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Abstract

Class | and V myosins are highly-conserved motor proteins that exert force against actin,
in order to undertake diverse cellular functions. Myosin | (Myol) interacts with cellular
membranes and actin, with functions in endocytosis and the cell cycle. Myosin V (Myo052)
similarly binds to vesicles for transport. The Mulvihill lab has been investigating conserved
phosphorylation events in Schizosaccharomyces pombe Myol and Myo52, which play a
role in modulating their activity. Phosphorylation of the phospho-serines is hypothesised to
elicit domain-specific changes in conformation and ligand binding to regulate function. The
purpose of these phosphorylation sites is yet to be reported in the literature.

This thesis presents the latest findings from fluorescence live cell imaging observing
dynamics of myosins and associated proteins in myosin phospho-mutant S. pombe
strains. It also presents latest models to explain myosin regulation by phosphorylation.
Serine-to-alanine substitutions in the phospho-mutants prevent phosphorylation of the
sites of interest. TORC2 dependent phosphorylation of these sites modifies myosin
conformation and can impact interactions with calmodulin light chains and other
associated proteins. The myol.S742A phospho-mutant strain displayed greater
monopolar growth in the vegetative cycle. Endocytic actin activity was also significantly
different at the ends of the cells during bipolar growth in G2. This indicated Myol S742
phosphorylation to have regulatory impact on the switch from monopolar growth to bipolar
growth. During the meiotic cycle in these cells, Cam2-GFP foci lifetimes were significantly
extended and endocytosis was further minimised, indicating Myol S742 phosphorylation
is required for Cam2 binding and correct Myol function in endocytosis. Myo52 phospho-
mutants displayed various changes in polarised cell growth, delocalised actin patches and
reduced Myo52 motility. These observations indicate the Myo52 phosphorylation sites
have an impact the regulation of cell growth, actin localisation and Myo52 motility. The
observations of these myosin phosphorylation sites highlight them as regulators of Myol
and Myo52 function.

To develop methods of fluorescence imaging, conditions that do not induce phototoxic
effects on contractile actin ring constriction were determined and used to study CAR
defects in temperature-sensitive tropomoyosin Cdc8 mutant strains, cdc8.27 and
cdc8.110. CAR defects revealed cdc8.27 and cdc8.110 to impact the actin stabilising
function of Cdc8. A novel simultaneous two-channel spinning-disk imaging system,
developed by Cairn Research, was also tested with live cells to demonstrate successful
imaging of real-time co-movement of fluorescently labelled proteins in the red and green
channel, without channel-to-channel bleed. This confirmed the system is able to capture
the dynamics of proteins and reduce the time lag in time-lapses acquired by standard
confocal imaging systems.
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Chapter 1: Introduction

Chapter 1: Introduction

The rapid movement and transport of proteins within the living cell are orchestrated by a
series of dynamic motor proteins along the cytoskeleton. Intracellular myosin is an
abundant motor protein responsible for a plethora of essential cellular processes such as

the cell cycle, endocytosis and the transport of vesicles.

In living cells, endocytosis, meiosis, cytokinesis and the rapid molecular transport of
organelles are crucial for correct function. The mechanics of these processes follows a
dynamic system, orchestrated by a series of myosin motor proteins along the actin
filaments of the cytoskeleton in a stepwise fashion. Myosin V is the motor protein
responsible for the transport of vesicles and organelles within living cells. It also has a
regulatory role in the organisation of the cytoskeletal actin filaments and microtubules.
Each3 nm step, are the broadest steps ar®ngst
(Cappello et al., 2007). During endocytosis, myosin | links actin networks to the plasma
membrane. Force generated by myosin | activity in actin nucleation and movement is
required for endocytic internalization (Sun et al., 2006). Myosin | is also required for
changes in cell polarity and cell growth during the cell cycle (Baker et al., 2019). With
fluorescence microscopy, it is observed foras | i t t | e and sheraedore, rapid image

capture is imperative for real-time imaging and analysis of myosin motility.

The activity of these myosins is modulated in part by phosphorylation of multiple
phosphorylation sites along their structure. During this study, specific phosphorylation
sites located in the myosin | neck region IQ (isoleucine-glutamine) motifs and along the
whole length of myosin V are of particular interest. In myosin |, calmodulin light chains
bind to 1Q motifs in a phosphorylation dependent manner, to modulate signalling for its

activity. In myosin V, the presence and absence of phosphorylation has unknown results.

Schizosaccharomyces pombe (S. pombe) have genes for myosins | and V and is often the
model used in myosin studies. The unicellular organism has a small genome of which
multiple genes are conserved across metazoans e.g. Homo sapiens and Caenorhabditis
elegans. S. pombe are also able to show clear phenotypes that result from genetic
mutations. Myosin properties such as localisation, dynamics and interactions with
associated proteins have been examined during this project. The simplicity of S. pombe
and protein analogues make it a suitable model for myosin phospho-regulation studies

and phospho-mutant characterisation.
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Chapter 1: Introduction

1.1 S. pombe and the cell cycle

1.1.1 S. pombe, the model system organism

S. pombe, also called fission yeast, is a free-living ascomycete yeast of the kingdom
Fungi (Wood et al.,, 2002). The unicellular organism is a simple model system used to
study molecular processes orchestrated by eukaryotic components such as cell cycle
regulation, cytoskeletal organisation and organelle biogenesis which are also conserved in
humans (Wilson-Grady et al., 2008). This is due to its simple genetic manipulation and
conserved mechanisms (Willet et al., 2015). The organism shares more than 172 proteins
with human homologues associated with diseases such as cancer and cystic fibrosis. As it
is a unicellular eukaryotic organism, it enables the use of thousands of cells for the
generation and discovery of mutants and study of biological functions and regulation of
molecules (Hoffman et al., 2015).

S. pombe exhibits a cylindrical morphology with hemispherical ends. This is shown in
Figure 1.1. A single cell measures at approximately 3.5 um in diameter and 8 - 15 um in
length, depending on the cell cycle stage. At 15 um, S. pombe undergo symmetric closed
mitosis (the nuclear envelope does not disintegrate) to produce two daughter cells
relatively equal in size. They possess the smallest eukaryotic protein-coding genome of
13.8 Mb. The three chromosomes in S. pombe (chromosomes I, Il and Ill) are 5.7 Mb, 4.6
Mb and 3.5 Mb in length (Hoffman et al., 2015). To date, 5064 protein-encoding genes
have been recorded. 2430 proteins have published biological functions and over 300 are
conserved in vertebrates (Hoffman et al., 2015; Lock et al., 2018)

13



Chapter 1: Introduction

Figure 1.1. S. pombe have a cylindrical morphology. A photomicrograph of wild-type
S. pombe cells in mid-log phase. S. pombe have a cylindrical morphology with
hemispherical ends. Mitotic (dividing) cells can be seen with a septum in the middle of the

cell for cell division. Scale bar - 10 € m Adapted from Luo et al. (2009).

1.1.2 S. pombe polarised cell growth and cell cycle

Cell polarity is the asymmetrical ordered distribution of components within the cell. These
components include organelles, the cytoskeleton and the plasma membrane. All cells
polarise to divide or to define a cell shape and function. Multiple molecules, involved in the
regulation of polarisation, are conserved in all eukaryotes. Cell polarity is regulated mainly
by Cdc42 (cell division cycle 42). Cdc42 is a small GTPase, which is a molecule that binds
to GTP (guanosine triphosphate) and hydrolyses it. When bound to GTP, Cdc42 signals to
downstream effectors that maintain cell polarity by regulating cytoskeleton organisation.
Cytoskeleton organisation is required for growth processes such as endocytosis, secretion

and cell wall synthesis during the cell cycle (Etienne-Manneville, 2004).

Cell polarity is used for directional growth. In S. pombe, growth only occurs at the cell
ends. Growth polarity changes at three stages of the cell cycle: (i) the restart of growth
after cell division; (ii) NETO (new-end-take-off); and (iii) cell division. After cell division,
actin moves from the 'new end' (formed from the new cell wall synthesised from the
septum, during the cell division) to the 'old end' (the end that existed before cell division).
At the old end, actin then facilitates endocytosis and monopolar growth. Upon NETO,
actin moves to both ends and the growth polarity changes from monopolar to bipolar. At

the start of mitosis, growth halts. Actin leaves both cell ends and localises to the medial

14



Chapter 1: Introduction

region of the cell, where cell division occurs. Actin forms a contractile actin ring for cell
division in the medial region (Hirata et al., 2002).

S. pombe are routinely used as models for cell growth and cell cycle studies. This is due
to its simple rod morphology, elongating growth, medial fission, few chromosomes and
rapid growth. Wild-type S. pombe cell cycles are 2.5 - 3 hours long in normal growth
conditions (Gomez & Forsburg, 2004). Due to elongating growth at the cell tips and the
halt in growth during mitosis and cytokinesis, points of mitotic commitment can be
estimated based on the length of newly divided cells. Cell lengths can also serve as an
indicator for cell cycle stages (Hagan et al., 2016). Figure 1.2 illustrates the cell cycle of

S. pombe. NETO

Chromosome
condensation

Growth Spindle formation

Chromosome
segregation

Nuclear
division

DNA

Cénjugation

A <
4

* Nuclear fusion,

Germination £ - replication,
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Figure legend on the following page.
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Chapter 1: Introduction

Figure 1.2. The cell cycle of S. pombe consists of vegetative and sexual phases. An
illustration of the cell cycle in wild-type S. pombe. In rich media, S. pombe stay in the
vegetative phase of their cell cycle and cell division is mitotic. As cytokinesis (cell division)
occurs, cell nuclei begin the G1 phase (gap phase I). In G1, cells have a single copy of the
genome (1C DNA). They grow in size and synthesise mRNA and proteins required for
DNA replication. The G1 phase is less than 10 % of the whole cell cycle and is quickly
followed by S phase (synthesis phase). During S phase, DNA is duplicated within each
single nucleus (2C DNA) (Forsburg & Rhind, 2006; Knutsen et al., 2011). This phase also
takes 10 % of the cell cycle and is completed before the completion of the previous
cytokinesis (Forsburg & Rhind, 2006). The dotted segment of the cycle represents the
short G1 and S phases that occur before cytokinesis is complete (Allshire & Ekwall, 2015).
The G2 phase (gap phase II) is approximately 70 % of the cell cycle. During this phase,
proteins required for mitosis are synthesised. For nuclear division, DNA is condensed into
chromosomes. New-end-take-off (NETO) occurs during the late stages of this phase.
During NETO, growth changes from monopolar growth at the 'old end' of the cell, to
bipolar growth at both the 'old end' and the 'new end' of the cell. Chromosome
segregation and nuclear division occur in the M phase (mitosis), which makes up 10 % of
the cell cycle. Cytokinesis then occurs and the cycle continues (Forsburg & Rhind, 2006).
When starved of nitrogen, S. pombe enter the sexual phase and cell division is meiotic. In
a pheromone-dependent manner, cells of opposite mating types, Plus (+) and Minus (-),
halt their cell cycle in G1 and undergo cytoplasmic fusion during conjugation and nuclear
fusion in a process called karyogamy (Krapp et al., 2010). This forms diploid zygotes and
DNA replication increases the DNA content from 2N to 4N. DNA in the form of
chromosomes undergoes recombination, meiosis | and meiosis Il. A cell, termed an
ascus, is formed containing four haploid nuclei that are enveloped by synthesised
forespore membranes to form forespores (Allshire & Ekwall, 2015). During sporulation, the
forespores mature into spores as two layers of spore wall material are deposited in the
lumen of the inner and outer prespore membranes (Krapp et al., 2006; Ucisik-Akkaya et
al., 2014). The spores are released from the ascus by autolysis of the ascus wall (Allshire
& Ekwall, 2015). The spores undergo metabolic and morphological changes during
germination in rich media. The newly developed cell is then allowed to continue into the
mitotic cell cycle (Plante & Labbé, 2019). Adapted from Allshire & Ekwall (2015).

16



Chapter 1: Introduction

The cell cycle consist of a vegetative (mitotic) and sexual (meiotic) phase. There are four
phases within the vegetative phase: G1 (gap phase 1), S (synthesis phase), G2 (gap
phase Il) and M (mitosis). During G1, protein synthesis occurs, cell size increases and
DNA replication is initiated by growth dependent CDK (cyclin-dependent kinase) (Bertoli et
al., 2013). The commitment to continue through the cell cycle is also made during this
phase, at the G1 checkpoint. This commitment point is termed 'START' in S. pombe
(Hartwell, 1974; Pardee, 1974). The G1 phase is short in S. pombe as it takes up less
than 10 % of the cell cycle (Allshire & Ekwall, 2015). In conditions of adequate nitrogen
levels, G1 phase is then proceeded by S phase, where genomic duplication occurs
(Hagan et al., 2016). During G1-S of the cell cycle, S. pombe grow in a monopolar manner
from the 'old end' of the cell. The 'old end' refers to the pre-existing end of the cell present
in the prior round of cytokinesis that was not formed from the septum (Allshire & Ekwall,
2015).

G2 subsequently is the second growth phase and also involves a checkpoint to commit to
mitosis, the G2 checkpoint. G2 makes up 70 % of the cell cycle in S. pombe. During late
G2, the cell reaches a critical size and initiates a process called new-end-take-off (NETO).
This is the start of growth at the cell end formed from the septum in the prior round of
cytokinesis (Allshire & Ekwall, 2015). This end is termed the 'new end'. Growth is then
bipolar. Chromosome condensation, spindle formation, chromosome segregation and
nuclear division then follow NETO, during mitosis. The CAR then constricts and the cell
divides into two during cytokinesis (Allshire & Ekwall, 2015).

When starved of nitrogen during G1, cells enter the sexual phase of the cell cycle and
undergo meiosis. Haploid S. pombe of opposite mating types, P (Plus) and M (Minus),
attract one another by the release of P-factor and M-factor pheromones and induce
stimulation of mating pheromone receptors (Seike et al., 2019). Once in close proximity to
each other, the cells schmoo and conjoin during the conjugation stage. Karyogamy (nuclei
fusion), replication and recombination then occur before meiosis | and meiosis Il (Allshire
& Ekwall, 2015). Four haploid nuclei are produced during the meiotic stages and they are
divided and encased in spores within an ascus, during sporulation. The ascus wall
undergoes autolysis once the environment is nutrient rich and the spores germinate (Guo
& King, 2013). The vegetative cycle then continues (Allshire & Ekwall, 2015). Figure 1.3

shows the morphology of S. pombe in the mitotic and meiotic phases of the cell cycle.
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Figure 1.3. S. pombe divide by mitosis and meiosis. A photomicrograph of meiotic and

mitotic S. pombe cells. (A) Haploid cells forming septa. Haploid cells undergo mitosis
when a | ength of asreachedx Theyafdrne & septuinSn the middle of
the cell to cleave individual cells into two cells. (B) Diploid cells. Diploid cells undergo
mitosis when a length of approximately24 e m i s reached and4a4ec
wider than haploid cells. (C) Zygotic asci. Zygotic asci are formed when two haploid cells
mate, fuse their nuclei together and undergo meiotic nuclear division to form four haploid
nuclei. Walls, called spore walls, form around each nucleus. Zygotic asci have a bent
morphology due to the angle at which the two cells fuse together to form the zygote. (D)
Azygotic asci. Azygotic asci are formed when a diploid cell undergoes meiosis. These
cells have a short and linear morphology because they are not formed from two mating
cells. Scalebar-1 5 eAdapted from Hoffman et al. (2015).

The S. pombe genome possesses homologous genes for myosins and a large majority of
actin regulators and actin binding proteins in metazoans (East & Mulvihill, 2011). S.
pombe only express myosins of class I, Il and V; Myolp of class I, Myo2p and Myp2p of
class Il and Myo51p and Myo52p of class V (Presti & Martin, 2011). actl”is the only actin
gene in S. pombe and is approximately 90 % homologous to that of budding yeast actin
and mammalian skeletal muscle actin and non-mu s c Faetin. 5. pombe actin filaments
have been found to be identical to that of actin in muscle cells, however activation of
myosin ATPase activity required for muscle contraction is not as robust via S. pombe actin
filaments (Takaine & Mabuchi, 2007).

1.2 Myosin family classification and mutual structure

Myosin | and myosin V are unconventional myosins. Unconventional myosins, first
reported in 1973, are actin-dependent motor proteins required for the generation of
contractile force. They are multi-functional and are responsible for functions such

organelle transport and cell division in eukaryotes (Pollard & Korn, 1973). In order to carry
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out their functions, the motor proteins associate with actin structures and travel along
them. The energy required to move is provided by ATP (adenosine triphosphate)
hydrolysis (Foth et al., 2005). In contrast to conventional myosin, such as thick bipolar
filament forming myosin Il found in muscles, unconventional myosins do not form
filaments to execute contractile force. Instead, they act as single actin-associated

monomer or dimer molecules.

Myosins have seen been categorized into a super family of 35 different classes, in
eukaryotes. Phylogenetic analysis, which led to the genetic based classes, considered a
myosin | like gene, of which the myosin V gene was diverged from, making these two
genes extremely prevalent. Since myosin genes have diversified, humans have evolved to

express myosins from thirteen classes (Pollard et al., 2017).

1.2.1 Structural overview of myosins expressed in humans

The thirteen myosins, expressed in humans, have adapted to provide rapid mechanical
force for a plethora of processes within the cell such as exocytosis, endocytosis,
cytokinesis and locomotion (Batters & Veigel, 2017; Odronitz & Kollmar, 2007). The
isoforms share a general structure consisting of an actin binding motor domain, a neck 1Q
motif domain and a heterogeneous tail domain. Simplified myosin structural domains,

expressed in humans, are illustrated in Figure 1.4.
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Figure legend on the following page.
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Figure 1.4. Humans express 13 myosin classes. An illustration of myosin classes and
domain structures of human myosins. The myosin classes share conserved motor head
domain which binds to actin. In the neck domain, each myosin class possess 1-6 1Q
(isoleucine-glutamine) motifs where calmodulin or calmodulin-like light chains bind. This
binding induces conformational changes and stiffening of the neck domain, required to
execute power stroke in the myosin. Myosins with greater numbers of 1Q motif also have
larger steps sizes. Myosin dimerisation occurs at the coiled-coil regions. Dimerisation
allows processive movement of the myosins. Membrane binding occurs at the lipid binding
domains. SH3 (Src homology 3) domains bind to proline-rich sequences and are required
in a variety of protein-protein interactions for actin organisation (Anderson et al., 1999).
The RhoGAP (Ras homolog GTPase-activating protein) domain found in myosin IX is key
for myosin IX function in membrane protrusion and retraction. Adapted from Batters &
Veigel (2017).

Although each myosin class is structurally distinct, all myosins consist of three sub-

domains; the motor, neck and tail. The sub-domains are decorated with lipid binding

domains for membrane binding, 1Q motifs for calmodulin binding, SH3 (Src homology 3)

domains for the regulation of stability and motility, RhoGAP (Ras homolog GTPase-

activating protein) for membrane protrusions and retractions, and coiled-coils for

dimerisation or oligomerisation (Hanley et al., 2010; Lowey et al., 2007). Predicted coiled-

coil regions have shown not to always infer dimerisation or oligomerisation, an example

being coiled-coils predicted in myosin X reported to be a stable SAH (s i n g-heticesU
domain instead (Knight et al., 2005).

Therefore these domains interact with a range of proteins to execute cellular functions and
in turn, have differing roles to one another (Foth et al., 2005). The structure of a generic
myosin heavy chain is illustrated in Figure 1.5. Details of each domain are discussed in
Sections 1.2.2.,1.2.3 and 1.2.4.
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Figure 1.5. Myosins have motor head, neck and tail domains. A schematic illustrating
the structure of a single headed myosin heavy chain. The N-terminal motor domain
contains an actin binding site where actin binds. The motor domain also contains an ATP
(adenosine triphosphate) binding site where ATP is hydrolysed. Following the head
domain is the lever-arm, which comprises of the converter and neck domains. The flexible
converter domain links the motor domain to the neck domain and it rotates as myosins
move. The neck domain consists of multiple 1Q (isoleucine-glutamine) motifs. The number
of 1Q motifs in each myosin class varies. Calmodulin or calmodulin-like light chains bind to
the 1Q motif and induce stiffening of the neck domain required for movement. Following
the neck domain, is the tail domain which possess a cargo binding domain in most myosin
classes. Tail domains vary in length and amino acid sequences. The variable tail may
have -hefical toiled-c oi I or a st a bheleces)Sdankhin. (Adajptadgfriors
Kodera & Ando (2014).

Myosin classes share a common motor head domain. It contains an actin binding domain,
where it associates with actin in various structures such as actin filaments and cortical
patches. The neck lever arm region is a flexible region along the motor protein, analogous
to a pivot point. It has a number of IQ motifs of which myosin light chains bind, to
modulate the activity of the myosin. The tail domain is connected to the neck and is the
site for specific cargo binding. Genetic diversity between the neck and tail domains has

determined a large number of myosin classes and functions.
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1.2.2 The myosin domains: motor

The myosin globular motor head is an ATPase motor domain that all myosin classes

possess. Figure 1.6 displays the crystal structure of the myosin | motor domain.

upper 50 kDa
domain

lever arm
loop-2
A ;;
converter
g) ,f domain
lower 50 kDa
domain '
SH1 helix

relay helix/loop

Figure 1.6. The myosin motor head consists of multiple sub-domains. Ribbon
diagram of the myosin | motor domain of Dictyostelium discoideum. The inner cleft of the
N-terminus (green) contains the nucleotide-binding site and an ATP analogue (orange)
situates within it. Loop-1 (yellow) controls accessibility of the nucleotide-binding site. The
motility of the loop correlates with the rate of ADP release. The N-terminus is followed by
the upper 50 kDa domain (red) and the lower 50 kDa domain (white). The latter contains
actin-binding motifs, which include loop-2 (yellow), and also contains the relay helix. Loop-
2 interacts with actin through weak and strong binding interactions. The relay helix relays
conformational information across the actin-binding site, the nucleotide-binding site and
the converter domain. The C-terminus (cyan) contains the converter domain, the SH1
helix, the start of the lever arm helix (magenta) a n d  ahelix I€ading to loop-2 in the
actin binding site. The converter domain rotates as the myosin moves. The SH1 helix
determines the flexibility and thermal properties of the myosin. Movement of the lever arm
helix generates the movement of the myosin (Shibata et al., 2017). The strut loop (yellow)
l inks the upper and | owe FischerOet ak,RGE1).dAuapted from
Kollmar et al. (2002).
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A large cleft divides the 50 kDa sub-domain of the head into upper and lower 50 kDa
domains of which the outer cleft regions binds to actin through the loops (Kodera & Ando,
2014). The inner cleft regions house the ATP-binding site. The actin and ATP binding
sites are located on the conserved catalytic motor head domain and communicate with
each other for the generation of contractile force and movement. Movement along the
actin filament is regulated by the ATPase cycle (Hartman & Spudich, 2012; Kodera &
Ando, 2014)

The duty ratio, the duration of the ATPase cycle myosins spend tightly bound to actin,
ranges between myosin classes. Longer durations tightly bound to actin, are often found
in myosins that step processively along an individual actin filament. High duty ratio
myosin, such as myosin V, can be tightly bound for greater than 50 % of the ATPase cycle
(Howard et al., 1997). Low duty ratio myosins, such as myosin Il, are tightly bound for less
than 10 % of the ATPase cycle (Walklate et al., 2016). Myosin isoforms also have varying
maximal actin-activated ATPase activity, differing between approximately 0.13 s' *- 390
s' Y(Heissler & Sellers, 2016).

1.2.3 The myosin domains: neck

Myosin neck domains consist of 1-6 1Q motifs. Each IQ motif is a sequence of amino acids
following a (IQxxXxRGxxxR) pattern, where "X" represents any amino acid. The IQ motifs
are linked to the rotating converter domain and together form the myosin lever arm
(Kodera & Ando, 2014). Greater numbers of 1Q motifs in the neck region increases myosin
heavy chain length and therefore increases the motor step size. Myosin V can possess
three more 1Q motifs than myosin | and therefore executes a larger step (Sakamoto et al.,
2005).

A ubiquitous Ca®" modulating light chain, called calmodulin, binds to the 1Q motifs via
non-covalent binding. Calmodulin consists of two pairs of EF-hands linked together by a
flexible linker region. Ca** binds to the EF-hands and induces conformational changes
from closed aporcalmodulin (Ca** free) to open Ca**rcalmodulin (Batters & Veigel, 2017).
The structures of apo-calmodulin and Ca*rcalmodulin are illustrated in Figure 1.7. These
conformational changes increase the affinity of calmodulin for myosin. Calmodulin binding
to myosin induces stiffening of the myosin neck domain (Heissler & Sellers, 2014). The

resultant rigidity of the myosin allows a power stroke to be executed.
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Figure 1.7. Calmodulin bind to target proteins through a Ca®* dependent
conformational change. An illustration of the structure of calmodulin in the calcium-
free, calcium-bound and peptide-bound states. Calmodulin (black) is composed of two
lobes that each possess a pair of EF-hands. The two pairs are connected by a flexible
linker region. In the calcium-free state, calmodulin holds a closed conformation. Each
EF-hand binds to a single Ca?* (green) ion and binding induces a conformational change
into an open calcium bound state. Hydrophobic pockets that allow binding to target
proteins are exposed in the open state (Lu et al., 2015). Once open, calmodulin binds
and wraps around regions of target proteins (red) e.g. the myosin neck domain IQ motifs
(Harborne & Kuniji, 2018). Calmodulin can also bind to target proteins whilst in the
calcium-free state. In this state, C-terminal lobes can hold a semi-open conformation that
exposes the hydrophobic pockets (Lu et al.,, 2015). Adapted from Harborne & Kunji
(2018).

S. pombe, possess two calmodulins called Caml (calmodulin 1) and Cam2 (calmodulin
2). Caml and Camz2 bind to myosin IQ motifs. Myosin binding and regulation of myosin
function differ with each calmodulin and myosin isoform. Cam1 binding to myosin | is Ca®*
dependent and is involved in regulating endocytosis, spore formation and cell division.
Cam2 binding is not Ca?* dependent and is not essential for maintaining cell viability.
Calmodulin binding to 1Q1 is required for binding to 1Q2. Calmodulin do not bind to 1Q2
alone. Caml and Camz2 induce differing conformational changes in the myosin | lever arm
and may be a means of directly regulating myosin | activity. Low levels of free Ca*" during

vegetative growth is favourable for Caml binding. Increases in Ca*" during mating,
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meiosis and sporulation inhibit Caml binding and allows Cam2 to bind to myosin |
(Baker et al., 2019).

1.2.4 The myosin domains: tail

This variable domain binds to cargo and cell membranes and dictates the specificity of the
motor protein. The tail domain is the most diverse domain and it comprises of regions
such as coiled-coils for oligomerisation and multiple domains involved in protein binding.
These include: PH (pleckstrin  homology) domains for binding with Ptdins
(phosphoinositides) in cell membranes, SH3 domains for protein-protein interactions in
proline rich regions and MyTH/FERM (myosin tail homology, four point-one, ezrin, radixin,
moesin) domains required for cargo binding (Heissler & Sellers, 2016; Weck et al., 2016).
The multiple functions of myosins are evident in the localisation of the proteins within the
cell. Myosins localise to intracellular components where they are used to traffic and
anchor cellular components. Myosins bind to specific organelles and molecular complexes
via the cargo-binding site of the variable tail domain (Hartman & Spudich, 2012). What
anchors specific cargo to myosin tail domains and the governance of this binding is

unclear.

1.2.5 Phosphorylation sites in myosin | and myosin V domains

Wilson-Grady et al. (2008) reported novel conserved phosphorylation sites in myosin | and
myosin V in S. pombe. These phosphorylation sites were identified via immobilized metal
affinity chromatography (IMAC) or TiO, phosphopeptide enrichment methods and mass
spectrometric analysis (Wilson-Grady et al., 2008). The locations of these phosphorylation

sites in myosin | and myosin V are illustrated in Figure 1.8.
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Position of phosphorylation site mutations

Motor Neck Tail

Myosin | -l ) ‘ .
Myosin V -hd\ﬂ{\/‘ I.

Phosphorylation site Domain | Phospho-mutant strain
Myosin | serine 742 Head myo1.S742A
Myosin V serine 720 Head myo52.S720A
Myosin V serine 798 Neck myo52.S798A
Myosin V serine 985 Tall myo52.S985A

Myosin V serine 1064 Tall myo52.S1064A S1065A

Myosin V serine 1065 Tall myo52.S1064A S1065A

Myosin V serine 1072 Tall myo52.S1072A

Figure 1.8. Serine-to-alanine mutations were generated in conserved
phosphorylation sites in the head, neck and tail domains of myosin | and myosin V.
An illustration displaying the locations of the conserved phosphorylation sites of interest in
myosin | and myosin V. The conserved phosphorylation sites are located in various
domains in the myosins. The orange bars indicate the location of the phosphorylation
sites. The myosin | serine 742 phosphorylation site is located in 1Q-motifs in the neck
domain of myosin I. The myosin V motor head domain contains a phosphorylation site at
serine 720. The myosin V neck domain contains a phosphorylation site at serine 798. The
tail domain contains phosphorylation sites at serine 985, serine 1064, serine 1065 and
serine 1072. During this study, the codons encoding for these phospho-serines in S.
pombe, were mutated to encode for alanine instead, to study the function of these
phosphorylation sites in myosins | and V function. Alanine does not possess a nucleophilic
(1 OH) group required for phosphorylation. Therefore, phosphorylation does not occur at

the mutated phosphorylation sites. Adapted from East & Mulvihill (2011).
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The phosphorylation site of interest in myosin | is serine 742. The phosphorylation sites of
interest in myosin V are serine 720 in the head domain, serine 798 in a neck domain 1Q
motif, serine 985 in the coiled-coil region of the tail domain and serine 1064, serine 1065
and serine 1072 in the cargo-binding domain. The phospho-serines at these sites are the
targets of unidentified kinases for phosphorylation. However, myosin | serine 742 and
myosin V serine 798 have been identified as AGC family kinase consensus phospho-

serine sites (Baker et al., 2019).

One focus of this study was to unveil the significance of these conserved phosphorylation
sites in myosins | and V function, with the use of phospho-mutant S. pombe strains.
Phospho-mutant strains in this study express mutant myosin, with changes made to one
or two serine residues via SDM (site-directed mutagenesis). The serine residues,
modifiable by phosphorylation, are mutated into non-phosphorylatable alanine residues.
Alanine is not phosphorylated by kinases as it does not possess a nucleophilic (i OH)
group required for phosphorylation. This strategy aimed to highlight possible myosin | and
myosin V dysfunction in the absence of phosphorylation at the phosphorylation sites, in

turn demonstrating the relevance of these phosphorylation sites in myosin function.

1.2.6 Oligomerisation variation within myosin classes

Schematics of myosin I, myosin Il and myosin V, used experimentally during this study are
shown in Figure 1.9. The schematic illustrates oligomerisation differences in each myosin
class. Both myosin Il and myosin V form dimers via the coiled-coils in the tail domains of
two heavy chains. Dimerisation via the coiled-coil is believed to warrant processive, step-
wise translocation in myosin V (Cappello et al., 2007). Immuno-electron microscopy in
non-muscle cells, determined the presence of extended coiled-coils in myosin II, which
form thick filaments with neighbouring myosin Il heavy chains (Langanger et al., 1986).
Myosin |, comparatively shorter than myosin Il and myosin V, is a monomer and does not

possess a coiled-coil in the tail domain.
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Figure 1.9. Myosins Il and V form dimers. An illustration of the structure of myosins I, Il
and V. Myosins motor (black) domains locate at the N-terminus and bind to actin. Motor
domains also possess ATP (adenosine triphosphate) binding sites where ATP s
hydrolysed and used as mechanical energy. The actin binding motor domain is
homologous between myosin classes. The neck domain contains 1Q (isoleucine-
glutamine) motifs (yellow). Calmodulin light chains bind to the IQ motifs and induce
conformational changes in myosin to stiffen the neck domain. Stiffening of the neck
domain is required for the movement of myosin. Tail domains bind to myosin cargo or
cellular membranes. This domain varies in length and composition in different isoforms
and contains; TH1 (Tail Homology 1) (red), TH2 (purple), SH3 (Src Homolog 3) (pink),
MyTH4 (Myosin Tail Homology 4) (grey) domains and coiled-coils (blue). Thl domains
bind to cell membrane lipids. TH2 domains are alanine and proline rich and contain an
ATP-independent actin-binding site. SH3 domains bind to proline rich regions for protein-
protein interactions. MyTH4 domains are part of a structural and functional supramodule
needed for cargo binding. The coiled-coil region (light blue) of myosin Il and myosin V

allow dimers to form. Adapted from Barger et al. (2020).
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1.2.7 Functional grouping of myosins

Myosins of each class have specific roles and therefore are also categorised into four
functional types based on biochemical and mechanical properties: fast movers,
slow/efficient force holders, strain sensors or processive transporters (Bloemink &
Geeves, 2011). Myosin | monomers are strain sensing myosin. Strain sensing myosin
have a low duty ratio meaning they spend a small amount of time bound to actin. This low
duty ratio allows strain sensing myosins to link the cell membrane to the cytoskeletal actin
structures and function in maintaining cell membrane tension (Heissler & James, 2016).
Myosin Il thick filaments execute cytoplasmic contractions for the movement of actin
filaments and therefore are strain sensors and force holders. Myosin V dimers are
grouped as a processive myosin meaning they can translocate, via multiple steps, along
actin filaments without detaching from the filaments. This is due to having two motors,

extended neck and tail regions and a high duty ratio (Hammer & Sellers, 2012).

1.3 Myosin movement and cytoskeletal interactions

1.3.1 Actomyosin ATPase cycle

When bound to actin filaments, myosins travel in a step-wise manner. Myosins use ATP
to induce conformational changes within the neck domain, required for motility along actin
structures (Clayton et al., 2013). Figure 1.10 illustrates how myosin uses ATP for travel

during the actomyosin ATPase cycle.
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Figure 1.10. Myosin hydrolyses ATP to move along actin filaments. An illustration of
the actomyosin ATPase cycle. The myosin motor domain is in green, the neck domain is
in purple and actin in grey. Changes in the myosin ATP (adenosine triphosphate) bound
state and ADP (adenosine diphosphate) bound states trigger conformational changes in
myosin. These changes, allow myosin to generate force and move along actin. 1. In a
rigor state, the myosin (M) motor head strongly binds to actin (A) forming an actomyosin
complex (AM). 2. In the post-rigor state, ATP binds to the myosin motor head, forming
ATP-myosin ( MAT) . The myosin head releases
changes the conformation of the myosin neck domain. 3. Pre-powerstroke, the ATP bound
to the myosin is hydrolysed into ADP and Pi (inorganic phosphate) and forms myosin-
ADP-Pi ( MA D.APMyosin binds weakly to actin (A*M.D.Pi), releases Pi and generates
force during a powerstroke which changes the position of the lever arm. ADP-myosin
remains bound to actin (AM.D). 5. An additional change in the lever position occurs and
ADP binding to myosin becomes weak (AM.Dw). ADP is released from myosin and the
cycle restarts with the AM state. 'A' specifies 'actin'. 'M' specifies 'myosin’. 'T' specifies
'ATP'. 'D' specifies 'ADP'. Adapted from Altman (2013).

