenotype in the
screen, e.g. gcn5A. It is possible that these deletions affect checkpoint silencing in a
microtubule-dependent manner. Candidate strains were constructed by transforming the
synthetic checkpoint strain with deletion constructs. These strains were confirmed to have

similar protein expression levels of rTetR-Mph1 by western analysis (Appendix 1.3).

Serial dilution growth assays were performed with these strains (Section 2.5.2). As can be
seen in Figure 3.2, SynCheck strains grew on both +Th and -Th plates, although there were
more dead cells on -Th plates. However, there were clear phenotypic differences between

SynCheck alone and in combination with the bub3A mutation. Deletion of bub3 resulted in
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a much more severe growth defect on -Th plates, along with a dark red colour, indicating

many dead cells.
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Figure 3.2. Serial dilution growth assays to assess checkpoint silencing defects. Growth
assays were performed to assess suitability of plating cells to +/-Th media containing
phloxin B dye as a method for detecting phenotypes of SAC silencing mutants in a SynCheck
arrest. Phloxin B dye is taken up by dead cells and causes sick colonies to be pink. Growth
assays show 10-fold serial dilutions of strains indicated. All strains grow well on +Thiamine
plates, where rTetR-Mph1 is not expressed. Upon induction of the synthetic checkpoint by
plating on -Thiamine media, SynCheck alone is slightly sick, as can be seen by pale pink
colour indicating sick/dead cells. More severe phenotypes are seen when
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SynCheck is combined with deletion of known checkpoint silencing factor Bub3. Eaf6 is a
candidate checkpoint silencing mutant identified in a previous screen in our lab, and eaf6A
is also synthetically sick in combination with SynCheck arrest. Other candidates from the
Mph1 overexpression screen were also tested but did not have a phenotype in this assay.

Deletion of checkpoint silencing factor Bub3 caused a synthetically sick phenotype in this
assay. Differences in cell viability between bub3A and wild-type strains were noticeable for
strains pre-grown on —Th plates and transferred to +/—Th phloxin plates. Strains grown on
+Th plates but transferred to —Th were less sick, but differences in viability were still
noticeable between strains. For cells that were maintained on +Th plates, all strains were

viable and no phenotypic differences could be observed between strains.

Of the six candidate SAC silencing-defective mutations tested in this assay, only eaf6A
appeared to be synthetically sick. As expected, apc15A was found to rescue the SynCheck
strain from the mild reduction in viability it exhibits on -Th plates. Its phenotype resembled
strains which lack synthetic checkpoint activity (e.g. strains which lack rTetR-Mph1, and
express rTetR-Spc7 alone). This is further evidence that the viability defects seen for the
synthetic checkpoint strain are checkpoint-dependent, and not due to other effects of

removing thiamine from growth media.

These results indicate that the synthetic checkpoint strain is sufficiently viable to be used
for a genetic screen. Phloxin B growth assays were demonstrated to be sensitive enough to
detect differences in viability between the checkpoint strain alone and in combination with
mutants which disrupt checkpoint silencing. It may be possible to adjust the strength of the
effect of synthetic checkpoint induction on cell viability by pre-plating on either +/-Th

before transferring to -Th plates.

3.3 Designing a high-throughput genetic screen

The results above indicate that the SynCheck strain is suitable for sensitising cells to the
effect of checkpoint silencing mutations in our screen. The synthetically sick phenotypes
generated could be observed in phloxin B growth assays. This confirmed the suitability of

our proposed experimental design for a large-scale screen.

For this screen, we used the Bioneer haploid single-gene deletion library (v2.1). This

collection contains 3004 deletion strains, approximately 84% of S. pombe non-essential
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genes (Kim et al, 2010a; Pan et al, 2012). These genes are replaced by a G418-resistance

cassette (kanMX4/kanR), which facilitates selection for the deletion genotype in crosses.

Several checkpoint silencing factors identified to date, including Bub3 and Dis2, are non-
essential in S. pombe. Despite this limitation, the Bioneer library is a convenient resource

which allows us to examine a large portion of the S. pombe genome.

3.3.1 Generating Query strain in a PEM-2 genetic background

In the process of our screen, haploid strains containing a single gene deletion (i.e. Bioneer
library strains) were crossed with strains containing the SynCheck components (rTetR-Spc7,
rTetR-Mph1). After mating and sporulation have occurred, each of the desired components
can then be selected for by using unique selectable markers (leu and ura auxotrophy for
rTetR-Mph1 and rTetR-Spc7 constructs respectively; G418 resistance for deletions from the

Bioneer library).

Apart from selecting for these desired components, it was necessary to efficiently select
against any other cells which were present, including heterozygous diploid cells. It was also
important to prevent re-mating by selecting for a single mating type. To achieve these ends

a PEM-2 genetic background was utilised in our query strain.

The PEM-2 system allows for the rapid generation of double mutants. It utilises a recessive
allele which confers resistance to cycloheximide, to allow selection against parental cells
and diploids (Figure 3.3; also see Roguev et al, 2007). This system also ensures mating type
selection (to prevent re-mating) by inserting an additional copy of the dominant wild-type
cycloheximide-sensitive (cycS) allele in close proximity to one of the mating type alleles (h-).
This ensures that only h+ progeny may exhibit cycloheximide resistance, if they contain the

cycloheximide resistance (cycR) allele at the endogenous location.

To obtain this query strain the components of the synthetic checkpoint arrest were
transformed into a PEM-2 background by electroporation. rTetR-Mph1 expression levels
were analysed by western blotting to confirm that these were similar to the original
SynCheck strain (Appendix 1.2). Serial dilution growth assays were performed to confirm
the optimum concentration of cycloheximide prior to carrying out the screen (Appendix

1.3).
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Figure 3.3 Features of high-throughput screen design. (A) Gene deletion cassette
containing the kanMX4 gene flanked by regions of homology to the gene of interest. The
cassette replaced the open reading frame (ORF) of the gene of interest by homologous
recombination. (B) PEM-2 is a strategy for high-throughput double mutant strain
construction. A dominant cycloheximide sensitive (cyhS) allele is expressed from within the
mating type locus (MTL; i.e. mat, indicated by boxes labelled ‘H’ in figure) of h- cells while a
recessive resistance allele (cyhR) is expressed from the endogenous locus, resulting in a
cycloheximide sensitive phenotype. After meiosis, the only cells able to survive on media
containing cycloheximide are haploids of the opposite mating type (h+) which retain the
cycR allele at the endogenous locus. PEM-2 diagram from Roguev et al, 2007.



3.3.2 Pilot screen
Before proceeding to the full high-throughput screen, a pilot experiment was conducted on
a single test plate from the library (365 strains) to confirm that everything was working

optimally. The workflow of the screen is described in detail in Chapter 2 (Section 2.6).

This test plate consisted of four 96-strain plates from the Bioneer library which were
condensed into a 365-strain array (strain list in Appendix 1.4.1). These plates were chosen
based on inclusion of various strains of interest. These included positive controls, e.g.
known checkpoint silencing mutant bub34, and a candidate from the Mph1 overexpression
screen performed in our lab, eaf6A. This plate also included negative controls in the form of
strains deficient in spindle checkpoint activation, i.e. mph1A, mad1A and apc15A strains.
Control strains bub3A and eaf6A both displayed a synthetically sick phenotype, as they had
in the smaller scale experiment. Other candidates identified from this pilot screen are
summarised in Figure 3.4B. Some strains produced larger, paler colonies on -Th plates,

appearing to be healthier in combination with rTetR-Mph1 expression.
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Figure 3.4 Pilot screen for SAC silencing factors (A) Sample of phenotypic readouts from
screen. 1536-array plates are shown on the left. On the right, a close-up of 8 adjacent
strains illustrates the different phenotypes which can be observed. Phloxin B is taken up by
dead cells and causes sick colonies to be pink. Most strains are a pale pink colour when
SynCheck has not been induced (i.e. on thiamine-containing plates). On plates without
thiamine, synthetically sick genetic interactions can be observed, e.g. eaf14 shows reduced
growth and darker pink colour. Some deletions appear to improve cell fitness, e.g. ogm4A.
Strains are plated in quadruplicate. (B) Table of hits from pilot screen (scored by eye for
colony size and colour).
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3.4 High-throughput genetic screen

The high-throughput screen was carried out in a similar manner to the pilot screen
described above. After crossing the library with the SynCheck query strain and selecting for
desired progeny, strains were pre-plated to +/-Th plates for 2 days before re-plating to +/-
Th plates containing phloxin B dye. Images were acquired on a flatbed scanner at 24, 36

and 48 hours post-plating.

Synthetically sick strains were identified by manual analysis of screen phenotypes. Each
replicate was scored for colony size and intensity of red colour. Efforts were made to avoid
bias due to plate position (for example, strains in outer rows may grow better due to
decreased competition for nutrients) by carefully comparing strains with near neighbours.
Results were compared between -Th plates and +Th control plates, as well between
parental Bioneer deletion strains and double mutants. This helped to rule out secondary
effects not specifically due to synthetic checkpoint induction, as well as controlling for

single mutant phenotypes.

For all observed hits, semi-quantitative scores were given for each attribute (0 = no
phenotype, 1 = mild, 2 = strong), and strains were ranked based on severity of phenotypes.
Preference was given to strains where both low growth and phloxin red phenotypes were

observed.

3.4.1 Results of high-throughput screen

Thirty gene deletions were identified as having reduced fitness in the SynCheck background
when the checkpoint was induced (Table 3.1 and Appendix 1.5). Eight of these were
selected for further verification on the basis of strength of phenotype, as will be discussed

in more detail in Chapter 4.

The screen successfully detected a synthetically sick phenotype for positive control, bub3A.
No spindle checkpoint gene deletions (e.g. mad2) were synthetically sick, as expected.
Some gene deletions rescued the mild reduced viability phenotype of SynCheck on -Th

plates.

Many SAC components were first discovered by the sensitivity of gene deletions to
benomyl, a microtubule-depolymerising drug. It is possible that checkpoint silencing factors

may also be detected by altered sensitivity to benomyl. There are nine strains annotated in
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Pombase as benomyl resistant. It is possible that if SAC silencing is mildly impaired or
delayed, cells will have more time to correct KT-MT attachment errors caused by spindle
poisons, potentially resulting in increased viability. The results of the high-throughput
screen were examined to see if any of these gene deletions were also synthetically sick in a
SynCheck arrest, as taken together both phenotypes could support further study of these
factors. Unfortunately, none of these gene deletions were present in the Bioneer library.
This illustrates one of the limitations of this screen; there are several non-essential genes
which are either not included in the Bioneer v2.1 collection, or which were not able to be
successfully revived from freezer stocks. Only 2918 of the 3004 Bioneer strains were
successfully revived and analysed in this screen. The PombeNet website has records of
several problem or missing strains in the Bioneer collection (http://www-

bcf.usc.edu/~forsburg/Bioneer.html). One notable omission is dis2A, which would have

been a valuable positive control strain, as a known SAC silencing factor with a strong effect.

It was investigated whether any of the previously reported problems with the Bioneer
library affected strains identified as candidates in this screen. No problems were found to

have been recorded for any of these strains.

3.4.2 Verification of candidates

Further verification of candidates identified from the high-throughput screen was carried
out. Serial dilution growth assays were performed on strains isolated from mating crosses
performed as part of the high-throughput screen. The purpose of this analysis was to
confirm the observed phenotype by repeating the same experiment (comparing growth
and viability of cells between +/-Th media, in the presence of phloxin B dye). This
experiment was designed to give a general indication of the reproducibility of phenotypes
observed in the large-scale screen and to verify individual factors tested. Repeating the
experiment in the serial dilution growth assay format removed the variable of position
effects which may have influenced growth on the high-throughput screening plates. This
approach yielded more easily observable phenotypes due to the larger format and was also

cheaper and quicker to carry out than repeats of the high-throughput screen.

Strains were grown on PMG +Th plates at 30°C for two days before resuspending cells in

liquid PMG media, serially diluting tenfold and re-plating to +/-Th plates containing phloxin
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B dye. For all strains tested, parental deletion strains were used as a negative control.

Between two and four isolates were tested for each strain.

SPAC14C4.11 vic2 polyphosphate synthetase
SPCC1223.02 nmt1/thi3 no message in thiamine Nmt1 Yes Strongly reduced viability on -Th
SPCC18B5.05¢ phosphomethylpyrimidine kinase Yes (strong) Slightly reduced viability on -Th
SPAC227.15 reg1 protein phosphatase regulatory subunit Reg1 Yes
SPBC30B4.04¢ sol1 SWUSNF complex subunit Sol1 Yes (strong)
SPAC4F10.18 nup37 WD repeat protein, human NUP37 family Yes (strong)
SPAC926.03 ric1 myosin |l regulatory light chain Yes
SPAC589.02¢ med13 mediator complex subunit Srb9 Yes
SPBC3B8.02 php5 CCAAT-binding factor complex subunit Php5 Inconclusive
SPAPJ696.01c vps17 retromer complex subunit Vps17 Inconclusive
SPCC1672.04c cox 19 mitochondrial copper ion transport protein Yes
SPBC691.04 mss116 mitochondrial ATP-dependent RNA helicase Yes (strong)
SPBC216.01¢c psy2 DNA damage response protein Yes
SPCC1259.11¢c ayp2 GTPase activating protein Gyp2 Inconclusive Strongly reduced viability -Th
SPAC1D4.01 tis1 sequence orphan Yes (strong)
SPAC1B3.16¢c vht1 vitamin H transporter Vth1 No
SPBC29A10.06¢ conserved fungal protein Inconclusive
SPAC23H3.08¢c bub3 mitotic spindle checkpoint protein Bub3 Yes
SPAC823.03 ppk15 serine/threonine protein kinase Ppk15 Yes
SPAC1D4.02¢ grh1 human GRASP protein homolog No
SPAC227.17¢ conserved protein (fungal and plant) Yes (strong)
SPBC3ET7.16¢c leu3 2-isopropylmalate synthase Inconclusive
SPCCT777.08¢c bit61 HbrB family protein Yes
SPBC11B10.05¢ rsp1 random septum position protein Rsp1 Inconclusive
SPBPBBT7.18¢ phosphomethylpyrimidine kinase Yes Slightly reduced growth on —Th

Figure 3.5 Summary of candidates from high-throughput screen. Selected hits from high-
throughput screen of Bioneer library v2.1 are shown, along with results from when these
strains were retested in growth assays (serial dilution assay; Figure 3.6). Any unusual
phenotypes of parental strains in the high-throughput screen control plates are noted.
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Figure 3.6 Verification of selected candidates from high-throughput screen. Candidates
from the high-throughput screen were re-tested to confirm phenotype. Multiple isolates of
each deletion strain were generated during the high-throughput screening process. These
isolates were stored and retested in serial dilution growth assays to confirm their
phenotype. Strains were grown on PMG +Thiamine plates for two days before resuspending
cells in liquid PMG media, serially diluting tenfold, and re-plating to + and -Thiamine plates
containing phloxin B dye.

Overall, most of the strains tested had a reproducible synthetically sick phenotype in the
high-throughput screen and serial dilution growth assay experiments. Positive control
bub3A exhibited a synthetically sick phenotype when grown on -Th. Figure 3.5 reports
whether a synthetically sick phenotype was observed in serial dilution growth assays for
each candidate strain tested. Particularly strong phenotypes were noted, to help identify

which candidates are the most promising for further characterisation, i.e. bub34, sol14,
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SPCC18B5.05cA, mss1164, nup374, SPBP8B7.18cA and bit61A. These strains also had a
strong phenotype in the high-throughput screen, with the exception of bit614, which had a

mild phenotype in the screen but a more pronounced phenotype in this assay.

Several of the factors retested did not have a detectable phenotype. These were mostly
strains which were only noted as having a weak phenotype in the screen. It is possible that
these irreproducible phenotypes were false positives in the screen. It is also possible that

some of strains did have checkpoint silencing defects, but the effects were very minor.

For some strains, it was noted that upon checkpoint induction a few pale, large colonies
grew against a background of very sick cells. This effect could be caused by contamination
with wild-type cells, however another possible explanation is that these cells were
accumulating checkpoint suppressor mutations. These cells were not directly tested to
confirm this, but it is possible that they could be losing expression of the synthetic
checkpoint components or accumulating mutations in downstream components of the

spindle checkpoint machinery. Alternative silencing pathways could also be upregulated.

Some of the parental control strains were noted to also have a phenotype when grown on -
Th plates. These were nmt1A, SPCC18B5.05cA and SPBP8B7.18cA. These are all known to be

involved in thiamine biosynthesis.

Serial dilution growth assays were also performed to compare candidates identified and
isolated from the pilot screen to the same strain in the high-throughput screen. Although
many of the hits identified in the pilot screen were not identified by manual analysis of the
full screen, retesting isolates side-by-side showed that at least in some instances, these
phenotypes were reproduced by strains from the high-throughput screen. This perhaps
illustrates the limitations of the sensitivity of this method of screening. This could
potentially be overcome by carrying out more repeats of the full-scale experiment. Some of
the pilot screen isolates also no longer displayed a phenotype in these growth assays. This
lack of reproducibility may indicate that these were false positive results. However, some of
these strains did show a phenotype in growth assays performed immediately after the pilot
assay, so it may be possible that checkpoint suppressor mutations were accumulated

before making freezer stocks.

Ideally, we would also repeat the full-scale screen several times to further verify candidates

and to identify additional hits.
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3.4.3 GO term analysis

Gene ontology (GO) term analysis was carried out on this list of candidates, using the
Bioneer library as a reference (edited for missing strains). We used the Generic Gene
Ontology Term Mapper to bin the genes into GO terms and GO Term Finder

(https://go.princeton.edu/cgi-bin/GOTermFinder) to check for enrichment. Unfortunately,

no processes were found to be significantly enriched in our data, except for those involving
thiamine biosynthesis. This enrichment (10% vs 0.2%, P-values <0.006) is most likely due to
the experimental design of growing cells on plates lacking thiamine to induce rTetR-Mph1
expression, rather than a functional link between this pathway and spindle checkpoint

silencing.

Several of the candidates identified are involved in gene expression. Med13, Php5, Rps2302
and Sol1 are involved in gene transcription, TIs1 is a splicing factor and Mss116 is a
predicted ATP-dependent RNA helicase thought to be involved in mitochondrial gene
transcription. Although these candidates may have an indirect effect on checkpoint
silencing via their effects on gene expression, it is also possible that they play a more direct

role in silencing.

Several candidates have genetic interactions which are consistent with a role in SAC
silencing. grh1 and SPCC18B5.05¢ have reported genetic interactions with mph1, while sol1
and t/s1 have interactions with apc10, which encodes a component of the APC. t/s1 is
reported to have a negative genetic interaction with klp6, a known checkpoint silencing

factorin S. pombe (Ryan et al, 2012; Meadows et al, 2011).

Several mitochondrial factors were identified as SAC silencing candidates, including Cox19
(predicted), SPBC28E12.04, Yta4/Msp1 (predicted), Leu3 and Mss116. These were not
selected for further analysis in this work but may be worthy of investigation in future
studies. In particular, mss116 deletion had a strong phenotype, and has also been reported
to display a synthetic growth defect in combination with dis2A (Buttrick et al, 2011). There
is evidence to support a link between mitochondria and cell cycle progression (Esposito et

al, 2011).

To illustrate general properties of the shortlisted candidates, analysis was performed using
PomBase’s QuilLT (Quick Little Tool) (Figure 3.7). QuilLT provides a graph where one
horizontal line corresponds to one gene, across all categories. For ease of interpretation, |

sorted genes by each category and combined the results into one figure, so horizontal lines
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in this analysis do not represent a single gene. This analysis showed that just under half of

these genes are relatively uncharacterised and have either inferred or unknown functions.
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Figure 3.7 Analysis of GO term annotations and orthologs of SAC silencing candidates
identified in the high-throughput screen. Analyses were performed using the Quick Little
Tool (QuiLT) resource by PomBase. Figure adapted from graphics generated by QuilLT.
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The next chapter of this thesis focuses on the verification of a subset of the factors
identified by manual analysis of the high-throughput screen. There are additional control
experiments which could be informative to carry out in the high-throughput SynCheck
system, which are discussed in Section 3.4.6. However, due to time constraints and
limitations of the SynCheck genetic background (e.g. leaky expression of rTetR-Mph1 from
the nmt81 promoter), we decided to shift our attention to verifying a subset of these

factors. This verification involved assays in independent checkpoint silencing assays.

3.4.4 Quantification

To more rigorously quantify strain phenotypes, software (SGAtools/gitter; Wagih & Parts,
2014; Wagih et al, 2013) was used to measure colony size and normalise values (Section

2.6).

Analysis was initially performed for one plate from the screen and it was noted that several
of the manually identified strains were identified as having a relatively strong effect (Figure
3.8). Of the eight strains identified by manual analysis of these plates, two were not scored
by the software (rsp14, SPAC1D4.014), four were confirmed by the software to be amongst
the top ten strains with the biggest reduction in growth on -Th (vht1A, grhi1A,
SPCC18B5.05cA and mss1164; range between -0.42 and -0.18). The two remaining strains,
SPBC29A10.06¢cA and vps17A, both have reduced growth on -Th, however this is a weaker
effect (scores are -0.068 and -0.058 respectively; this puts them at position #59 and #66 in
list of strains with most reduced growth from this plate). It should be noted that when
scored manually, these two strains were both identified as candidates based on red colour,

and only SPBC29A10.06¢cA was noted to have a mild reduction in growth on -Th.
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name | +Th, -Th, +Th, -Th,
EXPERIMENT | EXPERIMENT | CONTROL CONTROL
SPCC18B5.05¢c | - 1.08785 0.79996 1.0219 | 0.93675 -0.20587
SPAC1B3.16c vhtl 0.96053 0.62507 0.88287 0.94847 -0.42149
SPAC1D4.02c grhl 0.92194 0.82984 1.10048 1.25502 -0.24048
SPBC691.04 mss116 0.97833 0.75155 0.79521 0.74419 -0.18876
SPBC29A10.06¢ | - 0.88406 0.82567 1.23431 1.24197 -0.06826
SPAPJ696.01c vpsl7 0.68905 0.56942 0.83962 0.77323 -0.0576

Figure 3.8 Quantitative analysis of high-throughput screen plates with SGAtools. (A)
Plates from high-throughput screen, with enlarged images of strains identified as
candidates by eye. (B) Quantitative results for the indicated strains using SGAtools. Score is
the difference in the normalised colony size values for the experimental strain between -
thiamine and +thiamine conditions, minus the difference in these values for the parental
strains.

This approach was extended to the rest of the high-throughput screen plates (data in

Appendix 1.6). A rigorous cut-off of -0.2 was applied, strains with p-values <0.05 are shown.
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This resulted in a list of 134 hits out of the 2518 library strains analysed. Note that some
strains were not analysed due to gaps in the library. Other strains are missing from final
screening plates due to failure to transfer all strains correctly using the Singer RoTor robot.
Not all strains were successfully scored by the software, which was usually due to missing

isolates.

GO term analysis was performed on the strongest candidates (as described in Section
3.4.3). For this analysis we used a gene list consisting of the thresholded table of hits
produced by SGAtools and the strongest hits manually identified by colour (11 additional

strains). Unfortunately, no terms were found to be significantly enriched in this data.

Efforts were made to quantify colour of strains in a similar manner, however difficulties
with software have prevented this for the time being. Some of these software platforms,
e.g. Colonyzer (Lawless et al, 2010), are difficult to run for those without programming
experience. Even after enlisting help from experienced programmers, there were technical
difficulties with Colonyzer. Consultations with Dr. Julian Mak led to the development of a
MATLAB programme with some of the desired capabilities, particularly the ability to
measure the intensity of red colour. However, this programme still requires further testing

and optimisation.

3.4.5 Synthetic rescue phenotypes identified in screen

In this screen, we also identified strains which had phenotypes indicative of increased
viability (i.e. paler colony colour due to reduced uptake of phloxin dye, indicating fewer
dead cells, and/or increased colony area) when thiamine was removed from media to
induce a SynCheck arrest. Gene deletions which improve viability could have this effect by
increasing efficiency of checkpoint silencing (e.g. by deletion of a negative regulator of SAC)
or by impairing checkpoint activation.

Although these strains are not the focus of the present study, they may be interesting
candidates for future work on the spindle checkpoint, and as such we have listed the
strongest ‘rescue’ phenotypes (Table 3.1). Quantitative analysis with SGAtools was
performed using a threshold of +0.2 or above, i.e. at least at 20% increase in normalised
colony size between +Th and -Th conditions, resulting in a list of 181 strains (Appendix

1.6.2).
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GO term analysis was performed for strains with improved viability upon SynCheck
induction. The candidate list for this analysis consisted of 37 strains identified manually
(Table 3.1), along with the list produced by quantitative analysis. This strain list was not

significantly enriched for any process or function GO terms.

Some candidates were identified by both manual analysis and quantitative analysis,
including swd3, SPAC4A8.06¢ (which encodes a predicted esterase/lipase), tall (which
encodes a predicted transaldolase) and set3 (histone lysine methyltransferase). Candidates
with strong colour phenotypes include dep1 and snt1, both of which encode components
associated with the Rpd3L histone deacetylase complex (Shevchenko et al, 2008), and c/r5,

which is also involved in chromatin organisation (Hansen et al, 2011).
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Gene Verified by
Gene ID (4) name Gene function Paler | Larger | quantification
SPBC354.03 swd3 WD repeat protein Swd3 2 2 | Yes
SPBC29A3.21 sequence orphan 2 2 | Not scored
SPAC19D5.03 cidl poly(A) polymerase Cidl 2 2 | Yes
SPACA4A8.06¢ esterase/lipase 2 1| Yes
SPBC21C3.02c | dep1 Sds3-like family 2 1 | Not scored
histone deacetylase Not scored
SPAC22E12.19 | sntl complex subunit 2 1
SPCC550.07 fah1 acetamidase 2 1 | Not scored
SPAC1565.01 conserved fungal protein 2 1 | Not scored
SPAC15A10.10 | mde6 Muskelin homolog 2 1| Yes
SPCC1020.06¢c | tall transaldolase 2 0| Yes
ubiquitin conjugating Not scored
SPAC1250.03 ubci4 enzyme Ubcl4 1 2
SPAC29B12.08 | cIr5 Clr5 1 1| No
SPAC22E12.04 | ccsi metallochaperone Ccsl 1 1| No
SPAC343.20 sequence orphan 1 1| No
histone lysine Yes
SPAC22E12.11c | set3 methyltransferase Set3 1 0
git5, heterotrimeric G protein No
SPBC32H8.07 gpb1 beta subunit Git5 1 0
gpa2, heterotrimeric G protein No
SPAC23H3.13c | git8 alpha-2 subunit Gpa2 1 0
cps3, No
mug188,
SPAC3A11.02 scp3 zinc finger protein Cps3 0
SPAC4H3.02c swc3 Swrl complex subunit Swc3 0| Yes
SPAC18G6.13 sequence orphan 0| No
armadillo repeat protein, No
nucleocytoplasmic
SPBC1703.03¢c | syo2 transport 1 0
G-protein coupled receptor No
SPCC1753.02c git3 Git3 1 0
mcp7, Yes
mnd1, meiosis specific coiled-coil
SPAC13A11.03 | mug32 protein Mcp7 0 2
1-acyldihydroxyacetone Not scored
SPAC23D3.11 ayrl phosphate reductase 0 2
Mst2 histone Not scored
acetytransferase
acytyltransferase complex
SPBC16G5.13 ptf2 subunit 0 2
orotate No
phosphoribosyltransferase
SPBC725.15 uras Ura5 0 2
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human Leydig cell tumor 10 Yes
SPCC24B10.18 kDa protein homolog 0 2
mitochondrial carrier with Yes
SPAC823.10c solute carrier repeats 0 2
SPBC13E7.04 atpl6 F1-ATPase delta subunit 0 2 | Yes
hydroxyacid No
SPBC1773.17c dehydrogenase 0
SPBC21C3.20c | gitl C2 domain protein Gitl 0 1| No
tRNA pseudouridylate No
SPBC887.11 pus2 synthase Pus2 0 1
SPAC10F6.11c | atgl7 kinase activator 0 1 | No
SPCC736.09c tfx1 TRAX 0 1| No
SPAC2C4.05 cornichon family protein 0 1| No
SPCC24B10.09 | rps1702 | 40S ribosomal protein S17 0 1| Yes
SPBC21C3.11 ubx4 UBX domain protein Ubx4 0 1| Yes

Table 3.1 Gene deletions which displayed synthetic rescue phenotypes in a SynCheck
background. Upon removal of thiamine from media, these strains exhibited phenotypes
which indicated improved growth (i.e. increased colony area) and reduced cell death
(reduced uptake of phloxin dye, resulting in paler colour) relative to other strains. The
strength of each phenotype was ranked on a scale from 0-2 (0 = no observable phenotype, 1
= observable phenotype, 2 = strong phenotype, i.e. very pale or very large colonies). Results
for each of these strains from quantitative analysis of colony areas using SGAtools software
is indicated.
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It was noted that some of the gene deletions which ‘rescued’ cell growth in the quantified
list were in fact synthetically sick when scored by eye, including so/l14 and gyp2A. This is
because phloxin B uptake by dying cells was not considered in the automated analysis. This
illustrates the benefits of using phloxin B to increase the sensitivity of the screen.

When GO term analysis was performed on candidates identified by manual analysis only,
two clusters of genes had enriched processes; one cluster of 5 proteins was involved in
cellular response to oxygen-containing compounds, and another cluster of 4 proteins was
involved in response to carbohydrates (including carbohydrate homeostasis, sugar-
mediated signalling pathways) and G-protein coupled receptor signalling. The only enriched
component was Rpd3L-expanded complex, which is part of the chromatin remodelling
machinery (p-values >0.01).

As with the synthetically sick strains, the first step in studying these candidates should be to
confirm whether these phenotypes are reproducible and if they are due to effects on
SynCheck activity or silencing. The same assays described in this chapter and the
independent checkpoint silencing assays described in Chapter 4 are likely to be similarly
useful for characterising these strains. It will be necessary to shortlist candidates of interest
to focus on for these assays.

For example, swd3 could be an interesting candidate for further study. swd3A was
associated with one of the strongest improved viability phenotypes upon SynCheck
activation. Swd3 is part of the Set1-COMPASS complex, a histone methyltransferase which
targets histone H3 lysine 4 (H3K4) residues (Roguev et al, 2003). This complex plays an
important role in transcription regulation and swd3A4 might indirectly affect SAC activity by
altering the expression of checkpoint proteins (Beilharz et al, 2017). However, the Set1-
COMPASS might play a more direct role in regulating SAC activity by methylating proteins
involved in the checkpoint. Setl complexes have previously been shown to methylate non-
histone targets in other organisms, such as S. cerevisiae, where Set1 is required for
methylation of DAM/DASH component Dam1 (Zhang et al, 2005). It would be interesting to
test if Dam1 and/or other mitotic proteins are targeted by Setl in S. pombe.

Six other genes which encode components of the Set1-COMPASS complex (ash2, set1,
shgl, spfl, swd1, swd2) were also screened (Roguev et al, 2003). None of these were
observed to have phenotypic effects when analysed by eye, but upon quantification with
SGAtools, swd2A and shg1A were associated with increases in relative colony areas

following SynCheck activation (increased growth of +0.19 and +0.15 respectively, slightly
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under the threshold of +0.2). However, deletion of set1, which encodes the catalytic

component of this complex, did not have much effect on cell viability.

