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Scientific summary
Cells couple their growth and division rate in response to nutrient availability to
maintain a constant size. This co-ordination happens either at the G1-S or the G2-M
transition of the cell cycle. In the rod-shaped fission yeast, size regulation happens at
the G2-M transition prior to mitotic commitment. Recent studies have focused on the
role of the DYRK-family protein kinase Pom1, which forms gradients emanating
from cell poles and inhibits the mitotic activator kinase Cdr2, present at the cell
middle. Pom1 was proposed to inhibit Cdr2 until cells reached a critical size before
division. However when and where Pom1 inhibits Cdr2 is not clear as medial Pom1
levels do not change during cell elongation. Here I show that Pom1 gradients are
susceptible to environmental changes in glucose. Specifically, upon glucose
limitation, Pom1 re-localizes from the poles to the cell sides where it delays mitosis
through regulating Cdr2. This re-localization occurs due to microtubule destabilization and lateral catastrophes leading to transient deposition of the Pom1
gradient nucleator Tea4 along the cell cortex. As Tea4 localization to cell sides is
sufficient to recruit Pom1, this explains the mechanism of Pom1 re-localization.
Microtubule destabilization and consequently Tea4 and Pom1 spread depends on the
activity of the cAMP-dependent Protein Kinase A (PKA/Pka1), as pka1 mutant cells
have stable microtubules and retain polar Tea4 and Pom1 under limited glucose. PKA
signaling negatively regulates the microtubule rescue factor CLASP/Cls1, thus
reducing its ability to stabilize microtubules. Thus PKA signaling tunes CLASP
activity to promote microtubule de-stabilization and Pom1 re-localization upon
glucose limitation. I show that the side-localized Pom1 delays mitosis and balances
the role of the mitosis promoting, mitogen-associated protein kinase (MAPK) protein
Sty1. Thus Pom1 re-localization may serve to buffer cell size upon glucose limitation.

Keywords: fission yeast, cell-size regulation, glucose limitation, Pom1, Cdr2, Tea4,
microtubules, PKA, CLASP, MAPK
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Résumé scientifique
Afin de maintenir une taille constante, les cellules régulent leur croissance ainsi que
leur taux de division selon les nutriments disponibles dans le milieu. Dans la levure
fissipare, cette régulation de la taille précède l’engagement mitotique et se fait à la
transition entre les phases G2 à M du cycle cellulaire. Des études récentes se sont
focalisées sur le rôle de la protéine Pom1, membre de la famille des DYRK kinase.
Celle-ci forme un gradient provenant des pôles de la cellule et inhibe l’activateur
mitotique Cdr2 présent au centre de la cellule. Le model propose que Pom1 inhibe
Cdr2 jusqu’à atteindre une taille critique avant la division. Cependant quand et à quel
endroit dans la cellulle Pom1 inhibe Cdr2 n’était pas clair car les niveaux médians de
Pom1 ne changent pas au cours de la l’élongation des cellules. Dans cette étude, je
montre que les gradients de Pom1 sont sensibles aux changements environnementaux
du taux de glucose. Plus spécifiquement, en conditions limitantes de glucose, Pom1 se
relocalise des pôles de la cellule pour se distribuer sur les côtés de celle-ci. Par
conséquent, un délai d’entrée en mitose est observé dû à l’inhibition Cdr2 par Pom1.
Cette délocalisation est due à la déstabilisation des microtubules qui va conduire à une
déposition transitoire de Tea4, le nucléateur du gradient de Pom1, tout au long du
cortex de la cellule. Comme la localisation de Tea4 sur les côtés de la cellule est
suffisante pour recruter la protéine Pom1, ceci explique le mécanisme de
relocalisation de celle-ci. La déstabilisation des microtubules et par conséquent la
diffusion de Tea4 et Pom1 dépendent de l’activité de la protéine kinase A dépendante
de l’AMP cyclique (PKA/Pka1). En absence de pka1, la stabilité des microtubules
n’est pas affectée ce qui permet la rétention de Tea4 et Pom1 aux pôles de la cellule
même en conditions limitantes de glucose. La signalisation via PKA régule
négativement le facteur de sauvetage des microtubules CLASP/Cls1 et permet donc
de réduire sa fonction de déstabilisation des microtubules. Ainsi la signalisation via
PKA affine l’activité des CLASP pour promouvoir la déstabilisation des microtubules
et la relocalisation de Pom1 en conditions limitantes de glucose. Je montre que la
localisation sur les côtés retarde l’entrée en mitose et compense l’action de la protéine
Sty1, connue pour être une MAPK qui induit l’entrée en mitose. Ainsi, la
relocalisation de Pom1 pourrait servir à tamponner la taille de la cellule en condition
limitantes de glucose.
4
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Public Summary
Various cell types in the environment such as bacterial, plant or animal cells have a
distinct cellular size. Maintaining a constant cell size is important for fitness in
unicellular organisms and for diverse functions in multicellular organisms. Cells
regulate their size by coordinating their growth rate to their division rate. This
coupling is important otherwise cells would get progressively smaller or larger after
each successive cell cycle. In their natural environment cells may face fluctuations in
the available nutrient supply. Thus cells have to coordinate their division rate to the
variable growth rates shown under different nutrient conditions. During my PhD, I
worked with a single-celled rod shaped yeast called the fission yeast. These cells are
longer when the nutrient supply is abundant and shorter when the nutrient supply is
scarce. A protein that senses changes in the external carbon source (glucose) is called
Protein Kinase A (PKA). The rod shape of fission yeast cells is maintained thanks to a
structural backbone called the cytoskeleton. One of the components of this backbone
is called microtubules, which are small tube like structures spanning the length of the
cell. They transport a protein called Tea4, which in turn is important for the proper
localization of another protein Pom1 to the cell ends. Pom1 helps to maintain proper
shape and size of these rod shaped yeast cells.
My thesis work showed that upon reduction in the external nutrient (glucose) levels,
microtubules become less stable and show an alteration in their organization. A
significant percentage of the microtubules contact the side of the cell instead of
touching only the cell tip. This leads to the spreading of the protein Pom1 away from
the tips all around the cell periphery. This helps fission yeast cells to maintain the
proper size required under these conditions of limited glucose supply. I further
showed that the protein PKA regulates microtubule stability and organization and thus
Pom1 spreading and maintenance of proper cell size. Thus my work led to the
discovery of a novel pathway by which fission yeast cells maintain their size under
limited supply of glucose.

7

Resumé grand public
Divers types cellulaires dans l’environnement tels que les bactéries, les plantes ou les
cellules animales ont une taille précise. Le maintien d’une taille cellulaire constante
est importante pour le fitness des organismes unicellulaire ainsi que pour multiples
fonctions dans les organismes multicellulaires. Les cellules régulent leur taille en
coordonnant le taux de croissance avec le taux de division. Ce couplage est essentiel
sinon les cellules deviendraient progressivement plus petites ou plus grandes après
chaque cycle cellulaire. Dans leur habitat naturels les cellules peuvent faire face a des
fluctuations dans le taux de nutriment disponible. Les cellules doivent donc
coordonner leur taux de division aux taux variables de croissances perçus dans les
différentes conditions nutritionnels.
Pendant ma thèse, j’ai travaillée sur une levure unicellulaire, en forme de bâtonnet,
nommé levure fissipare ou levure de fission. La taille de ces cellules est plus grande
quand le taux de nutriments est grand et plus courte quand celui-ci est plus faible. Une
protéine qui perçoit les changements dans le taux externe de la source de carbone
(glucose) est nommée PKA pour protéine kinase A. La forme en bâtonnet de la cellule
est due aux caractères structuraux du cytosquelette. Une composante importante de ce
cytosquelette sont les microtubules, dont la structures ressemble à des petit tubes qui
vont d’un bout à l’autre de la cellule. Ces microtubules transportent une protéine
importante nommée Tea4 qui à leur tour importante pour la bonne localisation d’une
autre protéine Pom1 aux extrémités de la cellule. La protéine Pom1 aide à maintenir
la taille appropriée des levures fissipares.
Mon travail de thèse a montré qu’en présence de taux faible de nutriments (glucose)
les microtubules deviennent de moins en moins stables et montrent une
désorganisation globale. Un pourcentage significatif des microtubules touche les côtés
de la cellule aux lieu d’atteindre uniquement les extrémités. Ceci a pour conséquence
une diffusion de Pom1 tout au long du cortex de la cellule. Ceci aide les levures
fissipares à maintenir la taille appropriée pendant ce stress nutritionnel. De plus, je
montre que PKA régule la stabilité et l’organisation des microtubules et par
conséquent la diffusion de Pom1 et le maintien d’une taille constante. En conclusion,
mon travail a conduit à la découverte d’un nouveau mécanisme par lequel la levure
fissipare maintient sa taille dans des conditions limitantes en glucose.
8
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Chapter 1
Introduction

Regulation of cell size in fission yeast
The size of a cell is a fundamental attribute that contributes to function in
multicellular organisms and fitness in unicellular organisms (Jorgensen and Tyers,
2004). To maintain a constant size cells have to couple their growth rate to their
division rate. This co-ordination helps maintaining size homeostasis and is seen
across a large number of unicellular organisms. Regulation of cell size occurs at two
phases of the cell cycle: at the G1-S transition and/or the G2-M transition. These cell
cycle checkpoints ensure that a cell has reached a certain threshold for cell size before
entering either the S or the M phase. They govern the time that a cell spends in either
the G1 or the G2 phase thus providing a constant cellular size. The highly divergent
unicellular eukaryotes: the budding and fission yeasts have been ideal genetic model
systems to study size regulation. In Saccharomyces cerevisiae, the budding yeast,
cytokinesis is asymmetric and produces a large mother cell and a much smaller
daughter cell. To compensate for this asymmetry, the small daughter cells grow more
than their mother cells before dividing. This growth happens exclusively in the G1
phase, in which daughter cells spend a longer time to attain a critical cell size than
their mothers. Once this size threshold is achieved, cells commit to division at a point
in late G1 called the ‘Start’ (Pringle and Hartwell, 1981). Thus the G1-S transition is
the most crucial step of size regulation in budding yeast.
Cell-size regulation in the rod-shaped Schizosaccharomyces pombe, the fission yeast
has also been extensively studied. Indeed fission yeast was the first organism in which
cell cycle mutants (wee1/wee2) were isolated that caused advanced entry into mitosis
(Nurse, 1975). S.pombe makes an ideal model system to study cell size and cell cycle
control as cells exhibit a stereotypical growth and division pattern: they grow by
elongation exclusively at the cell ends/poles with a constant diameter during
interphase, and then stop growth to divide medially. Medial fission occurs after they
reach a critical length/size (~14 µm) to produce two daughter cells of equal size. Thus
the length at septation can be considered as a measure of cell size (Fantes and Nurse,
1977; Fantes, 1977; Mitchison, 2003). After division both daughter cells initiate
growth only at the end that was present in the mother cell prior to division (old end).
Only in early G2, the end generated by the previous cell division cycle (new end)
starts growing in a process called as New-End Take Off (NETO) which marks the
14

transition between monopolar to bipolar growth (Mitchison and Nurse, 1985).
Regulation of cell size in fission yeast primarily occurs at the G2-M transition
(MacNeil and Nurse, 1997) with the G1-S control being cryptic under favorable
conditions. In nutrient rich conditions, when cells exit mitosis they are sufficiently
large enough to pass the size threshold required for S phase and thus immediately
enter the S phase (Fantes and Nurse, 1977; MacNeil and Nurse, 1997). They then
enter the long G2 phase adjusting the time they spend there depending on their birth
sizes. Smaller cells spend longer time in G2 compared to longer cells. Once they
reach a critical cell size they initiate mitosis. Entry into mitosis depends on the timely
activation of the cyclin/cyclin-dependent kinase (cyclin-Cdk1) complex. The
activation of CDK1 (Cdc2) in fission yeast depends on the phosphorylation status of
its tyrosine residue: Tyr15. Phosphorylation of this residue by a kinase Wee1 keeps
Cdc2 in an inhibitory state while de-phosphorylation by a protein phosphatase Cdc25
leads to its activation at G2/M transition. Thus Cdk1 activity and mitotic entry
depends on the concerted activities of the activatory phosphatase Cdc25 and the
inhibitory kinase Wee1 (MacNeil and Nurse, 1997; Rupes, 2002).

