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Popular science summary of the thesis

Cell division is a process where a mother cell duplicates, generating a daughter cell.
When a cell divides it must first copy its DNA, the blueprint for cellular functions, and
then carefully distribute it evenly between the mother cell and the newly created
daughter cell. The DNA resides inside the nucleus of the cell in the form of several
chromosomes. Chromosomes are long threads of DNA, wrapped around proteins which
compacts the DNA and enables the cell to regulate how and when DNA is used. When a
chromosome has been copied, the two copies are held together, preventing them from
separating prematurely. Cells have evolved an elegant system to ensure that the mother
and daughter cells each receive an equal set of chromosomes when they divide. This is
important, as receiving an incomplete set, or too many chromosomes, can lead to cell

death or disease (such as cancer).

So how does it work? The cell creates long cylindrical filaments called microtubules that
grow from two poles in the cell. Each chromosome of the copied pairs become attached
to opposing poles through the microtubules. A single microtubule will bind to each of
the chromosomes through a large protein complex called the kinetochore. As the cell
divides, the mother and daughter cell will each inherit one of the poles and the
chromosomes attached to it (Figure 3 in chapter 1.2.1 shows an outline of what this looks
like). This way, the chromosomes are segregated equally between mother and daughter
cells.

All the experiments in this thesis have been performed using baker’s yeast as a model
organism to understand fundamental aspect of cell biology. Baker's yeast
(Saccharomyces cerevisiae, also known as budding yeast) makes it easier and cheaper
to design many experiments compared to other cell model systems. It's also a great
system to study cell division, as many core mechanisms are very similar to those in

human cells.

In this thesis, | present two papers that have investigated different aspects of
microtubule regulation, both at the poles that create the microtubules, and at the ends
of microtubules where they connect to the kinetochores and chromosomes. | also
present a study of how loops of chromosomal DNA affect the distance between specific
locations on the of the chromosome.

In paper |, we have studied the function of a protein called Bik1 that has previously been
found to bind to ends of microtubules. We did this by changing the protein so that it is
forced out of the nucleus and can no longer bind to the microtubules that connect to
the kinetochores. We then looked at how cells without Bik1 in the nucleus divide. This
revealed that cells without nuclear Bikl divide slower than normal cells and lose the
ability to neatly cluster the kinetochores before separating the chromosomes. The same



defect has been observed in yeast cells lacking motor proteins that walk along the
microtubules. This led us to explore if Bikl works together with such motor proteins, and
could show that Bikl indeed is in close proximity to some of those motor proteins and
partially depends on one such motor to associate with the kinetochores. Although we
still don't understand the exact molecular mechanisms, the study has identified a
previously unknown function of the Bikl protein and new clues how chromosomes are
faithfully segregated during cell division.

In paper Il we investigated how the poles that create microtubules are modified inside
the cell. As a cell prepares to divide, it not only copies its DNA, but also the pole that
creates microtubules. In yeast, these are known as spindle pole bodies, or SPBs for short.
These SPBs are chemically modified by the cell in order to control their function.
Hundreds of these of modifications have been identified, but the function of most
modifications is still not well understood.

A newly created cell has a single SPB that was inherited from the mother cell, and when
it's time for the cell to divide, the SPB must be duplicated. Interestingly, previous
research has shown that the old SPB and the newly created one will be modified
differently from each other, and that this is important for cells to divide efficiently.

To better understand how old and new SPBs are modified by the cell, we adapted an
existing technique to separate old and new components of the SPB and analyzed their
chemical composition. This revealed modifications that were only present in old SPB
components. To understand what the function of those modifications are in the cell, we
genetically modified yeast cells in a way that prevents those specific modifications from
occurring. This resulted in cells dividing slightly slower than normal, and with brighter
microtubules, suggesting that the SPB modifications we identified are important for the
cell to regulate microtubules. We believe these modifications to be important for cells to
divide efficiently, and possibly helps the cell when it is disassembling the microtubules
after dividing.

In paper lll we describe a system to study how chromosomes behave in live yeast cells
using microscopy. As mentioned above, chromosomes are large, bundled thread
structures that consist of a single, long molecule of DNA and proteins. The organization
of the DNA fiber is not random. Instead, specific regions of the chromosome are more
likely to be in close contact and many such areas are actively shaped into loops. The
organization of DNA into these structures has been shown to be important for regulating
how the DNA is utilized by the cell, and also helps in compacting the long DNA molecules
to fit inside the nucleus. Much of the work that has helped us understand how DNA is
organized in cells comes from studies that report the average organization from millions
of cells. Such studies give detailed information about all regions of every chromosome;

however, they do not tell us how the DNA of individual cells are organized. This has



proven to be an important distinction, as some recent studies suggest that fully formed
chromosomal loops are not the norm. Instead, regions that can form loops were found to
be non-looped or in partially looped states. To better understand how baker’s yeast
chromosomes are organized, we have generated a system that allows us to follow two
specific positions of a single chromosome in living cells using microscopy. We then used
this system in cells where the machinery that creates the loops is unable to be loaded
onto the chromosomes. By measuring the distance between the two regions in cells
with and without chromosomal loops, we observed little difference between the two
scenarios. This suggests that chromosomal looping does not have a major influence on
overall distances between these two regions. In contrast, when we followed how this
distance changed over time in live cells, we observed that the cells without loops were
more dynamic and had a greater change in distance over time. This suggests that
chromosomal looping restricts the dynamic movement of chromosomal regions. In the
future, this technique could be used to better understand how specific chromosomal
regions behave and can complement the information gained from other techniques.

In summary, this thesis presents new data on how microtubules, kinetochores and
chromosomes are regulated in yeast cells. It provides novel insight into fundamental
mechanisms that enable cells to divide.



Abstract

As a cell divides, DNA must be replicated and faithfully segregated between the mother
and daughter cells. This segregation is facilitated by the mitotic spindle, assembled to
pull sister chromatids apart as the cell divides. In budding yeast, spindle pole bodies
nucleate microtubules that make up the mitotic spindle, position it at the site of division,
and physically link chromosomes to opposing poles via the kinetochores. The
chromosomes are held together by cohesin, which is also involved in the architecture of

chromatin.

In this thesis, | have explored mechanisms controlling microtubule dynamics,
kinetochore positioning and chromosome dynamics during mitotic cell division in
budding yeast.

Bikl is a microtubule-associated protein shown to play a role in the cytosol to position
the spindle before anaphase. In paper |, we have characterized the nuclear function of
Bikl and identified a novel role in clustering kinetochores prior to spindle elongation.
Cells lacking nuclear Bikl have a delayed cell cycle progression, with prolonged
metaphase, and fail to cluster kinetochores. We also connect this function to the nuclear
kinesin Cin8, which has previously been described to regulate kinetochore microtubule
dynamics in metaphase.

The spindle pole body anchors microtubule nucleating y-tubulin complexes using two
different receptors, Spc72 in the cytosol and Spc1l0 in the nucleus. In paper Il, we have
isolated ‘old’ Spcll1O, originating from the previous cell cycle, and mapped its
phosphorylation sites. These analyses revealed that old Spc110 is phosphorylated at
serine 36 and at a novel site, serine 11. Non-phosphorylatable mutant strains revealed
that these sites influence microtubule dynamics and cell cycle progression. The
SpcOSTIA mutant strain frequently had brighter spindle microtubules with asymmetric
distribution of a-tubulin. Furthermore, Spc110ST1A S36A cells had slightly delayed cell

cycle progression and spindle disassembly.

The cohesin complex has been shown to shape the chromosomes into loops in budding
yeast through a mechanism known as loop extrusion. This phenomenon has primarily
been studied using genome-wide sequencing techniques, which report detailed
population averages of contact frequencies throughout the genome. How chromosomes
of individual cells are affected, and whether this looping affects physical compaction
remains poorly understood. In paper lll we have generated a microscopy-based system
to study chromosome dynamics in single yeast cells by fluorescently tagging specific
chromosomal loci. We then used this system to investigate how physical distances

between the fluorescently marked loci change after inhibiting loop extruding cohesin.



This study revealed that loop extrusion does not significantly affect physical distances

but may limit the dynamic movement of chromosomes.

In conclusion, these studies reveal novel mechanisms controlling spindle and
chromosome dynamics during mitotic cell division: 1) We have uncovered a new role of
Bik1 at the spindle. 2) We have mapped phosphorylation sites in old Spc110 and
characterized a novel site. 3) We have created a system to study chromosome
dynamics in single cells and found that loop extrusion does not significantly compact
mitotic yeast chromosomes.
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1 Literature review

11 Yeast mitotic spindle

The work presented in this thesis revolves around the machinery that segregates the
chromosomes during cell division. These structures are together known as the mitotic
spindle and is made up of several components: 1) The spindle pole body (SPB) that
organizes the spindle. 2) Long protein filaments called microtubules (MTs). 3) A protein
interphase that physically connects the chromosomes to the MTs called kinetochores
(KTs). Not only does the mitotic spindle separate the genomic material between mother
and daughter cells, but it also plays regulatory roles to ensure that each cell ends up
with a single copy of each chromosome. In this section, | will present the components of
the mitotic spindle and associated proteins.

111 Spindle pole bodies

Centrosomes are the main microtubule organizing centers (MTOCs) of metazoan cells
and serve to organize the mitotic spindle during mitosis and meiosis. At the start of the
cell cycle each cell has a single centrosome, made up of two cylindrical centrioles
surrounded by amorphous pericentriolar material. The centrioles are made up of nine
groups of triplet MTs rather than the doublets that make up microtubule filaments
(Winey & O'Toole, 2014). For a cell to divide, the centrosome must be duplicated to
function as opposing poles that segregate a complete set of the replicated
chromosomes to the mother and daughter cells. Spindle pole bodies (SPBs) are the
yeast equivalent of centrosomes and, like centrosomes, organize MTs for faithful
segregation of chromosomes during cell division. Unlike centrosomes, the budding yeast
SPB is a layered structure that resides embedded in the nuclear envelope throughout
the cell cycle. At the start of the cell cycle it exists as a single copy and will be
duplicated once to be able to form the mitotic spindle. Interestingly, the duplication
occurs in a conservative fashion, meaning that a dividing cell will have SPBs that differ in

age.

The SPB is made up of at least 5 distinct layers (reviewed in (Jaspersen & Winey,
2004)): The central plaque (CP), intermediate layer 1and -2 (IL1 and 2) and an inner and
an outer plaque (Figure 1). The CP lies embedded in the nuclear envelope, and IL1 and 2
sit between the CP and outer plaques. The inner and outer plaques face towards the
nuclear and cytosolic sides, respectively, and anchor the MT nucleating y-tubulin
complexes. Additionally, mature SPBs have an extension protruding parallel to the
nuclear envelope, known as a half-bridge. This structure will later be the site of SPB



duplication. In total, there are 18 core proteins that make up the SPB (Table 1). Although
budding yeast SPBs are structurally different from centrosomes, several components of
the SPB are homologs of centrosomal proteins.

4 N\

Spc72
Cytoplasm ~~ T 1 " ¥ Half-bridge

Nuclear envelope

Nucleus

Spcllo FrrErEEy

Spc97 + Spc98
Tub4

. J

Figure 1 - Structure of the budding yeast spindle pole body. The SPB is a layered structure that lies
embedded in the nuclear envelope. The different layers are indicated. y-tubulin complex receptors Spc72
and SpcllO are located at the outer and inner plaques, respectively. IL1/2 — Intermediate layers 1and 2, CP —
central plaque.

The structure of the SPB core was first explored using cryo-electron microscopy (cryo-
EM) of cells overexpressing Spc42. These studies revealed a hexagonal crystal lattice of
Spc42 molecules that is embedded in the nuclear envelope to make up the CP (Bullitt et
al, 1997; Donaldson & Kilmartin, 1996; O'Toole et al, 1999). This structure was refined
through Férster resonance energy transfer (FRET) experiments. CFP- and YFP-tags were
introduced at the C- or N-terminus in pairs of SPB CP components followed by
measurements of FRET signal intensity. As FRET efficiency is proportional to the
distance between the two fluorescent proteins, the orientation and relative distances
between CP components could be mapped in live cells (Muller et al,, 2005). This
revealed that Spc42 spans from IL2 and extends into the CP. Furthermore, the C-
terminal end of Spc42 binds Cnm67 in IL2, while the N-terminal end in the CP binds the
C-terminal ends of SpcllO, Spc29 and Cmdl. Spcl1O extends from the CP with its N-
terminal end binding the y-tubulin small complex (y-TuSC) in the inner plaque. The outer
plaque similarly anchors y-TuSC with the N-terminal end of Spc72. Spc72 connects to
IL2 via Cnm67 and the protein Nudl, which has additional roles in mitotic exit network
signaling (Stegmeier & Amon, 2004).



Protein Function/localization Human homolog

Tub4 y-Tubulin TUBGI1/2
Spc97 y-TuSC GCP2
Spc98 y-TuSC GCP3

Spc72 Cytoplasmic y-TuSC linker

Spclio Nuclear y-TuSC linker Pericentrin/kendrin*
Cmd1 Core (CP) Calmodulin
Nud1 Core (IL1) Centriolin

Cnm67 Core (IL1/2)
Spc42 Core (CP)
Spc29 Core (CP)

Mps2 Membrane

Ndcl Membrane Ndcl
Nbp1 Membrane

Bbpl Membrane

Mps3 Half-bridge/Duplication

Karl Half-bridge/Duplication

Cdc31 Half-bridge/Duplication Centrin3
Sfil Half-bridge/Duplication

Table 1. Core components of the budding yeast SPB. Human homologues obtained from the
Saccharomyces genome database (Cherry et al, 2012) homology section (sourced from the Alliance of
genome resources database (Agapite et al, 2022)). *SpcTl0 homology based on (Flory et al, 2000).

Like centrosomes, the main role of the SPB is to nucleate microtubules and build the
mitotic spindle. In budding yeast, it does so via MT nucleating y-TuSCs anchored to the
inner and outer plaques. The budding yeast y-TuSC consists of two y-tubulin subunits
(Tub4), each bound to one copy of Spc97 and Spc98 (Knop, 1997). Cryo EM studies of in
vitro reconstituted y-TuSC shows a y-shaped structure where Spc97 and Spc98 make
up the stem and arms, and Tub4 is located at the ends of the arms (Kollman et al,,
2008). Flexibility in one of the arms is thought to give rise to an active and an inactive
conformation, where opening the arms suppresses the nucleating activity (Kollman et al,,
2008, 2015). Furthermore, y-TuSCs can oligomerize into rings with a structure that
matches a 13 protofilament MT (explained in chapter 11.6). SpcllO stabilizes
oligomerization and y-TuSC rings are found in in the closed, active conformation when
bound to MTs. However, it is not currently known how this conformational shift occurs
(Kollman et al., 2008, 2015). Taken together, y-TuSCs anchor at the SPB to nucleate
microtubules through oligomerization, forming a base from which MTs can grow.



11.2  SPB phosphorylation

The SPB is heavily phosphorylated throughout the cell cycle. Isolation of intact SPBs
followed by mass spectrometry has revealed that virtually all core proteins of the
budding yeast SPB are phosphorylated, and the phosphorylation states of individual
sites and components vary depending on the cell cycle stage (Fong et al, 2018; Keck et
al, 2011). Although hundreds of SPB phosphorylation sites have been identified, few have
been functionally characterized. However, SPB duplication has been linked to
phosphorylation by specific kinases. The kinase Monopolar spindle 1(Mpsl) is a key
regulator of SPB duplication and has been shown to phosphorylate Spc42, SpclilO,
Spc98 and Spc29 (Castillo et al, 2002; Friedman et al., 2001; Holinger et al, 2009; Lauzé
et al, 1995; Pereira et al., 1998; Schutz & Winey, 1998; Weiss & Winey, 1996; Winey et al.,
1991). Inactivating Mpsl results in monopolar spindles and failure to elongate the SPB
half-bridge during SPB duplication (Winey et al,, 1991). Furthermore, different inactivating
mutations of Mpsl halt SPB duplication at various stages, suggesting that Mpsl is needed
for multiple steps in this process (Castillo et al, 2002; Schutz & Winey, 1998).
Furthermore, SPB duplication is tightly regulated to only occur once per cell cycle. This
has been shown to depend on phosphoryalation of the half-bridge component Sfil via
budding yeast Cdkl and polo kinase Cdc5, which is thought to block SPB duplication
(Avena et al, 2014; Elserafy et al,, 2014). The phosphatase Cdcl4 reverses these
phosphorylations during mitotic exit (covered in chapter 1.2.5) to prime the SPB for
duplication during the next cell cycle.

Another well-studied function of SPB phosphorylation is regulation of MTs via
phosphorylation of the y-tubulin complex and its receptors. Mutational studies show
that phosphorylation of the y-tubulin complex is important for proper cell cycle
progression and spindle morphology (Keck et al., 20T1; T. chen Lin et al,, 2011; Vogel et al,
2001). Mutating phosphorylation sites in the y-tubulin complex that potentially
modulate interactions with SpcllO affects spindle length, cell cycle progression, tubulin
distribution and even compromises viability (Table 1,(Fong et al,, 2018; Friedman et al,,
2001; Huisman et al., 2007; Keck et al,, 2011; T. C. Lin et al., 2014; T. chen Lin et al., 20T11;
Nazarova et al, 2013; Vogel et al, 2001)). Similarly, phosphomimetic mutations in the y-
tubulin complex cause spindles to elongate slower, hyper elongation of spindles and
confer temperature sensitivity (Table 1). Furthermore, other phosphomimetic mutations
modulate the recruitment of Tub4 to SPBs, with Tub4%°°* decreasing Tub4 recruitment
and Tub45“¢ increasing recruitment (T. chen Lin et al., 2011). Additionally, the Cdk1 site
S360 has been implicated in regulation of spindle formation, as a phosphomimetic
mutant was shown to fail to generate interpolar MTs during spindle assembly (Nazarova
et al, 2013).