3.4.6 Controls for high-throughput screen

Chapter 4 discusses experiments which were carried out to verify a subset of hits identified
in the full-scale screen. Although the results of this give an indication of the reliability of
this screen and verify the individual factors in question, it would be useful to carry out

controls on the high-throughput platform.

A single plate (384 strains) from the Bioneer library was crossed with a query strain which
contained rTetR-Mph1 alone, without the rTetR-Spc7 construct. The effects of inducing
rTetR-Mph1 expression were tested by following the same protocol used for the high-
throughput screen with the original query strain. This experiment aimed to test whether
phenotypes observed in the screen were due to off-target effects of rTetR-Mph1l
expression. Although the rTetR-Mph1 construct lacks a kinetochore localisation domain and
is thus unlikely to contribute to the generation of endogenous SAC signal, it may affect non-

checkpoint functions of Mph1.

Unfortunately, the screen plate which was selected for this smaller scale experiment did
not contain many of the deletion mutations which exhibited strong synthetically sick
phenotypes in the full SynCheck screen, limiting the conclusions we can draw from
comparison of the two data sets. Four deletion mutants tested in this experiment were
identified as synthetically sick by quantitative analysis of colony area in the SynCheck
screen (bit61A, ubi5A, SPAC806.04cA and mug165A). Of these, only bit61A was still
synthetically sick when rTetR-Mph1 was expressed in the absence of rTetR-Spc7. This
indicates that although some candidates may be false positives due to pleiotropic effects of
Mph1, the SynCheck screen identified strains which are sick due to SynCheck activity.
Future work on candidate mutants identified from the screen should include control
experiments using this rTetR-Mph1 strain to test whether rTetR-Mph1 expression alone is

sufficient to produce synthetically sick (and synthetic rescue) phenotypes.
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3.5 Conclusions

1) SynCheck-based genetic screen

In this chapter, it was demonstrated that the SynCheck system is suitable for detecting
checkpoint silencing mutants. Previously identified checkpoint silencing mutant bub3A
exhibited synthetic sickness phenotypes in both serial dilution growth assays and in the
high-throughput screen plating format. Phloxin B was particularly useful in identifying these

synthetically sick phenotypes.

As discussed (Section 3.1.1), an alternative high-throughput screen for SAC silencing factors
was previously conducted in this lab. This earlier screen aimed to sensitise strains to the
effects of SAC silencing defects by inducing overexpression of endogenous Mph1l. The

results obtained from these two screens are compared in Table 3.2.
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Mphl OE SynCheck

Analysis Manual scoring of strains Manual scoring of strains

method (by colour and colony size) (by colour and colony size)
Longlisted 60 30
candidates

General Many candidates involved in: Many candidates involved in:
propefrtles - Gene expression - Transcription

o . . . .
- Signallin - Signallin

candidates 8 8 8 8

- Small molecule
metabolic processes

Significantly enriched for:

- DAM/DASH
components
(outer kinetochore)

Significantly enriched for:

- Thiamine biosynthesis

Candidates = SynCheck manual scoring (colour/size): bub3, reg1, SPBC28E12.04

in common SynCheck quantification data (size): eaf6, vip1, and cirl

Table 3.2 Comparison of results from a previous high-throughput screen which
utilised inducible overexpression of Mph1 (Mph1 OE) with results from the
SynCheck screen. Note that quantification of colony area with SGAtools was only
performed for the SynCheck screen, so results are not presented here, apart from in
‘candidates in common’, which compares SynCheck candidates (identified from
indicated method of analysis) with candidates identified by manual scoring of Mph1
OE data.

As expected, SynCheck was apparently successful in removing potential sources of false
positive results. SynCheck allowed us to induce metaphase arrest without relying on Mph1
overexpression. This is expected to have reduced false positives due to off-target effects of
Mph1 overexpression. In comparison with a previous screen which relied on Mph1l
overexpression, our screen yielded noticeably fewer hits (30 hits, vs. 60). There was little
overlap between the two candidate lists, although positive control bub3A was synthetically
sick in both screens. Ectopically inducing the checkpoint may have eliminated false
positives due to mutants which perturb kinetochore attachment. Kinetochore components
were not found in the manually curated candidate list from this screen, nor were they

enriched in the list generated by the SGAtools software. Several of the hits from the
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previous Mph1 overexpression screen were proteins involved in kinetochore structure and

kinetochore-microtubule attachment (e.g. Dam1/DASH complex subunits Duol and Spc19).

To aid in the quantification and analysis of the large dataset generated by this screen we
planned to use software designed for analysing high-throughput SGA plates, to quantify cell
growth and colour. This approach was intended to be complementary to manual analysis of
plates, as combining these two sets of results will provide an extra level of verification.
Quantification of colony size allowed normalisation of data to account for differences
between plates, and the SGAtools software is designed to account for other biases, such as
plating position. We hoped that software would be useful in increasing the sensitivity of the
screen to small differences in colour and/or size. This appears to be the case, as many
additional candidates were identified by quantification using SGAtools. These remain to be

verified in independent silencing assays but could form the basis of future studies.

An important control experiment will be to perform this screen with each of the SynCheck
components (rTetR-Mph1 and rTetR-Spc7) in isolation, to check that expression of these
constructs is not affecting strain viability or silencing efficiency. Both constructs have their
kinetochore localisation domains deleted, and it has been demonstrated in a wild-type
background that neither of these constructs alone can induce an arrest (Yuan et al, 2016).
However, it is possible that they may be affecting other cellular process which could be

exacerbated by certain deletion mutants.

2) Candidates identified in screens

This screen has provided us with a list of candidate checkpoint silencing factors which may
form the basis of further studies. Several of these candidates form the subject of the next
chapter, where further efforts to characterise these mutants and to confirm their role in
SAC silencing are discussed. Now that these candidates have been identified, several more

guestions must be considered.

i) Are these candidates truly involved in spindle checkpoint silencing or are they

false positives?

It will be important to demonstrate that the apparent SAC silencing defects observed

here can be reproduced in independent silencing assays. It should be noted that in this
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screen, we are not directly observing silencing defects, but using reduced strain fitness
in the presence of synthetic checkpoint activation as a proxy. It is possible that for
some strains the effect on growth is not mediated via the SAC. This question may be
addressed by using microscopy to directly follow the progression of cells through the
cell cycle after inducing a SAC arrest, e.g. by monitoring degradation of Cdc13-GFP, or
the persistence of metaphase spindles labelled with Atb2-RFP. The rTetR-based
SynCheck system is not suitable for these timecourse experiments, as induction of SAC
signaling by this method cannot be rapidly shut off. The following chapter describes
independent checkpoint silencing assays conducted on these candidates. These
experiments feature SynCheckABA, an alternative synthetic checkpoint system which

has the advantage of being rapidly reversible (Chapter 4).

ii) Do these factors play a direct or indirect role in checkpoint silencing?
iii) Are these factors involved in known checkpoint silencing pathways or are

they part of undiscovered pathways?

This can be investigated by testing for genetic interactions with known checkpoint

silencing factors or by identifying physical interactors, e.g. by Co-IP/mass spectrometry.

Many candidates identified in this screen have not been previously associated with the
SAC or SAC silencing. It is possible that components of novel mechanisms have been
identified from this screen. GO term analysis was carried out to check if any processes
or functions were significantly enriched in our candidate lists. Unfortunately, this
analysis did not suggest any informative associations. Several of the factors identified
are uncharacterised or have only been assigned putative functions. These factors may

be particularly promising for future analysis.

Once these questions have been answered for these candidates, additional work will need

to be carried out to determine their mechanisms of action in spindle checkpoint silencing.

Several of the candidates identified in this screen are involved in gene expression. Although
these mutations may have an indirect effect on checkpoint silencing via gene expression, it
is also possible that they play a more direct role in silencing. This has been shown to be the
case in separate studies for some chromatin remodellers. For example, in S. cerevisiae, the

RSC chromatin remodeling complex has been shown to be directly involved in mitotic exit.
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The Rsc2 subunit of this complex has been shown to physically interact with polo kinase
Cdc5, and is involved in the Cdc14 early anaphase release pathway (FEAR pathway) (Rossio
etal, 2010).

Some of the candidates identified in this screen appear to be particularly promising, as they
have been linked to known checkpoint silencing factors in previous studies. For example,
Regl, which is studied in more depth in the following chapter, is a known interactor of PP1
Dis2 in S. pombe (Vanoosthuyse & Hardwick, 2009) and has been shown in S. cerevisiae to
regulate PP1 activity (Tabba et al, 2010; Tu & Carlson, 1995). It is plausible that Regl could
be involved in regulating checkpoint silencing functions of Dis2. In addition to Reg1,
deletion of Mss116, a predicted mitochondrial ATP-dependent RNA helicase, had a strong
phenotype in our screen, and has been documented to have a synthetic growth defect with

dis2A (Buttrick et al, 2011).

Taken together, these results indicate that this screening method is likely to have provided

several promising candidates for further studies of SAC silencing.

Future directions

In the future, it would be beneficial to conduct additional replicates of the high-throughput
screen to help account for biases due to batch effects. It is likely that repeat experiments
may provide a slightly different set of hits, including some which may not have been
detected thus far. A screen can be described as ‘saturated’ when the same genes are
repeatedly identified in multiple experiments (Forsburg, 2001). There are several different
iterations of this screening strategy that could provide additional hits. For example, the
sensitivity of the screen could potentially be increased by introducing mutations in a known
checkpoint silencing factor. This would only isolate a subset of silencing mutants that are
involved in parallel pathways but sensitised screen such as this could be a useful addition to

the data obtained from the original screen design.

This screening approach could also be expanded to test additional control strains. For
example, screening in a genetic background in which endogenous mph1 is deleted would
prevent checkpoint proteins from localising to kinetochores and ensure that the
endogenous SAC is not active. This would eliminate any effect that the endogenous SAC
might have on SynCheck phenotypes, and ensure that phenotypes observed are fully

independent of KT-MT attachment. Another potentially interesting control experiment
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would be to test the effects of using different rTetR-Spc7 constructs. The rTetR-Spc7
construct used in this screen had some, but not all, of its MELT motifs replaced with
phosphomimic mutations (T9E). During the initial design of the SynCheck strain it was
thought that phosphorylation of rTetR-Spc7 MELT motifs by rTetR-Mph1 might be less
efficient than phosphorylation interactions involving the endogenous proteins, and so the
phosphomimetic version of rTetR-Spc7 was used to ensure that downstream spindle
checkpoint components could still be recruited. However it has since been shown that in
the presence of rTetR-Mph1, the rTetR-Spc7-WT construct induces a synthetic checkpoint
arrest much more efficiently than rTetR-Spc7-9TE (Yuan et al, 2016). Using this query strain

might increase the sensitivity of the screen, allowing detection of additional candidates.

The implementation of software to quantify colour phenotypes would improve the quality

of data generated by this screening strategy.
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CHAPTER 4

Characterisation of checkpoint silencing candidates

4.1 Introduction

The genetic screen discussed in Chapter 3 identified a list of single gene deletions which are
likely to cause defects in spindle checkpoint silencing (Figure 3.5). This chapter describes
the selection and further characterisation of a subset of these candidates. Verification of
these candidates will not only shed light on their individual contributions to SAC silencing

but will also validate the approach taken in the high-throughput screen.

To select candidates, multiple sources of information were considered. Apart from our
high-throughput screen data, we also looked at data from the Mph1 overexpression screen
previously conducted in our lab, as well as performing a literature search on promising
candidates. The S. pombe database, PomBase (www.pombase.org), was a useful resource
for searching for previously annotated features and functions of these proteins (Lock et al,

2018; Wood et al, 2012).

The first step in characterising these candidates involved investigating their deletion
phenotypes in a wild-type background. After this, independent checkpoint silencing assays
were performed to test whether phenotypes observed for these strains in the rTetR-based
SynCheck system were in fact due to SAC silencing defects. These additional silencing
assays involved experiments with a reversible synthetic checkpoint system (SynCheckABA).
Another assay with an endogenous SAC arrest induced by nda3-KM311 cold-mediated

microtubule depolymerisation was also employed.

4.2 Aims of chapter

The aims of this chapter were to:

i) Select a subset of candidates for further analysis (Section 4.3)
ii) Characterise selected candidates in more detail, including examination of
deletion mutant phenotypes in a wild-type background (Section 4.4)

iii) Verify selected candidates in independent SAC silencing assays (Section 4.5)

115



4.3 Selection of candidates for further verification

To focus our efforts on the most promising candidates from the screen, we aimed to
narrow our focus to a subset of the original list of candidates identified by eye (Figure 3.5).
Quantitative analysis of the screen results using SGAtools had not been completed at this
stage, so this data was not taken into consideration. It was our aim to select 10 or fewer
hits for additional verification and characterisation. Candidates were primarily selected
based on severity of the synthetically sick phenotype seen in the high-throughput screen,
with the aim of selecting genes that have a relatively strong effect on checkpoint silencing.
Only candidates with a phenotype that was successfully reproduced in serial dilution

growth assay experiments were selected (Figure 3.2).

An exception to these criteria was made for grh1A4, as we wanted to include one strain that
had a mild phenotype in the screen. This was to take into consideration that some SAC
silencing factors may have mild phenotypes, especially if there are multiple redundant
silencing pathways in operation. A synthetically sick phenotype was not evident for grh14
in the spot assays, however the relatively mild phenotype may have been difficult to detect

in this assay.

Finally, we wanted to ensure as far as possible that the shortlisted genes were likely to be
involved in checkpoint silencing, based on available information about their biological
functions, localisation and interactions. These selection criteria are discussed in more detail

below.

Several candidates with likely alternative explanations for phenotypes seen in the screen
were removed from consideration. These included genes involved in thiamine biosynthesis
(e.g. nmt1A, SPBP8B7.18cA), as removal of thiamine from screen plates resulted in reduced
growth of the parental strains, which could complicate the interpretation of synthetically
sick phenotypes in combination with SynCheck. However, one gene involved in thiamine
biosynthesis, SPCC18B5.05c, was retained in the shortlist for further analysis. In this case,
the SPCC18B5.05cA parental strain was only moderately sick in the absence of thiamine,
and it was still possible to observe a particularly strong synthetically sick phenotype in
combination with SynCheck. Its gene product is a kinase which localises to the nucleus, so it

could plausibly play a direct role in checkpoint signalling. However, it remains likely that its
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phenotype is simply due to defects in thiamine production. If this is the case, this strain

may be a good control in other assays which do not involve thiamine.

Preference was given to strains which were annotated as having a function which could be
related to a direct role in spindle checkpoint silencing (e.g. signalling proteins, such as

kinases and phosphatases and their regulatory subunits, including reg1 and psy2).

We also considered whether candidates had genetic or physical interactions with SAC
components. Regl has been demonstrated to physically interact with known checkpoint
silencing factor PP1 Dis2 in fission yeast and is predicted to be involved in its regulation
(Vanoosthuyse et al, 2014). In S. cerevisiae, the Regl homolog has been demonstrated to
regulate PP1 (Glc7) (Tabba et al, 2010). mph1A has been reported to have a negative
genetic interaction with grh1A, but have a positive interaction with SPCC18B5.05cA (i.e.
the double mutant phenotypes are, respectively, more severe and less severe than would
be expected from the individual effects of single mutants) (Ryan et al, 2012). Cells lacking
the APC component Apc10 have synthetic genetic interactions with sol14 and t/s1A. tls1A is
reported to have a negative genetic interaction with klp6A, which is known to be involved
in regulation of PP1 Dis2-mediated silencing (Ryan et al, 2012; Meadows et al, 2011).
However, as Tls1 is a splicing factor, t/s1A has many genetic interactions which are likely to

be indirect, and due to gene expression effects.

Conserved uncharacterised genes are also among the shortlisted candidates, e.g.
SPAC227.17c. These are promising candidates, as they have functions which are important
enough to be highly conserved. The fact they have not previously been subjected to
detailed study makes it more likely that our efforts will reveal interesting new features of
these genes. S. pombe has 410 identified conserved genes of unknown function, and these

are likely to have many important functions worthy of in-depth study (Wood et al, 2019).

Based on these considerations, eight candidates were selected for further verification

(Figure 4.1).
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Figure 4.1 Summary of selected candidate mutants from high-throughput screen. (A)
Table listing candidate checkpoint silencing mutants selected for further investigation. The
strength of the phenotypes from manual scoring of the high-throughput screen are ranked
on a scale from 0-2 (0 = no observable phenotype, 1 = observable phenotype, 2 = strong
phenotype, i.e. very pale or very large colonies). Table summarises results of subsequent
serial dilution growth assay experiments, as well as information on gene ontology (GO)
terms as annotated in PomBase. It is noted whether candidates were verified by
guantitative analysis of colony area by the SGAtools software (Appendix 1.6).

Genotypes of the selected strains were confirmed by PCR amplification of the target gene
region with primers which anneal in 5" and 3’ UTRs (untranslated regions) of each gene
(Figure 4.2). In wild-type strains, the entire gene coding sequence (CDS) would be amplified,
along with approximately 200bp each of the 5’ and 3’ UTRs. For genes which had
successfully been deleted, the entire CDS should be replaced by the 1.5kb Bioneer deletion
construct, which contains the G418 resistance cassette and flanking sequences designed to

act as a ‘barcode’ for identifying which constructs had integrated.

The PCR fragments obtained for each candidate deletion were analysed by gel
electrophoresis to confirm that they did not correspond with products obtained for the
wild-type genes and instead were the expected size for the introduction of the deletion
cassette in the designated region. All candidate deletions gave the expected results, except

for reg1A.

There is a risk that when the Bioneer deletion cassettes were transformed into these strains

they could have integrated in locations other than the endogenous locus. The Bioneer
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deletion cassettes also contain portions of gene UTRs to facilitate homologous
recombination with the target gene, so it is possible that primers targeted against UTR
regions would amplify cassettes that had integrated in the incorrect location. If this was the
case, we could expect to see two bands for the PCRs performed with these UTR primers,
one corresponding to the Bioneer construct and one amplified from the endogenous locus
where the wild-type gene was still present. As this was not seen for any of the candidates
tested, it appears that the wild-type genes were successfully replaced by the deletion
cassette. However, to address this concern, PCR primers targeting regions further upstream
of the endogenous gene could be used to confirm that the deletion cassettes inserted in
the correct location. It could also be demonstrated that the wild-type gene was deleted by
using primers targeting regions within the CDS. No product should be obtained for strains

with the CDS successfully deleted.

For the PCR with primers in the UTRs of reg1, the same size bands were observed for both
wild-type control strain and the Bioneer deletion strain which corresponded to the
expected size for the wild-type band (data not shown). A similar result was seen using
different primer sets which annealed at various locations in reg1 UTRs and the CDS (coding
sequence). As a known interactor of silencing factor Dis2, Regl is an interesting candidate,
so | continued to investigate this strain despite these issues. A different reg1A deletion
mutant had previously been generated in the lab by replacing the reg1 open reading frame
(ORF) with the hygromycin resistance cassette (constructed by K.May). This hygR deletion
construct resulted in a band of the expected size when amplified with primers targeting the
upstream and downstream UTRs (Figure 4.2B) and was used for all subsequent work

involving reglA.
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Figure 4.2 Verification of strain genotypes for selected candidates from high-throughput
screen. (A) Schematic illustrating PCR strategy used to verify Bioneer deletion strain
genotypes, using the SPCC18B5.05c gene as an example. PCRs were performed using
primers in gene UTRs. There is a difference in the expected PCR product size for strains
which have the wild-type genes and those which have the wild-type gene replaced with the
deletion cassette. For SPCC18B5.05c¢, the expected size for the PCR product is 1.5kb where
the wild-type gene is present (wt), and 2.1kb where it has been replaced with the Bioneer
G418 resistance cassette (A). (B) Gel electrophoresis of PCR products from amplifying the
regions between 5’ and 3’ UTRs of the indicated genes in wild-type (+) and the
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corresponding Bioneer deletion strains (A). In each case, product sizes for Bioneer
candidate deletion strains differ from those obtained for the wild-type gene template, and
these bands correspond to the expected size for the insertion of the G418-resistant gene
deletion cassette (kanMX4). *Unlike other strains shown here, reg14 is not from the
Bioneer library and is marked with hygR instead of kanMX4.

The t/s1 mutation in the Bioneer deletion library has previously been reported to only
remove a small portion of the gene (the majority of the HEP59 domain is deleted, amino
acids 130-244, out of a total of 254 residues). This mutation has been reported to cause
loss-of-function of ti/s1 in the context of telomere silencing (Wang et al, 2014a). It should be
noted that two of the genes identified in this screen as likely SAC silencing factors, t/s1 and
grh1, are located in close proximity to each other (on opposite strands of chromosome I)
(Figure 4.3). The coding sequences (CDS) of each of these genes overlap with the UTRs of
the other gene. Thus, deletions of the CDS of each gene could potentially affect the
expression of the other, e.g. by altering mRNA stability. It is likely that just one of these
genes is involved in checkpoint silencing, and its silencing functions are disrupted by both
the tls1A and grh1A mutations. Further investigation will be required to determine which of

these genes is involved in silencing (as discussed in Section 6.1).
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Figure 4.3 grh1 and t/s1 have overlapping genes. Forward and reverse strands of
chromosome |, nucleotides 637,500-642,500. The grh1 CDS is 1,229 nucleotides long, from
641,627-640,399. Including UTRs, it extends from 641,680-639,545. Tls1 is encoded on the
reverse strand. The t/s1 CDS is 639,411-640,175, and with UTRs it extends from 639,405-
641,280. The coding sequences of each gene overlap with UTR regions of the other gene.

4.4 Characterising null mutants of candidate SAC silencing factors

The first step we took in characterising these candidates was to determine the effects of
the gene deletions in a wild-type background. The phenotypes of these strains were tested
in various environmental conditions. Additional phenotypes of these deletions could
indicate that these genes have pleiotropic functions. They may indicate something about
their role in checkpoint silencing or could be important to consider when designing
checkpoint silencing experiments. For example, if any of the mutants were cold-sensitive,
an assay involving cold-induced microtubule depolymerisation (i.e. using nda3-kM311

mutant) to induce a checkpoint arrest might not be suitable.

To construct these deletions in a wild-type background, G418-resistant gene deletion
cassettes were amplified from Bioneer library strains, using primers which anneal in gene
UTRs (the same primers as were used for confirming deletions in Bioneer library strains,
Figure 4.2). For reg1A, the Bioneer strain was not used and genomic DNA from a strain
which has the CDS replaced by a hygromycin resistance cassette was used as a template

instead. The constructs and primers used are illustrated in Figure 4.4.
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These deletion cassettes were transformed into a wild-type background by electroporation
and transformants were selected based on G418 resistance (or HygR for reg1A4).

Transformants were confirmed by PCR, using the same primers which anneal in gene UTRs.

— — Deletion construct amplified from
PCR product L I e | Kan MX4 |°°n"£‘| m;::; Bioneer strain using primers
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Figure 4.4 Gene deletion cassettes from Bioneer library strains were used to construct
candidate checkpoint silencing mutants in various genetic backgrounds. General features
of strain construction are illustrated using the SPCC18B5.05c gene as an example. Deletion
cassettes were amplified from Bioneer deletion strains using primers which anneal in the
UTRs, approximately 200bp up- and down-stream from coding sequence (CDS). Other
strains, e.g. wild-type or SynCheckABA strains, were transformed with these PCR products.
To test whether genes were successfully deleted in transformants, PCRs were performed
with the same primers that were used to amplify the cassettes from the Bioneer strains.
There is a difference in the expected PCR product size for strains which have the wild-type
gene and those which have the wild-type gene replaced with the deletion cassette. For
SPCC18B5.05¢, the PCR product expected for the wild-type gene is 1.6kb (wild-type control,
‘wt’) and the deletion product is approx. 2.1kb (band for the corresponding deletion strain
from the Bioneer library, ‘A’). The image from gel electrophoresis shows that a
transformant (t1, transformed into SynCheckABA strain background) has a product which
corresponds to the size of the deletion cassette.
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Strains were examined for temperature sensitivity by performing serial dilution growth
assays on YES plates and incubating at 18°C, 25°C and 32°C (Figure 4.5A). At least two
isolates of each of the candidate strains were tested in each experiment (except for nup37A
and SPAC227.17cA, for each of which only one transformant was obtained). These
experiments were repeated on at least two separate occasions. Temperature-sensitive
strains were used as controls, including cdc25-22 (sensitive at 32°C) and nda3-KM311 (cold-
sensitive at 18°C). Benomyl-sensitive controls included strains with single gene deletions of

SAC components i.e. mad1A and bub3A.

All strains grew similarly to the wild-type strain at 25°C. Apart from the temperature-
sensitive control strains, which displayed the expected phenotypes, none of the strains
tested were temperature-sensitive at 18°C. At 32°C, t/s1A and SPAC227.17cA strains had

reduced growth.
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Figure 4.5 Phenotypes of deletion mutants in a wild-type background. (A) Temperature-
sensitivity test. Serial dilution growth assays were performed on strains with the indicated
gene deletions in a wild-type (WT) background. Strains were grown on YES plates at 25°C
for 48h, resuspended in YES and serially diluted (tenfold) before being spotted on to YES
plates (with amino acid supplements) which were incubated for 1 week at the indicated
temperatures. Strains were tested for growth at 18°C, 25°C and 32°C. Multiple isolates of
each strain were tested (for all strains except nup37A and SPAC227.17cA). This experiment
was carried out in duplicate. cdc25-22 was used as a temperature-sensitive control (at
restrictive temperature of 32°C), nda3-km311 used as cold-sensitive control. t/s1A and
SPAC227.17cA strains are temperature sensitive at 32°C. (B) Benomyl-sensitivity test.
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Growth assays shown were carried out as in (A), on plates with 0, 7.5 and 10ug/ml
benomyl. Strains were incubated at 25°C for 1 week. Strains with deletions of spindle
checkpoint genes, i.e. mad24 and bub34, were used as benomyl sensitive controls. dis24,
SPAC227.17cA and nup37A appear to be benomyl resistant in this assay.

Serial dilution growth assays on benomyl plates were performed in parallel with the
temperature-sensitivity experiments (Figure 4.5B). Benomyl is a microtubule-
depolymerising drug. Sensitivity to benomyl may be caused by various defects, including
impaired spindle checkpoint activity, microtubule stability, and efficiency of membrane

pumps at removing drugs.

Many conserved SAC proteins were first identified in benomyl-plating experiments in
budding yeast, including Mad1, Mad2, Mad3 and Bub1 (Li & Murray, 1991; Hoyt et al,
1991). Low levels of benomyl partially depolymerise microtubules, causing unattached
kinetochores. Cells with a functional spindle checkpoint arrest in metaphase under these
microtubule-destabilising conditions. Although this increases the mitotic index of these
cells, it allows them to maintain their viability, as the checkpoint protects against errors in
chromosome segregation. Although yeast cells are viable without a functional checkpoint
under normal conditions, in a perturbed mitosis the risk of chromosome missegregation is
increased. Lack of a functional checkpoint can therefore result in aneuploidy and cell death

in this assay.

Plates with concentrations of benomyl ranging from Oug/mL to 10ug/mL (0, 2.5, 7.5 and
10ug/mL) were used to judge relative sensitivity of strains. By confirming that the
candidate deletions from the screen do not cause benomyl sensitivity, we can infer that the

candidate deletions are not important for activation of the spindle checkpoint.

Wild-type cells were resistant to up to 7.5pg/mL of benomyl. Consistent with previous
studies, we observed mad2A to have a weak phenotype on benomyl plates, and bub3A was

more sensitive, with moderately reduced growth at 7.5ug/ml.

Deletion of sol1 has previously been reported to cause benomyl sensitivity, as have
deletions of other components the SWI/SNF complex, including the catalytic component,
Snf22 (Monahan et al, 2008). sol1A strains were confirmed to be sensitive to benomyl at
concentrations of 7.5pg/ml. Sol1 is involved in transcription, therefore the fact that so/14
has multiple defective phenotypes is unsurprising, since it is likely to have pleiotropic,

indirect effects on many cellular processes.
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dis2A was resistant to benomyl in these experiments (up to 10ug/ml). SPAC227.17cA showed
a similar resistance phenotype. nup37A also had slightly increased benomyl resistance. Dis2
has been recorded to have pleiotropic functions and cells lacking Dis2 may have increased
resistance for several reasons. It would be interesting to test whether any of these deletions

stabilise microtubules, which could cause this phenotype.

4.5 Verification of candidates in independent silencing assays

Additional checkpoint silencing assays were carried out to determine whether the
shortlisted genes are involved in SAC silencing or whether they are false positives. The
SynCheck system could yield false positives due to possible pleiotropic effects of slight
Mph1 overexpression, defects in thiamine biosynthesis, or other screen-specific factors, so

it is important to rule these possibilities out.

Additionally, rebuilding and confirming the phenotypes of the deletion mutants in different
genetic backgrounds eliminates the possibility that additional mutations which may have

been present in the Bioneer library strains were responsible for the observed phenotypes.

SynCheck has several limitations for studying checkpoint silencing, most notably that once
rTetR-Mph1 expression is induced it is not easily reversible, which makes it difficult to
induce and monitor checkpoint silencing directly. It will also be important to determine that
these genes are involved in silencing the endogenous checkpoint, even though this may not

be as easy to study.

It is sometimes the case that checkpoint silencing phenotypes may be apparent in one
assay but not detectable in another assay. For example, the strength of the checkpoint
signal generated can affect how much of an impact impaired silencing has, and this varies
across different assays (e.g. completely depolymerising microtubules using cold-sensitive
tubulin mutant nda3-KM311, vs. partial depolymerisation induced by low levels of spindle
poisons). In addition, some methods of checkpoint induction may preclude the study of
certain silencing pathways. For example, an ectopically induced SAC arrest such as
SynCheck (in an mph1A background) will not identify kinetochore-dependent events in
checkpoint silencing. For this reason, it will be useful to conduct multiple independent

silencing assays.
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4.5.1 Alternative synthetic checkpoint: ABA system

Shortlisted candidates were tested in an alternative SynCheck system which has recently
been developed (Amin et al, 2019). SynCheckABA is a synthetic ectopic checkpoint system
which operates along similar principles to the original SynCheck rTetR system, in that it
forces heterodimerisation between the upstream checkpoint proteins Mph1 and Spc7.
Instead of relying on rTetR-induced dimerisation, it utilises an abscisic acid (ABA) based

system (Section 1.8).

Strain construction of SynCheckABA with candidate gene deletions

SynCheckABA strains were transformed with the same gene deletion cassettes that were
used for wild-type strain transformations (Figure 4.6). The SynCheckABA strains used
contained Atb2-mCherry, which allows microtubules to be visualised, and the cdc25-22

mutation to allow synchronisation of cells in G2.

SPCC18B5.05¢

soll

wt A - t1 t2 t3

Figure 4.6 SynCheckABA strains were transformed with Bioneer deletion constructs.
Images of gel electrophoresis of PCR products from primers in UTRs of other candidate
genes to check whether transformations into SynCheckABA strain background resulted in
successful gene deletion. Template DNA sources indicated as follows: ‘wt’ = wild-type, ‘A’ =
corresponding deletion strain from the Bioneer library, ‘- = no DNA, ‘t’ = transformant (in
SynCheckABA genetic background). All of the SynCheckABA strains with deletions of SAC
silencing candidate genes that were used in this study were confirmed by PCR.
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SynCheckABA silencing timecourse experiments

Silencing timecourses were carried out with these strains. Cells were synchronised in G2 by
shifting cells to 36°C for 3.5h. Cells were released from this block by shifting to 25°C. ABA
was added five minutes after release, to activate the spindle checkpoint by inducing
formation of Spc7-PYL—Mph1-ABI heterodimers (Figure 1.13). Cultures were incubated for
60 mins to allow cells to arrest in the checkpoint. Cells were then washed to remove ABA
and abolish checkpoint activation, allowing us to analyse the ability of cells to silence the

checkpoint and exit from mitosis.