In ATP or ADP-P-bound states, the motor head's affinity for actin is low (Hartman &
Spudich, 2012). The ATPase rate is also low with myosin unbound to actin. Upon ATP
hydrolysis and Pi release, the ADP-bound state increases the
actin and binds strongly to actin. The chemical energy released from ATP hydrolysis is
converted into mechanical work and a conformational change, then induces a power
stroke movement along the actin filament (Kodera & Ando, 2014). The assemblies each
myosin hold when interacting with actin and membrane phospholipids are illustrated in
Figure 1.11.
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Figure 1.11. Myosin I, Il and V bind and translocate towards the plus end of actin
filaments. An illustration of myosin movement along actin. (A) Myosin | monomer tail
binds to membrane phospholipids. The myosin | head binds to actin and travels toward
the plus end of actin filaments. (B) Myosin Il bundle together to form thick myosin
filaments. Myosin Il heads bind to actin and pull actin filaments together for actomyosin
contractions. (C) Myosin V tails bind to vesicular cargo and carry the cargo along actin
filaments in a stepwise, processive manner, towards the plus end of the actin filament. (D)
Myosin V affinity to actin during the ATPase cycle changes depending on the nucleotide
bound state. When in an ATP (adenosine triphosphate)-bound or ADP (adenosine
diphosphate) and Pi (inorganic phosphate) (ADP-Pi)-bound state, myosin affinity for actin
is low. When in an ADP-bound state or not bound to any nucleotide, myosin affinity for
actin is high. Phase 1 - ADP is bound to both actin-bound motor heads. Phase 2 - ADP is
released from the trailing head due to intramolecular strain. Phase 3 - the empty trailing
head binds to ATP and is released from actin. Phase 4 - the ADP-bound leading head is
subject to a power stroke. The movement positions the ADP-Pi-bound trailing head at the
front. ATP hydrolysis occurs and this head then becomes the leading head. Phase 5 - the
new leading head binds to a new actin binding site, with the release of P; and increased
actin affinity. The process translocates myosin V forward by 36 nm. Adapted from
Hammer & Sellers (2012) and MBInfo (n.d.).
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Myosin | tails bind to membrane lipids to provide mechanical force and anchorage during
endocytosis. Myosin Il form polymeric, bipolar thick filaments with one another, via polar
interactions at opposite ends. They bind and pull oppositely charged actin filaments,
resulting in a movement towards the actin filament plus end and contraction (Cheney et
al., 1993; Squire et al., 2017; Vicente-Manzanares et al., 2009). Myosin V tails bind to

cargo for organelle transport along actin filaments.

Most myosins travel towards the plus end (growing end) of actin filaments however,
myosin VI has been found to travel towards the minus end (Santos et al., 2016). It is
known that actin filaments are shared amongst motor proteins however, the governance
of myosin trafficking along filaments are unknown. Santos et al. (2016) demonstrated
bidirectional movement on a single actin filament by myosin V and VI which leads to
questions regarding the possibility of myosin collisions, the consequences of collisions (if
any) and the existence of signalling to prevent collisions.

The myosin-actin interaction increases the rate of ATPase activity (Hartman & Spudich,
2012). This movement is amplified by the lever arm of the neck region and is dependent
on the lever arm length and flexibility of the converter region. The neck domain extends
the stride and largely contributes to the stepping motion of the motor protein (Ovchinnikov
et al., 2010). With cargo bound, myosin V can travel up to 1 um before it dissociates
(Ovchinnikov et al., 2010). ATP turnover and the duty ratio of myosin vary between

myosin classes (Hartman & Spudich, 2012).

1.3.2 Components of the cytoskeleton in S. pombe

The filaments that make up the cytoskeleton provide a network to maintain and
manipulate cell shape, as well as tracks for motor molecules to carry intracellular cargos
within the cell. Myosin | may be involved in the regulation of cell shape (Fletcher & Mullins,
2010). For its maintenance, myosin | and other myosin classes are possibly responsible
for the linkage between the plasma membrane and underlying actin filaments (Wenzel et
al., 2015).

The main functions of the dynamic cytoskeleton are to organise cell content spatially,
connect the cell to the external environment physically and biochemically and to induce

cell movement and shape change, with coordination of cytoplasmic regulatory and motor
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proteins and organelles. It is composed of three principal components which undergo
consistent assembly, collapse and reassembly: actin, microtubules and intermediate

filaments (IFs). Cytoskeletal structures in S. pombe are illustrated in Figure 1.12.
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Figure 1.12. The S. pombe cytoskeleton consists of actin structures and
microtubules. lllustration of cytoskeletal actin filaments and microtubule structures in S.
pombe. Actin filaments comprise of G-actin monomers. The G-actin, orientated in the
same direction, polymerise into linear strands. Two strands then wind around each other
to form helical filamentous actin (F-actin) microfilaments. Actin filaments are
approximately 7 nm wide and have thirteen and a half monomers per turn. A turn occurs
every 36 - 37 nm. In S. pombe, actin filaments span at different lengths throughout the
cell. Filaments are also assembled to form actin patches (red circles) and contractile actin
rings (not shown in figure). Contractile actin rings form at the medial region of the cell for
cytokinesis. Microtubules are 25 nm wide, hollow tubular structures formed from rows of
Ut ubul i ntubuim lkterddimers called protofilaments. Thirteen protofilaments are
held together by non-covalent interactions to make up a microtubule. Microtubules
maintain cell shape and form mitotic spindles, which separate and distribute
chromosomes during cell division. Intermediate filaments (IFs) are eight profilaments (IF
tetramers) thick and 10 - 12 nm wide. They are not present in S. pombe. Myosin motor
proteins bind to actin filaments via their head domains to travel along them, generate force
and carry cargo. Motor proteins such as dynein bind to microtubules via their head
domains and move along microtubules to transport cargo. Adapted from Hardin et al.

(2012) and Karp et al. (2016). 13



Chapter 1: Introduction

Microtubules, present in eukaryotes, are 25 nm wide, inflexible, furrowed rods which
comprise of thirteen gl obul ar tubulin protoft bubbmeEhthis ani
tubulin molecules. These polar microtubules are constructed for intracellular organelle
transportation, maintenance of the integrity of cell shape and cell movement in some

cel |l ul ar -tabolia maecwes also complex to form rings which act as microtubule
nucleation sites in the centrosome during mitosis chromosome segregation (Cooper et al.,

2000).

IFs are 10-12 nm wide, apolar filaments formed in the cytoplasm and nucleus and consist
of a heterogeneous array of proteins including keratin and nestin. They provide structure
within the cell as well as form connections in the extracellular matrix at cell junctions via
plakin molecular bridge protein attachment (Jefferson et al., 2004). IFs have also been
reported to serve as a mediator in the signalling pathway for the control of cell growth,
survival and protein targeting (Kim et al., 2007). Contrary to this, IFs are not present in S.
pombe and therefore have been shown not to be essential for life in unicellular organisms

(Erber et al., 1998). IFs also do not serve as motor protein pathways (Karp et al., 2016).

1.3.3 Actin structures in S. pombe

Actin, discovered in 1942, is a ubiquitous protein and exists as either monomeric globular
actin (G-actin) or polymeric filamentous actin (F-actin) (Bugyi & Kellermayer, 2020; Kovar
et al., 2011). G-actin is a 42 kDa protein and polymerises to form F-actin. F-actin provides
structural support in cells and forms three structures in S. pombe; contractile actomyosin
rings (CARS), cortical patches and actin filaments. These core structures orchestrate cell
division, endocytosis and protein transport respectively, for cell growth (Kovar et al.,
2011). Figure 1.13 illustrates the three actin structures formed in S. pombe, their

associated myosin and actin binding proteins.

34



Chapter 1: Introduction

[4EF%

: [z
filameénts
Actin Nucleation Actin Myosin Cellular
Structure Factor Organization otor Role
Patches: Arp2/3 Complex branched network Myo1 (type-l) Endocytosis
Ring: formin Cdc12 unbranched anti- Myo2, Myp2 (-ll) Cytokinesis
parallel bundles Myo51 (-V)
Filaments: formin For3 unbranched Myo52 (-V) Polarized
parallel bundles transport
(C) érpzlf = Myo_1‘ pat/ches filamentS@ Mvo’ Cdc12
3 - \ r
omplex &5 e L ——= - N oz
£ Pk —B= ring
R, ar, Cof1 f y | jcargo — 494 Cdc8
7 , MyoS2/\ N\ N\ ¥ Cof1
¥ Voo
SN ~

Figure 1.13. Actin forms patches, contractile rings and filaments in S. pombe.
Summary of actin patch, ring and filament structures formed in S. pombe. (A) Image of S.
pombe expressing F-actin fluorescence marker GFP-CHD, highlighting actin filaments,
patches and a ring. (B) lllustration of actin structures. Actin patches are branched
networks of actin filaments and are nucleated by Arp2/3 complex. During interphase, actin
patches and Myol localises at the cell ends for endocytosis. During cytokinesis, actin
patches cluster at the cell equator to deliver proteins for septum formation (Rajagopalan et
al., 2003). Contractile actin rings (CARs) are rings of unbranched anti-parallel bundles of
actin, nucleated by formin Cdcl12. CARs constrict to divide cells. Myo2 and Myo51 are
required for ring assembly and Myp2 generates force for ring constriction (Laplante et al.,
2015). Actin filaments are unbranched parallel bundles of actin. They are nucleated by
formin For3. Myo52 translocates along actin filaments to transport organelles throughout
the cell. (C) lllustration of fimbrin Fim1 and tropomyosin Cdc8 regulation of actin filament
turnover and myosins. In actin patches, Myol binds to actin during endocytosis. The short
filaments are stabilised by Cdc8 (Palani et al., 2019). Cdc8 binding is hindered by high
concentrations of Fiml, which is an F-actin cross-linking protein. It inhibits Cdc8 by
displacing Cdc8 from actin (Christensen et al., 2017). When Cdc8 is not bound to actin,
cofilin Cofl severs actin filaments to facilitate filament turnover (Skau et al., 2011). In
filaments, Myo52 travels along actin filaments to transport cargo (Breitsprecher & Goode,
2013). In CARs, Myo2 incorporates into nodes. Myo2 pulls on neighbouring actin filaments
and compact the nodes together to form the CAR (Pollard et al., 2017). Low
concentrations of Fiml partially inhibit Cdc8 binding. Cdc8 restricts Cofl severing.

Adapted from Kovar et al. (2011).
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Formation of actin structures begins with nucleation of actin filaments. ATP-bound
monomeric globular actin (ATP G-actin) bind together to form trimeric nucleation seeds
(Weston et al., 2012). Trimeric nucleation seeds are unstable and quickly dissociate into
monomers, so actin regulators, such as nucleators and nucleation promoting factors,
facilitate nucleation. ATP G-actin rapidly polymerise from the nucleation seed to assemble
polarised, double stranded, helical polymers. The actin structure therefore becomes
polymeric filamentous actin (F-actin). The growing end of the actin filament is termed the
'plus end' or 'barbed end'. Growth at the barbed end is regulated by barbed end cappers.
Barbed end cappers bind to the end of the filament and block ATP G-actin from
polymerising there. As ATP G-actin is incorporated into the filament, its ATPase activity
increases. ATP in ATP G-actin is hydrolysed and a phosphate is released. This leaves
ADP G-actin to remain in the filament. The older end of a filament, opposite to the barbed
end, is termed the 'minus end' or 'pointed end'. F-actin is cross-linked and bundled to add
additional mechanical strength to the actin structure. Cross-linking is carried out by fimbrin
Fim1, which binds to two adjacent F-actin.

To be re-organised, F-actin is disassembled at the pointed end because ADP G-actin is
more vulnerable to severing by severing proteins such as cofilin Cofl. Cofl binds to old
regions of actin filaments and alters the twisting pattern of the filaments. The deformed
twist pattern promotes fragmentation of the filaments (Mikati et al., 2015). The filament
then severs due to mechanical discontinuities (Goode et al., 2015). Disassembly cofactors
of Cofl, such as Aipl (actin-interacting protein 1), bind to Cofl and F-actin and promote
actin depolymerisation. CAPs (cyclase-associated proteins) are bifunctional. The CAP N-
terminus associates with Cofl-bound F-actin and promotes filament severing. The CAP C-
terminus dissociates Cofl and ADP G-actin from each other so they can be recycled. The
Cofl is freed to continue filament depolymerisation. ADP G-actin is freed to replenish the
pool of actin monomers (Bertling et al., 2004). Freed ADP G-actin monomers are
converted back into ATP G-actin by nucleotide exchange, which is facilitated by profilin.
Profilin binds to ATP G-actin monomers, allows ATP G-actin to be added to the barbed
end of another filament, and blocks assembly at the pointed end. The formation and

turnover of actin filaments and patches are illustrated in Figure 1. 14.
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Figure 1.14. Actin filaments form actin patches. lllustration of actin filament formation
and turnover in actin patches and filaments. Profilin pools ATP G-actin for nucleation. The
ATP G-actin polymerise into filaments from the growing barbed end. Barbed end cappers
bind to the barbed end to regulate the rate of polymerisation. Filaments are cross-linked
by fimbrin for increased stability. ATP G-actin is hydrolysed into ADP G-actin as the
filament polymerises. Cofilin then binds and deforms the filament twisting pattern to
severe it. Disassembly cofactors bind to cofilin and actin to promote disassembly. CAP
promotes severing and dissociates cofilin from ADP G-actin so they can be recycled. (A)
In actin patches, actin filaments are branched and nucleation is facilitated by class | NPF
(nucleation promoting factor) at the plasma membrane and Arp2/3 complex on pre-
existing filament. Branched actin filaments are generated at a 70 angle (Mullins et al.,
1998). (B) Actin filaments are unbranched and nucleation is facilitated by formins. Formins
bind to barbed ends and deliver ATP G-actin monomers to the filament for polymerisation
in a processive manner. The filaments in cables are wrapped by tropomyosin. It forms a
continuous polymer around the surface of actin filaments. Tropomyosin stabilises actin
filaments and prevents the formation of branched filaments (Skoumpla et al., 2007).
Adapted from Goode et al. (2015).
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Actin patches
Actin patches form at sites of endocytosis and cell growth. Formation of cortical actin

patches is illustrated in Figure 1.14A. In S. pombe, this occurs at the cell tips (East &
Mulvihill, 2011). Nucleation of short actin branches is facilitated by class | NPFs
(nucleation promoting factors) at the plasma membrane and Arp2/3 complex on previously
formed actin filaments (Machesky et al., 1994; Machesky et al., 1999). Arp2/3 complex is
a protein complex composed of actin-related proteins Arp2 (actin related protein 2), Arp3
(actin related protein 3), and five other subunit proteins. It is also a downstream effector of
cell polarity regulator Cdc42. Arp2/3 complex attaches to the side and pointed ends of
pre-existing actin filaments. NPFs interact with Arp2 and Arp3 and cause a conformational
change that brings Arp2 and Arp3 in close proximity of each other. NPFs then carry an
ATP G-actin monomer to Arp2 and Arp3 and form a trimer of Arp2, Arp3 and actin. The
trimer then acts as a nucleation seed for a new actin filament (Weston et al.,, 2012)
Cortical actin patches have been shown to be recruited to the cell tips via transport on
actin filaments during interphase, with the barbed end facing the cortical patch (Kamasaki
et al., 2005; Pelham & Chang, 2001). The force of actin polymerisation in actin patches
drives endocytic invaginations into the cytoplasm and provides lateral force for vesicle
scission (Galletta & Cooper, 2010). Myosin | localise at actin patches and bind to

membrane phospholipids. Myosin | motor activity also provides force for vesicle scission.

Actin filaments
Actin filaments are double stranded, helical polymers of G-actin monomers. They span

through the cell and serve as pathways for Myosin V to travel along and transport cargo
throughout the cell. Actin filament polymerisation is illustrated in Figure 1.14B. Formin
For3 is activated by the cell polarity regulator Cdc42. Once activated, it captures actin
monomers for nucleation and polymerises unbranched actin filaments (Pruyne et al.,
2002; Sagot et al., 2002). As it polymerises actin filaments, it moves processively on the
growing end of actin filaments and prevents capping proteins from binding to the growing
ends and inhibiting elongation (Breitsprecher & Goode, 2013). Tropomyosin Cdc8
stabilises actin filaments and regulates myosin binding to actin filaments. To regulate

myosin binding, tropomyosin blocks myosin binding sites along actin filaments.

Contractile actin rings (CARS)
The CAR is an actin ring structure that constricts to separate a single cell into two cells

during cytokinesis. Its assembly begins during interphase and occurs at the centre of the
cell. The cell centre is determined by the position of the nucleus (Wolfe & Gould, 2005).

Two mechanisms for CAR formation currently stand: the 'leading cable' and 'search and
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capture' mechanisms. The 'leading cable' mechanism describes branching of aster-like
cables from actin filaments at the centre of the cell, to form a ring composed of two
parallel arcs of opposite directions. The 'search and capture' mechanism describes nodes
from which actin filaments extend. Myosin Il within the node protein complex, captures the
extending actin filaments and hauls them together, to pack the actin filaments into cubes.
This reoccurring process integrates the nodes and actin filaments to form a contractile ring
(East & Mulvihill, 2011). Whilst neither mechanism has been disproved, co-occurrence
has been suggested (Hachet & Simanis, 2008; Huang et al., 2008). CAR assembly is
illustrated in Figure 1.15.
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Figure 1.15. Contractile actin ring assembly and constriction occur by the 'leading
cable' and 'search, capture, pull and release’ mechanisms in S. pombe. (A)
lllustration of CAR (contractile actin ring) formation and constriction relative to SIN
(septation initiation network) activity and spindle pole body elongation. The SIN activity
induces septation. During assembly and dwelling phases, SIN activity is low. CAR
precursor nodes (yellow) form and mature (red) around the nucleus (grey). The spindle
pole bodies (black) duplicate and nucleate microtubule spindles. The nodes form a ring.
During constriction, SIN activity is high and triggers CAR constriction. (B) lllustration of the
SCPR (search, capture, pull and release) mechanism. Mid1 nodes (yellow) recruit Rng2
and Myo2. Rng3 activates Myo2 (red). Cdc15 recruits Cdcl12 to nucleate actin filaments
(blue) from the nodes. Filaments search for neighbouring filaments. Linked filaments are
stabilised by Cdc8. Myo2 binds, pulls and releases the filaments and repeat the CPR
stages to compact the ring. Ainl bundles the filaments. (C) lllustration of the SIN
dependent 'leading cable' mechanism. In mi d Tpel-191 cells, SIN promotes Clpl and
other phosphatases, to dephosphorylate F-BAR protein Cdc15. Cdcl5 recruits Cdcl12 and
deforms septum membranes.Cdcl5 recruits PxI1 and Ficl. Adapted from Kovar et al.
(2011). 39
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The SIN (septation initiation network) is a GTPase signalling cascade that comprises of
multiple protein kinases. The kinases assemble on a scaffolding complex at spindle pole
bodies (the microtubule-organising organelles in S. pombe and the equivalent to
mammalian centrosomes) by binding to polo-like kinase Plol and Cdc2/Cdcl3 (cyclin-
dependent kinase-cyclin complex), in the spindle pole bodies (Wolfe & Gould, 2005). Plo1
activity is required for mitotic spindle assembly and regulates septation (Mulvihill et al.,
1999; Tanaka et al., 2001). Cdc2/Cdcl13 controls the G2/M transition of the cell cycle
(Decottignies et al., 2001). SIN activity therefore responds to changes in the activity of
mitosis regulators (Tebbs & Pollard, 2013; Wolfe & Gould, 2005).

During contractile actin ring assembly and dwelling phases, SIN activity is low. Assembly
of the contractile actin ring begins before the onset of mitosis. CAR precursor nodes form
around the nucleus. The nodes mature as additional proteins are incorporated into the
nodes. The spindle pole bodies duplicate, embed into the nuclear envelope and nucleate
microtubule spindles that extend from them (Kovar et al., 2011; Ohta et al., 2012). The
microtubule nucleator within the spindle pole bodies is 9-TuC (o-tubulin complex). In S.
pombe, a component of spindle pole bodies, called Pcpl, is essential in recruiting o-TuC
to spindle pole bodies during mitosis (Ohta et al., 2012). As microtubule spindles nucleate
and elongate from the spindle pole bodies, the nodes begin to compact and form a

consistent ring.

During the dwell phase, the diameter of the contractile ring does not change (Wei et al.,
2016). The spindles begin to elongate and extend the nucleus towards both ends of the
cell, forming a dumbbell shaped nucleus. The spindles then breakdown and the nucleus
resolves into two separate nuclei (Yam et al., 2011). During the constriction phase, SIN
activity is high and triggers contractile ring constriction and disassembly. It also triggers
membrane invagination and the formation of a specialised cell wall called the septum, to
divide the cell. The cytoplasm membrane is separated by plasma membrane scission and

the septum remodels to form two daughter cells (Pollard & Wu, 2010).

In the SCPR (search, capture, pull and release) ring assembly mechanism, nodes are
contractile precursors of the contractile ring. They are protein assemblies that localise at
the equator of the cell during interphase and determine the site of division (Pollard & Wu,
2010). Mid1, an anillin-like protein (also known as Dmfl), is a cleavage placement protein

and localises at the cell equator and anchors to the cell cortex (Lee & Wu, 2012;

40



Chapter 1: Introduction

Schwayer et al., 2016). Cell cycle kinases are also recruited to the cell equator with Mid1
and form the nodes. Approximately sixty-five nodes are formed at the equator and anchor
to the cell cortex before the onset of mitosis. Nodes that contain approximately twenty-five
molecules of Midl mature by recruiting approximately: twenty-five molecules of ring
assembly protein, Rng2 (IQGAP family member) which in turn recruits twenty-five
molecules of Myo2. Once at the node, Myo2 is folded and activated by Rng3 (UCS
domain-containing yeast chaperone protein). Myo2 is incorporated into a maturing node
(red) (Pollard et al.,, 2017). Approximately twenty-five molecules of F-BAR (Fes/CIP4
homology-Bin-Amphiphysin-Rvs) domain containing protein Cdcl5 and two dimers of
formin Cdc12 (actin nucleator) are then recruited to the nodes. Once matured, the nodes
are ready for actin assembly (Pollard & Wu, 2010).

In the search phase, one to four actin filaments (blue) orientate in random directions and
are nucleated by Cdcl12 from each node. Cdcl2 is recruited by Cdcl5 and binds actin
monomers to the filament to elongate it (Kovar et al., 2011). As the filament elongates,
Cdc12 moves along it to continue the elongation. The filament can then search the cortex
for neighbouring filaments. Neighbouring filaments link together. The coiled-coil
homodimer, tropomyosin Cdc8, binds to elongating actin filaments and polymerises
around them in a helical fashion. Cdc8 binding stabilises filaments and prevents
disassembly of filaments (Pollard & Wu, 2010). In the capture phase, Myo2 within the
nodes binds to actin filaments elongating from neighbouring nodes. In the pull and release
phase, Myo2 generates motile force along the filament. This draws the nodes together.
Interactions between nodes are released by various means such as Myo2 dissociation
from captured filaments. Once released, Myo2 repeats the capture, pull and release
stages to pull the nodes together and cause ring compaction. To compact the ring further,
actin filament cross-linking protein Ainl, binds to actin filaments and bundles them into

short anti-parallel bundles (Lee et al., 2012).

The SIN dependent 'leading cable' ring assembly mechanism functions cooperatively with
the SCPR mechanism. The mechanism can be observed in the absence of Mid1. A lack of
Mid1l node organisation leads to cytokinesis failure. This failure is rescued by delayed
septum formation. This rescue and the leading cable mechanism can be observed in
mi d 1 o -1®@pdeouble mutant S. pombe cells. These cells lack the spatial organisation
of nodes by Midl and experience delayed septum formation due to the mutation in b-
glucan synthase Bgs1/Cpsl. Bgs1l/Cpsl is recruited to cell division sites by Cdc42 and it

is responsible for the synthesis of the linear b-1,3-glucan component of the septum
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(Davidson et al., 2016). The delay in septum formation allows time for the contractile ring

to form completely and act as a location for septum deposition by SIN.

SIN promotes the activity of multiple phosphatases, including Clpl (SIN-dependent Cdc14
family phosphatase). Clpl dephosphorylates Cdc15. Cdc15 dephosphorylation is required
for Cdc15 localisation at the contractile actin ring. There, Cdc15 recruits formin Cdc12. It
also assembles into actin filaments that deform septum membranes. The SH3 domain of
Cdc15 recruits focal adhesion protein PxI1 (paxillin-related protein) and Ficl (C2 domain
protein) (Kovar et al., 2011). PxI1 is required for correct Myo2 organisation in the
contractile actin ring, which stabilises the ring and generates force for ring constriction
(Pinar et al., 2008). Ficl localises to the cell division sites and interacts with Cdc15 to re-
establish polarised cell growth at the newly formed end of the cell (end formed from the

site of division), following cell division (Bohnert & Gould, 2012).

Actin binding protein of interest: tropomyosin Cdc8
Actin binding proteins (ABP) have been established to have direct effects on the correct

function of unconventional myosins. Each ABP forms different actin structures of which
specific myosins associate with to function. These associations indicate ABPs play a role
in governing myosin molecular mechanisms of function. Tropomyosin was an ABP of
interest during this PhD project due to its association to myosin function and polarised cell

growth in S. pombe.

Tropomyosin is an essential U-helical, coiled-coil, actin binding, homodimer which
contributes to the stability of actin filaments. It does this by binding to the side of actin
filaments and forms two parallel polymers that wrap around the actin filaments. S. pombe
possess one tropomyosin isoform, Cdc8. Cdc8 monomers span four actin dimer subunits
and form polymers by binding to each other in an end-to-end fashion. They mostly localise
at actin filaments and actin contractile rings. Smaller amounts of Cdc8 localise at actin

patches.

Cdc8 also plays a role in the actin interactions with other proteins. When Cdc8 is bound to
actin, it protects actin from severing by Cofl and branching by Arp2/3. Cdc8 stabilised
actin filaments permit Myo2 activity at actin contractile rings during cytokinesis, and
Myo52 activity along actin filaments to regulate cell polarity. It is also a positive regulator

of Cdcl2 which nucleates and polymerises actin filaments with processive movement
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along actin filaments. Opposite to this, Cdc8 negatively regulates Myol activity at actin

patches (Cranz-Mileva et al., 2013).

Cdc8 function is dependent on N-terminal acetylation (Skoumpla et al., 2007). Acetylation
is a type of post-translational modification that involves the addition of an acetyl group (-
CHsCO) to a target protein or peptide and is mediated by acetyltransferase enzymes (Li et
al.,, 2013). In S. pombe, ~80 % of Cdc8 is acetylated and ~20 % is unacetylated.
Acetylation is required for Cdc8 to bind to actin with a high affinity and also strengthens
Cdc8 end-to-end binding (Coulton et al., 2010). Cdc8 acetylation also modulates myosin
binding to actin. Acetylation alters the position Cdc8 polymers lay on actin filaments
(Skoumpla et al.,, 2007). The proposed model explaining the impact of tropomyosin
acetylation on Myo2 motility is illustrated in Figure 1.16.
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Figure 1.16. Tropomyosin regulates myosin binding to actin. Model for tropomyosin
acetylation-dependent regulation of myosin Il motility. Cdc8 (tropomyosin, Tm) binds to
the side of actin to form tropomyosin filaments (red lines) that stabilise helical actin
filaments (grey circles). Acetylation of Cdc8 fixes Cdc8 filaments in a rigid closed position
with a high affinity for actin. This closed position hinders myosin binding to actin. Myosin |l
forms thick filaments composed of bundles of myosin Il monomers. Myosin |l motility is
executed by multiple myosin Il head domains interacting with actin simultaneously. The
force generated by myosin Il moves acetylated Cdc8 to an open position. This open

position permits myosin Il to bind to actin. Adapted from Coulton et al. (2010). 43
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It has been proposed that 98 % of acetylated Cdc8 holds a closed position that only
allows myosin to bind weakly to actin. Myo2 thick filaments interact with actin filaments
and exert significant force on the actin filaments during cytokinesis. This force is great
enough to move acetylated Cdc8 from the closed position to an open position, which
allows myosin to bind strongly to actin. Unacetylated Cdc8 is only found in actin filaments
that span the cell. It does not bind to actin with a high affinity and therefore does not have
a fixed position on the filaments or significantly affect myosin binding to actin (Coulton et
al., 2010).

Cdc8 has been suggested to support the correct localisation and motility of Myo52, due to
its regulatory role in actin dynamics (Pelham & Chang, 2001; Motegi et al., 2000). Non-
functional Cdc8 bring about a 'dumbbell' morphology in S. pombe, with a shortage of actin
filaments and an inability to divide (Arai & Mabuchi, 2002; Skoumpla et al., 2007).
Mutations in Cdc8, and other actomyosin ring proteins, also induce an 'rng' phenotype
which does not form CARs correctly and can develop elongated and branched
morphologies (Bathe & Chang, 2010; Karagiannis, 2012). Since there is only one gene
that encodes for Cdc8 in S. pombe, the organism serves as an ideal model to exemplify
consequences of mutant Cdc8 or absences of the ABP (Balasubramanian et al., 1992).
During this PhD project, temperature-sensitive Cdc8 mutant S. pombe strains were used
to study the function of Cdc8 in contractile actin ring placement, assembly and

constriction.

1.4 Myosin | and myosin V functions in cell growth

1.4.1 Myosin | function in endocytosis

Monomeric Myol is a single headed protein which consists of a single heavy chain. The
heavy chain possesses a highly conserved motor domain of which binds to actin (Bi et al.,
2015). The neck domain which possesses the light chain binding region follows the head
region. The C-terminal tail domain contains regions of membrane binding and protein
interaction. Myol plays a fundamental role in the early stages of endocytosis, the cycle
cell, gene expression in mammalian cells, the regulation of actin, polarised cell growth and

cortical patch formation (Wenzel et al., 2015).

In cells, endocytosis is the internalisation of nutrients and cell surface molecules. This

process is required for cell growth. During endocytosis, actin and membrane interactions
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of individual myosins allow the manipulation of cell shape and vesicle trafficking needed
for endocytosis. Endocytosis is dependent on membrane remodelling and the formation of
actin filaments, during vesicle internalisation. This is crucial for nutrient sensing and
uptake from the external environment (Petrini et al., 2015). Myol is involved in actin patch
assembly and endocytic internalisation. It serves as an anchor between the cell
membrane and actin patches and provides the force required for endocytic internalisation.
Myol mutations in S. pombe induce phenotypes with growth and endocytosis defects,

resembling those of gpmy oniutants (Bi et al., 2015).

As well as Myol, a plethora of other proteins are recruited to sites of endocytosis. The
order in which the proteins are recruited in S. pombe has been well documented using
fluorescence microscopy (Arasada & Pollard, 2011). Endocytosis at S. pombe actin

patches is illustrated in Figure 1.17.

A Initiation Bending/Elongation Scission
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= Actin-binding proteins and crosslinkers ~
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Figure 1.17. Myol anchors the plasma membrane to actin patches during
endocytosis. lllustration of clathrin-mediated endocytosis at actin patches in S. pombe.
During the initiation phase, clathrin (orange) binds to the cytoplasmic side of the
membrane and acts as a mould to form the vesicles. End4/Sla2 (orange) links clathrin to
actin filaments (blue). AP-2 (orange) is also recruited to link clathrin to plasma membrane
lipids. WASp complexes with Myol (yellow) at the plasma membrane. WASp/Myol
activates actin nucleators. Actin monomers are nucleated and polymerise into short,
branched filaments to form actin patches. The actin filaments are nucleated by
Arp2/3 complex. Actin cross linkers (green), such as fimbrin, stabilise actin filaments as a
network of filaments form. Myol anchors the actin filaments to the plasma membrane.
During bending/elongation, polymerisation of the actin filaments pulls the invagination
further into the cell. Scission proteins (purple), recruited by Myol, bind to the membrane
and polymerise into the invagination, pulling it further within the cell. A narrow tubule
forms, scission occurs and the endocytic proteins dissipate. Scale bar - 50 nm. Adapted

from Lacy et al. (2018). 45
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Endocytosis in S. pombe is clathrin-dependant. Initiation of endocytosis begins with the
recruitment of early endocytic proteins, such as clathrin, to promote initial plasma
membrane invagination. 100 s before internalisation at time zero, thirty to forty clathrin
molecules are recruited to the plasma membrane and form a cap to coat the outside of the
invagination (Kovar et al., 2011). The coat stabilises the bilayer curvature. AP-2 (adaptor
protein 2 complex) links clathrin to lipids in the plasma membrane (Leon et al., 2016).
Approximately 1 - 2 min after clathrin recruitment, additional adaptor proteins, such
clathrin adaptor End4/Sla2 (End4/src-like-adapter 2), accumulate at the plasma
membrane to recruit actin and bind early endocytic proteins such as clathrin to actin
(Kovar et al., 2011). 8 s before internalisation, WASp (Wiskotti Aldrich Syndrome protein)
complexes with Myol and cell polarity regulator Cdc42, at the plasma membrane.
WASp/Myo1l activates Arp2/3 complex, which rapidly forms dense branched networks of
short actin filaments. It also and recruits actin-binding proteins and actin cross linkers,
such as fimbrin, to stabilise the networks (Kovar et al., 2011). The actin networks are

anchored to the plasma membrane by Myol.

During the bending/elongation phase, polymerisation of actin filaments and force
generated between actin and Myol elongate the invagination. Scission proteins, such as
F-BAR protein Cdcl5, are recruited by Myol and sense low curvature in the membrane
bilayer and bind to the membrane bilayer. The F-BAR proteins form a base for high
curvature sensing F-BAR proteins, such as Bzz1, to bind and polymerise further within the
invagination. This deforms the membrane further by pulling the membrane down. A
narrow tubule is formed and scission occurs (Shimada et al., 2007). After scission, the

endocytic proteins begin to dissipate (Kovar et al., 2011).

S. pombe Myo1l possess two 1Q motifs in the neck region, which calmodulins Caml1 and
Cam2 bind to (Sammons et al., 2011). Cam1 and Cam2 modulate Myo1l activity during
endocytosis however, the activity of the two calmodulins differ. Cam1l is recruited with
Myol during the early stages of endocytosis. Cam2 is recruited later than Caml and
Myol but before vesicle scission. After scission, Cam1l dissociates from Myol and leaves
the plasma membrane. Cam2 remain associated to endocytic vesicles that internalise into
the cell. Myol leaves the plasma membrane after Caml and Cam2 leave. Caml
dissociation from Myol reduces the rigidity of the Myol neck domain. This reduces the
tension between Myol and actin filaments and results in Myol dissociating from the actin
filament (Baker et al., 2019).
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All aspects of the regulatory pathway that modulates Myol function have not been
determined. Phosphoproteomics have identified a conserved serine 742 phosphorylation
site in the Myol neck domain IQ motifs. Phosphorylation of this site has an unknown
influence on how calmodulin binding to Myol regulates Myol function in endocytosis,
required for polarised cell growth. During this PhD project, the role of Myol serine 742
phosphorylation in Myol regulation by calmodulin was investigated. Myol function in
endocytosis, during the vegetative cycle to the meiotic cycle, was studied in S. pombe to
assess the significance of Myol serine 742 phosphorylation in polarised cell growth.

1.4.2 Myosin V function in cargo transport and cytoskeleton organisation

Myosin V functions as a dimer and has a fundamental role in the correct sub-cellular
localisation and tethering of organelles e.g. secretory vesicle transport from the centre to
the perimeter of the cell (Berg et al., 2001). Myosin V transports cargoes, such as growth
vesicles, to the poles of the cells by travelling along helical actin filaments of the
cytoskeleton. Myosin V also transports protein vesicles, membranous cargo, lipids and
MRNA (Presti & Martin, 2011; Reck-Peterson et al., 2000). Each molecule in a dimer has
an N-terminal globular head motor domain attached to a neck domain consisting of six
l i ght chain bound | Q-heticaltcoilédsoil dinerisalioo negiod antd §
C-terminal globular cargo-binding site in tail domain (Xie et al., 2006). The motor protein
dimer travels towards the barbed end of actin filaments in a hand-over-hand like fashion

covering approximately 36 nm each step (Presti & Martin, 2011).