MT dynamics are also affected by phosphorylation of the y-tubulin complex anchor

SpcTlO (Table 1). As described in chapter 111, SpcliO links the central plaque to the inner



plaque, anchoring the y-tubulin complex on the nuclear side of the SPB via its N-terminal
domain (Knop, 1997; Knop & Schiebel, 1998; Sundberg & Davis, 1997). Early studies
showed that Spcll0 is phosphorylated in a cell cycle-dependent manner, with low levels
of phosphorylated protein in G1, and a peak of phosphorylated protein in metaphase
cells (Friedman et al, 1996; Stirling & Stark, 1996). These observations were based on the
appearance of a 120 KDa band of Spc110 when analyzed by gel electrophoresis. This 120
KDa band was subsequently shown to be dependent on Mps1 and could be
reconstituted in vitro by incubating Spc1lO with Mps1 (Friedman et al., 2001). Mass
spectrometry identified the Spc110 phosphorylation sites targeted by Mpsl in vitro as
S60, T64 and T68. Although not recognized as a target of Mps], the study found that
mutating serine 36 in combination with the three identified sites resulted in a synthetic
lethal phenotype when combined with mutations of the y-TuSC subunit Spc97. Later
studies identified serine 36 and serine 91 as cyclin-dependent kinase 28 (Cdk28, lone
CDK of budding yeast) phosphorylation sites, and non-phosphorylatable mutants
resulted in longer spindles at metaphase (Huisman et al., 2007). Furthermore,
phosphomimetic mutations of the N-terminal domain of SpcllO at T18 and S91 was
shown to slow down spindle elongation in anaphase (T. C. Lin et al., 2014). This suggests
that microtubule dynamics are regulated via their minus-end through the SPB. These
studies demonstrate that the y-tubulin complex and its nuclear anchor Spc110 are
regulated by phosphorylation in mitosis, which has strong effects on the metaphase and
anaphase spindles.

How these mutations at the y-tubulin complex or its nuclear anchor, SpcllO, affect MT
dynamics is not known. As described below, the y-tubulin complex interacts with the
stable minus-end of MTs which do not see much growth or shrinkage compared to the
dynamic plus-end. In line with this, phosphorylation of the Spc110 N-terminus facilitates
y-tubulin complex oligomerization in vivo, promoting MT nucleation (T. C. Lin et al, 2014).
Future studies will hopefully broaden our understanding of how MT dynamics are
regulated by the y-tubulin complex and its receptors.



Protein | Mutation | Effect Reference
Spc97 | S130E Slow growth at 37°C Lin 201
Spc97 | S152D Increased spindle length, cell cycle delay Fong 2018
S208A
Spc97 | S209A Lethal Fong 2018
Spc97 | S40A/E Slow growth Lin 2011
Spc97 | S471E Slow growth at 37°C Lin 201
Spc97 | S84E Slow growth Lin 201
T88A/D
Spc97 | T84A/D Increased spindle length, cell cycle delay Fong 2018
Spc97 | T8BAJE Slow growth Lin 2011
Lethal, delayed metaphase spindle, metaphase arrest, less
Tub4 S100E Tub4 at SPB Lin 201
Nazarova
Tub4 S360A Faster bipolar spindle formation, uniform spindle length 2013
Keck 2011,
S360D Slow spindle elongation, increased spindle length, no Nazarova
Tub4 S360E interpolar MTs, spindle instability, lethal at 37°C 2013
Tub4 Y445D Lethal at 37°C, metaphase arrest, increased spindle length | Vogel 2001
Tub4 S71A Cell cycle delay Fong 2018
Tub4 S71D Increased spindle length, cell cycle delay Fong 2018
Lethal, metaphase arrest, misaligned nuclear microtubules,
Tub4 S74E more Tub4 at SPB Lin 20M
S36A
S60A
T64A Friedman
SpcllO | T68A Lethal in combination with spc97-62 2001
S36A Friedman
SpcllO | T64A Lethal in combination with spc97-62 2001
S36A Friedman
SpcllO | T64A Lethal in combination with spc97-62 2001
Huisman
SpcllO | S36A Increased metaphase spindle length 2006
Increased metaphase spindle length, continued elongation | Huisman
Spclli0 | S91A during metaphase 2007
SpcllO | S18D S91D | Delayed spindle elongation Lin 2014

Table 2 - Summary of phosphomutations in the budding yeast p~tubulin complex and its nuclear receptor

SpcllO.




11.3  Structure of mitotic spindle in budding yeast

The budding yeast spindle is assembled from the SPBs to segregate chromosomes in
anaphase. The nuclear side of the SPB nucleates two types of MTs: Kinetochore
microtubules (KT MTs) and interpolar microtubules. KT MTs connect the centromeres of
the chromosomes to the SPB, while interpolar MTs connect the opposing SPBs, bundling
together at the midzone. Each centromere is connected by a single KT MT and each SPB
nucleates approximately 4 interpolar MTs (Peterson & Ris, 1976; Winey et al., 1995). On
the cytoplasmic side, 4-6 astral MTs (aMTs) orient the spindle prior to anaphase (Shaw
et al, 1997) (see chapter 1.2.1 for details on spindle positioning).

Electron microscopy has revealed how MTs are organized at different stages of the cell
cycle. Nuclear MTs are present throughout the cell cycle. Indeed, chromosomes remain
attached via KT MTs throughout most of the cell cycle, except during centromeric
replication in S-phase (Kitamura et al.,, 2007). Spindle formation occurs once SPBs have
been duplicated. In metaphase, the spindle consists of two opposed SPBs, each with
approximately 20 microtubules, of which 16 appear to be short (~500 nm) KT MTs
(matching the 16 chromosomes of haploid budding yeast cells) and a few longer
interpolar MTs identified as stretching from pole-to-pole (O'Toole et al., 1999; Winey et
al, 1995). Anaphase spindles maintain KT attachments, although the KT MTs shrink to
about 30-50 nm, while interpolar MTs elongate and become fewer in number around
the time the spindle extends beyond the bud neck.

Fluorescence microscopy has complemented these studies showing that centromeres
are kept clustered together and that sister chromatids become attached to opposing
poles (bi-oriented) via kinetochore attachments as the spindle assembles (Goshima &
Yanagida, 2000; Jin et al, 2000; Pearsona et al., 2001).

1.1.4 Microtubules

MTs are cellular filaments conserved through evolution among eukaryotes, from yeast to
animal cells. They play important roles as structural proteins, facilitate intracellular
movement of cargo, such as mRNA, signaling molecules and even organelles, enable cell
motility, and segregate chromosomes during cell division. In this chapter, | will focus on
their role in spindle positioning and chromosome segregation, primarily in budding yeast.
Individual MTs are hollow tubes made up of heterodimers of a- and 3-tubulin, often
referred to as simply tubulin. Budding yeast has a single gene coding for $-tubulin
(Tub2) and two genes coding for a-tubulin (Tubland Tub3). Tub1 contributes about 70%
of the a-tubulin subunits found in cells (Aiken et al, 2019) and is an essential gene, while
Tub3 is not (Schatz et al, 1986). Overexpression of Tub3 can rescue the lethal
phenotype of Atubl and the genes have traditionally been described as functionally



identical. However, recent studies have revealed that the cells expressing only one of
the two a-tubulin isotypes favor different spindle positioning pathways depending on
the isotype expressed, and the resulting MTs appear to have different affinities for
microtubule-associated proteins (MAPs) (Aiken et al, 2019; Nsamba et al., 2021). Most
eukaryotic cells have multiple isotypes of tubulin, and specific cell types utilize different
isotypes (for a review, see (Nsamba & Gupta Jr, 2022)).

Tubulin subunits are arranged as linear beads (known as protofilaments), with dimers
aligned along the filament in a head to tail-configuration. Although the number of
protofilaments that make up the MT can vary (Chrétien & Wade, 1991; Dallai et al,, 2006;
Howes et al, 2018), a typical MT is usually described to be made up of 13 protofilaments
in longitudinal alignment. MTs are polar polymers, and the two ends display different
properties. The end where -tubulin is exposed, known as the plus-end, is more
dynamic and is the site that sees most growth and shrinking events (Bergen & Borisy,
1980; Mitchison & Kirschner, 1984a; Walker et al, 1988). Conversely, the a-tubulin
exposed end, or minus end, is more stable and is often bound to an MTOC. The structure
of the microtubule plus-end can take on different. Electron microscopy of MTs have
revealed many different structures of the dynamic plus-end. A variety of structures
have been observed during both MT growth and shrinking, ranging from tapered, straight
ends to curled and flared sheets (see (Gudimchuk & Mcintosh, 2021) for a review).
Growing budding yeast MTs are thought to become more tapered at the plus-ends as
the MT length increases, as shown by fluorescence microscopy and simulations
(Coombes et al.,, 2013).

11.5 Microtubule dynamics

MTs are highly dynamic and often in a state of “dynamic instability”, where the filament
switches between polymerization and rapid depolymerization (Mitchison & Kirschner,
1984a). The switching from growth to rapid depolymerization is known as catastrophe.
Early studies described dynamic instability after growing MTs at a steady-state
concentration of tubulin and then diluting these to different concentrations of free
tubulin (Mitchison & Kirschner, 198443, 1984b). Rather than growing or shrinking in
uniformly as a function of tubulin concentration, MTs either rapidly depolymerized or
continued to grow. This dynamic instability serves as a fundamental mechanism for
many of the functions of MTs and can be modified by associated proteins, tubulin
concentration and post-translational modifications (PTMs) (Gudimchuk & Mclintosh,
2021).

MT polymerization requires soluble GTP-bound tubulin (Cote & Borisy, 1981) which is
then hydrolyzed to GDP once incorporated into the MT. However, the hydrolysis of GTP
to GDP does not promote growth but rather gives rise to dynamicity by promoting
depolymerization. Indeed, tubulin in the presence a slow-hydrolyzing analogue of GTP



(GMPCPP), polymerizes microtubules at a rate comparable to that of GTP-tubulin in
vitro. However, the resulting MTs are two orders of magnitude more stable than MTs
generated from GTP-tubulin when free tubulin is removed (Hyman et al., 1992). This

suggests that catastrophe is dependent on the hydrolysis of GTP.

Dynamic instability is thought to arise from a thin layer of GTP-bound tubulin at the
plus-end. As this GTP-bound tubulin, known as the GTP-cap, is more stable than the
GDP-bound lattice, the plus-end is protected from depolymerization. Interestingly, the
GTP-cap stabilizes the entire polymer, as exposing the GDP-bound tubulin by severing
the MT plus-end causes rapid depolymerization of the whole MT (Walker et al.,, 1989).

Labeling MTs with nucleotide-specific antibodies reveals a thin layer of GTP-tubulin at
the plus-tip, as well as sporadic patches of GTP-tubulin positioned along the MT
filament (Dimitrov et al., 2008). These islands of GTP-tubulin within the MT lattice are
thought to allow for rescue events during depolymerization (Dimitrov et al., 2008; Tropini
et al, 2012). In vitro studies further support the GTP-cap model. Increasing the MT
polymerization rate increases the area of the MT coated with plus-end binding protein
EB1 (Duellberg et al., 2016), which is thought to bind GTP-bound tubulin (Maurer et al,,
2012). The thicker cap seems to protect the plus-end, as the thickness of the EB coated
cap correlates with the time it takes for MTs to switch to catastrophe when free tubulin
is depleted (Duellberg et al., 2016). Furthermore, slowing down GTP hydrolysis also
increases the EB1-coated tip thickness and protects from catastrophe (Roostalu et al,,
2020). Taken together, MTs are highly dynamic polymers that switch between states of
growth and depolymerization. Dynamic instability arises from the unstable nature of
GDP-tubulin and the existence of a decaying GTP-tubulin cap at the plus-end.

1.1.6  Microtubule nucleation

New MTs rarely form spontaneously and require high concentrations of a- and -tubulin
to form in vitro by themselves. Instead, formation of new MTs in vivo is facilitated by
nucleation via MTOCs, such as centrosomes or SPBs. MTOCs anchor a specialized form
of tubulin, y-tubulin, and as described in chapter 1.1.1, y-tubulin in the form of y-TuSC
oligomerizes into a ring (y-tubulin ring complexes, y-TuRC). The y-TuRC has been shown
to closely resemble a 13 protofilament MT (Kollman et al, 2010, 2015) and is thought to
function as a seed to establish a new MT and protect the minus-end once formed
(Wiese & Zheng, 2000). y-TuRCs are present in all eukaryotic cells and the budding
yeast y-TuRC is perhaps the simplest, only containing 2 y-tubulin complex proteins,
Spc97 and Spc98 (known as GCP2 and GCP3 in humans, respectively) and y-tubulin.
GCP2 and GCP3 are conserved in all y-TuRCs, however, many organisms possess
alternative GCPs and accessory proteins (for a review, see (Tovey & Conduit, 2018)).



11.7 Centromeres and kinetochores

During mitosis, replicated chromosomes are separated faithfully between mother and
daughter cells. To enable this, the mitotic spindle needs to bind the chromosomes. This
is facilitated by a specialized region called centromeres, where a large protein complex
called the kinetochore is assembled to serve as an interphase between the spindle MTs
and the chromosome.

Budding yeast centromeres are so-called point-centromeres and consist of three
distinct centromere-determining elements (CDEs) spanning ~125 basepairs (Bloom &
Carbon, 1982; Carbon & Clarke, 1984). This is in stark contrast to higher eukaryotic
centromeres, which span hundreds of kilobasepairs to several megabasepairs (Talbert &
Henikoff, 2020). The CDEs are present on all 16 budding yeast chromosomes and are
required for the kinetochore to assemble. Indeed, the CDE sequences define the
centromere, as introducing the sequence into a plasmid results in the plasmid being
segregated like chromosomes during mitotic and meiotic division (Clarke & Carbon,
1980). Centromeric chromatin differs from that of other chromosomal regions. First,
nucleosomes at the centromere have the core histone protein H3 replaced with CENP-A
(Cse4 in budding yeast). Furthermore, cohesin is enriched at and around centromeres
and is specifically loaded at centromeres via kinetochores (Fernius & Marston, 2009;
Hinshaw et al, 2015, 2017). Additionally, the budding yeast pericentromeric chromatin
forms loops via cohesin that aid in bi-orienting sister chromatids in metaphase spindles
(Paldi et al., 2020; Stephens et al., 2011; Yeh et al., 2008).

KTs are protein structures that serve as the interphase between chromosomes and the
mitotic spindle by connecting the centromeric DNA with dynamic plus-ends of spindle
microtubules (Figure 2). They also serve as signaling hubs for cell cycle progression and
tension sensors to ensure that sister chromatids are segregated correctly (Biggins et al,
1999; Cheeseman, Anderson, et al,, 2002; Dewar et al., 2004; Gillett et al, 2004; T. U.
Tanaka et al, 2002). The budding yeast kinetochore consists of more than 60 different
proteins, assembled into subcomplexes and associated proteins (Westermann et al,
2007). These are typically described according to their position relative to the
chromosome: The inner kinetochore, which is assembled around the Cse4 nucleosome,
the outer kinetochore, which connects to the KT MT and the central kinetochore
proteins which connect the inner and outer kinetochore complexes (Cheeseman,
Drubin, et al., 2002; Westermann et al.,, 2007).

Kinetochore assembly can occur independently of the cell cycle phase the cell is in, and
depends on Cse4, as shown by experiments using a conditional centromere (Collins et
al, 2005). The kinetochore has been thought to be static once assembled as almost no
turnover was initially observed in any subcomplex in fluorescence recovery after

photobleaching (FRAP) experiments of metaphase and anaphase spindles (Joglekar
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2006). However, it has since been reported that kinetochores are dynamic in anaphase,
with around a 50% increase in fluorescence after the incorporation of new subunits in all
subcomplexes except the Daml complex (Dhatchinamoorthy et al., 2017).
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Figure 2 - Schematic structure of the budding yeast kinetochore. DAMI ring complex in the outer KT wraps
around a KT MT and connects to the central KT complexes via the Ndc80 complex. Ndc80 complexes binds
to the inner KT via the MIND complex and the CNNT complex.