Samples were taken at 30-min intervals after ABA wash-out and preserved in methanol,
before immediately checking by microscopy for the presence of metaphase spindles
(Figures 4.7 and 4.8). Wild-type cells silence SynCheckABA signalling rapidly. Approximately
40% of WT cells have silenced the arrest within 30 minutes of wash-out and almost all cells
have silenced within 60 minutes. A particularly dramatic failure to silence the arrest was
seen for sol1A cells. Indeed, even more cells seemed to accumulate in the arrest over the
course of the experiment. Other strains exhibited more subtle delays in silencing, such as

grhlA and psy2A.

WT
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Figure 4.7 Checkpoint silencing in SynCheckABA is severely compromised by so/1 deletion
and is also reduced by other candidate checkpoint silencing mutants identified in the
high-throughput screen. Quantification of release from SynCheckABA arrest. Timecourse
experiments were performed to monitor strains with one of several candidate checkpoint
silencing factors deleted for their ability to silence a SynCheckABA-induced arrest. Cells
were scored as metaphase arrested if they had short metaphase spindles and a single mass
of condensed chromatin. More than 100 cells were analysed per strain at each timepoint.
Data are plotted as mean  s.d. Time points were analysed at the time of ABA wash-out
(time zero) and 30- and 60-minutes post-wash.
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Figure 4.8 Microscopy timecourse experiment reveals profound delay in SynCheckABA
silencing for sol1A. These microscopy images correspond to the quantification data shown
in Figure 4.7. Timecourse experiments were performed to monitor strains with one of
several candidate checkpoint silencing factors deleted for their ability to silence a
SynCheckABA-induced arrest. Images of cells with indicated genes deleted. Microtubules
are seen in red (mCherry-tubulin), and chromatin in blue (DAPI). Time points were analysed
at the time of ABA wash-out (time zero) and 30- and 60-min post-wash. Scale bar: 10 um.
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No silencing defect was observed for SPAC227.17cA in this assay. It is possible that
temperature-sensitivity of this strain at 32°C may have affected this result. Some other
strains may have minor reductions in silencing efficiency that are within the error bars, e.g.
reglA, SPCC18B5.05cA. Increasing the sensitivity of our methods to small delays in SAC
silencing might resolve the issue of whether these deletions cause real but minor delays in
silencing. It may be useful to perform additional repeats of SynCheckABA timecourses with

smaller timepoint intervals (e.g. every 10 minutes).

Comparison of Mph1(303-678)-3HA-ABI levels in strains assayed

Immunoblotting was performed to test the expression levels of the Mph1-ABI construct
(Figure 4.9). This assay was performed to determine whether any of the synthetically sick
phenotypes observed in this assay could be due to changes in levels of Mph1-ABI and thus
in the strength of the arrest, rather than effects on checkpoint silencing. In Figure 4.9, it is
shown that Mph1-ABI levels do not differ much between most of the deletion mutant
strains. Transfer of the Mph1-ABI bands for nup37A and SPAC227.17cA was partially
blocked by a bubble, however from what can be seen of the bands it seems expression
levels are similar to other strains. However, two sol14 isolates both had noticeably
increased levels of the Mph1-ABI construct. This may be due to overexpression of the
construct, either at the transcriptional or translational level, or due to altered protein
stability. Soll may affect Mph1 levels directly or indirectly, i.e. by altering expression levels
of other proteins. It is likely that the increased levels of Mph1-ABI contribute to the strong

synthetically sick phenotype of so/14 in the SynCheckABA silencing assay.

We also attempted to assess the levels of Spc7-PYL construct. Unfortunately, constructs
containing Spc71.666 are in general large and unstable proteins, and our lab has experienced
difficulty in assessing the levels of such proteins by immunoblotting. Degradation of Spc7-

PYL proteins in these samples prevented interpretation of the blots performed to date.
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Figure 4.9 Expression levels of Mph1-ABI are similar in most of the deletion mutant
strains tested in the SynCheckABA silencing assay. Protein extracts from the strains
indicated were run on a 10% SDS-PAGE gel. The immunoblot from this gel was probed with
a-HA antibody to detect the Mph1-3xHA-ABI construct. The immunoblot was re-probed
with a-Mad1 as a loading control. Transfer of the Mph1-ABI bands for nup37A and
SPAC227.17cA was partially blocked by a bubble.

4.5.2 Recovery from nda3-KM311 mitotic arrest assay

The effects of so/1 deletion on checkpoint silencing were also tested in a nda3-kKM311
arrest. Unlike the previous assays which have employed synthetic ectopic checkpoints, this

assay tests silencing of the endogenous spindle checkpoint.

Depolymerisation of microtubules triggers the endogenous spindle checkpoint by causing
microtubule-kinetochore attachment errors. Depolymerisation can be induced in multiple
ways, including the addition of spindle poisons to media (e.g. carbendazim, thiabendazole).
Another method utilises the cold-sensitive tubulin mutant nda3-KM311 (Hiraoka et al,
1984). By shifting cells to the restrictive temperature (below 20°C) microtubules can be
completely depolymerised. In wild-type cells, this induces a robust, spindle assembly

checkpoint mediated metaphase arrest.

Depolymerisation of microtubules via nda3-KM311 can be rapidly reversed by shifting
cultures back to room temperature, allowing the checkpoint to be satisfied as kinetochore-
microtubule attachments form. By conducting experiments in strains with Cdc13-GFP

(cyclin B), progression through mitosis can be visualised. Cdc13-GFP is highly expressed and
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localises to spindle pole bodies during metaphase. Levels of Cdc13-GFP rapidly decline as

cells are released from the checkpoint arrest and enter anaphase.

nda3-KM311 cell cultures were shifted to 18°C for 6 hours, until 80-90% of cells were
arrested (Figure 4.10). Cultures were shifted back to 25°C and samples were taken every
ten minutes to monitor rates of mitotic exit. Microscopy was performed to assess levels of
cyclin B.

The control strain used was dis2A, which has previously been demonstrated to have
checkpoint silencing defects in similar nda3-KM311 arrests (Vanoosthuyse & Hardwick,
2009). In our experiments dis2A nda3-KM311 strains were very sick, which is likely to be
due to pleiotropic functions of Dis2. dis2A cells arrested in metaphase, and this arrest
persisted throughout the 30-minute experiment, whereas wild-type cells had fully escaped
from the arrest within 20 minutes.

sol1A did not appear to have a strong effect on checkpoint silencing in this system. It is
possible that there is a minor delay which is difficult to detect as microtubule
repolymerisation and escape from mitosis occurs relatively quickly in this assay. Repeating
these experiments with smaller timepoint intervals (e.g. 5 mins) may enable the detection
of subtle silencing defects. Ability to silence the SAC after exposure to different microtubule

depolymerising conditions, e.g. carbendazim (CBZ), should also be tested.
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Figure 4.10 sol1A does not result in a strong checkpoint silencing phenotype in an
endogenous checkpoint arrest triggered by cold-induced microtubule depolymerisation.
See legend on next page.
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Figure 4.10 sol1A does not result in a strong checkpoint silencing phenotype in an
endogenous checkpoint arrest triggered by cold-induced microtubule depolymerisation.
Timecourse experiments were performed in a nda3-KM311 genetic background. At the
restrictive temperature of 18°C, nda3-KM311 cells depolymerise microtubules, resulting in
activation of the endogenous spindle checkpoint due to unattached kinetochores. To
monitor efficiency of spindle checkpoint silencing, cells were shifted back to the permissive
temperature (25°C) and monitored for their ability to escape from metaphase arrest. (A)
Quantification of number of arrested cells at various timepoints after returning cultures to
the permissive temperature. Cells were scored as arrested if Cdc13-GFP was enriched at
spindle poles. This experiment was repeated two times. More than 200 cells were analysed
per strain at each time point. (B) Images of cells with indicated genes deleted. Cdc13-GFP is
seen in green and chromatin in blue (DAPI). Time points were analysed from the time of
shifting cultures to 25°C (time zero) and 10- and 20-min post-shift. Scale bar: 10um.

4.6 Conclusions

This chapter has discussed our efforts to verify a subset of the candidates identified in
Chapter 3. Eight candidates were selected for further analysis. Candidates so/14 and grh1A
have been confirmed to have silencing phenotypes that are reproduced in another spindle
checkpoint arrest system, SynCheckABA. Interesting features of these candidates are
discussed in more detail below. In general, this work has provided a good starting point for
further characterisation of these factors. The fact that silencing phenotypes observed in the
high-throughput screen have been verified in direct, independent assays of checkpoint
silencing function confirms the validity of the screening strategy described in Chapter 3.
This suggests that additional candidates identified in this SynCheck screen may also merit

further study.

General phenotypes of candidate deletions

Deletion strains were constructed in a wild-type background to test if they caused other
phenotypic effects. Benomyl resistance was observed for SPAC227.17cA and nup37A, as
well as dis2A. A temperature sensitive phenotype at 32°C was discovered for t/s1A and

SPAC227.17cA.

It would be interesting to test the effect of these candidate mutations on spindle
morphology and cell cycle progression. Strains could be constructed with fluorescently

tagged tubulin and progression of cells through the cell cycle could be monitored by
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microscopy. As part of this analysis, we could also test what effect growth at 32°C has on
the temperature sensitive mutants. By identifying which stages of the cell cycle are
disrupted at the non-permissive temperature, we may gain additional insights into gene

function.

Evaluation of sol14 phenotypes in different checkpoint silencing assays

Loss of the SWI/SNF component Soll appeared to have a particularly catastrophic effect on
checkpoint silencing in SynCheckABA assays, as well as having a strong synthetically sick
phenotype in the rTetR SynCheck screen. However, this effect was not reproduced in a
nda3-KM311 arrest. It is encouraging that so/14 had a phenotype in multiple assays, as this
reduces the likelihood that it was a false positive in the screen. However, it will be
important to address why this mutation did not have an effect in the nda3-KM311 assay,
and in particular whether so/14 has an effect in assays which involve the endogenous

checkpoint rather than a synthetic ectopic checkpoint.

It is likely that the strong synthetically sick phenotype for so/1A seen in the SynCheckABA
assay is due to raised levels of the Mph1-ABI construct in these strains. One possible
explanation for this is that Sol1l does not contribute to checkpoint silencing, but rather sol1
deletion results in increased levels of Mph1-ABI, generating a stronger SAC signal which is
more difficult to silence. Alternatively, regulation of Mph1 levels may be important for

checkpoint silencing.

It remains to be tested whether expression of the rTetR-Mph1 constructs or endogenous
Mph1 are affected in SynCheck rTetR and nda3-KM311 assays, but this will be an important
question to follow up on in future studies. It is possible that so/14 impacts expression from
the adh41 promoter but not from the endogenous mph1 promoter. If the phenotypes of
sol1A in SynCheck/SynCheckABA systems are due (at least in part) to overexpression of the
Mph1 construct, it may be that the nda3-KM311 assay does not show a phenotype because
endogenous Mphl is not overexpressed in response to sol1 deletion. If this were the case,
sol1 might not be relevant in the context of the endogenous checkpoint or else might be

one of multiple redundant mechanisms that exist in the endogenous context.

Follow-up work to investigate this could initially focus on increasing the sensitivity of the
nda3-KM311 assay, as even strains with deletions of known checkpoint silencing factors

such as bub3A have relatively mild phenotypes in this assay. One way this could be
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achieved is by sampling at shorter time intervals. Additionally, alternative silencing assays
involving the endogenous checkpoint could be performed. For example, metaphase arrest
could be induced by adding microtubule depolymerising drugs such as CBZ to liquid
cultures, and then the drug could be washed out and progress through anaphase

monitored by microscopy timecourses.

Sol1 is a regulatory component of the SWI-SNF chromatin remodelling complex. Another
component of the SWI/SNF complex, Snf59, had a synthetically sick phenotype in the
previous Mph1 overexpression screen (work by Karen May). To confirm that defects in
SWI/SNF activity are responsible for the checkpoint silencing phenotype of sol14, a strain
lacking the catalytic component of SWI-SNF, Snf22, could be tested in these silencing assays
to see if it has a similar phenotype. This gene is inessential but was not present in the

Bioneer v2.1 library.

It is possible that so/14 phenotypes are due to an indirect effect mediated via changes in
the transcription of other intermediate factors. Altered levels of proteins involved in the
SAC could disrupt the balance between checkpoint activation and checkpoint silencing.
sol1A could cause increased levels of Mph1 by affecting its transcription or the transcription
of other factors which regulate Mph1 levels (i.e. proteins with roles in translation, splicing,
post-translational modification and protein turnover). However, these phenotypes could
also be due to a non-transcriptional effect of remodelling chromatin structure or to

possible chromatin-independent functions of Sol1.

Many genetic interactions are reported for SWI/SNF, which is unsurprising due to its role in
transcription. As such, it is likely that this deletion will have pleiotropic effects which may

complicate analysis of its contributions to checkpoint silencing.

sol1A has been reported to be cold-sensitive, although our temperature-sensitivity assays
did not reproduce this phenotype (Monahan et al, 2008). Those assays were carried out at
16°C, whereas our experiment was carried out at 18°C, so it is possible that at lower
temperatures we would have seen this defect. It is possible that this cold-sensitivity may
have affected the results of the nda3-KM311 assay, which is another reason why it will be
important to conduct additional checkpoint silencing assays with the endogenous SAC

which do not involve shifting cells to low temperatures.

This work also investigated other features of so/l1A which may be helpful in designing and

interpreting the results of future SAC silencing experiments. The results obtained in our
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assays reproduced the benomyl sensitive phenotype reported previously (Monahan et al,
2008). Other studies have reported abnormal interphase microtubule morphology in so/1A
cells. Altered microtubule stability may explain the benomyl sensitivity of this strain. so/1A

also results in small vegetative cells (Navarro & Nurse, 2012; Hayles et al, 2013).

Future directions: alternative checkpoint silencing assays

So far only sol1A has been tested for the ability to silence a nda3-KM311 checkpoint arrest.
It would be interesting to test other candidates in this assay, although it may be difficult to
detect milder silencing phenotypes, as strains silence this arrest relatively quickly (within
about 20 minutes). In particular, candidates which have a detectable phenotype in our

SynCheckABA experiments should be retested in this assay, i.e. grh1.

Alternative silencing assays include various microtubule poisons (e.g. CBZ, TBZ). It may also
be useful to test recovery from an arrest in the absence of microtubules. Silencing factors
have been identified which carry out their checkpoint silencing activity independently of
kinetochore-microtubule attachment, e.g. Bub3 and Dis2 (Vanoosthuyse & Hardwick, 2009;
Vanoosthuyse et al, 2009b). In these experiments, a checkpoint arrest was induced by
nda3-KM311 microtubule depolymerisation. These strains contained an analogue-sensitive
allele of Ark1, which could be inhibited to abolish checkpoint activation, permitting

checkpoint silencing in the absence of microtubules.
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CHAPTER 5

Protein phosphatase PP1°%? jn SAC silencing:

SynCheckABA as a system for dissection of silencing mechanisms

5.1 Introduction

The aim of this project is to improve our understanding of spindle checkpoint silencing by
identifying and characterising factors involved in this process. Chapters 3 and 4 have dealt
with the identification of novel SAC silencing candidates. This chapter aims to take a more

in-depth approach, by studying a previously identified checkpoint silencing factor, PP1 Dis2.

PP1°2 js a phosphatase, which silences the checkpoint by dephosphorylating targets of
mitotic kinases, e.g. Aurora B (Ark1) (Vanoosthuyse & Hardwick, 2009). PP1°<2 is a
promising candidate for further analysis, as it plays a conserved role in SAC silencing, and
dis2A causes a severe SAC silencing defect in yeast (Meadows et al, 2011; Pinsky et al,
2009; Vanoosthuyse & Hardwick, 2009; Nijenhuis et al, 2014; Liu et al, 2010). Despite being
a confirmed silencing factor, little is known about how Dis2 is regulated or its relevant

substrates for SAC silencing (see Section 1.4.1 for detailed introduction).

PP1P2 js recruited to KNL1%*¢ via two conserved motifs (SILK and RVSF), also referred to as
the ‘A’ and ‘B’ motifs respectively) in its N-terminal domain (Rosenberg et al, 2011;
Meadows et al, 2011; Espeut et al, 2012; Liu et al, 2010). Mutation of both the A and B
motif have been shown to result in defects in SAC silencing in S. cerevisiae and S. pombe
(Rosenberg et al, 2011; Meadows et al, 2011). Indeed, this pathway is of particular
importance in yeast, as mutation of S. cerevisiae RVSF to a PP1-binding defective version
(RASA) leads to a lethal metaphase block (Rosenberg et al, 2011). This mechanism appears
to be highly conserved, as KNL1 PP1-binding sites have also been demonstrated to affect
PP1 recruitment and checkpoint silencing (Liu et al, 2010; Nijenhuis et al, 2014). In human
cells, PP1 binding to KNL1 is regulated by Aurora B activity. Aurora B directly
phosphorylates the SILK and RVSF binding motifs in KNL1 (Welburn et al, 2010; Bajaj et al,
2018). Phosphorylation of the RVSF has been demonstrated to disrupt KNL1:PP1

association (Liu et al, 2010).
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In S. pombe it has been shown that a second pool of PP1°%2 s recruited to the mitotic
spindle via kinesin-8 family motor proteins Klp5 and Klp6 (Section 1.4.1). This pool of PP1
has also been demonstrated to be important for checkpoint silencing (Meadows et al,

2011).

In this work, both the rTetR SynCheck and SynCheckABA systems were employed to study
Dis2. These systems, particularly SynCheckABA, offer several advantages for studying
checkpoint silencing (Section 1.8). In the current work, we aimed to demonstrate the utility

of this system for studying checkpoint silencing factors in general.

Interactors of Dis2 have been identified previously (Vanoosthuyse et al, 2014), although it
remains unclear which of these factors are relevant for regulating its spindle checkpoint
silencing functions, as Dis2 has many functions and acts in multiple parts of the cell. This is
an important question, which we hope these synthetic checkpoint systems can address.
Our simplified, ectopic systems will aid in the identification of relevant interactors of

checkpoint silencing proteins.

5.2 Aims of chapter

The aims of this chapter are to further characterise the role of PP1°2 in checkpoint
silencing and to establish whether SynCheckABA is a suitable system for studying its

mechanisms. Specifically, our aims were to:

i) Examine the effects of deleting Dis2 and its interactors in the rTetR SynCheck
system (Section 5.3)

i) Establish whether PP1 Dis2 is involved in silencing SynCheckABA arrest (Section 5.4)

iii) Confirm whether regulation of Dis2-mediated silencing in SynCheckABA involves
the same pathways as in the endogenous checkpoint, specifically:

- whether Spc7 recruits Dis2 to the SynCheckABA signalling platform (Section 5.4.1)

- if kinesin-8 (Klp5/Klp6) is involved in Dis2-mediated silencing of SynCheckABA
(Section 5.4.2)

140



5.3 dis2A in rTetR-based SynCheck system

5.3.1 Impact of dis2A on viability of rTetR SynCheck strains

In preparation for the high-throughput screen described in Chapter 3, we used known
checkpoint silencing defective mutants as controls for testing the sensitivity of the
SynCheck screening method. For this purpose, we intended to use bub3A and dis2A.
However, it was challenging to generate a strain with dis24 in the SynCheck system. Efforts
were made to transform dis2A strains with SynCheck constructs. This yielded strains with
dis2A and either rTetR-Spc7 or rTetR-Mph1, but strains with both constructs could not be
obtained. Several different mating strategies did not yield the desired genotype. A few
candidates were obtained which contained all auxotrophic and drug resistant markers,
however when tested by western blotting none were found to express both rTetR-Mph1
and rTetR-Spc7. This may be due to strong selective pressure on synthetically sick strains to

acquire suppressor mutations.

We hypothesised that these difficulties in constructing the dis2A SynCheck strain could be
due to this strain being inviable. In the SynCheck system, rTetR-Mph1 expression is
controlled by a nmt81 promoter. This promoter is known to have low level, ‘leaky’
expression even when cells are grown in the presence of thiamine. This could result in mild
induction of the SynCheck signal. Although wild-type cells can usually overcome this low-
level signal, viability could be impacted for strains with particularly severe SAC silencing

defects.

To test this hypothesis more directly, tetrad dissection was performed on crosses designed
to obtain dis2A in combination with rTetR-Spc7 and rTetR-Mph1 (Figure 5.1). A dis2A
rTetR-Mph1 strain was crossed with a SynCheck strain (rTetR-Spc7, rTetR-Mph1). In this
cross all progeny would have rTetR-Mph1. Assuming normal segregation of alleles, 25% of
progeny would have each parental phenotype, 25% would have both dis2A and rTetR-Spc7
and 25% would have neither (Figure 5.1A). If dis2A was synthetically lethal in combination
with SynCheck we would expect 75% of spores to be viable. From this tetrad dissection

experiment only 55% of spores were viable (Figure 5.1B).

The viable spores from these tetrad dissections were tested for markers for dis2A
(hygromycin resistance), rTetR-Spc7 (auxotrophic for uracil but not lysine) and rTetR-Mph1
(leucine auxotrophy). The genotypes of viable spores were inferred from these phenotypic

markers (Figure 5.1C).
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14% of progeny had only the rTetR-Mph1 construct and were viable. This is lower than the
expected result of 25%, which could indicate that viability is generally reduced for all

progeny in this cross due to the presence of rTetR-Mph1.

dis2A rTetR-Mph1 had a similar effect to the rTetR-Mph1 only strain. The strain containing
both constructs (rTetR-Mph1 and rTetR-Spc7) and the dis2 deletion had further reduced
viability, with only 7% of surviving progeny having the phenotypic markers for this
genotype. This is consistent with our hypothesis that low-level activation of SynCheck could

be causing synthetic sickness in combination with dis2A.

In the absence of dis24, progeny with rTetR-Spc7 and rTetR-Mph1 are viable. It is notable
that there were more surviving progeny with both rTetR-Spc7 and rTetR-Mph1 than rTetR-
Mph1 alone; at 22%, this is close to the expected value of 25%. rTetR-Spc7 (and SynCheck
activity) could have a beneficial effect on spore viability (on media containing thiamine)
compared to rTetR-Mph1 alone. It will be important to confirm this result by repeating
these crosses with higher numbers of spores. Possible explanations could include that
rTetR-Spc7 is a good substrate for rTetR-Mph1, and that by forming heterodimers with
rTetR-Mph1 it could reduce the number of rTetR-Mph1 homodimers formed, both of which

could impact on the activity of the rTetR-Mph1 kinase.
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Mating cross for tetrad dissection:

IL375: Pnmt81-rTetR-mphliai-302):leul, lysl::adh15-rTetR-mCherry-spc7i1-666)-9TE:ura4 dis2+

X

5538: Pnmt81-rTetR-mphliai-z02):leul, dis2A::hygR

!

Progeny genotype Phenotype | Expected
% spores
Pnmt81-rTetR-mphlai1.302:leul, leu + 25%
lys1::adh15-rTetR-mCherry-spc7 16661 9TE:urad, lys -, ura +
dis2+ HygS
Pnmt81-rTetR-mph1a1.302:leul, leu + 25%
dis2A::hygR HygR
Pnmt81-rTetR-mphli-z0z:leul, leu + 25%
lys1::adh15-rTetR-mCherry-spc71.¢s6-9TE:ura4, lys -, ura +
dis2A::hygR HygR
Pnmt81-rTetR-mph1ai-s09:leul, leu + 25%
dis2+ HygS
B C
25+
100
n =160 spores n =160 spores
20+
75
g g 7
Py
8 50— S
ok wv
R o 104
25
54
0- 0-
. . dis2A + + - -
Viable Inviable TetRSpc? + -+

rTetR-Mph1 + + + +

Figure 5.1 Effects of deleting PP1 Dis2 in the SynCheck system. (A) Schematic illustrating
the expected genotypes of progeny from a cross between parental strains S$38: Pnmt81-
rTetR-mph1(A1-302):leul, lys1::adh15-rTetR-mCherry-spc7(1-666)-9TE:ura4 and IL375:
Pnmt8-rTetR-mph1(A1-302):leul, dis2A::hygR. Phenotypic markers are indicated, with ‘+’
denoting auxotrophy for a given amino acid. Hygromycin sensitivity is indicated as either
resistant (R) or sensitive (S). (B) Quantification of viable and inviable spores obtained from
tetrad dissection of this cross, with (C) genotypes of these spores, as determined from
auxotrophic and drug resistant markers. Tetrad dissection was performed in collaboration
with Koly Aktar. n = 160 spores.
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To test whether rTetR-Mph1 contributes to the reduced viability of dis2A rTetR-Mph1
strains, tetrad dissection of crosses between one parental strain with dis2A and another
with just rTetR-Mph1 could be performed. In this cross we would expect 25% of strains to
have both dis2A and rTetR-Mph1 and another 25% to have dis2A alone. If fewer spores are
obtained with dis2A rTetR-Mph1 than with dis2A alone, this would support the hypothesis

that leaky rTetR-Mph1 expression plays a role in the reduced viability of these strains.

To test whether the detrimental effect of rTetR-Spc7 on viability in progeny with dis2A
observed in this cross is dependent on the presence of rTetR-Mph1 (and thus may be due
to leaky SynCheck activation) it would be useful to carry out additional crosses. A parental
strain with dis2A could be crossed with an rTetR-Spc7 strain to examine the effects of these

genotypes on spore viability individually and in combination with each other.

Due to time constraints, additional tetrad dissection experiments were not carried out. It
also remains to be confirmed by western blotting whether the viable dis2A isolates from
this cross express rTetR-Spc7 and rTetR-Mph1. Even if we have eventually obtained dis2A
SynCheck strains from this cross, the ability to tightly control SynCheckABA induction will
make it a more useful assay for studying Dis2 function than the rTetR-based system. For
this reason, we shifted our attention to constructing dis2A SynCheckABA strains (Section

5.4).

5.3.2 Regulators of PP1 Dis2

Like other phosphatases, PP1 acts on a wide range of substrates, spanning a range of
cellular processes and locations. Interactions with regulatory proteins are required to
confer specificity on PP1. These interactors function to target PP1 to substrates or to
modulate PP1 activity. It would be informative to identify which interactors of Dis2 are

important for regulating its activity in silencing the checkpoint.

Co-immunoprecipitation of fission yeast Dis2 and mass spectrometry of these samples has
yielded a list of specific Dis2 interactors (Vanoosthuyse et al, 2014). It is possible that
several of these interactors represent regulators of Dis2 activity in the context of
checkpoint silencing. Deletion mutants of several of these factors are contained within the
Bioneer library. Of these, reg1A had a strong synthetically sick phenotype in the SynCheck

screen. Other deletions of PP1 interactors tested in the SynCheck screen included lys9A,
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glc94, teadA, urill, ppnlA, ppe2A, rad24A and rad25A. None of these strains were noted

to have a phenotype when plates from the high-throughput screen was analysed.

We retested these strains in phloxin B serial dilution growth assays to see if any subtle
defects could be detected (Figure 5.2). None of the strains exhibited a clear phenotype in
this assay, except for lys9A which had a synthetic defect in two of the three isolates tested.
It might be informative to retest some of these deletions in a more sensitive, direct assay of
silencing, e.g. timecourse experiments using SynCheckABA or CBZ arrests. Some other
interactors of PP1 Dis2 which were not tested in the Bioneer screen but might also be

relevant for SAC silencing include Sds22, Bud27, Ucp3, Rpbl and Ypil.
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Figure 5.2 Serial dilution growth assays of strains with deletions of Dis2 interactors in a
SynCheck background. Phloxin B dye is taken up by dead cells, causing sick colonies to be
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darker pink. Growth assays show 10-fold serial dilutions of the indicated strains. Multiple
isolates were obtained with each genotype (individual isolates indicated by a number in
figure). Growth is shown for conditions where SynCheck arrest was induced (- thiamine)
and uninduced (+ thiamine).

5.4 dis2A in SynCheckABA system

SynCheckABA has several advantages over the original SynCheck system (Section 1.8). This
synthetic checkpoint is under tight temporal control, with checkpoint activation only
occurring upon addition of ABA to media. It was therefore possible that this tightly
controlled system would facilitate the study of dis2A mutants. Importantly, induction of this
synthetic arrest is rapidly reversible, by washing ABA from cells. This allows silencing of the

checkpoint to be monitored in timecourse experiments.

5.4.1 Recruitment of Dis2 via Spc7 PP1-binding motifs

To test whether PP1P2 js recruited to the SynCheckABA signalling platform by PP1-binding
motifs in Spc7-PYL (Section 2.7.1) we constructed strains with versions of Spc7-PYL which

lacked the KGILK (A) and RRVSF (B) binding motifs (Figure 5.3).

A PP1 binding sites
Spe71666 (B[ MELT motifs (H pyL()
B
SPe7 1666, a136-150 (__ (Bl MELT motifs (Hpv()
Cc
SPCT 1,666, A136-150, 4331345 MELT motifs (Pl

Figure 5.3 Schematic of Spc71.666-PYL constructs with binding sites for PP1°*2 deleted.

Timecourse experiments were performed to determine whether checkpoint silencing was
affected by these mutants. As described in Chapter 4, SynCheckABA timecourses were
conducted by synchronising cells in G2 using cdc25-22, before releasing at 25°C, and adding

ABA to arrest at metaphase. After 60 mins, cells were washed to remove ABA and
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terminate checkpoint signalling. Cyclin B degradation (Cdc13-GFP) was monitored to assess

progression through anaphase over a period of 90 min.

Deletion of the A motif caused a 30-minute delay in spindle elongation, and the double
mutant AAB caused an even more profound delay (Figure 5.4). These results indicate that
both sites play a role in checkpoint silencing. There were delays in constructing a strain with
only the B motif deleted, but it would be useful to test the effect of this mutation in the
future to get a clearer idea of the individual contributions of each mutation to the double

mutant phenotype.

We suspect that the delay in spindle elongation is due to failure to recruit PP1 Dis2 to the
Mph1-ABI-Spc7-PYL platform (model in Figure 5.4C). To confirm this, co-
immunoprecipitation experiments comparing levels of Dis2 bound to wild-type and mutant

Spc7-PYL constructs could be performed.
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Figure 5.4 Checkpoint silencing in SynCheckABA is delayed by deletion of Spc7*M! binding
sites for PP1Ps2, (A) Images of cells expressing wild-type Spc71.666 (WT) Or Spc71.66s mutants
with deletion of the A motif alone (AA) or of both the A and B motifs (AAB). ABA wash-out
was performed (at time zero) and time points were analysed 0, 30- and 60-minutes post-
wash. Scale bar: 10um. (B) Quantification of release from checkpoint arrest in WT, AA and
AAB strains. The experiment was repeated three times. More than 100 cells were analysed
per strain at each time point. Data are plotted as mean # s.d. (C) Schematic illustration of
checkpoint silencing in SynCheckABA system. Checkpoint activators (Mph1-ABI) and
silencing factors (PP1) bind in close proximity on the Spc7-PYL scaffold. The balance of their
respective activities determines levels of MCC produced, and whether anaphase onset is
inhibited. Figure adapted from Amin et al, 2019.
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5.4.2 Recruitment of Dis2 via Klp5/Klp6 heterodimers

A second pool of PP1 Dis2 localises to endogenous kinetochores via motor proteins KIp5
and Klp6 (kinesin-8 homologs). To test whether this pathway is also involved in silencing the
ectopic SynCheckABA arrest, Klp6 was deleted. Klp5 and Klp6 function as a heterodimer, so

deleting Klp6 should be sufficient to abolish this localisation.