Myosin 51 (Myo51) and myosin 52 (Myo52) are the two class V myosins present in S.
pombe. Differences between the two myosins lay in their localisation and function. Myo51
appears static in vegetative cells and only localise to sites of cell division during
cytokinesis, as a non-essential component of the contractile actin ring. In contrast to this,
Myo52 transports cargo throughout the whole length of cells and accumulates at actin-rich
regions of growth and vesicle delivery (Motegi et al., 2001; Win et al., 2001). Myo52 is
involved in the localisation of U-glucan synthase, Mok1. U-glucans are one of the main
structural components of the cell wall in S. pombe and is therefore crucial for cell wall
synthesis and the maintenance of cell wall integrity, both of which are required for cell
growth. In Myo52 deletions, Mokl does not localise to sites of deposition correctly (Win et
al., 2001).
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In healthy wild-type cells, Myo52 also localises to the septum of dividing cells. Myo52
deletions exhibit slow forming septa or fail to cleave. This has suggested Myo52 to be
responsible for the delivery septum components required for septum maturation and
cleavage (Win et al, 2001). Myo52 also transports Bgs1/Cps1 (1,3-b-glucan synthase), an
enzyme that synthesises linear 1,3-b-glucan, to regions of cell division because it is a
main component of the septum formed during cytokinesis (Davison et al., 2016; Motegi et
al., 2001; Mulvihill et al., 2001; Mulvihill et al., 2006; Win et al., 2001).

Myo52 also has a function in vacuole fusion. The S. pombe contain approximately eighty
vacuoles (Mulvihill et al., 2011). Vacuoles are fundamental organelles, which regulate the
storage of water, nutrients and ions (Rains et al., 2017). The acidic environment within
vacuoles also allows for the degradation of proteins and ions within the cell. Vacuoles also
respond to osmotic stress and other stresses, such a nutrient deprivation (Li & Kane,
2009; Rains et al., 2017) Vacuoles undergo fusion when cells are under osmotic stress
(Mulvihill et al., 2011).

Myo52 is also involved in the organisation of actin filaments. In S. pombe, Myo52
deletions display short, curled, disorientated actin filaments. Filaments in Myo51 deletions
are comparable to wild-type actin filaments. Myo52 has been shown to associate with
For3 and possibly transport it to the ends of S. pombe, where actin filaments are
nucleated and polymerise towards. At the cell ends, For3 can be reused for actin filament
assembly. Myo52 may also deliver other actin regulators to the cells ends. Myo52 motor
activity along actin filaments also generates a pulling force on the filaments. Myo52
translocation towards the cell ends may drag actin filaments towards the cell interior.
Increasing the load of individual Myo52 and the number of Myo52 molecules travelling
along actin filaments generates a greater pulling force that promotes actin filament
extension. The pulling force generated by Myo52 may cause tension required to extend
and assemble actin filaments (Presti et al., 2012). These possible modes of actin

organisation by Myo52 are illustrated in Figure 1.18.
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Figure 1.18. Myo52 may transport actin regulators and generate force to regulate
actin filaments. Model of possible actin filament organisation by Myo52. Actin filaments
are nucleated by formin at the cell end. Myo52 binds to filaments via their head domain
and translocates along filaments towards the cell end. (A) Myo52 binds to actin filament
regulators (stars) via its tail domain and transports them as cargo to cell ends to regulate
the filaments. (B) Translocation of Myo52 and its heavy cargo towards the cell ends may
exert force on actin filaments that pull the filaments in the opposite direction and towards
the cell interior (retrograde actin flow). This force may promote filament extension.
Adapted from Presti et al. (2012).

Alongside actomyosin operations, Myo52 is also involved in governing microtubule
dynamics and the turnover of a CLIP170-like protein and microtubule regulator called Tipl
in S. pombe. Tipl binds to the tip of microtubules and is required for microtubules to
differentiate between cell ends and cortical regions of the cell. Tipl also prevents
microtubules from undergoing catastrophe (dismantling). This is important for establishing
bipolar growth during NETO in S. pombe because microtubule activity promotes actin
assembly at the growing new end of the cell. Microtubules deposit polarity factors, such as
Teal and Tea4/Wsh3, to newly growing cell ends. At these cell ends, the polarity factors
form complexes with For3. The complexes are called polarisomes and cause the
recruitment of For3 to the new cell end. There, For3 allows actin assembly and cell growth
to occur at new cell ends. In healthy wild-type cells, microtubules undergo catastrophe

when they reach the cell end. In S. pombe cells with Myo52 that have a single amino
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substitution mutation (D55N, aspartic acid 55 to asparagine 55) in the motor domain,
microtubules continue to extend and curl along the end of the cell. This is because Tipl is
not removed from the microtubule tip, once the microtubule plus end has reached the cell
ends. This suggests Myo52 is involved in the release of Tipl from the tips of microtubules
and promotes microtubule catastrophe at the cell ends. Tipl ubiquitylation (a protein
modification that targets proteins for proteasome-dependent degradation) and proteolysis
are also modulated by Myo52. Myo52 associates with ubiquitin receptor Dphl and targets

ubiquitylated Tip1 for proteolysis (Martin-Garcia & Mulvihill, 2009).

Tipl targets zones of growth in S. pombe. These zones of growth have been shown to be
positioned and defined in part by a Drosophila Furry-like protein called Mor2 (Hirata et al.,
2002). In order to position zones of growth, Mor2 functions in cooperation with actin. Mor2
localises to the cell ends and septation site, to position zones of growth, in an actin
dependent manner (Hirata et al., 2002; Kinai et al., 2005). Actin localisation to the cell
ends is also dependent on Mor2 (Hirata et al., 2002). Mor2 is part of the MOR
(morphogenesis Orb6 network) signalling pathway that functions to regulate cell polarity
and cell septation. MOR proteins include kinases such as Orb6 and Nakl (Tay et al.,
2019). Mor2 acts as a scaffold that mediates interaction between Orb6 and Nakl (Gupta,
2013). This interaction is required to activate Orb6 to spatially regulate Cdc42 GTPase.
Orb6 spatially restricts Cdc42 activation to the cell ends for polarised growth (Das et al.,
2009).

Myo51 deletions have been determined to not impede cell growth however Myo52
deletions result in temperature sensitive and misshapen phenotypes in S. pombe. These
misshapen cells are shorter, broader and develop multiple septa. Depolarisation of actin
structures form in Myo52 deletions but do not in Myo51 deletions. Growth of Myo52
deletions is also slower than Myo51 deletions, which has a growth rate comparable to
healthy wild-type cells. Deletion of both Myo51 and Myo52 in a single strain results in
cells phenotypically similar to Myo52 deletions. The deletions are therefore is non-
additive. The double mutants are viable (Win et al., 2001). Due to these differences in
relevance to cell growth, Myo52 was chosen over Myo51 as the isoform of interest in this

PhD project.
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1.5 Requlation of myosin by phosphorylation and cytoplasmic calcium

1.5.1 Myosin requlation by phosphorylation

Myosins are regulated by transcriptional regulation, substrate/effector binding and post-
translational modification such as glycosylation and phosphorylation. Post-translational
modifications can occur at the myosin active sites (orthosteric) or at other locations
(allosteric). These maodifications can affect multiple aspects of a protein such as ligand
and effector binding and auto-inhibition. Post-translational phosphorylation of myosins is a
covalent, allosteric process and is a significant regulator of their function. Myosin function
is influenced by phosphorylation-induced changes in its ATPase activity and its active and
inactive states. Myosin phosphorylation is therefore fundamental in multiple processes in
S. pombe, including the cell cycle. Phosphorylation sites identified in myosins I, Il and V
have been found to bring about various processes (Attanapola et al., 2009).

Protein phosphorylation is a post-translational modification which serves to regulate
protein function, in response to extracellular signals. During phosphorylation, the
negatively charged phosphate group of an ATP molecule is transferred to the hydroxyl
group of a serine, threonine or tyrosine protein residue, by a protein kinase enzyme. The
negative charges of phosphate groups often induce conformational and functional
changes in the phosphorylated protein. Protein phosphatase enzymes catalyse
dephosphorylation, which is the removal of phosphate groups, and involves cleavage of
the phosphate group via hydrolysis. Phosphorylation of a protein is controlled through
signalling cascades which involve chains of phosphorylation events upon upstream
kinases and phosphatases. Figure 1.19 illustrates the phosphorylation pathway (Nestler &
Greengard, 1999).
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Figure 1.19. Phosphorylation is a post-translational control for proteins. Protein
phosphorylation and dephosphorylation schematic. (A) Protein kinases transfer a phosphate
group (Pi) from ATP to the target protein, at a phosphorylation site. Phosphatases catalyse
dephosphorylation, the removal of Pi. (B) Phosphorylation can induce a conformational
change, activation and deactivation, specific to the target protein. Dephosphorylation also

induces specific activation and deactivation. Adapted from Thermo Fisher Scientific (n.d.).

The Ste 20 (sterile 20) family of protein kinases are a group of serine/threonine-protein
kinases. They phosphorylate Myol at conserved phosphorylation sites called TEDS-sites,
located in the actin binding site of the myosin motor head domain. At these sites, only
threonine (T), glutamate (E), aspartate (D), or serine (S) residues are present.
Phosphorylation at these sites regulates motor activity. In S. pombe, phosphorylation of
TEDS sites has been shown to have a regulatory role in the recruitment and localisation of
Myol to actin patches for endocytosis. Phosphorylation also increases myosin affinity for

actin and promotes actomyosin binding (Attanapola et al., 2009).

Phosphorylation of myosin Il and associated light chains have been studied extensively.
Myosin Il RLC (regulatory light chain) is a light chain that non-covalently binds to myosin Il
IQ motifs and is structurally similar to calmodulin (Heissler & Sellers, 2014). RLC is
phosphorylated by MLCK (myosin light chain kinase) and this occurs in response to
upstream signalling in non-muscle cells. It increases actin-activated ATPase activity more
than one thousand fold (Scholey et al., 1980; Sellers et al., 1981; Trybus et al., 1989). To
generate force, myosin Il polymerise into filaments via the coiled-coil domain in their tail
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domain (Attanapola et al., 2009). In order to polymerise into filaments, RLC
phosphorylation is required to induce a conformational change in myosin I, from a
compact circular conformation to a linear conformation. The linear conformation enables
myosin Il to polymerise into filaments. Myosin Il coiled-coil phosphorylation is reported to
hinder filament assembly and binding to associated proteins (Dulyaninova et al., 2005;
Dulyaninova et al., 2013; Even-Faitelson et al., 2006). The RLC phosphorylation-induced

conformational change in myosin Il is illustrated in Figure 1.20.
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Figure 1.20. The structure of non-muscle myosin Il is dependent on regulatory light
chain phosphorylation. (A) Phosphorylation of myosin Il RLC (regulatory light chain)
induces a conformational change that enables polymerisation into filaments. Non-muscle
myosin Il heavy chains contain globular head domains that bind to actin filaments. ELCs
(essential light chains) and RLCs bind to the neck domain (below the globular head
domains). Myaosin Il dimers are formed via the coiled-coil domain in the tail domain. In the
absence of RLC phosphorylation, myosin |l possess a circular conformation, that
maintains a head to tail interaction and is unable to assemble into a filament (assembly
incompetent). RLC phosphorylation induces a conformational change into a linear
conformation (assembly competent). (B) Myosin Il dimers polymerise into filaments via
their tail domains. Myosin Il globular head domains bind to actin filaments to bundle actin
filaments together and form stress fibres. Polymerisation is inhibited by phosphorylation of

the myosin Il heavy chain. Adapted from Vicente-Manzanares et al. (2009).
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Phosphorylation has also been suggested to modulate cargo binding and release of
myosin V. In mitotic Xenopus egg extracts, phosphorylation of the myosin V cargo binding
domain has shown to result in organelle cargo detachment. CaMKII (calcium/calmodulini
dependent protein kinase Il) is responsible for the phosphorylation. Inhibitors of CaMKII
reduce release of cargo from myosin V (Karcher et al., 2001). In connection to this, the
results of phosphorylation of Myol serine 742 and multiple phosphorylation sites along
Myo52 are yet to be determined. The impact of phosphorylation on the cell growth

functions of Myol and Myo52 was a focus of this study.

1.5.2 Myosin requlation by calcium

The myosins are exposed to regulation via second messenger divalent cations Ca*".
Regulation via Ca®* was of particular interest in this study since it is sensed by calmodulin
that bind to myosin IQ motifs in the neck domain. The conserved phosphorylation site
myosin | serine 742 is located in the 1Q of myosin I. Currently, the impact of myosin | 1Q
motif phosphorylation on endocytosis for polarised cell growth during the cell cycle is
poorly understood (Wilson-Grady et al., 2007). This study explores the impact myosin |
serine 742 phosphorylation has on the change from monopolar growth to bipolar growth in
the cell cycle, in S. pombe. Recent studies within the Mulvihill lab have proposed TORC2-
signalling-dependent phosphorylation of conserved myosin | serine 742 as a key

regulatory mechanism to myosin | function (Baker et al., 2019).

TOR (Target of Rapamycin) is a conserved, nutrients-responsive serine/threonine-specific
protein kinase. It phosphorylates the -OH group of serine and threonine in protein
substrates. They phosphorylate protein substrates in response to various stimuli and are
part of signalling networks that regulate cell growth (Gonzalez & Rallis, 2017). The stimuli
TOR kinases respond to include growth factors, nutrients, energy and stress
(Wullschleger et al., 2006). The S. pombe genome encodes for two TOR homologues;
Torl and Tor2 (Otsubo & Yamamato, 2008; Weisman, 2016).

TORC2 (TOR complex 2) is multimeric supercomplex. Torl forms the core of TORC2
(Huang & Fingar, 2014; Laplante & Sabatini, 2012; Wullschleger et al., 2006). The
function of TORC2 is not fully understood however, it has been reported to co-ordinate
actin filament polarity, cell cycle progression, starvation response and survival in response
to low glucose levels by phosphorylation of AGC kinase Gad8, at its carboxyl-terminus

(Cohen et al., 2018). This includes the G1 arrest and entry into meiosis, when S. pombe
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are starved of nitrogen, mitotic control in response to glucose, cytokinesis, nutrients
absorption and responses to osmotic and oxidative stress (Schonbrun et al., 2009;
Schonbrun et al., 2013). It is therefore an essential protein for the main responses under
starved conditions, sexual development and initiation of stationary phase entry. This has
been made evident by observations of Torl S. pombe mutant cell elongation, osmotic
and oxidative stress sensitivity, hampered sexual developmental progression in starved
environments and reduced amino acid intake (lkdea et al.,, 2008; Kawai et al., 2001,
Weisman & Choder, 2001).

TORC?2 is regulated by Ryhl (Rab GTPase) and its guanine nucleotide exchange factor.
The GTP-bound, active form of Rhyl interacts with TORC2 and promotes TORC2
phosphorylation of Gad8 (Hatano et al., 2015). Gad8 is a serine/threonine-specific protein
kinase and a homologue of human SGK1/2 kinase. It has been shown to be involved in
nuclear functions such as chromosome remodelling, sexual progression, maintenance of
cell integrity, bipolar growth initiation and cell cycle progression (Baker et al., 2019; Cohen
et al., 2016; Schonbrun et al., 2013). TORC2 binding to Gad8 is required for the transition
into mitosis from G2. Cell elongation occurs when this transition is hindered (Ikai et al.,
2011; Peterson & Nurse, 2007).

S. pombe lacking in TORC2 or Gad8 experience minimal mating and are highly apoptotic
beyond log phase (Kawai et al., 2001; Weisman & Choder, 2001). Increased equatorial
actin polymerisation, irregular cortical actin patches localisation and actin reconstruction,
during NETO, are observed with non-functioning TORC2 (Du et al.,, 2016; lkai et al.,
2011). Absence of TORC2-Gad8 induces sensitivity to non-permissive conditions such as
DNA damage (lkdea et al., 2008; Schonbrun et al., 2009; Weisman & Choder, 2001).
Inhibition of TORC2 also induces cell cycle arrest at G2/M and therefore has role in
regulating cell cycle G2/M transition (Gaubitz et al., 2015). The TORC2-Gad8 pathway is
shown in Figure 1.21. The pathway features a negative feedback loop in which Gad8
inhibits TORC2 by phosphorylating Torl threonine 1972. Phosphorylation of conserved
threonine 6 of Gad8 by PKC (protein kinase C), reduces interaction between Gad8 and
TORC2. Gad8 threonine 6 phosphorylation therefore aids the prevention of Gad8-
mediated inhibition of TORC2 (Du et al., 2016).
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Figure 1.21. TORC2 and Gad8 regulate cell cycle and progression and polarised cell
growth. lllustration of the TORC2-Gad8 pathway. TORC2 (Target of Rapamycin complex)
is a multimeric supercomplex involved in the regulation of cell growth and cell cycle
progression during nutrients starvation and stress. In S. pombe, TORC2 consists of Torl,
Ste20 (Rictor homologue), Sinl, Bit61 and Watl (Lst8 homologue). Torl is a
serine/threonine-specific protein kinase and is the catalytic subunit of the complex. Ste20
is also a serine/threonine-specific protein kinase that associates with Torl (Weisman,
2016). Sinl binds to Gad8 kinase and recruits it for phosphorylation (Tatebe et al., 2017).
Bit61 is a non-essential subunit and its function has not been determined (Cybulski & Hall,
2009). The function of Watl has not been determined however, it may have nutrient
sensing functions (Loewith et al., 2002). TORC2 phosphorylates Gad8 kinase. (Hatano et
al., 2015; Tatebe et al.,, 2017). Gad8 is an AGC-family kinase. Its phosphorylation
promotes Gad8 activity which is essential in cell cycle progression, sexual differentiation,
chromosome remodelling, cell integrity and switching from monopolar growth (growth at
one end of the cell) to bipolar growth (growth at both ends of the cell) (Hatano et al.,
2015). Gad8 activity is inhibited by the phosphorylation of a Gad8 T6 (Gad8 threonine 6)
residue by PKC (protein kinase C). Phosphorylation prevents physical interaction between
TORC2 and Gad8. It also prevents the Gad8 phosphorylation and inhibition of TORC?2.
Adapted from Baker et al. (2019) and Weisman (2016).

Myosin function is regulated by Ca*. It can bind to myosin motifs, calmodulin and
calmodulin-like light chains and also induce phosphorylation of these light chains. Figure
1.22 illustrates conformational changes observed in myosins I, Il and V when exposed to

free Ca?. Release of bound calmodulin has been observed in myosin | whilst
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phosphorylation of RLC proteins has been implied in myosin 1. Free Ca?" is said to bring

about unfolding of myosin V auto-inhibition (Batters & Veigel, 2017).

I I \Y

Figure 1.22. Ca® induces conformational changes in myosin I, Il and V to regulate
their function. Illustration of the conformational changes that occur in myosin I, Il and V
when exposed to free Ca?*. Ca®" can induce conformational changes in myosin (blue) that
are specific to each myosin class. Myosin | binds to actin filaments via its head domain
and links filaments to plasma membranes by binding to the plasma membrane via its tail
domain. Calmodulin (yellow) bind to free Ca**. Mouse myosin Ic has 3 IQ motifs, (IQ1, 1Q2
and 1Q3). Binding of Ca®" to calmodulin causes calmodulin dissociation from 1Q2, since
IQ2 has a very weak affinity for Ca**-calmodulin. Ca** also binds to a domain in myosin Ic
called the post-IQ domain. Ca* binding to this post-IQ domain and Ca®*-calmodulin
dissociation from myosin 1Q motifs, induces conformational changes that increase the
flexibility of the myosin tail. Increased flexibility results in the reduction of load and duty
and in turn promotes dissociation from actin (Lu et al., 2015). ELC and RLC (Essential and
regulatory light chains) (yellow) bind to the neck domain of myosin Il. Ca** binds to ELC
and calmodulin. This activates MLCK (myosin light chain kinase) to phosphorylate RLC.
'P' denotes a phosphate group. Ca” binding to ELC, and RLC phosphorylation cause
myosin 1l to unfold from a closed conformation to an open conformation. The open
conformation can interact with actin and regulates myosin Il activity. Myosin Va hold an
inactive folded conformation in the absence of Ca®". In this conformation, the tail interacts
with the head or neck domain. In the presence of Ca®, myosin Va unfolds and ca**
binding to myosin Va increases rigidity and stability of the myosin Va neck domain so

force and movement can be generated. Adapted from Batters & Veigel (2017).
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Baker et al. (2019) proposed TORC2i Gad8 dependent regulation of myosin | in S.
pombe, via Myol S742 phosphorylation. TORC2-Gad8-dependent phosphorylation and
Ca?" were both incorporated into the regulation of Myol function of endocytosis. A
significant reduction in Myol S742 phosphorylation in gad8.T6D S. pombe cells was
reported. In these cells, Gad8 threonine 6 (T6) is mutated into an aspartic acid (T6D).
Gad8 T6D therefore acts a phospho-mimetic to Gad8 T6 and is recognised by kinases for
phosphorylation. myol1.S742A cells fail to divide and fail to restrict growth when under
nitrogen-starvation-induced G1 arrest. These observations suggested phosphorylation of
Myol S742 to be dependent on the TORC2i Gad8 signalling pathway (Baker et al., 2019).

Myol S742 phosphorylation was found to change the structure of the Myol lever arm
(Baker et al., 2019). This conformational change was found to regulate Myol dynamics
and Caml dissociation from Myol during endocytic events. During endocytosis, Myol
S742A was observed at the cell membrane for a shorter duration of time than wild-type
Myol, via fluorescence microscopy. After an endocytic event, Caml dissociated from
Myol S742A sooner than it did from wild-type Myol (Baker et al., 2019).

Myol S742 was shown to be phosphorylated in a cell cycle dependent manner.
Approximately 50 % of cellular Myol S742 is phosphorylated in G1, before NETO.
Phosphorylated Myol S742 depletes completely by the end of late G2 (Baker et al.,
2019). Data gathered during this PhD project also contributed towards findings reported in
the paper.

The development and study of S. pombe Myol and Myo52 phospho-mutants in this
project aimed to determine the role myosin phosphorylation plays in; (i) calmodulin-
dependent regulation of Myol function in endocytosis required for polarised cell growth
during the cell cycle and (ii) regulating Myo52 interactions with associated proteins for

cargo transport required for cell growth.

1.6 Exploration via live cell fluorescence imaging

Unconventional myosin migrate along actin filament at rapid speeds ranging 0.2 to 60
e m/ s therefore rapid image capture is imperative for real-time imaging and analysis of
myosin motility (Alberts, 2002). During the PhD project, rapid movements of myosins and

the dynamic rearrangements of the actin cytoskeleton were studied, via fluorescence
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microscopy, for greater understanding of the function and regulation of myosins and
associated proteins. Fluorescence microscopy of live cells is achieved with the fluorescent
labelling of proteins, live cell dyes, as well as other methods to fluorescently label

proteins.

1.6.1 Fluorescence

Fluorescence was first reported in 1845, when a quinine solution emitted blue light whilst
exposed to ultraviolet light (Renz, 2013). Fluorescence is now used to visualise cellular
components in live cells. Live cell fluorescence imaging provides a powerful technique to
analyse cellular processes in real-time, via time-lapse acquisition. Fluorescent molecules
are known as fluorescent probes, fluorochromes or dyes. Fluorochromes conjugated to
macromolecules are called fluorophores. To achieve fluorescence, fluorochromes are
exposed to defined wavelengths of light, dependent on the fluorochrome (Herman et al.,
2015).

Electrons absorb light in discrete amounts called photons. The amount of energy in a
photon is expressed by Planck's Law;

E = hv = hc/ &

where E = energy, h = Planck’s constant , v = photon frequency, ¢ = the speed of light and
& = wavelength. The equat i elengths fieddrgedter amounts h o ws
of energy. Electrons in the fluorochrome absorb light energy, in the form of photons, and
are promoted from a low energy state called the 'ground state’, to a higher energy state
called the 'excited stated'. This energy is greater than energy gained from heat energy at
room temperature. Absorption is very quick and can take only a femtosecond (10™° s). In
the excited state, the electrons vibrate and are unstable. The electrons subsequently emit
light energy photons, of a longer wavelength than the excitation light, and return to ground
state. The light emitted from the fluorochrome is fluorescence. Electrons of each
fluorochrome absorb and emit light at specific wavelengths. Fluorochrome fluorescence
achieved at these wavelengths form the absorption and emission spectrum, specific to
each fluorochrome (Herman et al., 2015). Figure 1.23 illustrates the absorption and
emission of light by fluorochrome electrons that result in the changes in fluorochrome

electron energy states and fluorochrome fluorescence.
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Figure 1.23. The emission of photons by fluorochromes produces fluorescence.
lllustrations of light energy absorption and emission by electrons in fluorochromes to
produce fluorescence. (A) Jablonski energy diagram. To fluoresce, electrons in
fluorochromes move between different energy states; ground state (Sy) and excited state
(S1) (parallel lines). Sy is a low energy state. S; is a high energy, unstable state where the
electrons vibrate due to the energy gain. Each energy state has multiple vibration energy
states (multiple parallel lines). Before light absorption, electrons are at Sy (blue sphere).
When exposed to light, the electrons absorb photons of the excitation light energy (red
arrow) and are raised to a high vibration energy state in S; (red sphere). The electrons
then drop to lower S; vibration energy levels, in a process called vibrational relaxation
(yellow arrow, yellow sphere). Once at the lowest S; vibration state, the electrons emit
light energy which is detected as fluorescence (blue arrow). The loss of energy returns the
electrons to S, (blue sphere). (B) Absorption and emission spectrum of quinine. All
fluorochromes absorb and emit light energy photons of specific wavelengths. Electrons in
guinine absorb high energy photons of short wavelengths between 250 - 400 nm (red
curve). The wavenumber (number of waves per unit distance) decreases with greater
wavelengths. Absorption raises the electrons from Sy to S; or S, (a higher excitation
vibration level than S;). Shorter wavelengths are required to excite electrons to S,. The
electrons then relax to S;. From S; the unstable, excited electrons emit light energy
photons of longer low energy wavelengths between 400 - 600 nm (yellow curve). The
emission curve mirrors the Sy to S; transition peak. Stokes shift is the difference between
the maximum excitation and emission wavelengths. Emitted photons contain less light
energy than absorbed photons. This difference in wavelength and light energy is due to
the energy loss during vibrational relaxation after excitation. The extinction coefficient is a
measure of a fluorochrome's ability to absorb light at a specific wavelength.
Fluorochromes with higher extinction coefficients have a higher probability of

fluorescence. Adapted from Abramowitz et al. (2016) and Herman et al. (2015).
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1.6.2 Fluorophores

Fluorophores are fluorochromes conjugated to a macromolecule (Herman et al., 2015).
They were first identified when green fluorescent protein (GFP) was discovered in
Aequorea victoria jellyfish in 1962. Since then, different colour variants have been
developed (Day & Davidson, n.d.). Fluorophores can be fused to proteins in living cells
using recombinant complementary DNA cloning technology. This produces a fluorescent
fusion protein which can be visualised in live cells, in real-time using fluorescent
microscopy (Piston et al., n.d.). This has allowed for multicolour observation of protein
localisation, protein interactions and protein trafficking in living cells (Lippincott-Schwartz

et al., n.d.). Figure 1.24 illustrates the structure of A. victoria GFP.

N-Tem"llnus «-Helix
4 L — C-Terminus

Figure 1.24. Green Fluorescent Protein is a b-barrel containing a chromophore.
Structure of A. victoria Green Fluorescent Protein (GFP). GFP consists of an eleven-
strandardabd a c¢hr omo gparelrised.nm ih lkeegth Bnd 3 nm in width
and functions to protect the chromophore. The N-terminus and C-terminus are on the
sur f ac e -barfel andhaee uded as linkers to fusion proteins. Linking the GFP to a
protein does not significantly disrupt its structural integrity. The chromophore is a cyclic
tripeptide situated att he ¢ e nt r-karreb ft is tebpensilde for fluorescence upon
exposure to the blue range of visible light. Green fluorescence is emitted from the ring

system of the fluorochrome. Adapted from Day & Davidson (n.d.).
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Photobleaching is the process in which a fluorophore loses its ability to fluoresce due to
photon-induced chemical destruction and covalent modification, caused by exposure to
excitation light (Song et al., 1995). Excited fluorophores can interact with other molecules,
such as oxygen, which results in irreversible covalent modifications. Oxygen interacts with
excited fluorophores via two different reactions that cause fluorophore degradation. In the
first reaction, energy is transferred from the excited fluorophore to an oxygen molecule.
This forms an excited oxygen molecule. In the second reaction, an electron is transferred
from the fluorophore to an oxygen molecule and forms a superoxide radical (OZA). Excited
oxygen and superoxide radicals are called ROS (reactive oxygen species) and are
involved in downstream reactions that produce other types of ROS. ROS can degrade
fluorophores but how they degrade fluorophores is not understood well (Zheng et al.,
2014).

Fluorophores can repeat the excitation and emission cycle thousands of times before it
become photobleached and unresponsive to excitation light (Herman et al., 2016). Each
fluorophore can undergo an average number of excitation and emission cycles specific to
its molecular structure and the cellular environment that it is in e.g. pH. To reduce
photobleaching, low exposure times and light intensities can be used (Spring & Davidson,
n.d.).

1.6.3 Wide-field and confocal fluorescence microscopy

Wide-field and confocal microscopy are common types of microscopy used to detect
fluorescent single molecules. Both imaging systems were implemented during the project.

Figure 1.25 illustrates wide-field and confocal microscopy configurations.
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Figure 1.25. Wide-field and confocal microscopy systems detect fluorescent signals
emitted from excited fluorophores. lllustration of wide-field and confocal microscopy
systems. (A) Wide-field microscopy configuration. Light from a light source e.g. LEDs
(light emitting diodes) passes through an excitation filter to filter the wavelength required
to excite the fluorophores used to visualise the sample (blue). The excitation filter rejects
all other wavelengths. The dichroic mirror then reflects the filtered excitation light to pass
it through the objective lens. The objective lens focuses the light to illuminate the sample.
Large areas of the sample are illuminated in this configuration. The excited fluorophores in
the sample emit fluorescent light (green) back through the objective lens and towards the
dichroic mirror and emission filter. The dichroic mirror and emission filter only allow
emission light of the correct wavelength to pass through to the ocular and detector. The
microscope user can view the fluorescence with the ocular lens. The emission light is
measured by a detector e.g. camera and computer. (B) Spinning-disk confocal
fluorescence microscopy configuration. Light of a specific wavelength (green) is emitted
from a laser. The light is passed through pinholes in the spinning light source pinhole
aperture, to focus it to specific focal planes of the sample. Objective lenses with a high
numerical aperture (ability to gather light and resolve details) are also used. Fluorescent
light emitted from the sample (magenta) is focused into pinholes in the spinning detector
pinhole aperture, after being passed through the dichroic mirrors and emission filter. The
pinholes allow in-focus emitted light (magenta) through to the detector and reject out-of-
focus background fluorescence (light pink). This results in better horizontal and vertical

resolution. Adapted from Proteintech (2019).
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Principles of wide-field microscopy
Visualising samples via wide-field microscopy begins with excitation light emission from

an LED (light emitting diode) or gas arc-lamp light source. The emitted light is passed
through an excitation filter that only allows a specific wavelength of light to pass through it.
This wavelength is dependent on the fluorophores being used. If GFP is being used,
excitation filters that filter for blue light would be used. This wavelength is ideally the
wavelength required for maximum light absorption and excitation of the fluorophore. In
fluorescent microscopes, dichroic mirrors are used to direct light towards the sample and
detectors. They have different transmission and reflection properties, dependent on the
wavelength of the light directed at them. Dichroic mirrors reflect the filtered excitation light
to pass it through the objective lens and towards the sample. Whole cells are illuminated

in this configuration (Spring & Davidson, n.d.).

Excited fluorophores in the sample emit fluorescent light that is directed towards the
dichroic mirror. The dichroic mirror and emission filter allow emitted light of the correct
wavelength to pass through to the detector. In the case of GFP, green light emitted from
the sample would pass through the dichroic mirror and emission filters. The emitted
fluorescent light is then detected by a charge-coupled device (CCD) camera (Spring &
Davidson, n.d.).

Principles of spinning-disk confocal microscopy
Spinning-disk confocal microscopy has multiple benefits over wide-field microscopy. In

wide-field microscopy, entire cells are exposed to incoherent light (photons with different
frequencies) from LEDs or gas arc-lamps. Out-of-focus light emitted from background
fluorescence is detected and reduces the resolution and contrast of images. Spinning-disk
confocal microscopes are able to remove out-of-focus light to acquire images with a high
contrast and high resolution. Multiple lasers are used as the source of excitation light.
They emit coherent light (beams of photons with the same frequency that do not diffuse)

(Fellers & Davidson, n.d.).

Only defined focal planes of the cells are exposed to the laser due to spinning-disks
perforated with pinholes. The spinning-disks limit the amount of light exposed to the cells.
Fluorescence only emitted from the defined focal plane is then focused towards a camera.
Background, out-of-focus fluorescence is excluded. This exclusion prevents photodamage

of the whole cell and produces images of greater clarity (Wilson, 2017).
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Background fluorescence reduces resolution achieved in wide-field microscopy due to
illumination of all planes of whole samples and surrounding background. This background
fluorescence can cloud fluorophore emissions and therefore reduce the signal-to-noise
ratio. Pinholes in confocal spinning-disks reduce the amount of background fluorescence
detected. Deconvolution, a computer based process, is often used after image capture to

shift photons to points of origin and regain resolution (Wilson, 2017).

In some systems, photomultiplier tubes, are situated beyond the spinning-disks and
collect photons from samples once they are exposed. They consist of vacuums which
include an electron multiplying component and convert the photons into electrical signals,
to be compiled into an image. Each tube collects light of different wavelengths. Confocal
microscopy can also acquire images of sample sections for further reduction of

background fluorescence (Wilson, 2017).

1.6.4 Real-time image capture

To record protein dynamics in real-time, movies called time-lapses are generated from a
series of images taken over a set duration of time. Images at a single focal point in the
lateral plane (x-y plane) are taken at specific time points. At the same time point, multiple
images termed z-slices are also taken along the z-axis. The distance between each z-
slice is called the step size. The step sizes can be adjusted. A set of z-slices is called a z-
stack. Z-stacks can be flattened to form 2D images called max projections. Max
projections display fluorescence from multiple planes of the cell within a 2D image and are
generated with image analysis software. Max projections of each time point can be
compiled to generate a time-lapse. The duration of a time-lapse and the time points in
which z-slices are taken, is varied depending on the velocity of the molecule of interest
and the cell area that needs to be captured (Dailey et al., n.d.). Z-slices and max

projections are illustrated in Figure 1.26.
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z-stack
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Figure 1.26. A max projection is a flattened series of images. Diagram illustrating the
formation of max projections when imaging S. pombe during fluorescence microscopy. Z-
slices are images taken at different focal planes along the z-axis. The number of z-slices
and the step size (distance between each z-slice) can be adjusted to cover the whole cell
or a specific region of the cell. A set of z-slices forms a z-stack. Z-stacks are flattened into
a single image called a max projection which displays fluorescence from the multiple z-
slices of the cell. Max projections are generated by imaging analysis software e.g.

Metamorph. Image not to scale.

In live cell fluorescence imaging, CCD cameras are often used for image acquisition
(Wilson, 2017). CCD cameras detect fluorescent signals and convert them into digital
values to generate images. Each CCD camera houses a silicon matrix containing multiple
light sensitive elements. These are used as photon detectors. In the silicon matrix, a
silicon wafer-photodiode complex defines a single pixel. When exposed to photons from
emitted fluorescent light, the silicon wafer releases electrons. The electrons are absorbed
by the photodiode. A digital value that corresponds with the electron energy absorbed by
the photodiode is generated. The digital values generated for each pixel are used to

create an image at each time point (Spring et al., n.d.).

Fluorophores that emit light in different colour channels are used to visualise multiple
proteins in a single sample. In order to generate multi-coloured images and time-lapses,
images are taken after the excitation/emission filters and LEDs/lasers are changed
mechanically. The excitation/emission filters and LEDs/lasers alternate so an image in

each colour channel can be taken at each time point. Time elapses between filter and
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light source changes. Acquisition of z-slices at each time point also increases the amount
of time that passes between each time point. Therefore, in multi-channel time-lapses,
there is always a time lag between the dynamics of proteins imaged in different colour
channels. The millisecond dynamics of proteins are not captured in real-time. Standard

spinning-disk confocal microscope systems have an image capture rate of 50 ms (20 Hz).