Nutrient-dependent modulation of cell size
Cell size regulation is also subject to the fluctuating external environment in which
cells grow. As nutrient supply in the environment may be uncertain cells have to
coordinate their division rate with the widely variable growth rates exhibited under
different external conditions. This coupling is important otherwise cells would get
progressively smaller or larger with every successive generation (Rupes, 2002). In
budding yeast, unfavorable external conditions lead to an elongation of the G1 phase
of the cell cycle giving cells enough time to reach the new threshold of cell size set
under those conditions. Modulation of the external environment has a strong impact
on the target size in fission yeast as well, such that cells growing in nutrient-rich
medium divide at a longer cell length than the ones growing in nutrient-poor medium.
This occurs mainly due to an elongation in the G1 or the G2 phase of the cell cycle in
the nutrient-poor medium, thus giving cells enough time until they attain the required
critical cell size. If wild type cells are shifted to a medium lacking nitrogen cells
divide approximately two times without growing, producing short and round cells that
15

arrest in G1. The lengthening of G1 is advantageous to cells as it allows for an
important response to starvation: if cells are compatible they undergo mating and
meiosis from G1 to form haploid resistant spores. If cells are heterosexual however,
they remain in the G0 state (Costello et al., 1986; Su et al., 1996; Yanagida, 2009). If
cells are shifted from a rich nitrogen source to a poor one (glutamate to proline) they
also divide at a shorter cell-size.
A reduction of the favored carbon source in fission yeast, glucose, leads to cell length
shortening. A decrease in glucose levels from the normal 2% to as low as 0.08% leads
to largely normal growth rates, however the size at division is reduced by 20-30%. In
these limited glucose conditions, cells transiently stop division for one or two
generations and then resume their division at rates similar to those in high glucose.
There is a transient decrease in the septation index following the shift, suggesting
either a cell cycle delay or arrest, however it gets restored within 4 hours of the shift
(Saitoh and Yanagida, 2014). If the glucose concentration is reduced even further,
cells get shorter however the nature of divisions is stochastic. Under very low glucose
concentration of 0.03% cells are mostly quiescent and only a small population
undergoes division. A complete removal of glucose causes an immediate arrest in cell
division (Yanagida et al., 2011).

Signaling pathways regulating cell size upon nutrient depletion
Apart from the intrinsic homeostasis mechanisms, stress regulated pathways also
impinge on the cell-cycle machinery to contribute towards size regulation. In
eukaryotic cells the two well studied and conserved pathways that respond to the
changing environment are the Mitogen Activated Protein Kinase (MAPK) pathway
and the Target Of Rapamycin (TOR) pathway. A third one that responds to external
glucose levels is the cAMP- dependent Protein Kinase A (cAMP/PKA) pathway.
The MAPK pathway gets activated in response to stress and nutrient deprivation. In
fission yeast cells, the MAP kinase protein (Spc1/Sty1) was shown to be important for
mitotic onset, as cells deficient for Spc1 show a G2 delay under steady state
conditions. This phenotype gets exacerbated under conditions of stress, such as, high
osmolarity medium (KCl) and nutrient (nitrogen) limitation. Spc1 was shown to
promote mitotic onset thus linking the external environment to the cell-cycle
16

machinery (Shiozaki and Russell, 1995).
TOR also coordinates cell size and growth under nutrient limitation. Inhibition of
TOR has been shown to increase cell numbers and reduce cell size at division in
Drosophila and mammalian cell cultures (Wu et al., 2007, Fingar et al., 2004). This is
true even for fission yeast cells: when wild type cells are shifted from a good to a poor
nitrogen source (glutamate to proline), they divide at a reduced cell size. This nutrient
modulated control of mitotic onset is mediated through reduced TOR signaling
causing an increased activation of the MAPK protein-Sty1 (Fig 1.1). This in turn
leads to recruitment of the Polo kinase at the spindle pole body (SPB) and subsequent
Cdk1 activation (Petersen and Hagan, 2005; Petersen and Nurse, 2007).

Figure1.1

Nutrient

dependent

modulation of cell-size via the TOR
and MAPK pathway Shift of fission
yeast cells from a rich to a poor
nitrogen source, leads to inhibition of
the TOR signaling. This leads to derepression of Gcn2 an effector of TOR
and a modulator of translation to
inhibit the Pyp2 phosphatase. This
further causes activation of the MAPK
(Sty1/Spc1) to recruit Polo kinase
(Plo1) to the spindle pole bodies
(SPBs) to advance mitosis. Complete
removal of nitrogen source causes
inhibition of Tor2 and accelerated
mitosis for 2 generations after which
cells arrest in G1.
Adapted from Petersen and Nurse, 2007

Fission yeast cells shifted from a glucose-rich medium (2%) to a glucose-poor
environment (0.08%) divide at a shorter cell size (Yanagida, 2009), but the exact
mechanism of such an adaptation remains unclear. Hanyu et al., in 2009 reported that
the putative CaMKK in fission yeast- Ssp1, that regulates G2-M control and response
17

to stress, is required for cell growth under limited glucose conditions. They observed
that ssp1∆ cells remained long and failed to reduce their cell size upon glucose
limitation. They also showed that Sds23: an inhibitory regulator of the type 2
phosphatases, which itself is requited for tolerance to limited glucose, acts as a
suppressor of the ssp1 phenotype. Recent studies using genome wide transcriptome
analysis, show an up-regulation of genes coding for transcription factors and proteins
like Ssp1 and the glucose transporter Ght5 (Saitoh and Yanagida, 2014; Saitoh et al.,
2014). The TOR pathway has also been implicated in tolerance to limited glucose.
Specifically, the TORC1 and the TORC2 pathways were shown to have opposing
effects on mitotic entry in limited glucose. The TORC1 mutant tor2-S was shown to
undergo accelerated mitosis while the TORC2 mutant tor1-D was shown to remain
long under limited glucose (Ikai et al., 2011). Thus although a lot of proteins have
been implicated in altering cell-size in response to limited glucose, the exact
mechanisms by which they directly or indirectly affect CDK1 (Cdc2) activity are not
completely clear.

Glucose signaling in fission yeast: the cyclic-AMP/Protein Kinase A pathway
Carbon source sensing has been extensively studied in the context of catabolite
repression in which microorganisms first utilize a favorable carbon source by
repression of the enzymes required to metabolize the unfavorable carbon source
(Magasanik, 1961). Once the favorable source is over, this repression gets relieved
and cells can use the second favored carbon source. In fission yeast like in many
microorganisms the preferred carbon source is glucose and detection of glucose
causes the repression of enzymes involved in utilization of other less optimal carbon
sources. Glucose detection in fission yeast leads to a transient increase in the levels of
cAMP to activate the cAMP-dependent Protein Kinase A (PKA). Studies of catabolite
repression suggest that glucose detection acts largely through the PKA pathway as
strains with reduced PKA activity fully mimic glucose-starved cells (Hoffman and
Winston, 1991; Maeda et al., 1990).
Most of the components of the PKA pathway have been characterized based on their
functional homology to orthologous genes in budding yeast by hybridization studies.
Also much of their functions have been determined through the study of glucose
18

repression of genes involved in sexual reproduction or the fbp1 gene that encodes a
fructose-1,6-bisphosphatase required in gluconeogenesis. Glucose detection occurs
via a canonical G-protein coupled receptor pathway (Fig 1.2). Git3, the receptor with
7 trans-membrane domains, is coupled to a heterotrimeric G-protein consisting three
subunits, Gpa2, Git5 and Git11 (Gα, Gβ and Gγ) (Hoffman, 2005; Welton and
Hoffman, 2000). Binding of glucose to the receptor, Git3, leads to release and
activation of the Gα subunit Gpa2 for downstream signaling. Gpa2 signals activation
of adenylyl cyclase Cyr1 to produce the secondary messenger cyclic-AMP (cAMP).
cAMP binds the inactive PKA complex (Cgs1 bound to Pka1) to trigger release of
Cgs1 (the negative regulator of Pka1), thereby leading to Pka1 activation (Hoffman,
2005; DeVoti et al., 1991). Finally cAMP levels and thus Pka1 activity are regulated
by a cAMP phospho-di-esterase (PDE encoded by Cgs2) that degrades cAMP to
AMP to dampen the signaling. Thus Pka1 is active when glucose levels are high and
proposed to be largely inactive under limited glucose. Interestingly Pka1 also changes
its cellular localization under various stresses. Whereas in normal steady state nutrient
conditions its largely nuclear it gets exported to the cytoplasm upon nutrient
starvation and hyperosmotic stress. Cgs1 was shown to be important in this nuclear
export of Pka1 under hyperosmotic stress but not stationary phase induced stress
conditions (Matsuo et al., 2008). The localization of Pka1 explains its transcriptional
role, where the nuclear-localized pool in high glucose represses transcription of a
number of genes involved in sexual reproduction and meiosis, gluconeogenesis and
stress response (Maeda et al., 1994; Matsuo et al., 2008; Higuchi et al., 2002;
Kunitomo et al., 2000). Thus pka1∆ cells undergo hyper-mating and sporulation even
in rich media, show high levels of fbp1 transcription and are resistant to various
stresses and stationary phase adaptation.
Apart from these functions PKA also regulates the cell cycle. Indeed pka1∆ cells are
small and overexpression of PKA causes cell elongation. Previous studies suggest a
role for cAMP to delay mitosis (Kishimoto and Yamashita, 2000). This study showed
that cAMP causes a reduction in the protein levels of Cdc25 thus delaying mitosis.
Thus cAMP regulates the cell cycle in part by regulating the protein stability of
Cdc25, which is an activator of mitosis. This presumably happens due to activation of
PKA thus mimicking overexpression of Pka1 leading to mitotic delay and longer
cells. However the exact mechanism of how PKA regulates cell cycle and cell size is
19

far from understood.

Figure1.2 Glucose detection by the PKA
pathway in fission yeast Glucose gets
detected by a G-protein coupled receptor
(GPCR) Git3 at the plasma membrane. It
leads to activation of the Gα subunit (Gpa2)
of

the

heterotrimeric

G-protein.

Gpa2

activates adenylyl cyclase (Cyr1) to produce
cAMP. cAMP inhibits binding of

the

negative regulator of Pka1, Cgs1, thus
activating

Pka1.