Mutation of either KIp5 or Klp6 results in aberrant chromosome movements and
stabilisation of microtubules (Garcia et al, 2002b; Gergely et al, 2016; Meadows et al, 2011;
West et al, 2001, 2002; Klemm et al, 2018). Metaphase spindles are unusually long, and so
measuring spindle elongation is not a suitable method for scoring progression through the
arrest. In these experiments, Cdc13-GFP depletion was used to monitor checkpoint

silencing.

Timecourse experiments of SynCheckABA silencing were performed as for the Spc7 PP1-
binding site mutants (Section 5.4.1). Deletion of KIp6 was found to significantly reduce
silencing efficiency and rate of cyclin B degradation (Figure 5.5). This phenotype is likely to

be due to loss of Dis2 recruitment to the mitotic spindle.
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Figure 5.5 Checkpoint silencing in SynCheckABA is also delayed when other recruitment
sites for PP1 are removed from spindles. (A) Deletion of Klp6 (kinesin-8) impairs silencing
efficiency. Images of cells with and without Klp6 deleted are shown after ABA wash-out
(time zero) and 30, 60- and 90-min post-wash. Microtubules are seen in red (mCherry-
Atb2), cyclin B in green (Cdc13-GFP) and chromatin in blue (DAPI). Scale bar: 10um. (B)
Quantification of this release from checkpoint arrest in strains with (WT) and without Klp6
(klp6A). Cells were scored as arrested if Cdc13-GFP was enriched at spindle poles. This
experiment was repeated three times. More than 100 cells were analysed per strain at each
time point. All data are plotted as mean % s.d. Figure adapted from Amin et al, 2019.
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5.4.3 Effects of deleting Dis2 in SynCheckABA

To directly test whether Dis2 plays a role in silencing SynCheckABA, dis2 was deleted in this
system. dis2A cells were sick even in the absence of synthetic checkpoint induction, as
microscopy images reveal many dead cells and cells with defects in cell morphology (Figure
5.6). They also exhibit significant mitotic delays. These defects are likely due to pleiotropic

functions of Dis2 in mitosis.

Upon induction of the SynCheckABA arrest and subsequent wash-out, the dis2A strain
experienced extreme defects in checkpoint silencing, as levels of metaphase arrested cells

did not decrease over the 90 minute timecourse.

This result confirms that Dis2 is important for silencing of the SynCheckABA arrest and
supports our hypotheses that the phenotypes caused by deletion of Spc7 PP1-binding

motifs or KIp6 are a result of their roles in Dis2 recruitment.
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Figure 5.6 Checkpoint silencing in SynCheckABA is severely delayed when PP1°*? is
deleted. (A) Quantification of the release from the checkpoint arrest is shown for wild-type
and dis2A cells (plus ABA or DMSO). Cells were scored as metaphase arrested if they had
short metaphase spindles and a single mass of condensed chromatin. Results for DMSO
controls show that dis2A cells are generally sick, but that ABA addition induces the
SynCheckABA, resulting in elevated levels of metaphase-arrested cells. This arrest persists
for >60 m after ABA wash-out as dis2A cells struggle to silence the checkpoint. This
experiment was repeated three times. More than 200 cells were analysed per strain at each
time point. (B) Images of cells with and without Dis2 deleted are shown after ABA wash-out
(time zero) and 60 min post-wash. Microtubules are seen in red (mCherry-Atb2), and
chromatin in blue (DAPI). Scale bar: 10 um. Figure adapted from Amin et al, 2019.
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5.5 Conclusions

5.5.1 Model of Dis2 involvement in SynCheckABA

Dis2 is an important, conserved silencing factor. PP1 binds to Spc7 at its N-terminus, at sites
which are near the conserved MELT motifs. When phosphorylated by Mph1, the MELT
motifs can be bound by Bub3-Bub1 complexes and initiate MCC formation (Shepperd et al,
2012). Thus, Spc7 acts as a scaffold for both activation of the spindle checkpoint by Mph1
kinase and silencing by PP1 Dis2 phosphatase (Meadows et al, 2011) (Figure 5.7). It is likely

that the proximity of these sites is important for integrating these two opposing functions.

The results presented here (and in Amin et al, 2019) provide support for the hypothesis
that Dis2 is important in silencing the arrest induced by SynCheckABA. As deletions of Spc7
PP1-binding sites or Klp6 also delay silencing, and both of these are involved in recruiting
PP1 Dis2 during silencing of the endogenous SAC, this indicates that the same pathways

could also be responsible for recruiting Dis2 in SynCheckABA (model in Figure 5.7).
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Figure 5.7 Schematic model of PP1-dependent SAC silencing pathways. This model shows
two pools of PP1, one recruited via Spc7 A and B motifs to the ectopic SynCheckABA Spc7-
Mph1 scaffold, and a second pool recruited via interaction with kinesin-8 (Klp6) to the
mitotic spindle. These two pools co-operate to enable checkpoint silencing by inhibiting
MCC formation and activity. Model from Amin et al, 2019.

These results are important, as not all aspects of silencing will necessarily be preserved in
the SynCheckABA system. Any kinetochore-specific factors or processes will not be
reproduced at the ectopic signalling platform. This shows that at least some endogenous
checkpoint silencing factors are important for exit from a SynCheckABA arrest, which
supports our view of this system as an important tool for studying SAC silencing.
SynCheckABA will be useful in studying Dis2 in more depth, and in the study of novel

checkpoint silencing factor mechanisms.

As we have seen from poor viability of dis24 in both the SynCheck and SynCheckABA
backgrounds even in the absence of checkpoint induction, pleiotropic effects of deleting
Dis2 make these strains difficult to work with and complicate analysis of its silencing

functions. The Spc7 and Klp6 mutant strains constructed in this work could selectively
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disrupt regulation of Dis2 silencing pathways and allow dissection of these mechanisms

without disrupting other Dis2 functions.

5.5.2 Future directions

Future work will involve testing double mutants with spc7AAB and klp64, to see if
simultaneously disrupting both pathways of Dis2 recruitment abolishes silencing of

SynCheckABA, like dis2A.

Another aim would be to construct Spc7 with the B motif deleted individually. Although it is
possible to infer that the B motif has an important contribution to Dis2 recruitment from
the more severe checkpoint silencing defect of AAB compared to AA, it would be
informative to see this effect in isolation. In other studies, the B motif has been shown to
be more important for Dis2 recruitment (Meadows et al, 2011; Liu et al, 2010). However,
there is evidence to suggest that the A motif also plays an important role in this process,
but some studies support its involvement (Meadows et al, 2011; Espeut et al, 2012; Bajaj et
al, 2018). Our results support a role for the A motif, as AA has clear silencing defects even
when the B motif is intact. It is possible that this role is more significant in the ectopic

context, in the absence of other interactions, than at kinetochores.

The experiments described in this chapter were performed in strains with endogenous
Mph1, so there is a possibility that checkpoint activation and/or silencing may involve
kinetochores. It has been demonstrated that endogenous Mph1 is not required for either
SynCheckABA arrest or for the subsequent silencing of this arrest (Amin et al, 2019).
However, it has not been ruled out that kinetochores might make a non-essential
contribution to SynCheckABA silencing. A focus of future work will be to repeat silencing

assays with klp6A strains in a mph1A background.

Despite being a key checkpoint silencing factor, important downstream targets of Dis2
remain to be determined. One of the advantages of the synthetic checkpoint systems are
that they avoid the complexity of kinetochores, which may prove useful in identifying key
regulatory interactions of Dis2. Future studies will focus on testing known interactors of
Dis2 to see whether they are involved in regulating its silencing functions in SynCheckABA.
Candidates identified in Vanoosthuyse et al, 2014 will be of particular interest. As discussed
in Chapter 4, Regl is one such PP1 Dis2 interactor which also came out as a candidate from

our SynCheck screen (rTetR system). However, in the SynCheckABA system deletion of Regl
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did not have a strong effect on silencing. It may be possible to sensitise strains to the
effects of deleting interactors such as Regl by disrupting one of the paths of Dis2
recruitment, i.e. constructing double mutants with either spc7AAB or klp6A. This approach

could also demonstrate which pathway of Dis2 regulation such factors are involved in.
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CHAPTER 6

Discussion

This project aimed to improve our understanding of spindle checkpoint silencing. The
motivation behind this goal is that the spindle checkpoint is a fundamental cellular process
and studying it in more detail could enhance our understanding of cell cycle checkpoints
and signalling in general. Increased knowledge of checkpoint silencing may have
therapeutic applications, for example in cancer treatment. Specifically, we aimed to identify
novel factors involved in SAC silencing and characterise these in more detail. Our approach

was divided into two main sub-aims:

1) Identify novel checkpoint silencing factors in a high-throughput screen

2) Characterise known checkpoint silencing factor PP1Ps

This chapter will discuss each of these aims in turn and evaluate how the results presented
in this work have contributed to their fulfilment. It will also tackle the issue of how these

findings fit into the broader context of research on spindle checkpoint silencing.

6.1 Identifying new components of SAC silencing pathways

This project set out to perform a high-throughput screen to identify candidate checkpoint
silencing factors in S. pombe. This was done by testing the ability of strains from a single-
gene deletion library to overcome a metaphase arrest induced by a synthetic, ectopic
version of the spindle checkpoint (SynCheck). The rationale behind performing a high-
throughput screen was that since spindle checkpoint silencing has not been extensively
studied to date, there may be undiscovered pathways which could be identified by taking a

broad approach.
To date, checkpoint silencing factors have been identified in a number of ways:

e PP1P2 was discovered to play a role in checkpoint silencing in fission yeast after
being selected as a likely candidate, based on observations that it counteracted
phosphorylation by Aurora B in other systems (Vanoosthuyse & Hardwick, 2009;
Pinsky et al, 2006; Emanuele et al, 2008; Wang et al, 2008).
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e In humans, PP1 and PP2A-B56 were identified as hits in an RNAi screen for
phosphatases involved in silencing (Nijenhuis et al, 2014).

e p31°“mt was identified in Hela cells in a screen for Mad2 interactors (Habu et al,
2002). This screen was not specifically aiming to identify checkpoint silencing
factors but trying to characterise Mad2 more generally. TRIP13 and p31 co-operate
to deactivate Mad2 and disassemble the MCC. TRIP13 was identified as a
candidate checkpoint silencing factor in a data-mining study which searched for
proteins which were reported to co-localise or physically interact with a query set
of known mitotic and kinetochore proteins (Tipton et al, 2012). TRIP13 was
shortlisted for further study on the basis that it localises to kinetochores and
interacts with p31¢°™e (Tipton et al, 2012; Rual et al, 2005; Stelzl et al, 2005).

e The silencing mechanism of dynein-mediated stripping of SAC proteins from
kinetochores was predicted based on a few observations. It was observed that
several kinetochore components, including SAC components such as Mad2, were
relocalised to spindle poles. This relocalisation was found to be dependent on
microtubules, which led investigators to suspect a microtubule motor such as
dynein was involved (Howell et al, 2001). The importance of stripping of SAC
components from kinetochores for silencing was supported by the demonstration
that cells fail to silence the checkpoint when Mad1 is constitutively tethered to

kinetochores (Maldonado & Kapoor, 2011).

A unifying feature of the discoveries of the SAC silencing mechanisms described above is
that the search parameters were restricted, either by looking for interactors of a specific
protein, or by investigating a particular cellular phenomenon, e.g. localisation of Mad2 to
SPBs. Where screens were performed, these were limited to a specific class of proteins (e.g.
phosphatases). Although these approaches have been successful in identifying several
silencing mechanisms, the lack of a comprehensive screening strategy to date raises the
possibility that additional mechanisms remain to be discovered. This observation supports
our view that a high-throughput screen for silencing factors, like the one performed as part
of this project, is likely to provide valuable new insights. Our approach to this study was
novel in that this was the first time that the SynCheck system had been used in a genetic

screen.

Candidate checkpoint silencing factors were identified from this high-throughput screen

(Section 3.4). Preliminary characterisation was carried out on several of the most promising
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candidates, including temperature and benomyl-sensitivity assays. Independent checkpoint
silencing assays were also performed on these candidates, to confirm their role in silencing.
Two candidates, sol14 and grh1A had a synthetically sick phenotype that was reproducible
in another synthetic checkpoint system, SynCheckABA (Section 4.5). These shortlisted
candidates are ready to be studied in more detail, and longlisted candidates may form the
basis of future studies. As such, the results from this screen are likely to be a useful

resource for investigating checkpoint silencing.

It remains a possibility that kinetochore enrichment of SAC components is important for
silencing the SynCheck arrest. However, no kinetochore proteins were identified as
candidates in this screen, in contrast to the results of the previous Mph1 overexpression
screen (unpublished work by Karen May), in which 7/64 candidates localise to
kinetochores/centromeres. This indicates that any involvement of kinetochores in silencing
the SynCheck arrest is likely to be minimal. It may be that localisation of silencing factors to
the Mph1-Spc7 signalling platform is sufficient for silencing to occur, or that silencing

processes occur away from kinetochores/in cytoplasm/nucleoplasm.

The screening approach that was developed in this work could be extended and improved
by repeating the screen with additional query strains. These include using a query strain
which has the same SynCheck components, but with endogenous Mph1 deleted. As
localisation of Mps1MP to kinetochores is a key upstream event in SAC signalling, this will
have the advantage of eliminating any contribution of the endogenous checkpoint to
amplification or silencing of the SynCheck signal (Ciliberto & Hauf, 2017). This will aid in
interpretation of our results by removing any false positives due to disruption of KT-MT
attachment, although many of these are likely to have been removed already due to
ectopic induction of the arrest. Deletion of endogenous, kinetochore-localised Mph1 has
been shown to have a negligible effect on the efficiency of SynCheck arrest (Yuan et al,

2016).

Sensitivity is an important consideration in screen design. Various assays for checkpoint
silencing vary in the levels of SAC signal which are generated. The stronger the SAC signal,
the more likely it is that silencing defects will be apparent, even for factors which only have
a mild effect on silencing. However, if the checkpoint signal is too strong, even wild-type
cells may struggle to escape the arrest, which will prevent evaluation of synthetically sick

phenotypes. The sensitivity of the SynCheck strain used in this screen appears to be

159



appropriate for identifying candidate silencing factors, since positive control bub3A was
identified. However, additional candidates with weaker silencing phenotypes may be
identified by increasing sensitivity. This could be achieved by introducing a mild silencing

defective mutation to the SynCheck query strain, e.g. bub3A.

This screen was performed with an rTetR-Spc7-9TE construct in which some, but not all, of
the Spc7 MELT motifs were replaced with phosphomimic mutations. A wild-type version of
the rTetR-Spc7 construct could be used in subsequent iterations of this screening strategy.
In the presence of rTetR-Mph1, the rTetR-Spc7-WT construct has been shown to induce a
checkpoint arrest much more efficiently than rTetR-Spc7-9TE. This suggests that these nine
substitutions are not fully mimicking phosphorylation. By modulating the efficiency of the
SAC arrest the sensitivity of the screen could be altered, which could result in different

candidates being identified in screens using each of these constructs.

A limitation of this screening strategy is that only non-essential genes can be tested.
Alternative approaches could be used to screen for essential factors in the future. An
approach that could be combined with our existing screen set-up is to use an alternative
library which contains conditional mutants, e.g. temperature-sensitive alleles. Some work
has been done on developing these resources for fission yeast (Armstrong et al, 2007), but
these are not yet widely available. Alternatively, a library of auxin-induced degron alleles
could be constructed for the essential genes in S. pombe. Some progress has been made in
developing such alleles, but further technical improvements are probably necessary before
a full library of ‘inducible-knockout’ alleles can be constructed (Kanke et al, 2011).
Alternatively, a mutagenesis screen could be performed. Mutagenic screens have the
advantage of generating not only complete loss-of-function mutants, but also conditional
mutants in essential genes, such as temperature-sensitive alleles and/or specific mutations
that perturb checkpoint silencing but not other essential functions of these genes. For
example, the SynCheck strain could be mutagenised using the chemical mutagen, ethyl
methanesulfonate (EMS) (Lee et al, 1992). The checkpoint could then be activated by
plating to media lacking thiamine. By incubating multiple replica plates at a range of
different temperatures, mutations which cause a temperature-sensitive silencing defect
could be identified. However, mutagenesis screens are costly and labour-intensive

compared to the screening strategy performed here.
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6.1.1 Novel candidates identified by SynCheck screen

This study carried out further characterisation of eight of the most promising candidate
silencing factors from the screen. It was found that so/14 and grh1A mutants have reduced
checkpoint silencing efficiency in both SynCheck and the independent checkpoint system,
SynCheckABA. This is a novel result, as neither Soll nor Grh1 have previously been reported
to be associated with spindle checkpoint silencing. Importantly, these genes are conserved

in vertebrate cells, and therefore their study could have implications for human health.

Previously unreported phenotypes were detected for some of the shortlisted candidates.
When deleted in a wild-type background, both t/s1 and SPAC227.17c were temperature
sensitive at 32°C. The biological processes in which SPAC227.17c is involved are currently
unclear, however this protein is conserved between yeast and vertebrates and so may be of
interest for further study. For these reasons, SPAC227.17c has been listed as a priority

unstudied gene on PomBase (https://www.pombase.org/status/priority-unstudied-genes).

Other phenotypes obtained in our assays agreed with phenotypes reported in the
literature. sol1A was confirmed to be benomyl sensitive, as reported previously, however
the cold-sensitive phenotype reported in the same paper was not reproduced in our

experiments (Monahan et al, 2008).

As discussed in Chapter 4, additional experiments could be performed to test general
functions of the candidate silencing factors from the high-throughput screen. For example,
chromosome segregation could be monitored by microscopy to check for defects. Growth
curve analysis could be performed in different liquid growth media. The most promising
factors could be investigated further, e.g. by fluorescently tagging proteins to monitor
localisation by microscopy and to allow identification of interactors by co-
immunoprecipitation and mass spectrometry analysis.

There are other factors from the screen which were not characterised which might also be
worthy of further study. Mss116 is one such factor, which displayed a strong synthetically
sick phenotype in the screen. Mss116 is a predicted mitochondrial ATP-dependent RNA
helicase. S. cerevisiae Mss116 has been shown to be involved in mitochondrial gene
expression, e.g. splicing of mitochondrial transcripts (Szczesny et al, 2013). It is possible that
S. pombe Mss116 could affect transcription of mitochondrial genes, including those
involved in the intrinsic apoptotic pathway. The intrinsic apoptotic pathway involves

mitochondrial outer membrane permeabilisation (MOMP). Dysregulation of apoptosis by
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disruption of mitochondrial function could sensitise mss116A4 to the effect of the
metaphase arrest induced by SynCheck. In some systems prolonged checkpoint arrest in
metaphase is followed by apoptosis, indeed this is thought to be why taxol is such a good
chemotherapeutic agent (Jordan et al, 1996; Tao et al, 2005; Rieder & Maiato, 2004;
Gascoigne & Taylor, 2009).

The analysis of the screen data presented has focused on synthetically sick interactions.
However, synthetically healthy phenotypes were also identified, in which deletion
mutations rescued strains from the mildly reduced growth and low levels of cell death
induced by SynCheck (Section 3.4.5 and Appendix 1, 1.6.2). These factors would also be
interesting to study in more detail, as they could be negative regulators of silencing

pathways.

6.1.2 Evaluation of Soll as a possible SAC silencing factor

Sol1 deletion caused severe defects in both SynCheck and SynCheckABA silencing assays.
From these results, it seems that so/1A4 reduces the efficiency with which cells can exit a

SAC arrest, at least in a synthetic, ectopic system.

In SynCheckABA cells, sol1A is associated with increased Mph1-ABI levels, which is likely to
cause higher levels of checkpoint activation. Increased levels of MCC complex may explain
the delay in silencing observed in this assay, rather than defects in checkpoint silencing
pathways. It has yet to be confirmed whether Sol1 affects the expression level of rTetR-
Mph1 in SynCheck strains, or whether it impacts endogenous Mph1 levels. Whether Soll
exerts its effects at the level of SAC activation or silencing, it is an interesting candidate for

further study.

To test whether sol14 affects silencing of the endogenous spindle checkpoint, this deletion
was tested in a microtubule-independent silencing assay, i.e. nda3-KM311. No delay in
mitotic exit was detected in this assay. However, one drawback of the nda3-KM311
experiment is that silencing typically takes place very rapidly, so it may be difficult to detect
minor defects; in the previous Mph1 overexpression screen (Karen May, Hardwick lab),
none of the 9 candidates tested were found to have delayed checkpoint silencing in the
nda3-KM311 arrest, and even the silencing phenotype of confirmed silencing mutant bub34

was challenging to detect. It will be important to test so/14 in more sensitive assays. For
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example, it would be useful to test the effect of so/14 on silencing an arrest generated by

the endogenous SAC, e.g. by using the spindle poison CBZ.

Sol1 contains a DNA binding domain (ARID, AT-rich interaction domain) (Dallas et al, 2000).
It also contains an Armidillo-type fold which is thought to mediate protein-protein
interactions (Sandhya et al, 2018). Sol1 is a component of SWI/SNF, a highly conserved
chromatin remodeling complex.

Soll homologs include S. cerevisiae Swil and human ARID1A (also known as BAF250a) and
ARID1B. ARID1A has strong associations with human cancers. ARID1 mutations have been
identified across a wide range of tumour lineages, including ovarian clear cell carcinoma,
uterine cancers, gastric cancers, breast cancer, hepatocellular carcinoma, and more (Shen
et al, 2015). The exact role of ARID1A deficiency in cancer development is unclear and may
be due to effects of the SWI/SNF complex on transcription of other cancer-associated
genes, or due to impaired DNA repair. However, it is possible that dysregulated SAC

signalling could also play a role in ARID1A/1B-mediated oncogenesis.

To confirm that SWI/SNF activity is responsible for the observed sol1A phenotypes, other
subunits could be deleted to see if they recapitulate the checkpoint silencing phenotype,
e.g. catalytic component Snf22. If other components of SWI/SNF also have an effect on

checkpoint silencing, this will suggest that SWI/SNF is involved, rather than an additional

unknown function of Sol1.

Since sol1A practically abolishes silencing in the SynCheckABA assay, synthetic interactions
which exacerbate the phenotype are unlikely to be detectable. If deletions of other
components of the SWI/SNF complex cause a milder checkpoint silencing defect, it would

be possible to use these to test for genetic interactors.

SWI/SNF could play a role in SAC silencing either via effects on transcription or by playing a
more direct, non-transcriptional role. The chromatin remodelling activity of SWI/SNF
complexes allow them to facilitate the binding of transcription factors or repressors. S.
pombe SWI/SNF affects the expression of genes involved in multiple processes and is
involved in both activation and repression of transcription (Monahan et al, 2008). SWI/SNF
may play a role in silencing by upregulating expression of checkpoint silencing factors or by
downregulating expression of checkpoint activators, e.g. Mph1. This regulation may be
direct (for example, increased Mph1-ABI expression could be mediated through a direct

effect on the adh41 promoter) or indirect via effects on expression of intermediate factors.
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Other chromatin remodelers play important roles in cell cycle regulation. In some cases,
these functions rely on non-transcriptional functions of these complexes. There is evidence
to suggest that chromatin state changes during mitosis and may be altered in response to
checkpoint activation. For example, mammalian bromodomain protein Brd4 is removed
from chromatin upon activation of the checkpoint by adding microtubule poisons
(Nishiyama et al, 2006). Chromatin remodellers at human centrosomes have been
demonstrated to be involved in various processes including microtubule organisation,

recruitment of centrosomal proteins, and cytokinesis.

It is also possible that SWI/SNF could have non-chromatin associated roles. In S. cerevisiae,
SWI/SNF interacts with the checkpoint kinase Mec1. Deletion of the core ATPase subunit of
SWI/SNF, Snf2 (homolog of S. pombe Snf22), reduces Mec1 activity in vivo, and cross-linking
experiments showed that SWI/SNF physically interacts with Mec1 (Kapoor et al, 2015). It
was shown in vitro that SWI/SNF complexes are capable of activating Mec1 in the absence
of chromatin. The subunit requirements for this activity differ from subunits required for
chromatin remodeling. Regulation of kinases involved in SAC signalling by a similar
mechanism could be a possible explanation for the SynCheckABA silencing phenotype in S.

pombe.

6.1.3 Evaluation of Grh1 as a possible SAC silencing factor

Deletion of grh1 had an effect in both SynCheckABA and the rTetR-based SynCheck screen.
In both assays this mutation had a mild phenotype. The effect of grh1A4 has not been tested

in an endogenous checkpoint silencing assay so far, so this will be an important next step.

It was noted that the grh1 CDS is in proximity to the CDS of another candidate identified in
the screen, tls1 (Figure 4.3). It is possible that the phenotype of one of these deletion
strains in the screen was due to deletion of one gene disrupting flanking sequences of the
other gene which are important for regulating its expression. Since t/s1A did not have a
phenotype in the SynCheckABA screen, it may be that Tls1 is not a true silencing factor.
However, t/s1A had a stronger phenotype than grh1A in the SynCheck screen, so it is not
clear whether t/s1A affects grh1A or vice versa, or whether these genes have phenotypes

which are independent of each other.

To test this, grh1A and t/s1A SynCheck strains could each be transformed with an

exogenous copy of either grh1 or tls1, to see if these rescue the silencing phenotypes. If
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tls1A causes synthetic sickness in SynCheck by reducing Grh1 expression, exogenous
expression of Grh1 should rescue this phenotype. However, if the t/s1A phenotype is
rescued by Tls1 expression, it would indicate a more direct involvement of Tls1 in silencing.
This hypothesis could be further investigated by tagging these proteins and performing
western blots to monitor protein expression levels in wild-type strains compared to strains

with the other gene deleted.

6.2 Studying PP1°2 -mediated silencing with SynCheckABA

PP1°%2 has been demonstrated to be an important, highly conserved checkpoint silencing
factor which is found in yeasts, C. elegans, Drosophila and humans (Vanoosthuyse &
Hardwick, 2009; Pinsky et al, 2009; Meadows et al, 2011; Espeut et al, 2012; Moura et al,
2017; Liu et al, 2010; Rosenberg et al, 2011). However, the mechanisms of PP1°%?

regulation and its important downstream targets remain unclear.

It has been demonstrated in vitro that human PP1P? js recruited to KNL1 via PP1-binding
domains, i.e. the SILK and RVSF domains (Liu et al, 2010; Nijenhuis et al, 2014; Bajaj et al,
2018). These domains are highly conserved, and their importance for PP1-mediated SAC
silencing has been demonstrated in vivo in yeast and C. elegans (Meadows et al, 2011,
Rosenberg et al, 2011; Espeut et al, 2012). The S. pombe consensus sequences for these

motifs are KGILK and RRVSF respectively.

It has been shown that PP1P2 js also recruited to the mitotic spindle by kinesin-8 motors
(Meadows et al, 2011). This additional pool of PP1P2 also makes an important contribution
to checkpoint silencing. In S. pombe, it has been demonstrated that deleting kinesin-8
homologs (KIp5 and KIp6) reduces silencing efficiency, and that a double mutant with both
PP1-binding domains of Spc7 deleted (AAB) and Klp5/Klp6 deleted dramatically reduces

silencing efficiency, to levels similar to dis2A strains (Meadows et al, 2011).

This study aimed to address whether PP1°2 plays a role in silencing SynCheckABA and
whether this system could be used for studying the mechanisms of this silencing pathway in

more detail (Chapter 5).
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6.2.1 PP1Ps2 appears to be involved in silencing the SynCheckABA arrest

The results obtained in this study indicate that Dis2 is involved in silencing the

SynCheckABA signal.

The effect of Dis2 on checkpoint silencing was tested directly in dis2A cells. dis2A cells
experienced delays in silencing compared to wild-type cells, however these cells were very

sick even in the absence of SynCheckABA induction, which complicated the analysis.

Additional results which support Dis2 playing a role in SynCheckABA silencing were
obtained from experiments which disrupted pathways involved in endogenous PP1P’s2-
mediated silencing. We hypothesised that the same pathways might also affect

SynCheckABA silencing if Dis2 were involved.

PP1-binding motifs in Spc7 are required for Dis2 recruitment to the endogenous
kinetochore. Deletion of these motifs in the Spc7-PYL construct had a detrimental effect on
SynCheckABA silencing, presumably due to disruption of PP1°*2 recruitment to the ectopic
signalling platform. The fact that that deleting k/p6 also had a detrimental effect on
silencing SynCheckABA provides further support for the involvement of Dis2 in
SynCheckABA silencing, as Klp6 is involved in the other known mechanism of Dis2

recruitment in the endogenous SAC.

It will be necessary to confirm that the AA and AAB mutations in Spc7-PYL disrupt PP1°'s?
recruitment to the ectopic signalling platform. An important next step will be to perform
coimmunoprecipitation experiments with different Spc7-PYL constructs to compare their

PP1-binding affinity with the wild-type construct.

6.2.2 Regulation of PP1°*? silencing in SynCheckABA has similarities to

endogenous SAC silencing

The results obtained in Dis2 experiments with the SynCheckABA system are similar in many
respects to those from studies of Dis2 in the endogenous SAC. This shows that

SynCheckABA is likely to be a good system for studying Dis2 in more detail.

In S. pombe, deletion of either the KGILK (A) or RRVSF (B) binding motifs in KNL1%P* is lethal
(Meadows et al, 2011). A key study overcame this limitation by complementing deletion of
these binding motifs in endogenous Spc7 by co-expressing a non-kinetochore localised

wild-type version of Spc7 (residues 1-666 only) (Meadows et al, 2011). As other studies

166



have shown, the N-terminus of KNL1%*¢/ is sufficient for microtubule binding and the
localisation of KNL1%*¢ to the mitotic spindle (Kerres et al, 2007; Bajaj et al, 2018). Spc71-e66
may recruit PP1°2 to the mitotic spindle, allowing it to compensate for endogenous Spc7
mutation (Meadows et al, 2011). This rescues cell viability but does not restore silencing
efficiency to normal levels, allowing the effects of Dis2 recruitment on checkpoint silencing
to be studied. The SynCheckABA system employed here differs from this study in that strain
viability is maintained by leaving endogenous Spc7 intact, and only introducing PP1-binding

site deletions into the Spc7-PYL construct of the SynCheckABA system.

The fact that deletion of PP1-binding motifs in the Spc7-PYL construct delayed
SynCheckABA silencing indicates that recruitment of Dis2 to the ectopic signalling platform
itself is important for silencing. Spc7-PYL may act as a scaffold not only for the assembly of
spindle checkpoint activators, but also for concentrating downstream targets and/or
regulators of Dis2 that are important for its checkpoint silencing functions. This ectopic
system avoids the complexity of kinetochores and provides an ideal system for identifying
key PP1 interactors involved in checkpoint silencing. Co-immunoprecipitation experiments
with Spc7-PYL may produce a subset of Spc7- and Dis2- interactors which are relevant for

their checkpoint silencing functions.

The results obtained in this study also provide information on the relative importance of
the PP1-binding motifs in SynCheckABA. Although the B motif was not tested in isolation,
we can infer from the more severe phenotype of the AAB mutant compared to AA that the

B motif makes a major contribution to this phenotype (Figure 5.4).