The inner kinetochore proteins connect to the centromere via Mif2 (the yeast homolog
of human CENP-C), which binds directly to the Cse4 nucleosome (Hornung et al., 2014;
Westermann et al., 2003; Xiao et al., 2017). Furthermore, the inner kinetochore CBF3
complex is essential for KT assembly and recognizes the CDE Ill DNA sequence (Lechner
& Carbon, 1991; R. Ng & Carbon, 1987). On the opposite side of the kinetochore, the outer
kinetochore complexes connect to the KT MTs. The DASH/Daml complex forms a 10-
subunit ring that encircles the KT MT plus-tip (Jenni & Harrison, 2018; Miranda et al.,
2005; C. T. Ng et al, 2019). There are conflicting reports as to whether one or two rings
encircle each MT. Quantitative microscopy experiments suggest that a single ring binds
each MT (Dhatchinamoorthy et al, 2017; Joglekar et al,, 2006), while crosslinking and in
vitro reconstitution experiments show that the Ndc80 complex can bridge two rings (J.
O. Kim et al, 2017). Cryo-EM studies of the Dam1 complex in vivo suggests that most KT
MTs have a single ring, although two rings were occasionally observed (C. T. Ng et al,,
2019). Furthermore, most rings appeared to be incomplete and were suggested to
become fully formed rings as tension increased. The rod-shaped Ndc80 complex
requires Dam1 to localize to KT MT plus-ends (Lampert et al, 2013; Schleiffer et al., 2012;
Tien et al, 2010) and connects the Daml complex to the inner kinetochore via the MIND
complex (Malvezzi et al., 2013). The interaction between Ndc80 and the Daml complex is
abolished when Ndc80 is phosphorylated by the aurora B kinase Ipll (Cheeseman et al,,
2006; Tien et al,, 2010) and is part of the spindle assembly checkpoint (SAC) that
ensures correct chromosome segregation (see chapter 1.2.2). Additionally, the Ndc80
complex has also been found to bind to the inner kinetochore via the Cnnl complex,
which in turn binds the Ctf19 complex (part of the COMA complex) (Hinshaw & Harrison,
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2019; Malvezzi et al,, 2013). Cnnl has been shown to be stably associated with the
kinetochore throughout the cell cycle but increases up to 4-fold in anaphase (Bock et
al, 2012). This anaphase recruitment of Ndc80 by Cnnlis further supported by
immunoprecipitation experiments that found an increased interaction between Cnnl
and Ndc80 in anaphase cells (Schleiffer et al,, 2012).

The small size of the yeast spindle and the fact that kinetochores are kept clustered
have made it difficult to study how kinetochores are initially captured by MTs. However,
microscopy studies where centromeric replication of one chromosome can be delayed
until metaphase have revealed key aspects. Kinetochores were found to be captured by
attaching to the sides of microtubules before being transported towards the pole (K.
Tanaka et al, 2005). Once at the pole, KTs are instead found at the plus-end of the KT
MT rather than the side. Initial capture was found to be dependent on proteins in the
Ndc80, Mtw1 and Ctf19 complexes, but not Daml. Instead, the Dam1 complex is required
to establish and maintain the biorientation of sister chromatids (Janke et al,, 2002),
suggesting that the complex facilitates end-on attachments once captured.

The KTs link MTs to the centromeres via a complex network of proteins that are
modulated by tension and phosphorylation. This allows for a tight regulation and serves
to ensure that sister chromatids are segregated correctly at anaphase. How this is
regulated will be further explained in the chapter 1.2.2.

11.8 Microtubule-associated proteins

In vitro studies of isolated tubulin on its own have revealed many of the fundamental
mechanisms that give rise to MT dynamics. However, the mechanisms that govern MT
dynamics in vivo are more complex as many proteins bind and associate with MTs. As in
vitro studies show, MTs on their own are unstable and spontaneously depolymerize,
while in vivo, MT stability can be regulated to perform specific functions. Different types
of MT binding proteins have been identified, such as stabilizing and destabilizing
proteins, bundling proteins that interact with multiple adjacent MTs, and motor proteins
that walk along microtubules, to name a few. MT binding proteins often have partly
redundant functions or can otherwise be compensated for. Additionally, different
conformations of MT binding proteins in heterodimers and complexes can have
opposing effects, complicating the interpretation of in vitro studies.

Budding yeast has many MT associated proteins (MAPs) that perform a wide range of
functions. | will below highlight a few of these, their effect on MT dynamics as well as
their biological function.

1.1.9 +TIPs

A subset of MAPs preferentially bind the dynamic plus-end and are known as MT plus-

end tracking proteins (+TIPs). In budding yeast, binding to microtubule 1(Bim1) and
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bilateral karyogamy 1(Bik1) both localize along the microtubule lattice but accumulate at
the plus-ends (Bergman et al., 2019; Wolyniak et al., 2006; Zimniak et al,, 2009). Bim1 and
Bikl are both homologues of protein families that are well conserved through evolution
(EB1and CLIP-170, respectively). Bim, like other EB1 proteins, contains an N-terminal
calponin homology (CH) domain which can bind tubulin (Hayashi & Ikura, 2003). Clip-
170 contains two cap-glycine (CG) domains, which increases its affinity for MTs (K. K.
Gupta et al, 2009; Pierre et al, 1992). Bikl only contains a single CG domain and has not
been demonstrated to bind MTs on its own in vitro. Both Bikl and Bim1 bind free tubulin
on their own, however, only Biml homodimers localize to plus-ends in vitro while Bik1
requires Bim1 to localize to plus-ends in the same assay (Blake-Hodek et al,, 2010).
Further characterization showed that interactions between Bikl and Biml depends on
the C-terminal of Bim1and the CG domain of Bik1 (Stangier et al., 2018). Additionally,
phosphoregulation and dimerization of Biml greatly affects its ability to bind MTs
(Zimniak et al., 2009). Interestingly, while Bikl does not localize to plus-ends alone in
vitro, it is still found at both the MT lattice as well as plus-ends in bimlA strains (Stangier
et al, 2018).

Functionally, both EB1 and CLIP-170 proteins have been shown to promote MT stability,
either through promoting MT growth or rescue events (reviewed in (Akhmanova &
Steinmetz, 2008)). While in vitro studies of Bikl and Bim1 support this as heterodimers of
Bik1-Bim1 and Bim1 homodimers promote MT rescue events (Blake-Hodek et al., 2010),

the in vivo functions of these proteins are more complex.

1110 Bik1

Bik1 was first identified as a gene required for nuclear fusion during mating (Trueheart et
al, 1987). In a follow up report, Bikl was described as a MAP that is essential for normal
spindle morphology (Berlin et al., 1990). The null mutant displayed short or absent
cytoplasmic MTs, shorter spindles and genetic instability (Berlin et al, 1990).
Overexpression of Bikl via the GALT promoter, on the other hand, resulted in long aMTs,

absent spindle MTs and cell cycle arrest.

Bik1 localizes to both cytoplasmic and nuclear microtubules. Using FRAP, Bik1 at astral
MTs was shown to be dynamically associated with the plus-ends of MTs (Carvalho et al,,
2004), while the nuclear pool showed no recovery in most cells. These results suggest
that Bik1 has distinct dynamics at astral and spindle MTs.

Bikl and Bim1 have also been implicated in chromosome capture following centromere
replication. As described in chapter 1.1.3, budding yeast centromeres remain close to the
SPB throughout most of the cell cycle, except for a brief time in S-phase when
centromeres are replicated. During this time, the centromere is released from the
spindle MTs and moves 1-1.5 pm away from the SPB and is subsequently captured again

by dynamic spindle MTs (Kitamura et al,, 2007; K. Tanaka et al,, 2005). By inactivating
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CENS and re-activating it in metaphase, centromere capture events can be visualized
by microscopy. In this assay, deletion of either Bim1 or Bik1 greatly reduces the number
of spindle MTs that elongate to capture the re-activated centromere (K. Tanaka et al,,
2005). Although the capture distance during S-phase release is considerably shorter,
the nucleation-promoting function of Bikl is consistent with the observations from the

null mutant.

The best studied function of Bikl is its role in spindle positioning via aMTs and will be
explained in detail in chapter 1.2.1.

1.1.11 Cin8 and other kinesins

Kinesins are motor proteins that walk along microtubules in an ATP-dependent manner.
The general structure of a kinesin motor is made up of two motor domains linked to a
common stalk. The motor domains bind tubulin, have ATPase activity, and are
connected to the stalk with a flexible neck-domain. The affinity for tubulin depends on
nucleotide binding, with ATP-bound and completely unbound motor domains having a
high affinity for tubulin, and ADP-bound motor domains having a low affinity for tubulin
(Cross, 2004). By cycling and pausing between states, the variable affinity for
microtubules coupled with the flexible neck allows kinesin motors to walk along MTs as
ATP is hydrolyzed (Tomishige et al, 2006). Kinesins are diverse motor proteins with
some walking towards plus-ends, others towards minus-ends, and some being bi-
directional with different directionalities depending on molecular context. This variety
allows kinesins to carry out diverse tasks in cells, often dictated by their directionality
and affinity for different types of cargo.

Cin8 is a member of the kinesin-5 family of motor proteins. It's a bi-directional motor
conserved between yeasts and higher eukaryotes (Mann & Wadsworth, 2019). Together
with another kinesin-5 family protein, Kip1, Cin8 plays important roles in kinetochore
clustering prior to anaphase onset (Gardner, Bouck, et al,, 2008; Tytell & Sorger, 2006)
and spindle elongation during anaphase (Gerson-Gurwitz et al, 2009; Saunders et al,,
1995; Straight et al, 1998). The interpolar MTs meet at the midzone with their plus-ends
where Cin8 and Kipl are thought to push MTs apart by binding antiparallel MTs and
provide plus-end directed force (Pandey et al., 2021). Cin8 also plays a key role in
regulating MT dynamics early in mitosis by specifically destabilizing long KT MTs to
cluster KTs prior to anaphase, although the mechanism for this is unknown (Gardner,
Bouck, et al,, 2008).

Cin8 and other kinesin-5 motors were thought to exclusively move towards plus-ends.
However, in vitro experiments have demonstrated that Kipl, Cin8 and fission yeast Cut7
can be made to move towards both plus- and minus-ends (Edamatsu, 2014; Fridman et
al, 2013; Gerson-Gurwitz et al., 2011). Directionality of Cin8 can be modulated by

mutating CDK1 phosphosites in the catalytic domain, where phosphomimetic mutants
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have a lower affinity for MTs and move towards minus-ends (Shapira & Gheber, 2016).
Cells expressing the phosphomimetic mutant variant has overall less Cin8 at the spindle,
fails to recruit the protein to the midzone, and display slower rates of spindle elongation
(Avunie-Masala et al, 2011). Furthermore, changing the ionic strength and motor
concentration also affects directionality, with single motors or motors in high-ionic
strength buffer moving towards the minus-end, and clusters of Cin8 moving towards the
plus-end (Roostalu et al, 2011; Shapira et al., 2017). Although the exact mechanisms are
not established, bidirectionality could explain how Cin8 is positioned at different
populations of MTs of the spindle.

1.1.12 Sister chromatid cohesion

When chromosomes are duplicated during S-phase, the resulting sister chromatids
need to be held together up until all chromosome pairs are properly attached to
opposing spindle poles and are ready to be segregated into mother and daughter cells.
This phenomenon is known as sister chromatid cohesion and is mediated by the ring-
shaped structural maintenance of chromosomes (SMC) complex cohesin. Sister
chromatid cohesion counteracts the pulling forces of KT MTs and allows the spindle to
bi-orient chromosomes before segregation (T. Tanaka et al., 2000). When proper
biorientation is achieved, cohesin is cleaved, and chromosome segregation is initiated.
Chromosome biorientation, error correction, SAC and anaphase initiation will be covered
in chapters 1.2.2 and 1.2.4.

The cohesin complex consists of 4 core components: Two elongated SMC proteins,
Smcland Smc3, that make up most of the ring, the kleisin protein Rad21(Sccl in budding
yeast) and stromal antigen (STAG1 or STAG2 in humans, Scc3 in budding yeast) at the
base of the ring (reviewed in (Nasmyth & Haering, 2009)). Cohesin complexes have
been shown to topologically entrap minichromosomes within their ring, thus holding
them together (Haering et al, 2008; Murayama & Uhlmann, 2014; Srinivasan et al, 2018).
This is thought to give rise to cohesin’s ability to hold sister chromatids together. Key
molecular details of cohesin loading have been described (reviewed in (Nasmyth &
Haering, 2009)). First, ATP binding, but not hydrolysis, of Smcl is required for Sccl to
interact with Smc1/Smc3 dimers (Arumugam et al, 2003; Weitzer et al,, 2003). On the
other hand, disruption of the ATPase activity of either Smcl or Smc3 prevents the
cohesin complex from binding to chromosomes (Arumugam et al, 2003; Weitzer et al,,
2003). Furthermore, the cohesin loading factor Nipped-B-like (NIPBL, Scc2 in budding
yeast) is required to establish stable cohesin binding to chromosomes (Arumugam et al,,
2003; Ciosk et al, 2000; T6th et al, 1999). Once cohesion has been established,
NIPBL/Scc2 is no longer required to maintain cohesion (Ciosk et al,, 2000). Although
cohesin can bind DNA after S-phase, cohesin must be loaded onto chromosomes
before DNA replication has finished to establish sister chromatid cohesion (Uhlmann &
Nasmyth, 1998). Once cohesin has been loaded onto chromosomes in S-phase, Smc3 is

15



acetylated by the acetyltransferase Ecol, stabilizing the chromosomal association of
cohesin (Ben-Shahar et al, 2008; Unal et al,, 2008). Like NIPBL/Scc?2, Ecol is not needed
for maintaining sister chromatid cohesion once established and, in its absence, cohesin
can still bind chromosomes cells (Ben-Shahar et al., 2008).

1113 Cohesin regulation

Much is known about cohesin regulation in loading, positioning and removal and has
been reviewed in (Choudhary & Kupiec, 2022). In human cells, most chromosome-
bound cohesin is removed in prometaphase, with only centromeric cohesin remaining
(Waizenegger et al., 2000). This unloading of cohesin is carried out by Wapl (known as
Wpl1 or Rad61 in budding yeast) (Gandhi et al., 2006; Kueng et al., 20086). In budding
yeast, the lethal phenotype of ecolA can be suppressed by deleting Wpl1/Rad6],
mutating Pds5, which recruits Wpll, or introducing acetylation-mimicking mutations in
Smc3 (Ben-Shahar et al,, 2008; Rowland et al,, 2009). Furthermore, inducing Wpll
expression in G2/M in the absence of Ecol leads to a loss of cohesion (Chan et al,, 2012).
Taken together, these data suggest that acetylation of Smc3 blocks Wpll-dependent
removal of cohesin to establish sister chromatid cohesion. In budding yeast, cohesin is
instead found along chromosome arms up until anaphase onset, although Wpl1/Rad61is
continuously unloading non-cohesive cohesin (Dauban et al, 2020).

The centromeric cohesin keeps sister chromatid cohesion to counteract the pulling
forces of KT microtubules attached at centromeres. When chromosomes have correctly
been bi-oriented and SAC is satisfied (see chapter 1.2.2), the anaphase-promoting
complex ubiquitinates securin followed by proteolytic degradation. This in turn activates
separin, a cysteine protease that will cleave Rad21/Sccl and initiate chromosome
segregation (Hauf et al,, 2001; Uhimann et al,, 2000).

1114 Cohesin positioning

Cohesin is found at distinct loci along chromosomes in many organisms. In budding
yeast, cohesin was found to be enriched at centromeres and at specific positions along
the chromosome arms (Blat & Kleckner, 1999; T. Tanaka et al., 1999). It was later shown
that these cohesin binding sites on chromosome arms are situated at sites of
convergently transcribed genes (Glynn et al, 2004; Lengronne et al,, 2004). The
identified cohesin binding sites differ from NIPBL/Scc2 binding sites, suggesting cohesin
moves along chromosomes after loading. Altering transcription affects cohesin
positioning, further implicating the transcription machinery in cohesin is positioning
(Bausch et al, 2007; Lengronne et al., 2004).

In mammalian cells, cohesin is similarly found at centromeres and along chromosome
arms (Parelho et al, 2008). However, unlike in budding yeast, the positioning along
chromosome arms depends on the transcription insulator CCTC-binding factor (CTCF)
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(Parelho et al, 2008; Wendt et al,, 2008). CTCF is found throughout the genome and
recognizes a consensus motif that is highly conserved among species, although not in
budding yeast (T. H. Kim et al,, 2007). In the absence of CTCF, cohesin is instead found
accumulating at transcription start sites of active genes. Furthermore, by depleting both
CTCF and the cohesin unloader Wapl, cohesin localization resembles that of budding
yeast, with cohesin instead found between convergently transcribed genes (Busslinger
et al, 2017). This suggests that cohesin movement along chromosomes in mammalian
cells, like in yeast, is mediated by the transcription machinery.

1.2 Cell cycle of budding yeast

When a cell divides, it is essential that the genomic material is faithfully replicated and, in
turn, segregated between daughter cells. To this end, cells have evolved a hierarchical,
stepwise program for cell division, the cell cycle, with key checkpoints along the way to
pause progression until the checkpoint is satisfied. Here | will focus on some of the key
events during the budding yeast cell cycle relevant to the findings presented in papers |,
[Iand IIl.

Although budding yeast and mammalian cells are separated by billions of years of
evolution, basic regulatory mechanisms of cell cycle progression are conserved. The cell
cycle is divided into phases, and the standard cell cycle consists of the gap 1phase (G1),
during which cells grow, followed by the synthesis phase (S-phase), where DNA is
replicated. Then, a second gap phase (G2), in which the cell grows further and prepares
for mitosis (M phase). During mitosis, the replicated DNA is segregated between mother
and daughter cells, and cells begin to reset the cell cycle. The central regulators of cell
cycle progression are cyclin-dependent kinases (Cdks), protein kinases that when
paired with regulatory cyclin subunits will promote cell cycle progression through
phosphorylation (Morgan, 1997). Budding yeast has a single Cdk (Cdc28/Cdk1) that
together with cyclins progress the cell cycle (Nasmyth, 1996).