Pka1

then

negatively

regulates the transcription of genes required
for

the

processes

of

mating

and

gluconeogenesis.
Adapted from Hoffman, 2005

Role of Pom1 in cell size regulation under steady state conditions
The pom1 (polarity misplaced) gene was first identified in a genetic screen looking at
S.pombe mutants defective in morphology. The pom1-1 allele was defective in
positioning and orienting the division septum and formed aberrant T-shaped cells
(Bähler and Pringle, 1998). Pom1 encodes a protein of 1087 amino acids with the
kinase domain in the C-terminal region. It belongs to a dual specificity-tyrosineregulated family of kinases (DYRK) conserved in eukaryotes. These kinases first
auto-phosphorylate on a tyrosine residue in their activation loop, before
phosphorylating serine/threonine residues on their target proteins (Lochhead et al.,
2005). Although the specific targets of DYRKs show wide variation, their common
functions are to regulate cell growth, cell division and differentiation (Aranda et al.,
2011). Further characterization of the pom1-1 allele revealed that these cells grow
exclusively from one cell end (monopolar growth) and a large percentage of cells
show a misplaced septum close to the non-growing end thus generating two cells of
20

unequal length following cell division (Bähler and Pringle, 1998).
Apart from Pom1’s role in morphogenesis and placement of the division septum,
recent studies have elucidated its function in regulating the cell cycle and cell-size. It
was noted that pom1∆ cells have a shorter size at division compared to wild type cells
and small increases in the levels of Pom1 caused a dose-dependent increase in cell
size in both wild type and cdc25-22 cells. In addition, forced localization of Pom1 to
cell sides causes mitotic delay. This indicated that Pom1 is a dose-dependent inhibitor
of the G2-M transition (Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009).
By carrying out epistasis analysis between pom1∆ and mutants affecting the G2-M
cell cycle transition these studies showed that cdr2∆ is epistatic to pom1∆. Cdr2, a
member of the SAD-family kinase is localized to a band of cortical nodes in the
middle of interphase cells and it negatively regulates the Cdc2 inhibitory kinase Wee1
(Breeding et al., 1998; Kanoh and Russel, 1998). Another kinase that negatively
regulates Wee1 is Cdr1 (Nim1) (Wu and Russel, 1993; Parker et al., 1993; Coleman
et al., 1993, Russell and Nurse, 1987), which also localizes to the nodes, however
deletion of Cdr1 was not fully epistatic to Pom1, suggesting that Pom1 regulates
specifically Cdr2 for G2-M regulation. Pom1 regulates the localization of Cdr2 as
well, such that in pom1∆ cells the medial nodes of Cdr2 are seen in one half of the
cell towards the non-growing end. Additionally both in vivo and in vitro experiments
show that Pom1 directly phosphorylates Cdr2 in the C-terminal region (Martin and
Berthelot-Grosjean 2009; Bhatia et al., 2013). Further studies on the mechanism of
the Pom1-Cdr2 regulation indicate a role for the Ca2+/Calmodulin dependent kinase
kinase (CaMKK) Ssp1 to cause a direct activation of Cdr2 by phosphorylation at
threonine-166 to promote mitotic entry. Phosphorylation of the Cdr2 C-terminal tail
by Pom1 was shown to block Ssp1 mediated activation of Cdr2 thus inhibiting mitotic
commitment (Deng et al., 2014). Pom1 also modulates the cortex binding of Cdr2 and
its ability to form clusters (Rincon et al., 2014).
Earlier studies showed that the medial levels of Pom1 reduce with increasing cell size
by doing whole cell fluorescent quantifications of Pom1-GFP (Martin and BerthelotGrosjean, 2009; Moseley et al., 2009). This data led to the proposal of a model in
which Pom1 inhibits Cdr2 in short cells where the medial levels of Pom1 are
relatively high, thus activating Wee1, allowing for growth and thus a G2 delay. As the
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cell-size increases, the medial levels of Pom1 drop and release the inhibition on Cdr2
to allow for Cdk1 activation and mitotic commitment (Fig1.3). These studies
proposed Pom1 to be a cell size sensor that couples cell growth to cell cycle
progression (Martin and Berthelot-Grosjean, 2009; Moseley et al., 2009).

Adapted from Hachet et al., 2012
Figure 1.3 A geometric control for mitotic entry In short cells Pom1 gradients negatively regulate
the mitotic inducer Cdr2 to inhibit Cdk1 and entry into mitosis. As cells get longer, this inhibition is
relieved and active Cdr2 inhibits Wee1, thus promoting mitotic entry.

However, the role of Pom1 as a sensor for cell size has been recently questioned. This
is because pom1∆ cells have the same cell size variability and size homeostasis
capacity (time required to return to normal length after perturbation) as wild type
cells. This study argued that if Pom1 was indeed the sole cell size sensor then pom1∆
cells would be expected to show slower or even no recovery to normal conditions
after perturbations (Wood and Nurse, 2013). Additionally recent data using cortical
Pom1 intensity quantifications, have detected no change in the medial concentration
of Pom1 with an increase in cell length (Bhatia et al., 2013; Pan et al., 2014). Thus
where and when Pom1 naturally inhibits Cdr2 is not clear.
Mechanism of Pom1 gradient formation
The microtubule cytoskeleton in fission yeast appears to be involved in regulation of
polarized growth. Indeed mutations in the tubulin gene or disruption using
microtubule depolymerizing drugs leads to bent or T-shaped cells (Umesono et al.,
1983; Hiraoka et al., 1984). Microtubules serve to transport landmark polarity
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proteins to the cell tips. The kelch repeat protein Tea1, which was originally identified
through screens for morphogenetic mutants, gets transported to the cell poles by
microtubules (Mata and Nurse, 1997). Biochemical purification of Tea1 led to the
identification of Tea4, an SH3-domain containing protein. The Tea1-Tea4 complex
gets delivered to cell tips by binding to the plus end of microtubules and gets
deposited there upon microtubule-cortex contact (Behrens and Nurse, 2002; Feierbach
et al., 2004; Martin et al., 2005; Tatebe et al., 2005). The Tea1-Tea4 complex is
essential for the proper localization and gradient formation of Pom1 to cell tips,
indeed mutations in Tea4 lead to cytoplasmic Pom1 and Tea1 mutants have both
cortex-localized and cytosolic Pom1.
The positioning of microtubules and the localization of the Tea1-Tea4 complex
dictates the formation of Pom1 gradients. Tea4 associates with and recruits the type I
phosphatase Dis2 to the cell tips (Alvarez-Tabarés et al., 2007). The binding of Pom1
to the cell tips relies on its phosphorylation status. The Tea4-Dis2 complex mediates
de-phosphorylation of Pom1 exposing a positively charged basic region that binds to
the negatively charged plasma membrane. Upon binding to the cell tips, Pom1 moves
laterally through the membrane via diffusion and auto-phosphorylates itself on
multiple residues mainly in the basic region. Auto-phosphorylation leads to an
increase in its negative charge and promotes detachment from the membrane. Inside
the cytoplasm Pom1 diffuses and interacts with Tea4 to initiate another round of
membrane association-detachment thus shaping its concentration gradient (Fig 1.4AB, Hachet et al., 2011). Recent data suggest the importance of Pom1 cluster formation
and intermolecular auto-phosphorylation as mechanisms to reduce noise and provide
robustness to the gradient (Saunders et al., 2012; Hersch et al., 2015).

Adapted from Hachet et al., 2011
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Figure 1.4 Mechanism of Pom1 gradient formation (A) Microtubules deposit Tea4 to the cell tips
where it recruits the type I phosphatase Dis2. This complex mediates local de-phosphorylation of Pom1
leading to its binding to the negatively charged plasma membrane. There, Pom1 binds to the membrane
and diffuses along it laterally. Auto-phosphorylation of Pom1 leads to its detachment from the
membrane and in the cytoplasm it encounters Tea4, to mediate another round of membrane
association-detachment thereby forming a gradient. (B) Multiple events of auto-phosphorylation may
serve as a timer to shape Pom1 gradients. These events increase the probability of Pom1’s detachment
from the membrane. The various degrees of auto-phosphorylation are shown in colors of increasing
intensities, with yellow for dephosphorylated state and red for a fully phosphorylated state.

The microtubule cytoskeleton in fission yeast
Structure and dynamics
As in all eukaryotic cells, the cytoskeleton in fission yeast is important to maintain the
rod shape of these cells and for cellular morphogenesis. Morphogenesis depends on
the capacity of a cell to establish and maintain polarity, which involves asymmetric
distribution of regulators. Distinct molecules perform distinct functions and lead to
spatial differences in the shape and function of a cell. Thus cell polarity underlies
trafficking of molecules towards different parts of a cell, which is mainly achieved
through the cytoskeleton comprising of actin and microtubules. Motor proteins can
then ‘walk’ on these cytoskeletal tracks and regulate transport of molecules in a cell.
As most of my work is related to the microtubule cytoskeleton, it will be my focus in
this part of the Introduction. Microtubules in general consist of polymers of α and β
tubulin. The γ tubulin is found at the microtubule-organizing center (MTOC) and acts
as a template to nucleate microtubules (Pereira and Schiebel, 1997). The α and β
tubulin dimers polymerize end-to-end to form linear proto-filaments, which associate
laterally, normally 13 of them, to form a single microtubule. Microtubule bundles
have a distinct polarity with the end in which the β-tubulin is exposed called the plus
(+) end and the α-tubulin called the minus (-) end. At the MTOC or the spindle pole
body (SPB) in fission yeast, the γ tubulin along with a host of other proteins form the
γ- tubulin ring complex (γ-TuRC). This acts as a template for the α/β -dimers to begin
polymerization. This complex provides a cap at the – end, while growth continues
away from the SPB at the + end (Desai and Mitchison, 1997).
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Microtubules undergo a process of dynamic instability at their plus ends, both in vitro
and in vivo, which means that they can dynamically switch between growth
(assembly) and shrinkage (disassembly) (Fig 1.5, Mitchison and Kirschner, 1984;
Sammak and Borisy, 1988; Walker et al., 1988). During polymerization or growth the
tubulin dimers are in a GTP-bound state, however hydrolysis of the β-tubulin GTP to
GDP at the tip of a microtubule can lead to its de-polymerization or shrinkage
(Hyman et al., 1992). This transition from growth to shrinkage is called ‘catastrophe’.
However if a GTP-bound tubulin begins adding onto an existing microtubule tip
protecting it from disassembly, this is termed ‘rescue’. In 1984, Mitchison and
Kirschner proposed that microtubules use this dynamic instability at the plus end to
probe their surroundings/space in a cell. Microtubule dynamics, i.e., growth,
shrinkage, catastrophe and rescue are regulated by a host of microtubule associated
proteins (MAPs) that bind to various regions on a microtubule and motor proteins that
move along the length of a microtubule. I will focus on these regulatory proteins in a
later part of this chapter.
Figure1.5 Dynamic instability of
microtubules During assembly GTP
bound tubulin dimers bind to the
microtubule plus end forming a GTPcap. Hydrolysis of the GTP to GDP
results in microtubule disassembly,
and the GDP-tubulin peels off from
the plus ends. The transition from
assembly (growth) to disassembly
(shrinkage) is called ‘catastrophe’ and
from shrinkage to growth is called
‘rescue’.
Adapted

from

Al-Bassam

and

Chang, 2011

Organization and function
Microtubules in interphase fission yeast cells are cytoplasmic and organized in about
3-6 antiparallel bundles parallel to the long axis of the cell, nucleated from the nuclear
periphery (Fig1.6A, Marks et al., 1986). Interphase microtubules are held in an
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antiparallel fashion thanks to microtubule overlap close to the nuclear periphery in the
middle of the cell (Drummond and Cross 2000; Tran et al., 2001). The plus ends
constantly exhibit dynamic instability, probe the surroundings and contact the cell
poles/tips. Interphase microtubules help to center the nucleus by exerting pushing
forces on it (Daga et al., 2006) and also help to serve as tracks for directed delivery of
polarity proteins. Thus even though microtubules are not essential for polarized
growth in fission yeast they play an instructive role by delivering key proteins to
active sites of polarity. At mitosis these interphase microtubules arrange themselves
into an intra-nuclear spindle that helps chromosome segregation and nuclear division
(Fig1.6B). After spindle elongation and finally disassembly the microtubule network
forms an aster-like structure called the post-anaphase array (Fig1.6C) that along with
the actin cytoskeleton leads to contractile ring assembly (CAR), the constriction of
which leads to cell separation (Hagan, 1998).