These results are similar to what is reported in the literature for endogenous Spc7. The
conserved RVSF motif has been widely recognised to be involved in PP1 recruitment and
silencing (Meadows et al, 2011; Liu et al, 2010; Espeut et al, 2012; Rosenberg et al, 2011,
Nijenhuis et al, 2014). However, the role of the SILK motif has been the subject of much
debate. Several studies have reported evidence for the involvement of SILK in PP1Ps2
binding (Meadows et al, 2011; Nijenhuis et al, 2014; Bajaj et al, 2018), however other
reports contradict these (Liu et al, 2010). Immunoprecipitation of S. pombe Spc7 N-
terminus showed that deleting either the KGILK or RRVSF motif results in reduced binding
to PP1°%2, although deleting RRVSF has a larger effect (Meadows et al, 2011). The
importance of SILK for PP1 recruitment is further supported by a recent study, which

revealed that the SILK domain directly contacts PP1 in the crystal structure of the human

167



KNL1:PP1°%2 holoenzyme (Bajaj et al, 2018). This study also showed that deletion of the
SILK domain causes a 6-fold reduction in PP1 recruitment (Bajaj et al, 2018). It has also
been shown that deletion of KGILK causes defects in checkpoint silencing in vivo in fission
yeast (Meadows et al, 2011). Deletion of both the KGILK and RRVSF motifs in combination

caused a more severe silencing delay (Meadows et al, 2011).

In contrast to the previous S. pombe study which mutated endogenous Spc7 PP1-binding
motifs, it appears as though deleting the A motif alone has an effect on silencing in the
SynCheckABA experiments presented in this thesis (Meadows et al, 2011). It is possible that
the KGILK motif is particularly important at the ectopic SynCheckABA scaffold, in the

absence of other kinetochore-based interactions which could promote PP1 binding.

Deletion of the KGILK domain in S. pombe has been demonstrated to have defects
independent of SAC silencing (i.e. abolishing checkpoint function by deleting Mad2 does
not rescue its lethal phenotype, unlike RVSF mutants) (Meadows et al, 2011). By conducting
our study with the ectopic SynCheckABA, we are likely to have avoided disrupting these
other functions of Spc7. Unpublished work by Alicjia Sochaj (Hardwick lab) also suggests
that the KGILK motif may function as a nuclear import signal, as its deletion appears to

reduce nuclear enrichment of Spc7.

Taken together, the data presented in Chapter 5 of this thesis suggests that not only is the
function of PP1Ps? required for silencing the ectopic SynCheckABA arrest, but that this
system recapitulates aspects of the regulation of PP1°*2 recruitment to endogenous
kinetochores. This will make this system a valuable tool for dissecting these regulatory

pathways in more detail.

6.2.3 SynCheckABA as a system for studying PP1°? silencing mechanisms

The work done so far in this system has established that SynCheckABA may be used to
study PP1Ps2 mediated checkpoint silencing in more detail. Aspects of PP1°? that could be
investigated with this system in the future include phosphoregulation of Spc7-Dis2

interactions as well as the identification of key interactors of Dis2.
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PP1°? in SynCheckABA silencing — remaining questions

Detailed characterisation of this system will be required to establish which aspects of
SynCheckABA silencing are similar to the endogenous checkpoint, and which aspects may
differ. These results will be important for interpretation of any other results obtained with

this system.

Klp5/Klp6 are capable of recruiting PP1 to spindle microtubules, and it is possible that
interactions with endogenous kinetochores are involved in the SynCheckABA system.
Although it has been demonstrated that endogenous Mphl is not required for
SynCheckABA arrest, nor for silencing, it remains a possibility that localisation of PP1°s2 to
the mitotic spindle improves silencing efficiency by dephosphorylating kinetochore-
enriched SAC components (Amin et al, 2019). This possibility could be ruled out by

repeating these experiments in an mph1A background.

It will be particularly important to confirm whether the effect of deleting the KGILK domain
on silencing is mediated via PP1-binding, because this domain is also associated with
microtubule binding. Microtubule binding function of kinetochore-localised KNL1 is not
required for SAC activation or formation of stable KT-MT interactions, but is important for
silencing (Espeut et al, 2012). The N-terminus of KNL1%P“” binds microtubules (Cheeseman
et al, 2006; Pagliuca et al, 2009; Kerres et al, 2007). A basic patch immediately upstream of
the SILK domain is essential for this interaction (Welburn et al, 2010; Espeut et al, 2012;

Bajaj et al, 2018).

To test whether microtubule binding to Spc7-PYL is required for silencing, a microtubule-
independent silencing assay could be performed in a SynCheckABA strain which lacks the
endogenous checkpoint (mph1A4). After inducing a SynCheckABA arrest, microtubules could
be depolymerised using the temperature-sensitive nda3-KM311 mutation. ABA would then
be washed out to release cells from the arrest, and silencing could be monitored by analysis
of cyclin B (Cdc13-GFP) degradation. Comparing the silencing efficiencies of the WT, AA and
AAB Spc7-PYL constructs would indicate whether KGILK plays a role in SynCheckABA

silencing independently of microtubule binding.
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Phosphoregulation of PP1-binding sites in KNL1

As previously mentioned, the N-terminal of KNL1%*< contains both PP1- and microtubule-
binding sites. Phosphorylation of these motifs by Aurora B appears to be important for
negatively regulating this binding in both humans and C. elegans (Welburn et al, 2010;
Espeut et al, 2012). Conserved Aurora B phosphorylation sites have been identified in the
N-terminus of KNL1. These phosphosites are located adjacent to or within the PP1-binding
motifs (Figure 6.1). Phosphomimetic mutants of these sites have been shown to abolish
binding of both microtubules and PP1 to KNL1, suggesting that Aurora B can negatively
regulate PP1 recruitment to KNL1 (Welburn et al, 2010; Liu et al, 2010; Nijenhuis et al,
2014; Bajaj et al, 2018).

Previous work in our lab attempted to address whether this mechanism is conserved in
fission yeast (unpublished work by Alicjia Sochaj). Ark1 (Aurora B homolog)
phosphorylation sites were identified in the N-terminus of Spc7 (residues S9, 528, S108 and
S$114) (Figure 6.1). Similar to other organisms, phosphorylation sites (5108 and S114) are
closely associated with PP1 binding site ‘B’ (RRVSF motif). However, phosphorylatable sites
at PP1-binding site ‘A’ (human: SSILK) are not conserved in S. pombe (KGILK).

Residues S9 and S28 of Spc7 are also phosphorylated. These sites are in the region of basic
patches which have been demonstrated to be important for microtubule binding.
Microtubule binding was assayed by coprecipitation experiments, and it was found that
introducing phosphomimics of these residues impaired microtubule binding (work by Alicjia

Sochaj).

This previous study from our lab went on to assay PP1°? binding to Spc7 phosphomutants
by performing co-immunoprecipitation experiments with Spc7-GST bound to beads, and it
was found that double phosphomimic mutations of Spc7, either S9D S28D or S108D $114D,
did not have much of an effect on affinity of Dis2 for GST-Spc7 (Figure 6.1) (unpublished
data by Alicjia Sochaj). It is possible that mutating all four residues would have an effect on
binding, and this is something that would be interesting to test in the future. We are also
interested in testing whether phosphorylation of these residues plays a role in

SynCheckABA regulation.
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Figure 6.1. Phosphoregulation of PP1-binding sites of KNL1%*“, (A) Sequence alignment of
S. pombe, S. cerevisiae, H. sapiens, M. musculus, and C. elegans KNL1 homologues. Basic
patches are highlighted in blue, and PP1-binding domains in amber (S/GILK and RRVSF). In
vitro pombe Ark1 sites are indicated (from work by Alicjia Sochaj), as are Aurora B
phosphorylation sites in other species (Welburn et al, 2010). (B) Immunoblot
demonstrating that Dis2 binding to Spc7 does not depend on phosphorylation status of
binding sites in S. pombe. Pull-downs of GST-Spc71.2s3 proteins with various phosphosite
mutations were run on 10% SDS-PAGE gel. a-Dis2 antibody was used to probe gel. Gel was
re-probed with a-Spc7 as a loading control. Data from unpublished work by Alicjia Sochaj.
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Targets of PP1Ps2

Another outstanding question about PP1°%? js what its key downstream targets are.
Although we have not directly addressed this question in this work, the system that we
have established will be useful for identifying key targets. PP1 may regulate multiple
parallel silencing mechanisms, which may vary in their conservation between yeast and
higher eukaryotes. It is also possible that PP1 may have multiple targets in the same
pathway. Here, | shall discuss various proposed targets of PP1 activity, along with
suggestions for how the SynCheckABA system may be used to address these questions in

the future.

Inhibition of Mps1 activity at kinetochores is a crucial upstream event in checkpoint
silencing (Shepperd et al, 2012; Primorac et al, 2013; London et al, 2012; Yamagishi et al,
2012). PP1°%2 may inhibit Mps1 activity in a variety of ways, including prevention of Mps1

recruitment, directly inhibiting Mps1 or by dephosphorylating its key downstream targets.

Experiments in fission yeast have shown that PP1°*2 counteracts the activity of Aurora B
homolog, Arkl (Vanoosthuyse & Hardwick, 2009). It has been shown in other systems that
PP1Ps2 antagonises Aurora B, thus counteracting Mps1 recruitment. Aurora B
phosphorylation of outer kinetochore components, e.g. Ndc80, is important for Mps1
binding (Santaguida et al, 2011; Saurin et al, 2011; Kemmler et al, 2009). In bioriented
chromosomes, tension increases spatial separation between Aurora B and its outer
kinetochore substrates, allowing the removal of this phosphorylation by PP1°52, This
activity has not been demonstrated in fission yeast to date. Unfortunately, our system
cannot test this hypothesis, because Mps1 recruitment is not regulated by phosphorylation,
but rather by dimerisation with Spc7 induced by ABA addition. However, it is worth noting
that as PP1P2 js still required for silencing the SynCheckABA arrest, this indicates that it is

important for dephosphorylating targets which function downstream of Mps1 recruitment.

Direct inhibition of Mps1 by PP1 has been demonstrated in Drosophila (Moura et al, 2017).
In Drosophila, PP1 directly dephosphorylates a T-loop of Mps1 which is required for its
activity. It has not been demonstrated that this mechanism is conserved, although

mammalian Mps1 does contain PP1-binding motifs.

A key target of Mps1 is KNL1 MELT motifs. These are required for recruiting Bub3-Bub1,
and subsequently for Bubl-mediated recruitment of Mad1-Mad2. Dephosphorylation of

these motifs abolishes recruitment of SAC proteins to kinetochores, thus inhibiting the
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generation of new MCC complexes. Dephosphorylation of KNL1 MELTs has been

demonstrated to be dependent on PP1°? (London et al, 2012)

Although dephosphorylation of KNL1 MELT motifs has been established to be a primary
mechanism for PP1 action, it is also possible that PP1 acts on targets downstream of MELTSs.
This could be tested in SynCheckABA by using Spc7-PYL constructs which have
phosphomimic mutations in their MELT motifs. If checkpoint silencing still occurs in
phosphomutants, this would suggest that downstream events are able to overcome
persistent MELT phosphorylation. If this is the case, it will be possible to test the effects of
deleting dis24, to see whether it plays an important role in dephosphorylation of
downstream targets, or whether its effects are mediated through MELT dephosphorylation.
The relative importance of Dis2 for MELT dephosphorylation and for dephosphorylating
downstream targets could be tested by comparing the effects of T9E and T12E

phosphomutants in wild-type or dis24 backgrounds.

Additional substrates have been proposed for PP1-dependent dephosphorylation, including
Mad3, Cdc20, and Ndc80 (Zich et al, 2016; King et al, 2007; Kim et al, 2017; Kemmler et al,
2009).

In summary, the combination of the SynCheckABA system with mutants with impaired
PP1Ps2.recruitment has provided insights into PP1°*2 silencing mechanisms and will be a

useful system for further study.

6.2.4 Broader perspective on PP1Ps2

Both the role of PP1°*2 in checkpoint silencing and its specific mechanisms of regulation
show high levels of conservation between species. As such, studies of PP1°*2 may have

important implications for human health.

PP1 is a commonly mutated factor in cancer. Selective inhibition of PP1 has potential as a
cancer therapy. Winkler et al (2015) showed that overexpression of NIPP1 (nuclear inhibitor
of PP1) causes reduced colony formation and impaired tumour growth in mouse
xenografts. NIPP1 overexpression in Hela cells was shown to cause prometaphase arrests,
and led to SAC activation, along with defective spindle formation, chromosome congression
and checkpoint silencing defects (Winkler et al, 2015). If some cancers are specifically

affected by disruption of PP1°2 activity in checkpoint silencing, more specific inhibition
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strategies could be devised. This could result in therapies with reduced toxicity, by avoiding

potential side-effects of broad inhibition of PP1.

6.3 SynCheckABA as a system for studying checkpoint silencing

A novel synthetic checkpoint system based on abscisic acid (SynCheckABA) was recently
developed (Amin et al, 2019). The experiments presented in this thesis demonstrate that
this system is suitable for studying spindle checkpoint silencing, establishing this system as

a promising new tool for studying the mechanisms of SAC silencing.

In this study SynCheckABA was used both to verify silencing phenotypes of candidates from
the screen, and to dissect the mechanisms of silencing pathways in more detail for PP1P"2,
The SynCheckABA strains generated as part of this project will be used in future studies into

checkpoint silencing, e.g. further characterisation of PP1°%2, Sol1 and Grh1.

SynCheckABA has several advantages as a system for studying SAC signalling, and
particularly silencing. Unlike in vitro approaches for studying the checkpoint (Minshull et al,
1994; Faesen et al, 2017), SynCheckABA does not require extensive knowledge of the
properties of candidate silencing factors, e.g. stoichiometry, post-translational
modifications, or important interactors, to be used to test their function. This makes it
particularly well-suited for studying candidates identified from the high-throughput screen,
about which we may not have much information. SynCheckABA is also more physiological
than other systems; being carried out in vivo, downstream checkpoint factors are present
at physiological levels and checkpoint silencing can be measured directly by looking at
cyclin B degradation. Unlike other in vivo systems like nda3-KM311, it does not stress cells
by imposing cold treatment. The ease with which ABA can be washed out make it ideal for

performing release experiments to monitor silencing efficiency.

It has been demonstrated that endogenous Mph1 is not required for either checkpoint
activation or silencing in SynCheckABA, however it would be worth checking whether

mph1A affects the kinetics of checkpoint silencing.

SynCheckABA is an example of a synthetic ectopic SAC system. Ectopic systems are
emerging as valuable tools for studying the SAC. Another ectopic synthetic checkpoint
arrest system has been developed, the eSAC (Chen et al, 2019). Similar to the SynCheck and

SynCheckABA systems, induction of this arrest relies on dimerisation of Mps1 and KNL1
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domains. In the eSAC, a minimal phosphodomain of KNL1 is used, typically with 6 MELT
motifs; the kinase domain of Mps1 is used. Again, neither of these constructs localises to
endogenous kinetochores, resulting in a soluble cytosolic signalling platform. Dimerisation
of the eSAC components is controlled by CID, like SynCheckABA, however the small

molecule inducer used in this system is rapamycin, rather than ABA.

The eSAC has provided further evidence of the utility of such ectopic systems for
characterising features of SAC signalling. In particular, this system has shed light on the
dose-response characteristics of the SAC, i.e. how the number of unattached kinetochores
affects the strength of the anaphase inhibitory response (Chen et al, 2019). Quantification
of the effects of unattached kinetochores would require generating and maintaining
specific numbers of unattached chromosomes, whereas quantification of eSAC is far easier.
The number of MELT motifs in the eSAC was also varied to test their contributions to
signalling. This analysis has revealed that multiple MELT motifs in a phosphodomain can act
synergistically to generate more MCC. However, it was shown that the SAC signal saturates
at high concentrations of eSAC. This suggests that limited levels of SAC proteins exert an
upper limit on the anaphase inhibitory signal. These observations have led to the
development of a model in which a single unattached kinetochore can have a relatively
strong effect on MCC generation, whereas when many kinetochores are unattached there
is competition for binding of MCC components, which means each kinetochore has a
relatively weak contribution to MCC generation, but high levels of MCC are produced
overall. This model reconciles previous observations that the checkpoint exhibits switch-like
behaviour in response to single unattached kinetochores, but also behaves like a rheostat,
with greater numbers of unattached kinetochores correlating with increased anaphase

inhibition (Dick & Gerlich, 2013; Collin et al, 2013).

Thus, ectopic SAC systems are a promising new approach to studying the SAC.
SynCheckABA will be particularly useful for studying checkpoint silencing as the arrest is
rapidly reversible by washing out ABA. In this respect it has an advantage over the eSAC,
since the eSAC uses rapamycin-induced dimerisation which induces very stable, non-

reversible binding.
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6.4 Final conclusion

In conclusion, the results presented in this thesis have contributed to the important and
understudied field of spindle assembly checkpoint silencing and have yielded novel
contributions by identifying specific candidates likely to be involved in this process. This
project also developed resources and experimental systems which will facilitate future

studies of checkpoint silencing mechanisms.
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Appendix 1

1.1 rTetR-Mph1ai-302) expression levels in SynCheck gene deletion

strains
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Figure S1.1 Expression levels of rTetR-Mph1a1.302) construct are similar between the
original SynCheck strain and SynCheck strains with single gene deletions. SynCheck strains
with deletions of candidate checkpoint silencing genes were tested (same strains as used in
Figure 3.2). Immunoblots were probed with a-FLAG antibody to detect the FLAG-tagged

rTetR-Mph1a1-302) construct. Tatl (tubulin) was used as a loading control.



1.2 rTetR-Mph1ai-302) expression in query strain for high-throughput

screen
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Figure $1.2 Expression levels of rTetR-Mph1a;1-302) construct are similar between the
original SynCheck strain (Yuan et al, 2016) and the reconstructed SynCheck strain in a
PEM-2 background. SynCheck PEM-2 was constructed by transforming the PEM-2 strain by
electroporation with the rTetR-Spc7(1-6s5) and rTetR-Mph1ai-302). Immunoblots were probed
with o-FLAG antibody to detect the FLAG-tagged rTetR-Mph1ai-302) construct. * indicates a
non-specific band (also seen in the wild-type), which gives an indication of protein loading
levels.



1.3 CHX and G418 serial dilution growth assays

G418 (ug/ul) 0 100 150

PEM-2 £ X
PEM-2, rTetR-spc7, rTetR-mph1 L &
PEM-2, rTetR-mph1, mph1A:natR £
rTetR-spc7, rTetR-mph1, bub3A:kanR & 28
rTetR-spc7, rTetR-mph1, bub3A:kanR | B
bub3A:kanR § =
eaf6/A::kanR i M
mop1A:kanR BT
bub3A:kanR 1 L MK
bub3A::kanR2 £ M
rTetR-spc7, bub3A:kanR 3 £
rTetR-mphl, bub3A:kanR 4 €

cyck eaf6A::kanR 3

eaf6A:kanR 7
mop1A:kanR 3 L
mopiA:kanR 5 K

o

CHX(pg/ul)

PEM-2

PEM-2, rTetR-spc7, rTetR-mph1 §
PEM-2, rTetR-mph1, mph1A:natR
rTetR-spc7, rTetR-mph1, bub3A:kanR
rTetR-spc7, rletR-mph1, bub3A::kanR §
bub3A::kanR
eaf6A:kanR K
mop1A:kanR &
bub3A::kanR 1
bub3A::kanR 2
rTetR-spc7, bub3A:kanR 3 KJ
rTetR-mpht, bub3A:kanR 4
ok eaf6A::kanR 3
eaf6A::kanR 7
mop1A:kanR 3
mop1A:kanR 5

Figure S1.3 Optimisation of drug concentrations for use in high-throughput genetic
screen. To determine suitable concentrations of (A) G418 and (B) cyclohexamide (CHX),
serial dilution assays were performed on YES plates containing a range of drug
concentrations (0-250ug/ul). Strains from the Bioneer library were crossed with the query
strain used for the high-throughput screen and progeny were selected based on
cycloheximide resistance (Section 2.6), and leucine and uracil auxotrophy. Strains with
G418 resistance were used as positive controls (bub34, eaf6A and mop1A strains from the



Bioneer library). Cycloheximide sensitive controls were also tested (e.g. PEM-2 strains).
Multiple isolates were tested from each cross (individual isolates identified by numbers).

1.4 Additional information on high-throughput pilot plate

1.4.1 Deletion strains included on high-throughput pilot plate (gene IDs)

SPAC589.11

SPAC6C3.06c

SPBC1198.01

SPBC17D1.06

SPBC29A10.09¢

SPBC8D2.02c

SPAC1002.01

SPAC6C3.07

SPBC11C11.07

SPBC17D1.07c

SPBC29A10.12

SPBC8D2.04

SPAC11D3.02c

SPAC6F6.02c

SPBC11C11.09c¢

SPBC17F3.01c

SPBC29A10.14

SPBC947.05c

SPAC12G12.13c

SPAC6F6.09

SPBC1215.01

SPBC17G9.05

SPBC29A3.05

SPBC947.15c

SPAC12G12.15

SPAC6F6.11c

SPBC1271.05c

SPBC17G9.12c

SPBC29A3.08

SPBCPT2R1.01c

SPAC14C4.04

SPAC6GY.01c

SPBC1271.12

SPBC1861.02

SPBC29A3.09c¢

SPBCPT2R1.02

SPAC1786.01c

SPAC6GY.09c

SPBC12C2.02c

SPBC1861.03

SPBC29A3.18

SPBCPT2R1.03

SPAC17A2.07c

SPAC750.08c

SPBC12C2.05c

SPBC1861.05

SPBC29A3.21

SPBCPT2R1.08c

SPAC17H9.13c

SPAC823.02

SPBC12D12.06

SPBC1861.06¢

SPBC29B5.03c

SPBP22H7.08

SPAC1834.04 SPAC869.06c SPBC1347.03 SPBC18ES5.14c SPBC2A9.03 SPBP23A10.14c

SPAC186.06 SPAC869.09 SPBC1347.12 SPBC18H10.07 SPBC2A9.04c SPBP4H10.08
SPAC22E12.03c SPAC890.06 SPBC1348.01 SPBC18H10.13 SPBC2D10.09 SPBP4H10.12
SPAC22E12.06c SPAC8(C9.19 SPBC1348.14c SPBC1921.01c SPBC2D10.15¢c | SPBP4H10.17c

SPAC23A1.16c¢

SPAC8E11.04c

SPBC13E7.08c

SPBC19C2.04c

SPBC2D10.16

SPBP4H10.18c

SPAC23C11.02c SPAC9.02c SPBC13E7.09 SPBC19C2.10 SPBC2D10.20 SPBP8B7.22
SPAC23C4.09c SPAC9.12c SPBC13E7.11 SPBC19C7.02 SPBC2F12.05c SPBP8B7.28c
SPAC23D3.11 SPAC9.13c SPBC146.09c SPBC19C7.09¢c SPBC2F12.11c SPCC1020.05
SPAC23H3.08c SPAC922.07c SPBC146.10 SPBC19F8.01c SPBC2F12.12c SPCC1020.09




SPAC25B8.01

SPAC926.05c

SPBC14C8.04

SPBC19F8.02

SPBC2G2.05

SPCC11E10.06c

SPAC25B8.15c

SPAC959.05¢

SPBC14F5.13c

SPBC19F8.04c

SPBC2G5.02c

SPCC1223.10c

SPAC25G10.02

SPACUNK4.19

SPBC1539.06

SPBC19F8.08

SPBC30B4.01c

SPCC1259.08

SPAC25H1.06

SPAP11E10.01

SPBC1539.07c

SPBC19G7.04

SPBC30B4.02c

SPCC1259.14c

SPAC26A3.17c

SPAP27G11.15

SPBC1539.08

SPBC19G7.10c

SPBC30B4.03c

SPCC126.13c

SPAC27D7.08c

SPAP27G11.16

SPBC1539.10

SPBC20F10.06

SPBC30D10.09¢

SPCC126.15c

SPAC27D7.10c

SPAP32A8.02

SPBC15C4.05

SPBC20F10.10

SPBC30D10.18c

SPCC1442.07c

SPAC29B12.12 SPAP32A8.03c SPBC15D4.02 SPBC215.01 SPBC31F10.03 SPCC1442.11c
SPAC29B12.13 SPAP7G5.05 SPBC15D4.06 SPBC215.06c SPBC31F10.05 SPCC1450.08c
SPAC29E6.09 SPAPB17E12.02 SPBC15D4.15 SPBC215.07c SPBC31F10.07 SPCC1494.08c
SPAC2E1P5.03 | SPAPB17E12.03 SPBC1604.08c SPBC215.11c SPBC31F10.09¢c | SPCC14G10.03c
SPAC2F3.07c SPAPB17E12.04c | SPBC1604.16c SPBC216.02 SPBC31F10.15c¢ SPCC162.03
SPAC30D11.04c | SPAPB17E12.05 SPBC1604.18c SPBC216.04c SPBC32F12.08c SPCC162.12

SPAC31G5.03

SPAPB17E12.08

SPBC1683.06c¢

SPBC21B10.03c

SPBC32H8.01c

SPCC1795.10c

SPAC3G6.01

SPAPB17E12.12c

SPBC1683.07

SPBC21B10.04c

SPBC32H8.05

SPCC1840.09

SPAC3G9.07c

SPAPB17E12.14c

SPBC1683.13c

SPBC21B10.05c

SPBC336.10c

SPCC23B6.05¢

SPAC3H1.08c SPAPB18ES.04c SPBC1685.01 SPBC21B10.07 SPBC337.09 SPCC24B10.10c
SPAC3H5.10 SPAPB1A10.03 SPBC1685.10 SPBC21B10.08c SPBC337.16 SPCC285.14
SPAC4A8.07c SPAPB1A11.04c | SPBC16A3.07c SPBC21C3.06 SPBC36.06c SPCC297.04c
SPAC4A8.09c SPAPB1E7.07 SPBC16A3.17c SPBC21C3.08c SPBC365.16 SPCC306.07c
SPAC4D7.06c¢ SPAPB21F2.03 SPBC16C6.03c SPBC21C3.09¢ SPBC36B7.06c SPCC330.03c
SPAC4F10.19c¢ SPAPB24D3.02c SPBC16C6.05 SPBC21C3.11 SPBC3B8.10c SPCC338.02




SPAC4G8.10

SPAPB24D3.08c

SPBC16C6.09

SPBC21C3.13

SPBC3B9.05

SPCC338.08

SPAC4G8.11c

SPAPB2B4.06

SPBC16ES.14c

SPBC21D10.08c

SPBC3B9.13c

SPCC364.01

SPAC4H3.14c SPAPBS8ES5.02c SPBC16ES.15 SPBC23E6.05 SPBC3D6.04c SPCC4B3.11c
SPAC513.04 SPAPBS8ES5.05 SPBC16G5.05¢ SPBC23E6.08 SPBC3D6.06¢ SPCC4G3.02
SPAC56E4.07 SPAPBS8ES5.10 SPBC16G5.15¢ SPBC23E6.10c SPBC3D6.09 SPCC576.17c

SPAC57A10.08c

SPAPJ691.02

SPBC16G5.16

SPBC23G7.07c

SPBC409.17c

SPCC613.03

SPAC57A7.09

SPAPJ691.03

SPBC16H5.08c

SPBC23G7.11

SPBC409.20c

SPCC613.11c

SPAC5D6.01 SPAPJ698.02c SPBC16H5.11c SPBC23G7.15c SPBC4B4.06 SPCC622.01c
SPAC5D6.07c SPAPYUG7.06 SPBC1703.03c SPBC23G7.16 SPBC4C3.12 SPCC63.06
SPAC5D6.08c SPAPYUK71.03c SPBC1703.06 SPBC24C6.05 SPBC4F6.10 SPCC63.13
SPAC5H10.05c SPBC106.01 SPBC1703.08c SPBC25B2.03 SPBC609.04 SPCC645.07
SPAC630.10 SPBC106.02c SPBC1703.11 SPBC25B2.04c SPBC651.04 SPCC736.09c¢
SPAC630.11 SPBC106.03 SPBC1709.11c SPBC25H2.05 SPBC660.05 SPCC737.05
SPAC630.15 SPBC106.10 SPBC1709.18 SPBC25H2.08c SPBC660.17c SPCC757.02c
SPAC664.10 SPBC1105.09 SPBC1711.14 SPBC27.04 SPBC685.04c SPCC777.08c
SPAC683.03 SPBC1105.11c SPBC1711.15c¢ SPBC27B12.05 SPBC83.04 SPCC965.08c
SPAC694.03 SPBC115.02c SPBC1718.02 SPBC28E12.04 SPBC83.19¢ SPCC965.09
SPAC6B12.06¢ SPBC115.03 SPBC1773.03c | SPBC28E12.06c¢ SPB(C839.13c SPCC965.13
SPAC6B12.14c SPBC119.04 SPBC1773.17c SPBC28F2.02 SPBC839.14c SPCC965.14c
SPAC6B12.15 SPBC119.06 SPBC1778.03c SPBC28F2.05c SPBC887.08 SPCC970.05
SPAC6C3.02c SPBC119.12 SPBC17A3.10 SPBC28F2.08c SPBC887.15c SPCP31B10.05

SPAC6C3.05




1.4.2 Synthetically rescued strains from high-throughput pilot plate

Gene ID (4) Gene name Gene description

SPBC16C6.09 ogm4 protein O-mannosyltransferase Ogm4

SPCC338.02 mugl12 sequence orphan

SPBC83.04 apcls anaphase-promoting complex, platform subcomplex
scaffold subunit Apc15