Budding yeast divides through closed mitosis, that is, the nuclear envelope remains
intact throughout the cell cycle. Furthermore, as the name suggests, it divides through
budding, in which the daughter cell grows from the cell cortex of the mother cell. This
means that the plane of division is predetermined and can’t be positioned according to
the spindle. To this end, budding yeast have evolved tightly regulated mechanisms to
position the nucleus and spindle before chromosome segregation. The morphology of a
dividing budding yeast cell and mitotic spindle is outlined in Figure 3.

1.2.1 Spindle positioning

There are two main pathways for nuclear positioning, the Kar9 pathway and the dynein
pathway. Kar9 is an adaptor protein that links the plus-end of aMTs with the actin
cytoskeleton to orient the spindle towards the bud (R. K. Miller et al, 1999; R. K. Miller &
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Rose, 1998). Kar9 is first found at the SPB and is loaded onto MTs through its interaction
with Bim1 (Korinek et al,, 2000; L. Lee et al,, 2000; R. K. Miller et al., 2000). Once at the
plus-end, Kar9 interacts with the myosin motor protein Myo2, which walks along
polarized actin cables towards the bud tip (Yin et al, 2000), thus guiding the spindle
towards the bud. Once the mitotic spindle is aligned along the mother-daughter cell axis
via the actin cytoskeleton, the aMTs are captured at the bud neck and cortex by the
actin-binding protein Bud6 and the +TIP Biml, and aMT are shortened by
depolymerization mediated by the kinesin Kip3 (M. L. Gupta et al, 2006; Segal et al,,
2000; ten Hoopen et al., 2012).

How then is the spindle aligned perpendicular to the bud neck? In principle, aMTs
emanating from either pole could be transported towards the neck, resulting in a
misaligned spindle. As described earlier, the old SPB is inherited by the daughter cell,
and in line with this, the old SPB is oriented towards the bud prior to spindle elongation
(Liakopoulos et al., 2003; Pereira et al., 2001). Although Kar9 initially localizes to both
SPBs during spindle assembly (Cepeda-Garcia et al, 2010; Huisman et al., 2004), it is
preferentially associated with the bud-bound pole as the spindle aligns (Huisman et al,,
2004). This has is a highly regulated process that involves age-specific signals on the
bud-directed SPB, intrinsic differences between old and new SPBs, and PTMs of Kar9
itself.

4 ‘ A Figure 3 - Overview of cell cycle
progression and spindle assembly in
budding yeast. As cells commit to
dividing, the bud emerges from the
mother cell cortex. The SPB is embedded
in the nuclear envelope and is duplicated
in G1/S. A bipolar spindle is formed in S-
phase and chromosomes become
bioriented leading up to metaphase. In
anaphase, spindle elongation occurs
through shortening of the KT MTs and
polymerization of interpolar MTs. Cells
then exit from mitosis, disassemble the
spindle and divide through cytokinesis.
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Kar9 is phosphorylated by Cdc28 with the cyclins Clb4 and CIb5 at serine 197 and
serine 496 (Liakopoulos et al, 2003; Maekawa et al., 2003; Maekawa & Schiebel, 2004;
Moore et al., 2006; Moore & Miller, 2007). The exact function of these phosphorylation
sites has been debated, but a non-phosphorylatable mutant (S197A S496A) resulted in
Kar9 binding to both SPBs (Liakopoulos et al, 2003; Meziane et al,, 2021; Moore & Miller,
2007). Furthermore, Bikl has been shown to be important for Kar9 S496 phosphorylation
(Moore et al,, 2006). Bikl binds aMTs emanating from both SPBs. However, deleting Bik1
has been shown to greatly reduce the levels of phosphorylated Kar9, leads to symmetric
loading of Kar9, and breaks the interaction between Kar9 and CIb5 as analyzed by two-
hybrid analysis (Moore et al., 2006). Furthermore, components of the mitotic exit
network (MEN, covered later in chapter 1.2.5) have been shown to influence asymmetric
retention of Kar9 at the old SPB. The MEN components Dbf2/20, Tem1 and Cdc15 have
been suggested to act via Nudl on the old SPB to stabilize Kar9 retention by
phosphorylating Kar9 (Hotz et al., 2012).

Another key aspect of spindle alignment is the maturity of ‘old’ and ‘'new’ SPBs. Swel
phosphorylation of Nud1 during G1 has been suggested to mark the existing SPB for
subsequent maturation via the acetyltransferase NuA4 and the kinase Kin3 (Lengefeld et
al, 2017) This in turn has been related to MEN activity specifically at the old SPB to retain
Kar9 (Lengefeld et al,, 2017). Another factor contributing to the spindle alignment is that
old and newly forming SPBs differ in their capacity to nucleate MTs. During SPB
duplication, the pre-existing SPB nucleates aMTs while the newly assembling SPB does
not (Shaw et al, 1997). Moreover, it has been shown that recruitment of the outer plague
y-TuSC anchor Spc72 is delayed in the new SPB, and tethering Spc72 to both SPBs
results in spindle orientation defects and randomized inheritance of the SPBs (Juanes et
al, 2013). Recruitment of Spc72 depends on the phosphorylation of Nudl, and a non-
phosphorylatable allele of Nud1 results in symmetric recruitment of Spc72 and
randomized inheritance of SPBs (Geymonat et al., 2020). Furthermore, Cdc5 activity has
been shown to regulate the recruitment of Spc72 to SPBs as cells enter anaphase, and
inhibiting the kinase abolishes age-dependent inheritance of SPBs in the following cell
cycle (Matellan et al, 2020). Moreover, inhibiting Cdc5 activity increased the proportion
of cells with Kar9 loaded on the newly formed SPB instead of the old, possibly by
phosphorylating Kar9 directly. This suggests that Cdcb plays a key role in SPB
maturation that is coupled to cell cycle progression to prime the newly formed SPB in
the next round of division. Taken together, the alignment of the old SPB towards the bud
is dependent on differences in maturation of the two SPBs and is given directionality by
Kar9-guided MT capture via Bud6 in the bud.

Once the spindle has been correctly positioned and oriented, the dynein-mediated
pathway subsequently facilitates the pull of the spindle into the bud in anaphase (Yeh et
al, 2000). Additionally, the dynein pathway contributes to the elongation of the spindle



and mediates the separation of SPBs (Moore et al,, 2009). The main effector of this
pathway is the ATPase-driven motor protein dynein. Dynein is conserved between a
wide range of organisms (Wickstead & Gull, 2007) and is involved in many different
processes. However, the only known function of dynein in budding yeast is spindle
positioning. Dynein motors walk in a stepwise manner along MTs and are important for
intracellular traffic of cargo and positioning of organelles. Budding yeast only has
cytoplasmic dynein, encoded by the DYN1 gene. Dynl is a homolog of the dynein heavy
chain, and deletion mutants result in spindle misalignment while nuclear spindle
morphology is unaffected (Eshel et al, 1993; Y. Y. Li et al, 1993). Dynein is a minus-
directed motor and exerts a pulling force on MTs while anchored at the cell cortex.
Interestingly, although it is a minus-directed motor, dynein is delivered to the cortex via
plus-end directed transport along aMTs. This transport is mediated through Dynl
binding to NdI1 and Pacl (homologs of human NdIEL and Lis], respectively), forming a
complex which in turn binds Bik1 for plus-end directed transport (W. L. Lee et al, 2003;
Markus et al, 2011; Markus & Lee, 2011). At the cortex, Dynl encounters patches of Num
that function as an anchor and is off-loaded (Markus & Lee, 2011). Cortical dynein will
then guide the spindle across the bud neck.

1.2.2 Chromosome biorientation and spindle assembly checkpoint

As explained in chapter 11.3, in budding yeast kinetochores remain attached to KT MTs
throughout most of the cell cycle. As the centromere is replicated, the kinetochore is
rapidly assembled and captured by KT MTs. Early in mitosis, the spindle will assume a
bilobed distribution, with MTs emanating from each SPB and KTs distributed as two
clusters between them. KTs are initially preferentially attached to the old SPB, and KT
capture results in a mix of syntelic (sister chromatids attached to the same SPB) and
amphitelic (sisters attached to opposing SPBs) attachments that are gradually
converted to amphitelic before anaphase (Marco et al., 2013; Maure et al,, 2007; T. U.
Tanaka et al, 2002). How does the cell ensure that sister chromatids are attached to
opposing SPBs (known as chromosome biorientation)? Amphitelic attachment to
dynamic microtubules is hypothesized to generate more tension across the KTs and
centromeres, giving rise to the hypothesis that tension sensing is key to stabilizing KT
MT interactions. Interestingly, in vitro experiments with MTs bound to KTs show that
tension itself slows MT disassembly, stabilizes MT-KT interactions and promotes MT
elongation (Akiyoshi et al, 2010; Franck et al, 2007; Grishchuk et al,, 2005). The tension-
mediated stabilization of yeast KT-MT interactions seem to depend on the microtubule
polymerase Stu2 (M. P. Miller et al,, 2016). However, in vitro assays show that the KT
bound Stu2 does not impact MT dynamics but is critical for stabilizing KT MT
attachments under tension. Disrupting Stu2's ability to bind directly to KTs decreases
inter-kinetochore distances in metaphase arrested cells and results in failure to bi-
orient centromeres, and chromosome missegregation (M. P. Miller et al, 2019).
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Furthermore, the aurora B kinase is a key player in error correction (Figure 4). The
budding yeast Aurora kinase Ipll is part of the chromosome passenger complex together
with Bir1 (Survivin), Nbl1 (Borealin) and Sli15 (INCENP) (Carmena et al., 2012). Ipll is crucial
for metaphase spindle formation by phosphorylating components of the Ndc80 and
Daml complexes to destabilize MT-KT interactions (Biggins et al,, 1999; Cheeseman,
Anderson, et al., 2002; T. U. Tanaka et al, 2002). Ipl1 localizes to the kinetochores and
destabilizes syntelic attachments by specifically phosphorylating kinetochores not
under tension (Biggins & Murray, 2001; Fischbéck-Halwachs et al., 2019; Garcia-
Rodriguez et al, 2019; T. U. Tanaka et al,, 2002). Tension sensing by aurora kinase relies
on its localization to the centromere in mammalian cells (reviewed in (Broad & Del.uca,
2020)). Centromere stretching has been hypothesized to control aurora kinase-
mediated phosphorylation; Kinetochores under tension have an increased physical
distance between the centromeric kinase and KT target proteins, leading to specific
detachments incorrectly attached kinetochores not under tension (Liu et al,, 2009;
Wang et al, 2011; Welburn et al., 2010). However, budding yeast cells where Birl-Sli15
binding is disrupted, which should eliminate centromeric localization of the CPC, still
segregate chromosomes normally (Campbell 2013). Additionally, Sli15/Ipll bound directly
to the KT via Ctf19 in the COMA complex is sufficient for correct segregation
(Fischbock-Halwachs et al., 2019). Instead, it has been suggested that centromeric
localization of the CPC is primarily involved in signaling on unattached kinetochores,
while kinetochore-bound CPC is involved in correcting syntelic attachments (Marsoner
et al, 2022).
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Figure 4 - Error correction and spindle assembly checkpoint. KT-MT interactions not under tension are
eliminated via phosphorylation of MpsT and Ipll. This in turn recruits the MCC, halting cell cycle progression
until correct KT attachment has been achieved. Once all chromosomes are bioriented, PP1 turns off SAC,
activating APC/C¢%20, leading to cohesin cleavage via separase and anaphase progression.
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Sister chromatids are held together by cohesin, counteracting the outward directed
force from attached microtubules. Stretching of the centromeres of bioriented sisters
results in tension across the spindle, which stabilizes KT-MT attachments (Figure 4).
Unattached kinetochores, such as those destabilized by the lack of tension (Pinsky et al,,
2006), activate a signaling cascade known as the spindle assembly checkpoint (SAC),
which blocks anaphase initiation. SAC appears to primarily play a checkpoint role, as
improper spindle attachments can be rescued by S-phase arrest via hydroxyurea in
cells lacking SAC signaling (R. Li & Murray, 1991). SAC functions by inhibiting the
anaphase promoting complex/cyclosome (APC/C), an E3 ligase that, when bound to its
co-activators Cell Division Cycle 20 (Cdc20) and later Cdc20 Homolog 1(Cdhl),
ubiquitylates mitotic regulators (Barford, 2011). APC/C bound to Cdc20 is activated in
metaphase once SAC is satisfied and targets the Securin (Pdsl in budding yeast) for
proteasomal degradation (Cohen-Fix et al,, 1996; Lim et al., 1998). Securin is bound to
and inhibits the protease separase (Espl), which, when active, will cleave the cohesin
complex allowing spindle elongation and chromosome segregation (Ciosk et al, 1998;
Uhlmann et al, 1999, 2000). APC/Cc*2° also initiates cyclin degradation (Peters 2006).
Cdhl, on the other hand, is blocked from binding the APC/C by Cdkl-mediated
phosphorylation during early anaphase (Hockner et al., 2016; Zachariae et al, 1998) As
Cdk1 activity drops, the APC/C will bind to Cdhl, leading to cyclin degradation that is
maintained through the next G1 phase (Irniger & Nasmyth, 1997; Kramer et al, 2000;
Schwab et al., 2001).

Cdc20 is also involved in SAC signaling to block anaphase onset. Cdc20 can only
interact with the APC/C when it has been phosphorylated (Rudner & Murray, 2000;
Shteinberg et al., 1999), possibly explaining the mechanism enabling the dual functions
of Cdc20. During spindle assembly, Cdc20 is part of the mitotic checkpoint complex
(MCC), which is recruited to unattached kinetochores and is a potent inhibitor of APC/C
(reviewed in (Lara-Gonzalez et al,, 2021)). The MCC consists of mitotic arrest-deficient 2
and 3 (Mad2, Mad3), budding inhibited by benzimidazole 3 (Bub3) and Cdc20. Bub3
exists in a complex with Bub], which is recruited to the KT-MT interphase through
phosphorylation of the outer kinetochore protein Spc105 by Mps1 (London et al.,, 2012;
Primorac et al, 2013). Mps1 then phosphorylates Bubl for further recruitment of Mad1-
Mad?2 and checkpoint activation (London & Biggins, 2014). Cdc20 is recruited for MCC
formation via Ipll-dependent phosphorylation, meaning that Ipll not only activates SAC
via destabilizing tensionless KT-MT interactions, but is also involved in SAC signaling
(Roy et al, 2022). What triggers Mpsl recruitment to unattached kinetochores in
budding yeast is not well understood. However, in human cells, Mps1 recruitment is
increased by the activity of Aurora B kinase (Santaguida et al,, 2010; Saurin et al., 2011).

Error correction and SAC signaling is further entangled. Mps1 has been implicated in
tension sensing in both human cells and budding yeast. Human MPSI has been shown to
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bind directly to Ndc80 and destabilize MT-KT interactions, even after inhibition of
Aurora B (Ji et al,, 2015; Maciejowski et al., 2017). In budding yeast, Mps1 has been shown
to promote the biorientation of chromosomes independently of the CPC (Benzi et al,,
2020; Maure et al, 2007; Storchova et al., 2011). Tethering Bubl to Spcl05 rescues SAC
signaling and error correction defects of an Mpsl mutant deficient in both, suggesting a
common mechanism for Mps1in SAC and error correction (Benzi et al, 2020).
Additionally, Mps1 co-purified with intact budding yeast kinetochores has been shown
to phosphorylate Ndc80 independently of Ipll, weakening KT MT attachments
(Sarangapani et al,, 2021). In summary, error correction and SAC are tightly linked and
promote faithful segregation of chromosomes by halting anaphase onset and promoting
correcting kinetochore attachments.

SAC signaling is reversed by protein phosphatase 1(PP1) which is recruited via Spc105
(London et al, 2012; Pinsky et al, 2009; Rosenberg et al., 2011; Roy et al., 2019). How PP1is
specifically recruited to correctly attached kinetochores is not well understood.
However, it has been shown that the PP1 catalytic subunit, Glc7, interacts with the
kinesin Cin8, and mutations that abolish their interaction result in loss of tension (Suzuki
et al, 2018). Additionally, it has been suggested that phosphorylation of Spc105 blocks
the recruitment of Glc7 to prevent premature SAC silencing (Roy et al, 2019).

1.2.3 Motor proteins at the pre-anaphase spindle

As described above, KT capture occurs early after replication, resulting in a mix of
syntelic and amphitelic attachments that are gradually corrected before anaphase.
During this time, the budding yeast spindle is in a bi-lobed configuration where KTs are
localized in two opposing clusters between the SPBs (Goshima & Yanagida, 2000;
Pearsona et al, 2001; Xiangwei et al,, 2000). This chromosome positioning before
anaphase, known as chromosome congression, is a common theme in yeasts and
mammalian cells (Kops et al., 2010). However, in mammalian cells the nuclear envelope
breaks down as the spindle assembles. Furthermore, budding yeast KTs are attached to
a single KT MT and do not possess polar ejection forces from astral MTs or MT flux as in
higher eukaryotes, meaning that some mechanisms regulating chromosome positioning
before anaphase differ (Maddox et al, 2000). However, kinesin motor proteins remain
key players in all eukaryotic cells for proper spindle assembly, tension generation and
elongation.