Figure1.6 Microtubule (MT) organization in fission
yeast (A) In interphase, MTs are arranged in an
antiparallel bundle (green), MTOCs (red) are close to the
nuclear envelope or on existing MTs, the - end is in the
middle and the + end is free, towards the cell tips (B) In
mitosis intra-nuclear MTs form the mitotic spindle and
astral MTs are nucleated from SPBs (C) At the end of
mitosis, equatorial MTOCs assemble at the division site
to assemble a post-anaphase MT array
Adapted from Sawin and Tran, 2006

Microtubules contribute in maintaining the rod shape of S.pombe cells. Disruption of
the microtubule cytoskeleton does not cause loss of polarity, however results in
aberrant growth. Mutation in the tubulin genes or disruption of microtubule regulatory
proteins leads to misshapen cells: T shaped or curved (Umesono et al., 1983;
Radcliffe et al., 1998; Zimmerman et al., 2004). The branched shapes are also
predominant after stress or recovery from starvation (Sawin and Snaith 2004; Tatebe
et al., 2005). Studies from various groups have showed that microtubules in fission
yeast help in transporting the ‘Tea’ polarity proteins- Tea1 and Tea4 to the cell ends.
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Their plus end localization depends on a +TIP protein Tip1 (CLIP-170), which is
deposited on microtubules by a kinesin-Tea2. At the cortex this complex directly or
indirectly recruits other factors such as the formin For3 to drive actin polymerization
and Pom1 to regulate cell cycle progression, thus regulating cell polarity and
morphogenesis (Mata and Nurse 1997; Behrens and Nurse 2002; Feierbach et al.,
2004; Martin et al., 2005; Tatebe et al., 2005; Browning et al., 2000; Brunner and
Nurse 2000; Browning et al., 2003; Busch et al., 2004).
Regulation of microtubule dynamics
As mentioned in the earlier part, microtubule plus-end dynamics are regulated by a
host of proteins including MAPs and motors. They either stabilize or destabilize
microtubules and regulate dynamics in time and space. In this section I will
particularly focus on the role of the + TIP protein complex that binds the plus end of
microtubules, the kinesin-8 family of proteins that destabilize microtubules and the
well-conserved microtubule rescue factor CLASP.
Role of +TIP proteins- Mal3, Tip1, Tea2 and Alp14
Plus-end tracking proteins (+TIPs) are a set of MAPs that are conserved amongst
eukaryotes and bind specifically to the microtubule plus end. In the 1990’s, the first
+TIP protein that was discovered was the Cytoplasmic Linker Protein of 170 kDa
(CLIP-170) (Tip1 in fission yeast) (Rickard and Kreis, 1990). Since its discovery
other +TIP proteins have also been discovered. Another family is named after the end
binding protein (EB1) (Mal3 in fission yeast) that was originally identified as a
binding partner to the tumor suppressor protein APC (Su et al., 1995). The other plus
end directed motor protein, the kinesin-like protein Tea2, helps to transport the CLIP170 on microtubules thus maintaining proper cell shape and polarity (Busch et al.,
2004). Thus in fission yeast the +TIP complex includes Mal3/EB1, Tip1/CLIP-170
and Tea2/Kinesin.
EB1 proteins are involved in spindle formation, chromosome segregation and
orientation by regulating astral microtubule dynamics but they also affect dynamics of
interphase microtubules. In fission yeast, Mal3 binds and stabilizes the microtubule
seam, inhibits shrinkage and promotes rescue (Katsuki et al., 2009; Sandblad et al.,
2006). Indeed mal3 mutants have shortened microtubules and high frequency of
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catastrophe, indicating that Mal3 stabilizes microtubules (Beinhauer et al., 1997;
Busch and Brunner, 2004). The CLIP-170 family protein Tip1 localizes onto
microtubules through Mal3 and the kinesin Tea2. Tip1 mutant cells also show
shortened microtubules and show premature catastrophe at the cell cortex outside the
cell tip region (Brunner and Nurse, 2000). Loss of Tip1 results in Tea1/Tea4 not
reaching the cell ends thereby causing T-shaped cells. Finally the kinesin Tea2 helps
to transport Tip1 onto microtubules, thus loss of Tea2 also leads to shortened
microtubules and alterations in cell shape (Busch and Brunner, 2004). In conclusion,
these three proteins are required for microtubule growth and stability and loss of
either of them causes shortened microtubules, reduction in growth rate and an
increase in catastrophe rate. Additionally, another protein belonging to the
XMAP215/Dis1 family, which are conserved tubulin binding TOG domain proteins,
also regulate + end dynamics. The fission yeast orthologue, Alp14 was shown to
localize to microtubule plus ends and acts as a dose-dependent microtubule
polymerase (Al-Bassam et al., 2012).

Role of kinesin-8 family proteins
Kinesin superfamily proteins (KIFs) are a class of molecular motor proteins that move
directionally along microtubules to transport organelles and molecules that are
essential for cellular functions. These motor proteins use energy derived from ATP
hydrolysis to power processive movements along microtubules (Vale et al., 1985).
The conserved motor domain is the one that binds both ATP and microtubules, and
the hydrolysis of ATP to release ADP generates motion. Apart from their ability to
transport cargo, some families of kinesins are also important for chromosome
segregation, bipolar spindle assembly and regulation of microtubule dynamics. In
particular kinesin-8 and kinesin-13 families have been shown to possess microtubule
de-polymerizing activities (Wordeman, 2005; Howard and Hyman, 2007; Gardner et
al., 2008).
In fission yeast, the two proteins that belong to the kinesin-8 family are called Klp5
and Klp6. Although most of the kinesins function as homodimers, Klp5 and Klp6 are
the only members reported so far that function as obligate heterodimers, co-localizing
throughout the entire cell cycle (Garcia et al., 2002b; Li and Chang, 2003). They
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localize to cytoplasmic microtubules in interphase and to the kinetochores and the
spindle in mitosis. They have been shown to regulate chromosome segregation by
regulating microtubule dynamics. Indeed deletion mutants though viable, have
chromosome congression defects and show long, hyper stable microtubules that can
curl along cell ends (Garcia et al., 2002; West et al., 2001; Sanchez-Perrez et al.,
2005). Additionally, orthologs of kinesin-8 family proteins in both the budding yeast,
and in human cells, Kip3 and Kif-18A respectively, have been shown to possess depolymerization activity. Kip3 was shown to depolymerize microtubules in a lengthdependent manner (Gupta et al., 2006; Varga et al., 2006; Mayr et al., 2007). In
fission yeast, recent studies in vivo have shown that Klp5-Klp6 induce a microtubule
length-dependent increase in catastrophe frequency by being specifically more
enriched on long microtubules (Tischer et al., 2009). Although deletion mutants
display no major changes in growth or shrinkage rates, the catastrophe and rescue
frequencies are indeed diminished compared to wild type (Unsworth et al., 2008) thus
corroborating their role in inducing catastrophes at cell ends. However in vitro
characterization, did not detect noticeable depolymerase activity and it was proposed
that Klp5-Klp6 could promote both microtubule nucleation at the cell center and
catastrophe at cell ends (Erent et al., 2012; Grissom et al., 2009). Thus the mechanism
of kinesin-8 family proteins to induce microtubule catastrophe in fission yeast, seems
to be different from its conserved role as a depolymerase in other species.

Role of CLASPs
CLASPs (CLIP-170 ASsociated Proteins) as the name suggests, were initially
identified in a yeast two-hybrid screen looking for partners of CLIP-170 in
mammalian cells. They bind to microtubules stabilizing them and are well conserved
from yeast to mammalian and plant cells. CLASPs in animal cells are localized to the
interphase microtubule plus ends, the lattice and other parts where they stabilize
microtubules by causing rescue (Akhmanova, 2001). They are also important during
mitosis (localizing at the kinetochore and spindle), as loss of CLASP results in
spindle collapse forming a monopolar spindle (Inoue et al., 2004; Maiato et al.,
2003).
The sole fission yeast CLASP is Cls1/Peg1 and it localizes to the microtubule lattice
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at regions of antiparallel microtubule overlap of interphase microtubules and the
spindle. It accumulates to the overlaps thanks to its recruitment by the MAP65/PRC1family protein Ase1 that bundles microtubules (Bratman and Chang, 2007; Loiodice
et al., 2005). However, dynein-dependent Cls1 localization near microtubule plusends was also reported (Grallert et al., 2006). Cls1 is responsible for almost all the
rescue events at the spindle and interphase microtubules, indeed in cls1 mutants
rescues do not occur, however, other dynamic parameters remain unaltered. In vitro
studies suggest that Cls1 reduces catastrophe and increases rescue frequency by
binding the microtubules and directly recruiting tubulin dimers. Cls1 binds
microtubule through its basic S/R rich region and tubulin through its TOG domains.
Unlike animal cells, the fission yeast Cls1 binds to the overlaps and does not track
plus ends. Overexpression of Cls1 causes it to bind all along the lattice and increases
rescue frequencies (Bratman and Chang, 2007; Al-Bassam et al., 2010; Al-Bassam
and Chang, 2011). Thus both in vivo and in vitro studies suggest that Cls1 acts as a
microtubule rescue factor.

30

31

Background
When I started my PhD, one of the mechanisms, by which cells couple growth to
division under steady state conditions, was proposed by the Martin and the Nurse
labs. This involves as previously described the DYRK-family kinase Pom1 regulating
its substrate the mitotic inducer kinase Cdr2. This mechanism was proposed to act as
a cell size sensor in fission yeast. However what was unknown was whether this
mechanism of size regulation was subject to modifications from the external
environment in which cells grow and if so, what were the mechanisms of this
regulation. As changes in external environment affect cell size, we wondered if the
Pom1-Cdr2 pathway might be involved in this regulation. Further, both Pom1 and
Cdr2 were previously described to be affected by modulation of the environment.
Pom1 was shown to be distributed throughout the cell after pheromone treatment
(Niccoli and Nurse, 2002) and cdr1/cdr2 mutant cells were initially identified to
remain elongated even after nitrogen starvation (Young and Fantes, 1987; Rupes et al,
1997). This suggested that the pathway might be susceptible to changes in the
external environmental conditions.

Main goals
With this in mind the two main questions that my PhD thesis tried to answer are:
1) Whether and how Pom1 gradients are susceptible to changes in the
external environment?
2) What are the physiological implications of the above for fission yeast
cells?

Introduction to Chapters
In the following Chapter 2, I will present the major Results of my PhD work. In the
beginning I will describe how Pom1 localization is specifically affected by glucose
limitation via the PKA pathway. Then I will try to address the question of when and
where PKA activity is required for Pom1 re-localization. In the later part I will focus
on the role of Tea4 and microtubules, which are required for Pom1 gradient
formation. I will demonstrate that Pka1 destabilizes microtubules upon glucose
limitation. I will then talk about the role of kinesin-8 family proteins Klp5/Klp6 and
CLASP-Cls1, which I found to be epistatic to Pka1, in regulating microtubule
dynamics. Finally I will investigate the physiological importance of Pom1 relocalization by looking at cell size at division as a proxy for the cell cycle.
Next in Chapter 3, I will discuss the main findings of my thesis work and also propose
some future perspectives.
Finally in Chapter 4, I will describe the Materials and Methods that I have used in this
work.
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Chapter 2
Results
PKA