SPBC20F10.06 mad?2 mitotic spindle checkpoint protein Mad2

1.5 Complete list of manually identified synthetically sick strains from

screen
Gene ID (1) Gene name | Gene function Darker | Smaller
SPAC14C4.11 vtc2 polyphosphate synthetase 2 2
SPCC1223.02 nmt1/thi3 no message in thiamine Nmt1 2 2
SPCC18B5.05¢ phosphomethylpyrimidine kinase 2 2
protein phosphatase regulatory subunit
SPAC227.15 regl Regl 2 2
SPBC30B4.04c | soll SWI/SNF complex subunit Soll 2 2
SPAC4F10.18 WD repeat protein, human NUP37 family 2 2
SPAC926.03 ricl myosin Il regulatory light chain 2 1
SPAC589.02c med13 mediator complex subunit Srb9 2 0
SPBC3B8.02 php5 CCAAT-binding factor complex subunit Php5 2 0
SPAPJ696.01c vpsl7 retromer complex subunit Vps17 2 0
SPCC1672.04c | cox 19 mitochondrial copper ion transport protein 2 0
SPBC691.04 mss116 mitochondrial ATP-dependent RNA helicase 2 0
SPBP8B7.18c phosphomethylpyrimidine kinase 1 1
SPBC216.01c psy2 DNA damage response protein 1 1
SPCC1259.11c gyp2 GTPase activating protein Gyp2 1 1
SPAC1D4.01 tls1 sequence orphan 1 1
SPAC1B3.16c vhtl vitamin H transporter Vthl 1 1
SPBC29A10.06c conserved fungal protein 1 1
SPAC23H3.08c | bub3 mitotic spindle checkpoint protein Bub3 1 1
SPAC823.03 ppkl5 serine/threonine protein kinase Ppk15 1 0
SPAC1D4.02c grhl human GRASP protein homolog 1 0
SPAC227.17c conserved protein (fungal and plant) 1 0
SPBP4H10.13 rps2302 40S ribosomal protein S23 1 0
SPBC28E12.04 sequence orphan 1 1
SPCC24B10.10c | yta4 mitochondrial outer membrane ATPase 1 0
SPBC3E7.16c leu3 2-isopropylmalate synthase 0 1
SPCC576.17c¢ membrane transporter 0 1
SPCC777.08c bit61 HbrB family protein 0 1
SPBC11B10.05c | rsp1 random septum position protein Rspl 0 1




| SPAC19G12.16¢ | adg2

‘ conserved fungal protein

0|

1.6 Quantification of high-throughput SynCheck (rTetR) screen with

SGATools

1.6.1 Synthetically sick strains in SynCheck (rTetR) screen

Adjusted
Gene Score | Score score
Gene ID (4) name Gene description -Th +Th | (-Th)-(+Th)
SPBCPT2R1.03 hypothetical protein -0.094 0.83 -0.924
ribosome biogenesis protein Locl
SPAC1751.04 loc1 (predicted) -0.318 | 0.564 -0.882
SPBC1711.15c¢ sequence orphan -0.631 0.19 -0.821
SPAC869.02c yhb1 nitric oxide dioxygenase -0.735 | 0.046 -0.781
SPBP8B7.26 sequence orphan -0.174 | 0.575 -0.749
DNA polymerase epsilon subunit
SPBC3D6.09 dpb4 Dpb4 -0.327 0.37 -0.697
SPBC713.09 sequence orphan -0.233 | 0.442 -0.675
SPAP27G11.16 sequence orphan 0| 0.674 -0.674
protein phosphatase regulatory
SPAC227.15 regl subunit Regl -0.764 | -0.133 -0.631
SPBC530.01 gypl GTPase activating protein 1.106 1.719 -0.613
SPBC30D10.14 dienelactone hydrolase family -0.638 | -0.045 -0.592
Holliday junction resolvase subunit
SPCC4G3.05c¢ mus81 Mus81 0.271 | 0.828 -0.557
SPAC13F5.05 mpd1 thioredoxin family protein -0.274 | 0.265 -0.539
SPAC10F6.06 vipl RNA-binding protein Vip1 -0.527 | -0.013 -0.514
SPAC18B11.09¢c N-acetyltransferase -0.426 | 0.087 -0.513
meiotically upregulated gene
SPBC146.10 mug57 | Mug57 -0.461 0.05 -0.511
SPAC25A8.01c | fft3 fun thirty related protein Fft3 -0.253 0.25 -0.503
sulfate transmembrane
SPAC24H6.11c transporter (predicted) 0.050 | 0.548 -0.498
poly(U)-specific exoribonuclease,
producing 3' uridine cyclic
SPAC23C11.10 | mpnl phosphate ends Mpn1 -0.17 | 0.324 -0.494
SPAC16E8.18 tam5 sequence orphan -0.585 | -0.091 -0.493
SPBC1685.11 Rip1 RecA family ATPase Rlp1 -0.192 | 0.283 -0.476
SPAC17H9.19¢c | cdt2 WD repeat protein Cdt2 -0.276 | 0.193 -0.469
SPCC1183.10 wtf10 wtf element Wtf10 0.114 | 0.572 -0.459
SPAC1B1.02c NAD/NADH kinase (predicted) -0.008 | 0.447 -0.454
SPAC607.06¢C metallopeptidase (predicted) -0.06 | 0.382 -0.442
SPAC1142.08 fhi1 forkhead transcription factor Fhil -0.174 | 0.264 -0.437
SPAC27F1.10 sequence orphan 0.073 | 0.508 -0.436




4-amino-4-deoxychorismate lyase

SPBC19G7.02 abz2 Abz2 (predicted) -0.099 | 0.335 -0.433

SPAC694.03 conserved fungal protein -0.795 | -0.365 -0.43

SPAC1B3.16¢ vht1 vitamin H transporter Vhtl -0.329 0.093 -0.421

SPAC2E1P3.04 | caol copper amine oxidase -0.304 | 0.116 -0.42

SPAC3F10.09 isomerase -0.323 | 0.094 -0.417

SPBC19F8.01c spn7 meiotic septin Spn7 -0.1 0.313 -0.413

SPAC227.14 yfh7 uridine kinase Yfh7 (predicted) 0.072 | 0.481 -0.409
TREX2 complex subunit

SPAC1B3.08 (predicted) 0.446 | 0.852 -0.406

SPAC343.16 lys2 homoaconitate hydratase Lys2 -0.653 | -0.247 -0.406

SPAC23A1.14c cystathionine gamma-synthase -0.448 | -0.044 -0.404
gamma tubulin complex subunit

SPCC4G3.19 alp16 Alpl6 0.085 | 0.487 -0.403

SPAC25G10.01 RNA-binding protein -0.307 | 0.089 -0.396

ucpl4, Golgi Dsc E3 ligase complex

SPAC1486.02c | dsc2 subunit Dsc2 -0.695 | -0.301 -0.394
pyridoxamine 5'-phosphate

SPAC1952.08c oxidase (predicted) -0.059 | 0.334 -0.393
DNAJ domain protein DNAJB

SPAC4G9.19 family (predicted) 0.044 | 0.434 -0.39
RNA-binding protein, involved in

SPAC57A7.13 splicing (predicted) 0.162 | 0.549 -0.387

SPAC22F3.07c¢ | atp20 FO-ATPase subunit G -0.468 | -0.082 -0.386

SPBC2A9.13 sequence orphan -0.29 0.093 -0.383
Arv1-like family protein

SPAPB1A10.15 | arv1 (predicted) -0.28 | 0.085 -0.366

SPAC227.03c yea6b mitochondrial NAD+ transporter -0.423 | -0.057 -0.365
plasma membrane proteolipid

SPCC1183.09¢ | pmp31 | Pmp31 0.418 | 0.782 -0.364
ERMES complex GTPase subunit

SPCC320.04c geml Gem1 (predicted) -0.181 | 0.175 -0.356

SPAC630.07c sequence orphan 1.044 1.4 -0.355
autophagy associated WD repeat

SPAC823.16c¢ atg1802 | protein Atg18b 0.368 | 0.722 -0.354
lectin family glycoprotein receptor

SPCC126.08c (predicted) -0.494 | -0.144 -0.351
mitochondrial lipid translocator

SPBC725.10 tpsO protein, tspO 0.089 | 0.439 -0.35
ubiquitin-protein ligase E3 Pex12
involved in peroxisome
organization and biogenesis

SPAPB17E12.03 | pex12 (predicted) 0.266 | 0.614 -0.348

SPBC32F12.06 | pchi cyclin Pchl -0.237 | 0.107 -0.343

SPAC8E11.06 sequence orphan -0.406 | -0.076 -0.33
Golgi transport protein Got1

SPCC4B3.02c gotl (predicted) -0.131 | 0.195 -0.326
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SPBC1105.14 rsv2 transcription factor Rsv2 -0.465 | -0.141 -0.324

SPAC890.05 pxrl ribosome biogenesis protein -0.436 | -0.121 -0.315
MICOS complex subunit Mic10

SPAPJ691.03 mic10 (predicted) -0.159 | 0.154 -0.313
meiotic recombination protein

SPAC1952.15c¢ rec24 Rec24 -0.04 0.273 -0.313
19S proteasome regulatory

SPAPB8E5.02c | rpn502 | subunit Rpn502 -0.042 | 0.259 -0.301

SPBC16G5.05¢c | scs2 VAP family protein Scs2 0.132 | 0.426 -0.294

SPAC26A3.10 Arf GAP protein -0.247 0.04 -0.287

SPAC3C7.10 pex13 peroxin 13 (predicted) 0.122 | 0.401 -0.279
NuA4 histone acetyltransferase

SPAC6F6.09 eafé complex subunit -0.309 | -0.031 -0.278
ribonucleotide reductase (RNR)

SPAC29B12.03 | spd1 inhibitor -0.32 | -0.046 -0.274

SPCC1281.07c glutathione S-transferase Gst3 -0.369 -0.1 -0.269
dolichyl pyrophosphate
Glc1Man9GIcNAc2 alpha-1,3-
glucosyltransferase Alg8

SPAC17C9.07 alg8 (predicted) -0.06 | 0.209 -0.268

SPCC622.17 apnl AP endonuclease Apnl -0.215 | 0.053 -0.268
60S ribosomal protein L35a

SPBC1921.01c | rpl35b (predicted) 0.492 0.76 -0.268
AMP-activated protein kinase beta

SPCC1919.03¢ | amk2 subunit -0.256 | 0.009 -0.266
histone deacetylase complex

SPBC1685.08 cti6 subunit Cti6 -0.364 | -0.099 -0.265
plasma membrane
thiamine/proton high affinity

SPAC9.10 thi9 transmembrane transporter Thi9 -0.671 -0.41 -0.262

SPBC106.04 adal adenosine deaminase Adal 0.098 0.36 -0.261

SPAPB17E12.02 | yip12 SMN family protein Yip12 -0.277 | -0.017 -0.261
40S ribosomal protein S15a

SPAC5D6.01 rps2202 | (predicted) 0.224 | 0.483 -0.259
NADPH-cytochrome p450

SPBC29A10.01 | ccrl reductase -0.017 0.24 -0.257
sterol regulatory element binding

SPBC19C2.09 srel protein Srel -0.547 | -0.292 -0.256

SPAC3C7.03c rad55 RecA family ATPase Rad55/Rhp55 -0.183 | 0.069 -0.252
alpha,alpha-trehalose-phosphate

SPACUNK4.16¢c | tps3 synthase (predicted) -0.152 | 0.099 -0.251
tRNA (guanine-N2-)-
methyltransferase catalytic

SPBC16D10.02 | trm11 subunit Trm11 (predicted) -0.121 | 0.127 -0.248

SPBC543.10 getl GET complex subunit -0.222 | 0.025 -0.248
membrane associated ubiquitin-
protein ligase E3, MARCH family

SPBC32F12.07c (predicted) -0.101 0.147 -0.248
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cytochrome c heme lyase Cyc3

SPBC26H8.12 (predicted) -0.023 | 0.223 -0.246
SPAC16A10.05c | dad1 DASH complex subunit Dadl 0.021 | 0.261 -0.241
SPAC1D4.02c grhl human GRASP protein homolog -0.414 | -0.174 -0.24
SPBC4F6.12 pxl1 paxillin-like protein PxI1 0.3641 | 0.604 -0.24
P-type ATPase, calcium
SPAPB2B4.04c | pmcl transporting Pmcl -0.384 | -0.146 -0.238
complexed with Cdc5 protein
SPCP1E11.07c cwf18 Cwf18 -0.354 | -0.118 -0.237
SPCC777.08c bit61 HbrB family protein -0.48 | -0.245 -0.235
ribomal-ubiquitin fusion protein
SPAC589.10c ubi5 Ubi5 -0.957 | -0.723 -0.234
DNAJ domain protein Caj1/Djpl
SPAC4H3.01 type (predicted) -0.109 | 0.125 -0.234
DUF89 family protein
SPAC806.04c (phosphatase) -0.309 | -0.079 -0.231
delta-1-pyrroline-5-carboxylate
SPBC24C6.04 put2 dehydrogenase Put2 (predicted) 0.376 | 0.607 -0.23
nicotinic acid plasma membrane
SPAC11D3.18c transporter -0.261 | -0.031 -0.23
SPBC3H7.07c phosphoserine phosphatase -0.291 | -0.065 -0.226
SPCC736.02 sequence orphan 0.066 | 0.292 -0.225
Haemolysin-IIl family plasma
membrane receptor implicated in
zinc ion homeostasis 1zh2
SPBC12C2.09¢c | izh2 (predicted) -0.196 | 0.029 -0.225
esterase/lipase, human ABHD13
SPBC32H8.03 bem46 | ortholog (predicted) 0.213 | 0.438 -0.225
SPAC5D6.02c mugl65 | sequence orphan -0.224 | -6E-04 -0.224
ATP-citrate synthase subunit 2
SPAC22A12.16 | acl2 (predicted) -0.019 | 0.205 -0.223
myosin binding vezatin family
protein involved in peroxisome
SPBC21B10.06¢c | inp2 inheritance Inp2 (predicted) 0.047 0.27 -0.223
SPBC14F5.09¢ ade8 adenylosuccinate lyase Ade8 -0.076 | 0.143 -0.219
plasma membrane-associated
serine-rich cell wall sensor
SPBC215.13 mti3 Mtl1/MtI3 -0.168 0.05 -0.218
SPBC30B4.01c wscl transmembrane receptor Wscl -0.318 | -0.099 -0.218
SPAC22F8.09 rrpl6 rRNA processing protein Rrpl6 -0.336 | -0.118 -0.218
SPCC1795.06 map2 P-factor pheromone Map?2 0.061 0.279 -0.218
coatomer epsilon subunit
SPBC24C6.05 sec28 (predicted) -0.131 | 0.087 -0.218
RNA polymerase | transcription
termination factor/ RNA
polymerase Il transcription factor
SPBC1198.11c rebl Reb1 -0.169 0.049 -0.218
SPAC12G12.01c | sea4 ubiquitin-protein ligase E3 -0.413 | -0.195 -0.217
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intron-specific pre-mRNA splicing-

SPAC31G5.18c | sde2 ubiquitin fusion protein Sde2 -0.009 | 0.208 -0.217
guanine/xanthine/hypoxanthine

SPAC23C11.13c | hptl phosphoribosyltransferase Hptl 0.519 | 0.735 -0.217

SPCC962.04 rps1201 | 40S ribosomal protein S12 -0.387 | -0.172 -0.216

SPCC13B11.02c sequence orphan 0.105 0.32 -0.215
tRNA (cytosine-5-)-

SPAC23C4.17 trm402 | methyltransferase (predicted) 0.049 | 0.264 -0.215

SPAC2C4.14c ppk11 PAK-related kinase Ppk11 -0.376 | -0.164 -0.212
translation initiation factor elF3d

SPAC637.07 moel Moel -0.252 | -0.042 -0.209
spliceosomal complex subunit

SPAC1952.06c | trm402 | (predicted) 0.085 | 0.294 -0.209
microtubule plus end tracking

SPCC895.07 alp14 polymerase Alp14 -0.575 | -0.366 -0.209
60S ribosomal protein L7b

SPAC3H5.07 rpl702 involved in cytoplasmic translation | -0.085 | 0.123 -0.209
alpha-ketoglutarate-dependent

SPCC576.01c xanl xanthine dioxygenase Xan1 -0.183 | 0.024 -0.207
RWD domain protein, involved in

SPCC1393.09¢ gir2 cytoplasmic translation Gir2 0.076 | 0.282 -0.207
SHREC complex intermodule linker

SPBC2D10.17 clrl subunit Clrl 0.033 0.24 -0.207

SPAC1556.01c | rad50 DNA repair protein Rad50 -0.024 | 0.182 -0.206
mitochondrial D-glutamate cyclase

SPAC5H10.01 dgcl Dgcl (predicted) -0.075 | 0.131 -0.206
phosphomethylpyrimidine kinase

SPCC18B5.05c¢ (predicted) -0.147 | 0.058 -0.206

SPAC11H11.04 | mam2 pheromone p-factor receptor 0.154 0.36 -0.206
histone lysine H4-K20

SPCC4B3.12 set9 methyltransferase Set9 0.210 | 0.413 -0.203

SPAP8A3.12c tpp2 tripeptidyl-peptidase Il Tpp2 -0.057 | 0.145 -0.202

SPCC777.10c ubci2 NEDD8-conjugating enzyme Ubcl12 | -0.156 | 0.047 -0.202

SPBC23G7.16 ctré copper transporter Ctré -0.253 | -0.051 -0.201

SPAPB21F2.02 | dopl Dopey family protein Dop1l -0.115 | 0.086 -0.201

1.6.2 Synthetically rescued strains in SynCheck (rTetR) screen
Adjusted
Gene Score Score score
Gene ID (4) name Gene description -Th +Th | (-Th)-(+Th)

SPBC947.14c sequence orphan 0.613 -0.57 1.179

SPCC1223.11 ptc2 protein phosphatase 2C Ptc2 1.208 | 0.173 1.036

SPAC1952.02 ribosome biogenesis protein -0.027 -1.01 0.982
leptomycin efflux transporter

SPCCE63.03 | pmdl |54 0.449 | -0.46 0.913

SPCC1223.15¢c | spci19 DASH complex subunit Spc19 0.948 | 0.095 0.853
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SPBC354.03 swd3 WD repeat protein Swd3 0.386 -0.41 0.8
SPBC2F12.11c rep2 transcriptional activator Rep2 0.275 -0.5 0.772
SPAC4A8.06¢ esterase/lipase 0.659 -0.09 0.753
actin interacting protein 3
el e e 0.368 | -0.38 0.745
SPBC21B10.13c transcription factor -0.093 -0.8 0.71
SPAC29A4.09 rRNA processing protein Rrpl7 0.313 -0.39 0.701
SPBC1539.08 arf6 ADP-ribosylation factor, Arf family 1.12 | 0.432 0.688
SPAC105.03c transcription factor 0.181 -0.5 0.682
SPAC139.06 hatl histone acetyltransferase Hatl 0.99 | 0.316 0.674
SPCC970.05 rp/3601 | 60S ribosomal protein L36 -0.333 -0.98 0.65
SPBC29B5.03c | rpl26 60S ribosomal protein L26 -0.185 -0.83 0.642
2-oxoglutarate dehydrogenase
lipoamide) (el component of
SPBC3H7.03c EJXF:)qutara?cé dehydrF())genase
complex) -0.22 -0.85 0.626
lucan endo-1,3-alpha-glucosidase
SPBC646.06c | agn2 ignZ P 0.001| -0.62 0.621
SPBC887.08 sequence orphan 1.25 0.629 0.621
SPBC1105.04c | chpl CENP-B homolog -0.491 -1.11 0.621
SPAC1851.03 ckb1 CK2 family regulatory subunit 0.312 -0.3 0.617
meiosis specific coiled-coil protein
SPACISAIL03 | mep7 | 107 i i 0928 | 0314 0.613
SPAC14C4.12c SWIRM domain protein 0.471 -0.13 0.606
SPCC297.05 diacylglycerol binding protein -0.212 -0.8 0.584
mitochondrial inner membrane
SPBPAH10.03 | oxal02 |\ slocase Oxa102 -0.004 | -0.57 0.57
SPAC1F5.08c yam8 calcium transport protein 0.548 -0.01 0.562
saccharopine dehydrogenase
SPAC227.18 28 [NAD+, Lﬁysine foZmingg] 0.764 | 0.206 0.558
SPCC24B10.09 | rps1702 | 40S ribosomal protein S17 0.198 -0.36 0.556
SPBC31F10.02 thioesterase superfamily protein -0.092 -0.63 0.543
SPBC16C6.05 translation initiation factor 0.559 | 0.021 0.538
SPBC29A3.03c ubiquitin-protein ligase E3 0.317 -0.22 0.535
SPBC29A10.12 HMG-box variant 1.019 0.503 0.517
SPAC29A4.14c peroxin-3 -0.13 -0.64 0.511
SPCC550.15¢ ribosome biogenesis protein -0.113 -0.62 0.511
SPAC12G12.03 | cip2 RNA-binding protein Cip2 1.093 0.583 0.51
SPAC1F3.09 mug161 | Cwfl family protein -0.083 -0.59 0.509
ubiquitin conjugating enzyme
SPBC1105.09 | ubcl> | ) 1g 0.824 | 0.327 0.497
SPBC13E7.06 msd1 spindle pole body protein Msd1 0.62 | 0.154 0.466
SPAC2C4.08 conserved fungal protein 0.442 -0.02 0.466
SPBC56F2.08c RNA-binding protein 0.717 | 0.257 0.46
SPBC13E7.04 atplé F1-ATPase delta subunit 0.22 -0.23 0.453
SPAC13G6.09 zf-MYND type 0.523 | 0.076 0.447
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SPBC29A3.12 rps902 | 40S ribosomal protein S9 -0.33 -0.76 0.426
SPBC365.03c rpl2101 | 60S ribosomal protein L21 1.306 | 0.888 0.419
SPAC13G6.15c¢ calcipressin 0.481 | 0.064 0.417
histone lysine methyltransferase
SPCC297.08c | set7 | goiy -0.059 | -0.47 0.414
mitochondrial carrier with solute
SPAC823.10c carrier repeats -0.129 -0.54 0.413
SPBC947.10 ubiquitin-protein ligase E3 0.103 -0.3 0.403
SPCC553.08c GTPase Rial 0.093 -0.3 0.397
SPAC4F10.20 grx1 glutaredoxin Grx1 0.331 -0.07 0.397
manganese superoxide dismutase
SPAC1486.01 (AF069292) -0.093 -0.49 0.392
mitochondrial intermembrane
SPBC36.10 space protein sorting protein 0.423 | 0.033 0.391
SPBC21C3.11 ubx4 UBX domain protein Ubx4 0.576 | 0.188 0.388
SPAC15A10.10 | mde6 Muskelin homolog -0.273 -0.66 0.387
SPACUNKA4.19 mug153 | sequence orphan 0.16 -0.23 0.386
SPAC11E3.05 ubiquitin-protein ligase E3 0.603 0.22 0.382
SPAC140.02 gar2 GAR family -0.184 -0.56 0.379
SPCC1223.02 nmtl no message in thiamine Nmt1 0.167 -0.21 0.378
S. pombe specific UPFO300 family
SPACLLG7.06c | mugl3z o ing 0193 | -0.19 0.378
SPBC30B4.04c | sol1 SWI/SNF complex subunit Soll 0.013 -0.36 0.374
trans-aconitate 3-
SPAC25B8.10 methyltransferase 0.165 -0.21 0.371
SPAC664.01c swi6 chromodomain protein Swi6 0.379 | 0.018 0.362
S. pombe specific But2 family
SPAC27D7.11c protein 0.227 | -0.13 0.36
SPBC29A3.10c | atp14 F1-ATPase subunit H -0.346 -0.7 0.357
SPBP18G5.03 tocl sequence orphan -0.645 -1 0.356
SPBC1105.10 ravl RAVE complex subunit Ravl 0.667 | 0.313 0.354
SPBC3E7.16c leu3 2-isopropylmalate synthase -0.315 -0.67 0.354
FKBP-type peptidyl-prolyl cis-trans
SPSCHRRTE R 0339 | -0.01 0.349
SPBP35G2.04c sequence orphan -0.279 -0.63 0.347
SPAC6G10.06 amino acid oxidase -0.05 -0.4 0.347
SPAC9G1.03c rp/3001 | 60S ribosomal protein L30 -0.387 -0.73 0.347
SPBC651.05¢ dot2 EAP30 family protein Dot2 0.099 -0.24 0.341
SPBC13G1.10c | mug81 | ATP-dependent RNA helicase Slhl 0.97 | 0.633 0.337
SPAC1834.09 mug51 | conserved fungal protein -0.081 -0.42 0.336
human Leydig cell tumor 10 kDa
SPCC24810.18 protein homolog -0.405 -0.74 0.336
SPBC577.11 sequence orphan 0.149 -0.18 0.334
SPBC1D7.04 mlo3 RNA annealing factor Mlo3 1.751 1.418 0.333
SPBC25H2.10c tRNA acetyltransferase 0.468 | 0.142 0.326
SPACA4F10.19¢ zf-HIT protein Hitl 0.292 -0.03 0.325
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AAA family ATPase, unknown

SPAC328.04 biological role 0.081 -0.24 0.322

SPAC19D5.03 cidi poly(A) polymerase Cid1 -0.091 -0.41 0.322
S. pombe specific 5Tm protein

SPBC1348.02 family 0.069 -0.25 0.315

SPAC3C7.08c elf1 AAA family ATPase ELf1 -0.395 -0.71 0.314

SPAC644.07 Rieske ISP assembly protein -0.118 -0.43 0.31

SPBC18H10.04c | sce3 translation initiation factor elF4B 0.373 | 0.066 0.306

SPAC18G6.02c | chpl chromodomain protein Chp1l -0.221 -0.53 0.306

SPBC106.05c tim11 FO-ATPase subunit E 0.037 -0.27 0.303

SPAC630.14c tup12 transcriptional corepressor Tup12 0.825 | 0.525 0.3

SPAC22H10.09 sequence orphan -0.012 -0.31 0.298

SPBC16G5.09 serine carboxypeptidase 0.143 -0.15 0.297

SPBC887.04c lub1 WD repeat protein Lubl -0.168 -0.46 0.293

SPBC1604.09c exoribonuclease Rex4 0.054 -0.24 0.293

SPBC16C6.02c | vps1302 | chorein homolog 0.067 -0.23 0.292

SPAC977.15 dienelactone hydrolase family 0.488 | 0.196 0.291
sorting receptor for ubiquitinated

SPACIIA8.05¢c | sst4 membrane proteins -0.116 -0.41 0.29

SPAC1250.04c | atl1 alkyltransferase-like protein Atl1 -0.253 -0.54 0.289
mitochondrial ribosomal protein

SPCC777.17¢ subunit L9 06| 0311 0.289

SPAC4C5.03 CTNS domain protein -0.896 -1.18 0.288

SPBC354.10 RNAPII degradation factor -0.026 -0.31 0.288

SPAC4H3.02c sequence orphan 0.175 -0.11 0.287

SPAC3H5.12c¢ rpl501 60S ribosomal protein L5 0 -0.28 0.284
Cdc20/Fizzy family WD repeat

SPAC13G6.08 protein 0.245 | -0.04 0.284
RNA polymerase Il accessory

SPBC1763.02¢ factor, Cdc73 family 0.226 -0.06 0.283

. replication fork protection

SPBC30D10.04 | swi3 complex subunit Swi3 0.676 | 0.394 0.282

SPCC794.15 sequence orphan 0.18 -0.1 0.28
para-hydroxybenzoate--

SPACS6F8.04c | cog2 polyprenyltransferase Coq2 -0.751 -1.03 0.28

SPAC1142.03c | swi2 Swi5 complex subunit Swi2 0.398 | 0.121 0.276

SPCC1739.04c sequence orphan 0.175 -0.1 0.276
protein-L-isoaspartate O-

SPAC869.08 pem2 methyltransferase 0.164 -0.11 0.274

SPAC1B2.04 cox6 cytochrome c oxidase subunit VI 0.031 -0.24 0.274
serine/threonine protein kinase

R I e A 0.188 | -0.09 0.274

SPAC6B12.14c conserved fungal protein 0.153 -0.12 0.274
tRNA (guanine-N2-)-

SPAC31A2.02 trm112 | methyltransferase regulatory
subunit Trm112 -0.186 -0.46 0.273
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cyclin-dependent protein kinase

SPAC23H4.17¢ | srb10 | g1 0.135| -0.14 0.273
. chromatin remodeling complex

SPAC222.04c | es6 subunit les6 1648 | 1.377 0.271
60S acidic ribosomal protein Rpp1-

SPBC3B9.13c rppl02 ) 0.059 021 0.27

SPAC13G7.07 arb2 argonaute binding protein 2 -0.195 -0.46 0.27
ubiquitin C-terminal hydrolase

SPAC23G3.08c | ubp7 | 7 0479 | 0211 0.268

SPBC19C2.13c | ctu2 conserved eukaryotic protein 0.502 | 0.239 0.263

SPCP1E11.11 Puf family RNA-binding protein -0.021 -0.28 0.261

SPAC17A2.06c | vps8 WD repeat protein Vps8 0.245 -0.02 0.26
conserved protein (fungal bacterial

SPBPBYES.02 protazoan) 0.227 -0.03 0.26

SPAC13D6.04c | btb3 BTB/POZ domain protein Btb3 0.014 -0.24 0.258

SPBC839.05c¢ rps1701 | 40S ribosomal protein S17 -0.079 -0.34 0.257

SPAC4F10.11 spnl septin Spnl 0.396 | 0.139 0.257

SPAC19D5.06¢c | dinl Dhp1lp-interacting protein Dinl -0.325 -0.58 0.255

SPAC31G5.19 ATPase with bromodomain protein | -0.022 -0.28 0.254

SPAC22F3.06¢c | loni Lon protease homolog Lon1 0.431 | 0.178 0.253

SPAC630.04c sequence orphan -0.13 -0.38 0.253

SPACA4H3.03c glucan 1,4-alpha-glucosidase 0.051 -0.2 0.251

SPBC337.09 erg28 Erg28 protein 0.351 0.102 0.248
S-adenosylmethionine-dependent

SPAC323.05¢ methyltransferase 0.32 | 0.072 0.248

SPAC24B11.06c | styl MAP kinase Styl 0.078 -0.17 0.247

SPAC458.06 phosphoinositide binding protein -0.027 -0.27 0.246

SPAC24C9.16c | cox8 cytochrome c oxidase subunit VI -0.007 -0.25 0.244
P-type ATPase, calcium

SPBCILELOZe ) pmrd ) e porting Pmrd 0.008 | -0.24 0.244

SPAC1687.16¢c | erg3 C-5 sterol desaturase Erg3 -0.477 -0.72 0.244
60S acidic ribosomal protein P2C

SPACL071.08 | 1pp203 | o\ bt 0.171| -0.07 0.242
protein phosphatase type 2A,

SPAC4F10.04 intrinsic regulator 0.637 | 0.399 0.237

. RNA-binding protein involved in

SPAC27D7.03c | mei2 | 1 iosis Mei2 0.179 | -0.06 0.236

SPAC343.06c scramblase -0.259 -0.49 0.233
glyceraldehyde-3-phosphate

SHECAR 2 ] dehydrogenase Tdh1l 0.594 | 0.362 0.232

SPBPB10D8.07c¢ membrane transporter -0.044 -0.28 0.232
damaged DNA binding protein

SHAS IS Gl Ddb1 0.189 -0.04 0.232

SPBC947.05c ferric-chelate reductase 0.409 0.18 0.23
histone lysine methyltransferase

SPAC22E12.11c | set3 Set3 0.013 | -0.21 0.227

SPBC530.08 transcription factor 0.13 -0.1 0.227
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SPCC613.06 rpl902 60S ribosomal protein L9 0.078 -0.15 0.226

SPBC31F10.14c | hip3 HIRA interacting protein Hip3 -0.375 -0.6 0.225

SPCC1259.11c gyp2 GTPase activating protein Gyp2 0.103 -0.12 0.224
dihydroorotate dehydrogenase

SPAC57A10.12c | ura3 Ura3 012 01 0.223

SPBPB10D8.06¢c membrane transporter -0.163 -0.39 0.222
ornithine carbamoyltransferase

SPACAGS.10  farg3 | 5 03 -0.025| -0.25 0.222

SPAC24H6.13 DUF221 family protein 0.253 0.032 0.221

SPAC15F9.02 sehl nucleoporin Seh1 -0.08 -0.3 0.221

SPAC26F1.10c | pyp1 tyrosine phosphatase Pypl 0.26 | 0.039 0.22

SPAC767.01c vpsi dynamin family protein Vps1 -0.125 -0.35 0.22
serine hydroxymethyltransferase

SPAC18G6.04c | shm2 | o ) 0227 | -0.44 0.218
vacuolar import and degradation

SPAC26H5.04 protein Vid28 0.047 -0.17 0.216
S. pombe specific DUF999 family

SPAC212.01c protein 2 0.252 | 0.036 0.216
Cdc14-related protein

SRNCVERQ2E ) G2k phosphatase Clp1/Flp1 0.047 -0.17 0.215
serine/threonine protein

SPBC26H8.05¢ phosphatase 0.111| -0.32 0.213

SPAPB2B4.06 conserved fungal protein 0.093 -0.12 0.212

SPCC1450.12 conserved fungal protein -0.673 -0.88 0.212
CCAAT-binding factor complex

e L s 0215 | -0.43 0.212

SPAC1F7.09c¢ allantoicase 0.127 -0.08 0.211

SPAC1002.20 sequence orphan -0.02 -0.23 0.211
C-terminal domain kinase | (CTDK-

SPCC4B3.08 I) gamma subunit 0.261 | 0.051 0.21
S. pombe specific DUF999 family

SPAC212.04c protein 1 0.156 | -0.05 0.209

SPCC4G3.15¢ CCR4-Not complex subunit Not2 0.127 -0.08 0.209
mitochondrial inner membrane

SPBC336.13c peptidase complex catalytic
subunit 2 -0.197 -0.4 0.208

SPAC513.06¢ dihydrodiol dehydrogenase -0.025 -0.23 0.206

SPCC1223.05c | rp/3702 | 60S ribosomal protein L37 0.423 | 0.218 0.205
5-formyltetrahydrofolate cyclo-

SPBC1703.08¢ ligase 0.029| -0.23 0.204

SPAC959.05c protein disulfide isomerase 0.243 | 0.039 0.204

SPCC4G3.04c coq5 C-methytransferase -0.234 -0.44 0.204

SPCC1020.06¢c | tall transaldolase 0.274 0.07 0.204

SPBC15D4.15 pho2 4-nitrophenylphosphatase 0.093 -0.11 0.202
sulfite reductase NADPH

SPCC584.01c flavoprotein subunit 0.98 | 0.778 0.202

SPACA4F8.01 did4 vacuolar sorting protein Did4 -0.128 -0.33 0.202
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SPAC890.03

ppk16

serine/threonine protein kinase
Ppk16

0.433

0.233

0.2
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e Synthetic signaling scaffolds generate a spindle checkpoint
arrest

e The combination of KNL15P°7 and Mps1MP" kinase
generates a robust arrest
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e Bub3 acts to inhibit premature checkpoint activation
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In Brief

Yuan et al. employ synthetic protein
assemblies to generate a robust spindle
checkpoint arrest in fission yeast.
Formation of artificial heterodimers
between a checkpoint kinase and one of
its key substrates is shown to be
sufficient for mitotic arrest, entirely
independently of the location of this
complex in the yeast nucleus.
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SUMMARY

The spindle checkpoint acts as a mitotic surveillance
system, monitoring interactions between kineto-
chores and spindle microtubules and ensuring high-
fidelity chromosome segregation [1-3]. The check-
point is activated by unattached kinetochores, and
Mps1 kinase phosphorylates KNL1 on conserved
MELT motifs to generate a binding site for the Bub3-
Bub1 complex [4-7]. This leads to dynamic kineto-
chore recruitment of Mad proteins [8, 9], a con-
formational change in Mad2 [10-12], and formation
of the mitotic checkpoint complex (MCC: Cdc20-
Mad3-Mad2 [13-15]). MCC formation inhibits the
anaphase-promoting complex/cyclosome (Cdc20-
APC/C), thereby preventing the proteolytic destruc-
tion of securin and cyclin and delaying anaphase
onset. What happens at kinetochores after Mps1-
dependent Bub3-Bub1 recruitment remains mecha-
nistically unclear, and it is not known whether
kinetochore proteins other than KNL1 have significant
roles to play in checkpoint signaling and MCC gener-
ation. Here, we take areductionist approach, avoiding
the complexities of kinetochores, and demonstrate
that co-recruitment of KNL15P%” and Mps1MP" is suf-
ficient to generate a robust checkpoint signal and
prolonged mitotic arrest. We demonstrate that a
Mad1-Bub1 complex is formed during synthetic
checkpoint signaling. Analysis of bub3A mutants
demonstrates that Bub3 acts to suppress premature
checkpoint signaling. This synthetic system will
enable detailed, mechanistic dissection of MCC gen-
eration and checkpoint silencing. After analyzing
several mutants that affect localization of checkpoint
complexes, we conclude that spindle checkpoint ar-
rest can be independent of their kinetochore, spindle
pole, and nuclear envelope localization.