During this PhD project, a spinning-disk confocal microscope system, capable of
simultaneous two-channel imaging, was tested in collaboration with its manufacturer,
Cairn Research. In this system, green and red lasers function alternately to illuminate the
sample. The excitation/emission filters are on a wheel. The timing of when the lasers turn
on is synchronised with the filter wheel. The lasers are on only when the corresponding
filters are in place. During this PhD project, the lasers were used with an exposure time of
100 ms. The filter wheel constantly rotates at a speed of 11 Hzto achieve
a 10 Hz capture rate (one image captured every 100 ms). This allows images to be
simultaneously captured in two different channels. The time lag between the dynamics of
proteins imaged in different colour channels is eliminated. To test the system, S. pombe
strains with proteins labelled with red mCherry and green mNeongreen (mNG) or GFP
fluorophores were imaged. This testing aimed to determine correct function of the system

and determine suitable imaging conditions to image S. pombe.

Live cell imaging considerations
During live cell imaging, the environment in which cells are kept in must be controlled.

Parameters such as the cell chamber dimensions, temperature, atmospheric conditions
and pH buffering supplied by the culture medium must all be controlled. (Dailey et al.,
n.d.).

Experimental challenges accompany fluorescent live cell imaging. Major challenges
include reducing photobleaching whilst maintaining an ideal signal-to-noise ratio and
establishing an ideal environment for the cells to replicate physiological protein dynamics
(Ettinger & Wittmann, 2014). Hindrance of normal protein function is also a challenge to
overcome when imaging fluorescently labelled proteins. Lifeact, a short peptide which
binds to actin filaments, is used as a marker to visualise actin structures (Riedl et al.,
2008). The long morphology lifeact-GFP S. pombe strains display is an example of

potential disruptions in normal actin function.
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1.7 Aims and Objectives

1.7.1 Imaging system optimisation

One focus of the PhD project was development of optimal conditions for fluorescent live
cell imaging techniques. Exposure to light during fluorescent live cell imaging can induce
damage to the cell. This damage is termed phototoxicity and is induced by heat and
reactive oxygen species (ROS). In order to observe cells in conditions close to
physiological conditions, phototoxicity must be avoided. One aim of the PhD project was
determine whether differences in phototoxic outcomes occur between: (i) frequent
exposure to low intensity light exposure and; (ii) infrequent exposure to high intensity light
exposure (when the total number of photons exposed to the cell is equal). Phototoxicity
has been shown to delay cell cycle progression (Cole, 2014; Laissue et al., 2017). In order
to achieve this aim, the rate of contractile actin ring constriction in ric1-GFP pcpl-GFP S.
pombe was measured and compared between cells frequently exposed to low intensity
light, and cells infrequently exposed to high intensity light. Findings of these experiments
were then applied to a study on the molecular basis of temperature sensitivity in
temperature sensitive cdc8.27 and cdc8.110 S. pombe and the impact these mutations
have in the function of tropomyosin Cdc8, during CAR assembly and constriction. In order
to study this temperature sensitivity, CAR constriction in temperature sensitive

tropomyosin Cdc8 mutants was observed between 25 C and 36 C.

Another aim of the PhD project was to determine a suitable fluorophore to label Myo52,
for experiments to study Myo52 function in live S. pombe Myo52 phospho-mutant cells.
The discreteness, intensity and photostability of monomeric neongreen (mNG), GFP and
3GFP foci in long-term time-lapses were compared to determine which fluorophore

possessed the most suitable properties.

Cairn Research, a collaborator of the Mulvihill lab, is developing a novel simultaneous
two-channel spinning-disk acquisition imaging system. It is being developed to enable
simultaneous image acquisition of fluorophores in the red and green channel. One aim of
the PhD project was to test the imaging system with live cells and determine if the system
was capable of detecting signal in the red and green simultaneously, without channel-to-
channel bleed through. Time-lapses of S. pombe labelled with both mCherry (red

fluorophore) and mNG or GFP (green fluorophores) were acquired with the imaging
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system to determine if red and green signals could be simultaneously recorded without

channel-to-channel bleed through.

Conclusions made from this study may be used in future imaging studies to achieve
experimental in vivo results, as close to physiological conditions as possible.

1.7.2 Myosin phospho-requlation

Phosphoproteomic screening has identified a number of phosphorylation sites in myosin |
and myosin V of S. pombe. These phosphorylation sites have been shown to be
conserved in Homo sapiens, Caenorhabditis elegans and Saccharomyces cerevisiae.
This suggests biological importance for the correct function of various organisms. The
kinases that phosphorylate these sites and the result of phosphorylation are not known.

One aim of this project was to identify roles of these phosphorylation sites in the function
and regulation of myosin | and V. S. pombe phospho-mutant strains were developed by
SDM. With SDM, serine to alanine mutations at the genomic locus were introduced in
codons that encode for conserved phosphorylation sites in the myosin. These strains were
then used to investigate the role phosphorylation has in the function and regulation of
myosin | and myosin V during cell growth in S. pombe. Mutations at the genomic locus
ensure the phenotypes observed in the S. pombe phospho-mutant strains are direct

results of the serine to alanine mutations.

In wild-type S. pombe, the serine hydroxyl group (-OH) in the phosphorylation sites of
interest are phosphorylated. In the S. pombe phospho-mutant strains, mutation of the
serine residues to alanine will prevent the phosphorylation of the residues because
alanine does not possess a hydroxyl group for phosphorylation. The two amino acids have
similar properties and therefore any changes in the phenotype will be likely due to the
absence of phosphorylation in the phospho-mutants. Serine to aspartic acid, phospho-
serine phosphomimetic mutants were also implemented. Aspartic acid mimics phospho-
serine because the COO™ is chemically similar to phosphorylated serine. Due to this
similarity, serine to aspartic acid mutations can induce levels of activity similar to that of

serine phosphorylation.

Changes in S. pombe phospho-mutant phenotypes will be observed using fluorescence

microscopy. S. pombe morphology, size, growth and division will be studied. Myosin
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deletions have been shown to cause wider and shorter morphologies. This is because
myosin | is involved in endocytosis required for polarised cell growth and myosin V
transports cell membrane factors in vesicles and also regulates cytoskeleton organisation.
In these mutants, a dysfunctional cell cycle and hindered cytokinesis was hypothesised.
Changes in the function and regulation of the myosin will also be studied and will then
give insight into the function of the myosin phosphorylation sites. Identifying the kinases
responsible for the phosphorylation was also planned to shed light on the signalling

regulating the myosin.

Mutation of the myosin | serine 742 phosphorylation site

The Myol S742 phosphorylation site is located in the neck domain of Myol. It has been
hypothesised to be involved in the regulation of calmodulin binding as well as the folding
of the Myol (Baker et al., 2019). An aim of the PhD project was to determine the impact
TORC-Gad8-dependent phosphorylation of Myol S742 has on the function of Myol and
the interactions it has with Caml and Cam2. Through cell cycle based assays in
myo0l1.S742A S. pombe, the significance of TORC-Gad8-dependent phosphorylation of
Myol S742 on Ca**-dependent calmodulin binding to Myol was studied in this thesis to
further understand the regulation of Myol function during endocytosis, which is required
for polarised cell growth. These assays included determining: changes in the monopolar-
to-bipolar ratio, rate of growth and actin dynamics during the vegetative cycle.
Observations made in the meiotic cycle included determining changes in: Myol, Caml
and Camz2 foci lifetimes, the degree of endocytosis, cell polarity and regulation of cell
growth in sporulating cells.

Mutation of the myosin 52 phosphorylation sites
The S720, S798, S985, S1064, S1065 and S1072 phosphorylation sites of Myo52 are of

interest as phosphorylation of these sites may contribute to the regulation and function of

Myo52. These phosphorylation sites are located in the head, IQ motifs and tail region of
Myo52 and the roles of these sites are currently unknown. It is hypothesised serine-to-
alanine mutations in the head will affect Myo52 binding to actin. Mutations in the neck
region will affect calmodulin or light chain binding, the folding of the protein and cell

polarity. Mutations in the tail region may affect cargo binding and myosin motility.

An aim of the PhD project was to determine the impact Myo52 S720, Myo52 S798, Myo52
S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 phosphorylation has on the

function and regulation of Myo52 in cargo transport and cytoskeleton organisation for cell
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growth in S. pombe. During this study, myo52.S720A, myo52.S798A, myo52.S985A,
myo052.S1064A S1065A and myo52.S1072A mutations were generated in S. pombe.
Overall cell growth, cell morphology and the monopolar-to-bipolar ratio of the Myo52
phospho-mutants were measured to determine if phosphorylation of the Myo52
phosphorylation sites of interest impact polarised cell growth. Actin and microtubule
localisation and dynamics were observed to identify changes in the Myo52 function in
cytoskeletal organisation. Myo52 dynamics were observed to determine the impact Myo52
phosphorylation has on the motility of the motor protein. Finally, Mor2 localisation to
regions of cell growth was also observed to determine whether Myo52 phosphorylation
impacts Mor2 localisation to the cell ends to determine regions of cell growth.

Wide-field microscopy, spinning-disk confocal microscopy and Metamorph image analysis
techniques were utilised for acquisition and analysis of images and time-lapses of
fluorescently labelled and stained S. pombe strains. For the development of the required
strains; cell culture, DNA cloning/site-directed mutagenesis, transformations and genetic
crosses were carried out. Further understanding of Myol and Myo52 regulation may be
used to intervene with the results of phosphorylation mutations or manipulate the
phosphorylation status of the phosphorylation sites of interest. These conserved sites may

be studied in other models e.g. S. cerevisiae and human cells in the future.
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Chapter 2: Materials and methods

2.1 Molecular biology methods

0.1 ¢ gDNA was used in all restriction enzyme digests and ligations.

2.1.1 General cloning techniques

Standard restriction digest mixture:

10 ¢l 10x buffer (buffer typel0Obaip/padm DA wi t h
2 ¢l restriciti adm eanfyma,l dkl ume of 100 el

Standard ligation mixture:

2 ¢ | ligatibnxbuffer, 1 € 0.1 ¢ ¢e | per DNA flr &d meTndt DN@tohi gas
final volume of 100 ¢l

Standard PCR mixture:

41 pl dH,O , 5 pl high fidelity (HF) buffer, 1 pyl 0.01 ¢ g / tenhplate DNA, 1 pl 1:10
oligonucleotides, 1 ul DNTPs, 1 pl HF enzyme

2.1.2 Cloning: site direct mutagenesis (SDM)

Endogenous DNA labelling PCR mixture:
41 ul dH,O , 5 ul HF buffer, 1 yl 0.01 ¢ g /v&41 template DNA, 1 ul 1:10 oligonucleotides
(0648, 0649), 1 ul DNTPs, 1 yl HF enzyme
pGEM ligation mixture:
6 udH,O, 1 0. 1 @R product, 1 pl ligase, 1 pl pGEM, 1 pl 10X ligation buffer
EcoRI digest mixture:
5l dH,0, 2 pl 10X BufferH,2ul0 . 05 [RBNA/1gullEcoRI.
SDM PCR mixture:

41 pl dH,O , 5 pl HF buffer, 2wl 0 . 1 evg44 teiplate DNA, 1 pl 1:10 oligonucleotides
(0481, 0482, 0634, 0635, 0636, 0637, 0638, 0639, 0650, 0O651), 1 yul DNTPs, 1 yl HF

enzyme

Myol tail (v741) was amplified by the endogenous DNA labelling PCR programme using
myo1Kfll-SpelF/R primers. PCR product was incubated with 1 pl of Dpnl enzyme at 37 °C

for 1 hr. The PCR product was subsequently incubated at 65 °C for 10 min, to denature
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the enzymes. Once cooled to room temperature, the PCR product was ligated into pGEM

cloning vector at 4 °C for 2 days.

5 ul of ligate DNA was transformed into DH10-b E. coli as described in Section 2.1.6. Mini
prepped DNA was digested with EcoRlI at 37 °C for 1 hr. Successfully digested DNA was
sequenced and the correct constructs were used for SDM (v744). SDM PCR was carried
out and PCR products were digested with 1 pl of Dpnl enzyme at 37 °C for 1 hr or
overnight. The SDM PCR products were then digested with restriction enzymes
corresponding to the introduced restriction site. Correct digestion was confirmed via gel

electrophoresis as described in Section 2.1.5.

2.1.3 mNeonGreen (MNG) labelling Myo52
mMNG-Myo52 PCR mixture:
18 pl GOTaq buffer mixture, L ul 0 . 1 stenplatd DNA, 1 ul 1:10 oligonucleotides

To label Myo52 with mNG, a mNG-myo52 PCR mix was run through an endogenous DNA
labelling PCR programme. 1 pl of PCR product was used to check for product via gel
electrophoresis. The PCR product was pooled and phenol chloroform purified as in
Section 2.1.2. mMNG-myo52 DNA (932) and myo52 phospho-mutant S. pombe were

transformed using 10 pl of DNA as in Section 2.1.7. To select for transformants, the S.

pombe were replica plated onto YES plates supplemented with 40 ¢ | G418 the

day. Correct clones were cryopreserved in 1 ml of YES supplemented with amino acids
and 500 pl of 60 % glycerol.

2.1.4 Genomic PCR preparation
3x10’ cells were harvested in YES and re-suspended in 100 pl of 200 mM LiOAc, 1 %
SDS. The cells were incbated at 75 °C for 5 min. 300 pl of 100 % EtOH was added and

the cells were vortexed. The cells were pelleted at 13, 000 rpm for 3 min. The pellet was

gently washed with 70 % EtOH and dried at 65 °C. The cells were re-suspended in 50 pl
of dH,O and pelleted at 13, 200 rpm for 20 sec. Supernatant, containing DNA, was
collected into a new microfuge tube. A genomic PCR programme was run. The presence
of PCR product was checked via gel electrophoresis as described in Section 2.1.5. DNA
was then digested with restriction enzymes corresponding to the introduced restriction site

to check for the correct genotype.
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2.1.5 DNA gel electrophoresis

Agarose powder, heated and dissolved in 0.5 X TAE, was used to make 1 % agarose gel.
Ethidium bromide (50 pl diluted into 1 ml of dH,O) was added to the agarose solution and
poured. Combs were inserted and the gel was left to set for 30 min. Once set, 5 pl of
Hyper Ladder 1 kb (Bioline i BIO-33026) was loaded. DNA was loaded with 5 X DNA Gel
Loading Dye (Fisher - BP655-5) and dH,O. The gels were run at 50 V for 1 hr.

2.1.6 E. coli transformation
Luria-Bertani (LB) (1 L):

1L H,0, 10 g tryptone, 10 g NaCl, 5 g yeast extract

40 pl of competent E. coli DH10-b cells were defrosted in ice for 5 min. 1 ul of DNA was
added to the DH10-b cells and incubated on ice for 30 min. The cells were heat shocked
in a water bath at 42 °C for 90 s and subsequently incubated on ice for 2 min. 100 pl of LB
was added to the cells and then incubated in a shaking incubator at 36 °C for 30-60 min to
recover. The cells and 100 pl of 50 pg/ml ampicillin were plated on a LB late and

incubated at 36 °C overnight.

Plates were then stored at 4 °C until the afternoon. Colonies were picked using 20-200 pl
pipette tips and inoculated in 5 ml of LB and 5 pl of 50 pg/ml ampicillin. Cells were
incubated in a shaking incubator at 36 °C overnight. QIAprep Spin Miniprep Kit (Qiagen -
27106) protocol was followed to extract bacterial DNA. 1 ul of DNA was loaded onto a 1 %
agarose gel and run for electrophoresis to confirm DNA presence, as described in Section
2.1.5.

2.1.7 S. pombe transformation

2x10°cells/ml in YES were pelleted at 3, 000 rpm for 5 min and re-suspended in 100 pl of
LiOAc per transformation. The cells were transferred into a microfuge tube and incubated
at 25 °C for 1 hr sideways. 01 & g wasNiged for each transformation. 100 pl of 70 %
PEG was added to 9-10 pl of DNA, previously purified, and vortexed. The DNA was
centrifuged for 1 min at 1, 000 g at 25 °C and incubated at 25 °C for 1 hr. The DNA and
cells were flicked every 20 min. 100 pl of cells were added to the DNA, mixed by flicking
and incubated for 1 hr. DNA mixed with the cells were flicked every 20 min. The cells were
heat shocked at 42 °C for 10 min and rested on ice for 2 min. 1 ml of YES was added and

the cells were pelleted at 3.8 rpm for 2 min. The cells were re-suspended in 1 ml YES and
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transferred to a bijou. The cells were incubated at 25 °C for 1 hr sideways and flicked
every 30 min. The cells were pelleted at 3.8 rpm for 2 min and re-suspended in 100 pl of
EMMG. They were then plated out on YES or EMMG plates, dependent on the selection.

The following day, the cells were replica plated onto the required selection plate.

Plasmids and oligonucleotides used in this study are listed in Table 1.1 and Table 1.2.The
molecular biology strategy is illustrated in Figure 2.2.

2.2 Cell culture

2.2.1 Cell culture: general

Yeast extract plus supplements (YES) (1 L)
1L dH,0, 30 g glucose, 5 g yeast extract
Edinburgh minimal media (EMMG) (1 L)
1L dH,0, 27.3 g Formedium EMM broth without nitrogen, 3.38 g glutamate

S. pombe cells were grown according to Moreno et al. (1990). Cells were grown in YES
for general growth and transformations. EMMG was used for fluorescence microscopy,
mating and selections. Auxotrophic strains were supplemented with the appropriate amino
acids at a concentration of 0.23 g/l. S. pombe strains used in this study are listed in Table
1.3

2.2.2 S. pombe growth curves

S. pombe strains were cultured in YES media supplemented with the necessary amino
acids as in Section 2.2.1, at 20 C and 25 C over 2 days. The cells were diluted to
0.5x10° cells/ml and 500 pl of cells was pipetted in each well of the 24 well plates. ODggo

was recorded to measure cell growth over 3 days using a plate reader.

2.2.3 Cell culture: mating and meiosis
MSL (1 L)

1L dH,0, 0.1 g NaCl, 1.0 g KH,PQO,, 2.0 g arginine, 10.0 g glucose, 0.2 g MgS0,4.7H,0,
0.1 g CaS0O,.2H,0

MSL without nitrogen (1 L)

as above without arginine
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Cells were inoculated in 20 ml of MSL with nitrogen media supplemented with 1000 X
vitamins, 10,000 X minerals and the required amino acids for 2 days. Cells were washed
with MSL without nitrogen 3 times and reconstituted in 20 ml of MSL without nitrogen
media supplemented with 1000 X vitamins, 10,000 X minerals and the necessary amino

acids for 1 day.

2.2.4 S. pombe crosses

Two strains with complementing mating types were crossed, as described in Egel et al.
(1994). S. pombe cells grown on YES agar plates, were streaked and mixed in squares
on MSA plates supplemented with the necessary amino acids. h*x h™ strains were mixed
at a ratio of 1:1. h®*x h*" strains were mixed at a ratio of 1:10. The cells were incubated
for2-3daysat 25 AC to be crossed. The cells were
Glucuronidase (Sigma i G7017) in 1 ml of dH,O. The cells were incubated at 37 °C for 1-
2 days, to release spores. 100 pl of cell culture was plated and spores were selected for
on plates. Colonies were picked after 2-3 days of growth at 25 °C and streaked onto YES

to be cryopreserved.

For cryopreservation, cells were scraped from a YES plate and added to a 2 ml microfuge
tube containing 1 ml YES media, supplemented with the required amino acids, and 0.5 ml
of 60 % glycerol. The tube was vortexed, frozen in liquid nitrogen and stored at -80 'C.

2.3 Fluorescence microscopy

2.3.1 Live cells

Wide-field fluorescence imaging

10 pl of 1 mg/ml soybean lectin (Sigma- L1395) was spread onto the centre of a 24 mm x
24 mm borosilicate glass cover slip. When dried at room temperature, 20 pl of mid-log cell
culture was mounted onto the dried lectin. The cells were left to bind for 8-10 min. The
cover slip was tilted to allow excess cells to run onto a tissue. The cover slip was secured
onto a 25 mm x 75 mm glass slide with double-sided tape. The cover slip-slide chamber
was flooded EMMG or MSL without nitrogen. Wide-field imaging was carried out on cells
using an Olympus 1X71 wide-field microscope fitted with a Nikon 100 x OTIRFM-SP 1.45

NA oil immersion objective lens and QuantEM Model 512SC Imaging Camera.
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All S. pombe cells were imaged in the cover slip-slide chamber at 25 C unless otherwise
is specified. Cells imaged at temperatures other than 25 C were mounted onto and
imaged in a Bioptechs FCS2 Chamber (Bioptechs, Butler, PA). A Bioptechs FCS
Controller (Bioptechs, Butler, PA) was used to set the Bioptechs FCS2 Chamber to
temperatures of 25 - 36 C.

LEDs were used to excite fluorophores in the S. pombe cells at an intensity of 0.2 mA,
unless otherwise specified. GFP, 3GFP and mNG were excited at 470 nm. sid2-tomato,
mCherry and FM4-64 were excited at 555 nm. Calcofluor was excited at 365 nm. Cells
were imaged at 100 x magnification. The imaging conditions used to image each protein
are listed in Table 1.4.

Spinning-disk confocal fluorescence imaging

Spinning-disk confocal imaging was carried out using an Olympus IX73, Crest Crisel X-
Light confocal imager spinning-disk confocal system. The microscope was fitted with a
Nikon 100 x OTIRFM-SP 1.45 NA oil immersion objective lens and a QuantEM Model
512SC Imaging Camera. S. pombe cells were mounted in a Bioptechs FCS2 Chamber. A
Bioptechs FCS Controller was used to set the Bioptechs FCS2 Chamber to temperatures
of 25 C. Lasers were used to excite fluorophores in the cells. GFP and mNG were
excited at 470 nm, 15 - 90 % power. mCherry was excited at 555 nm, 20 % power. 7 z-
slices were taken of myol-GFP mCherry-lifeact cells. 13 z-slices were taken of the
remaining strains. This was because Myol has a greater velocity than Acpl and Myo52.
Cells were imaged at 100 x magnification. The imaging conditions used to image each

protein are listed in Table 1.4.

2.3.2 Fixed cells
1XPBS(1L)

150 mM NacCl (8.7 g), 10 mM pH 7.4 phosphate (1.82 g K,HPO,, 0.23 g KH,PQO,)

Fresh paraformaldehyde (PFA) was prepared for each experiment. 6 ml of PEM was
added to 3 g of PFA and incubated at 65 °C for 10 min. The solution was vortexed. 120 pl
of 5 M NaOH was added to the solution. The solution was vortexed again and incubated
at 65 °C. 120 pl aliquots of 5 M NaOH were added every 2 min until 99 % of the PFA had
dissolved. The solution was vortexed between each addition. The total volume was then
made up to 9 ml total with PEM. 125 pl of PFA solution was added to 875 pl of cells for 3
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min. The cells were washed with 1 X PBS 3 times and re-suspended in 1 ml of 1 X PBS.

The cells were mounted as described in Section 2.3.1.

2.3.3 Calcofluor staining

Fresh PFA solution was prepared as described in Section 2.3.2. Cells were cultured
described in Section 2.1.1. They were then washed in 1 X PBS. In a microfuge tube, 100
pl of PFA solution and 100 pl of 10 mg/ml calcofluor (Fluorescent brightener 28, Sigma -
F3543) was added to 900 pl of cells in 1 X PBS and incubated for 10 min at room
temperature. The cells were pelleted at 10, 000 rpm for 2 min and re-suspended in 1 ml of
1 X PBS. The cells were then washed twice more and re-suspended in 100 pl of 1 X PBS

and mounted as described in Section 2.3.1.

2.3.4 FM4-64 staining

Cells were cultured as described in Section 2.2.3 and concentrated to 1x10’ cells/ml. In a

mi crofuge tube, 1 0-64qlhvitrogdn - 531 & @) mvadF Mddded t
cells and incubated on ice for 10 min. The cells were washed in MSL without nitrogen,
mounted on a cover-slip and imaged as described in Section 2.3.1.

2.4 Image analysis

Z-projections, cell length measurements, fluorescence intensity measurements,
kymographs and simultaneous two-channel image alignment was carried out using
Metamorph image analysis software (Molecular Devices, Sunnyvale, CA). Foci periodicity

was determined from the length of time foci were visible to the eye.

2.4.1 Kymographs
A kymograph is a single image that displays the movement of fluorescently labelled

molecules with respect to the cell and time. They are generated from time-lapses. All
kymographs in this thesis show the movement of proteins in relation to the middle of S.

pombe cells. Figure 2.1 illustrates how kymographs can be interpreted.
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A

Time (s)

v

| | |
S. pombe Kymograph

Figure 2.1. Kymographs are 2D images representing the spatial position of foci over
time. Diagram illustrating how kymographs show protein dynamics in S. pombe cells. (A)
S. pombe cell with motile and stationary foci (fluorescently labelled proteins, observed as
white dots). Multiple images are taken of the cell in quick succession, using fluorescence
microscopy. The images are compiled to make a 10 s time-lapse. The time-lapse displays
the cell and foci movement (red arrows). Foci W is stationary throughout the duration of
the time-lapse. Foci X, Y and Z move towards or away from the centre of the cell and
then leave the plane of focus. The numbers in brackets indicate the time the foci arrive at
the plane of focus. The middle and outer edges of the cell are outlined (blue dashed line).
(B) Kymograph representing foci movement within the cell over time (Y-axis). Movement
is shown relative to the middle of the cell and is represented by white lines. The letter and
number labels correspond with those in (A). Foci W, X and Y are in the plane of focus at 0
s so their movements are at the top of the kymograph. Foci W is stationary and remains in
the plane of focus for the duration of the time-lapse. It is therefore shown as a straight line.
Foci Z arrives at the plane of focus at 5 s, therefore its movements are in the middle of

kymograph. Diagram not to scale.
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2.5 Summary tables and figures

Table 1.1. Plasmids used in this study. Plasmids made during this study are highlighted
in bold.

Tube Plasmid

22 pFA6a-GFP(S65T)kanMX6

890 pGEM-T-easy-myo052-S720A(Eagl)-Clal-Sphl

891 pGEM-T-easy-myo052-S798A-Clal-Sphl

893 pGEM-T-easy-myo052-S1072A-Clal-Sphl

894 pBluescriptKS-myo052-S720A-URA4

895 pBluescriptKS-myo052-S720A-URA4

896 pBluescriptKS-myo052-S798A-URA4

897 pBluescriptKS-myo052-S798A-URA4

898 pBluescriptKS-myo052-S985A-URA4

899 pBluescriptKS-myo052-S985A-URA4

904 pBluescriptKS-myo052-S1072A-URA4

905 pBluescriptkKS-myo52-S1072A-URA4

780 m120-Sphl-pGEM-T-Easy-Sphl-myo052-Clal-S1064AS1065A (v757) -BstBI
781 m120-Sphl-pGEM-T-Easy-Sphl-myo052-Sphl-S1064AS1065A (v757) -BstBI
757 pGEM-T-Easy-Sphl-myo052-Clal-S1064AS1065A

741 pGEM-T-Easy-Sphl-myo52-Clal

719 pFA6a kanMX6-mNeongreen

Table 1.2. Oligonucleotides used in this study.

Tube | Oligonucleotide Direction | Gene | Concentration | Purpose

0650 | myo52-S1064AS1065A F F myo52 | 1 mg/ml SDM

0651 | myo52-S1064AS1065A R R myo52 | 1 mg/ml SDM

0648 | myo52-25bp US Sphl F myo52 | 1 mg/ml SDM

0649 | myo52-25bp DS Clal R myo52 | 1 mg/ml SDM

0634 | myo52-S720AF F myo52 | 1 mg/ml SDM

0635 | myo52-S720AR R myo52 | 1 mg/ml SDM

0252 | myo52CtagingF F myo52 | 1 ug/ul Myo52 C-terminus
labelling

0253 | myo52CtagingR R myo52 | 1 ug/ul Myo52 C-terminus
labelling
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Table 1.3. S. pombe strains used in this study. S. pombe strains made during this
study are highlighted in bold.

Strain Strain name Genotype
number
211 myo52D myo52D::ura4 ura4.d18 leul.32 ade6.210
346 myo52-gfp myo52-gfp:kanmx6 leul-32 ura4-d18 his2-d1
474 atb2-gfp nmt81lgfpatb2::kanMX6 leul.32 his2-
501 myo52a& | eul+ myo52:ura4 ade6-210? ura4? leul+
761 ura4-d18 ura4-d18
932 879Intmyo52:LEU2 (myo52 | pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
locus) myo52:LEU2 (myo52 locus)
1370 GFP-mor2 kanr:nmtl:GFP:mor2
1375 my o 5 2 e@6rP myo52::uradkanr:nmt1:GFP:mor2
1376 myo52-1 GFP-mor2 myo52-ts1:uradkanr:nmtl:GFP:mor2
1929 wild type Prototroph
1980 myo52-3gfp myo52-3gfp:kanMX6 prototroph
2076 lifeact-gfp lifeact-gfp:leu+ ade6-m216 ura4-D18
2435 myol1-S742A myol-S742A:ura4 leul-32
2519 myo52-mNG myo52-mNG:kanMX6 prototroph
2543 pcpl-gfp ricl-gfp pcpl-gfp:kanMX6 rlc1-gfp:kanMX6
2544 myol1-S742D myol1-S742D:ura4 leul-32
2549 mCherry-lifeact ura- mCherry-lifeact:leu2 ura4.d18
2556 mCherry-lifeact mMNG-myol | mCherry-lifeact:leu2 mNG-myol:ura4 leul-32
ura4.d18
2569 mCherry-lifeact myol- mCherry-lifeact:leu2 myol1l-S742A:ura4 ura4.d18 leul-
S742A 32
2571 mCherry-lifeact myol- mCherry-lifeact:leu2 myol1-S742D:ura4 ura4.d18 leul-
S742D 32
2612 MNG-myol1-S742A MNG-myo01-S742A:ura4 ura4.d18 leul-32
2641 myo052-S1064AS1065A pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
myo052 S1064AS1065A:ura4 leul-32
2681 MNG-myo01-S742D MNG-myo01-S742D:ura4 leul-32
2702 myo52- pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
S1064AS1065A:URA4 myo052-S1064AS1065A:kanMX6 ura4 leul-32
nmt81gfp-atb2:kanMX6 nmt81gfpatb2::kanMX6 leul1.32
2721 myo52- pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
S1064AS1065A:URA4 myo052-S1064AS1065A:URA4 mCherry-
mCherry-lifeact lifeact:LEU2 leu1-32 ura4-d18
2725 myo052-S1064AS1065A pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
mor2-gfp myo052-S1064AS1065A:kanMX6 ura4 leul-32
kanr:nmt1:GFP:mor2 ura4-d18
2734 h90 mNG-myo1l MNG-myo1l:URA4 ura4.d18
2755 myo052 S1064AS1065A- pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
MNG myo052 S1064AS1065A-mNG:kanMX6 ura4 leul-32
2758 myo01-S742D cam2-gfp myo01-S742D:URA4 cam2-gfp:kanMX6 leul-32
2772 cdc8-27 rlc1-gfp rlc1-gfp:kanMX6 cdc8-27
2773 cdc8-110 ricl-gfp ricl-gfp:kanMX6 cdc8-110
2801 cam2-gfp cam?2-gfp:kanMX6ura4.d18
2802 caml-gfp caml-gfp:kanMX6ura4.d18
2808 myo01-S742A cam2-gfp myo01-S742A:URA4 cam?2-gfp:kanMX6 ura.d18
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leul-32
2815 myo1-S742A cam1-gfp myo1-S742A:URA4 cam1-gfp:kanMX6 ura.d18
leul-32
2820 myo1l-S742D:URA4 myo01-S742D:URA4 cam1-gfp:kanMX6 ura.d18
caml.gfp:kanMX6 leul-32
2855 myo052-S720A myo052-S720A:ura4 leul-32
2859 myo052-S798A myo052-S798A:ura4 leul-32
2864 myo052-S985A myo052-S985A:ura4 leul-32
2868 myo052-S1072A myo052-S1072A:ura4 leul-32
2901 myo052-mNG mCherry- myo052-mNG:kanMX6 mCherry-lifeact: LEU2
lifeact prototroph
2908 acpl-gfp mCherry-lifeact | acpl-gfp:kanMX6 mCherry-lifeact:LEU2 leu1-32
2935 myo052-S720A lifeact-gfp myo052-S720A:ura4 lifeact-gfp:leu+ pku70::his3
ade6-m216 ura4-D18
2938 myo052-S798A lifeact-gfp myo052-S798A:ura4 lifeact-gfp:leu+ pku70::his3
ade6-m216 ura4-D18
2941 myo052-S985A lifeact-gfp myo052-S985A:ura4 lifeact-gfp:leu+ pku70::his3
ade6-m216 ura4-D18
2945 myo052-S1072A lifeact-gfp | myo52-S1072A:ura4 lifeact-gfp:leu+ pku70::his3

ade6-m216 ura4-D18

myo052-S720A atb2-gfp

pku70::his3leul.32 his3.d1 ade6.M216 ura4.d18
myo052-S720A:kanMX6 ura4
nmt8lgfpatb2::kanMX6

myo052-S798A atb2-gfp

pku70::his3leul.32 his3.d1 ade6.M216 ura4.d18
myo052-S798A:kanMX6 ura4
nmt8lgfpatb2::kanMX6

myo052-S985A atb2-gfp

pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
myo052-S985A:kanMX6 ura4
nmt8lgfpatb2::kanMX6

myo052-S1072A atb2-gfp

pku70::his3 leul.32 his3.d1 ade6.M216 ura4.d18
myo052-S1072A::kanMX6 ura4d
nmt8lgfpatb2::kanMX6
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Table 1.4. Imaging conditions used to image S. pombe cells in this study. * - Rlc1-

GFP Pcpl-GFP was imaged during cytokinesis to generate CAR time-lapses. To capture

CAR constriction, mitotic cells displaying RIc1-GFP foci at the periphery of the equatorial

plane (plane of division) and Pcpl-GFP foci perpendicular and in close proximity to the

equatorial plane were imaged. ** - mCherry-Lifeact time-lapses were generated from

imaging Myol phospho-mutant strains. Cells of a long morphology exhibit bipolar growth

and were deemed cell in G2. *** - cells were fixed before calcofluor staining.