KT positioning in budding yeast depends on kinesin motor proteins Cin8, Kip1 and Kip3
(Gardner, Bouck, et al., 2008; Marco et al., 2013; Tytell & Sorger, 2006; Wargacki et al,,
2010). Kinesin-5 motors (Cin8 and Kipl in budding yeast) have been identified as critical
components for spindle assembly in most eukaryotic cells (Xenopus (le Guellec et al,,
1991), Pombe (Hagan & Yanagida, 1990), Drosophila (Heck et al, 1993), Human (Slangy et
al, 1995)). Deletion mutants in budding yeast show defects in clustering kinetochores,
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where instead of a neatly clustered single foci of KTs, mutants have a fuzzy streak of KTs
between SPBs. This effect is greatest in cin8A cells, although cin8A mutants also have
defects in spindle assembly (Gardner, Bouck, et al., 2008; Tytell & Sorger, 2006;
Wargacki et al., 2010). The spindle defect in cin8A and kiplA cells manifest as collapsed
spindles, where SPBs fail to separate (Saunders & Hoyt, 1992). The motor proteins are
thought to generate an outward directed force by sliding antiparallel interpolar
microtubule bundles, stabilizing the spindle (Hildebrandt & Hoyt, 2000; Kapitein et al,,
2005; Saunders & Hoyt, 1992; Thiede et al., 2012). This idea is supported by the
decreased spindle length observed in the subset of cin8A cells that do separate SPBs,
and increased spindle length in cells overexpressing Cin8 (Gardner, Bouck, et al., 2008;
Saunders & Hoyt, 1992). In budding yeast, MT bundles are stabilized by the MT
crosslinker Asel, and are aligned by the minus-directed kinesin Kar3 (Hepperla et al,,
2014; Molodtsov et al,, 2016). Asel is dispensable for pre-anaphase spindle assembly but
is required in anaphase, as spindles collapse shortly after starting to elongate in aselA
cells (Schuyler et al, 2003). Kar3 on the other hand, aligns antiparallel MTs in the pre-
anaphase spindle, allowing Kipl and Cin8 to direct outward force (Hepperla et al., 2014).
When Kar3-mediated bundling is abolished, cells become reliant on Asel for pre-
anaphase spindle formation (Kornakov et al, 2020). Interestingly, cells lacking Cin8 also
require the microtubule bundling protein Asel to assemble bipolar spindles (Kotwaliwale
et al, 2007), suggesting that Cin8 might be required for bundling of MTs prior to
anaphase. Cin8 is a bidirectional motor and can switch between minus-end and plus-
end directed motility (Gerson-Gurwitz et al,, 2011; Roostalu et al., 2011). So far not much is
known about the biological function of this, however, it has been suggested that minus-
directed motility of Cin8 is important during spindle assembly to cluster motors close to
the SPBs to crosslink MTs and form the bilobed spindle (Shapira et al., 2017). Taken
together, spindle assembly relies on MT bundling and kinesins to balance spindle
stability and length before anaphase.

Interestingly, Cin8 has also been reported to affect MT dynamics in an MT length-
dependent manner in pre-anaphase spindles. Photo-bleaching experiments showed
that cells lacking Cin8 had less tubulin turnover at long KT MTs (Gardner, Bouck, et al,
2008). Furthermore, electron microscopy experiments have revealed that cin8A cells
have more numerous spindle microtubules, and that they extend to the KT MTs from the
opposing pole (Gardner 2008). This suggests that Cin8 positions kinetochores by
destabilizing long KT MTs. This idea is additionally supported by live-cell imaging in
which cin8A cells have more dynamic centromeric movements and faster centromeric

displacement (Marco et al,, 2013).

Recent findings further complicate interpreting the function of Cin8 at the spindle. Cin8
was shown to directly bind to kinetochores in vitro and depend on Dam1 and Ndc80 for
spindle localization in vivo (Suzuki 2018). Furthermore, cells lacking Cin8 showed lower
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kinetochore tension, possibly through recruiting PP1 to the kinetochores (Suzuki et al,,
2018). Cin8's potential role in generating tension is further supported by the fact that
cells require SAC activity for viability when Cin8 is depleted and have an increased
frequency of chromosome missegregation (Sherwin et al, 2022).

Other motor proteins have also been implicated in kinetochore positioning. Kip3 is a
member of the kinesin-8 family of motor proteins, localizes to plus-ends of astral and
spindle MTs in vivo, and can bind plus-ends by itself in vitro (M. L. Gupta et al,, 2006).
Cells lacking Kip3 show a weak kinetochore positioning defect in pre-anaphase spindles
and lagging chromosomes in anaphase (Tytell & Sorger, 2006). This phenotype is likely
explained by Kip3 promoting MT depolymerization, and stems from observations that
kip3A cells have longer aMTs, longer spindles at late anaphase and delayed spindle
disassembly, as well as Kip3 promoting MT disassembly in vitro (M. L. Gupta et al,, 2006;
Straight et al, 1998). Kinesin-8 proteins Klp5 and Klp6 in fission yeast also affect MT
length and play a role in positioning KTs before anaphase. Deletion mutants display
fluctuating KT distances before anaphase, as well as longer spindles and lagging
chromosomes in anaphase (Gergely et al, 2016).

In fission yeast, inward directed force is thought to be generated by the minus-directed
kinesin-14 members Pkl and Klp2 to balance the outward force from kinesin-8 (Yukawa
et al, 2018). Budding yeast kinesin-14 Kar3 has also been suggested to oppose the
outward force generated by Cin8 and Kip1 (Saunders & Hoyt, 1992). However, altering
centromeric stiffness and the number of kinetochores in a cell also changes the pre-
anaphase spindle length (Nannas et al,, 2014; Stephens et al., 2011). This shows that KTs,
centromeres, and/or KT MTs, coupled to sister chromatid cohesion, opposes the inward
force generated from the interpolar microtubules.

Taken together, motor proteins play conserved and varied roles in spindle assembly, MT
positioning, error correction and tension generation. This is achieved via modulating MT
dynamics and motor function in MT bundling and sliding. The multiple roles and
sometimes redundant functions of motor proteins and MAPs complicates the
interpretation of deletion mutant phenotypes.

1.2.4 Anaphase

Once biorientation has been achieved and SAC is satisfied, cohesin is cleaved by
separase and chromosomes can be segregated. Anaphase is characterized by two
stages (although these sometimes occur simultaneously): Poleward movement of KTs
(anaphase A) and spindle elongation (anaphase B). Anaphase A is mediated by MT
shrinkage while anaphase B is powered by MT sliding via motor proteins. In budding
yeast, KT MTs will shrink from around 0.5 pm at the onset of anaphase to about 30-50
nm at the end of mitosis (O'Toole et al, 1999). Unlike in mammalian cells, MT flux, that is,

disassembly at the minus-end coupled with growth at the plus-end, does not appear to
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occur in budding yeast cells (Maddox et al, 2000). Therefore, the shortening of KT MTs
during anaphase most likely stems from depolymerization at the plus-end.

At the onset of anaphase, centromeres move towards the SPBs with chromosome arms
lagging (Pearsona et al, 2001; Xiangwei et al, 2000). At the same time, spindle
elongation starts and plays a major role in segregating chromosomes, as the spindle
elongates from ~2 pm to ~6 pm. The elongation rate depends on Cin8 and Kip1, with Cin8
being important during early anaphase when the spindle elongates rapidly, and Kipl1 at
later stages when the elongation rate is slower (Straight et al, 1998). Furthermore, cin8A
elongation defects can be compensated for by mild overexpression of Kipl, suggesting
they have overlapping functions. Both Cin8 and Kip1 are found at the spindle midzone,
where plus-ends from opposing interpolar MTs meet, during anaphase.

How then is anaphase regulated? In budding yeast, cleavage of Sccl by an inducible TEV
protease is enough to segregate chromosomes (Uhlmann et al,, 2000). However, in cells
where Sccl is cleaved by ectopic protease expression, MT dynamics in the elongating
spindle remains high, KT MTs fail to shorten and spindle elongation is erratic, and the
spindle frequently collapses (Higuchi & Uhlmann, 2005). This suggests that additional
regulation is required for anaphase to progress normally. The anaphase spindle midzone
is assembled by Asel and the minus-directed kinesin Kar3, which are both important to
form MT bundles, and contribute to spindle integrity (Braun et al,, 2011; Gardner, Haase,
et al, 2008; Khmelinskii et al, 2007; Pellman et al,, 1995; Schuyler et al, 2003; Thomas et
al, 2020). Asel is recruited to the midzone after being dephosphorylated by the
phosphatase Cdcl14 (Khmelinskii et al, 2007). Cdcl14 is a key regulator of anaphase, and
subsequently mitotic exit, and is localized to the nucleolus for most of the cell cycle. In
the nucleolus, Cdcl4 is bound by nucleolar silencing establishing factor and telophase
regulator 1 (Net], also known as Cdcl4 inhibitor 1, Cfil) and kept sequestered (Shou et al,
1999; Visintin et al,, 1999). Cdcl4 is released in two waves: first a limited release upon
anaphase onset that is limited to the nucleus, known as the Cdc-14 early anaphase
release (FEAR) pathway, and later a full release that reaches the cytoplasm for mitotic
exit. Phosphorylation of Netl via Cdk1 will release Cdcl14. However, this phosphorylation is
counteracted by the phosphatase PP2A4%®, PP2AC4%5 s downregulated by Zdsl and
separase, coordinating the initial Cdcl14 release with the onset of anaphase (Jativa et al,,
2019; Queralt et al,, 2006; Queralt & Uhlmann, 2008). Furthermore, Cdc5, which is
needed for both FEAR and mitotic exit, contributes to Netl phosphorylation and Cdcl14
release (Shou et al, 2002; Visintin et al., 2003).

The FEAR pathway is important for several events in anaphase. Cdc14 and the FEAR
components Spol2 are needed for nucleolar segregation and rDNA compaction
(D'Amours et al., 2004; Sullivan et al., 2004). The FEAR pathway is also important for the
anaphase spindle. Cdcl14 dephosphorylates several spindle-associated proteins, such as

Ask], Finl, and Ipl1-Sli15, and is needed to decrease MT dynamics and stabilize the
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anaphase spindle as well as relocalize Sli15-Ipl1 to the spindle (Higuchi & Uhlmann, 2005;
Pereira & Schiebel, 2003; Woodbury & Morgan, 2007). In early anaphase, Cdcl4
dephosphorylates Asel, which targets it to the midzone (Khmelinskii et al.,, 2007).
Simultaneous inactivation of Cdc14 and Cdcb results in cell cycle arrest with large-
budded cells with short mitotic spindles (Roccuzzo et al,, 2015). Spindle elongation can
be restored to these cells by expressing Asel or Cin8 with non-phosphorylatable Cdkl
sites, indicating that Cdcl4 signaling is required to generate the outward force at the
midzone. This is further supported by the observation that Cin8 no longer localizes to
the anaphase spindle after Cdcl4 inactivation (Higuchi & Uhlmann, 2005). Thus, Cdc14
and Cdcb regulate spindle dynamics and stability early in anaphase, ensuring correct
segregation of genomic material.

1.2.5 Mitotic exit

When the spindle has elongated and chromosomes are segregated, the cells need to
divide and reset for the next round of division to start. In budding yeast, this is
controlled by the mitotic exit network (MEN), a signaling cascade that triggers the
second, full release of Cdcl4. MEN coordinates Cdcl4 release in late anaphase via the
GTPase Teml (Figure 5). Teml is localized to the daughter bound SPB via Nud1 on the
outer plagque (Bardin et al, 2000; Gruneberg et al,, 2000). There, Teml is kept inactive by
a complex consisting of Bfal and Bub2 (Pereira et al,, 2000). In anaphase, when SPBs
have been segregated correctly, Tem1 becomes active and, together with Cdc5,
activates a cascade that includes the kinases Cdcl15, Dbf2-Dbf20 together with the co-
activator Mob], which leads to Netl phosphorylation and Cdc14 release (reviewed in
(Hotz & Barral, 2014)).

As the plane of division is predetermined in budding yeast, the cell integrates spatial
cues to inhibit MEN until the spindle is positioned correctly. This checkpoint, known as
the spindle position checkpoint (SPOC), uses the SPBs as a signaling platform and
detects mother and bud-specific signals (Figure 5). The kinase Kin4 is an effector of
SPOC and is localized to the mother cell cortex and becomes recruited to SPBs in the
mother cell compartment when the spindle is mispositioned (D'Aquino et al,, 2005;
Pereira & Schiebel, 2005). Kin4's role in SPOC is to block MEN by phosphorylating Bfal-
Bub2 (Caydasi & Pereira, 2009; Maekawa et al., 2007). This prevents Cdc5 from
phosphorylating Bfal (Maekawa et al.,, 2007; Pereira & Schiebel, 2005), which otherwise
inactivates Bfal-Bub2 and facilitates Tem1 activity for MEN to become active (Hu et al,,
2001).

The kinase Kin4 is localized to the mother cell cortex and is found at the daughter bound
SPB in anaphase (Pereira & Schiebel, 2005). In cells with mispositioned spindles, Kin4
and Bfal is recruited to both SPBs (Caydasi & Pereira, 2009; Molk et al,, 2004; Pereira et
al, 2001). Kin4 is removed from the daughter bound SPB once it enters the bud (Molk
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2004). This is dependent on Ltel, which is localized to the bud cortex and is required for
MEN activation (Bardin et al., 2000; Bertazzi et al.,, 2011; Falk et al., 2011; Pereira et al.,
2000). At the same time, Teml fluorescence increases at the daughter bound SPB and

has been shown to be dependent on bud localization rather than anaphase onset (Molk
et al, 2004). Once relieved of Bfal-Bub2, Tem1 can activate Cdc15 together with Cdc5
(Rock & Amon, 2011) which recruits and activates Dbf2-Mob1 (Rock et al., 2013).
Dbf2/Mobl is then phosphorylated by Cdc5 and will then translocate to the nucleolus
and release Cdcl14 (Zhou et al., 2021).

This way, SPOC integrates spatial cues to ensure that the genomic material is

distributed between mother and daughter cells before initiating mitotic exit. Once

Cdcl4 is released via MEN, the phosphatase reverts Cdkl-mediated phosphorylations
and upregulates the Cdkl inhibitor Sicl (Visintin et al., 1998).
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1.2.6 Spindle disassembly

After the chromosomes have been segregated and MEN is active, the mitotic spindle
needs to be disassembled prior to cytokinesis. How spindle disassembly is regulated is
still not fully understood, but has been shown to be mediated by the CPC and APC/C.
First, the midzone protein Asel is a target of APC/C and is degraded upon mitotic exit
(Juang et al, 1997). Expression of an APC/C resistant Asel mutant delays spindle
disassembly but does not prevent it completely. Secondly, Sli15-Ipll is found at the
spindle midzone in anaphase and is needed for both spindle integrity and disassembly
(Buvelot et al, 2003; Pereira & Schiebel, 2003). The relocalization of the CPC from
kinetochores to the spindle has been shown to be regulated by dephosphorylation of
Sli15 via Cdcl4 (Pereira & Schiebel, 2003). How the CPC regulates spindle disassembly is
not fully understood, but in late anaphase, Ipl1 binds to and phosphorylates Biml

(Zimniak et al.,, 2009). Phosphomimetic mutants of Bim1 have been shown to have
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reduced binding to microtubules, and a non-phosphorylatable variant of Bim1 was
shown to remain at the spindle midzone, eventually resulting in spindle breakage
(Zimniak et al.,, 2009). Further evidence for Ipll's function in spindle disassembly comes
from a high-throughput screen which found that cells lacking Mcm21, a component of
the COMA complex, have reduced Ipll and Sli15 at the kinetochores at metaphase
(Vizeacoumar et al,, 2010). In anaphase, mcm21A cells failed to recruit Ipll and Slil5 to the
midzone and displayed bent, elongated spindles that stretched longer than the cell. This
spindle phenotype was further exacerbated by deletion of the FEAR component SIk19
and was also present in FEAR and MEN mutant strains (Vizeacoumar et al,, 2010). Lastly,
the MEN components Dbf2-Mob1 are required to maintain Ipll at the spindle in late
anaphase (Stoepel et al, 2005), possibly explaining how MEN signaling promotes spindle
disassembly via the CPC.

1.3 Chromatin organization

The genome at its most basic level is made up of DNA, but to allow for its compaction,
regulation, repair and duplication, it is carefully organized at different levels. First, DNA is
wrapped around spool-like histone proteins, forming a nucleosome. This compacts the
DNA and allows for epigenetic regulation (see (Khorasanizadeh, 2004) for a review).
Nucleosome wrapped DNA is the basic building block of the chromatin fiber, which has
been described as ‘beads on a string’. This description comes from early electron
microscopy studies where isolated chromatin spreads presented as a 10 nm wide fiber
with regularly spaced nucleosome beads (Olins & Olins, 1974). By varying the salt
composition, isolated chromatin will take on different structures. In specific salt
conditions and low chromatin concentrations, a regularly folded, 30 nm wide fiber is
formed and was long thought to be the general arrangement of chromatin in cells (see
(Ricci et al, 2015; Woodcock & Horowitz, 1995) for a review). However, the 30 nm, highly
regular chromatin fiber remained elusive in cryo-EM studies of fixed cells. As new
techniques have become available, our understanding of chromatin organization in vivo
has expanded. A recent study employing super-resolution microscopy of core histone
proteins in human interphase cells found that nucleosomes are clustered in small
clutches containing 2-10 nucleosomes each (Ricci et al., 2015). Average nucleosome
clutch sizes varied between cell types, with stem cells typically having smaller clutches
than somatic cells. Furthermore, RNA pol Il colocalization was associated with smaller
clusters, suggesting transcriptionally active areas of the chromatin fiber are arranged

into smaller clutches of nucleosomes.