antagonizes

CLASP-dependent

microtubule

stabilization to re-localize Pom1 and buffer cell size
upon glucose limitation
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Pka1-dependent reversible re-localization of Pom1 around the cell cortex upon
glucose limitation
While studying the role of Pom1, we serendipitously observed that, in contrast to the
polar gradients formed in exponentially growing cells, Pom1 is detected all around the
medial cortex in saturated cultures (Fig S2.1A). This suggested that nutrient starvation
may trigger Pom1 re-localization. Thus I examined the effect of the two major
nutrient sources: carbon and nitrogen on Pom1 localization. Depletion of nitrogen for
up to 36h or shift from a good to a poor nitrogen source (glutamate to proline up to 70
minutes) did not modify Pom1 distribution (Fig S2.1C). By contrast, depletion of the
preferred carbon source, glucose, to levels similar to those measured in the saturated
cultures resulted in Pom1 re-localization (Fig 2.1A, C-D; S2.1B). Pom1 was almost
homogenous around the cell periphery in 0.03% glucose, a condition in which cells
grow very little, and was also less confined to cell poles in 0.08% glucose, in which
cells proliferate at very similar rates as in 2% glucose (Pluskal et al., 2011). Pom1 relocalization occurred quickly within 10 minutes, and was reversible, thus could be
rescued by replenishing glucose levels in the medium (Fig 2.1A). Measurement of
protein levels both by fluorescent imaging and western blotting showed no major
change in global Pom1 levels in the three glucose conditions tested (Fig S2.1D).
Other stresses, such as heat shock at a higher temperature (36ºC) or osmotic stress
(1M sorbitol) did not affect Pom1 localization (Fig S2.1I). Thus, Pom1 localization
responds to changes in external glucose levels.
The mechanism of glucose detection in fission yeast cells is well studied. It occurs via
a well-conserved cAMP-PKA pathway. Briefly, glucose is sensed by a dedicated Gprotein-coupled receptor (GPCR) at the plasma membrane, Git3, which activates the
Gα subunit Gpa2, in turn activating the adenylyl cyclase, Cyr1 (Hoffman, 2005).
Cyr1 activation leads to the production of cyclic AMP (cAMP), which eventually
leads to PKA activation. In pka1∆ cells grown to saturation or shifted to 0.08% or
0.03%G, Pom1 remained restricted to cell tips (Fig 2.1B, Fig S2.1A), indicating that
the PKA pathway may be required for Pom1 re-localization upon glucose limitation. I
further confirmed that the PKA pathway is required for Pom1 re-localization by
looking at mutants upstream to Pka1.All the mutants of this pathway: git3∆, gpa2∆,
cyr1∆, failed to re-localize Pom1 upon shift to low glucose (Fig 2.1 D-E).
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By contrast, cells deleted for the regulatory subunit of PKA, Cgs1, which exhibit
constitutive Pka1 activity (DeVoti et al., 1991), displayed normal tip-localized Pom1
in glucose-rich conditions and Pom1 re-localization in low glucose (Fig 2.1E). To test
if Pka1 could regulate Pom1 through direct phosphorylation, I mutated the three
predicted serine residues (S449, S566 and S669) on Pom1 to alanine. Mutation of
these sites either individually or in various combinations however, resulted in Pom1
re-localization in low glucose like in the wild type background. This finding lead me
to hypothesize that Pka1 may regulate Pom1 indirectly through one or more protein/s.
To verify further whether the re-localization of Pom1 depends specifically on the
PKA pathway, I studied the role of TOR and MAPK: two other major pathways that
transduce information about nutrient availability (Shiozaki, 2009; Yanagida et al.,
2011). Mutations in both the TORC1 and the TORC2 pathways, using the tor2-S and
tor1-D, at the restrictive temperature (37°C), showed cell-tip restricted Pom1 in 2%
glucose, while complete re-localization in 0.03% glucose much like wild type cells
(Fig S2.1F). I also tested the effect of TOR using an inhibitor torin1 that blocks both
the pathways (Atkin et al., 2013).
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Figure 2.1: Pka1 dependent reversible re-localization of Pom1 in limited glucose (A) Sum of 5
medial spinning disk confocal images taken over 30 seconds of Pom1-tdTomato in wild type cells
grown in 2% or 0.08% or 0.03% glucose for 1h. The last panel shows polar Pom1 upon 2% glucose
replenishment for 10min. (B) Pom1-tdTomato in pka1∆ cells grown and imaged as in (A) (C)
Distribution of cortical Pom1 from one cell tip to the other (0 = cell middle) in wild type cells obtained
with the Cellophane plugin. Average of indicated number of profiles in 8µm-long cells. Profiles
obtained from other cell lengths are similar (D) Box and whisker plot of cortical Pom1 fluorescence
intensity in the middle 2µm region in both wild type (n=31, 27, 35 cells) and pka1∆ (n=34, 24, 42
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cells) for 2%, 0.08% and 0.03%G respectively (E) Left: Schematic representation of glucose detection
by the PKA pathway. Right: Medial spinning disk confocal images of Pom1-tdTomato in mutants of
the PKA pathway. Arrowheads indicate Pom1 presence at cell sides. Scale bars are 5µm.

This treatment did not cause Pom1 re-localization in high glucose. A double treatment
of elevated Pka1 activity (using cAMP) and inhibition of TOR (using torin1) was also
not sufficient to rescue Pom1 re-localization in steady state levels suggesting that
TOR may not regulate Pom1 re-localization (Fig S2.1J). Deletion of the MAPK,
Sty1/Spc1, did not prevent Pom1 re-localization in low glucose, though Pom1
remained fairly enriched at cell tips. Similar results were obtained upon treatment
with the MAPK inhibitor SP600125, to acutely inhibit Sty1 (Hartmuth et al., 2009).
Interestingly hyper-activation of the MAPK pathway using the wis1DD allele
(Shiozaki et al., 1998), led to a drastic reduction in global levels of Pom1 (Fig S2.1E).
Thus, I concluded that the cAMP-PKA pathway is the major regulator of Pom1 relocalization upon glucose limitation with some contribution from the MAPK pathway.
In my thesis I decided to focus on the role of the PKA signal regulating Pom1.
I also examined the localization of Cdr2, which is the known substrate of Pom1. Cdr2,
which in steady-state glucose conditions is localized to the medial cell cortex forming
nodes, was distributed more widely around the cell cortex upon glucose limitation, in
a pka1-dependent manner (Fig S2.1G-H). The medial localization of Cdr2 depends on
Pom1 in steady state conditions, with Cdr2 seen towards the non-growing end in
pom1∆ cells. This regulation remained unaltered upon glucose limitation (Fig S2.1G).
This is consistent with the proposed role of Pom1 in regulating the cortex binding of
Cdr2 (Rincon et al., 2014).

PKA activity is required in low glucose to signal Pom1 re-localization
Previous data showed that nuclear-localized Pka1 represses transcription in presence
of glucose, with de-repression observed upon glucose depletion (Byrne and Hoffman,
1993; Hoffman and Winston, 1991; Higuchi et al., 2002). However, the cortical, fast
and reversible dynamics of Pom1 re-localization upon glucose depletion suggest this
may not be a transcriptional response. Published data suggests that Pka1 gets exported
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Figure S2.1: Pom1 re-localization upon glucose limitation is specific to the PKA pathway (A)
Localization of Pom1-tdTomato in wild type and pka1∆ cells grown to saturation at indicated time
points. (B) Measurement of glucose levels in wild type and pka1∆ grown to saturation (C) Localization
of Pom1-tdTomato in wild type cells before or after shift from glutamate to proline (top) or after
nitrogen withdrawal (bottom) at indicated time points. (D) Mean global Pom1-tdTomato levels in wild
type and pka1∆ cells grown in 2% or 0.08% or 0.03% glucose (G) for 1h as measured by imaging (top)
and mean Pom1-GFP levels as measured by western blotting. Levels were normalized to that in 2%G.
(n>28) for top panel (E) Localization of Pom1-tdTomato, in sty1∆, wild type cells treated with
SP600125 and wis1DD cells in 2% or 0.03%G for 1h. The panel of wis1DD is imaged in the same way as
the other panels, but contrasted differently, as the fluorescent signal is very weak. (F) Localization of
Pom1-tdTomato in mutants of the TOR pathway, tor1-D and tor2-S mutants grown at 25ºC and shifted
to 37ºC for 1h in 2% or 0.03%G. Arrowheads indicate Pom1 at cell sides. Images shown are medial
spinning disk confocal sections. Images shown are medial spinning disk confocal sections. (G) Sum of
5 medial spinning disk confocal images taken over 30 seconds of Cdr2-GFP in wild-type, pom1∆ and
pka1∆ cells grown in 2% or 0.08% or 0.03%G for 1h. (H) Distribution of cortical Cdr2 from one cell
tip to the other (0 = cell middle) in wild type cells (n=30, 28, 36) obtained with the Cellophane plugin.
Average of indicated number of profiles in 8µm-long cells. Profiles obtained from other cell lengths are
similar. (I) Localization of Pom1-tdTomato in wild type cells subjected to heat shock (36ºC) or
osmolarity stress (1M Sorbitol) for 1h. (J) Localization of Pom1-tdTomato in cgs2∆ and cgs2∆ pka1∆
cells in 2%G treated for 1h in the indicated manner. Simultaneous or individual treatment with cAMP
and torin1 did not result in Pom1 re-localization. Scale bars represent 5µm. Error bars show standard
deviation.

to the cytoplasm upon glucose limitation (Matsuo et al., 2008; Gupta et al., 2011).
Consistently, Pka1-GFP localized to the nucleus in presence of 2% glucose, but was
also present in the cytosol. This cytosolic concentration increased as it exited the
nucleus upon glucose starvation (Fig 2.2A). Cgs1 was shown to have a role in nuclear
export of Pka1 in glycerol and hyperosmotic stress but not when cells were grown to
stationary phase (Matsuo et al., 2008). I found that in cgs1∆ cells, nuclear and
cytosolic levels of Pka1-GFP remained constant in all glucose conditions tested (Fig
S2.2A). As these cells showed a wild type-like Pom1 distribution (Fig 2.1E), I
concluded that Pka1 may signal Pom1 re-localization from the cytosol, but that an
increase in cytosolic Pka1 levels cannot be the direct trigger for Pom1 re-localization.
I decided to address when Pka1 activity is required in two ways. First, I used cells
lacking cAMP, and thus PKA activity, due to deletion of the adenylyl cyclase cyr1.
To ensure no exogenous cAMP degradation, I combined this to the deletion of the
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Figure 2.2: Pka1 is active in low glucose to promote Pom1 side-localization (A) Maximum intensity
spinning disk projections of Pka1-GFP in wild type cells grown in 2%G or 0.08% or 0.03%G for 1h.
(B) Graph shows measurement of cytoplasmic and nuclear Pka1-GFP levels in the same cells as in A
(n>20) (C) Medial spinning disk confocal section of Pom1-tdTomato in cyr1∆cgs2∆ cells incubated
with 5mM cAMP in 2%G for 1h (left) and shifted to 0.03%G for 1h with the same amount of cAMP
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(middle) or without cAMP (right). Arrowheads indicate Pom1 at cell sides (D) Medial spinning disk
confocal section of Pom1-tdTomato in cyr1∆cgs2∆ cells grown in 2%G and incubated with increasing
amounts of cAMP at the time of shift 0.03%G for 1h (E) Medial spinning disk confocal section of
Pom1-tdTomato in pka1-as1 cells grown in 2%G (left) and shifted to 0.03%G without (middle) or with
10µM 3MB-PP1 (right). Arrowheads indicate Pom1 at cell sides. Scale bars are 5µm. Error bars are
standard deviations.

cAMP phospho-diesterase gene cgs2, making a double mutant (cyr1∆ cgs2∆). As
expected, cyr1∆ cgs2∆ cells failed to re-localize Pom1 exactly mimicking pka1∆
cells. However, addition of exogenous cAMP both before and throughout glucose
limitation restored PKA activity and resulted in Pom1 re-localization over the entire
cell cortex. However, if cAMP was washed out specifically at the time of shift to low
glucose, Pom1 failed to re-localize. This suggested that PKA activity is required in
low glucose (Fig 2.2C; S2.2C). Addition of up to 30mM cAMP selectively at the time
of shift to low glucose was not sufficient to trigger Pom1 re-localization (Fig 2.2D).
This indicated to me that PKA activity is required both during the glucose-rich and
glucose-poor phase to signal Pom1 spread. Control pka1∆ cgs2∆ cells treated the
same way retained polar Pom1, confirming that the action of cAMP occurs through
PKA activation (Fig S2.2B-C).
Second, I constructed an analog-sensitive Pka1 mutant allele (pka1as1), whose activity
can be selectively inhibited by addition of an ATP-analogue (Bishop et al., 2001).
Untreated pka1as1 cells behaved largely like wild type cells, with polar Pom1 in rich
glucose and Pom1 spreading in low glucose (Fig 2.2E). However I observed that these
cells were somewhat shorter than wild type, suggesting that Pka1as1 is not fully
functional (Fig S2.2D). Prolonged treatment with 10µM 3MB-PP1 mimicked a pka1
deletion (Fig S2.2E). Selective Pka1as1 inhibition only upon glucose limitation also
blocked Pom1 re-localization, indicating that PKA is active to promote Pom1 sidelocalization in glucose-limiting conditions (Fig2.2E). Together these data demonstrate
that cytosolic Pka1 is active during glucose limitation and its activity is required to
signal Pom1 re-localization.
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Figure S2.2: Pka1 is active in low glucose to promote Pom1 side-localization (A) Left: Images are
maximum intensity spinning disk projection of Pka1-GFP in cgs1∆ cells grown in 2%G or 0.08% or
0.03%G for 1h. Images show Pka1 in the GFP channel and Hoechst staining for chromatin in the UV
channel (cyan). Right: Measurement of cytoplasmic and nuclear Pka1-GFP levels in the same cells
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(n>20). (B) Localization of Pom1-tdTomato in control pka1∆ cgs2∆ cells incubated with 5mM cAMP
in 2%G (left panel) and shifted to 0.03%G with (middle) or without (right) cAMP. (C) Localization of
Pom1-tdTomato in cyr1∆ cgs2∆ and in control pka1∆ cgs2∆ cells incubated with 0.5mM cAMP in
2%G (left panel) and shifted to 0.03%G with (middle) or without (right) cAMP. Arrowheads indicate
Pom1 at cell sides. (D) Mean cell length at division of wild type and pka1-as1 cells treated with
increasing concentrations of 3MB-PP1 for 4h (n>75). Error bars are standard deviations (E)
Localization of Pom1-tdTomato in pka1-as1 cells treated with 10µM 3MB-PP1 in 2%G and imaged
after 4h in 2%G or after 4h in 2%G + 1h in 0.03%G. All images shown are medial spinning disk
confocal sections. Scale bars represent 5µm.