GFP, 3GFP, mNG (470 nm)

Molecule | Exposure Light Z-slices | Temperature | Mounting Specific
time (ms) source e apparatus | cell cycle
stage
Acpl 100 Laser 15 13 25 FCS2 None
mw chamber
Atb2 100 LED0.2mA | 11 25 Glass slide | None
Caml 100 LED 0.2mA |11 25 Glass slide | Sporulating,
non-
sporulating
Cam2 100 LED 0.2 mA |11 25 Glass slide | Sporulating,
non-
sporulating
Mor2 100 LED 0.2 mA | 13 25 Glass slide | None
Myo1l 100 LEDO0.2mA |11 25 Glass slide | Sporulating,
non-
100 Laser 90 7 FCS2 .
sporulating
mw chamber
Myo52 50 LEDO0.2mA |11 25 Glass slide | None
100 Laser 90 13 FCS2
mw chamber
Pcpl 50 LED 0.2 mA, | 21 25-36 FCS2 Cytokinesis*
and Rlcl chamber
sid2-tomato, mCherry, FM4-64 (555 nm)
Molecule | Exposure Light Z-slices | Temperature | Mounting Specific
time (ms) source (O apparatus | cell cycle
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stage
Lifeact 100 LED0.2mA | 11 25 Glass slide | Bipolar
(G2)*
Laser 20
mwW 7,13 FCS2
chamber None
Vesicle 100 LED 0.2 mA, | 11 25 Glass slide | Sporulating,
lipids non-
sporulating
Calcofluor (365 nm)
Molecule Exposure Light Z-slices | Temperature Mounting Specific
time (ms) source (O apparatus cell
cycle
stage
Glucans 100 LED 0.2 None 25 Glass slide None
(cell wall)*** mA
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Figure 2.2. The Myo52 phospho-mutants were generated by site-directed
mutagenesis. Myo52 serine-to-alanine site-directed mutagenesis and mNG labelling
strategy schematic. (1 - 2) mNG labelling of the myo52 tail and amplification, via PCR. (3)
myo52 tail ligation into pGEM cloning vector and transformation into E.coli. Mini prepped
DNA extracted and correct ligates identified via restriction enzyme digests and
electrophoresis. DNA is sequenced. (4) Serine-to-alanine point mutations were
introduced into Myo52 serine 742 via SDM via PCR, rendering it unable to be
phosphorylated. (5) Correct PCR product identified via restriction (RS) enzyme digests
and electrophoresis. Amino acid sequence does not reflect sequences used. (6)
myo052.S1064A S1065A tail fragment extracted from pGEM and myo52 plasmid backbone
extracted via restriction enzyme digests and electrophoresis and ligated. (7) Ligates
transformed into E.coli and mini-prepped. (8) myo52-mNG and myo52. S1064A S1065A-
mNG transformed into S. pombe and observed via fluorescence microscopy. Diagram not
to scale.
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Chapter 3: Wide-field and confocal fluorescence imaging optimisation

3.1. Defining optimal imaging conditions to minimise phototoxicity and bleaching

As fluorescence microscopy is the main readout of this study, it was essential to
determine optimal imaging conditions for the observation of fluorescently labelled proteins
in live cells, in real-time. Whether differences in phototoxic outcomes occur between; (i)
frequent low intensity light exposure and; (ii) infrequent high intensity light exposure, was
to be elucidated and in turn give an indication on conditions needed for minimum
photodamage throughout the remainder of the study. Therefore, finding suitable and
definitive conditions for a compromise between the need to see fine details and reduce
toxicity was an initial focus of this study.

Fluorescence microscopy is a widely used means to visualise and study live organisms
and the proteins within them. To image fluorescently labelled proteins in vivo, cells are
exposed to surges of high intensity light photons to achieve excitation and emission in
fluorescent labels. During excitation, fluorescent labels release heat and ROS (reactive
oxygen species). These are unstable compounds which can damage chemical structures
and biomolecules (Laiusse et al., 2017). ROS, such as hydrogen peroxide and superoxide
radicals, are formed from organic molecules within cells, such as flavins, that absorb light
energy photons, react with oxygen and degrade (Gorgidze et al., 1998; Rosner et al.,
2016; Schneckenburger et al., 2012). ROS can cause damage to DNA, proteins and lipids
via oxidation. During oxidation, ROS 'steal' electrons from molecules. ROS can damage
DNA by oxidising nucleoside bases (Srinivas et al., 2019). The DNA base guanine is the
DNA base most susceptible to oxidation. This is because guanine has a low redox
potential, meaning it has a tendency to lose an electron (Aguiar et al., 2013). Guanine
oxidation can result in the formation of 7,8-dihydro-8-oxoguanine (8-oxoG). This can result
in guanine-to-thymine or guanine-to-adenine substitutions and double-strand breaks in
DNA (Aguiar et al., 2013; Srinivas et al., 2019). ROS can induce redox-dependant protein
modifications that promote damage by inactivating protein function e.g. enzyme activity,
conformational changes. An example of this is thiol oxidation o f -tutiilin by hydrogen
peroxide, which results in impaired microtubule polymerisation (O'Flaherty and
Matsushita-Fournier, 2017). Polyunsaturated fatty acids in cell membranes and organelle
membranes are susceptible to ROS oxidation. Lipid oxidation causes loss of lipid
symmetry in phospholipid bilayers and acts as a cell death signal that can trigger

programmed cell death (Itri et al., 2014; Su et al., 2019). This photodamage in live cells
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can lead to disorder in normal cell growth and function. The damaging effect caused by

light is therefore termed 'phototoxicity' (Icha et al., 2017).

Phototoxicity has been reported to induce events such as: intracellular Ca** transients,
perturbation of cell division, bone abnormalities during developmental stages of growth,
expression of stress related-proteins and reduced metabolic activity (Carlton et al., 2010;
Jemielita et al., 2012; McDonald et al., 2012; Roehlecke et al., 2009). As well as causing
damage in live cells, light released during fluorophore excitation can cause fluorophores to
also react with oxygen and degrade. This degradation is termed photobleaching and is
therefore linked to phototoxicity (Carlton et al., 2010).

ROS are also produced in natural cell metabolism. They can be produced intentionally to
regulate signalling pathways via oxidation, or produced as a waste product of
mitochondrial metabolism. In excess, ROS cause damage to the cellular structures
(Zhang et al., 2016). Oxidative stress is the excess of ROS caused by an imbalance of
ROS production and ROS destruction. In normal physiological conditions, cells of all
organisms are kept under mild oxidative stress (Poljsak et al., 2013). Live organisms have
natural defences against ROS to prevent an excess of ROS. Antioxidants such as
glutathione are utilised by live organisms to detoxify ROS. The small molecule
antioxidants couple with enzymatic antioxidants such as glutathione peroxidase for
detoxification (Icha et al., 2017). Under mild oxidative stress, the balance between ROS
production and antioxidant activity is kept slightly in favour of ROS production. This slight
imbalance is required for optimal cell signalling. Any increase in ROS production, caused
by endogenous or exogenous factors, disrupts the slight imbalance between ROS
production and antioxidant activity and leads to damage of cellular structures (Poljsak et
al., 2013). Therefore antioxidant defence against ROS is limited to maintaining mild

oxidative stress (Icha et al., 2017).

Exposure to intense light does not often occur in natural environments but is a common
compromise made for the use of fluorescence microscopy. There is a considerable lack of
definitive imaging protocols to achieve minimal photodamage. Taken together with the fact
that phototoxicity thresholds are organism-specific and varies within the same organism,

measuring and categorising levels of phototoxicity can be difficult (Laiusse et al., 2017).

In this chapter, fluorescence microscopy conditions that will induce minimal phototoxicity

in S. pombe throughout the PhD project were determined. A series of light intensities and
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time-lapse durations were used to monitor the progression of contractile actin ring
constriction in the cells. RIcl-GFP and Pcpl-GFP were used as markers for the
contractile actin ring. Suitable fluorescence microscopy conditions were selected by
comparing contractile actin ring constriction in cells exposed to; (i) frequent low intensity

light exposure and (ii) and infrequent high intensity light exposure.

To apply the determined imaging conditions to a working example study, the imaging
conditions were used to study contractile actin ring formation and constriction in
temperature-sensitive Cdc8 S. pombe mutants, cdc8.27 and cdc8.110. RIc1l-GFP was
used as a marker for the contractile actin ring. Contractile actin ring constriction was
recorded at various restrictive temperatures to assess the significance of the cdc8.27 and
cdc8.110 alleles in the actin stabilising function of Cdc8, in contractile actin ring formation
and constriction. Published data from that study has been included in this chapter
(Johnson et al., 2018).

Fluorescence microscope components used in this PhD project were provided by Cairn
Research. A simultaneous, two-channel, spinning-disk confocal imaging system, newly
developed by Cairn Research, was tested during this PhD project. Cairn Research had
previously tested the system with dry samples i.e. highlighter ink. myo52-mNG mCherry-
lifeact, acpl-GFP mCherry-lifeact and mNG-myol mCherry-lifeact S. pombe strains were
used as biological samples to test if the system could successfully record green and red
fluorescence simultaneously. Exposure times and laser powers that achieve sufficient

fluorescent signal in the green and red channels were determined through the testing.

3.1.1 Exposure to high light intensities at infrequent time points does not induce

accelerated contractile actomyosin ring constriction in S. pombe

Cell cycle progression appears to slow down when cells are under phototoxic conditions
(Cole, 2014; Laissue et al., 2017). Identification and visualisation of possible prolonging,
stoppage or collapse of cell cycle stages can be achieved with extended time-lapse
recordings. CAR constriction in S. pombe is often used as an indicator of normal cell
function and health and is now a well-characterised process which has provided insight
into the assembly and regulation of actin structures in eukaryotes (Karagiannis, 2012).
The constriction of the CAR can be conveniently followed as there are numerous stable,
labelled proteins associated to the CAR which can be used to monitor/visualise the CAR.

Myosin Il (Myo2) is associated to the CAR during constriction and provides mechanical
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energy during the process. Therefore, it was of particular interest to investigate changes in

CAR constriction rates in S. pombe, exposed to different levels of light energy.

In order to do so, Rlcl (regulatory light chain 1) and spindle pole body protein, Pcpl were
chosen as markers for the CAR and were imaged during CAR constriction in S. pombe.
Ricl is a Myo2 binding regulatory light chain. It is not essential for viability however, it is
important in Myo2 filament formation. Myo2 is a major component of the contractile actin
ring. When phosphorylated, Rlcl induces a conformational change in Myo2 that allows
Myo2 to form filaments. Rlcl was used as a marker for Myo2 and CAR constriction
because it is bound to Myo2 in the CAR. Fluorescent labelling of Rlc1l with GFP does not
affect cell viability as it is non-essential. (Le Goff et al., 2000; Motegi et al., 2000). Rlc1-
GFP also has no impact on CAR function (Le Goff et al., 2000; Nagvi et al., 2000). Pcpl
is contained within the inner plaque of the spindle pole body, which is the S. pombe
equivalent of the centrosome. Therefore Pcpl was also used as a marker for cell cycle

progression.

To explore phototoxic differences between infrequent high energy light exposure and
frequent low energy light exposure, live ric1-GFP pcpl-GFP S. pombe, developed in the
Mulvihill lab via genetic crosses, were exposed to light currents of 0.2 mA, 1.0 mA and 2.1
mA during CAR constriction. CAR constriction was recorded with time-lapses beginning
with ring assembly and ending once CAR constriction was complete. The time-lapses
were compiled from images taken once every 1 min with 0.2 mA current, every 3 min with
1.0 mA current and every 6 min with 2.1 mA current. This was to ensure each sample was
exposed to the same amount of photons for the duration of the experiment. Recordings
began during ring assembly and ended once ring constriction was complete. GFP foci
intensity and diameter of the CARs were manually measured at each time point, using

Metamorph software.

Images acquired from the time-lapses are shown in Figure 3.1.1. Figure 3.1.1 is a series
of z-projection images taken from time-lapses, showing the progression of CAR assembly
and constriction in ric1-GFP pcpl-GFP S. pombe cells. The cells were exposed to 0.2 mA
every 1 min, 1.0 mA every 3 min and 2.1 mA every 6 min. An exposure time of 50 ms was
used and the cells were recorded for 60 min. One cell from each condition is shown. At 0
min, CAR assembly had already begun. The cells were not captured at equal stages of
CAR assembly. During CAR assembly, RIc1-GFP localised at the periphery of the

equatorial plane (middle of the cell) and gradually populated the centre to form a ring.
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Arrows highlight Pcp1-GFP. A pair of Pcpl-GFP foci, localised at the spindle pole bodies
embedded in the nuclear envelope (not seen), were perpendicular to the CAR. By 12 min,
the CAR formed and is shown by the consistent line of Rlc1-GFP along the equatorial
plane. The nucleus (not shown) divided into two nuclei. The nuclei and Pcpl-GFP
migrated to the poles of the cell. By 24 min, CAR constriction had begun. During
constriction, Rlc1-GFP foci pooled together and increased GFP intensity at the centre of
the equatorial plane. The CAR continued to constrict and reduced in size during the 36
min and 48 min time points. By 60 min, CAR constriction was complete and its
components dissipated. Increasing light exposure at infrequent intervals did not induce
visible structural disruptions to CAR assembly and constriction.
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Figure 3.1.1. Exposure to increasing light intensities, at less frequent intervals does
not induce structural defects in the CAR during assembly and constriction, in ricl-
GFP pcpl-GFP S. pombe. Max projections from time-lapses of CAR assembly and
constriction in rlc1-GFP pcpl-GFP S. pombe. CAR assembly and constriction was
recorded in rlc1-GFP pcpl-GFP cells over 60 min. Images were taken periodically when
exposed to varying light currents, with a 50 ms exposure time. (A) 0.2 mA light every 1
min. (B) 1.0 mA light every 3 min. (C) 2.1 mA every 6 min. One cell from each condition is
shown. 21 z-slices were taken. The time-lapse began at 0 min. At 0 min, CAR assembly
was occurring. Rlc1-GFP gradually populated the equatorial plane, situated in the middle
of the cell to form a ring. This ring was the CAR. Arrows highlight Pcp1-GFP. A pair of
Pcpl-GFP foci, in spindle pole bodies embedded in the nuclear envelope (not shown),
were perpendicular to the CAR. The cells were not captured at equal stages of CAR
assembly. By 12 min, the CAR had formed. It is a consistent line of RIc1-GFP along the
equatorial plane. The nucleus divided (not shown). Pcpl-GFP migrated to the poles of the
cell with newly divided nuclei. By 24 min, CAR constriction began. The band of Rlc1-GFP
narrowed. Constriction continued through the 36 min and 48 min time points. By 60 min,

CAR constriction was complete and its components dissipated. Scale bar-1¢ m.
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To determine if the three different imaging conditions induced an increase or reduction in
CAR constriction rate in the cells, CAR circumference and GFP intensity were measured
along the equatorial plane at each time point of the time-lapses using Metamorph image
analysis software. Measurements are displayed in Figure 3.1.2. A line was drawn along
the equatorial plane using the line tool function. GFP intensity was measured in pixels
along the line using the line scan function. This is shown in Figure 3.1.2A. The equatorial
plane is marked with the red dotted line. The total GFP intensity along the CAR was
calculated. Total GFP intensity along the equatorial plane was calculated at every time
point. To ensure RIc1-GFP fluorescence from the CAR was measured and background
fluorescence was excluded, only GFP intensities above 6,200 a.u., 9,700 a.u. and 20,000
a.u. were used to calculate the total GFP intensity of the CAR in cells exposed to 0.2 mA,
1.0 mA and 2.0 mA light respectively. Intensities below these thresholds were considered
background fluorescence and not used to calculate total GFP intensity. These thresholds
were determined from GFP intensities measured at the periphery of the equatorial plane.
In these regions, GFP intensity consistently fell below the intensity threshold values as

CAR constriction progressed. The diameter of the CAR was also measured.

GFP intensities of the CAR were added together to make the total GFP intensity of the
CAR. Total GFP intensities were calculated for each time point. The total GFP intensity at
each time point was made relative to the highest total GFP intensity recorded in the time
lapse. This was to calculate relative GFP intensity. Relative GFP intensities were
calculated in a single cell, in each condition. The circumference of the CAR at each time
point was also calculated. Figures 3.1.2B, Figures 3.1.2C, Figures 3.1.2D show the
change in relative CAR GFP intensity and circumference during CAR assembly and
constriction in cells exposed to 0.2 mA light every 1 min (Figure 3.1.2B); 1.0 mA light
every 3 min (Figure 3.1.2C); 2.1 mA every 6 min (Figure 3.1.2D). These measurements

are shown in Figure 3.1.2.
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Figure 3.1.2. Exposure to increasing light intensities, at less frequent intervals,
does not impact the rate of CAR constriction in rlc1-GFP pcpl-GFP S. pombe. Rlcl-
GFP intensity and CAR diameter were measured from time-lapses of CAR assembly and
constriction to generate dot plots, which illustrate changes in relative total CAR GFP
intensity and circumference during CAR assembly and constriction in ric1-GFP pcpl-GFP
under phototoxic stress. (A) lllustration displaying how GFP intensity was measured along
the CAR in S. pombe. The green CAR constricts at the equatorial plane. The red dotted
line indicates where GFP intensity was measured in pixels, as the green CAR constricts
over time using the Metamorph line tool function. GFP intensities were measured at every
time point using the Metamorph line scan function. As the CAR constricts, Rlc1-GFP foci
condense to the centre of the equatorial plane. Rlc1-GFP foci leave the periphery of the
equatorial plane and therefore GFP intensity at the periphery of the plane reduces. GFP
intensities greater than 6,200 a.u., 9,700 a.u. and 20,000 a.u. were used to calculate the
total GFP intensity of the CAR in cells exposed to 0.2 mA, 1.0 mA and 2.0 mA light
respectively. GFP intensities below the thresholds were considered background
fluorescence and discounted. CAR diameter was used to calculate the circumference. (B)
Dot plot displaying reduction in GFP intensity and circumference during CAR. Total GFP
intensities of the CAR were made relative to the highest total GFP intensity measured
during the time-lapse. CAR assembly occurred at time points between 0 - 24 min. CAR
constriction occurred from 24 min. Changes in CAR circumference were used to

determine CAR constriction rates. 0.2 mA every 1 min. Constriction occurred at a rate of

0. 20 ¢ @) 0 mA. every 3 min. Constriction occurred atarateof 0. 35 ¢ (@) m

2.1 mA every 6 min. Constriction occurred atarateof 0. 2 7 & m=Ini n

CAR assembly occurred between 0 - 24 min in all three conditions. During assembly, a
complete ring was not yet formed. The total GFP intensity fluctuated as the RIc1-GFP foci
moved. Assembly rates of the samples were not comparable because the cells were not
recorded at equal stages of CAR assembly. CAR constriction begun at approximately 24
min in each cell. Circumference and total GFP intensity decreased as CAR constriction
occurred. Ring constriction rates were calculated from the change in CAR circumference
over time. CAR circumference decreased at a rate of 0.20 >m/min, 0.35 >m/min and 0.27
>m/min in the 0.2 mA/1 min, 1.0 mA/3 min and 2.1 mA/6 min light exposure conditions
respectively. These results suggest exposing cells to light of increasing intensities, at less
frequent time points, does not change CAR constriction rate. Delivering photons from low

intensity light at frequent time points, as opposed to delivery of photons from high intensity
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light at infrequent time points, was shown not to be a means of reducing phototoxicity that

impact CAR constriction.

Although observing CAR assembly and constriction did not highlight phototoxic effects of
exposing cells to high intensity light, subsequent experiments observing CAR constriction
(described in the following chapters) had cells exposed to 0.2 mA light for 50 ms, every 3
min. These imaging conditions produces images with sufficient GFP signal intensity for
CAR analysis with minimal chance of photodamage. 3 min time points would allow
gradual CAR constriction to be observed.

3.2 Contractile actomyosin rings collapse at restrictive temperatures in

temperature-sensitive cdc8.27 and cdc8.110 S. pombe backgrounds

An ideal working example of when to consider the impact of phototoxicity on cellular
processes and fluorophore signal detection, is when CAR constriction is monitored in S.
pombe mutants of proteins essential for CAR assembly and constriction via fluorescence
microscopy. Knowledge on the mechanisms that ensure the completion of CAR
constriction is currently lacking (Karagiannis, 2012). Mutant CAR proteins, such as
proteins with genetic point mutations, can be assessed in S. pombe via fluorescence

microscopy to determine the function of CAR proteins in CAR assembly and constriction.

Imaging conditions determined in Section 3.1 were therefore used to monitor CAR
constriction in Johnson et al. (2018). This study assessed the molecular basis of
temperature sensitivity in TS (temperature-sensitive) S. pombe tropomyosin Cdc8
mutants, cdc8.27 and cdc8.110 (Johnson et al., 2018). Cdc8 is an essential actin binding
protein that wraps around and stabilises actin filaments in the CAR. c¢dc8.27 has a single
E129K (glutamic acid-to-lysine) amino acid substitution by the C-terminus and cdc8.110
has two amino acid substitutions, A18T (alanine-to-threonine) and E31K (glutamic acid-to-
lysine), by the N-terminus (Johnson et al., 2018). Proteins in TS S. pombe mutants
function normally in the permissive temperature for normal growth, 25 C. Temperatures
higher than 25 C are restrictive and disrupt function of the mutant protein and cell growth.
Simply shifting TS S. pombe mutants from 25 C to a higher restrictive temperature can
highlight the role the protein has in cell growth. The molecular basis of temperature-

sensitivity in TS mutants is yet to be determined (Johnson et al., 2018).
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Protein function in TS mutants is dependent on temperature and at restrictive
temperatures above 25 'C, the cells become more sensitive to protein defects. To
determine defects induced by mutations in Cdc8, the cdc8.27 rlc1-GFP and ¢dc8.110 ricl-
GFP mutant strains were incubated and acclimatised to the permissive temperature for
normal growth in S. pombe (25 "C) and restrictive temperatures (28 'C, 30 'C, 32 'C, 34
'C, 36 'C) over 48 hr. The cells were then imaged within a Bioptechs FCS2 chamber. To
minimise phototoxic damage, cells were exposed to 50 ms light and imaged at 3 min
intervals. Exposure to 0.2 mA light for 50 ms every 1 min was shown to not affect CAR
assembly and constriction in rlc1-GFP pcpl-GFP cells in Section 3.1. Therefore defects
observed in cdc8.27 rlc1-GFP and cdc8.110 rlc1-GFP cells were due to the cdc8.27 and
cdc8.110 mutations and the resultant Cdc8 dysfunction, not phototoxicity. Failure in CAR
constriction due to reduced actin stability provided by Cdc8 was hypothesised, with more
severe abnormalities at higher temperatures. Phototoxicity was not the focus of these

experiments.

Figure 3.2.1 shows ¢dc8.110 induces disrupted CAR assembly and constriction in
€dc8.110 rlc1-GFP cells at 25 C. cdc8.27 did not induce disruptions in CAR assembly
and constriction in cdc8.27 rlc1-GFP cells at 25 C. The series of max projections from
time-lapses, display the progression of CAR assembly and constriction in cdc8 ric1-GFP,
cdc8.27 rlc1-GFP and cdc8.110 rlc1-GFP cells, in 9 min intervals. GFP images show
Rlc1-GFP. Transmitted images show the morphology and septum of the each cell. Only

one transmitted image was taken of cdc8.110 ric1-GFP cells.

At 25 "C, no abnormalities were observed in the wild-type cdc8" rlc1-GFP and cdc8.27
ric1-GFP cells. The cells possessed healthy cell morphologies, CAR formation and
constriction (Figure 3.2.1A, Figure 3.2.1B). 25 C is a restrictive temperature for cdc8.110
ric1-GFP S. pombe. At this temperature, RIc1-GFP in cdc8.110 rlc1-GFP cells did not
localise to the equatorial plane correctly. Formation of the CAR was prolonged. Between
27 - 36 min, the CAR appeared to collapse and reform. An aberrant ring was formed and
constricted after the delay (Figure 3.2.1C). In wild-type cdc8" cells, the contractile ring is
kept anchored to the cell cortex by Midl (Lee & Wu, 2012; Schwayer et al., 2016). The
CAR in cdc8.110 ric1-GFP cells appeared displaced and slid along the cell cortex, prior to
constriction. This observation suggests the CAR may not be sufficiently attached to the

cell cortex.
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Figure 3.2.1. At 25 C, CAR constriction is disrupted in temperature-sensitive
cdc8.110 rlc1l-GFP cells but not in temperature-sensitive c¢dc8.27 rlc1-GFP cells.
Max projections from time-lapses of CAR assembly and constriction in wild-type cdc8”
ric1-GFP, cdc8.27 rlc1-GFP and cdc8.110 rlc1-GFP S. pombe held at 25 C for 48 hr.
CAR assembly and constriction were recorded in the cells over 60 - 110 min. Images were
taken periodically with 0.2 mA light for 50 ms, every 3 min. Images were taken in the GFP
channel to visualise the CAR, and the transmitted light channel to visualise the septum
(black line along the equatorial plane) formed during the later stages of ring constriction.
21 z-slices were taken. The time-lapse began at 0 min. The cells were not captured at
equal stages of CAR assembly or constriction. (A) CAR assembly and constriction in wild-
type cdc8” ric1-GFP cells. One cell is shown. At 0 min, CAR assembly was occurring.
RIc1-GFP gradually populated the equatorial plane situated in the middle of the cell to
form a ring. This ring is the CAR. By 18 min, a uniform CAR was formed. It is a consistent
line of Rlc1-GFP along the equatorial plane. By 36 min, CAR constriction began. The band
of RIc1-GFP narrowed and a septum formed. By 54 min, CAR constriction was complete
and its components began to dissipate. (B) CAR constriction in cdc8.27 rlc1-GFP cells.
Normal CAR constriction occurred in the two cells shown. At 0 min, the CAR and septum
had already formed in the cell on the left-hand side (LHS). The CAR was assembling in
the cell on the right-hand side (RHS). Both CAR constricted as time passed. By 36 min,
septum constriction in the LHS cell began to separate the cell into two daughter cells. The
septum formed in the RHS cell by 45 min. By 54 min, CAR constriction in the LHS cell was
complete. (C) CAR assembly and constriction in cdc8.110 rlc1-GFP cells. Delayed
constriction in aberrant CAR occurred in the two cells shown. At 0 min, the CAR was
assembling in the cell on the LHS. An aberrant CAR formed in the cell on the RHS. By 36
min, the CAR had not formed and was displaced in the cell on the LHS. CAR constriction
began in the cell on the RHS. At 72 min, CAR began in the cell on the LHS. The CAR
slowly dissipated in the cell on the RHS. At 99 min, the CAR in the cell on the RHS
remained in constriction. Multiple transmitted light images were not part of the dataset.

Scalebar-1 & m.

Healthy, wild-type S. pombe have a straight morphology. Actin maintains correct cell
shape and polarity in the cell. A bent morphology in S. pombe can result from disruptions
in actin function to maintain cell shape and polarity. Images in the GFP and transmitted
light channels were taken of wild-type cdc8" rlc1-GFP, cdc8.27 rlc1-GFP and cdc8.110
ric1-GFP cells to identify morphological defects. Bent morphologies were observed in

€dc8.110 rlc1-GFP cells. The degree of the bends was measured to highlight actin defects
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induced by cdc8.110. At 25 'C, 5 " bends were consistently observed only in cdc8.110
rlc1-GFP cells at 25 'C. 5 " bends were therefore deemed a result of disrupted actin
function caused by cdc8.110. Double septa and a longer morphology were also observed
in cdc8.110 ric1-GFP cells at 25 "C. This is shown in Figure 3.2.2, which shows a field of
cells in the GFP channel showing RIc1-GFP, and the transmitted light channel showing
the cell morphology. Cells in this figure were treated in the same condition as cells shown
in Figure 3.2.1.

Rlc1-GFP Transmitted

cdc8.27 cdc8*

cdc8.110

Figure legend on the following page.
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Figure 3.2.2. cdc8.110 induces double septa and a bent morphology in temperature-
sensitive ¢dc8.110 ricl-gfp S. pombe. GFP and transmitted light max projections of
wild-type cdc8" rlc1-GFP, cdc8.27 ric1-GFP and cdc8.110 ric1-GFP S. pombe, incubated
at 25 C for 48 hr. The cells were exposed to 50 ms light, every 3 min for 60 min. 21 z-
slices were taken. Double septa and a bent morphology were observed only in cdc8.110
ricl-gfp cells. 5 bends were consistently observed and were deemed a result of
disruptions in actin function in maintaining cell shape and polarity. Arrows indicate a 5

bend in the morphology of cdc8.110 cells. 5 bends were not observed in wild-type cdc8”

rlc1-GFP cells and temperature sensitive cdc8.27 rlc1-GFP cells. Scale bari 5 pm.

CAR assembly and constriction were then imaged in cdc8.27 rlc1-GFP and cdc8.110 rlc1-
GFP cells at 30 C, 32 C, 34 C and 36 C. Progression of CAR assembly and
constriction at 30 'C and 34 "C are shown in Figure 3.2.3 and Figure 3.2.4 respectively.

Wild-type cdc8” ric1-GFP cells were not imaged at these temperatures.
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Figure legend on the following page.
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Figure 3.2.3. At 30 C, CAR constriction is disrupted in cdc8.110 rlc1-GFP but not in
cdc8.27 rlc1-GFP S. pombe. Max projections from time-lapses of CAR assembly and
constriction in temperature-sensitive, cdc8.27 ric1-GFP and ¢dc8.110 ric1-GFP S. pombe,
held at 30 C for 48 hr. CAR assembly and constriction were recorded in the cells over 60
- 110 min. Images were taken periodically with 0.2 mA light for 50 ms, every 3 min.
Images were taken in the GFP channel to visualise the CAR, and the transmitted light
channel to visualise the septum (black line along the equatorial plane) formed during the
later stages of ring constriction. 21 z-slices were taken. The time-lapse began at 0 min.
The cells were not captured at equal stages of CAR assembly or constriction. (A) CAR
assembly and constriction in cdc8.27 rlc1-GFP cells. Normal CAR constriction occurred in
the two cells shown. At 0 min, CAR assembly was occurring. RIc1-GFP gradually
populated the equatorial plane situated in the middle of the cell to form a ring. This ring is
the CAR. By 18 min, a uniform CAR was formed. It is a consistent line of Rlc1-GFP along
the equatorial plane. By 36 min, CAR constriction began. The band of Rlc1-GFP narrowed
and a septum formed. By 54 min, CAR constriction was complete and its components
dissipated. (B) CAR constriction in cdc8.110 rlc1-GFP cells. Delayed constriction in
aberrant CAR occurred in the two cells shown. At 0 min, inconsistent CAR had already
formed in the cells. Both CAR slowly constricted over the 99 min. By 18 min, a septum
formed in the cell on the right hand side (RHS). The cell on the left hand side (LHS) did

not form a septum within the 99 min. Scale bar-1 & m.
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Figure legend on the following page.
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Figure 3.2.4. At 34 C, CAR fails to form and constrict in cdc8.27 rlc1-GFP and
cdc8.110rlc1-GFP S. pombe. Max projections from time-lapses of CAR maturation and
constriction in temperature-sensitive ¢dc8.27 rlc1-GFP and ¢dc8.110 rlc1-GFP S. pombe,
held at 34 C for 48 hr. CAR maturation and constriction were recorded in the cells over
60 - 110 min. Images were taken periodically with 0.2 mA light for 50 ms, every 3 min.
Images were taken in the GFP channel to visualise the CAR, and the transmitted light
channel to visualise the septum (black line along the equatorial plane) formed during the
later stages of ring constriction. 21 z-slices were taken. The time-lapse began at 0 min.
The cells were not captured at equal stages of CAR maturation or constriction. (A) Failed
CAR formation and constriction in cdc8.27 rlc1-GFP cells. Rlc1-GFP failed to localise at
the equatorial plane in the two cells shown. The CAR did not form or constrict. Multiple
transmitted light images were not part of the dataset. (B) Failed CAR formation and
constriction in cdc8.110 rlc1-GFP cells. At 0 min, an aberrant CAR was forming. By 18
min, the CAR began to collapse upon constriction. A septum did not form. Scale bar - 1

€m.

The severity of defects in CAR structure and constriction increased with increasing
temperature. The deformed structures ranged from aberrant CAR that eventually
constricted, aberrant CAR that failed to constrict and non-contractile CAR. cdc8.27 ricl-
GFP cells displayed normal CAR constriction at 30 C (Figure 3.2.3). Incubation at 32 C
and 34 C, produced irregular Rlc1-GFP localisation in cdc8.27 rlc1-GFP cells. The CAR
were often displaced, suggesting the deformed actin structures were formed with a lack of
attachment to the cell cortex. Constriction of the CAR was delayed or did not occur at all
(Figure 3.2.4, Figure 3.2.5). CAR in cdc8.110 rlc1-GFP cells at 30 C appeared to be non-
uniform and displaced but constriction was observed (Figure 3.2.3). At 34 C, CAR
assembly was followed by complete collapse of the ring. Constriction was not observed
(Figure 3.2.4, Figure.3.2.5). At 36 C, ring assembly did not occur in either Cdc8 mutant

strains. This is summarised in Figure 3.2.5.
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Figure 3.2.5. At higher restrictive temperatures, structural defects in CAR are
exacerbated and CAR does not constrict in cdc8.27rlc1-GFP and c¢dc8.110 rlc1-GFP
S. pombe. (A) Summary of max projections from time-lapses of CAR maturation and
constriction in wild-type cdc8" rlc1-GFP (25 C), and temperature sensitive cdc8.27 ricl-
GFP (32 C) and cdc8.110 rlc1-GFP (25 C, 34 C) S. pombe, held at the corresponding
temperatures for 48 hr. CAR maturation and constriction were recorded in the cells over
60 - 110 min. Images were taken periodically with 0.2 mA light for 50 ms, every 3 min.
Images were taken in the GFP channel to visualise the CAR. 21 z-slices were taken. The
time-lapse began at 0 min. The cells were not captured at equal stages of CAR
maturation or constriction. The cells formed: normal contractile actin rings (red boarder);
aberrant contractile rings with delayed constriction (arrow) and aberrant CAR (asterisk)
(yellow boarder); aberrant and displaced contractile rings that were not attached to the
cell cortex (green boarder); aberrant and non-contractile actin rings that collapsed and did
not constrict (blue boarder). Scale bar i 5 pum. (B) Quantification of > 45 cells that
displayed CAR defects in c¢dc8.27 rlcl-GFP and c¢dc8.110 rlc1l-GFP cells, per
temperature. Bar colours correlate with the boarder colours in (A). Adapted from Johnson
et al. (2018).

The experiments described above assessed the impact the cdc8.27 and cdc8.110 alleles
have on the actin stabilising function of Cdc8. CAR constriction was monitored in
temperature sensitive cdc8.27 rlc1-GFP and ¢dc8.110 rlc1-GFP cells. The structural CAR
defects and non-contractile rings observed in these cells are consistent with the actin
stabilising role Cdc8 plays. The displaced CAR confirmed the cdc8.27 and c¢dc8.110
alleles hinder the attachment of the CAR actin to the cell cortex and the overall placement
of the CAR. The two point mutations in the cdc8.110 allele appeared to have an additive
effect on Cdc8 function as the defects observed in c¢dc8.110 rlc1-GFP cells were more
severe than in cdc8.27 rlc1-GFP cells. Bent morphologies observed in ¢dc8.110 rlc1-GFP
cells shows correct Cdc8 function is required to maintain the correct cell polarity in S.

pombe.

3.3 Monomeric neongreen fluorophore photostability is superior to GFP and 3GFP

fluorophores

As studying myosin dynamics within live cells was an aim during this PhD, it was required

to determine a suitable fluorophore for myosin fluorescent labelling. The fluorescent
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protein mNG (mNeongreen) possesses superior optical properties over commonly used
fluorescent proteins such as GFP and it is reported to be the brightest monomeric green-
yellow fluorescent protein to date (Shaner et al., 2013). It has also been shown to be 1.5 -
3 times brighter than GFPs and YFPs (Dean & Palmer, 2014). To determine if mMNG would
be a suitable fluorophore for the study of myosin dynamics, a myo52-mNG S. pombe
strain was developed in the lab. Myo52 was the motor of choice as it is a fast moving
myosin and is often faint under fluorescent conditions, therefore making it challenging to

visualise without a bright fluorophore.

To also determine if mMNG has more suitable properties for fluorescent observation of
Myo52 than fluorophores with similar excitation and emission spectral profiles, Myo52-
MNG properties were compared to Myo52-GFP and Myo52-3GFP in live S. pombe. GFP
is @ monomer. 3GFP is a GFP trimer (Mossner et al., 2020). myo52-GFP sid2-tdtomato
and myo52-3GFP sid2-tdtomato cells were used to differentiate between the myo52-
GFP, myo52-3GFP and myo52-mNG cells during imagining. myo52-mNG cells were
cultured mixed with either myo52-GFP sid2-tdtomato or myo52-3GFP sid2-tdtomato.
Time-lapses of Myo52 dynamics within the cells were recorded. Figure 3.3.1 shows a

comparison of max projections from time-lapses of each mixed culture.