Advances in electron microscopy and DNA-specific dyes has allowed for detailed
mapping of chromatin organization in single cells. These techniques enable specific
labeling of DNA and have revealed that rather than the regularly folded 30 nm fiber,
chromatin in human interphase cells consists of a disordered polymer, 5-24 nm in

diameter (Ou et al, 2017). Many different densities and clustering motifs have been
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observed, such as linear stacks of clustered nucleosomes and looped regions of
chromatin. Furthermore, imaging of mitotic chromatin revealed that these are also made
up of 5-24 nm disordered chromatin chains, although more densely packed than that of
interphase cells.

Genome-wide analysis of chromatin in human cells shows that chromatin is organized in
hierarchical domains. This has been revealed through chromosome capture techniques
(such as Hi-C) in which chromatin in close spatial proximity is crosslinked, digested and
ligated with neighboring overhangs and then isolated (Lieberman-Aiden et al., 2009).
The isolated DNA is then sequenced to map the average chromosomal contact
frequencies in a population of cells. Hi-C maps have identified megabasepair-scale
interacting domains of chromatin that correlate with specific histone modifications and
biological function (Lieberman-Aiden et al, 2009; Schwarzer et al, 2017; Sexton et al,,
2012). Initially termed A- and B-compartments, these have higher contact frequencies
within their domains than with surrounding chromatin. A-compartments are gene-rich,
have higher expression levels and are more accessible to DNAse digestion (Lieberman-
Aiden et al, 2009). B compartments in contrast, have overall higher contact frequencies
suggesting a more compact chromatin.

Genome-wide contact frequency maps have also revealed the existence of
topologically associating domains (TADs). TADs are smaller than compartmental regions
(median size of 185 kb (Rao et al,, 2014)) but also show higher contact frequencies within
them than that of bordering regions. TADs show up as pyramid shaped patterns in
contact frequency maps (Dixon et al., 2012). TAD boundaries are associated with CTCF
binding, housekeeping genes, tRNAs and retrotransposons (Dixon et al,, 2012; Rao et al,,
2014). Furthermore, many TADs show signs of being looped chromatin regions, evident
by a local peak of high contact frequencies (9500 identified loops, 39% of TADs) (Rao et
al, 2014). 90% of loop boundaries overlap with CTCF binding sites, Smc3 and Rad21
binding (Rao 2014), suggesting the involvement of cohesin. Indeed, depletion of Sccl or
NIPBL abolishes loop peaks and decreases the contact frequencies within TADs (Rao et
al, 2017; Schwarzer et al,, 2017; Wutz et al., 2017). Furthermore, depletion of Wapl or Pds5,
which stabilizes cohesin binding on chromosomes, increases the number of observed
loops and the loop sizes (Haarhuis et al., 2017; Wutz et al, 2017). Furthermore, transient
depletion of Rad21 by auxin-mediated degradation followed by washout of auxin
restores chromatin loops (Wutz et al,, 2017). In contrast, depletion of CTCF does not
affect the distances between interactions. However, TAD boundaries appear weaker,
and the number of identified loops decreases, presumably as an effect of the weakened
boundaries (Wutz et al,, 2017) Taken together, chromatin loops are formed and
maintained by the cohesin complex and are dynamic, as interacting frequencies at long
ranges increase when cohesin binding is stabilized. Furthermore, loop and TAD
boundaries are established by flanking convergently oriented CTCF sites.
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Cohesin-dependent chromatin loops have been identified in budding yeast as well
(Costantino et al,, 2020; Dauban et al, 2020; Jeppsson et al., 2022; Schalbetter et al,
2017). These cohesin-dependent loops are smaller than those found in higher
eukaryotes, and typically span 3-15 kilobase pairs (Costantino et al., 2020; Dauban et al,,
2020). Furthermore, as with cohesin binding sites, budding yeast chromatin loop
anchors are found at sites of convergently oriented genes (Dauban 2020). Unlike in
higher eukaryotes, chromatin loops in budding yeast first appear in S-phase,
approximately 15 minutes after cohesin can be detected at the same genomic loci
(Costantino et al, 2020). However, chromatin loops do not require DNA replication to be
formed. Depleting the replication initiating factor Cdc45 results in cells reaching
metaphase without replicating the genome (Schalbetter et al, 2017). These cells were
shown to still be able to form cohesin-dependent loops that strongly resemble those of
wildtype cells (Dauban et al., 2020; Schalbetter et al,, 2017). Furthermore, inducing
cohesin loading in G1 arrested cells results in chromatin loop formation (Dauban et al,
2020). As in higher eukaryotes, chromatin loop formation in budding yeast is a dynamic
process and is regulated by cohesin loading and offloading. Depleting the cohesin
loading factor Scc2 in G2/M arrested cells abolishes chromatin looping while leaving
sister chromatid cohesion intact (Jeppsson et al,, 2022). Stabilizing cohesin on
chromatin by depletion of Wpll increases the number of loops observed and increases
the size of loops (Costantino et al,, 2020; Dauban et al,, 2020; Jeppsson et al, 2022). As
in mammalian cells, Wpll depleted cells appear to have intact boundaries, as contact
frequency peaks become “crisper” and overlap with cohesin binding sites. What then
establishes loop boundaries in budding yeast? It was recently shown that inhibition of
transcription, either by the drug thiolutin, or by inactivation of RNA pol Il, decreases short
range intra-chromosomal interactions, increases long range interactions and decreasing
the number of observed loops, similar to what has been observer in CTCF depleted cells
(Jeppsson et al, 2022). Furthermore, cells arrested in S-phase by hydroxyurea, which
stalls replications forks, showed new loop boundaries at the stalled forks. Taken
together, this suggests that transcription and replication forks act as chromosome loop
boundaries in budding yeast.

In animal cells, chromosomes are condensed during mitosis into characteristic rod-
shaped structures consisting of a central axis from which small chromatin loops
emanate (Marsden & Laemmli, 1979; Naumova et al,, 2013). Mitotic compaction is
mediated by another SMC complex, the condensin complex (Hirano & Mitchison, 1994;
Kruitwagen et al,, 2015; Ono et al, 2003; Samejima et al, 2012), and depletion of
condensin abolishes mitotic chromatin loops (Gibcus et al, 2018)). Isolated condensin
complexes can compact naked DNA in vitro in an ATP-dependent manner (Strick et al,
2004). In budding yeast, mitotic chromosomes are less compacted than metazoan
chromosomes (Guacci et al., 1994), although the condensin complex is important for
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condensation of ribosomal DNA and contraction of chromosome arms during anaphase
(Kruitwagen et al, 2015; Lazar-Stefanita et al., 2017; Vas et al., 2007).

1.3.1 Loop extrusion as a mechanism for chromatin loops

Cohesin and condensin complexes are thought to generate chromatin loops through a
mechanism known as loop extrusion, in which the SMC complex binds to chromatin and
functions as a motor to generate a growing loop dynamically (Fudenberg et al., 2017).
Although it had long been speculated that SMC complexes could generate loops via
loop extrusion (Nasmyth, 2001), it has only recently been directly observed. Condensin
complexes isolated from budding yeast were first observed to translocate along naked
DNA in an ATP-dependent manner, demonstrating that they can function as a motor
(Terakawa et al,, 2017). Then, Ganiji et al showed that condensin can form DNA loops in an
ATP-dependent manner on tethered DNA, and time-lapse imaging revealed gradually
growing loops (Ganji et al., 2018). Later, similar experiments showed that the human
cohesin complex fused to NIPBL could compact both naked and nucleosomal DNA in an
ATP-dependent manner (Y. Kim et al,, 2019). Furthermore, this cohesin complex can
generate growing loops on tethered DNA, like condensin. In summary, loop extrusion is a
plausible and attractive model for chromatin loop generation that seems common
between SMC complexes and conserved through evolution.

Genome-wide chromosome capture techniques, such as Hi-C, have provided great
insight into how the genome is organized. However, most such studies report average
contact frequencies from a population of cells. How chromatin is organized in single cells
and the cell-to-cell variability is less well understood. Single-cell Hi-C and super
resolution imaging studies can recapitulate population average contact maps and
replicate them as distance frequency maps based on spatial separation of specific
genomic regions (Bintu et al, 2018; Finn et al,, 2019; Flyamer et al,, 2017; Gu et al., 2020;
Luppino et al, 2020). However, these studies reveal that TAD-like domains are dynamic
and show high cell-to-cell variability (Bintu et al., 2018; Finn et al,, 2019; Luppino et al,,
2020). Single-cell measurements have also revealed that TAD boundaries are not
absolute insulators of chromatin contacts. Indeed, neighbouring cohesin-dependent
domains flanked by CTCF binding sites often intermingle when imaged by microscopy
(Bintu et al., 2018; Luppino et al, 2020; Szabo et al., 2020). Furthermore, depletion of
WAPL or CTCF brings neighboring TADs closer together and increases overlap between
domains, suggesting that these regions are controlled by cohesin-dependent loops, but
that they are not completely insulated (Luppino et al., 2020; Szabo et al,, 2020).
Conversely, depletion of Rad21 decreases distances between neighboring TADs and the
overlap between fluorescent DNA probes within the same TAD (Luppino et al, 2020;
Szabo et al, 2020). Whether domain intermingling is affected by cohesin depletion
appears to vary between domains, as two studies have reported conflicting results
(Luppino et al, 2020; Szabo et al., 2020). Taken together, microscopy studies of
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chromosome organization have shown that domain boundaries are dynamic, and that
intermingling between domains is a general phenomenon, promoted by cohesin, and
counteracted by CTCF and WAPL. Furthermore, TADs are present in single cells and are
not an emergent property from population averages, although highly variable between
individual cells.

Considering the heterogeneity observed between individual cells, the question of loop
dynamics of individual cells arises. It is unclear if loops are stable once formed and how
cohesin and CTCF modulate the dynamics in vivo. Two recent studies have begun to
address these questions by super resolution live cell imaging. Gabriele et al. studied the
dynamics of a single 500 kilobasepair TAD in mouse embryonic stem cells by inserting
Tet operator repeats and Anchor3 arrays at the boundaries (Gabriele et al, 2022). The
boundary loci can be visualized in live cells by expressing fluorescently tagged binding
partners. Cells were then imaged using super resolution microscopy at 20 second
intervals for 2 hours, and the distance between the two loci was measured for each
frame. Depletion of Rad21 increases the mean dot distance while depletion of Wapl or
CTCF had the opposite effect, as expected of intra-TAD distances controlled by loop
extrusion. By depleting Rad?2], they defined an un-looped state of the TAD and used
polymer modeling informed by Micro-C data to identify the extent to which the TAD is
looped in their experimental measurements. They found that the studied TAD is rarely in
a fully looped state in wildtype conditions, spending 92% of the imaged time in a non-
looped, or partially looped state. However, once in a fully looped state, the distances
between dots remained relatively stable for 10-30 minutes, suggesting that the looped
state is stabilized. These results suggest that TADs primarily exist in a dynamic state, as
observed in fixed cells, but once a loop reaches two convergently oriented CTCF sites, it
can be stabilized. Whether this is a general phenomenon is unclear, especially as the
studied TAD contains a single gene that is not expressed in the cell type studied.

A recent study used a similar approach to study the dynamics of loop extrusion by
introducing Tet and lac operator repeats 150 kb apart within a region devoid of
enhancers or expressed genes where endogenous CTCF sites had been removed (Mach
et al, 2022). They introduced new, convergently oriented CTCF sites flanking the
operator sequences to establish a new loop barrier. Live cell imaging revealed that the
dots transition between a proximal and distal state, consistent with what had been
reported previously (Gabriele et al,, 2022). The proximal state closely matched perfectly
overlapping signals where both fluorescent proteins bind the same operator sequence,
showing that dots in the proximal state are in close contact. In wildtype conditions, dots
were observed in close contact 78% of the time imaged. Furthermore, the proximal
configuration was stable for ~16 minutes and would reform every 5 minutes. Removal of
the ectopic CTCEF sites reduced the time dots spent in close proximity and the stability
of the proximal state (down to 6 minutes). This effect was even greater upon depletion
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of Rad21 where the proximal state would only last for 2 minutes. In conclusion, CTCF and
cohesin can bring two genomic loci separated by 150 kilobasepairs within the same TAD
in close contact within minutes. Furthermore, once in close contact, cohesin and CTCF
stabilize the proximal state, consistent with loop extrusion models of cohesin with loop
anchoring by convergently oriented CTCF sites. The difference observed in looping
frequency between the two studies highlights the heterogeneity observed in single cell
studies and could be caused by factors such as other chromosomal features, loop size
or boundary strength.

Details of loop extrusion in budding yeast still need to be better understood. While loops
and TAD-like structures have been observed in Hi-C studies, cell-to-cell variability and

whether looping contributes to chromatin compaction is not known.
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2 Research aims

The projects presented in this thesis focus on furthering our understanding of
fundamental mechanisms underlying nuclear organization during cell division with two

primary aims:

e Tounderstand how extrinsic regulation of microtubules affects cell cycle

progression in budding yeast.
e To develop a system to investigate chromosome organization in live yeast cells.
Specifically, the goals of the papers presented herein were:
Paper|

To understand the function of the +TIP Bikl at nuclear MTs in its role in cell cycle

progression.
Paper li

To map the phosphosites of old Spc110, the nuclear receptor for the y-tubulin complex,
from a pool of protein originating from the previous cell cycle, and to characterize their
biological function.

Paper lil

To generate a system to visualize chromosome dynamics in budding yeast by live cell
microscopy and to apply it to explore the role of loop extruding cohesin on metaphase

chromosome dynamics.
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3 Materials and methods

3.11 Saccharomyces cerevisiae as a model organism

The budding yeast Saccharomyces cerevisiae has been utilized by humans for
thousands of years to bake bread and brew beer. It is a single-cell eukaryotic organism,
about 4-5 pm in diameter that divides, as the name suggests, by budding. As the yeast
cell begins to divide, the daughter cell grows from the mother cell cortex and is
eventually separated through cytokinesis, resulting in a mother and daughter cell. Each
cell has a replicative capacity to divide about 25-40 times and this capacity is generally
renewed in daughter cells, while the mother cell ages (for a review, see (Steinkraus et al,
2008)). Under correct nutrient and temperature conditions, the cells can divide about
once every 90 minutes. Budding yeast has long been used as a model organism to
study cell biology. The cerevisiae genome was the first to be fully sequenced in 1996
and revealed that the 16 chromosomes, totaling around 12 megabasepairs, contains
around 6000 genes (Goffeau et al, 1996). As a model system, it has several advantages
to more complex organisms. First, with the long history of use, many techniques and
resources have been developed to create mutant strains and isolate specific mutational
combinations. Libraries of strains are readily available, such as deletion, GFP-tagged and
overexpression libraries, facilitating large screens or strain creation (Giaever et al,, 2002;
Huh et al, 2003; Jones et al, 2008). Additionally, the relative ease of genetic
manipulation in budding yeast makes it cheaper and faster to study gene function.
Although yeasts and animal cells evolutionarily separated around a billion years ago
(Douzery et al, 2004), many genes and cellular functions are conserved. Indeed, around
50% of essential budding yeast genes that have a single orthologous gene in humans
can be complemented by the corresponding human gene (Kachroo et al,, 2015).
Together, this makes budding yeast an ideal model organism to understand basic cell
biology, which can then be applied to studies in higher eukaryotes and human cells.

Most of my experimental work has centered around microscopy. Microscopy in budding
yeast presents great opportunities as well as challenges. As stated above, generating
strains where a protein of interest is tagged with a fluorescent protein is relatively
simple, making it easy to visualize its localization. However, the signal depends entirely
on protein abundance and the stability and function of the fusion protein. Furthermore,
the small cell size can provide a barrier to visualizing specific localizations, such as
spindles during the early stages of mitosis.

3.1.2 Cell cycle analysis in budding yeast

In papers | and Il, we analyzed cell cycle progression by cell and spindle morphology. Cell
morphology is determined by transmitted light microscopy, showing the contour of the

cell. The bud emerges from the mother cell cortex as cells commit to dividing at the G1/S

37



transition and will continue to grow through mitosis (Bean et al., 2006; Moffat &
Andrews, 2004). Therefore, bud size can be used to track cell cycle progression.
Furthermore, the spindle changes with the cell cycle phase. In G, a single SPB exists that
nucleates astral microtubules. In late S-phase, when the SPB has been duplicated, the
bipolar mitotic spindle is formed. The spindle is initially short and will grow to around 1.5-
2 um as chromosomes become bioriented in metaphase (Winey et al., 1995; Winey &
O'Toole, 2001). Once all chromosomes are bioriented and SAC is fulfilled, cells enter
anaphase and elongate the spindle, which quickly reaches 4-6 pm in length and then
elongates slower until chromosomes are fully segregated in mother and bud (Kahana et
al, 1995; Straight et al, 1998; Winey et al, 1995). Fluorescently tagged alpha tubulin (TubT)
can therefore be used to track cell cycle progression by measuring spindle length and
morphology. This has traditionally been done by immunofluorescence using a-tubulin
antibodies (Cohen-Fix et al, 1996; Kilmartin & Adams, 1984; Mufioz-Barrera & Monje-
Casas, 2017). Practically, cells are synchronized in G1 using a mating pheromone, typically
a-factor for MATa cells. Cells are then released by washing away the a factor and
samples are taken and fixed at regular intervals. Fixed cells are then imaged, and cell
cycle progression is scored by bud appearance (G1/S), short 1.5-2 um spindles
(metaphase) and long 2+ um spindles (anaphase).