RESULTS AND DISCUSSION

Genetic and proteomic approaches have revealed that kineto-
chores are highly complex molecular machines (with ~100 kinet-

i
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ochore components in vertebrates [16] and ~50 in yeast [17])
and that there are approximately ten components of the spindle
checkpoint machinery [2]. Amidst such complexity, separating
kinetochore bi-orientation, error-correction, and microtubule
attachment functions from true checkpoint activation and
signaling functions is problematic. Kinetochore tethering of,
e.g., Mph1-Ndc80 and Mis12-Mad1 can initiate checkpoint
arrests [18, 19]. However, it is very likely that in such experiments
endogenous kinetochore function is being perturbed and that
these perturbations then activate the spindle checkpoint, mak-
ing interpretation of the experiments complicated and rather un-
satisfactory. To improve on this tethering strategy, we set out to
generate a spindle checkpoint arrest from a site quite distinct
from an unattached kinetochore. We employed a fission yeast
strain with 112 tandem repeats of the tet operator (tetO) inte-
grated on the arm of chromosome 1 (at the arg3 locus, see Fig-
ure 1A). This is ~1.5 Mb away from cen1 and can thus be imaged
as adistinct spot in live fission yeast cells (see Figure S1A). When
we expressed the phosphomimic mutant Spc7(1-666)-9TE
fused to the Tet repressor in these cells it resulted in constitutive
recruitment of Bub1, Bub3, and Mad3 to the tetO array,
throughout the cell cycle and independently of Mph1 kinase (Fig-
ure 1B). Note, this fusion protein only contains the first half of
Spc7 (1-666) and so completely lacks its C-terminal kinetochore
targeting domain. Expression of TetR-Spc7-9TA failed to recruit
checkpoint proteins to the tetO array (see Figure S1B), whereas
wild-type TetR-Spc7 was able to recruit Bub1, Bub3, and Mad3
but at much lower levels than TetR-Spc7-9TE and in a way that
was dependent on endogenous Mph1 kinase action (see Fig-
ure S1B). This demonstrates that the “activated” Spc7-9TE
binding platform is sufficient to recruit these three checkpoint
proteins constitutively, and that this works ectopically and thus
does not require additional kinetochore factors. Bubip,
Bub3p, and Mad3p are recruited to the array with the expected
dependencies (see Figures S1C-S1E): thus, we believe that this
Spc7-Bub-Mad3 complex likely acts as an independent
signaling module (Figure 1C).

Co-tethering KNL15P¢7 and Mps1"V'*"! Kinase Generates
a Robust Mitotic Arrest

At unattached kinetochores, Bub1 is thought to recruit Mad1
[20]. However, when we expressed TetR-Spc7-9TE no detect-
able Mad1-Mad2 proteins were recruited to the array, and no
cell-cycle delay was observed (data not shown). When we co-
expressed TetR-Mad1 with TetR-Spc7-9TE, again no cell-cycle
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Figure 1. Co-tethering of Spc7-9TE and
TetR-Mph1AN Generates a Robust Check-
point Arrest

(A) Schematic model of kinetochore-based
checkpoint signaling versus the synthetic tetO
platform.

(B) TetR-Spc7-9TE is sufficient to recruit Bub1-
GFP, Bub3-GFP, and Mad3-GFP to an array of Tet
operators on a chromosome arm. Scale bar,
10 um. See Figure S1 for TetR-Spc7wt and TetR-
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(C) Schematic summary of Spc7-9TE tethering.
(D) Co-expression of TetR-Spc7-9TE and TetR-
Mph1AN produces a robust mitotic arrest with
short metaphase spindles. Scale bar, 10 um.

(E) Quantitation of arrested cells after 12, 14, 16,
and 18 hr of Mph1 induction (cells grown without
thiamine). The plus thiamine control culture does
not arrest, containing just a few mitotic cells. 36
experiments were performed and data points are
plotted along with the mean and SD.

See also Figure S1.

GFP accumulated at the poles of the
metaphase spindles (Figure 2A, and see
Figure 3A for co-localization). Impor-
tantly, this arrest requires co-expression
of both TetR-Spc7-9TE and TetR-A(1-
302)Mph1: neither alone is sufficient for
an arrest (Figures 2B and S2A-S2D),
and their arrest does not require endoge-
nous Mph1 kinase (Figures S2D-S2G).
Next, we analyzed Spc7-wt and Spc7-
9TA: while Spc7-9TA had little effect on
the cell cycle, we were surprised to find

o

Mph1 ON

12

14 16 18 that Spc7-wt arrested significantly faster

Atb2-GFP

Mad2-RFP
+ Spc7-9TE-RFP

effects were observed (data not shown). This suggests that co-
recruitment of Mad1 and Bub1 is not sufficient for checkpoint
signaling at least on this tetO platform. We thought that this
might be because the synthetic signaling scaffold assembled
there (Spc7-Bub-Mad) lacked Mph1 kinase. Therefore, instead
of Mad1, we co-expressed TetR-Spc7-9TE with TetR-A(1-302)
Mph1, being very careful not to overexpress Mph1 kinase. We
particularly wanted to avoid activating the checkpoint from kinet-
ochores, and so the N terminus of Mph1 was removed to prevent
this kinase from targeting to endogenous kinetochores [21]
where it might be activated and could then recruit other check-
point complexes. Figures 1D and 1E show a very striking result:
co-expression of TetR-Spc7-9TE with TetR-A(1-302)Mph1 was
sufficient to arrest cells in mitosis. This is seen very clearly in Fig-
ure 1D where we used GFP-labeled tubulin to image the short
metaphase spindles in arrested cells. Figure 1E shows that, after
16 hr of Mph1 induction, we typically see ~80% metaphase cells
(cf. ~5% in strains not inducing Mph1, +thiamine). When we
imaged Mad2-GFP/RFP in the arrested cells, we saw that, rather
than accumulate at the tetO array with the Bub proteins, Mad2-
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time Mph1 induced (hrs)

than Spc7-9TE (Figure 2C), with ~60%
mitotic arrest after 12 hr compared to
16 hr for Spc7-9TE. To analyze this in
more detail, we compared Spc7-wt and
Spct-9TE arrests in strains expressing TetR-A(1-302)Mph1
both with and without endogenous Mph1 kinase. Figure S2D
confirms that the wild-type form of this signaling scaffold is
more efficient than the Spc7-9TE phosphomimic at generating
a checkpoint signal. There are several possible reasons for
this: perhaps the nine glutamic acid residues do not fully mimic
phosphorylation, or perhaps having all nine sites modified on a
single molecule is not optimal for scaffolding function (see
Mad2 recruitment below).

Next, we wanted to test what level of co-enrichment of TetR-
Spc7-9TE and TetR-A(1-302)Mph1 was necessary for initiation
of an arrest (each yeast kinetochore is thought to have approxi-
mately five molecules of Spc7 [22]), and so we modified our
strains by reducing the number of tet operators present, and
thus the number of Spc7 and Mph1 binding sites. Strains con-
taining four tandem copies of tetO arrested well (data not shown)
and to our surprise so did strains without any tetO sequences at
all (Figures 2D and S2J). Consistent with this observation, we
found that addition of anhydro-tetracycline (aTc), which en-
hances TetR binding to the tetO array in this system, had no
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(B) Expression of either TetR-Spc7-9TE or TetR-
Mph1AN alone is not sufficient for robust arrest.
This experiment was repeated three times and is
plotted as the mean + SD.

(C) Comparison of TetR-Spc7-9TE, TetR-wild-
type Spc7 (Spc7-wt), and TetR-Spc7-9TA. The
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significant effect on this arrest (Figure S2H). Our interpretation is
that soluble, heterodimeric complexes formed between TetR-
Spc7 and TetR-Mph1 in the nucleoplasm are sufficient for
checkpoint activation. To test this directly, we removed TetR
from the Mph1 construct: the resulting strains no longer arrest,
and Mad2-GFP does not accumulate at spindle poles (Figure 2E).
We conclude that forced interaction of these two critical up-
stream checkpoint components is sufficient for activation of
the spindle checkpoint, and that their enrichment at the tetO
array is unnecessary for these signals to induce a metaphase
arrest.

If these arrests reflect a normal mode of checkpoint
signaling, they should be dependent on downstream check-
point components. We tested the dependence of this meta-
phase arrest on the Mad/Bub proteins and found that it
required Mad1, Mad2, Mad3, and Bub1. Importantly it did not
require “upstream” kinetochore-based signaling: the arrest

D N> g
B D D
TFEFEE

kinase activity, and Sgo2. These strains were
analyzed at least three times and data plotted as
the mean + SD. The control strain (TetR-Spc7-9TE)

T on the left has Atb2-GFP as reporter and on the
right Mad2-RFP. All strains contained the tetO
array, apart from sgo2A and its corresponding
control strain. Representative images are pre-
sented in Figure S2J.

See also Figure S2.
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was independent of endogenous Mph1

and Bub1 kinase activities, of Sgo2,

and of Bub3 (Figures 2F and S2I-S2J).

The latter is not surprising, as Bub3 is
known to be unnecessary for fission yeast spindle checkpoint
arrests [23, 24].

Arrested Cells Accumulate Several Checkpoint Proteins
at Their Spindle Poles

Co-expression of Mps1 kinase and an Spc105 fragment has pre-
viously been demonstrated to induce a cell-cycle delay in
budding yeast [25]. In that study, the rapamycin-induced hetero-
dimers (of Mps1-Spc105) usually became enriched at endoge-
nous kinetochores, which could then serve as a platform to
generate or amplify the checkpoint signal. Some evidence was
presented suggesting that the cell-cycle delay could be gener-
ated independently of kinetochores, using the ndc10-1 mutation
where kinetochores are thought to be destroyed at the restrictive
temperature. The possible role of endogenous kinetochores is an
important issue, and one we were keen to avoid in our system: our
Mph1 construct lacks the N-terminal 302 residue kinetochore
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Figure 3. Mad2p Accumulates at Spindle
Poles in the Synthetic Arrest, but This Is
Not Necessary for the Arrest

(A) Cells were arrested with co-expression of TetR-
Mph1AN and TetR-Spc7-9TE. Co-localization of
the spindle pole marker Pcp1-RFP and Mad2-GFP
is observed. The Mad2-GFP does not co-localize
well with the kinetochore marker Fta3-RFP in
arrested cells, although in a few cases kineto-
chores are close to the poles. Scale bar, 5 um.
Figure S3A demonstrates co-immunoprecipitation
of Mad2 with gamma tubulin complex proteins.
(B) Strains co-expressing Spc7 and Mph1 do not
accumulate Mad2-GFP at spindle poles in strains
containing the mad7-KAKA mutation that disrupts
the Mad1-Cut7 kinesin motor interaction. Other
motor mutants were analyzed (dynein, kip2A, kip5/
6A) but found to have no effect on the arrest or
Mad2-GFP localization to spindle poles (see Fig-
ure S3G). Scale bar, 10 pm.

The mad1-ACC allele still arrests even though
localization of Mad1 and Mad2 to the nuclear pe-
riphery/envelope and spindle poles is lost. This
N-terminal coiled-coil domain also includes the
Cut7 interaction site.

(C) Quantitation of the mad7-KAKA and mad1-
ACC mutant arrests. This experiment was
repeated five times and data plotted as the
mean + SD.

(D) The levels of Mph1 expression and Mad1 pro-
tein stability are not affected in these mad7 mu-
tants. Time of Mph1 induction (after thiamine
wash-out) is indicated.

(E) Model with the Cut7 kinesin moving the Mad-
Bub complex to spindle poles. This predicts that
the movement of Bub1 to spindle poles is Bub3

o0 O
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% mitotic arrest
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time Mph1 induced (hrs) 18 16 14 18 16 14

targeting domain, our Spc7 construct lacks the C-terminal half of
the protein that targets it to kinetochores, and most of our strains
lack endogenous Mph1 kinase, thereby preventing all the Mad/
Bub proteins from being recruited to endogenous kinetochores
[21]. We carried out co-localization experiments with kinetochore
(Fta3 [26]) and spindle pole (Pcp1 [27]) markers in our arrested
fission yeast cells. Figure 3A demonstrates that Mad2-GFP was
not recruited to endogenous fission yeast kinetochores but
instead overlapped well with gamma-tubulin and spindle pole
body markers. Mad1 and Mad2 proteins have been observed
at spindle poles previously, and direct interaction with the
gamma-tubulin protein Alp4 and Mad2 has been described in
fission yeast cells late in mitosis (post-metaphase), but its roles
there remain unclear [28]. Co-immunoprecipitation confirms
that Mad2-GFP interacts with Alp4 in these synthetically arrested
cells (see Figure S3A). We analyzed which other checkpoint pro-
teins were enriched at spindle poles in the arrested cells, by
crossing in GFP-tagged forms of Mad1, Mad3, Bub3, and Bub1
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Figure S3D).
See also Figure S83.
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(Figures S3B-S3D). Mad3-GFP and
Bub1-GFP were recruited both to the
tetO array and to spindle poles in
cells co-expressing TetR-Spc7-9TE with
TetR-A(1-310)Mph1 (see Figures S3B-S3D), as is Bub3-GFP
(data not shown). Interestingly, Bub1-GFP recruitment to spindle
poles did not require Bub3. Similar observations were made with
TetR-Spc7-wt experiments with one important exception: in
cells co-expressing TetR-Spc7-wt with TetR-A(1-310)Mph1,
we could also detect Mad2-GFP on the tetO array (Figure S2E).
This interesting observation might explain why these cells arrest
faster than Spc7-9TE, as it suggests that the Mad1-Mad2 com-
plex associates more stably with the TetR-Spc7-wt platform
than with TetR-Spc7-9TE and that this stable complex may
then be better able to generate the mitotic checkpoint complex
(MCC) and inhibit the anaphase-promoting complex/cyclosome
(APC/C).

18 16 14hrs

Spindle Pole Localization Is Not Necessary for
Checkpoint Arrest

We wanted to test whether the spindle pole localization was rele-
vant to generation of the checkpoint arrest in these cells. In



human cells, checkpoint proteins are stripped from the outer
kinetochore upon microtubule attachment and transported to
spindle poles in a dynein-dependent fashion [29]. This is thought
to be one way vertebrate cells silence the spindle checkpoint,
although it is not essential for silencing [30]. However, there is
no evidence that dynein is involved in checkpoint protein target-
ing in yeast mitosis [31]. We tested dynein, kip2, kip5, and kip6
mutants and found no effect on Mad2 localization in our syn-
thetic checkpoint strain (see Figure S3G). An interaction between
Mad1 and Cut7 (fission yeast Kinesin 5) was recently reported by
Watanabe et al. [32]. They found that recruitment of Cut7 to ki-
netochores was Mad1 dependent, and that this interaction could
be disrupted through mutation of the Mad1 N terminus (with the
mad1-KAKA mutation) without affecting spindle checkpoint
function. We note that the Cut7 kinesin motor has been demon-
strated to be bi-directional in vitro [33] and that this motor local-
izes to spindle poles in addition to the spindle and midzone [34].
When we introduced the mad7-KAKA allele into our synthetic
checkpoint system, we observed a dramatic decrease in spindle
pole localization of Mad2-GFP (Figure 3B). Our interpretation is
that fission yeast kinesin 5 is required for spindle pole enrichment
of spindle checkpoint proteins in the synthetic arrest. However,
imaging revealed that the mad7-KAKA cells still efficiently ar-
rested at metaphase, with a diffuse nuclear pool of Mad2-RFP
(Figures 3B and 3C). Thus, spindle pole enrichment of check-
point proteins is not critical for the synthetic arrest, and we
conclude that spindle poles are unlikely to be an important site
of MCC generation in these cells. Mad1 and Mad2 interact
with the nuclear periphery, via MIp/TPR protein interactions
[35, 36], and this has been demonstrated to be an important
site of MCC assembly early in vertebrate mitosis [37]. Therefore,
we analyzed another madi mutant where the first 136 amino
acids of Mad1 containing a coiled-coil region (CC) were
removed, preventing Mad1-Mad2 interaction with Mips and the
nuclear envelope and also removing the Cut7 interaction site.
These mad1-ACC cells were also able to arrest efficiently
when TetR-Spc7-9TE and TetR-A(1-302)Mph1 were co-ex-
pressed (Figure 3E). We conclude that the Mad and Bub proteins
do not need to be enriched at kinetochores, spindle poles, or the
nuclear periphery for a robust checkpoint arrest to be generated
in fission yeast. Most likely a diffuse, soluble pool of Spc7-Bub-
Mad signaling assemblies is sufficient.

Checkpoint Signaling Generates a Mad1-Bub1 Complex
and Is Inhibited by Bub3

A biochemical hallmark of active spindle checkpoint signaling in
budding yeast is formation of a Bub1-Mad1 complex [20, 38], but
this complex has proved challenging to detect in other systems.
We immunoprecipitated Bub1-GFP from synthetically arrested
cells (both with and without a tetO array), after cross-linking
with dithiobis[succinimidylpropionate] (DSP) and were able to
pull down complexes containing Mad1 and Mad2 (Figure 4A;
data not shown). While our previous experiments suggested
that this complex is rather labile in fission yeast extracts, we
have also been able to co-immunoprecipitate these proteins in
extracts made from nda3 arrested cells after DSP cross-linking
(data not shown). We propose that the synthetic checkpoint ar-
rest is generated from a TetR-Spc7-Bub1 platform and that
co-tethered TetR-Mph1 kinase then activates this further by

phosphorylating Bub1 [20] to recruit the Mad1-Mad2 complex
(Figure 4F). To directly test the importance of the Bub1-Mad1
interaction, we used the bub7-CD1 mutant, where conserved
phospho-sites thought to be needed for Mad1 interaction have
been mutated to alanine [20, 39], and we found that these
cells were unable to checkpoint arrest (Figure 4B). Co-immuno-
precipitation experiments confirm that the Mad1-Bub1 interac-
tion is efficiently generated from the TetR-Spc7-wt platform
(data not shown), consistent with our ability to detect Mad2-
GFP on the tetO array in the cells with tethered TetR-Spc7-wt
(see Figure S2E). Detailed structural studies will be needed to
explain this intriguing, partial “separation of function” with the
Spc7-9TE allele: it recruits Bub1 better than Spc7-wt to the
tetO array (Figure 1), yet it is less effective at recruiting
Mad1&2 than Spc7-wt.

Watanabe et al. proposed that Bub3 might act as a chap-
erone to “suppress the ectopic activation of non-kinetochore
Bub1” [6]. If so, one would expect to see a significant effect
on the efficiency of ectopic TetR-Spc7-TetR-Mph1-induced
checkpoint arrest in bub3A cells. Consistent with this prediction,
Figure 4C demonstrates a striking advance (by ~4 hr) in the
timing of arrest in bub3A cells arresting due to Spc7-9TE cells
(although there is no effect with Spc7-wt, see Figure S4C). Dele-
tion of bub3 even allowed TetR-Spc7-9TA, TetR-A(1-302)Mph1
to arrest cells, again demonstrating the inhibitory effect of Bub3
(Figure 4D). Figure 4E shows a corresponding increase in the
level of the Mad1-Bub1 complex in bub3A cells. We also note
that in bub3A cells Bub1-GFP becomes hyperphosphorylated
during mitotic arrest. This suggests one possible mode of
Bub3 action: Bub3 binding might inhibit Bub1 auto-phosphory-
lation and thereby negatively impact Mad1p binding (see model
in Figure 4F). We conclude that Bub3 likely acts to prevent
ectopic spindle checkpoint signaling. Future experiments will
address whether it does this by inhibiting the checkpoint activa-
tion pathway, or enhancing spindle checkpoint silencing [24].
In normal cells, Bub3 would prevent early nucleoplasmic
signaling, and this effect would later be overcome when Mad-
Bub complexes assemble at kinetochores and Spc7-Bub3-
Bub1 interactions induce conformational changes in the Bub
proteins, thereby activating Bub1 for downstream signaling.
These Bub3 findings from our synthetic arrest are entirely
consistent with a recent study published while our manuscript
was in revision [40].

Conclusions

We have assembled a simple, synthetic, signaling system
(SynCheck), avoiding the complexities of kinetochores, and
generated a robust checkpoint arrest in fission yeast cells.
KNL1SP°7 acts as a platform to recruit Bub complexes and co-
targeted Mps1™P"! kinase is sufficient to activate them for
downstream signaling. This leads to assembly of a Mad1-Bub1
complex, MCC generation, and metaphase arrest. We note
that the resulting cells arrest for several hours and eventually
cut and die. This is possibly due to inefficient checkpoint
silencing and that is currently under investigation.

It is clear from this and previous studies that checkpoint sig-
nals can be initiated from several sites: kinetochores, nuclear
pores, possibly spindle poles, a tetO array, and soluble hetero-
dimers of KNL1SP°7-Mps1MP"" in the nucleoplasm. For a field
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that often equates kinetochore localization with checkpoint ac-
tion, it is rather humbling to observe that none of this localized
enrichment is necessary for checkpoint arrest, at least in the rela-
tively small yeast cells studied here. It will be very interesting to
see whether similar ectopic platforms can arrest larger verte-
brate cells and, if so, whether apoptosis is induced as this could
have therapeutic implications.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.cub.2016.11.014.

AUTHOR CONTRIBUTIONS

This project was conceived by K.G.H. Most of the experiments were carried
out by I.L. and 1.Y., with the exception of mad1ACC and some bub3A experi-
ments (K.M.M.), Bub1-Mad1 co-immunoprecipitations (P.A.), some bub3A,
sgo2A and Cen2-GFP experiments (S.S.N.C. and |.L.), and the kinesin and
dynein motor mutant analyses (E.Z. and I.L.). The manuscript was written by
K.G.H. with help from LY., L.L., KM.M., P.A., and S.S.N.C.

142 Current Biology 27, 137-143, January 9, 2017

Figure 4. Synthetic Checkpoint Arrest Re-
quires Mad1-Bub1 Complex Formation and
Is Inhibited by Bub3

(A) Cells containing Bub1-GFP, TetR-Spc7-9TE,
and TetR-Mph1AN were arrested as above for
16 hr then cross-linked with DSP before harvest-
ing. Mad1 co-immunoprecipitates with Bub1-GFP
in the arrested cells, both in the presence and
absence of the tetO array. On the immunoblots,
Bub1-GFP was detected with anti-Bub1 antibody
and Mad1 with anti-Mad1 (see Supplemental
Experimental Procedures).

(B) There is no arrest in the bub7-CD1 mutant,
which disrupts the Bub1-Mad1 interaction (see
Figure S4A for images). This experiment was
repeated three times, and data were plotted as the
mean + SD. The mutant Bub1-CD1 protein is sta-
ble (see Figure S4B).

(C) bub3A mutants containing TetR-Spc7-9TE ar-
rest significantly faster than bub3*, TetR-Spc7-
9TE. This experiment was repeated three times,
and data were plotted as the mean + SD.

(D) TetR-Spc7-T9A combined with TetR-Mph1AN
is able to arrest cells in the absence of Bub3. This
experiment was repeated three times, and data
were plotted as the mean + SD.

(E) Higher levels of the Mad1-Bub1 complex are
generated in bub3A cells. These cells contained
TetR-Mph1AN and TetR-Spc7-9TE and were
harvested after 12 hr of TetR-Mph1 induction. On
the immunoblots, Bub1-GFP was detected with
polyclonal anti-Bub1 antibodies, and Mad1 with
anti-Mad1 antibodies (see Supplemental Experi-
mental Procedures).

(F) Working model: diffusible heterodimers of
TetR-Mph1AN and TetR-Spc7(1-666) actively
produce a phospho-dependent Bub1-Mad1
complex, that than acts as an assembly platform
for MCC production. In the absence of Bubg3,
shown to the right, Bub1 becomes hyper-
phosphorylated, which can enhance Bub1-Mad1
complex assembly and MCC production.

See also Figure S4.
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Regulated reconstitution of spindle checkpoint arrest and silencing

through chemically induced dimerisation in vivo
Priya Amin, Sadhbh Soper Ni Chafraidh, loanna Leontiou and Kevin G. Hardwick*

ABSTRACT

Chemically induced dimerisation (CID) uses small molecules to
control specific protein—protein interactions. We employed CID
dependent on the plant hormone abscisic acid (ABA) to reconstitute
spindle checkpoint signalling in fission yeast. The spindle checkpoint
signal usually originates at unattached or inappropriately attached
kinetochores. These are complex, multiprotein structures with several
important functions. To bypass kinetochore complexity, we took a
reductionist approach to studying checkpoint signalling. We
generated a synthetic checkpoint arrest ectopically by inducing
heterodimerisation of the checkpoint proteins Mph1 (the fission yeast
homologue of Mps1) and Spc7 (the fission yeast homologue of
KNL1). These proteins were engineered such that they cannot
localise to kinetochores, and only form a complex in the presence of
ABA. Using this novel assay we were able to checkpoint arrest a
synchronous population of cells within 30 min of ABA addition. This
assay allows detailed genetic dissection of checkpoint activation and,
importantly, also provides a valuable tool for studying checkpoint
silencing. To analyse silencing of the checkpoint and the ensuing
mitotic exit, we simply washed out the ABA from arrested fission yeast
cells. We show here that silencing is critically dependent on protein
phosphatase 1 (PP1) recruitment to Mph1-Spc7 signalling platforms.

KEY WORDS: Mps1, Checkpoint, Dimerisation, Mitosis,
Reconstitution, Spindle

INTRODUCTION

Spindle checkpoint signalling was initially reconstituted in Xenopus
egg extracts (Kulukian et al., 2009; Minshull et al., 1994) and most
recently using recombinant complexes of human checkpoint proteins
(Faesen et al., 2017). Major advantages of such in vitro assays are that
complex systems can be simplified through biochemical fractionation
and manipulated through immunodepletion. They also enable the
regulated addition of specific components, whereby the timing,
concentration and activity of these can all be varied.

In parallel, yeast genetics has driven the identification of most of
the molecular components of this pathway, such as the mitotic arrest
deficient (Mad) and budding uninhibited by benzimidazoles (Bub)
proteins (Hoyt et al., 1991; Li and Murray, 1991) and their Cdc20
effector (Hwang et al., 1998; Kim et al., 1998). This combination of
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yeast genetics and in vitro reconstitution has proven invaluable in
dissecting the molecular mechanism of action of spindle checkpoint
signals and inhibition of the downstream effector Cdc20-APC/C
(London and Biggins, 2014; Musacchio, 2015).

Here, we have employed a hybrid approach, using yeast genetics
and partial reconstitution of the pathway in vivo. We used synthetic
biology to re-wire and simplify the upstream part of the checkpoint
signalling pathway and chemically induced dimerisation (CID) to
add an extra level of regulation that can be easily controlled
experimentally in intact cells. Employing this strategy, we were able
to achieve the following outcomes. (1) We simplified the system
through regulated, ectopic activation of the spindle checkpoint,
enabling kinetochore-independent studies. (2) We used yeast
genetics to enable rapid iterative analyses. (3) We employed
synthetic biology and CID to generate specific complexes in an
experimentally controlled fashion. (4) We used abscisic acid (ABA)
addition and wash-out to provide tight temporal control of the
initiation and termination of checkpoint signalling.

More specifically, we generated a synthetic checkpoint arrest
ectopically by inducing heterodimerisation of the checkpoint
proteins Mphl (the fission yeast homologue of Mpsl) and Spc7
(the fission yeast homologue of KNL1) in fission yeast. This led to
checkpoint arrest in a synchronous population of cells within 30 min
of addition of the plant phytohormone ABA. As expected, this
checkpoint response required the downstream Mad and Bub factors.
To analyse silencing of the checkpoint, we simply washed out the
ABA from arrested cells and analysed mitotic exit. We found that
the kinetics of release was critically dependent on recruitment of
protein phosphatase 1 (PP1) to the Mph1-Spc7 signalling platform.