Mechanism of Pom1 re-localization upon glucose limitation
I considered three possible mechanisms of Pom1 re-localization: First, glucose
limitation may lead to Pom1 inactivation, causing its delocalization from the cell tips
as observed for the Pom1 kinase-dead (Pom1kd) allele (Bahler and Pringle, 1998;
Hachet et al., 2011). Previous work had shown using the Pom1-kd allele, that
inactivation of Pom1 slows down its FRAP, yielding a longer recovery half-time (t1/2).
This is because inactive Pom1 is in an un-phosphorylated state and binds the plasma
membrane more tightly than active Pom1 (Hachet et al., 2011). Thus I decided to use
FRAP measurements as a way to test Pom1 activity in low glucose using the same
parameters as described in Hachet et al., 2011. Glucose depletion did not alter Pom1
FRAP dynamics in wild type cells, which remained significantly higher than those of
Pom1kd (Fig S2.3A-B). This indicates that Pom1 remains active in low glucose, and
the re-localization observed is not due to a loss of Pom1’s ability to autophosphorylate and detach from the membrane. The second possibility is that glucose
limitation may alter the membrane composition or potential thus increasing the
intrinsic affinity of Pom1 for the plasma membrane. To verify this hypothesis, and to
uncouple the role of Pom1 activity from binding, I did FRAP measurements on the
pom1kd allele in all glucose conditions. As mentioned above, Pom1kd recovers
significantly slower than wild type Pom1 in 2% glucose (Fig S2.3A-B). Upon glucose
limitation, the recovery was even slower suggesting an increase in the intrinsic
affinity of Pom1 for the plasma membrane, independently of its phosphoregulation.
This may be due to changes in the membrane composition or potential.
Previous work showed that Pom1 is cytosolic in tea4∆ cells in 2%G, because it
cannot be dephosphorylated and thus fails to associate with the membrane. In
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Figure S2.3: Pom1 remains active and its localization depends on Tea4 upon glucose limitation
(A) Fluorescence recovery after photo-bleaching (FRAP) analysis on wild type cells expressing Pom1GFP grown in 2%G or 0.08%G or 0.03%G for 1h. (B) FRAP analysis on the Pom1kd–GFP allele grown
in the same conditions as in (A) (C) Localization of Pom1-GFP in tea4∆ and tea4∆ pka1∆ cells grown
in 2%G or 0.03%G for 1h (D) Localization of Tea4-tdTomato in wild-type and pka1∆ cells grown to
saturation. Arrowheads indicate Tea4 dots present at cell sides. All images shown are medial spinning
disk confocal sections. Scale bars represent 5µm.
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0.03%G, Pom1 also remained largely cytosolic, though a weak signal was detected at
the cell cortex (Fig S2.3C, arrowheads). Thus in agreement with data shown in panel
B, glucose limitation modestly increases the intrinsic affinity of Pom1 for the plasma
membrane, possibly through changes in membrane potential. However, this modest
effect is unlikely to explain the important redistribution observed in wild type
glucose-starved cells. In addition, the localization of Pom1 was identical in pka1∆
tea4∆, suggesting that the modest increase in Pom1’s affinity for the membrane in
low glucose is independent of Pka1. Additionally, as pka1∆ tea4∆ cells behave
exactly like tea4∆ for Pom1 localization, I concluded that Pka1 regulates Tea4 to
modulate Pom1 localization.
I thus considered the third possibility of the delivery of Tea4 being altered upon
glucose limitation. Indeed the localization of Tea4 was drastically changed upon
glucose withdrawal (Fig 2.3A,C): in 0.08% glucose, there was an increase in the
cortical levels of Tea4 in the middle of the cell and in 0.03% glucose, Tea4 was
delocalized from cell poles and distinct Tea4 dots were present around the cell
periphery. Further, microtubule tracks could not be detected in 0.03%G. Tea4 relocalization reversibly occurred within 10 minutes of shift to low glucose and was
pka1-dependent (Fig 2.3B, D). Thus in pka1∆ cells, active Tea4 transport towards the
cell tips could be observed. The time required for Tea4 re-localization corresponds
well to that observed for Pom1. Tea4 was also present on cell sides in wild-type cells
grown to saturation (Fig S2.3D). As the localization of Tea4 on cell sides is sufficient
to recruit Pom1 (Hachet et al., 2011), I concluded that upon glucose limitation, Pka1
regulates Tea4 localization, which in turn recruits Pom1.

Pka1 controls microtubule stability
To understand the mechanism of Tea4 re-localization, I studied microtubule behavior
under limited glucose conditions. Since microtubule stability is sensitive to external
conditions, I made use of flow-chambers to maintain a uniform glucose concentration.
In steady state conditions of 2% glucose, microtubules formed 3-4 antiparallel
bundles extending from one tip to the other. A shift to 0.03% glucose caused a
dramatic, rapid, reversible loss of long interphase microtubules in less than 5 minutes,
with 37% cells exhibiting short dynamic microtubules and 63% displaying only
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Figure 2.3: Pka1-dependent reversible Tea4 re-localization around the cell cortex upon glucose
limitation (A) Sum of 5 medial spinning disk confocal images taken over 30 seconds of Tea4tdTomato in wild-type cells grown in 2%G or 0.03%G for 1h. Arrows indicate Tea4 tracks on
microtubules. Arrowheads indicate Tea4 dots at cell sides (B) Localization of Tea4-tdTomato in pka1∆
cells grown as in (A) (C) Distribution of cortical Tea4 from one tip to the other (0 = cell middle) in
wild type cells obtained with the Cellophane plugin. Average of indicated number of profiles in 8µmlong cells. Profiles obtained from other cell lengths are similar (D) Box and whisker plot of cortical
Tea4 fluorescence intensity in the middle 2µm region in both wild type (n=45, 31, 64) and pka1∆
(n=71, 66, 62) cells. Scale bars represent 5µm.

microtubule stubs (stable regions of microtubule overlap) (Fig 2.4A, C). As medium
exchange in the flow-chamber takes about 3 minutes, the effect occurred within 2
minutes of glucose deprivation. Mitotic spindles however were resistant and kept
elongating under these conditions. Short dynamic microtubules were observed in cells
kept in 0.03%G for up to 20h, after which microtubules disappeared completely from
all cells presumably due to depletion of energy.
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In 0.08% glucose, microtubules remained long but were also destabilized. First, they
were de-polymerized by sub-optimal MBC levels (1µg/ml) that did not affect
microtubules in 2% glucose (Fig 2.4D). Second, they showed increased shrinkage rate
and dynamicity (length change of microtubules in any direction over time), as
compared to cells grown in 2% glucose (Fig 2.4E). Finally, 23.8% of microtubule
catastrophes occurred upon contact at the lateral cortex (vs. only 9.2 % in 2% glucose;
Fig2.4F). These catastrophes at cell sides led to sustained Tea4 contact and temporary
deposition at the lateral cortex (Fig 2.4G). Thus, frequent microtubule catastrophes at
cell sides may promote Tea4 and thus Pom1 re-localization upon glucose starvation.
Microtubule destabilization upon glucose limitation was entirely dependent on Pka1.
In pka1∆ cells, microtubules remained long when cells were shifted to 0.03% glucose
for up to 30h, after which microtubules disappeared completely as in the wild type
situation (Fig 2.4B-C). In 0.08% glucose, they were not de-polymerized by suboptimal dosage of MBC (Fig 2.4D), the dynamic microtubule parameters and location
of catastrophes at cell sides were not altered as compared to pka1∆ cells grown in 2%
glucose (Fig 2.4E-F). Even in 2% glucose, microtubules were significantly more
stable in pka1∆ than wild type cells, displaying higher resistance to MBC treatment
and slower shrinkage rate and dynamicity (Fig 2.4D-E).
Conversely, Pka1 over-expression caused faster microtubule shrinkage rates, higher
dynamicity and 30.2% of catastrophes occurring along the lateral cell cortex (Fig
S2.4A; Table1). As pka1 overexpression causes cell elongation, I controlled for the
effect that cell length may have on microtubule dynamics by using elongated cdc2522 cells. In these cells, microtubules showed largely wild-type dynamic parameters,
with 20% side catastrophes, a percentage significantly lower than that observed upon
pka1 overexpression (Fig S2.4A; Table1). These data indicate that Pka1 negatively
regulates microtubule stability.
I next asked the question if microtubule de-stabilization was sufficient to trigger both
Tea4 and Pom1 side-relocation. Indeed, Tea4 and Pom1 partly re-localized to cell
sides in glucose-starved pka1∆ cells when microtubules were destabilized either by a
10 min MBC treatment (Fig S2.4C-D), or by deletion of the microtubule stabilizing
+TIP complex (Fig S2.4E). Similarly, Pom1 localized along cell sides in pka1overexpressing cells even in 2% glucose, but not in control cdc25-22 mutant cells (Fig
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Figure 2.4: Pka1 negatively regulates microtubule stability (A) Epifluorescence deconvolved
maximum intensity projection images of wild type cells expressing GFP-Atb2 grown in microfluidic
chambers in 2%G and 5 and 10 min after shift to 0.03%G (B) GFP-Atb2 in pka1∆ cells grown as in (A)
(C) Percentage of wild type (n=68) and pka1∆ (n=59) cells with indicated microtubule organization in
0.03%G for 10min in microfluidic chambers (D) Maximum projection of spinning disk confocal
images of wild type and pka1∆ cells expressing GFP-Atb2 treated with the indicated concentrations of
MBC for 10min in 2% or 0.08%G. The graph (right) shows the number of microtubule stubs left after
10min 25µg/ml MBC treatment (n>45 cells) (p=0.001) (E) Mean microtubule shrinkage velocity (left)
(p=0.008, p=0.56) and dynamicity (right) (p=0.031, p=0.54) in wild type and pka1∆ cells grown under
2%G or 0.08%G for 1h (n>27 microtubules) (F) Percentage of microtubule catastrophes occurring at
the cell-sides in wild-type and pka1∆ cells (n>100 catastrophe events) grown as in (E) (p=0.002,
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p=0.926) (G) Time-lapse imaging of Tea4-tdTomato and GFP-Atb2 in wild type cells shifted to
0.08%G for 1h acquired on the spinning disk confocal microscope. The first 6 images are maximum
projections of 2 Z-sections. The last image is a projection of the 3 time points shown after microtubule
catastrophe. Arrowheads indicate Tea4 presence at the lateral cell cortex after microtubule catastrophe.
Scale bars represent 5µm. Error bars are standard deviation. Statistical significance was derived using
student’s t-test.

S2.4B). Thus, Pka1 promotes microtubule destabilization, which causes Tea4 and thus
Pom1 re-localization to cell sides.

Pka1 regulates microtubule stability independently of the +TIP complex
To dissect the mechanism by which Pka1 destabilizes microtubules, I conducted a
limited epistasis screen between pka1∆ and mutations in known microtubule
associated proteins (MAPs) in 2% glucose, initially measuring microtubule shrinkage
rates as read-outs. I reasoned that if Pka1 regulates a MAP, the double mutant of
MAP∆ pka1∆ would show the same phenotype as the single MAP∆. If however, a
MAP is not regulated by Pka1, the phenotype would be additive. As mentioned above,
single, double and triple deletions of genes encoding the +TIP complex (the kinesinlike protein-Tea2, the CLIP170 family protein-Tip1 and the EB1 homologue-Mal3),
in which microtubules are destabilized (Beinhauer et al., 1997; Browning et al., 2000;
Brunner and Nurse, 2000), restored Pom1 side-localization to glucose-starved pka1∆
cells. However all deletions showed additive effects with pka1∆ for microtubule
shrinkage

velocities.