In paper Il, we incorporated Cdcl4 localization to distinguish later cell cycle events
further. Cdcl14 is a key regulator of anaphase and mitotic exit (see chapters 1.2.4 and
1.2.5) and is kept sequestered in the nucleolus until anaphase when it is released in
waves. First through the FEAR pathway in early anaphase and then during mitotic exit. In
early anaphase, Cdcl4 release is limited to the nucleus, while during mitotic exit, Cdcl4
reaches the cytosol and is found at the daughter bound SPB, then both SPBs, the bud
neck and later accumulates in the nucleolus again (Yoshida et al,, 2002). This allows for
further characterization of cell cycle progression in late anaphase leading up to mitotic

exit.

3.1.3 Live cellimaging

While imaging of fixed cells can reveal protein localization and allows for the analysis of
many cells, the dynamics and sequences of events can be hard to evaluate from
snapshot images. Live cell imaging is a good complement, as time series of the same
population of cells can reveal additional information. However, photobleaching and
phototoxicity are concerns. Fusions of fluorescently marked proteins expressed from
their endogenous promotor can prove difficult to detect and bleach rapidly from
repeated imaging. Additionally, high-intensity light will damage cells and slow down or
even halt cell division. Both issues must be balanced with the image signal-to-noise
ratio, as lowering the excitation light intensity and imaging frequency helps counteract
bleaching and toxicity (Carlton et al, 2010).
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3.1.4 Visualizing chromosome dynamics

There are a variety of tools and techniques that enable studies of chromosomes in
individual yeast cells. Fluorescence in situ hybridization (FISH) can be used to label
specific DNA sequences in fixed cells to study different aspects of chromosomes, such
as compaction in mitosis, centromere positioning, and chromosome pairing in meiosis
(Guacci et al, 1994, 1997; Weiner & Kleckner, 1994). FISH is based on the ability of single-
stranded DNA to hybridize with complementary DNA. By denaturing chromosomal DNA
and introducing a labelled probe that is complementary to the sequence of interest, the
localization of the hybridized probe can be visualized. The technique can also be
combined with immunofluorescence to study the localization of DNA relative to other
cellular structures (Trelles-Sticken et al,, 1999). FISH can, in theory, be used to visualize
any DNA sequence within the cell and does not require specific strains to be
constructed. However, it requires cells to be fixed. Chromosomes of live cells can be
visualized with DNA-binding dyes; however, these are not specific to any chromosomal
loci or sequence. rDNA repeats have been visualized using fluorescently tagged Netl
(D'Ambrosio et al,, 2008), which not only sequesters Cdcl14 to the nucleolus, but also
binds to rDNA repeats to silence transcription (Huang & Moazed, 2003; Straight et al,
1999).

To specifically visualize a chromosomal locus, bacterial operator repeats can be
integrated at the region of interest. When combined with a fluorescently tagged
repressor protein, the operator repeats can be visualized in both fixed and live cells
(Straight et al., 1996). This technique has been used to study sister chromatid cohesion,
centromere positioning, biorientation and chromosome segregation (Goshima &
Yanagida, 2000; Jeppsson et al., 2014; Pearsona et al,, 2001; Straight et al., 1996, 1997; T.
Tanaka et al,, 2000), chromosome condensation (Herbert et al,, 2017; Kruitwagen et al,,
2015; Neurohr et al, 2011; Vas et al, 2007) as well as chromosomal movement inside the
nucleus (Heun et al,, 2001; Marshall et al., 1997; Miné-Hattab & Rothstein, 2012). By
tracking a single chromosomal locus in live cells, it was shown that chromosome arms
follow diffusive movement within the nucleus and become less dynamic in S-phase
(Heun et al., 2001; Marshall et al, 1997). The dynamic movement of chromosomal loci is
often measured relative to another point of reference, such as the nuclear envelope or a
second chromosome in diploid cells, as this helps reduce errors from nuclear
movements or drift. Labeling of two loci on the same chromosome has been used to
study axial compaction of chromosomes in mitosis by measuring the spatial distance
between the two marked regions (Herbert et al, 2017; Kruitwagen et al,, 2015; Neurohr et
al,, 2011; Vas et al., 2007).

Mean squared displacement (MSD) (or mean squared change in distance (MSCD), when
two particles are tracked instead (Miné-Hattab & Rothstein, 2012)) has been calculated

to understand the mode of diffusive movement and estimate constraints of
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chromosomal diffusion (Heun et al., 2001; Marshall et al., 1997). MSD/MSCD analysis
measures the displacement of a particle over increasing time steps (At). MSD is initially
small but will, on average, increase as At becomes greater, as the particle has more time
to diffuse further away. A freely diffusing particle will have a linear increase in MSD as At
increases (Qian et al, 1991). A constrained particle, such as a fluorescently tagged
chromosomal locus attached to a tethered chromosome, is confined to move within a
limited radius and the MSD curve will eventually reach a plateau. The height of the
plateau reflects the confinement radius (Heun et al,, 2007; Marshall et al., 1997). We used
MSCD analysis in paper Il to investigate the effect of loop extruding cohesin on
chromosome dynamics in G2/M arrested cells.

3.1.5 Recombination-induced tag exchange to track old and new proteins

Recombination-induced tag exchange (RITE) is a technique that allows for the tracking
of proteins based on their relative age and is based on a DNA tagging cassette and an
inducible Cre recombinase. The RITE cassette consists of a tag flanked by LoxP
sequences, followed by a second tag. Activating the inducible Cre recombinase will
result in site-specific recombination between the two LoxP sites, replacing the first tag
with the second tag, meaning newly synthesized proteins can be distinguished from old
ones. The RITE system was initially designed to track histone turnover using chromatin
immunoprecipitation (Verzijloergen et al., 2010) and then further developed to follow
organelle inheritance and SPB dynamics by microscopy (Hotz et al, 2012; Menendez-
Benito et al,, 2013). Other methods to track proteins of different age typically rely on
photoconversion or the different maturation times of fluorescent proteins (Hotz et al,,
2012; Jakobs et al., 2003; Khmelinskii et al., 2012; Pereira et al.,, 2001). While techniques
like tandem-fluorescent timers (Khmelinskii et al.,, 2012) or photoactivatable fluorescent
proteins (Jakobs et al., 2003) or simply the slow maturation time of RFP or mCherry
(Hotz et al, 2012; Pereira et al,, 2001) can allow for detection of protein dynamics within a
shorter time frame than RITE, they are not suitable for biochemistry.

In paper Il, we used RITE to isolate old, pre-existing subunits of Spc110 from maternal
origin. Labeling with RITE was followed with enrichment of intact SPBs using a previously
published method that relies on affinity purification of Spc97 (Fong et al, 2018). SPBs
were then disrupted with trichloroacetic acid and resuspended in a mild denaturing
buffer to purify old and new proteins using immunoprecipitation using antibodies
against the RITE tags. Purifications appear very clean, as almost no cross-contamination
was observed in western blot analysis. However, this method does not distinguish
between old and new SPBs, as any subunit with the Flag or V5 fusion tag will be
recovered, regardless of which SPB it originated from. However, previous results from
fluorescent RITE analysis showed that 90% of ‘old’ Spc110 was located at the daughter
bound SPB, while ‘new’ Spc1l0 is incorporated in both SPBs (Menendez-Benito et al.,
2013).
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4 Results and discussion

4.1.1 Paper| - The microtubule plus-end tracking protein Bik1 is required for
chromosome congression
The project presented in paper | was initiated after observations from a small screen of
cells expressing different proteins tagged with a fluorescent RITE cassette. We had
selected a subset of 96 nuclear localization to evaluate the localization of old and newly
synthesized proteins. We found Bik1 to have different localizations in the cell depending
on the age of the protein, with a GFP-tagged ‘old’ pool visible as two dots in the nucleus
and along short mitotic spindles. In contrast, newly synthesized Bikl was primarily at
aMTs. These results got us interested in the nuclear pool, as the published literature had
mostly focused on the spindle positioning and dynein-related functions of Bikl. In paper
I, we have characterized the nuclear pool of Bikl and identified its role in chromosome

congression prior to anaphase.

First, we monitored Bik1 localization relative to SPBs (Spc42), kinetochores (Ndc80), and
MTs (Tubl) throughout the cell cycle by microscopy. We found that Bik1 overlaps with
kinetochores from G1 until the onset of anaphase. As the spindle elongates, Bikl is
instead located at the interpolar MTs and the midzone. Bikl then disassociates from the
spindle prior to disassembly. In the pre-anaphase spindle, kinetochores are kept
clustered while chromosomal attachments are corrected, suggesting that Bik1 could be

involved in one or more of those steps.

To separate the nuclear and cytoplasmic functions of Bikl, we generated a strain where
Bik1is fused to a strong nuclear export signal (NES), which depletes the nuclear pool of
Bik1 while leaving the cytoplasmic pool intact (referred to as Bik1-NES). We then followed
cell cycle progression in fixed cells by spindle morphology (Tubl) and found that the NES
mutant has a delay in metaphase prior to spindle elongation. We then monitored cell
cycle progression in live cells expressing Ndc80-TagRFP-T and could confirm the delay.
The live cell imaging experiment revealed two more aspects of the Bikl-NES mutant:
First, the spindle would sometimes briefly move into the bud compartment and then
back before elongation (observed in about 10% of NES cells analyzed). These cells often
had long, bent cytoplasmic MTs decorated with Bik1-NES. This phenotype suggests a
spindle defect that could be caused by dosage increase from cytosolic Bikl, which is
normally found in the nucleus. Indeed, previous studies have shown a similar phenotype
with long and bent aMTs upon overexpression of Kip2, a budding yeast kinesin-7 shown
to promote Bikl association with astral plus-tips (Carvalho et al, 2004). The Kip2
overexpression phenotype of hyper elongation of aMTs could be rescued by deleting
Bik1, however, Kip2 overexpression was still lethal in biklA cells (Carvalho et al,, 2004).
Although not all cells displayed such a phenotype, we cannot exclude the possibility
that the cell cycle delay is influenced by the increased cytoplasmic Bik1 levels. Second,
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although the signal-to-noise ratio of the live cell imaging is limited (the long imaging
time limits the exposure time to avoid photo toxicity), the kinetochores appeared less
clustered than WT cells prior to anaphase. Instead, we often observed a fuzzy,
continuous distribution of kinetochores before spindle elongation. To better understand
this defect, we opted to arrest cells in metaphase to evaluate fully assembled spindles.
The arrest was achieved by controlling the expression of the APC/C co-activator Cdc20
via the Gall promoter. We found that 60% of Bik1-NES cells had unclustered
kinetochores that appeared as a fuzzy streak between the SPBs. These results suggest
that nuclear Bikl at the KTs influence chromosome congression, as was observed in
kinesin deletion strains cin8A, kip1A and kip3A (Tytell & Sorger, 2006; Wargacki et al,,
2010). This defect appears strongest in Acin8 (~60% vs 20% in WT, ~25% kip1A and
~35% kip3A (Tytell & Sorger, 2006)), which matches what we observed in Bik1-NES cells.

As Bikl accumulation at aMTs plus-ends partially depends on the kinesin Kip2, we
hypothesized that a nuclear kinesin might be needed for Bikl accumulation at
kinetochore MTs. To identify interaction partners of Bikl at metaphase, we arrested cells
by Cdc20 depletion and isolated Bikl-5xFlag under native conditions. We then analyzed
interaction partners by mass spectrometry. This experiment revealed known interaction
partners, such as Bim1 (Blake-Hodek et al,, 2010; Roberts et al,, 2014; Stangier et al, 2018;
van der Vaart et al, 2017; Wolyniak et al, 2006), Kip2 (Carvalho et al, 2004; Roberts et
al, 2014; van der Vaart et al, 2017), Kar9 (Moore et al, 2009; Stangier et al., 2018; van der
Vaart et al, 2017) and Stu2 (Stangier et al., 2018; van der Vaart et al, 2017; Wolyniak et al,,
2006). Interestingly, among the most highly recovered proteins (both by coverage %
and unique peptides) was Cin8. We then tried to recapitulate interactions by co-
immunoprecipitation in asynchronous cultures but were unable to co-precipitate Bikl
and Cin8. We could neither detect an interaction between Cin8 and the kinetochore
protein Dsnl, which has previously been reported (Suzuki et al., 2018), suggesting an
issue in detection. It is possible that the interaction is transient in metaphase, or that
only a small subset the proteins interact, making detection difficult.

To better understand the potential interaction between Bikl and Cin8, we turned to a
proximity based biotinylation assay. A biotinylating enzyme, TurbolD, was linked to Biklin
cells expressing Kip2, Cin8, Kipl or Mrell fused to 5xFlag. Mrell was included as a
negative control, as it's a nuclear protein that should not interact with Bikl. Biotinylated
proteins were then purified by streptavidin pulldown and analyzed by western blot. We
could recover all kinesins, while the nuclear protein Mrell could not be detected. This
method has previously been used in high-throughput screens to identify interaction
partners by mass spectrometry and does not necessarily indicate a direct interaction.
However, it does suggest that these proteins are in close proximity. Taken together, the
mass spectrometry and biotinylation assays provide evidence that Bikl is localized close
to the mitotic kinesins Cin8 and Kipl.
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To understand where in the cell this interaction occurs, we turned to bi-molecular
fluorescence complementation (BiFC). This method utilizes a split variant of the Venus
fluorescent protein, one half fused to each protein of interest. If the proteins are in close
proximity, the Venus fluorescent protein is reconstituted and detected by microscopy.
Expressing Cin8 and Bikl with fragments of Venus reconstituted a fluorescent signal at
spindles that increased as the mitotic spindle formed (20% in G1 cells, 80% in
metaphase and anaphase cells). Interestingly, these signals presented as two dots
strongly resembling the kinetochore clusters. In anaphase cells, a single dot was visible
in the middle of the spindle. However, it has been reported that once formed, the
reconstituted fluorescent protein is irreversibly fused, cautioning against
overinterpretation of the localized interactions later in the cell cycle (Shyu & Hu, 2008).
Nonetheless, the BiFC data supports the biochemical assays and shows that Cin8 and
Bikl interact at the spindle from metaphase.

Bik1

Figure 6 — Bik1 and Bik1-NES metaphase spindles. In Bik1 spindles (left panel), KTs are kept clustered close to
the SPBs with Cin8 localized close to KT clusters. In Bik1-NES spindles (right), KTs appears in a fuzzy streak,
presumably due to failure to clusters KTs. Cin8 is still found in foci close to the SPBs.

Lastly, we investigated the interdependence of Cin8 and Bikl in their localization to the
pre-anaphase spindle. Bikl levels at pre-anaphase spindles decrease in a cin8A strain,
suggesting that Cin8 either brings Bikl to the KT MTs, or that the KT MTs themselves are
altered in the absence of Cin8. Conversely, Cin8 was still found at the pre-anaphase
spindle in Bik1-NES cells. However, Cin8 did not overlap with the mispositioned Ndc80
(Figure 6). This is intriguing as Cin8 has been shown to bind directly to Daml in vitro and
depends on Dam1 and Ndc80 to localize to the pre-anaphase spindle in vivo (Suzuki et
al, 2018). At the kinetochores, Cin8 mediates tension, as measured by a FRET sensor
inserted in the Ndc80 complex. Deleting the N-terminal domain of Ndc80 produces a

loss in tension (Suzuki et al., 2016) and mislocalizes the inner kinetochore protein Mtw],
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resulting in a stretched, fuzzy distribution like the Ndc80 distribution in Bik1-NES cells
(Demirel et al, 2012). The role of Bikl at the KT is to couple Ndc80 to the plus-end,
mediating tension generation via Cin8 and the MT plus-end. Another possibility is that
Bikl regulates MTs by increasing Cin8 processivity, as has suggested for Kip2 at astral
microtubules (Hibbel et al., 2015; Roberts et al., 2014). This is based on observations that
overexpression of Kip2 leads to hyper elongation of aMTs, which is rescued by deletion
of Bik1 or Bim1 (Carvalho et al, 2004). Kip2 alone increases MT length in vitro (Hibbel et
al, 2015) and Bik1-Bim1 increases the length Kip2 travels along MTs in vitro (Roberts et al,,
2014). This suggests that Bik1 helps bring Kip2 to plus-ends, increasing MT
polymerization. Bikl may play a similar role at the spindle by increasing Cin8 processivity
to cluster kinetochores. In this model, Bikl would help bring Cin8 to long KT MTs to
depolymerize them, clustering KTs close to the SPB (Gardner, Bouck, et al, 2008).

4.1.2 Paper Il - Phosphosites of the yeast centrosome component Spc110
contribute to cell cycle progression and mitotic exit
As described earlier, SPBs are heavily phosphorylated throughout the cell cycle.
Interestingly, previous studies have shown that phosphorylation of SPB components
differ between old and new SPBs (Hotz et al, 2012; Lengefeld et al,, 2017; Matellan et al,,
2020). For example, the cytosolic y-TuSC anchor, Spc72, has been shown to be
recruited to new SPBs at the onset of anaphase via Cdc5-mediated phosphorylation
(Matellan et al., 2020). Furthermore, phosphorylation sites of Spcl10 have been shown to
influence MT dynamics (Huisman et al,, 2007, Liang et al, 2013; T. C. Lin et al, 2014).
Whether age-specific phosphorylations occur in other SPB components is not known,
and our overall understanding of biological functions of specific phosphorylation sites is
lacking. With this in mind, we set out to isolate old Spc110, originating in the previous cell
cycle, to characterize phosphorylation sites and understand their biological function.