Figure 3.3.1. Myo52-mNG produces more discrete foci with less background
fluorescence than Myo52-GFP and Myo52-3GFP in S. pombe. Comparison of max
projections displaying Myo52-mNG, Myo52-GFP and Myo52-3GFP in S. pombe. myo52-
mMNG cells were imaged with myo52-GFP sid2-tdtomato or myo52-3GFP sid2-tdtomato
cells for foci intensity and resolution comparison. myo52-mNG cells are marked with "'.
myo052-3GFP sid2-tdtomato and myo52-3GFP cells are marked with **. The cells were
exposed to 50 ms light at 25 C. 13 z-slices were taken. Scale bar -3 . 5 (&)mmyo52-
MNG and myo52-3GFP sid2-tdtomato cells. (B) myo52-mNG cells and myo52-GFP sid2-
tdtomato cells. 108
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Clearest foci were observed in myo52-mNG cells. Myo52-3GFP foci were larger than
Myo52-mNG and Myo52-GFP. Foci close to one another would be difficult to differentiate.
Foci may also appear aggregated especially at the cell ends. The background
fluorescence was noticeably the lowest in myo52-mNG cells. Myo52-mNG, Myo52-GFP
and Myo52-3GFP foci intensities were measured, using Metamorph software, to compare
the average intensity and photostability over time. Figure 3.3.2 shows the average foci
intensity of Myo52-mNG, Myo52-GFP and Myo52-3GFP. It also shows the decrease in
foci intensity over time, when exposed to 50 ms 0.2 mA light over 399 min. For each
strain, foci intensity values were made relative to the highest foci intensity measured in the

specific strain.
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Figure 3.3.2. mNG is brighter than GFP and more photostable than GFP and 3GFP.
Comparison of Myo52-mNG, Myo52-GFP and Myo52-3GFP foci intensity and
photostability. myo52-mNG cells were imaged with myo52-GFP sid2-tdtomato and
myo52-3GFP sid2-tdtomato S. pombe. (A) Average foci intensity of each fluorophore,
relative to the highest foci intensity measured in the brightest fluorophore, 3GFP. Error
bars represent standard error of the mean (SEM). Myo52-3GFP intensity (0.78 = 0.11
a.u.) was greater than Myo52-GFP (0.53 + 0.04 a.u.) and Myo52-mNG intensities (0.60 +
0.09 a.u.) (mean £ SEM). Significant differences were measured between all fluorophore
intensity using a St u d et-test.6”sp 0 0.01. ** p 00.001. (B) Average relative foci
intensity over time was measured to determine fluorophore photostability. Average relative
foci intensity decreased by 0.07 a.u., 0.13 a.u. and 0.14 a.u., over 399 min, in Myo52-
MNG, Myo052-3GFP and Myo52-GFP respectively. Therefore, mNG was the most
photostable fluorophore during long-term exposure to light. Approximate SEM of the
average relative intensity at each time point: Myo52-mNG - 0.004 a.u.; Myo52-GFP -
0.011 a.u.; Myo52-3GFP - 0.012 a.u.. The cells were exposed to 50 ms, 0.2 mA light for
399 min at 25 C. 13 z-slices were taken. n O 10. 'n' indicates the number of foci

measured.

Average relative intensities of 0.60 £ 0.09 a.u., 0.53 £ 0.04 a.u. and 0.78 £ 0.11 a.u.
(mean + SEM) and were measured for Myo52-mNG, Myo52-GFP and Myo52-3GFP
respectively. (Figure 3.3.2A). A st u d etrdastovgas used to determine significant
difference between the intensities. A significant difference in intensity was determined
between all three fluorophores (p O 0.01). Myo52-mNG showed the most consistent
average relative intensity during long-term exposure to 50 ms light. Over 399 min, the
average relative intensity of the foci decreased by 0.07 a.u., 0.13 a.u. and 0.14 a.u. for
Myo52-mNG, Myo52-3GFP and Myo52-GFP respectively. Therefore, mMNG was the most
photostable fluorophore (Figure 3.3.2B). Although the brightest, Myo52-3GFP produced
the greatest background fluorescence and the largest foci. Background fluorescence and
large foci would make it difficult to differentiate individual foci. For this reason, 3GFP was
not used in further experiments. mNG was the most photostable fluorophore, produced
the most discrete foci and was significantly brighter than GFP. For these reasons, mNG
was chosen as the fluorophore of use for Myo52 labelling in the Myo52 phospho-mutant

strains in subsequent experiments described in Chapter 4.

110



Chapter 3: Wide-field and confocal fluorescence imaging optimisation

3.4 The Cairn Research simultaneous two-channel spinning-disk confocal imaging
system is capable of simultaneously detecting red and green fluorophores without
channel-to-channel bleed-through

A novel simultaneous two-channel spinning-disk acquisition imaging system is currently
being developed by Cairn Research. The system enables real-time protein co-movement
acquisition of proteins fluorescently labelled with fluorophores in two different fluorescence
channels. Standard wide-field fluorescent imaging systems have limitations when imaging
two proteins at the same time. These limitations include channel-to-channel bleed-through
(fluorophores with overlapping spectral profiles), filter set availability and illumination of
whole sample volumes, which causes blurring from out of focus planes above and below
the plane of focus. The simultaneous two-channel system was applied to a spinning-disk
confocal imaging system to circumvent these limitations with reduced channel-to-channel
bleed-through, detection limited to the plane of focus to reject background and the use of

rapidly switching lasers for excitation and emission flexibility (St. Crorix et al., 2005).

Standard spinning confocal microscope systems have an image capture rate of 50 ms (20
Hz). An image can be captured every 200 ms. They image in two different channels by
alternating between two sets of excitation/emission filters and LEDs/lasers so an image
can be taken in each channel at each time point. At each time point, z-slices in the first
channel are taken once the correct filters are in place and the correct LED/laser is on.
Then the excitation/emission filters and LEDs/lasers change to take z-slices in the second
channel. It takes time to acquire z-slices, change between excitation/emission filters and
LEDs/lasers. The millisecond dynamics of the proteins that occur during the change of
excitation/emission filters and LEDs/lasers are not captured. Therefore, there is always a
time lag between the dynamics of proteins captured in multi-channel time-lapses. The

millisecond dynamics of proteins are not captured in real-time.

In the simultaneous two-channel spinning-disk confocal microscope system being
developed by Cairn Research, blue and green excitation lasers function alternately to
illuminate the sample. The sample emits green and red light respectively. The
excitation/emission filters are on a wheel that constantly rotates at a speed of 11 Hz. The
lasers are synchronised with the filter wheel and are timed to turn on when the
corresponding filters are in place. During this PhD project, the lasers were used with an
exposure time of 100 ms. The filter wheel spins at 11 Hz so it is in place before the laser

turns on. This allows for a 10 Hz capture rate i.e. one image captured every 100 ms. This
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is two times faster than standard confocal microscopes. The time lag between the

dynamics of proteins imaged in two different channels is therefore halved.

The simultaneous two-channel spinning-disk confocal microscope system is therefore a
suitable system to use for protein-protein interaction and co-localisation studies. Myosins
co-localise with light chains such as calmodulin and cytoskeletal components such as
actin. The proteins fluidly move both dependent and independently of each other. The
simultaneous two-channel spinning-disk confocal microscope system would therefore be
useful in acquiring time-lapses with accurate real-time dynamics of myosin and a second

protein.

The system was assembled by Cairn Research. Work conducted during this PhD project
did not include the production or assembly of the system hardware or software. The
system had not been previously tested with biological samples. This section describes
experiments that were carried out to test if the system could: (i) simultaneously detect
fluorophores in the red and green channels; (i) simultaneously detect red and green
fluorophores without bleed-through between the two channels (without detection of
fluorescence in the wrong channel); (iii) simultaneously record co-movement of two
proteins labelled with green and red fluorophores. Laser power and exposure times were
initially set for single channel acquisition to test if the system could detect fluorophores in
the red and green channel without channel-to-channel bleed through. myo52-mNG
mCherry-lifeact cells were used. Lifeact, a short peptide which binds to actin
microfilaments, was used as a marker to visualise actin structures (Riedl et al., 2008).
myo52-mNG mCherry-lifeact were imaged in either the green or the red channel to detect
and capture time-lapses of Myo52-mNG and mCherry-lifeact separately. The cells were
exposed to 470 nm light (green excitation) at 20 mW power for 100 ms or 555 nm light

(red excitation) at 20 mW power for 100 ms, at 25 'C. 13 z-slices were taken.

Figure 3.4.1 shows max projection images from time-lapses of myo52-mNG mCherry-
lifeact cells. Metamorph image analysis software was used to view the live display of the
field of view on a computer. The field of view in the green and red channels are displayed
adjacent to each other, at the same time. The green dotted lines outline the region where
the green channel is displayed. Myo52-mNG foci fluorescence is shown in this region. The
red dotted lines outline the region the red channel is displayed. mCherry fluorescence is
shown in this region. mCherry-Lifeact filaments are shown in this region (Figure 3.4.1B).

Fluorescence from Myo52-mNG was only detected in the green channel when myo52-
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MNG mCherry-lifeact cells were exposed to 470 nm light only (Figure 3.4.1A).
Fluorescence from mCherry-Lifeact was only detected in the red channel when myo52-
MNG mCherry-lifeact cells were exposed to 555 nm light only (Figure 3.4.1B). Therefore,
the system detected fluorophores in the red and green channels without channel-to-

channel bleed through.

No fluorescence Fluorescence
detected

myo52-mNG mCherry-lifeact

Fluorescence Mo fluorescence
detected
myo52-mNG mCherry-lifeact

Figure 3.4.1. mNG and mCherry were detected and captured without channel-to-
channel bleed through in single channel time-lapses by the simultaneous two-
channel spinning disk confocal microscope. Max projection images from time-lapses
of myo52-mNG mCherry-lifeact S. pombe. The imaging system is configured so
fluorescence in the green and red channels is displayed beside each other during
imaging. The green boarder outlines the region green fluorescence (MNG-Myo52 foci) is
displayed. The red boarder outlines the region red fluorescence (mCherry-Lifeact
filaments) is displayed. (A) Cells were exposed to 470 nm light to excite mNG. Myo52-
MNG was only detected in the green channel. No mNG fluorescence was detected in the
red channel. (B) Cells were exposed to 555 nm light to excite mCherry. mCherry-Lifeact
was only detected in the red channel. No mCherry fluorescence was detected in the green
channel. The cells were exposed to 470 nm light at 20 mW power to image in the green
channel, or exposed to 555 nm light at 20 mW power to image in the red channel. Imaging

was carried out at 25 C. 13 z-slices were taken. Scale bar - 3.5 m.

Simultaneous two-channel time-lapses were then acquired to determine if the system
could simultaneously record co-movement of two proteins labelled with green and red
fluorophores. myo52-mNG mCherry-lifeact, acpl-GFP mCherry-lifeact and mNG-myol

mCherry-lifeact cells were imaged simultaneously in the red and green channels. The
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cells were exposed to 470 nm and 555 nm light within 100 ms of each other. The power of
the 470 nm light was adjusted in each strain to achieve optimal fluorophore signal (IMNG-
Myo52 and Myol-mNG - 90 mW,; Acpl-GFP- 15 mW). Myol moves faster than Myo52,
Acpl and Lifeact. Myol-mNG foci are visible for approximately 11 s. Therefore 7 z-slices
of Myol-mNG were taken instead of 13 z-slices, to reduce the amount of time spent
acquiring images. mNG/GFP and mCherry fluorescence were successfully recorded

simultaneously.

After image acquisition, Metamorph was used to manually generate a composite image
using the overlay images function (combination of images in the red and green channels).
To generate a composite image, one channel region on the image is manually selected
and overlaid over the other channel region. The two regions are then aligned by eye.
Background fluorescence in the composite images was reduced using Metamorph. Figure
3.4.2 shows max projection images of the myo52-mNG mCherry-lifeact, acpl-GFP
mCherry-lifeact and mNG-myol mCherry-lifeact cells, taken from time-lapses. The green
and red channel regions are outlined by the green and red dotted lines. The composite
image shows an overlay of the two channel regions. MNG-Myo52 is shown in green and

mCherry-Lifeact is shown in magenta.

mNG/GFP mCherry Composite

myo52-mNG mCherry-lifeact

mNG-mvol mCherrv-lifeact

acp1-GFP mCherry-lifeact
Figure legend on the following page.
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Figure 3.4.2 mNG and mCherry fluorescence, in S. pombe strains co-expressing
proteins labelled with mNG/GFP and mCherry, were captured simultaneously by the
simultaneous two-channel spinning-disk confocal microscope. Max projection
images from two-channel time-lapses of myo52-mNG mCherry-lifeact, mMNG-myol
mCherry-lifeact, and acpl-GFP mCherry-lifeact S. pombe. Images show from left to right:
MNG or GFP labelled proteins in the green channel (470 nm); mCherry-Lifeact in the red
channel (555 nm); a composite overlay of the images in the green and red channels. mNG
and GFP labelled proteins are displayed in green. mCherry-Lifeact is displayed in
magenta. The time-lapses were overlaid and aligned manually using Metamorph software
to generate composite time-lapses and max projection images. No channel-to-channel
bleed through was observed. (A) myo52-mNG mCherry-lifeact cells. The cells were
exposed to 470 nm at 90 mW power and 555 nm at 20 mW power. 13 z-slices were taken.
(B) mNG-myol mCherry-lifeact cells. The cells were exposed to the same light conditions
as myo52-mNG mCherry-lifeact cells but 7 z-slices were taken. (C) acpl-GFP mcCherry-
lifeact cells. The cells were exposed to 470 nm at 15 mW power and 555 nm at 20 mwW
power. 13 z-slices were taken. All strains were imaged at 25 C. Scale bar-3.5¢ m.

No channel-to-channel bleed-through or significant compromise in image quality was
observed during simultaneous acquisition. Signal-to-noise ratios were greater than that
observed during wide-field microscopy in all strains however, variation in signal-to-noise
ratio between Acpl-GFP, mNG-Myol and Myo52-mNG remained unchanged. mNG-
Myo52 remained to the emit the weakest signal in this system. mCherry-Lifeact was
observed to have the highest signal-to-noise ratio. Background fluorescence was reduced
in the composite time-lapses, using the Metamorph background and shading statistical
correction function. With this function, a region of a background area was selected with
the rectangle tool. Average background intensity was then subtracted from the image.
This background removal also reduced mCherry-Lifeact signal, resulting in weak filament
signals. The background values subtracted from the image may have been too high.
Further work is required to reduce background fluorescence and improve alignment of

composite images.

Imaging of myo52-mNG mCherry-lifeact, mMNG-myol mCherry-lifeact and acpl-GFP
mCherry-lifeact S. pombe showed the simultaneous two-channel spinning-disk confocal
microscope was capable of simultaneously recording proteins labelled with red and green

fluorophores, without channel-to-channel bleed through. Composite time-lapses showing
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co-movement of mCherry-Lifeact and the GFP and mNG labelled proteins were generated
and initial background reduction and alignment was explored. This preliminary testing of
the simultaneous two-channel spinning-disk confocal microscope and image processing
has provided data to contribute to the development of the system. The system was not
used in experiments described in the remainder of thesis because it is still in development
but it could enable capture of real-time co-localisation and co-movement of myosins and

various proteins they interact with e.g. calmodulin.

3.5 Chapter 3 summary

Initial experiments were conducted to determine fluorescence imaging conditions that
induce minimal phototoxicity. These conditions were to be applied to subsequent
fluorescence microscopy experiments assessing the dynamics of Myol and Myo52 in

phospho-mutant S. pombe during the PhD project.

In this chapter, differences between the phototoxic damaged induced by frequent low
intensity light exposure and infrequent high intensity light exposure was investigated in
rlic1-GFP pcpl-GFP S. pombe ((i) 0.2 mA light every 1 min; (i) 1.0 mA light every 3 min;
(i) 2.1 mA light every 6 min). Imaging conditions were adjusted to keep the amount of
photons the cells were exposed to equal. CAR assembly and constriction were monitored
via fluorescence microscopy for 60 min. The GFP intensity along the equatorial plane was
measured to follow the constriction of the CAR. The circumference of the CAR was also
measured. Disruptions in CAR assembly and constriction were used as indicators of

phototoxicity.

Infrequent high intensity light exposure was hypothesised to induce phototoxicity that
results in the disruption of CAR assembly and constriction. No correlation between light
exposure frequency, intensity and CAR constriction rate was observed (0.20 >m/min, 0.35
>m/min and 0.27 >m/min constriction in the 0.2 mA/1 min, 1.0 mA/3 min and 2.1 mA/6 min
light exposure conditions respectively). No structural defects in the CAR were observed
with infrequent high intensity light exposure (Figure 3.1.1). Based on these results,
exposure to infrequent doses of high intensity light does not induce more phototoxicity that
affects CAR assembly or constriction than exposure to frequent doses of low intensity light
(Figure 3.1.1, Figure 3.1.2). Phototoxicity was not evident through the assessment of
CAR, however it may have been detected through other observations e.g. increasing

intracellular Ca®* (Laiusse et al., 2017).
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The experiment described above is limited by the number of cells observed as n = 1, per
imaging condition. A larger sample size would allow for means to be calculated and
Student's t-test analysis to be conducted to determine significant differences between
CAR contraction rates. In future experiments based on CAR, a phototoxicity threshold
may be determined. A phototoxicity threshold will determine the imaging range in which
phototoxicity is not detected. A dose-response curve can determine the phototoxicity
threshold. A dose-response curve can be developed from initially imaging cells with the
minimum light exposure and intensity required to visualise the CAR and maintain cell
viability. Light exposure and intensity is then increased until phototoxicity in the form of
CAR defects is observed (Laiusse et al., 2017). Observations of phototoxicity can be
made using imaging conditions above the phototoxicity threshold.

Alongside monitoring of CAR constriction, the degree of phototoxicity in the cells could
also be measured by the amount of ROS produced within the cells during exposure to
light. Phototoxicity induces the production of ROS. ROS production could be detected
during fluorescence microscopy with a ROS-reactive dye called CM-H,DCFDA (5-(and-6)-
chloromethyl-2',7'-dichlorodihydrofluorescein diacetate). CM-H,DCFDA is not fluorescent
until its acetate group (C,Hs0,) is cleaved by esterases and oxidised by various ROS
including H,O,. This forms fluorescent CM-DCF (chloromethyl-2',7'-dichlorofluorescin).
When stained with CM-H,DCFDA, CM-DCF fluorescence would be used as a measure of
ROS production during the time-lapses (Oparka et al., 2016; Wojtala et al., 2014). Total
CM-DCF intensity may highlight differences in the degree of phototoxicity induced by
frequent low intensity light exposure and infrequent high intensity light exposure, which

are not apparent in CAR constriction rate.

Phototoxicity is frequently assessed using cell growth rate. Light-induced damage reduces
the growth rate of cells. Cell growth can be recorded with time-lapses longer than the 4 hr
doubling time of S. pombe. The cells can be imaged in a microfludics device, which is a
device that provides a constant supply of fresh media to cells (Frey et al., 2015). The cells
will be kept viable during the long-term time-lapse. The fresh supply of media would
provide the cells with oxygen and reduce the occurrence of ROS production, in response
to a lack of oxygen, which would occur in the sealed Bioptechs FCS2 Chamber used in
the experiments conducted in this PhD project (Guzy et al.,, 2007). The cell number is
gquantified in images from the first and last time point. To quantify cell number, individual

cells can be segmented (outlined) in the images and quantified using image analysis
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software such as PombeX or CellX (Peng et al.,, 2013), Growth rates can then be
determined by the difference in cell number in the first and last time point (Schmidt et al.,

2020) and growth rates can be calculated as follows:
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Cellsy; is the number of cells at the final time point. Cellsyis the number of cells at the
initial time point. This assessment of cell growth would demonstrate the overall affect of
phototoxicity on the cell.

Imaging conditions used to monitor CAR were shown not to impact CAR assembly and
constriction. There were then applied to experiments exploring the molecular basis of
temperature-sensitivity in TS ¢dc8.27 and c¢cdc8.110 S. pombe and the impact these
mutations have in the actin stabilising function of Cdc8, during CAR assembly and
constriction. cdc8.27 possess C-terminal E129K amino acid substitution and cdc8.110
possess two N-terminal amino acid substitutions, A18T and E31K. CAR assembly and
constriction was monitored in temperature-sensitive ¢dc8.27 rlc1-GFP and ¢dc8.110 rlc1-
GFP S. pombe exposed to 0.2 mA light every 1 min. The cells were imaged at a range of
permissive and restrictive temperatures (25 'C, 28 'C, 30 'C, 32 'C, 34 'C and 36 'C) to
bring about CAR defects induced by the Cdc8 mutations. Structural defects of increasing
severity were observed in the CAR with increasing temperature. Defects included aberrant
non-contractile rings, CAR displacement, delayed constriction, CAR collapse and the
inability to form (Figure 3.2.1, Figure 3.2.3, Figure 3.2.4, Figure 3.2.5). Double septa and
bent morphologies were also observed in the cells (Figure 3.2.2). An addictive effect was
observed in the c¢dc8.110 rlc1-GFP double mutant since CAR defects were more severe
than in cdc8.27 rlc1-GFP cells. These defects show Cdc8 E129, Cdc8 Al18 and Cdc8 E31
are required for attachment to the cell cortex, correct placement, formation and

constriction of the CAR.

In experiments described in this section of the thesis, cdc8” rlc1-GFP CAR assembly and
constriction took approximately 50 min. Similar to experiments in this chapter, published
studies monitoring CAR assembly and constriction, with RIc1-GFP as a marker, have
shown CAR assembly and constriction to take ~50 min in healthy wild-type S. pombe (Gu

et al., 2015; Pollard & Wu, 2010). In future experiments, visualising Pcpl, as in Section
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3.1, would help define the stage of CAR assembly and constriction in each cell upon
recording. Pcpl moves between the equatorial plane and the cell ends during CAR
assembly. A profile of Rlc1-GFP and Pcpl-GFP dynamics could be made, to define the
start of CAR assembly and constriction, by repeating time-lapses of CAR assembly and
constriction in rlc1-GFP pcpl-GFP cells. In Section 3.1, only one ric1-GFP pcpl-GFP cell
was captured during CAR assembly per condition (Figure 3.1.1, Figure 3.1.2). Therefore a
profile could not be defined. Transmitted light images were not taken throughout the whole
duration of CAR at all temperatures. Transmitted light images would have shown if septa
were formed in the cells and if it was positioned correctly. Future experiments should
include these images.

Further fluorescence microscopy-based experiments to assess cdc8.27 and cdc8.110
could include observations of Midl-mCherry during CAR constriction in cdc8.27 and
cdc8.110 cells. RIc1-GFP in cdc8.27 rlc1l-GFP and cdc8.110 rlc1-GFP cells failed to
localise at the equatorial plane and were displaced at restrictive temperatures. Time-
lapses of RIc1l-GFP and Midl-mCherry localisation and interactions during CAR may
highlight if displacement of the CARs in ¢dc8.27 and cdc8.110 cells are due to failure to
interact with Mid1.

Intensity and photostability of mNG, GFP and 3GFP fluorophores were compared to
determine the most suitable fluorophore to label Myo52, and observe Myo52 dynamics in
Myo52 phospho-mutant strains. The intensities of Myo52-mNG, Myo52-GFP and Myo52-
3GFP foci in S. pombe were measured during time-lapses to determine their average
intensity and photostability (Figure 3.3.1). The time-lapses showed Myo52-3GFP foci were
the brightest with an intensity of 0.78 £ 0.11 a.u. (mean + SEM). This was greater than
Myo52-GFP (0.53 + 0.04 a.u.) and Myo52-mNG intensities (0.60 = 0.09 a.u.). The
fluorophores were exposed to 50 ms, 0.2 mA light over 399 min in a long-term time-lapse
to assess the photostability of the fluorophores. 0.07 a.u., 0.13 a.u. and 0.14 a.u.
decreases were observed in Myo52-mNG, Myo52-3GFP and Myo52-GFP average
relative intensities respectively. mMNG was the most photostable fluorophore and therefore
chosen as the fluorophore to label Myo52 in subsequent experiments. Although it is not
brighter than 3GFP, mNG exhibited clearer foci than 3GFP. As the dynamics of individual
foci were to be assessed in the Myo52 phospho-mutants, mNG would be the preferred

fluorophore to visually assess foci over 3GFP.
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A simultaneous two-channel spinning-disk confocal microscope, developed by Cairn
Research for real-time acquisition of protein co-movement of proteins labelled with
fluorophores in the red and green channels, was tested to confirm if the system could
acquire red and signal simultaneously without channel-to-channel bleed through. To
determine if the red and green fluorophores were detected without channel-to-channel
bleed through, time-lapses of Myo52-mNG and mCherry-Lifeact in myo52-mNG mCherry-
lifeact cells were taken individually. The cells were exposed to either 470 nm light to excite
MNG/GFP or 555 nm light to excite mCherry. Fluorescence was only detected in one
channel each time. This showed no channel-to-channel bleed through occurred (Figure
3.4.1). myo52-mNG mCherry-lifeact, acp1l-GFP mCherry-lifeact and mNG-myol mCherry-
lifeact cells were then simultaneously imaged in the red and green channels. The
simultaneous two-channel spinning-disk confocal microscope detected and recorded
mCherry and mNG or GFP simultaneously. Images in the red and green channels were
aligned using Metamorph to develop composite time-lapses displaying co-movement of
Myo52-mNG, Acpl-GFP and mNG-Myol with mCherry-Lifeact (Figure 3.4.2).

Improvements must be made to the image processing needed to produce aligned images
with minimal background noise. As there was a great amount of mNG and GFP
background fluorescence, background was removed using Metamorph. Average
background intensity values were used for background removal. This background removal
also reduced mCherry-Lifeact signal. The images were aligned based on the cell shape
however, background fluorescence causes difficulties in differentiating between the cell
and the background. To reduce background fluorescence in future experiments, minimum
background intensity could be subtracted from the images rather than average
background intensity. An image of a blank area with no cells may also be used as a
separate background image to subtract from the images. Background fluorescence
values, in and around the cell, may have been too high and resulted in too much
background being removed. Alternatively, a constant intensity value may be subtracted
from the images. Transmitted light images could be included in the composite overlay to
define an outline of the cell. Transmitted light images cannot be acquired during
simultaneous two-channel spinning-disk confocal imaging however they may be acquired
before the imaging in the fluorescent channels. Eventual photobleaching was also
observed after prolonged imaging of an individual sample. For simultaneous imaging, the
exposure time must be set the 100 ms therefore the exposure time cannot be reduced.
Light power may be reduced in future experiments which require long-term time-lapses, to

reduce the rate of photobleaching.
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Future experiments to test the imaging system could compare the dynamics of two co-
localising proteins in time-lapses acquired by the simultaneous two-channel spinning-disk
microscope system and a standard spinning-disk confocal microscope. Comparison of the
time-lapses would reveal a time lag in the dynamics of proteins imaged by the standard
spinning-disk confocal and the simultaneous two-channel spinning-disk microscope
system. Proteins that co-localise in time-lapses acquired by the simultaneous two-channel
spinning confocal system may not co-localise to the same degree in time-lapses acquired
by a standard spinning-disk confocal microscope, thus revealing a time lag in image

acquisition in thus system.

Once imaging processing is optimised, the simultaneous two-channel confocal
microscope system would enable capture of real-time co-localisation and co-movement of
proteins labelled with red and green fluorophore. It can be applied to co-localisation
experiments of myosin and proteins it interacts with, such as calmodulin. Differences
between co-localisation at different stages of the S. pombe life cycle could also be
studied.

Imaging conditions used in this chapter to minimise phototoxicity were applied to the
experiments described in the following chapters. Chapter 4 describes wide-field
fluorescence microscopy-based experiments used to assess the dynamics of Myo52 and
proteins it interacts with, in Myo52 phospho-mutant S. pombe strains. In wild-type S.
pombe, a serine residue is phosphorylated at Myo52 S720, Myo52 S798, Myo52 S985,
Myo52 S1064, Myo52 S1065 and Myo52 S1072 phosphorylation sites. A point mutation in
the phospho-mutant strains converts the serine to an alanine. This prevents
phosphorylation of the phosphorylation sites. Due to the photostability of mNG described
in this chapter, mNG was used to label Myo52 for assessment via fluorescence

microscopy.
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Chapter 4: Phospho-requlation of fission yeast myosin V, Myo52

Myo52 is a motor protein present in eukaryotes, which transports cargo, such as secretory
vesicles, to the poles of the cells. It transports cargo by travelling along actin filaments in a
processive manner. The domains of Myo52 serve different functions when transporting
cargo throughout the cell. The N-terminal head domain of Myo52 interacts with actin
filaments as the protein travels processively along actin filaments. The neck domain is the
location where light chains called calmodulin, bind to Myo52 and regulate the protein by a
conformational change in Myo52. The C-terminal tail domain of Myo52 contains the cargo

binding domain which bind to the cargo.

Myo52 is involved in the transportation of molecules required for cell growth, actin filament
formation and the maintenance and extension of microtubules. For cell growth, Myo52
transports Mokl and Bgs1/Cps1 which produce glucans that are structural components of
the cell wall and the septum formed during cytokinesis (Davison et al., 2016; Motegi et al.,
2001; Mulvihill et al., 2001; Mulvihill et al., 2006; Win et al., 2001). Regions of cell growth
are determined by proteins of the MOR signalling pathway, which include Orb6, Nak1 and
Mor2 (Hirata et al., 2002; Kinai et al., 2005; Tay et al., 2019). Mor2 acts a scaffolding
protein that mediates interactions between Orb6 and Nakl. These interactions are
required for Orb6 to spatially restrict Cdc42 activation to the cell ends for polarised growth
(Gupta, 2013; Das et al., 2009; Tay et al., 2019). For actin filament formation, Myo52
transports actin regulators such as For3. It associates with For3 and delivers it to the cell
ends of S. pombe, where For3 then nucleates actin filaments. Myo52 translocation along
actin filaments may also exert forces which promote the extension of actin filaments
(Presti et al.,, 2012). For the maintenance and extension of microtubules, Myo52 is
involved in the release of Tipl from the end of microtubules and Tipl ubiquitylation. Tipl
allows microtubules to differentiate between cortical regions of the cell and the cell ends.
Microtubules do not undergo catastrophe unless Tipl is removed. Myo52 associates with
Dph1l which targets Tip1 for ubiquitylation (Martin-Garcia & Mulvihill, 2009).

Myo52 S720, Myo52 S798, Myo52 S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072
phospho-serines have been identified as conserved phosphorylation sites along Myo52,
via proteomic screening (Tay et al., 2019; Wilson-Grady et al., 2008). To identify the
phosphorylation sites, immobilized metal affinity chromatography (IMAC) and titanium
dioxide chromatography (TiO2) were used to isolate Myo52 phosphopeptides from
proteins of lysed S. pombe. The phosphopeptides were analysed by liquid
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chromatography with tandem mass spectrometry (LC-MS/MS) (Tay et al., 2019; Wilson-
Grady et al., 2008). The role the Myo52 phosphorylation sites play, the kinases that
phosphorylate them and the regulatory system are unknown. The level of phosphorylation

of these sites and whether the phosphorylation is cell cycle dependent is also unknown.

There is a high level of certainty that phosphorylation at the Myo52 phosphorylation sites
impact Myo52 function within the cell (Peterson, personal communication, 2017; Wilson-
Grady et al., 2008). It has been hypothesised phosphorylation of Myo52 S720, Myo52
S798, Myo52 S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 affects the function
of Myo52. In order to elucidate the function of these specific sites, phospho-mutant S.
pombe strains were developed via SDM (site-directed mutagenesis). SDM cloning was
performed to introduce mutations in the codon for the translation of the phospho-serine
using an established marker switching approach and is illustrated in Chapter 2, Figure 2.2
(Baker et al., 2019; Maclver et al., 2003; Martin-Garcia & Mulvihill, 2009). Serine to
alanine amino acid substitutions were introduced at the phosphorylation site. Myo52 S720
(TCT) was converted to Myo52 S720A (GCC). Myo52 S798 (AGC) was converted to
Myo52 S798A (GCG). Myo52 S985 (TCT) was converted to Myo52 S985A (GCT). As
Myo52 serine 1064 and serine 1065 are in close proximity to each other, a
myo052.S1064A S1065A double mutant strain was generated to determine if an additive
effect would occur in the absence of phosphorylation at two phosphorylation sites. Myo52
S1064 and Myo52 S1065 (TCTAGT) were converted to Myo52 S1064A and Myo52
S1065A (GCTGCA). The myo52.S1072A plasmid was generated by another member of
the Mulvihill lab. The mutations result in the transcription of an alanine instead of a serine.
Alanine is an amino acid that cannot be phosphorylated because it does not possess a
nucleophilic (i OH) group required for phosphorylation. Therefore the serine to alanine
mutation prevents phosphorylation at the site.

The effects of the mutations at the Myo52 phosphorylation sites were studied through
observations of the Myo52 phospho-mutants' growth and possible temperature-sensitivity
from ODgqo plate reader readings and fluorescent microscopy observations of the cell
morphology, cell polarity, actin filament dynamics, Myo52 dynamics, microtubule
dynamics and Mor2 localisation. mNG-myo052 and myo52.S1064A S1065A-mNG were the
only clones successfully derived for the observation of Myo52 in the mNG background.
Attempts to generate myo52.S720A-mNG, myo052.S798-mNG, myo052.5985-mNG and

my052.51072-mNG cells were unsuccessful.
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4.1 The absence of Myosin 52 phosphorylation induces growth defects in S. pombe

4.1.1 Myosin 52 phospho-mutations disrupt growth at log-phase

Myo52 transport organelles within the cell and function in CAR constriction (Mulvihill et al.,
2001; Mulvihill et al., 2006). The phospho-mutants were examined to determine whether
phosphorylation of serines within Myo52 impact growth. Growth curves were generated
via ODgyo absorbance readings of the phospho-mutants, from early log-phase to late log-
phase. The ODgqo readings were taken as a measure of overall cell growth which is a
combination of cell number and cell size. Growth was examined at 20 'C and 25 'C to
identify possible temperature-sensitivity (Win et al., 2001). Figure 4.1.1 displays the

growth curves generated over 32 - 40 hr.
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Figure 4.1.1. The lack of Myo52 S720, Myo52 S798 and Myo52 S1072
phosphorylation induces cold-sensi t i vi t yn Sagomb2.0Growtll curves of
myo052.S720A, myo52.S798A, myo52.S985A, myo52.S1064A S1065A, myo52.S1072A,
my o5 amgpmyo52*cel | s at 20, ove€32amadd 4Q Br respéctively. ODggo
readings were used as an indication of overall cell growth (cell size and cell number). (A)
Growth of the Myo52 phospho-mutant S. pombe at 20 CCells displayed slower growth
at20 tikan at myas2.S7208 and myo52.S798A produced an ODgy Of 0.62 +
0.03 and 0.62 = 0.01 (mean + SEM) respectively, at 40 hr. These ODgo Were significantly
less than wild-type myo52° ODgy of 0.80 + 0.05 (p O 0. (B85 )u d et-test)d s
myo052.S985A and myo052.S1064A S1065A, produced ODgy Of 0.74 £ 0.08 and 0.94 +
0.07 respectively, at 40 hr. These ODgyo had no significant difference to wild-type myo52*
cells. myo52.51072A cells, produced an ODgy of 1.28 £ 0.11 and which was significantly
greater than the wild-type myo52* ODgoo (p O 0 . This ipdicates the myo52.51072A cells
were larger than wild-type myo52* cells due to an arrest in the cell cycle. (B) Growth of the
Myo52 phospho-mutant S. pombe a t 2 HAt 32 @r, the strains produced the following
ODggo: myo052.S720A - 0.85 + 0.05; myo52.S798A - 0.83 + 0.01; myo52.S985A - 1.43 +
0.16; myo52.S1064A S1065A - 1.20 + 0.15; myo52.S1072A - 1.52 + 0.21; my o 5 R)p
1.25+0.02; my 0 5 @)yp 0.95 + 0.02; myo52* - 1.15 + 0.17. No significant difference was
observed between the ODgq of the wild-type myo52* strain and the mutant strains. When
comparedt o growth at 2 dliggestE< myo52.87R20A, dneya52.S798A and
myo052.S1072A cells are cold-s e ns i t i v e Comparis@nOof ODgyo readings of the
remaining strainsat2 0 an€2 5 sudgests the strains are not cold-sensitive. The cells
were cultured a for22dys. O readidgs ®ese taked of the cells at the
respective temperatures, using a plate reader. Each curve is an average of three

independent cultures. The error bars show standard error of the mean (SEM).