Similarly,

deletion

of

the

TOG-domain

protein

Alp14/XMAP215, shown to accelerate microtubule assembly (Al-Bassam et al.,
2012) was additive with pka1∆. (Table1) These additive phenotypes indicate that
Pka1 does not modulate microtubule stability through these MAPs.

Pka1 regulates microtubule dynamics through CLASP and Kinesin-8
Interestingly, single and double deletions of kinesin-8 family members, klp5∆ or
klp6∆, and mutation in the essential cls1/peg1 gene, which encodes a CLASP
homologue, masked the effect of pka1∆ for microtubule shrinkage rates. Kinesin-8
proteins belong to a conserved kinesin sub-family shown to possess microtubule de51

Figure S2.4: Microtubule destabilization is sufficient to restore Tea4 and Pom1 side-localization
in pka1∆ cells (A) Mean microtubule shrinkage velocity (left) and dynamicity (right), in wild-type,
cdc25-22 and pka1OE cells grown in 2%G (n=30, 20, 24) (p=0.2, p<10-11, p<10-7). Statistical
significance was derived using student’s t-test. Error bars are standard deviations. (B) Medial
spinning disk confocal images of Pom1-tdTomato Pka1 over-expressing cells grown in 2%G (left).
Elongated cdc25-22 cells are used as control (right). Arrowheads mark Pom1 at cell sides. (C) Sum
of 5 medial spinning disk confocal images taken over 30 seconds of Pom1-tdTomato and Tea4tdTomato in pka1∆ cells grown in 2%G, shifted to 0.03%G for 10min, and treated with DMSO
(control) or 25µg/ml MBC at the time of shift. Arrowheads indicate Pom1 and Tea4 side localization
in MBC treated cells. (D) Box and whisker plot of cortical Pom1 and Tea4 fluorescence intensity in
the middle 2µm region in pka1∆ cells treated as in (C). (E) Medial spinning disk confocal images
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of Pom1-tdTomato in mal3∆ tip1∆ tea2∆ triple mutant (+TIP∆) in pka1+ (left) or pka1∆ (right) cells
grown in 2%G or shifted to 0.03%G for 1h. Arrowheads indicate Pom1 at cell sides. Similar results
were obtained using tip1∆ single mutant in pka1+ or pka1∆ cells. Scale bars represent 5µm.

polymerization activity (Gupta et al., 2006; Mayr et al., 2007; Varga et al., 2006). In
fission yeast, Klp5 and Klp6 form hetero-dimers that regulate chromosome
segregation by controlling microtubule dynamics (Garcia et al., 2002; West et al.,
2001). In vivo evidence has further shown that the Klp5/Klp6 heterodimer provides a
length-dependent regulation of microtubule catastrophe, by being more enriched on
and specifically enhancing the catastrophe rate of long microtubules (Tischer et al.,
2009). However, in vitro characterization of fission yeast kinesin-8 proteins did not
detect noticeable depolymerase activity (Erent et al., 2012; Grissom et al., 2009).
Remarkably, though klp5∆ and klp6∆ mutants displayed only modestly diminished
microtubule dynamics compared to wild type cells (Unsworth et al., 2008) pka1∆
failed to modify any of the global growth or shrinkage rates, and catastrophe or rescue
frequency parameters in these deletions. Consequently, microtubule dynamicity was
identical in klp5∆ klp6∆ pka1∆ triple mutants and in klp5∆ klp6∆ double mutants.
This epistasis held true when cells were grown in 0.08% glucose (Fig 2.5A, Table1).
Significantly, in this growth condition, microtubule catastrophes frequently occurred
at the sides of both klp5∆ klp6∆ and klp5∆ klp6∆ pka1∆, in contrast to the cell tiprestricted catastrophes of pka1∆ cells (Fig 2.5B). These data thus suggest that Pka1
controls microtubule dynamics by regulating the kinesin-8 heterodimer.
However, kinesin-8 mutations did not mask all aspects of the pka1∆ phenotypes.
First, klp5∆ klp6∆ pka1∆ triple mutant cells displayed more stable microtubules than
klp5∆ klp6∆ double mutants, upon incubation of cells in 0.03% glucose (Fig 2.5C-D),
suggesting PKA has additional targets for regulation of microtubule stability. Second,
even though both the double and triple mutants showed a large percentage of
microtubules contacting the cell-side in low glucose, Tea4 dots could not be detected
at the lateral cortex in all cells of klp5∆ klp6∆ (Fig 2.5C, E). A large percentage of
cells showed polar Tea4 while some showed cortical dots all around the periphery.
Thus, quantification of Tea4 revealed a mild increase on cell sides compared to wild
type cells in limited glucose. By contrast the triple mutant showed polar Tea4
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Figure 2.5: Pka1 regulates microtubule dynamics through the kinesin-8 family proteins (A) Mean
microtubule shrinkage velocity in wild-type, pka1∆, klp5∆klp6∆ and klp5∆klp6∆pka1∆ strains grown
in 2%G or 0.08%G for 1h (n>25 microtubules) (p=0.008, p=0.56, p=0.65, p=0.44). (B) Percentage of
microtubule catastrophes occurring at cell sides in the same strains, grown as in (A) (n>100 catastrophe
events) (p=0.002, p=0.926, p=10-7, p=0.0002). Statistical significance is derived using student’s t-test.
Error bars are standard deviations. (C) Maximum intensity projection of spinning disk images of GFP54

Atb2, and sum of 5 medial spinning disk confocal images taken over 30 seconds of Tea4-tdTomato and
Pom1-tdTomato in klp5∆ klp6∆ and klp5∆ klp6∆ pka1∆ cells grown in 2%G and shifted to 0.03%G for
1h. Scale bar represents 5 µm. (D) Percentage of wild-type (n=68), pka1∆ (n=59), klp5∆klp6∆ (n=103)
and klp5∆klp6∆pka1∆ (n=64) cells showing the indicated microtubule organization after shift to
0.03%G for 10min at 36°C. (E) Box and whisker plot of cortical Tea4 fluorescence intensity in the
middle 2µm region in both klp5∆ klp6∆ and klp5∆ klp6∆ pka1∆ cells in 2%G and shifted to 0.08%G
and 0.03%G for 1h (F) Box and whisker plot of cortical Pom1 fluorescence intensity in the middle
2µm region in both klp5∆ klp6∆ and klp5∆ klp6∆ pka1∆ cells grown as in (E).

consistent with the more stable microtubules. As a consequence, Pom1 was largely
restricted to cell ends in 0.03%G with a modest increase observed at cell sides in the
double mutant and almost none in the triple mutant (Fig 2.5C, F). Thus in spite of
microtubules undergoing catastrophe at cell sides, these mutants largely fail to deposit
Tea4 and re-localize Pom1 to cell sides. One hypothesis, which should be investigated
in future studies is whether kinesins-8 are involved in the transfer of Tea4 from the
microtubule plus end to the cell cortex.
I then turned my attention to CLASP, a conserved microtubule stabilizer (Al-Bassam
and Chang, 2011). CLASP was initially identified as a cytoplasmic linker (CLIP)associated protein, and tracks microtubule plus ends in many animal cells
(Akhmanova et al., 2001) The sole fission yeast CLASP, Cls1/Peg1 (Cls1 below), is
an essential protein that localizes prominently to zones of antiparallel microtubule
overlap and promotes the rescue of microtubules (Al-Bassam et al., 2010; Bratman
and Chang, 2007). Several lines of evidence showed that Pka1 modulates microtubule
dynamics through CLASP. As Cls1 is an essential gene I used a published
temperature-sensitive mutant cls1-36, at the restrictive temperature of 36°C.
Consistent with previous observations, inactivation of Cls1, revealed no or only minor
effect on microtubule dynamics (Bratman and Chang, 2007 and Table 1). Surprisingly
however, cls1-36 masked the effect of pka1∆ for all microtubule dynamic parameters
in both 2% and 0.08% glucose (Fig 2.6A). The cls1-36 mutant also restored frequent
side-catastrophes in pka1∆ cells in 0.08% glucose (Fig 2.6B), and microtubule
destabilization in 0.03% glucose (Fig 2.6 C-D). Thus, in absence of PKA, CLASP
modulates microtubule dynamics. However, more long microtubules were observed in
double cls1-36 pka1∆ than the single cls1-36 mutant in 0.03% glucose (Fig 2.6D),
suggesting PKA may signal through additional MAPs for microtubule de55

Figure 2.6: Pka1 regulates microtubule dynamics through CLASP to trigger Tea4 and Pom1
side-localization (A) Mean microtubule shrinkage velocity in wild-type, pka1∆, cls1-36 and cls1-36
pka1∆ strains grown in 2%G or 0.08%G for 1h at 36°C (n>15 microtubules) (p=0.9, p=0.93, p<10-9).
(B) Percentage of microtubule catastrophes occurring at cell sides in the same strains, grown as in (A)
(n>70 catastrophe events) (p<10-8 p=0.46 p=0.015 p= 0.00013). Statistical significance is derived using
student’s t-test. Error bars are standard deviations. (C) Maximum intensity projection of spinning disk
images of GFP-Atb2, and sum of 5 medial spinning disk confocal images taken over 30 seconds of
Tea4-tdTomato and Pom1-tdTomato in cls1-36 and cls1-36 pka1∆ cells grown in 2%G at 25ºC and
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shifted to 36ºC for 1h in either 2%G or 0.03%G. Arrowheads indicate Tea4 or Pom1 side-localization.
Scale bar represents 5 µm. (D) Percentage of wild-type (n=38), pka1∆ (n=32), cls1-36 (n=100) and
cls1-36 pka1∆ (n=119) cells showing the indicated microtubule organization after shift to 0.03%G for
10min at 36°C. (E) Box and whisker plot of cortical Tea4 fluorescence intensity in the middle 2µm
region in both cls1-36 and cls1-36 pka1∆ cells at 36°C with cells grown in 2%G at 25ºC and shifted to
36ºC for 1h in either 2%G or 0.08%G or 0.03%G. (F) Box and whisker plot of cortical Pom1
fluorescence intensity in the middle 2µm region in both cls1-36 and cls1-36 pka1∆ cells at 36°C with
cells grown as in (E).