To identify phosphorylation sites specifically in old material, we introduced a RITE
cassette consisting of two epitope tags (5xFlag and V5) to the SPC110 gene. To couple
Cre-recombination with the cell cycle, we grew cells were grown until they had depleted
the glucose in the media, leading to arrest via the diauxic shift where protein expression
is minimal (Werner-Washburne et al,, 1996). At this point, we induced Cre-
recombination by adding B-estradiol to the media. Cells were then released in fresh
media and collected for protein extraction when most of the cells were in G2/M. Intact
SPBs were isolated by affinity purification of Spc97-TAP, followed by denaturation and
isolation of Spcll0-5xFlag and Spc110-V5, using immunoprecipitation against Flag and
V5 separately. Following immunoprecipitation, western blot analysis revealed no visible
cross-contamination between Flag and V5-tagged proteins.

Phosphorylated residues in the purified old (Flag) and new (V5) Spcl10 were analyzed by
mass spectrometry in two ways: Enrichment of phospho-peptides using titanium
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dioxide beads and non-enriched analysis. Phospho-enrichment identified S60 and ST1
phosphosites in the Flag-purified sample. In contrast, no phosphorylated peptides were
recovered in the V5-purified sample. Because of this, we decided to only analyze the
Flag-purified sample without phospho-enrichment. These analyses revealed two
phosphosites: S11 and S36. Taken together, ‘old’ Spc110 was found to be phosphorylated
at S11, S36 and S60 at G2/M. Conversely, we did not identify any phosphorylated
residues in newly expressed Spc110. Previous reports have revealed more sites to be
phosphorylated (Fong et al., 2018; Keck et al,, 2011) that were absent in our analysis,
although some of those sites are missing in our peptide coverage. Specifically, S91 was
not covered, and T64 and T68 had low coverage. However, T18, which has been shown to
be phosphorylated in asynchronous cultures as well as Gl and G2/M arrested cells (Fong
et al, 2018; Keck et al,, 2011), was not detected as being phosphorylated in our analysis.
Differences in sample preparation and mass spectrometry could explain our apparent
lower sensitivity. Furthermore, V5-tagged proteins represent a transiently expressed
pool, and the pre-existing pool could be affected by stationary phase. However, an
analysis of the phospho-proteome during the diauxic shift found that Spc110 T18, S60
and S36 (among others) remained phosphorylated 33 hours after inoculation (the last
time point analyzed) (Gassaway et al,, 2021).

The identified phosphorylated residues reside in the N-terminal domain of Spc110, which
is known to interact with y-TuSC. However, the S11 phosphorylation site has only been
identified in proteomic screens, and the function has not been explored (Lanz et al,,
2021; Zhou et al, 2021). To this end we generated strains expressing non-
phosphorylatable variants of Spc110. Cell cycle analysis revealed that the Spc1105¢* and
Spcll0s™S¥A mutants slightly delayed SPB separation. Furthermore, the STIAS36A showed
slower mitotic progress and delayed re-entry into Gl. The S11A mutant had an increase in
spindle MT intensity in anaphase spindles. This effect was partially suppressed in the
STTIAS36A mutant, suggesting these sites do not have additive effects on spindle MTs.
Furthermore, we observed an increase in asymmetric spindles, where the half of the
spindle closest to the bud appeared less bright, in the S11A mutant, and to a lesser
extent in the S36A and S1TAS36A mutants. These findings suggest that S36 and S11
phosphorylation affects cell cycle progression and modulate spindle dynamics.

SpcllO S36 has been identified as a Cdkl consensus site (Friedman et al., 2007; Huisman
et al, 2007). SpcTlO S, on the other hand has been reported to be phosphorylated in
anaphase in a Cdc5-dependent manner in a large phosphoproteome study (Zhou et al,,
2021). Since Cdc5 plays a role in regulating exit from mitosis, and our mutant strains had
a slower cell cycle progression and delayed re-entry into G1, we next investigated the
localization of Cdcl4, a key regulator of mitotic exit. Cdcl4 is kept sequestered in the
nucleolus from Gl until anaphase. Upon release via MEN, Cdcl14 is recruited to the SPBs
and then to the bud neck before cytokinesis (Bembenek et al., 2005; Yoshida et al,,
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2002). We therefore followed synchronized cells released from G1 arrest and
categorized them based on Cdc14 localization. These analyses confirmed what we had
seen earlier, with fewer cells in late anaphase (full Cdc14 release) in the Spcl10S1AS36A
mutant than in WT. Furthermore, the mutant took longer to enter G, where Cdcl4 is
again found in the nucleolus. This shows that phosphorylation of Spcl11O at S11 and S36
influences spindle dynamics, and failure to do so delays the exit from mitosis.

The brighter spindles we observe in the phospho-mutants and the observation that
Spc1O S11 phosphorylation depends on Cdcb suggest that this phosphorylation is
involved in spindle disassembly. How phosphorylations of the y-TuSC receptor influence
MT dynamics is not well understood. However, N-terminal phosphorylations have been
shown to influence y-TuSC oligomerization in vitro and affect MT intensity in vivo (T. C.
Lin et al., 2014). Cdk1 sites (S36 and S91 (Huisman et al.,, 2007)) and Mpsi sites (S60, S64
and S68 (Friedman et al, 2001)) have been shown to promote y-TuSC oligomerization
when phosphorylated (T. C. Lin et al., 2014). Additionally, phosphomimetic mutations of
Cdk1 sites, Mpsl sites or both combined promote MT nucleation in vitro. Mutating all 5
sites to non-phosphorylatable residues impairs spindle formation and MT nucleation in
vivo (T. C. Lin et al, 2014). Furthermore, early EM studies found that the number of
interpolar MTs decrease as the spindle elongates, with long anaphase spindles typically
having 2 from each SPB (Winey et al, 1995). It's possible that STIA delays disassembly of
interpolar MTs, explaining the brighter spindles we observed.

Another role of SpcllO S11 phosphorylation may be to regulate the recruitment of MAPs
to the MTs. Minus-end regulation of MT dynamics has been demonstrated for aMTs in
budding yeast. Bub2 and Bfal, which bind the SPB and inhibit MEN when spindles are
mispositioned, have been shown to affect loading of the kinesin Kip2 at MT minus-ends
(Chen et al, 2019). Kip2 will then travel along the MTs towards the plus-end and is
involved in dynein transport and regulation of microtubule length (Carvalho et al,, 2004;
Hibbel et al., 2015; Huyett et al, 1998; Roberts et al,, 2014). Interestingly, it has been
suggested that dephosphorylation of Spc110 via the FEAR and MEN phosphatases Cdc15
and Spo12 recruits the microtubule polymerase Stu2 to the spindle, increasing the rate
of spindle elongation (Liang et al., 2013). Whether Spc110 S11 and S36 regulate y-TuSC
oligomerization or recruitment of MAPs remains to be seen. Taken together, our results
show that pre-existing Spcl10 is phosphorylated at S36, S60 and S11 at G2/M. Mutating
S36 and ST affects cell cycle progression and spindle dynamics.

4.1.3 Paper lll - The effect of DNA loop extrusion on chromosome dynamics in
budding yeast

The study presented in paper lll was started with the supervision of Professor Camilla
Bjorkegren and aimed to understand the impact of loop extrusion on chromosome
dynamics. Cohesin is loaded onto chromosomes in S-phase by the cohesin loading
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factor Scc2 and holds sister chromatids together until separase is activated at the onset
of anaphase. In addition to sister chromatid cohesion, recent studies have revealed that
budding yeast chromosomes are organized into interacting domains and chromosomal
loops by the cohesin complex (Costantino et al,, 2020; Dauban et al., 2020; Schalbetter
et al, 2017). However, most of the studies have used chromatin capture techniques
(such as Hi-C) which reveal genome-wide average contact frequencies of a population
of cells. How chromosomes of individual cells are organized is still poorly understood. To
investigate this, we have generated a microscopy-based system where two loci of
chromosome IV can be visualized in live cells. The system is based on fluorescently
tagged repressors (GFP-Lacl and TetR-tdTomato) and the integration of corresponding
operator sequences (LacO and TetO) at specific sites in the budding yeast.

We chose integration sites based on previously published cohesin chromatin
immunoprecipitation and Hi-C data (Jeppsson et al, 2022). We chose a region on
chromosome IV with loops and interacting domains that were reduced in the absence of
dynamic cohesin. Two insertion sites, 240kb apart, were chosen in intergenic regions
without cohesin binding sites to not disrupt cohesin binding. We then introduced auxin-
inducible degrons (AIDs) at the C-terminus of Scc2 or the cohesin off-loader Rad61
(Wpl1) to modulate cohesin binding to the chromosome. As sister chromatid cohesion is
established in S-phase and cohesive cohesin remains stably associated with the
chromatin in the absence of Scc2 once established (Ciosk et al,, 2000), we performed
measurements in cells arrested in G2/M by the drug benomyl. This way, dynamic
cohesin is no longer loaded onto chromosomes, while stably bound, cohesive cohesin
remains (Jeppsson et al, 2022). Benomyl has been shown to decrease MT dynamics and
leads to a loss of tension at the spindle (Chacén et al., 2014; Pearson et al., 2003; Suzuki
et al, 2016, 2018).

We first measured the distance between GFP and tdTomato dots in cells arrested in
G2/M followed by 1h of auxin treatment before being fixed. We observed a large spread
of distances between cells, ranging from completely overlapping dots (0.25 pm apart) to
dots separated by up to 1.5 um. These results are consistent with previous reports from
yeast chromosomes where similar genomic distances have been measured (Herbert et
al, 2017; Kruitwagen et al, 2015; Neurohr et al, 2011). Neither the Scc2 nor Rad61
depletion had a significant effect on mean distances. However, the Scc2-AID strain had
a larger spread of distances. In mammalian cells, depletion of Rad21(Sccl) in interphase
cells has been shown to increase distances and shift the distribution when tracking
fluorescent dots placed at the boundaries of a single TAD (Gabriele et al, 2022). In the
same study, depletion of Wapl had a much lower effect on distances. These data
suggest that dynamic cohesin does not have a major influence on chromosome
compaction, at least not in this region of chromosome IV.
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Chromosomes move dynamically in the nucleus by diffusion. Two loci on the same
chromosome arm move independently but are restricted by the genomic distance in
how far they can move apart (Herbert 2017, Gabriele 2022). If a domain forms a loop, the
dynamic movement of two dots flanking the domain should be restricted. To test this,
we performed live-cell imaging experiments and tracked dot distances over time. To
maximize imaging frequency, we took images in a single plane with low exposure times
every 1.7 seconds and measured the 2D distance for each frame. Average distances
were comparable to 3D distances in fixed cells and depletion of Scc2 or Rad61 had little
impact. We then calculated the MSCD, which measures the change in distance for
increasing steps in time (At) (Marshall et al., 1997; Miné-Hattab & Rothstein, 2012). Freely
diffusing particles will display a linear increase of MSCD with increasing At, while
tethered particles (such as two loci on the same chromosome) will reach a plateau that
correlates with the radius of confinement (Qian et al, 1991). MSCD measurements
revealed that the Scc2-depleted cells reached a higher plateau, suggesting they are less
restricted in their movement than WT. This result indicates that loop extrusion restricts

chromosome dynamics.

While imaging the fluorescently marked loci on chromosome IV, we noticed a subset of
cells with more than 2 dots. The multiple dots were found in close proximity, limited to
either centromere proximal or distal dots, and more common in the centromere
proximal (GFP) dots. This suggests it is not due to a complete loss of sister cohesion.
Live cell imaging revealed dynamic splitting of dots, where dots would sometimes
separate for a few frames before merging again. Splitting events were more common
after Scc2 depletion. This could be caused by a local loss of cohesion, presumably from
the extended G2/M arrest (Vas et al, 2007). It could also be an effect of less constricted
movement of chromosomes in the absence of loop extrusion. Each dot consists of two
sister chromatids held together by cohesin and can likely be incorporated into loops as
even 200 nm particles fused to DNA can be incorporated into loops by cohesin in vitro
(Pradhan et al., 2022). To better understand the effect of loop extrusion on chromosome
dynamics in yeast, it might be necessary to utilize super resolution microscopy, as the
physical distances are at the limits of what can be observed by conventional light
microscopy. Another source of error comes from the observation of cohesed sisters.
Blocking replication by Cdc45 inactivation results in cells that go through mitosis
without replication (Tercero et al, 2000). However, those unreplicated chromosomes
are compacted in a cohesin-dependent manner, like wildtype G2/M cells (Schalbetter et
al, 2017). This would increase the accuracy of the assay by measuring chromosome
dynamics of individual chromosomes rather than sister chromatids.
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5 Concluding remarks and future perspectives

The aim of this thesis has been to better understand spindle and chromosome
dynamics during mitosis in budding yeast. To this end, | have investigated two modes of
regulating the spindle: via MAPs as well as PTMs of the y-TuSC anchor Spc110.

We have identified a novel role of Bikl in chromosome congression and linked it to the
kinesin Cin8, although the exact mechanism through which Bikl mediates this remains
elusive. Future studies will hopefully shed light on key aspects of Bikl and other MAP's
functions at the spindle:

Does Bik1 affect tension generation or biorientation of chromosomes? While we have not
observed unattached kinetochores in Bik1-NES cells, we have not investigated if

biorientation of sister chromatids is affected.

Is the kinetochore phenotype of Bikl1-NES cells mediated via MT dynamics or
kinetochore defects? It would seem likely that Bikl regulates MT dynamics at the KT MTs,
as both aMTs and KT MTs are affected when Bikl is deleted or overexpressed (Berlin et
al, 1990). However, FRAP analysis of spindle MTs have reported that loss of Bikl does not
affect the rate of Tubl recovery, although 20% less is recovered than in WT cells
(Wolyniak et al,, 2006). Similarly, loss of Bim1 has little effect on Tubl recovery rates,
however, loss of both results in a two-fold decrease in recovery rate. These studies
suggest that Bikl and Bim1 are partially redundant for normal KT MT dynamics. With the
potential role of Bikl and Bim1in Dam1 oligomerization (Dudziak et al., 2021) and the
finding that Cin8 can bind directly to Daml in vitro (Suzuki et al., 2018), the distribution of
other KT proteins, such as components of the Dam1 complex, should be addressed in

cells lacking Bik.

Budding yeast +TIPs Bikl, Bim], Stu2, and Kar9 have been shown to interact, directly or
indirectly (Stangier et al., 2018; Wolyniak et al,, 2006), and localize to aMTs, SPBs, KTs, KT
MTs and interpolar MTs. A future challenge is elucidating their roles at these different
localizations. Careful characterization of Bikl and Bim1 interactions have revealed that
the CG domain of Bikl interacts with a C-terminal motif in Bim1 (Stangier et al, 2018).
This direct binding allows Bik1 to bind Kar9 indirectly. Conversely, the coiled-coil domain
of Bikl interacts with the C-terminal end of Stu2, allowing indirect interactions with Bim1.
Do different pairwise interactions determine their localization? Are specific interactions
mediated via PTMs? The usual suspects, Aurora B, Mps1 and Cdcl14 are prime candidates

as they all regulate spindles throughout mitosis.

We have also explored phosphorylations of old (from maternal origin) Spc110. Using RITE,
we could separate old and new Spc110 and identify an uncharacterized phosphosite, ST,
in old Spcll10. Although hundreds of phosphorylation sites of SPB proteins have been

identified, few have been functionally characterized. Like other phosphosites in the N-
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terminal of SpcllO, S11 appears to function in regulating spindle MTs. It remains unclear
when S11 becomes phosphorylated and by what kinase, although a phosphoproteomic
analysis suggests that Cdc5 is involved in dephosphorylation of this site (Zhou et al,,
2021). Future work will hopefully further characterize the functions of SPB
phosphorylation.

The study also establishes RITE as a technique to study post-translational modifications
of pre-existing and newly synthesized subunits. This could prove a valuable tool to
understand modifications that are involved in establishing SPB identity during spindle
positioning. Previous studies have identified MEN components Dbf2/20 and Cdcl5 as
key regulators of spindle alignment by stabilizing Kar9 at the old SPB (Hotz et al, 2012).
Additionally, Swel has been shown to phosphorylate Nudlin G1 establish SPB identity
(Lengefeld et al., 2017). Whether other modifications differ between old and new SPBs is
not known and could be identified by our assay.

We have also established an assay to study chromosome dynamics in live yeast cells
using microscopy. We used this to investigate the impact of loop extruding cohesin on
intra—chromosomal distances in G2/M. We did not find that loop extrusion by cohesin
had a major effect on chromosomal distances, however, it is possible that more subtle
differences are masked by the fact that we observed sister chromatids that may be
looped individually. By refining the assay, either through increased resolution (by for
example super resolution microscopy), or by studying unreplicated chromosomes, it
could be possible to observe loop extrusion in real-time, as has been done in
mammalian cells (Gabriele et al, 2022; Mach et al., 2022).
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