In all strains, growth at 20 C was expected to be slower than at 25 C. Healthy S. pombe
typically have a generation time of 4 hr at 25 C (Peterson & Russell, 2016). Doubling
times of approximately 6.5 hr and 4 hr were observed in myo52* cells at 20 C and 25 C
respectively. In comparison to ODgy readings at the permissive temperature of 25 C,
myo052* ODgq readings at the restrictive temperature of 20 C were lower. At 40 hr and 32
hr, ODgq readings of 0.80 + 0.05 and 1.15 + 0.17 were recorded in myo52* cells at 20 C
and 25 C respectively. ODgy peaks were lessened at 20 C in all strains. Growth rates
were also more linear at 20 C. These two observations suggest reduced cell growth at 20

C in myo52* cells.
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At 20 C, the ODgyo of myo052.S720A and myo52.S798A cells were 0.62 + 0.03 and 0.62
+ 0.01 (mean £ SEM) respectively, at 40 hr. These were significantly less than the wild-
type myo52" ODggpo (p O 0 . DhB %0 hr ODgg 0f myo52.S985A and myo52.S1064A
S1065A were 0.74 + 0.08 and 0.94 + 0.07 respectively and were not significantly different
to wild-type myo52*. myo52.51072A cells produced an ODgy of 1.28 + 0.11 which was
significantly greater than wild-type myo52° (p O 0 . OHeye data suggest the
myo052.51072A cells were larger than myo52* due to an arrest in the cell cycle. At 25 C,
no significant difference was observed between the ODgg Of the wild-type myo52* strain
and all the mutant strains. Comparisons of growth at 20 C and 25 C, suggest
my052.S720A, myo52.S798A and myo52.S1072A cells are cold-sensitive at 20 C. The
colder temperature may affect the folding of Myo52 or its interactions with actin,

calmodulins and cargo.

Through repeated cell counts during culturing of the mutant strains at 25 C, slower
growth was observed in the Myo52 phospho-mutants in comparison to healthy myo52*
cells. Therefore, the observed ODgqo in My052.51072A cells may be due to increased cell
size rather than cell number. Lack of phosphorylation at this phosphorylation site may
therefore perturb the maintenance of correct cell shape. An alternative method of
quantifying cell growth is required to measure cell growth in future experiments. A Coulter

Counter may be used to quantify cell number.

4.1.2 Myosin 52 phospho-mutations reduce cell length and alter cell polarity

Myo52 is involved in the transport of alpha-glucan synthase, Mokl, and (1,3) beta-D-
glucan synthase catalytic subunit, Bgsl, for cell wall synthesis (Motegi et al., 2001;
Mulvihill et al., 2001; Mulvihill et al., 2006; Win et al., 2001). To determine the morphology
and changes in the cell wall of the Myo52 phospho-mutants, cell wall glucans were
stained with calcofluor and the cells were visualised using fluorescence microscopy

(Hamer et al., 2006). Typical cell morphologies for each strain are shown in Figure 4.1.2.
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myo52.5798A myo052.51064A
$1065A

Figure 4.1.2. Bent morphologies and variations in the cell length of the S. pombe
Myo52 phospho-mutants show phosphorylation of Myo52 S720, Myo52 S798, Myo52
S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 is required to maintain correct
cell shape, length and polarity in S. pombe. Single z-slice images displaying
my052.S720A, myo52.S798A, myo52.S985A, myo052.S1064A S1065A, myo52.S1072A
and myo52" S. pombe cells stained with calcofluor, to visualise (1, 3 ) -D{glucan and
cellulose in the septum and cell wall. The lack of phosphorylation at Myo52 S720, Myo52
S798, Myo52 S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 results in bent
morphologies and varied cell length. myo52.S720A, myo52.S985A, and myo52.S1072A
cells displayed shorter morphologies than wild-type myo52* cells. Cells longer than wild-
type myo52* were observed in the myo52.S798A and myo052.S1064A S1065A strains.
Bent morphologies were observed in all Myo52 phospho-mutant strains. These
morphologies suggest a loss of polarity within the cells. Cells were cultured in YES media
supplemented with amino acids for 2 days, at 2 5 They Gvere then fixed with
paraformaldehyde and stained with calcofluor on ice. The cells were imaged at 2 5 C,

an exposure time of 100 ms. A single z-slice was taken. Scalebar-3 . 5 & m.

Bent morphologies, not exhibited in healthy myo52" S. pombe, were observed in all the
phospho-mutant strains. S. pombe remain in monopolar growth during interphase and

switch to bipolar growth during NETO. The ratio of monopolar and bipolar growth during
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interphase in calcofluor stained cells was then determined (Cortés et al., 2007). Calcofluor
stains cellulose and linear (1, 3) b-D-glucan. Differences between the monopolar-to-
bipolar ratio of wild-type myo52" cells and the Myo52 phospho-mutants were use used to
identify if phosphorylation of Myo52 S720, Myo52 S798, Myo52 S985, Myo52 S1064,
Myo52 S1065 and Myo52 S1072 plays a role in maintaining polarity within S. pombe.

Calcofluor staining allows for the visualisation of points of growth termed birth scars. They
appear as dark bands across calcofluor stained cells. Birth scars form where septa from
previous cell divisions were located. Mature septa are composed of three layers. The
layers consist of an inner primary septum layer with secondary septa layers either side of
it. The structure of the septum is displayed in Figure 4.1.3A. The secondary septa, that
become part of the cell wall and the new ends after cell separation, bind to less calcofluor
than the primary septum, and regions of the cell wall synthesised during interphase. This
is because cellulose and linear (1,3) b-D-glucan are predominantly in the primary septum
and the cell wall. Therefore, the cell wall formed from a secondary septum appears as a
dark cap at the new end of a calcofluor stained cell (Sipiczki, 2007). The dark cap remains
at the new end until the cell begins NETO. Newly synthesised cell wall pushes the birth
scar back within the cells as growth occurs laterally at the new end (Mitchison & Nurse,
1985). The position of birth scars can indicate where cell division has previously occurred,
the cell end where growth has occurred and the direction of the growth. Therefore,

observations of birth scars can determine the polarity of a cell.

A dark cap in a calcofluor stained cell shows the new end of the cell. A cell with a dark cap
at one end and no other birth scars is monopolar because growth has only occurred at the
old of the cell. A cell with a birth scar in the central region of the cell is bipolar because cell
growth has occurred at both ends of the cell and the birth scar to been pushed to the
middle of the cell by the newly synthesised cell wall. The number of monopolar cells and
bipolar cells was manually quantified in a sample of each Myo52 phospho-mutant strain.

Monopolar-to-bipolar ratios of each strain was calculated and are shown in Figure 4.1.3

128



Chapter 4: Phospho-regulation of fission yeast myosin V, Myo52

A
Cell wall
Secondary
septum
Primary
septum
Cux 1.20 -
]
L%
v 1.00 =
'_g 0.37 0.27 0.40 0.51 0.41
2 0.80 +
£
© 0.73
5 0-60 +
o
2
S 0.40 + 0.49
£
.3 0.20 =
]
o
o 0.00 = v v v v
e P » P v
e P o’ &
5 S ) (,g\
o o v P
S N 3 &
& ¢ ¢ o
o
0
&
Genotype

Opaque - monopolar  Translucent - bipolar

Figure legend on the following page.

129



Chapter 4: Phospho-regulation of fission yeast myosin V, Myo52

Figure 4.1.3. Variation in the relative monopolar-to-bipolar cell ratio of the Myo52
phospho-mutant S. pombe cells suggests phosphorylation of Myo52 S720, Myo52
S798, Myo52 S985 and Myo52 S1072 is involved in maintaining correct cell polarity
in S. pombe. (A) lllustration of the septum of a dividing cell. The septum is made up of a
single primary septum and two secondary septa. Calcofluor stains secondary septum less
than primary septum. Adapted from Sipiczki (2007). (B) Image of wild-type myo52* S.
pombe stained with calcofluor. Dark bands in the calcofluor staining are termed birth
scars. Birth scars mark regions where the secondary septum, from the previous cell
division, was formed. Cells with a birth scar at the 'new end' of the cell, and have the
appearance of a dark cap, were considered monopolar (*). Cells with at least one birth
scar in between the cell ends were considered bipolar (**). 'O" indicates the old end. 'N'
indicates the new end. The arrows illustrate the direction of growth. Cells were cultured in
YES media supplemented with amino acidsfor2day s, at 25 C. They
paraformaldehyde and stained with calcofluor on ice. The cells were imagedat 2 5 C
an exposure time of 100 ms. A single z-slice was taken. Scale bar-3 . 5 (€)nBar chart
displaying the relative monopolar-to-bipolar cell ratio of myo52.S720A, myo52.S798A,
my052.S985A, my052.S1064A S1065A, myo52.S1072A and wild-type myo52* calcofluor
stained S. pombe cells. The number of the monopolar cells and bipolar cells were
manually quantified and made relative to the total number of cells. The monopolar-to-
bipolar ratio was calculated from the relative number of monopolar and bipolar cells. The
opaque portions at the bottom of the bars represent the relative number of monopolar
cells. The translucent portions at top of the bars represent the relative number of bipolar
cells. The number in each bar is the relative number of cells for the corresponding
category. These numbers make up the terms of the ratio. The monopolar-to-bipolar ratio
of the wild-type myo52" cells was 0.59:0.41. The monopolar-to-bipolar ratios of
myo052.S720A, myo52.S798A and myo52.S985A were 0.63:0.37, 0.67:0.33 and 0.73:0.27
respectively. These ratios have 4 %, 8 % and 14 % differences to the wild-type myo52*
monopolar-to-bipolar ratio. A larger proportion of cells in these strains were monopolar
than wild-type myo52*. myo52.51064A S1065A displayed a monopolar-to-bipolar ratio of
0.60:0.40 which was similar to wild-type myo52" cells. myo52.S1072A displayed a
monopolar-to-bipolar ratio of 0.49:0.51 and a 10 % difference to the myo52" monopolar-to-
bipolar ratio. Therefore a smaller proportion of myo52.S1072A cells were monopolar than

myo52*. nO 67 indicates the number of cells measured from each strain.
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As this experiment was not repeated, further work is required to determine the
significance in the differences between the monopolar-to-bipolar ratios, however the
variation can provide an indication in the differences. myo52" cells had an approximate
relative monopolar-to-bipolar ratio of 0.59:0.41. A larger portion of myo052.S720A,
myo052.S798A, myo52.S985A cells were under monopolar growth with respective relative
monopolar-to-bipolar ratios of 0.63:0.37, 0.67:0.33 and 0.73:0.27 which have a 4 %, 8 %
and 14 % difference to the myo52* monopolar-to-bipolar ratio. myo52.S1072A cells
displayed a monopolar-to-bipolar ratio of 0.49:0:0.51 and a 10 % decrease in the
monopolar cells. The myo52.S1064A S1065A monopolar-to-bipolar ratio was 0.60:0.40
and was comparable to myo52" (1 % difference) Collectively, the data suggest the
switching between monopolar and bipolar growth is altered uniquely within each Myo52
phospho-mutant background. Myo52 S720, Myo52 S798 and Myo52 S985
phosphorylation may play a regulatory role in the initiation of bipolar growth at NETO.
Myo52 S1072 phosphorylation may play an inhibitory role to in the regulation of bipolar
growth at NETO. Myo52 S1064 S1065 phosphorylation may have minimal or no impact on
the regulation of bipolar growth at NETO.

Cell lengths were also measured from the calcofluor stained images. Cells both longer
and shorter than myo52* cells were observed in the phospho-mutant strains (Figure
4.1.2). Cell lengths were measured, using Metamorph imaging analysis software, to
identify possible consistent differences in cell length between the mutant strains. Figure

4.1.4 displays the measured cell lengths.
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Figure 4.1.4. Variation in the length of the Myo52 phospho-mutant S. pombe cells
show phosphorylation of Myo52 S720, Myo52 S985 and Myo52 S1072 is involved in
determining cell length in S. pombe. Dot plot displaying Myo52 phospho-mutant mean
cell length. Error bars represent standard error of the mean (SEM). St u d et-testdHnsere
used to determine significant differences between the length of the Myo52 phospho-
mutants and myo52" cells. The average length of myo52.S720A (8.99 + 0.13 & n),
myo052.S985A (9.44 + 0.18 € m and myo52.S1072A cells (10.72 £ 0.24 € m were
significantly shorter than the average length of wild-type myo52* cells (12.00 + 0.16 £ n)
(mean £ SEM) (p O ®O1D The average length of myo52.S798A (11.80 + 0.27 ¢ m and
myo052.S1064A S1065A cells (11.68 £ 0.16 € m were not significantly greater than the
average length of myo52* cells. ***p O 0. 0'Gs0 denotes the difference is not
statistically significant (St u d et-test)d Gell lengths were measured from images of
calcofluor stained cells. Cells were cultured in YES media supplemented with amino acids
for2days, at 25 C. They were then fixed
calcofluor on ice. To be imaged, the calcofluor stained cells were exposed to 100 ms at 25

C A single z-slice was taken. The line tool in the Metamorph image analysis software
was used to measure the cell lengths. n 067. 'n' indicates the number of cells measured

from each strain.
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myo52* cells measured at 12. 00 N 0. 16 & m Idngnaemngab2.STROAS E M)
myo052.S985A and myo52.S1072A cells were observed to be significantly shorter than
myo52"* cells with average lengthsof8 . 99 N ,®. ¥3 &méand18. ;M N 0. 2
respectively (p O 0 . 0 ®y®32)S798A and myo52.S1064A S1065A cells measured to
bel11.80 N &ad27. &8 N id ledgth respactively, and similar to that of
myo52* cells. Therefore, these data suggest myo52.S720A, myo052.S985A and
myo052.S1072A cells to exhibit reduced longitudinal cell growth due to the lack of
phosphorylation at the corresponding phosphorylation sites. The movement of Myo52
along actin filaments, which induces force required for actin polymerisation towards the
cell ends, may be hindered by the lack of phosphorylation at Myo52 phosphorylation sites.
This could subsequently hinder the localisation Mor2 to the cell ends. MOR signalling
network components will not be complexed by Mor2. Therefore, Cdc42 activation and the
positioning of growth zones may also be reduced.

4.2 Myosin 52 phosphorylation is required for correct localisation and motility of

actin structures but not microtubules in S. pombe

4.2.1 Correct actin localisation and dynamics are disrupted in the Myo52 phospho-

mutants

Myo52 function is notably dependent on the assembly of the cytoskeleton. Correct
formation of actin filaments allows Myo52 to translocate throughout the cell and carry
various cargoes to their intended location. Lifeact-GFP dynamics in the phospho-mutant
backgrounds was recorded to determine if Myo52 phosphorylation, which has been shown
to impact the maintenance of cell shape, had knock-on effects on actin structures. Lifeact,
a short peptide which binds to actin microfilaments, was used as a marker to visualise
actin structures (Riedl et al., 2008). Figure 4.2.1 displays Lifeact-GFP localisation and

dynamics within the Myo52 phospho-mutants.
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Figure legend on the following page.
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Figure 4.2.1. A lack of Myo52 S720, Myo52 S798, Myo52 S985 and Myo52 S1072
phosphorylation causes actin patches to delocalise and disrupts actin filament
polymerisation in S. pombe. Max projections from time-lapses of Lifeact-GFP dynamics
in myo52.S720A lifeact-GFP, myo052.S798A lifeact-GFP, myo052.S985A lifeact-GFP,
my052.S1064A S1065A lifeact-GFP, myo52.S1072A lifeact-GFP and myo52” lifeact-GFP
S. pombe. In all Myo52 phospho-mutants except myo52.S1064A S1065A, Lifeact-GFP
foci were smaller and greater in quantity than in wild-type myo52" lifeact-GFP, suggesting
delocalisation of actin patches in those strains. Less actin filaments were also observed in
the mentioned Myo52 phospho-mutant strains. The filaments that were observed
appeared curled at the end of the cells and do not extend into the cell. *' indicates curled
actin filaments. These observations suggest actin filament polymerisation is disrupted in
the mentioned Myo52 phospho-mutant strains. Cells were cultured in EMMG media

supplemented with amino acidsfor2d ay s , a The @ebs were€Cimaged over 55 s. 11
zslices were taken of <cells incubated at
-3.5 &gm.

An elongated morphology was observed in wild-type myo52" cells. The Lifeact-GFP
labelled Myo52 phospho-mutant cells exhibited a plump and rounded morphology, not
observed in the calcofluor stained cells. This morphology is likely to be due to the Lifeact
labelling which impacts actin function (Courtemanche et al., 2016; Flores et al., 2019).
Actin patches in all Myo52 phospho-mutants, except myo52. S1064A S1065A lifeact-GFP,
were smaller and greater in quantity in comparison to wild-type myo52" cells. This
observation suggests delocalisation of actin patches in the myo52.S720A lifeact-GFP,
my052.S798A lifeact-GFP, myo052.S985A lifeact-GFP and myo052.S1072A lifeact-GFP
strains. Less actin filaments were observed in the mentioned Myo52 phospho-mutant
strains. The filaments that were observed were curled and situated only at the end of the
cell, suggesting actin filament polymerisation is disrupted in the mentioned Myo52
phospho-mutant strains. Therefore the phosphorylation of Myo52 S720, Myo52 S798,
Myo52 S985 and Myo52 S1072 is suggested to be required for correct localisation of actin
patches and polymerisation of actin filaments. Significant photobleaching was only
observed in myo52.S1064A S1065A cells and was likely to be an indication of poor
viability. Actin patch localisation in this strain was comparable to wild-type myo52" and
filaments were also observed in this strain. These observations suggest Myo52 S1064
S1065 phosphorylation does not impact the ability of actin to localise into actin patches or

polymerise into filaments.
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By eye, Lifeact-GFP foci movement appeared less mobile in the phospho-mutants than
the continuous movement in myo52 cells. To confirm the lack of Lifeact-GFP movement
in the phospho-mutants, kymographs were generated. Lifeact-GFP speeds were
calculated by measuring foci movement in the x direction (distance) and in the y direction
(time), using the segmented line tool in the Metamorph image analysis software. The
kymographs and dot plots displaying the speed of Lifeact-GFP in the Myo52 phospho-

mutants are shown in Figure 4.2.2.
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Figure legend on the following page.
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Figure 4.2.2. Altered Lifeact-GFP motility in the Myo52 phospho-mutant S. pombe
shows phosphorylation of Myo52 S985 and Myo52 S1064, Myo52 S1065 and Myo52
S1072 is involved in regulating actin motility in S. pombe. (A) Kymographs displaying
dynamics of Lifeact-GFP in Myo52 phospho-mutants and myo52™ cells over 55 s. Lateral
movements of Lifeact-GFP foci are shown by the horizontal direction in the signal lines.
No lateral movement is shown by straight Lifeact-GFP signal lines. A lack of Lifeact-GFP
movement was observed more frequently in the Myo52 phospho-mutant cells than in wild-
type myo52" cells. GFP signal reduced with time in myo52.S1064A S1065A cells due to
bleaching of GFP. The kymographs were generated using Metamorph. Horizontal scale
bar (distance) - 2 € mVertical scale bar (time) - 5.5 s. (B) Dot plot displaying the speed of
Lifeact-GFP lateral movement in the Myo52 phospho-mutants. Error bars represent
standard error of the mean (SEM). Student's t-tests were used to determine significant
differences between the speeds of Lifeact-GFP in the Myo52 phospho-mutants and wild-
type myo52° cells. The average speed of Lifeact-GFP in myo52.S985A (0.005 + 0.001
em/s) and myo52.S1072A (0.005 £ 0.001 sm/s) (mean + SEM) respectively, were
significantly slower than the speed of Lifeact-GFP in wild-type myo52" cells (0.021 + 0.002
em/s). Lifeact-GFP in myo52.S1064A S1065A (0.561 + 0.008 em/s) was measured to be
significantly faster than in wild-type myo52" cells. The average speed of Lifeact-GFP in
myo052.S720A (0.022 + 0.003 em/s) and myo52.S798A (0.024 = 0.004 £m/s) were not
significantly different to Lifeact-GFP in myo52*. *** p O 0 ., % p O 0.0001. 'ns'
denotes the difference is not statistically significant (St u d et-te$t)6Gells were cultured
in EMMG media supplemented with amino acids for2d ay s , a To b2 BnagedCthe
cells were exposedto 50 ms at 12Z-Slices Were taken to capture the images. To
measure the Lifeact-GFP speed from the kymographs in (A), the segmented line tool in
the Metamorph image analysis software was used to outline the foci movement. The
lengths of the signal lines, measured in the x direction (distance) and y direction (time),
were used to calculate the speed of the foci. n © 20. 'n' indicates the number of Lifeact-

GFP foci measured from each strain.

Actin patches move at 0.32 em/s and have lifetimes of approximately 2 min (Pelham &
Chang, 2001). In these experiments, the average speed of Lifeact-GFP lateral movement
in myo52" cells was measured to be 0.021 * 0.002 em/s (mean + SEM), based on
kymographs of Lifeact-GFP motility. Lifeact-GFP in myo052.S985A and myo052.S1072A
was 0.005 + 0.001 em/s and 0.005 = 0.001 em/s respectively and were significantly
slower than Lifeact-GFP in wild-type myo52°cells (p O ®O10 The average speed of
Lifeact-GFP lateral movement in myo052.S1064A S1065A was 0.561 + 0.008 em/s was
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therefore significantly faster than in myo52* (p O 0 . .OTBelayerage speed of Lifeact-
GFP lateral movement in myo52.S720A and myo52.S798A were measured to be 0.022 +
0.003 em/s and 0.024 + 0.004 em/s respectively, and therefore were not significantly
different to Lifeact-GFP in wild-type myo52” cells. Long Lifeact-GFP foci lifetimes of more
than 5 min in all the phospho-mutant kymographs suggest a lack of Lifeact-GFP lateral
movement and activity. Lifeact-GFP foci distribution in the strains was not altered in the
phospho-mutant cells, as foci were seen to localise along the CAR, cell periphery and cell
ends. Therefore, the data suggests the absence of Myo52 phosphorylation at Myo52
S985 and Myo52 S1072 results in the disruption of actin motility. As a greater range of
Lifeact-GFP speeds were observed in myo52.S1064A S1065A, the absence of
phosphorylation at Myo52 S1064 and Myo52 S1065 may result in a loss of actin motility

regulation.

4.2.2 Microtubules in the Myo52 phospho-mutants have no morphological defects

Myo52 is involved in the governance of microtubule dynamics by regulating catastrophe at
cell ends and turnover of the microtubule regulator, tip elongation protein, Tipl (Martin-
Garcia & Mulvihill, 2009). To determine if Myo52 phosphorylation at the sites of interest
impact microtubules dynamics, U-tubulin, GFP-ath2 strains were generated in the Myo52
phospho-mutant backgrounds. Figure 4.2.3 displays GFP-Atb2 dynamics within the
Myo52 phospho-mutants.

All strains, including wild-type myo52™ cells, were of a shorter morphology. Cells were also
circular and segmented. Wild-type myo52* cells did not possess healthy wild-type
morphology and were not used as a healthy positive control. Despite this, the
microtubules observed in myo52.S720A, myo52.S798A, myo052.S985A, myo52.S1064A
S1065A, myo052.51072A and wild-type myo52* S. pombe did not display morphological
defects (Sato et al., 2009). These observations suggest phosphorylation of Myo52 S720,
Myo52 S798, Myo52 S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 play no
regulatory role in the function of Myo52 in the release of Tipl from the ends of

microtubules and its proteolysis.
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Figure 4.2.3. Microtubules in the S. pombe Myo52 phospho-mutants do not display
defects in structure or dynamics. A montage of max projections from time-lapses of
GFP-Atb2 dynamics in myo52.S720A GFP-atb2, myo52.S798A GFP-atb2, myo52.S985A
GFP-atb2, myo52.S1064A S1065A GFP-ath2, myo52.S1072A GFP-atb2 and myo52*
GFP-atb2 S. pombe cells over 100 s. The microtubules in the Myo52 phospho-mutants
were dynamic and elongated towards the cell edges. Despite no microtubule defects
being observed, the cells displayed segmented and circular morphologies. Cells were
cultured in EMMG media supplemented with amino acidsfor2d ay s, atThe&cells
were imaged over 100 s. 11 zs | i ces were taken of cell

exposure time of 100 ms. Scale bar-2¢ m.
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4.3 Myosin 52 dynamics is reduced in the absence of Myo52 S1064 and Myo52
S1065 phosphorylation

To examine how phosphorylation impacts Myo52 motility, Myo52 was labelled with the
bright fluorescent protein, mNeongreen (mMNG). Myo52 was successfully labelled with
mNG in wild-type myo52" and myo52.S1064A S1065A cells to make Myo52-mNG and
myo052.S1064A S1065A-mNG cells. The cells were cultured in EMMG at 25 'C and
Myo52 localisation and movements were examined. Dynamics were recorded and Figure
4.3 displays example images, kymographs and a dot plot displaying the speed of Myo52-
mNG foci.
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Figure legend on the following page.
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Figure 4.3. Reduced Myo52-mNG motility in myo52.S1064A S1065A-mNG S. pombe
shows phosphorylation of Myo52 S1064 and Myo52 S1065 is involved in regulating
Myo52 motility in S. pombe. (A) Max projections taken from time-lapses displaying
Myo52-mNG in myo052.S1064A S1065A-mNG and wild-type myo52°-mNG S. pombe.
Cells were cultured in EMMG media supplemented with amino acidsfor2d ay s , at
13zsl ices were taken of cells incubat e,dvenat
65 s. Scale bar - 3. 5 ¢(B).Kymographs displaying dynamics of Myo52-mNG in
my052.51064A S1065A-mNG and myo52*-mNG cells over 65 s. Immotile Myo52-mNG
foci in myo52.S1064A S1065A-mNG cells are shown by straight Myo52-mNG signal lines.
Motile Myo52-mNG foci are shown by the horizontal direction in the signal lines. Immotile
Myo52-mNG foci were observed more frequently in myo52.S1064A S1065A-mNG cells
than in myo52°-mNG cells. Horizontal scale bar (distance)-2 e m. Verti cal
- 6.5 s. The kymographs were generated using Metamorph image analysis software. (C)
Dot plot displaying the speed of Myo52-mNG in the myo52.S1064A S1065A-mNG and
myo52°-mNG S. pombe. Error bars represent standard error of the mean (SEM).
Student's t-tests were used to determine significant differences between the speed of
Myo052-mNG in myo052.S1064A S1065A-mNG and myo52°-mNG. The average speed of
Myo52-mNG in myo52.S1064A S1065A-mNG (0.17 £ 0.05 e m/s) was significantly slower
than the average speed of Myo52-mNG in myo52"-mNG (0.50 + 0.11 em/s) (mean *
SEM) (p O 0 . Dolmeasure the Myo52-mNG speed from the kymographs in (B), the
segmented line tool in the Metamorph image analysis software was used to outline the
foci movement. The lengths of the signal lines measured in the x direction (distance) and y
direction (time) were used to calculate the speed of the foci. n O 2'@ indicates the

number of Myo52-mNG foci measured from each strain.

Myo52 moves at 0.5 7 2 ¢ nif & pombe (Li et al.,, 2018). In these experiments, the
average speed of Myo52-mNG in myo52"-mNG cells was measured to be 0.50 * 0.11
em/s (mean + SEM), based on kymographs of Myo52-mNG motility. Myo52-mNG in
my052.S1064A S1065A-mNG was 0.17 + 0.05 em/s and was significantly slower than
Myo52-mNG in myo52*-mNG cells (p O 0 . M%0b2-mNG foci distribution in
myo052.S1064A S1065A-mNG was not altered, as foci were seen to localise along the
CAR, throughout the length of the cells and cell ends. Therefore, these data suggest the
absence of Myo52 phosphorylation at Myo52 S1064 and Myo52 S1065 results in reduced
Myo52 motility.
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4.4 The absence of phosphorylation at Myo52 S1064 and Myo52 S1065 does not
impact Mor2 localisation

Mor2, a S. pombe Furry-like protein, is needed for polarised cell growth. It is associated to
actin and localises at the cell ends and where septation occurs. Localisation of Mor2 and
microtubules at these sites are dependent on one other. There is interplay between Mor2
and microtubules through a microtubule end factor, Tipl (Hirata et al., 2002). CLIP170-like
protein, Tipl, localises at the distal tips of the microtubules which polymerise towards the
ends of S. pombe cells. Tipl is required for microtubules to distinguish between the cell
ends and cortical regions and also prevents microtubule catastrophe at the cell ends until
it dissociates from the microtubules (Brunner & Nurse, 2000). Tipl targets growth zones
to guide microtubules to the cell ends. Microtubule targeting regions diffuse from the cell
ends in mor2-282 mutants at 36 C however in such conditions, Tipl remains associated
with microtubules. Such observations suggest Mor2 is involved in the positioning of

growth zones, targeted by Tip1 (Hirata et al., 2002).

For normal microtubule depolymerisation to occur in S. pombe, Myo52 modulates Tipl
localisation and facilitates its ubiquitin-dependent proteolysis, causing the latter by
increasing Tipl removal from microtubule ends and interacting with ubiquitin receptor
Dphl to claim Tipl for degradation (Martin-Garcia & Mulvihill, 2009). To determine if
Myo52 phosphorylation bears importance in the localisation and in turn function of Mor2,
GFP-mor2 strains were generated in the myo52.S1064A S1065A phospho-mutant
background to produce myo52.S1064A S1065A GFP-mor2 S. pombe. At the same time,
Mor2 localisation was compared to myo52-1 GFP-mor2 and my o 5 BEP-mor2 mutant
strains. Myo52-1 has a mutation within the N-terminus of the motor domain and was used
to compare the absence of Myo52 S1064 and Myo52 S1064 phosphorylation with the
absence of a functioning Myo52 motor head domain (Martin-Garcia & Mulvihill, 2009).
Figure 4.4 displays GFP-Mor2 in myo52.S1064A S1065A GFP-mor2, myo52-1 GFP-
mor 2, my o 5nP ar@ Ffo52" GFP-mor2 cells, visualised via fluorescence

microscopy.

In myo52.S1064A S1065A GFP-mor2 cells, GFP-Mor2 localised at both cell ends and
was comparable to that of GFP-Mor2 in myo52" GFP-mor2 cells. Large GFP-Mor2 foci,
assumed to be GFP-Mor2 aggregates, were also observed throught the cells of the
Myo52 phospho-mutant strain. In myo52-1 GFP-mor2 cells, GFP-Mor2 was dispersed

throughout the cells and along the CAR. It was not observed at the cells ends to the
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extent GFP-Mor2 in myo52° GFP-mor2 cells and myo52.S1064A S1065A cells did.
Therefore the data collectively suggest Myo52 is not the lone protein required for the
localisation of Mor2 to the cell ends and phosphorylation of Myo52 S1064 and Myo52
S1065 is also not required. Motor domain activity is required for the Mor2 localisation
however localisation is not severely impacted by Myo52 S1064 and Myo52 S1065
phosphorylation. The Myo52 phospho-mutant data indicates Myo52 S1064 and Myo52

S1065 have a regulatory role rather than are dependent for localisation.

myo52.51064A

myo52*GFP-mor2  myo52A GFP-mor2 myo52-1 GFP-mor2 S1065A GFP-mor2

Figure legend on the following page.

143



Chapter 4: Phospho-regulation of fission yeast myosin V, Myo52

Figure 4.4. Myo52 S1064 and Myo52 S1065 phosphorylation is not required for the
localisation of Mor2 to the cell ends of S. pombe. Max projections of GFP-Mor2
localisation in myo52.S1064A S1065A GFP-mor2, myo52-1 GFP-mor2, my o 52 -
mor2 and myo52* GFP-mor2 S. pombe. GFP-Mor2 in myo52.S1064A S1065A GFP-mor2
localised at the cell ends, as it does in myo52" GFP-mor2 also formed aggregates
displayed as large GFP-Mor2 foci (highlighted with *'). myo52-1 GFP-mor2 and my o 5
GFP-mor2 displayed delocalised GFP-Mor2, dispersed throughout the cell. Myo52 motor
head function is therefore required for Mor2 localisation by Myo52; however, localisation is
not dependent of Myo52 function alone. Myo52 S1064 and Myo52 S1065 phosphorylation
are not required for Mor2 localisation to the cell ends however, it may play a regulatory
role in Mor2 distribution once at the cell end. Cells were cultured in EMMG media
supplemented with amino acids for two days, at 25 'C. 11 z-slices were taken of cells
incubated at 25 "C, with an exposure time of 100 ms to develop the max projection. Scale

bar-3. 5 &m

4.5 Chapter 4 summary

In this chapter, growth rate, tempreture-sensitivity, cell polarity, cell length, actin
dynamics, Myo52 dynamics and Mor2 localisation were studied in the Myo52 phospho-
mutants. These were studied to determine if phosphorylation of Myo52 S720, Myo52
S798, Myo52 S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 have an impact on
the function of Myo52 in regulating cell growth, cell length, correct cell polarity, actin

dynamics, Myo52 dynamics and Mor2 localisation.

To determine if the Myo52 phosphorylation sites of interest play a role in cell growth,
ODgoo readings were taken from a 32 hr and 40 hr incubation of myo52.S720A,
my052.S798A, myo052.S985A, myo52.S1064A S1065A and myo52.S1072A cells at 20 C
and 25 C. myo52.S720A and myo52.S798A cells produced ODgg readings significant
less than wild-type myo52* cells at 20 C. The ODggo of my052.S985A and my052.S1064A
S1065A cells had no significant difference to wild-type myo52* cells at 20 C. The ODggo
of myo52.S1072A cells was greater than wild-type myo52* cells at 20 C. These results
indicate myo52.S720A, myo52.S798A and myo052.S51072A cells are cold-sensitive at 20
C. The results also indicate the myo52.51072A cells were larger than wild-type myo52*
cells due to an arrest in the cell cycle. At 25 C, no difference was observed between the
ODgo Of wild-type myo52* strain and the Myo52 phospho-mutant strains (Figure 4.1.1).
Culturing and cell counts at 20 C and 25 C did not reflect the results from ODggo

144

2«



Chapter 4: Phospho-regulation of fission yeast myosin V, Myo52

readings since the Myo52 phospho-mutants consistantly displayed growth slower than
wild-type myo52" cells. The Myo52 phospho-mutants have misshapen phenotypes and
can grow to be longer and wider than wild-type myo52* cells. With this in consideration,
the ODgy readings may also be reflective of the cell size rather than cell growth.
Measuring cell growth using a Coulter Counter would be more accurate. With a Coulter
Counter, cell number and size can be determined and accurate growth curves can be

generated.

To observe the morphology of the Myo52 phospho-mutants and determine if the Myo52
phosorylation sites of interest play a role in maintaining correct cell shape, the cells were
stained with calcofluor and observed using fluorescence microscopy. Bent morphologies
and varied cell lengths were observed (Figure 4.1.2). These observations suggested a
loss of cell polarity. To compare the polarity of the Myo52 phospho-mutants to wild-type
myo52* cells, the monopolar-to-bipolar ratio for each strain was quantified from images of
the calcofluor stained cells. The monopolar-to-bipolar ratio of the wild-type myo52* cells
was 0.59:0.41. The monopolar-to-bipolar ratio of myo52.S720A, myo52.S798A,
myo052.S985A cells were 0.63:0.37 0.67:0.33 and 0.73:0.27 respectively. These data
suggest a larger proportion of cells in these strains were undergoing monopolar growth
than in the wild-type myo52° cells. NETO may be delayed in the cell cycle of these cells.
myo052.S1064A S1065A cells had a monopolar-bipolar ratio of 0.60:0.40 which was
comparable to wild-type myo52* cells and suggests Myo52 S1064 and Myo52 S1065
phosphorylation does not impact cell polarity. The monopolar-to-bipolar ratio of
my052.S1072A cells was 0.49:0.51, which suggests a larger portion of cells in this strain
were undergoing bipolar growth. NETO may be earlier in the cell cycle than in the wild-
type myo52* cells (Figure 4.1.3). Phosphorylation of Myo52 S720, Myo52 S798, Myo52
S985 and Myo52 S1072 may play a role in the regulation of cell polarity.