RESULTS

We previously published a synthetic checkpoint arrest assay
(SynCheck) in which we activated the spindle checkpoint in
fission yeast using heterodimers of TetR-Spc7 and TetR-Mphl
kinase (Yuan et al., 2017). However, in those experiments,
dimerisation was constitutive, being driven by formation of Tet
repressor dimers (TetR). Thus, checkpoint signalling was
challenging to regulate, both in terms of initiation and termination.
We controlled checkpoint arrest at the transcriptional level using an
nmt promoter to drive expression of the TetR-Mphl fusion protein.
Unfortunately, the fission yeast nmt/ promoter requires induction in
medium lacking thiamine for several hours. As a consequence, the
peak of arrest was observed ~14 h after induction and was not as
synchronous as hoped. To improve both timing and control, we
modified our approach by employing CID to give tight temporal
control over the initiation and termination of checkpoint signalling.

Generation of SynCheckABA

Following the strategy of Crabtree and colleagues (Liang et al.,
2011), we fused the PYL domain (residues 33-209) of the ABA
receptor after the N-terminal 666 amino acids of fission yeast Spc7.
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By deleting the C-terminal half of Spc7, this protein is unable to be
targeted to kinetochores because it lacks the Misl2-interacting
region (Petrovic et al., 2016; Petrovic et al., 2014). This fusion
protein was expressed from the constitutive adh2l promoter
(Tanaka et al., 2009). The ABI domain (residues 126-423) of
ABI1 was fused to the C-terminus of the Mph1 spindle checkpoint
kinase. We also deleted the first 301 amino acids of Mphl to prevent
it going to kinetochores (Heinrich et al., 2012). This Mph1-ABI
fusion protein was expressed from the adh41 promoter (Tanaka
etal., 2009). In the presence of ABA, the PYL and ABI domains are
sufficient to form a tight complex (Miyazono et al., 2009), thus
forming complexes of Mphl-ABI and Spc7-PYL (Fig. 1A). We
combined these constructs in a strain that also had the cdc25-22

mutation, enabling synchronisation in G2, the Bubl checkpoint
protein tagged with GFP and microtubules labelled with mCherry-
Atb2 (a-tubulin).

Inducing Spc7-Mph1 heterodimers to trigger metaphase
arrest

Cells were synchronised in G2 using a temperature-sensitive cdc25-
22 mutant that blocks cells in G2 after 3.5 h at 36°C. When cells
were shifted to 25°C, they were ‘released’ from the block, enabling
progression through the cell cycle. After 5 min, ABA was added to
activate the spindle checkpoint through the formation of Spc7-PYL
and Mph1-ABI heterodimers (Fig. 1B). We observed that 60 min
after ABA addition to the synchronous population of cells, over

Fig. 1. Rapid induction of spindle
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70% of cells had short metaphase spindles (Fig. 1C,D). The
metaphase arrest could be sustained for at least 4 h (Fig. 1D). We
tested a range of ABA concentrations (0-500 uM) and found that
250 uM was optimal for reproducible, robust arrests (Fig. S1A). The
ABA can be added later (e.g. 20 min after cdc25 release) and cells
arrest with similar efficiency to that observed after anti-microtubule
drug treatment with carbendazim (see Fig. S1B). Without pre-
synchronisation in G2, the mitotic index increases over time and
reaches a peak 4 h after ABA addition (Fig. S1C). In our previous
SynCheck studies, cells arrested for several hours but then died
(Yuanetal., 2017). We wanted to determine whether the ABA arrest
also had a significant effect on cell viability or whether our ability to
release this arrest (through ABA wash-out) meant that viability was
maintained. After ABA treatment, we found a gradual drop in cell
viability (see Fig. 2E), which was similar to that observed upon anti-
microtubule drug treatment (data not shown).

In the arrested cells, we observed Bubl enrichment at the spindle
poles (Fig. 1C). This is consistent with our previous SynCheck
assay, where movement of all spindle checkpoint proteins to spindle

poles was reported to be Mad1-Cut7 kinesin driven (Yuan et al.,
2017). As expected, deleting the first N-terminal coiled coil (136
amino acids) of Madl, required for its interaction with Cut7 (Akera
et al., 2015), prevented Bubl accumulation at spindle poles. This
de-localisation of checkpoint proteins from spindle poles did not
affect the efficiency of the arrest (Fig. S1D), as found in SynCheck
(Yuan et al., 2017).

ABA-induced  metaphase arrest is  dependent on
heterodimerisation of Spc7-PYL and Mphl-ABI. Strains lacking
either the Mphl-ABI component or the Spc7-PYL component
failed to arrest in the presence of ABA (Fig. 1E). Deleting the
downstream checkpoint protein Mad1 abolished the arrest (Fig. 1E),
showing that ABA-induced arrest is checkpoint dependent. In these
constructs, Spc7 and Mph1 lack their kinetochore-binding domains,
making initiation of this arrest ectopic and independent of the
complexities of the kinetochore. The Mph1-ABI, Spc7-PYL strain
used above lacks endogenous mphl, which prevents all Mad and
Bub checkpoint proteins from targeting to kinetochores (Heinrich
et al., 2012). As an additional measure, to confirm kinetochore

Fig. 2. Silencing of spindle checkpoint signalling
after ABA wash-out. (A) Representation of the
dissociation of Mph1-Spc7 heterodimers after ABA
wash-out. (B) Silencing work flow: pre-
synchronisation in G2 (cdc25-22), induction of
checkpoint arrest through the addition of ABA,
subsequent wash-out of ABA 60 min later. (C) Fixed
cell images taken of the arrested SynCheckABA
strain at 0, 15, 25 and 35 min after ABA wash-out.
Microtubules are seen in red (mCherry-Atb2), cyclin
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independence, we employed a strain containing the spc7-124
MELT mutant allele (Mora-Santos et al., 2016; Yamagishi et al.,
2012). This mutant Spc7 kinetochore component cannot be
phosphorylated by Mphl, preventing recruitment of Bub3-Bubl,
and thereby Mad1-Mad2 complexes, to kinetochores. The spc7-124
mutant arrested with very similar efficiency to spc7+ cells under
ABA control (Fig. SIF), indicating that the Spc7wt-PYL Mphl-
ABI heterodimer does not need to be aided by endogenous
kinetochore-based checkpoint signalling to generate a checkpoint
arrest. Importantly, spc7-124-PYL fusion protein was unable to
generate an arrest in combination with Mph1-ABI, demonstrating
that the ectopic signalling scaffold needs to be phosphorylated on
conserved Spc7 MELT motifs to recruit Bub3-Bub1 complexes for
active signalling (Fig. S1G).

Crucial consequences of checkpoint action are the stabilisation of
cyclin B and securin. Using a modified strain, we analysed cyclin B
(Cdc13) levels in the ABA-induced arrest. Fig. 1F shows that
Cdc13-GFP accumulated on short metaphase spindles and was
enriched at mitotic spindle poles, as expected. As a technical aside,
we found that different tags can affect the efficiency of the ABA-
induced arrest. For example, this Cdc13-GFP strain reproducibly
arrests more efficiently than the strain containing Bubl-GFP
(Fig. 1G). This is probably a result of a partial loss of function
when C-terminally tagging the Bubl checkpoint protein. The
Cdc13-GFP strain also contains the endogenous wild-type Mphl
gene, but we found that this did not significantly impact the
efficiency of arrest (see Fig. S1E).

Thus, we have reconstituted a robust, kinetochore-independent
checkpoint arrest that can be initiated very simply in vivo through
ABA addition to culture media. This works efficiently in both
minimal (PMG) and rich (YES) fission yeast growth media.
Hereafter, we refer to this assay as SynCheckABA.

A novel spindle checkpoint silencing assay

A significant advantage of SynCheckABA is the ability to reverse
the effects of ABA by simply washing cells with fresh medium
lacking ABA and thereby releasing them from metaphase arrest
(Fig. 2A.B). We can use this to study spindle checkpoint silencing,
which has proven to be technically challenging in the past. Fig. 2C,D
demonstrates that washing out the ABA results in rapid cyclin
degradation and spindle elongation (see also Fig. S2A).

Regulation of spindle checkpoint silencing

Previous work has shown that PPl (Dis2) is a key spindle
checkpoint silencing factor in yeasts (Meadows et al., 2011;
Pinsky et al., 2009; Vanoosthuyse and Hardwick, 2009). The N-
terminus of Spc7 has two conserved motifs (SILK and RRVSF, also
referred to as the A and B motifs) that mediate stable PP1
association (Fig. 3A). Mutation of both binding sites leads to a
lethal metaphase block in Saccharomyces cerevisiae and
Schizosaccharomyces pombe (Meadows et al., 2011; Rosenberg
etal., 2011). There are additional kinetochore-binding sites for PP1
such as Klp5 and Klp6 (Meadows et al., 2011) and these are relevant
to checkpoint silencing, although binding to Spc7 appears to be
the major player. In human cells, similar motifs are found at the
N-terminus of KNL1; PP1 binding is regulated by Aurora B activity
as this kinase can directly phosphorylate the B motif, disrupting PP1
association (Liu et al., 2010).

Employing SynCheckABA, we tested mutations of the A and B
motifs at the N-terminus of Spc7 and removal of the Klp6 kinesin.
For these experiments (Figs 3 and 4), all strains contained
endogenous wild-type Mphl kinase and thus were able to recruit

checkpoint proteins to their kinetochores. These include the Mphl
and Bubl kinases, which are also thought to also have ‘error
correction’ functions. Thus, silencing probably needs to take place
not only at the ectopic Mph1-Spc7 signalling scaffold, but also at
kinetochores. Strains were pre-synchronised in G2 using cdc25,
released and arrested at metaphase using ABA, and then washed to
terminate checkpoint signalling. Progression through anaphase was
scored through analysis of spindle elongation and/or cyclin B
degradation (using Cdcl13-GFP) over a 90 min time course.
Mutation of the A motif delayed spindle elongation by 30 min
and the A/B double mutant was delayed even more profoundly
(Fig. 3B,C). This indicates that PP1 activity on or near the Spc7
protein (previously phosphorylated by Mphl kinase) is a limiting
factor in checkpoint silencing. This system will prove useful for
dissecting the regulation of PP1 binding to Spc7 in more detail, and
for analysis of putative regulators of PP1 activity.

Mutation of fission yeast kinesin 8 (either Klp5 or Klp6) leads to
stabilisation of microtubules, aberrant chromosome movements and
long metaphase spindles (Gergely et al., 2016; Klemm et al., 2018;
Meadows et al.,, 2011; West et al,, 2002). In these mutants,
checkpoint silencing defects cannot simply be analysed through
spindle elongation. Instead, we imaged Cdc13-GFP and used the
decrease in the number of cells with cyclin B enriched at their
spindle poles as a measure of checkpoint silencing. Fig. 4A,B
demonstrates that deletion of Klp6 significantly reduces the
efficiency of silencing and cyclin B degradation. Finally, we
analysed the silencing defect upon deletion of PP1 phosphatase
(dis2A). In the dis2A strain, which is rather sick, checkpoint
silencing was extremely defective with no significant drop in
Cdc13-GFP levels over the 90 min time course (Fig. 4C). It should
be noted that these dis2A strains display significant mitotic delays,
even in the absence of ABA addition, presumably because the lack
of this mitotic phosphatase leads to pleiotropic mitotic defects (see
Fig. S4 for images of these cells).

Thus, SynCheckABA neatly recapitulates the balance of
opposing kinase and phosphatase activities between Mphl-
dependent checkpoint activation and PPl-driven checkpoint
silencing on Spc7 and kinesin 8-dependent pathways (see general
model in Fig. 4D).

DISCUSSION

Here, we employed CID to generate a rapid, controlled spindle
checkpoint arrest. Addition of ABA to SynCheckABA strains
induces the heterodimerisation of Mph1-ABI and Spc7-PYL fusion
proteins and this is sufficient to generate an activated signalling
scaffold and metaphase arrest within minutes. Like our original
SynCheck assay, which was driven by constitutive TetR
homodimers (Yuan et al., 2017), this arrest acts independently of
spindle checkpoint signalling at endogenous kinetochores, but is
dependent on downstream checkpoint components such as Madl.

A significant advantage of SynCheckABA is that we can wash out
the ABA and study the kinetics and mechanism of spindle checkpoint
silencing. This was not possible with the original SynCheck strain
as we were unable to control TetR dimerisation and thus unable to
dissociate the Mph1-TetR—Spc7-TetR signalling scaffold.

Using this new assay, we confirmed that PP1 is crucial for
silencing the Mph1-Spc7 scaffold (Figs 3 and 4). PP1 binds to the
N-terminus of Spc7, not far from the conserved MELT motifs that,
once phosphorylated by Mphl, bind Bub3-Bubl complexes to
initiate generation of the mitotic checkpoint complex (MCC)
(Shepperd et al., 2012). Thus, Spc7 acts as the platform for both
checkpoint activation and silencing and appears to be a major site of
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Fig. 3. Checkpoint silencing in

SynCheckABA is dramatically
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action for both checkpoint activation kinases and silencing
phosphatases (Meadows et al., 2011). It is important to note that
not all aspects of silencing are recapitulated in our ectopic assay, as
some of these relate to specific kinetochore processes that are not
captured.

Kinesin 8 is also confirmed as a PP1 recruitment site relevant for
checkpoint silencing in SynCheckABA. The phenotypes of the
klp6A mutant suggest that targeting of PP1 to spindle microtubules
and kinetochores is also relevant to mitotic exit from an ABA-
induced arrest, even though the arrest is initiated away from the
kinetochore (see Fig. 4D).

Advantages of SynCheckABA, over other forms of
reconstitution

We believe that all forms of spindle checkpoint reconstitution are
useful for mechanistic dissection of this dynamic signalling
pathway, whether this be in vitro within cytoplasmic extracts

slowed when the Spc7¥N! binding
sites for PP1P's2 are deleted.
(A) Schematic of Spc7¥N-1 indicating
the N-terminal PP1-binding motifs
(A motif, SILK; B motif, RRVSF). The
MELT motifs form binding sites for
Bub3-Bub1 complexes once they have
been phosphorylated by Mph1 kinase.
(B) Images of cells expressing wild-
type Spc74.666 (WT) or mutants with
T - WT deletion of the A motif (AA) or both the
= AA A and B motifs (AAB). Time points were
== AAB analysed at the time of ABA wash-out
(time zero) and 30 and 60 min post-
-[ wash. Scale bar: 10 um. See Fig. S3 for
non-red-green colour scheme.
(C) Quantification of release from
checkpoint arrest in WT, AA or AAB
strains. The experiment was repeated
three times. More than 100 cells were
analysed per strain at each time point.
Data are plotted as meanzs.d.
(D) Schematic of SynCheckABA:
activating (Mph1) and silencing (PP1)
factors bind nearby on the Spc7
scaffold. The balance of their activities
determines how much MCC is
generated and thus whether anaphase
onset is inhibited.

0 30 60 90
time (mins) after ABA washout

(Minshull et al., 1994), in vitro with purified recombinant proteins
(Faesen et al., 2017) or in vivo with synthetically re-wired and
simplified signalling pathways (SynCheckABA). The advantages
of the latter system are as follows.

(1) The signalling pathway downstream of Spc7 and the
downstream effectors are present at normal physiological levels
and there are simple, quantitative physiological read-outs (cyclin B
degradation, sister chromatid separation and/or anaphase spindle
elongation).

(2) Checkpoint arrest is induced in the absence of additional
stresses; simple addition of ABA (low toxicity) to the growth media
is sufficient for checkpoint activation. There is no need for cold
shock (to depolymerise tubulin, nda3 arrest), heat shock (to perturb
temperature-sensitive kinetochore mutants) or overexpression of
checkpoint activators.

(3) The PYL and ABI domains have limited cross-reaction in
yeast as they are derived from plant proteins. Although we have not
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compared them directly, we believe that ABA has certain remove endogenous rapamycin-binding proteins, such as by
advantages over the use of rapamycin, a very popular CID. To deleting the fkhl+ gene that encodes a native FKBP12 domain
use rapamycin in fission yeast one needs to engineer strains to  (Ding et al., 2014). Importantly, because ABA does not bind tightly
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Fig. 4. Checkpoint silencing in SynCheckABA is also slowed when other
recruitment sites for PP1 are removed from spindles. (A) Deletion of
kinesin 8 (KIp6) leads to reduced silencing efficiency. Images of cells with and
without Klp6 deleted are shown after ABA wash-out (time zero) and 30, 60 and
90 min post-wash. Microtubules are seen in red (mCherry-Atb2), cyclin B in
green (Cdc13-GFP) and chromatin in blue (DAPI). Scale bar: 10 ym.

(B) Quantification of this release from checkpoint arrest in strains with (WT) and
without Kip6 (klp64). Cells were scored as arrested if Cdc13-GFP was
enriched at spindle poles. This experiment was repeated three times. More
than 100 cells were analysed per strain at each time point. (C) dis24 mutants
have profound silencing defects. Quantification of the release from the
checkpoint arrest is shown for wild-type and dis24 cells (plus ABA or DMSO).
Cells were scored as metaphase arrested if they had short metaphase spindles
and a single mass of condensed chromatin. Results for DMSO controls show
that dis2A cells are generally sick, but that ABA addition induces the
SynCheckABA, resulting in elevated levels of metaphase-arrested cells. This
arrest persists for >60 m after ABA wash-out as dis24 cells struggle to silence
the checkpoint. This experiment was repeated three times. More than 200 cells
were analysed per strain at each time point. See Fig. S4 for fixed cell images
from this timecourse. (D) General model of relevant PP1-dependent silencing
pathways. The schematic describes two pools of PP1, one that is recruited
to the ectopic Spc7-Mph1 signalling scaffold, via the A and B motifs on Spc7,
and a second pool that is more generally recruited to the spindle through
interaction with kinesin 8 (KIp6). These two pools act together to inhibit
MCC-APC/C assembly and thereby enable checkpoint silencing and mitotic
exit. All data are plotted as meants.d.

to the PYL domain, we can wash ABA out easily to initiate
checkpoint silencing. By comparison, rapamycin is very difficult to
wash out, making efficient release experiments unrealistic.

(4) Compared to in vitro studies with large, recombinant
complexes, these fission yeast experiments are simple, cheap and
fast. The system also enables rapid iterative studies, because of the
ease of further genetic manipulation in yeast.

(5) Importantly, we can easily test candidate regulators (e.g.
silencing factors) without needing to know what complexes they are
part of, purifying them and worrying about their relevant
concentration and post-translational modifications.

(6) Compared with our transcriptionally controlled SynCheck
(which employs nmt-tetR-Mphl), the ABI-PYL system is less leaky,
enabling sick strains (such as the dis2 mutant analysed in Fig. 4) to
be constructed. Previously, we were unable to isolate nmt-tetR-
Mphl, dis2A strains because of leaky expression from the weak
nmt81 promoter.

Our ongoing studies with SynCheckABA will enable a detailed
mechanistic dissection of PP1-mediated spindle checkpoint silencing
in fission yeast. We believe that ABA holds promise as an alternative
CID to rapamycin and that it has significant advantages.

MATERIALS AND METHODS

Padna1-Mph1393.678-3xHA-ABI

Mphl (residues 303-678) was amplified from a pDONR 201 plasmid
containing Mph1 (303-678) (Yuan et al., 2017). 3xHA was amplified from a
plasmid from the Allshire laboratory (University of Edinburgh) containing
codon-optimised PYL-3xHA. ABI was amplified from a pMT_CID_
ABI_VS_H vector from the Patrick Heun laboratory (University of
Edinburgh). These PCR fragments were treated with Dpnl and assembled
into a Smal-digested and antarctic phosphatase-treated gel-purified pRad41
yeast expression vector by Gibson assembly.

Padn21-Spc74.666-PYL

The yeast expression vector pIY03 (Yuan et al., 2017) was digested with
Nhel and Xhol and gel purified. The insert (mCherry-2xFLAG-Spc7.¢66)
was used as a template to amplify Spc7;.¢66. PYL was amplified from a
bVNI-221 vector from the Heun laboratory. The fragments were then
assembled into the digested pI'Y 03 vector backbone using Gibson assembly.

P.dh21-SPc71.666-MCherry-2xFLAG-PYL (PP1-binding site

mutants)

Plasmids containing full-length Spc7 PP1-binding mutants (AA, deletion of
residues 136-150; AAB, deletion of residues 136-150 and residues 331—
345) (provided by the Millar laboratory, University of Warwick) were used
as templates to amplify mutant versions of Spc7;_¢66. Nhel-NLS and Pacl
sites were introduced during amplification, allowing Spc7 constructs to be
digested and ligated into digested pI'Y03-derived vector backbone, which
also contained a C-terminal mCherry-2xFLAG-PYL tag.

Fission yeast strains
The fission yeast strains used are listed in Table S1.

cdc25-22 synchronisation

Cells were grown at 25°C for 1-2 days on YES (rich yeast media, with
additional leucine, arginine, lysine, histidine and uracil) plates. They were
then pre-cultured in 10 ml of liquid YES containing amino acid supplements
at 25°C over the day and inoculated into a larger culture of YES overnight.
The following day, log phase cultures were shifted to 36°C for 3.5 h to block
in G2. After this, cultures were cooled quickly in iced water to rapidly shift
them back to 25°C and release them from the G2 block.

Synthetic arrest assay

Following a cdc25-22 block, 250 mM ABA stock (Sigma Aldrich A1049) was
added to cultures 5 min after release (20 min if comparing to a carbendazim
arrest) to achieve a final concentration of 250 uM (unless otherwise stated).

Synthetic arrest assay wash-out
Following an ABA-induced synthetic arrest, the cells were washed three
times with 50 ml YES.

Fixing cells and microscopy

Culture (1-1.5 ml) was centrifuged for 1 min at 6000 rpm. The cell pellet
was fixed in 200-500 pl of 100% ice-cold methanol. To image cells, 8 ul of
the cell suspension in methanol was added to a glass slide; when the
methanol evaporated, 1-2 ul DAPI (0.4 ug/ml) was added to the sample and
a glass cover slip was placed on top.

Cells were imaged immediately using a 100x oil immersion lens and a
Zeiss Axiovert 200M microscope (Carl Zeiss), equipped with a CoolSnap
CCD camera (Photometrics) and Slidebook 5.0 software (3i, Intelligent
Imaging Innovations). Typical acquisition settings were 300 ms exposure
(FITC and TRITC) and 100 ms exposure (DAPI), 2x binning, Z-series over
3 um range in 0.5 um steps (seven planes).

Carbendazim arrest

Following a cdc25-22 block, 3.75 mg/ml stock of carbendazim (Sigma
Aldrich) was added to cultures 20 min after release to achieve a final
concentration of 100 pg/ml.

Cell viability assay

Following a synthetic arrest assay, cells from 1 ml of culture were harvested
by centrifugation at 6000 rpm for | min and re-suspended in 1 ml of distilled
water. Tenfold serial dilutions were made in distilled water. Cells were
diluted by factors of 100 and 1000, and 0.1 ml plated in triplicate. Colony
forming units (cfu) per millilitre of culture was calculated and cell viability
over time was plotted as a percentage relative to that at time zero.
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Figure S1

(A) The effect of ABA concentration on Mph1-ABI Spc7-PYL driven arrest. Different
concentrations (0, 25, 62.5, 125, 250, 500 uM) of ABA were used to induce arrest in cultures 5
mins after release from the G2 block. Samples were fixed at 60 mins and scored as metaphase
arrested if they had short metaphase spindles and a single mass of condensed chromatin. >100
cells were analysed per strain at each time point. This experiment was repeated 3 times. Data
plotted as mean +/- SD.

(B) Quantification of SynCheckABA strain containing Cdc13-GFP at 60 minutes after treatment
with either DMSO, ABA or CBZ (added 20 minutes after release from G2 block). Cells were
scored as arrested if Cdc13 was enriched at spindle poles and/or if short metaphase spindle was
present. >240 cells were analysed per strain at each time point. This experiment was repeated 2
times. Data plotted as mean +/- SD.

(C) Quantification of Mph1-ABI Spc7-PYL cultures (plus ABA or DMSO) through a 4 hour time
course at 25°C without synchronisation in G2. Samples were fixed every 60 minutes and scored
as metaphase arrested if they had short metaphase spindles and a single mass of condensed
chromatin. >250 cells were analysed per strain at each time point. This experiment was repeated
2 times. Data plotted as mean +/- SD.

(D) Quantification of Mph1-ABI Spc7-PYL arrest in strains with and without the N-terminal coiled-
coil of Mad1, 60 minutes after release from G2 block (ABA added at 5 minutes). In its absence,
Mad1p fails to localise to the nuclear periphery or bind to the Cut7 kinesin which would otherwise
take it to spindle poles. >150 cells were analysed per strain at each time point. This experiment
was repeated 3 times. Data plotted as mean +/- SD.

(E) Quantification of ABA-induced arrest in strains with and without endogenous mph1 60
minutes after release from G2 block (ABA added at 5 minutes). >100 cells were analysed per
strain at each time point. This experiment was repeated 2 times. Data plotted as mean +/- SD.
(F) Quantification of the strains indicated at the 60 minute time point after release from the G2
block (ABA added 5 mins after release). The spc7-12A strain has the endogenous spc7 gene
deleted and expresses this non-phosphorylatable 12A (MELA) allele from its own promoter
integrated at the C locus. Spc7-wt is the wild-type control for this strain. > 100 cells were
analysed per strain at each time point. This experiment was repeated 3 times. Data plotted as
mean +/- SD.

(G) Quantification of the strains indicated at the 60 minute time point after release from the G2
block (ABA added 5 mins after release). Spc7-12A-PYL is a non-phosphorylatable 12A (MELA)
mutant tagged with PYL, which does not generate an arrest when co-recruited with Mph1-ABI in
the presence of ABA. >220 cells were analysed per strain at each time point. This experiment

was repeated > 2 times. Data plotted as mean +/- SD.
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A
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Q =
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° 201
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o S
time (mins) after ABA wash-out
B

merge mCherry-tubulin cyclin B-GFP
Y

time (mins) after ABA washout

adh21-spc7(1-666)-PYL, adh41-mph1(303-678)-3xHA-ABI, cdc25-22

(A) Quantification of DMSO/ABA/CBZ wash-out in SynCheckABA strain following 60 minutes
of treatment with solvent (added 20 minutes after release from G2 block).

Cells were scored as arrested if Cdc13 was enriched at spindle poles.

>160 cells were analysed per strain at each time point.

This experiment was repeated 2 times and data are plotted as mean +/- SD.

(B) Fixed cell images taken of the arrested SynCheckABA strain at 0, 15, 25 and 35 minutes

after ABA wash-out. Microtubules are seen in purple (mCherry-tubulin) and cyclin B in
green (cyclin B-GFP). Scale bar is 10 um.

Figure S2 Amin et al
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mCherry-tubulin DAPI

time (mins) after ABA washout

Fixed cell images taken of the arrested Spc7 mutant strains at 0, 15, 25 and 35 minutes
after ABA wash-out. Microtubules are seen in purple (mCherry-tubulin) and DAPI in
green. Scale baris 10 ym.

Figure S3 Amin et al

[
e
)

(]

S

=
0.9
£

P

©
)

[

(0]

S
9

Q

Q

=}
wn

L]

(0]

O

[
ko

(]
w
©
O
Y=

(o]
©

c

=

=)

O
-



J. Cell Sci.: doi:10.1242/jcs.219766: Supplementary information

merge mCherry-tubulin DAPI
WT +ABA

dis2A +ABA

/ - .

dis2A mutants have profound silencing defects. Fixed cell images of wild-type

and dis2A cells after ABA washout (time zero) and 60 minutes post-wash.
Microtubules are seen in red (mCherry-tubulin) and chromatin in stained with DAPI.
Scale baris 10 um.

time (mins) after ABA washout

60

Figure S4 Amin et al
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Supplementary Table 1

Figure

Strain

Genotype

Figure 1

PA252

Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1A::nat lys1::Padh21-
spc7(1-666)-PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6
bub1-GFP:his

PA269

Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1A::nat cdc25-22
Z:Padh15-mCherry-atb2:natMX6 bub1GFP:his

PA286

lys1::Padh21-spc7(1-666)-PYL:ura4 cdc25-22 Z:Padh15-mCherry-
atb2:natMX6 bub1-GFP:his

PA260

mad1A::hyg Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1A::nat
lys1::adh21-spc7(1-666)-PYL:ura4 cdc25-22 Z:Padh15-mCherry-
atb2:natMX6; bub1-GFP:his

PA338

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666)-
PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6 cdc13-GFP:leu

Figure 2

PA338

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666)-
PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6 cdc13-GFP:leu

PA252

Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1A::nat lys1::Padh21-
spc7(1-666)-PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6
bub1-GFP:his

Figure 3

SS123

Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-spc7(1-666)-
mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-mCherry
atb2:natMX6

SS121

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666,
A136-150)-mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-mCherry-
atb2:natMX6

SS122

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666,
A136-150, A331-345)-mCherry-2xFLAGPYL:ura4 cdc25-22
Z:Padh15-mCherry-atb2:natMX6

Figure 4

PA338

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666)-
PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6 cdc13-GFP:leu

SS130

klp6A::ura4 Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-
spc7(1-666)-mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-
mCherry-atb2:natMX6 cdc13-GFP:leu

SS123

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666)-
mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-mCherry-
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atb2:natMX6

SS128

dis2A::hyg Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-
spc7(1-666)-mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-
mCherry-atb2:natMX6 cdc13-GFP:leu

Figure S1

PA252

Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1D::nat lys1::Padh21-
spc7(1-666)-PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6
bub1-GFP:his

PA338

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666)-
PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6 cdc13-GFP:leu

PA253

Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1D::nat lys1::Padh21-
spc7(1-666)-PYL:ura4 2xflag-mad1-A1CC:hyg cdc25-22 Z:Padh15-
mCherry-atb2:natMX6 bub1-GFP:his

PA 254

Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1D::nat lys1::Padh21-
spc7(1-666)-PYL:ura 2xflag-mad1-A1CC:hyg cdc25-22 Z:Padh15-
mCherry-atb2:natMX6 bub1-GFP:his

PA264

spc7A::G418 spc7:hyg lys1::Padh21-spc7(1-666)-PYL:ura4 Padh41-
mph1(303-678)-3xHA-ABI:LEU2 mph1A::nat cdc25-22 Z:Padh15-
mCherry-atb2:natMX6

PA262

spc7A::G418 spc7-T12A:hyg lys1::Padh21-spc7(1-666)-PYL:ura4
Padh41-mph1(303-678)-3xHA-ABI:LEU2 mph1A::nat cdc25-22
Z:Padh15-mCherry-atb2:natMX6

PA317

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-
666)12A-PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6

Figure S2

PA338

Padh41-mph1(303-678)-3xHA-ABI:LEUZ2 lys1::Padh21-spc7(1-666)-
PYL:ura4 cdc25-22 Z:Padh15-mCherry-atb2:natMX6 cdc13-GFP:leu

Figure S3

SS123

Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-spc7(1-666)-
mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-mCherry
atb2:natMX6

SS121

Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-spc7(1-666,
A136-150)-mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-mCherry-
atb2:natMX6

SS122

Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-spc7(1-666,
A136-150, A331-345)-mCherry-2xFLAGPYL:ura4 cdc25-22
Z:Padh15-mCherry-atb2:natMX6

Figure S4

SS128

dis2A::hyg Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-
spc7(1-666)-mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-
mCherry-atb2:natMX6 cdc13-GFP:leu

SS123

Padh41-mph1(303-678)-3xHA-ABI:LEU2 lys1::Padh21-spc7(1-666)-
mCherry-2xFLAG-PYL:ura4 cdc25-22 Z:Padh15-mCherry-
atb2:natMX6
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