Possible connections between Myo52 S720, Myo52 S798, Myo52 S985 and Myo52
S1072 phosphorylation and NETO factors may be explored in future experiments. NETO
factors include: (i) protein kinases such as p21-activated kinase (PAK) Orb2, (ii) actin
binding proteins such as End4/Sla2 and (iii) proteins that may act as scaffold proteins in
protein complexes, such as Teal and Tea4/Wsh3 (Martin & Chang, 2005). Deletion of the
C-terminal talin-like domain of End4/Sla2 disrupts the switch from monopolar growth to
bipolar growth and the localisation of actin patches at the new cell end, during NETO
(Castagnetti et al., 2005). Teal, Tead4/Wsh3 and For3 form complexes that are part of

polarisomes. The polarisomes localise to the new cell ends and promote NETO
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(Castagnetti et al., 2005). Orb2 has been shown to phosphorylate Teal in vitro. S. pombe
carrying the hypomorphic allele orb2-34 only display monopolar growth similar to that of
tealq which suggests Orb2 is also involved in the regulation of polarised cell growth (Kim
et al.,, 2003). Future experiments may be carried out to explore possible links between
Myo52 S720, Myo52 S798, Myo52 S985 and Myo52 S1072 phosphorylation and the
function of these NETO factors. The localisation of the NETO factors in the Myo52
phospho-mutants may be observed via fluorescence microscopy. Co-immunoprecipitation
may also be carried out to determine possible interactions between Myo52 and the NETO
factors and if Myo52 phosphorylation is required for such interactions.

The length of the Myo52 phospho-mutant cells were measured using images of the
calcofluor stained cells, to determine if phosphorylation of the phosphorylation sites of
interest impact cell growth with respect to cell length. Lengths statistically different to the
length wild-type myo52" cells were only observed in myo52.S720A, myo52.S985A and
my052.51072A cells. These cells were significantly shorter than wild-type myo52* cells
with average lengths of 8. 99 N ,09..1434 efm @Gnd1® . Fd N (fnead 4
SEM) respectively. myo52* cells were 1 2. 00 N 16ng {FRjures4mi.4). These data
suggest phosphorylation of Myo52 S720, Myo52 S985 and Myo52 S1072 impact the
regulation of longitudinal cell growth. As longitudinal movement of Myo52 induces force
that promotes actin polymerisation, phosphorylation of Myo52 S720, Myo52 S985 and
Myo52 S1072 may hinder the translocation of Myo52 and hinder actin polymerisation.
This may also hinder actin dependent localisation of Mor2 to the cell ends and the
positioning of zone of growth by Orb6 and Cdc42. To determine defects in Myo52 motility,
my052.S720A-mNG, myo52.S985A-mNG and myo52.S1072A-mNG S. pombe strains can
be made to observe Myo52-mNG maotility via fluorescence microscopy. No correlation
between changes in the cell polarity and cell length was observed in the Myo52 phospho-

mutants.

To determine if the Myo52 phosphorylation sites of interest play a role in regulating actin
dynamics, Lifeact dynamics were observed in the Myo52 phospho-mutants expressing
Lifeact-GFP. Lifeact-GFP distribution in all Myo52 phospho-mutants, except the
myo052.S1064A S1065A strain, showed that actin fails to localise into actin patches
correctly and produces few filaments, of which are curled and are only situated at the end
cells, as a result of absent Myo52 phosphorylation (Figure 4.2.1). Kymographs of Lifeact-
GFP foci dynamics showed Lifeact-GFP moved laterally at speeds of 0.005 + 0.001 em/s,
0.561 + 0.008 em/s and 0.005 = 0.001 em/s (mean + SEM) in myo52.S985A,
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myo052.S1064A S1065A and myo52.S1072A cells respectively, therefore suggesting
Myo52 S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 phosphorylation to be
involved in regulating actin speed in S. pombe (Figure 4.2.2). The defects in actin patch
localisation, motility and filament polymerisation may be the cause of the growth defects
observed in the Myo52 phospho-mutants (Figure 4.1.1, Figure 4.1.2, Figure 4.1.3, Figure
4.1.4). Many foci were captured in each kymograph. This made it difficult to differentiate
between individual foci in the kymographs. Total internal reflection fluorescence (TIRF)
microscopy would allow only single Lifeact-GFP foci and filaments, close to the cell
surface, to be imaged. Fewer Lifeact- GFP foci would be detected in a single frame so
individual foci can be differentiated in kymographs. Imaris for Tracking Imaging Analysis
software can be used to observe Lifeact-GFP dynamics in all directions in future

experiments.

To determine if the Myo52 phosphorylation sites of interest play a role in regulating
microtubule dynamics and polymerisation to the ends of the cell, Abt2 dynamics were
observed in the Myo52 phospho-mutants expressing GFP-Atb2. The microtubules did not
display any morphological defects and extended to the ends of the cells in Myo52
phospho-mutant strains (Figure 4.2.3). These data suggest phosphorylation of Myo52
S720, Myo52 S798, Myo52 S985, Myo52 S1064, Myo52 S1065 and Myo52 S1072 does
not impact the regulation of microtubule dynamics and polymerisation to the cell ends.
The cells used in this experiment, including wild-type myo52* GFP-atb2 displayed a short
and circular morphology and were segmented. This morphology may be due to the
labelling of Atb2 with GFP. Immunofluorescence may be used in future experiments to
visualise the structure of microtubules in the Myo52 phospho-mutants. Fluorescently
labelled antibodies could be used to stain and visualise Atb2 in fixed cells via fluorescent

microscopy.

Myo52 in myo52.S1064A S1065A was labelled with mNG to observe its dynamics and
determine if Myo52 S1064 and Myo52 S1065 phosphorylation plays a role in regulating
Myo52 dynamics. The average speed of Myo52-mNG in myo52.S1064A S1065A-mNG
and wild-type myo52*-mNG cells were 0.50 = 0.11 em/s and 0.17 + 0.05 em/s (mean +
SEM) respectively (Figure 4.3). The significant difference between the speeds of Myo52 in
the two strains suggests Myo52 S1064 and Myo52 S1065 phosphorylation plays a role in
the regulation of Myo52 motility in S. pombe. This experiment is to be applied to
myo052.S720A, myo052.S798A, myo052.S985A, and myo052.S1072A to determine if

phosphorylation of the corresponding phosphorylation sites also impacts Myo52 motility.
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Mor2 in myo52.S1064A S1065A cells was labelled with GFP to observe the localisation of
Mor2 and determine if Myo52 S1064 and Myo52 S1065 phosphorylation plays a role in
regulating the localisation of Mor2 to the cell ends, for it to act as a scoffolding protein
required for the activation of Orb6. Orb6 then acts to define zones of growth (Figure 4.4).
GFP-Mor2 localised to the cell ends in myo52.51064A S1065A GFP-mor2 cells and
therefore it was concluded that Myo52 S1064 and Myo52 S1065 phosphorylation was not
required for Mor2 localisation to the cell ends in S. pombe. It may have a role in regulating
Mor2 localisation once at the cell ends because Mor2 aggregates, observed as large
GFP-Mor2 foci, were formed in myo52.S1064A S1065A GFP-mor2 cells. In the future, this
experiment is to be applied to myo52.S720A, myo052.S798A, myo52.S985A, and
myo052.S1072A to determine if phosphorylation of the corresponding phosphorylation sites
has a function in the localisation of Mor2 in S. pombe. Delocalisation of Mor2 in the Myo52
phospho-mutants could be investigated further by assessing possible interactions

between Myo52 and Mor2 via co-immunoprecipitation.

The absence of phosphorylation at these phosphorylation site results in morphological
and temperature-sensitive growth defects. Myo52 also impacts normal polarised cell
growth as changes between monopolar and bipolar growth in the Myo52 phospho-
mutants were not comparable to that of wild-type myo52" cells. Reduced actin motility in
the Myo52 phospho-mutants may be the cause of the observed defects and therefore
indicates a regulatory function of Myo52 in the motility of actin. The absence of
phosphorylation at Myo52 S1064 and Myo52 S1065 reduces Myo52 motility and is likely
to impact interactions and conformations involved in Myo52 maotility. Finally, Myo52 motor
domain activity has been shown to be required for Mor2 localisation however, tail domain

phosphorylation is not.

In future experiments, serine-to-aspartic acid mutations may be used to mimic constant
phosphorylation at the Myo52 phosphorylation sites of interest. Aspartic acid mimics a
phosphorylated serine because they are similar in sturucture and charge. Generating
serine to aspartic acid mutants would allow for comparisons to be made between Myo52
function in the absence of phosphorylation, constant phosphorylation, and in wild-type

conditions.

The following chapter describes experiments carried out to determine the function of Myol

S742 phosphorylation in the regulation of endocytosis for polarised cell growth and during
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vegetative and meiotic life cycles in S. pombe. Myol S742A is a Myol phospho-mutant of
which Myo1l serine 742 is mutated to an alanine. As in the Myo52 phospho-mutants, the
Myol phospho-mutant cannot be phosphorylated. The phenotypes displayed by
myo01.S742A highlighted the regulatory impact Myol S742 phosphorylation has on light
chain binding to Myol. Binding of the light chains Calmodulin 1 and Calmodulin 2 were

shown to affect endocytic activity of Myol, actin activity, cell polarity and spore formation.
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Chapter 5: Phospho-requlation of fission yeast myosin | serine 742

Myo1l and calmodulin light chain binding has been found to be involved in the regulation of
the vegetative and meiotic stages of the cell cycle. Myol function is regulated in part by
calmodulin binding in the 1Q region of the Myol neck domain. Calmodulin binding causes
a conformational change in Myol and induces stiffness in the neck domain which is
required for Myol motility. Myol S742 (Myol serine S742) is phosphorylated from the end
of G1. Myol S742 phosphorylation has been proposed to induce a conformational change
in the Myol neck domain (Baker et al., 2019). The impact Myol S742 phosphorylation
has on the functions of Myol, Caml (calmodulin 1) and Cam2 (calmodulin 2), and
interactions between them, was explored via fluorescence imaging observing cell growth.
The localisation and foci lifetime of Myol, Caml, Cam2 and Lifeact during varying stages
of the cell cycle were also studied. In this chapter, results from an investigation into the
role of Myol S742 phosphorylation in Myol function are presented. Recently published
data has been included in this chapter (Baker et al., 2019).

5.1 Myol S742 phosphorylation impacts the monopolar-to-bipolar ratio in S. pombe

resulting in a more monopolar population

In S. pombe, growth only occurs at the cell ends and switches from monopolar (growth at
one end of the cell) to bipolar (growth at both ends of the cell), during NETO in G2 of the
cell cycle (Mitchison & Nurse, 1985). Correct timing of the switch between monopolar and
bipolar growth is crucial for maintaining a normal growth cycle. Incorrect growth patterns
can impact cell division, cell structure and integrity. Myo1l is a fundamental protein during

the cell cycle as it has roles in cell growth and endocytosis.

To determine the possible role Myol S742 phosphorylation has in the regulation of
polarised cell growth, cell cycle and growth patterns were examined in myol.S742A and
myo01.S742D mutant S. pombe strains. SDM (site-directed mutagenesis) was used for the
generation of myol.S742A cells in which Myol S742 was converted into an alanine,
resulting in the prevention of Myol S742A phosphorylation. myol1.S742D cells, generated
via the same method, is a phospho-serine-to-aspartic acid mutant which was used as a

phospho-mimetic of constant phosphorylation.

Differences in the monopolar-to-bipolar ratio may provide an indication on the function of

Myol S742 phosphorylation in the cell cycle and cell growth. Monopolar and bipolar cell
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growth were examined in myo1.S742A, myo1.S742D and wild-type myol® S. pombe cells
using calcofluor staining, as explained in Section 4.1.2. Examples of monopolar and
bipolar growth in myol1.S742A, myol.S742D and wild-type myol® strains are shown in
Figure 5.1A. The monopolar-to-bipolar ratio was then quantified manually. Quantification

results are summarised in Figure 5.1B

myo1.5742A myo01.5742D myol*

1.00 -

0.80 +

0.60 +

0.48

0.40 +

Relative to monopolar:bipolar cells

0.44
0.20
0.00 T T
myol.5742A myol1.5742D myol*
n=333 n=345 n=380
Genotype

Opaque - monopolar Translucent - bipolar

Figure legend on the following page.
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Figure 5.1. Phosphorylation of Myol S742 impacts the monopolar-to-bipolar cell
ratio in S. pombe. (A) Single z-slice images displaying myo1.S742A, myo1.S742D and
wild-type myol® S. pombe cells stained with calcofluor. The cells were stained to visualise
( 1, Digludan and cellulose in the septum and cell wall. Birth scars (dark bands in the
staining) were observed to determine monopolar or bipolar growth in the cells. Cells were
cultured in YES media supplemented with amino acids for2d ay s, at 25re
then fixed with paraformaldehyde and stained with calcofluor on ice. The cells were

imagedat 25 C, with an expos u-slieewasitakkesn. Scafe bat -0 0

3.5 €Bn.Bar chart displaying the relative monopolar-to-bipolar cell ratio of
myol1.S742A, myol.S742D and wild-type myol® S. pombe strains. For each strain, the
number of monopolar cells and bipolar cells were manually quantified and made relative to
the total number of cells. The monopolar-to-bipolar cell ratio was calculated from the
relative number of monopolar and bipolar cells. The opaque portions at the bottom of the
bars represent the relative number of monopolar cells. The translucent portions at top of
the bars represent the relative number of bipolar cells. The number in each bar is the
relative number of cells for the corresponding category. These numbers make up the
terms of the ratio. The monopolar-to-bipolar ratio of the wild-type myol® cells was
0.44:0.56. The monopolar-to-bipolar ratio of myol.S742A and myol.S742D cells were
0.51:0:49 and 0.48:0:52 respectively. There was a 7 % and 4 % increase in monopolar
cells in the myol.S742A and myol.S742D strains respectively, when compared to wild-

type myo1*cells. n 0333. 'n' indicates the number of cells measured from each strain.

Monopolar-to-bipolar ratios of 0.51:0:49, 0.48:0:52 and 0.44:0.56 were determined for the
myo01.S742A, myol1.S742D and wild-type myol® strains respectively. The myol.S742A

strain was 7 % more monopolar than the wild-type myo1” strain. The mean lengths of the

myo01.S742A, myol.S742D and wild-type myol® S. pombecel | s were 12.

11.39 N 0. 10 Re . dredpeciively (i&n + SEM) (n O 3).31801.S742A
and myo1.S742D cells were significantly longer than wild-type myo1” cells (p < 0.05). This
may be due to a delay in NETO. These data suggest Myol S742 phosphorylation

impacts the regulation of monopolar and bipolar growth in S. pombe.

5.2 Myol S742 phosphorylation modulates Caml, Cam2 and Myol function and is

required for Cam?2 binding to Myo1 10 motif during the meiotic life cycle

Myo1l activity is regulated by calmodulin light chain binding. Cam1 and Cam2 bind to 1Q

motifs, located in the Myol neck region. Caml binding and affinity to myosin is dependent
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on changing Ca* levels during the cell cycle, while Cam2 binding is not. Cam1 binds to
Myol when intracellular Ca** levels are low and this includes during the later phases of G1
of the vegetative cycle. Caml is initially bound to the Myol IQ motifs as the low Ca?®*
levels at this point in the cell cycle favour Caml binding to Myol (Baker et al., 2019;
Moser et al., 1995; Moser et al., 1997; Toya et al., 2008). Caml co-immunoprecipitates
with Myol IQ in the absence of Ca®*. Co-immunoprecipitation is disrupted with the
addition of Ca** and Cam1 does not co-immunoprecipitate with Myo1 that lacks 1Q1 (Toya
et al., 2008). Cam1 has also been shown to bind to both Myol IQ1 and 1Q2 only in low
cellular Ca®* concentrations. Cam1 binding caused a drop in FRET in recombinant FRET
constructs, composed of CyPet and YPet separated by the two Myol IQ motifs, at low
Ca®* concentrations (Baker et al., 2019). cdc10-v50 cell arrest in-house experiments have
also shown Myol S742 to be phosphorylated at the end of G1. Myol S742 was also
confirmed to be in the phosphorylated state in mating and sporulating cells (Baker et al.,
2019).

At the end of the vegetative cycle, an intracellular influx of Ca®" occurs (Baker et al.,
2019). Cam1 is less likely to bind to Myo1 in higher concentrations of Ca®** so Cam2 is
able to bind to the vacant 1Q motif binding sites. Cam2 abundance also increases upon
mating and meiosis which also increases the likelihood of Cam2 binding to Myol (Baker
et al., 2019). Cam2 binding has been associated with Myol function during the meiotic
cycle, however definitive roles of these calmodulins during the meiotic life cycle have not

been clearly defined (Baker et al., 2019),

To decipher the roles Caml and Cam2 play in the vegetative and meiotic cycles, the
transition between the two cycles, and their dependence on Myol S742 phosphorylation,
Caml-GFP and Cam2-GFP dynamics were observed in vegetative and sporulating cells.
MNG-Myo1l was also observed to study the distribution of Myo1 during the vegetative and
meiotic cycle. Time-lapses were recorded of Cam1-GFP, Cam2-GFP and mNG-Myol in
the myo1.S742A and myol.S742D mutants in vegetative and sporulating states, to also
determine if Myol S742 phosphorylation plays a role in foci lifetime (length of time foci is
visible by eye), localisation and provide an indication on the interactions between Myol

and the calmodulin.

Max projections showing the localisation of Cam1-GFP, Cam2-GFP and mNG-Myo1l in
the myol.S742A mutant background are displayed in Figure 5.2.1A. Images of the

myol1.S742D and wild-type myol® backgrounds are not shown. Fluorescence imaging
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revealed an abundance of Caml-GFP and Cam2-GFP foci inside spores of the
sporulating cells, with the majority of foci situated around the spore periphery and few foci
outside the spores of sporulating cells. Less mMNG-Myol foci were observed inside the
spores of sporulating cells however, most Myol foci localised to a single large focus within
the individual spores. The foci inside the spores of sporulating cells in all strains displayed
reduced dynamics and extended lifetimes in comparison to vegetative cells. Cam2-GFP
displayed the most extended foci lifetimes in the sporulating cells. In vegetative cells,
Caml-GFP and Cam2-GFP were distributed throughout the cell. mMNG-Myol foci were
located at the cell ends for endocytosis. Foci dynamics and lifetimes of Cam2-GFP in
vegetative and sporulating (inside spores and ascus cytoplasm) cells are displayed in
kymographs shown in Figure 5.2.1B. Extended foci lifetimes are displayed in the
sporulating myol.S742A cam2-GFP cells and are shown by long straight Cam2-GFP

signal lines.

A myol1.5742A cam1-GFP myol.5742A cam2-GFP mNG-myol.5742A
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Figure 5.2.1. Cam1, Cam2 and Myol localise to the periphery of spores and display
reduced dynamics and extended foci lifetimes in sporulating S. pombe cells. (A)
Max projections and transmitted images from time-lapses of Cam1-GFP, Cam2-GFP and
MNG-Myol dynamics in sporulating and vegetative myol.S742A caml-GFP,
myo01.S742A cam2-GFP and mNG-myo01.S742A S. pombe cells. *' indicates a sporulating
cell in the meiotic cell cycle. Unmarked cells are in the vegetative state. In all strains, foci
in the sporulating cells show an accumulation of Cam1-GFP, Cam2-GFP and mNG-Myol
inside the four spherical spores. These foci displayed reduced dynamics and extended
lifetimes (length of time foci is visible by eye). Cam2-GFP foci appeared to have the most
extended lifetime. Foci in vegetative cells were dynamic and did not display extended
lifetimes. The same localisation patterns were observed in the wild-type myol”
background (not shown). Cells were cultured at 25 C in MSL media supplemented with
amino acids, vitamins and minerals for 2 days. The cells were then washed with MSL
without nitrogen three times and reconstituted and cultured in MSL without nitrogen,
supplemented with amino acids, vitamins and minerals for 1 day. 11 z-slices were taken
for each max projection over 110 s at 25 C, with an exposure time of 100 ms. Scale bar -
3 . 5 . (B)mymographs displaying dynamics of Cam2-GFP in sporulating and vegetative
myo01.S742A and wild-type myol® cells over 110 s. Less dynamic Cam2-GFP foci with
extended lifetimes in the sporulating cells are shown by long straight Cam2-GFP signal
lines. More dynamic Cam2-GFP foci are shown by short signal lines. Less dynamic Cam2-
GFP foci were observed most frequently in the sporulating myol1.S742A cells. Cam2-GFP
foci were more dynamic in vegetative myol.S742A cells and did not have extended
lifetimes. The kymographs were generated using Metamorph. Horizontal scale bar

(distance) - 1.75 & m. Vertical =sltsal e bar (ti me)

To determine differences in the activity of Myol, Caml and Camz2, induced by a lack of
Myol S742 phosphorylation, the foci lifetimes of Cam1-GFP, Cam2-GFP and mNG-Myol
in the myo1.S742A, myol1.S742D and wild-type myol® backgrounds were quantified by

eye and are shown in Figure 5.2.2.
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Figure 5.2.2. A lack of Myol S742 phosphorylation prevents Camz2 binding to Myol
and reduces Myo1l activity during the meiotic phase of the cell cycle in S. pombe.
Bar charts displaying Cam1-GFP, Cam2-GFP and mNG-Myol foci lifetimes in the spores
and ascus cytosol in the myol.S742A, myol.5742D and wild-type myol® backgrounds.
Foci lifetimes were quantified by eye from time-lapses of myol.S742A caml-GFP,
myol.S742A cam2-GFP and mNG-myol.S742A phospho-mutants and wild-types myol”
cam1-GFP, myol® cam2-GFP and mNG-myol*. Cam1-GFP: in vegetative cells, the foci
lifetime of Cam1-GFP in the myo1.S742A cam1-GFP, myol1.S742D cam1-GFP and mNG-
myol® caml-GFP strains was ~11 s (foci lifetime O 20 s: myol.S742A - 72 %;
myol1.S742D - 64 %; mNG-myol® - 77 %). Inside the spores of sporulating cells, Cam1-
GFP foci lifetime ranged between 1 s and > 100 s. Caml-GFP foci lifetimes in
myo01.S742A caml1l-GFP were shorter than in myol.5742D caml-GFP and wild-type
myol" cam1-GFP cells (foci lifetime O  20myo01.S742A - 43 %; myol.S742D - 7 %;
myol® -7 %). Cam2-GFP: in vegetative cells, Cam2-GFP foci lifetimes were ~11 s in all
strains (foci lifetime O  Z:0myo01.S742A - 64 %; myol1.S742D - 53 %; myol® - 76 %). In
sporulating cells, Cam2-GFP foci lifetimes in myol.S742A cam2-GFP were considerably
longer than in the myo1.S742D cam2-GFP and wild-type myol® cam2-GFP backgrounds
(foci lifetime O 100 s: myol.S742A - 59 %; myol.S742D - 2 %; myol" - 0 %). The
extended foci lifetime of Cam2-GFP in myol.S742A cam2-GFP suggests Myol S742
phosphorylation prevents Cam2 binding to Myol. mNG-Myol: in vegetative cells, the
mNG-Myo1 foci lifetime in wild-type mNG-myol® was ~11 s and marginally shorter than
foci lifetimes in myol.S742A mNG-myol® and myol.S742D mNG-myol® cells (foci
| i feti sneyoDS722A - 53 %; myol.S742D - 51 %; myol* - 90 %). In sporulating
cells of all strains, mMNG-Myol foci lifetimes ranged between 11 s and > 100 s and had a
similar distribution to Caml1-GFP foci lifetimes. This similarity in myol.S742A cells
suggests Myol S742 phosphorylation impacts Myol and Caml function in sporulating
cells. Sporulating (ascus cytosol): Cam1-GFP, Cam2-GFP and mNG-Myol foci were only
observed outside of the spores in the myol.S742A and myol.S742D backgrounds. Foci
lifetimes ranged between 11 s and > 100 s. n O 30. 'n' indicates the number of foci

lifetimes quantified per strain.

Quantification revealed Cam1-GFP foci in all backgrounds to have a foci lifetime of ~11 s
in the vegetative cycle (foci lifetime X20 s: myol.S742A - 72 %; myol.S742D - 64 %;
mMNG-myol® - 77 %) (Baker et al., 2019). Inside the spores of sporulating cells, Cam1-
GFP foci lifetimes ranged from 1 s to > 100 s. Foci lifetimes were frequently shorter in

myol1.S742A and myol1.S742D cells, when compared to wild-type myol1* cells (foci lifetime
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20 s: myol.S742A - 43 %; myol.S742D - 7 %; myol® - 7 %). In the ascus cytosol
(sporulating cells), no Caml1-GFP foci were observed in the wild-type myol® cells.
myo01.S742A and myol.S742D cells displayed Cam1-GFP foci lifetimes ranging between
11 s and >100 s, however the majority of foci seen in myol.S742A cells had lifetimes

between 11 s and 40 s.

In the vegetative cycle, Cam2-GFP foci lifetimes between strains reflected distributions of
Caml-GFP. Foci lifetimes of ~11 s were recorded in all strains (foci lifetime X 20 s:
myo01.S742A - 64 %; myol.S742D - 53 %; myol® - 76 %) (Baker et al., 2019). Inside
spores (sporulating cells), Cam2-GFP foci lifetimes were greater than vegetative foci
lifetimes in all strains. There was a clear discrepancy observed between the Cam2-GFP
lifetimes in myol.S742A and wild-type myol® cells. The average foci lifetime in
myo1.S742A cells was approximately >100 s and 35 s in wild-type myol” cells. Foci in
myo1.5742D cells followed approximately the same foci lifetime range as wild-type myol1*
cells (foci lifetime % 100 s: myo1.S742A - 59 %; myo1.S742D - 2 %; myol” - 0 %). In wild-
type myo1* cells, levels of intracellular Ca*" increase during sporulation. Cam2 levels also
increase during meiosis. The increase in Ca®* and Cam2 levels favour Cam2 binding to
Myol over Caml binding (Baker et al., 2019). Cam2 and Myol function at the edge of the
forespore membrane for the formation of the forespore membrane. At the membrane,
Myo1l assists the assembly of F-actin which is also required for the deposition of materials
for formation of the forespore membrane (Itadani et al.,, 2006; Toya et al., 2008)
Therefore, these data suggest the lack of phosphorylation in myol.S742A cells hinders
Cam2 interactions with Myo1l for forespore formation during the meiotic phase of the cell
cycle. In the ascus cytosol (sporulating cells), Cam2-GFP foci lifetimes in myol.S742A
ranged from 11 s to >100 s. Cam2-GFP foci lifetimes in myol.S742D cells were no

greater than 70 s. No Cam2-GFP foci were observed in wild-type myol® ascus cytosol.

In vegetative cells, mMNG-Myol foci lifetimes between all strains also followed Cam1-GFP
and Cam2-GFP distributions. Foci lifetimes in the myo0l.S742A and myol.S742D
backgrounds were greater than in wild-type myol* cells however ( f o c i i fetim
my01.S742A - 53 %; myol1.S742D - 51 %; myol” - 90 %). Inside spores, foci lifetime was
widely spread between 11 s and >100 s and followed a similar distribution to that of
Caml1-GFP, in all strains. Myol and Caml foci were shorter in myol.S742A cells in
comparison to wild-type myol® cells. Myol and Cam1l foci lifetimes are also shorter in
ca m2 (Baker et al., 2019). These data suggest Myol and Caml function during the
meiotic phase of the cell cycle is disrupted in myol.S742A cells and Myol S742
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phosphorylation is required for Cam2 to bind to Myol for its function in forespore
membrane formation. In the ascus cytosol, mMNG-Myo1 foci lifetimes in mMNG-myo01.S742A
and mMNG-Myo0l1.S742D cells ranged between 11 s and 80 s, and 11 s and 90 s

respectively.

5.3 Endocytosis and Myol levels are reduced in the absence of Myol S742

phosphorylation in sporulating S. pombe cells, due to a lack of Cam2 binding to the
Myol IQ motif

Spores formed within S. pombe are quiescent cells which are resistant to environmental
stress (Fukunishi et al., 2014). Spores maintain a quiescent state with reduced metabolic
activity, transcription and translation (Kumar & Srivastava, 2016). The thick spore wall of
spores provides resistance to environmental stress. Spore walls are thicker and have a
different composition to vegetative cell walls. Vegetative cell walls are mainly composed of
U-glucans, b-glucans and galactomannan, whereas spore walls also contain chitosan and
a proteinaceous layer, mainly made up of a protein called Isp3. Isp3 forms an insoluble
layer around the spore which provides protection against stresses (Fukunishi et al., 2014;
Tahara et al., 2021).

During endocytosis at the plasma membrane of sporulating cells, vesicles traffic
molecules from the plasma membrane of the cell to the membrane of the spores, for the
formation of the of the spore wall (Morishita & Engebrecht, 2005). Myol is involved in the
formation of F-actin which is required for the deposition of materials for formation of the
forespore membrane (Itadani et al., 2006; Toya et al., 2008). Endocytosis within the
spores is not expected, as they are quiescent (Kumar & Srivastava, 2016). Endocytosis
has been shown to not occur in the spores of S. cerevisiae and S. pombe with the use of
the FM4-64 dye (Kashiwazaki et al., 2011; Morishita & Engebrecht, 2005). FM4-64 is a
fluorescent dye composed of amphiphilic molecules that reversibly separate in lipid
membranes. The molecules cannot diffuse through plasma membranes due to their
positively charged heads. The quantum vyield of the molecules is also high in lipid
environments and low aqueous solution (Li et al., 2009). When applied to live S. pombe,
FM4-64 is internalised through endocytosis within vesicles which provide lipid rich
environments for FM4-64 to be visualised. Therefore, FM4-64 makes an excellent marker
for endocytosis. FM4-64 would be internalised into spores if endocytosis occurs at the
spore wall. S. cerevisiae and S. pombe stained with FM4-64 display internalised FM4-64

which collects at the spore peripheries but not within the spore, indicating that molecules
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are deposited to the spore wall but not endocytosed within the spore (Kashiwazaki et al.,
2011; Morishita & Engebrecht, 2005).

In sporulating cells, Cam1, Cam2 and Myol localised to the spores within the cells. Cam1,
Cam2 and Myol foci lifetimes were longer in the spores of sporulating cells than in
vegetative cells (Figure 5.2.2). This observation suggested reduced activity of Caml,
Cam2 and Myol and this is consistent with minimised endocytosis within spores. The
extended foci lifetime of Cam2 in sporulating myol.S742A cells suggested Myol S742
phosphorylation impacts the Cam2 association to Myol during sporulation. Sporulating
MNG-myo01.S742A, mNG-myo01.S5742D and mNG-myol” cells were stained with FM4-64
to provide an indication of the level of endocytosis in sporulating cells and determine if the
extended foci lifetimes observed in Caml, Cam2 and Myol are a result of reduced
endocytic activity during meiosis. A difference in the localisation of Myol in sporulating
myo01.S742A cells was also to be determined. Z-projections of FM4-64 stained mNG-

myo01.S742A, mNG-myo1.S742D and mNG-myol” cells are displayed in Figure 5.3.

mNG-myol.5742A

FM4-64

mNeonGreen

Transmitted light

Figure legend on the following page.
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Figure 5.3. Endocytosis and the abundance of Myol are diminished in sporulating
S. pombe cells. Max projections of FM4-64 stained meiotic mMNG-myo0l1.S742A, mNG-
myo1.S742D and wild-type mNG-myol” cells. (A) FM4-64 signal in the red channel. **'
indicates sporulating cells of which endocytosis of FM4-64 was reduced in comparison to
non-sporulating cells. A greater amount of FM4-64 was endocytosed by non-sporulating
cells in all strains and is shown by greater FM4-64 staining within those cells. Endocytosis
into the quiescent spores does not occur. MNG-myo01.S742D and wild-type mNG-myo1*
cells internalised FM4-64 which was observed to concentrate at the periphery of the
spores within the cells. FM4-64 was internalised less by mNG-myo1.S742A cells and was
observed to concentrate outside of some mNG-myol.S742A cells, showing FM4-64 was
not internalised in all cells. (B) mNG-Myo1 signal in the green channel. A reduced number
of MNG-Myol was observed in mMNG-myo1.S742A cells in comparison to myol.S742D
and wild-type mNG-myo1* cells. (C) Transmitted light. The morphology of the cells and
the spores are displayed in these images. Scalebar-3 . 5 & m. Cell s we
C in MSL media supplemented with @daysnThe a
cells were then washed with MSL without nitrogen three times and reconstituted and
cultured in MSL without nitrogen, supplemented with amino acids, vitamins and minerals
for 1 day. The cells were incubated with FM4-64 on ice for 10 min. The cells were then
washed in MSL without nitrogen and imaged. 11 z-slice imageswer e t aken at
exposure times of 50 ms (MNG) and 100 ms (FM4-64).

Figure 5.3 shows an abundance of FM4-64 was endocytosed by non-sporulating cells and
can be seen by the greater FM4-64 signal in those cells. FM4-64 endocytosis was
diminished in sporulating mNG-myo01.S742A, mNG-myo1.S742D and mNG-myo1* cells, in
comparison to non-sporulating cells. FM4-64 was not internalised by the quiescent
spores. In sporulating myo1.S742D and mNG-myol® cells, FM4-64 concentrated to the
periphery of the spores. Sporulating mMNG-myo1.S742A cells internalised the least amount
of FM4-64. FM4-64 was also observed on the outside of the cell wall of sporulating mNG-
myo0l1.S742A cells showing endocytosis did not occur in all cells. mNG-Myol was less
abundant in mMNG-myol.S742A cells. This confirms endocytosis is minimised in
sporulating cells and Myol S742 phosphorylation impacts Myol activity for endocytosis
during sporulation in the meiotic cycle. The reduced endocytosis is due to the increase in
intracellular Ca** levels during the meiotic cycle, which induces Cam2 binding to Myo1 to
modulate the endocytic activity of Myol (Baker et al., 2019). This is consistent with the

increased Cam2-GFP lifetimes observed in myol.S742A cells which suggested a lack of
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Cam2 binding to the Myol 1Q motif in the absence of Myol S742 phosphorylation (Figure
5.2.2). The lack of mMNG-Myol in mNG-myol.S742A cells is also consistent with reduced

levels of Myol at actin patches in ¢ a m Zefls (Sammons et al., 2011).

5.4 A lack of Myol S742 phosphorylation results in reduced cell growth in

vegetative S. pombe

Growth curves were generated to determine possible aberrant cell growth induced by
Myol S742A in the mNG-myo01.S742A, myol.S742A cam1-GFP and myol.S742A cam2-
GFP strains that were to be used to assess Caml, Cam2 and Myol dynamics in
sporulating and vegetative cells. As in Section 4.1.1, ODgy readings were taken as a
measure of overall cell growth (combination of cell number and cell size). The growth

curves are shown in Figure 5.4.

Slower growth was observed in each myol.S742A strain, when compared to wild-types
myol® cells. MNG-myo1.S742A cam1-GFP cell growth was slower than wild-type mNG-
myol® from 6 hr. GFP labelling of Cam1l may have caused reduced growth in these
strains due to steric hindrance, which may interfere with Cam1 binding to the plethora of
proteins it usually binds to for multiple processes (Sharma & Parameswaran, 2018).
Slower growth at the end of the log phase of growth was observed in myol.S742A cam2-
GFP and mNG-myol.S742A cells (from 15 hr and 15.5 hr respectively). These data
suggest Myol S742 phosphorylation is involved in cell growth regulation in vegetative S.

pombe cells.
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Figure legend on the following page.

163



































































































































































































































































