Figure S2.6: Microtubule stabilization through CLASP over-expression mimics a pka1∆
phenotype: Maximum intensity spinning disk images of GFP-Atb2 and Pom1-tdTomato in cls1overexpressing (nmt41-cls1) cells grown in 2%G or shifted to 0.03%G for 1h. cls1 expression was
induced by thiamine removal for 16-18h before low-glucose shift. Scale bar represents 5 µm.

stabilization. CLASP inactivation further restored both Tea4 and Pom1 sidelocalization upon glucose starvation in pka1∆ cells (Fig 2.6C, E-F). Conversely, cls1
overexpression, which promotes microtubule stabilization, led to restriction of Pom1
at cell tips even upon glucose limitation, mimicking the pka1∆ phenotype (Fig S2.6).
CLASP binds the microtubule lattice with high affinity through its S/R-rich region
and also binds to the tubulin dimer through its N-terminal TOG domains. CLASP thus
recruits tubulin dimers to promote rescue (Bratman and Chang, 2007; Al-Bassam et
al., 2010). In vivo, Cls1 is recruited to zones of microtubule overlaps by the
microtubule bundling protein Ase1 and exhibits little movement on the microtubule
lattice (Bratman and Chang, 2007). Dynein-dependent Cls1 localization near
microtubule plus-ends was also reported (Chiron et al., 2008; Grallert et al., 2006).
Cls1 localization was significantly altered both in low-glucose and in pka1∆ cells. In
pka1∆ cells, Cls1 showed increased levels on microtubules and often formed multiple,
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Figure 2.7: Pka1 promotes microtubule destabilization by negatively regulating Cls1 (A)
Maximum intensity spinning disk projections showing time-lapse imaging of Cls1-3GFP and mCherryAtb2 in wild-type and pka1∆ cells grown in 2%G. Arrowheads highlight Cls1 dots on microtubules.
(B) Maximum intensity spinning disk projections of Cls1-3GFP and mCherry-Atb2 in wild-type and
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pka1∆ cells grown in in2%G or 0.08%G or 0.03%G for 1h. Arrowheads indicate Cls1 dots present on
microtubule overlaps. Arrows point to Cls1 foci not on microtubules. (C) Percentage of Cls1 foci not
on microtubules in cells as in (B) (n>96). (D) Time-lapse imaging of GFP-Atb2 in wild-type and pka1
over-expressing (pka1OE) cells transformed with pnmt1-cls1(1-500)-mCherry grown in 2%G and
induced without thiamine for 14-16h. Arrowheads indicate stable microtubules in wild type (upper
panel) and arrows track microtubule shrinkage events in pka1OE (bottom panel) cells. Scale bar
represents 5 µm. (E) Percentage of cells showing dynamic or at least one stabilized microtubule bundle
in strains as in (D). Cells with similar range of Cls1 fluorescence levels were chosen for this analysis.
(F) Schematic depicting the mechanism of Pom1 side-localization under glucose limitation conditions.
The left part of the cell shows the situation in high glucose, when CLASP rescues microtubules
allowing them to reach cell ends. The right part of the cell shows the situation in low glucose, when
PKA activity antagonizes the microtubule-stabilizer CLASP. Microtubules thus become destabilized
and undergo catastrophe at the lateral cortex, depositing Tea4 there. Tea4 mediated de-phosphorylation
of Pom1 leads to an increase in its levels at cell sides, promoting mitotic delay.

more mobile dots on a single microtubule, though global Cls1 levels were only
modestly changed compared to wild type (Fig 2.7A, Fig S2.7 A-C). In low glucose,
Cls1 also showed enhanced local levels and formed strong foci near the cell middle
(Fig 2.7B). Whereas most of these foci localized on microtubule bundles in pka1∆
cells, 12-35% were at sites lacking microtubules in wild type cells (Fig 2.7C). These
foci that do not contain microtubules may represent less active or inactive Cls1 in
agreement with the less stable microtubule bundles seen in these conditions in wild
type cells. I was unable to test for the presence of Ase1 in these foci, as colocalization experiments using Ase1-mCherry and Cls1-3GFP showed synthetic
effects. However, deletion of neither Ase1 nor the dynein Dhc1 masked the effect of
pka1∆ on microtubule dynamics and Pom1 localization, suggesting Pka1 does not
regulate Cls1 through these targeting factors (Table 1). Thus PKA may render Cls1
less active for microtubule rescue, leading to complete loss of the microtubule bundle.
Additionally, I also found that Pka1 overexpression was able to mitigate the Cls1
TOG domains-dependent microtubule stabilization (Fig 2.7D-E), suggesting Pka1
reduces the activity of Cls1 in microtubule stabilization.
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Figure S2.7: Local and global Cls1-GFP levels in wild-type and pka1∆ cells. (A) Mean global
levels of Cls1-3GFP in wild-type and pka1∆ cells in 2% or 0.08% glucose, normalized to wild-type
level in 2% glucose (n>26). (B) Mean ratio between Cls1 and Atb2 local fluorescence on microtubule
bundles in wild-type and pka1∆ cells in 2% or 0.08% glucose, normalized to wild-type level in 2%
(n>27) (C) Western blot quantifications of Cls1-3GFP in wild-type and pka1∆ cells in 2% or 0.08%
glucose, normalized to wild-type level in 2% glucose Statistical significance was derived using
students t-test. Error bars are standard deviations.

Pom1 re-localization buffers against excessive cell shortening upon glucose
limitation
I examined the physiological consequences of Pom1 re-localization in low glucose, by
examining cell length at division as a proxy of cell cycle length (Fantes, 1977). I
measured cell length at division in the standard conditions of 2% glucose and in
0.08% glucose, in which cells show reliable growth and division patterns, though at
shorter size (Pluskal et al., 2011, Table 2).
Pka1 plays an ill-understood function in cell cycle progression. Indeed, pka1∆ cells
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are short, and pka1 overexpression yields long cells, suggesting Pka1 delays the cell
cycle (Maeda et al., 1994; Yu et al., 1994). Previous work placed Pka1 upstream of
MAPK signaling (Navarro et al., 2012; Stettler et al., 1996). Consistently, in 2%
glucose, deletion of the MAPK Sty1 was largely epistatic over Pka1, with sty1∆
pka1∆ double mutants dividing at a length similar to sty1∆ single mutants. Pom1 and
Pka1 seem to regulate cell length through parallel pathways as pom1∆ and pka1∆
were additive, with double mutants dividing at shorter size than either single mutant.
By contrast, in 0.08% glucose, sty1∆ pka1∆ double mutants were significantly shorter
than sty1∆ single mutants, suggesting that in these conditions Pka1 plays an additional
role that is not upstream of Sty1. Interestingly pom1∆ pka1∆ double mutant divided at
the same length as pom1∆ single mutant, suggesting Pom1 is largely epistatic over
Pka1 in these conditions. I thus concluded that Pka1 regulates both MAPK and Pom1
pathways, with contributions depending on glucose conditions.
To better understand the changes in cell size upon glucose limitation, I devised an
adaptation index representing the percent difference in cell lengths between 2% and
0.08% glucose. Wild type cells reduce in length by about 12%. As is the case upon
nitrogen limitation (Petersen and Hagan, 2007; Petersen and Nurse, 2007; Shiozaki
and Russel, 1995), MAPK likely promotes mitotic entry upon glucose limitation, as
sty1∆ cells did not shorten in 0.08% glucose. Instead, these cells became longer,
yielding a negative adaptation index. Remarkably, this negative adaptation was
abolished by pom1 deletion. Consistently, pom1 deletion or inactivation caused hyperadaptation with cells loosing 25% of their length in low glucose, suggesting Pom1
plays a comparatively more important role to delay mitosis in glucose-limiting
conditions. I further confirmed that the newly recruited, membrane-associated Pom1
activity delays mitosis through Cdr2 regulation, as in cells grown in glucose-rich
medium. First, pom1KD cells bearing a kinase-dead allele were indistinguishable from
pom1∆, indicating Pom1 kinase activity is required. Second, tea4 mutant cells, in
which Pom1 is largely cytosolic (Hachet et al., 2011), showed hyper-adaption to
glucose limitation like pom1∆, indicating that Pom1 signals from the plasma
membrane. Third, mutation of 6 Pom1 auto-phosphorylation sites in pom16A,
previously shown to delocalize active Pom16A around the cell cortex even in rich
medium (Hachet et al., 2011) severely dampened cell length adaption to low glucose.
Fourth, cdr2∆ was epistatic to pom1∆ under limiting glucose, like in rich medium,
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and also showed dampened adaptation. Finally, I found that the cdr2T166A allele,
carrying a mutation of the activation loop preventing phosphorylation by the
activating kinase Ssp1 (Deng et al., 2014), showed hyper-adaption to glucose
limitation, similar to pom1∆. This is consistent with the proposed model that Pom1
blocks activation of Cdr2 by Ssp1 (Deng et al., 2014). However, mutation of the Cterminal Pom1 phosphorylation sites in cdr2S755A-758A, through which Pom1 was
proposed to inhibit Cdr2 activity (Bhatia et al., 2013; Deng et al., 2014), was epistatic
to pom1∆ in high, but not low glucose, and did not show hyper-adaption to glucose
limitation, suggesting other modes of Cdr2 regulation by Pom1 exist. Together these
data suggest that the higher levels of Pom1 along cell sides in low glucose conditions
impose a stronger inhibition on Cdr2, balancing the mitosis-promoting effect of the
MAPK pathway.
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Table1: Microtubule dynamic parameters of the indicated strains
a

Shrinkage

Growth

Freq.

Freq.

%G Genotype

25ºC

% side
catastrophes

rate

rate

catastrophe

rescue

8.06±1.47

3.3±0.57

0.53±0.13

0.51±0.14

23.4±3.84

9.17±10.5

0.08 WT

9.34±2.1

2.9±0.83

0.63±0.28

0.61±0.2

26.2±5.5

23.80±15.7

2

pka1∆

5.55±1.13

2.95±0.56

0.53±0.13

0.6±0.19

17.06±2.9

5.80±7.3

0.08 pka1∆

5.36±1.23

3.06±0.70

0.36±0.12

0.36±0.14

17.53±2.9

6.60±12.9

2

klp5∆ klp6∆

7.55±1.37

3.08±0.51

0.3±0.16

0.31±0.13

20.47±5.25

4.1±0.07

0.08 klp5∆ klp6∆

7.97±1.39

2.97±0.48

0.48±0.12

0.37±0.14

24.5±4.7

25.6±10.8

7.36±1.47

3.05±0.56

0.28±0.14

0.26±0.13

21.07±3.48

5.4±0.09

7.21±1.73

3.14±0.58

0.34±0.14

0.26±0.19

23.5±6.7

18.5±12.7

11.2 ± 3.04 4.6 ± 1.37

0.59 ± 0.2

0.58 ± 0.15 31.83±8.25

2

2

0.08
2

36ºC

Dynamicity

WT

klp5∆klp6∆
pka1∆
klp5∆klp6∆
pka1∆
WT

0.08 WT

12.2 ± 3.0

2

6.03 ± 1.25 3.8 ± 0.68

pka1∆

0.08 pka1∆

6.19 ± 1.7

2

11.13 ± 2.9 4.45 ± 0.8

cls1-36

0.08 cls1-36
2

0.08

cls1-36
pka1∆
cls1-36
pka1∆

26.8±7.3
0.41 ± 0.09

0.47 ± 0.11 19.63±2.14

11.4 ± 2.6

2.4±3.9
4.9±8.1

0.47 ± 0.16

0.44 ± 0.15 31.89±6.16

11.7 ± 2.5
11.19 ± 2.7 4.09 ± 0.9

3.07±4.2

3.1±4.3
32.4±28.8

0.5 ± 0.14

0.48 ± 0.12 31.33±6.59

3.58±4.58

28.1±16.05
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Shrinkage

Growth

Freq.

Freq.

%G Genotype

Dynamicity

% side
catastrophes

rate

rate

catastrophe

rescue

Pka1-OE

13.1±2.1

3.59±0.45

0.71±0.15

0.7±0.17

32.1±8.1

30.2±24.3

cdc25-22

8.35±1.3

3.93±0.98

0.37±0.2

0.39±0.17

25.2±4.2

20.1±16.9

mal3∆

6.09±1.45

mal3∆
pka1∆
tea2∆

4.5±0.85
10.09±2.23

tip1∆

7.74±1.03

tip1∆ pka1∆

5.98±0.83

tip1∆ tea2∆
2

25ºC

tea2∆ pka1∆ 6.98±1.26

mal3∆
tip1∆ tea2∆
mal3∆pka1∆
alp14∆
alp14∆
pka1∆
ase1∆

8.4±2.0

5.0±0.18
4.7±0.58
3.7±0.58
8.3±1.67

ase1∆ pka1∆ 5.7±1.24
dhc1∆

8.0±1.23

dhc1∆pka1∆

4.62±1.12
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Table 2: Mean cell length at division of the strains used in this thesis
Genotype(
(

Mean(cell(length(at(division(

Adaptation(index(

p(value(

2%G

0.08%G

(

(

WT

13.9±1.33

12.2±1.57

12.23

>10-14

pka1∆

11.14±1.9

10.94±3.03

1.79

0.56

sty1∆

23.04±2.61

24.6±5.4

-6.77

0.0002

sty1∆ pka1∆

22.7±3.1

21.2±3.2

6.6

>10-7

pom1∆

11.58±1.7

8.69±1.26

24.95

>10-49

pom1∆ pka1∆

9.07±1.77

8.64±2.17

4.74

0.12

pom1∆ sty1∆

17.4±1.99

16.6±2.08

4.59

0.0048

cdr2∆

22.25±1.86

21.24±3.9

4.5

>10-8

pom1∆ cdr2∆

21.8±3.02

20.5±2.95

6.3

>10-6

pom16A

19.38±1.38

18±3.5

7.12

>10-5

pom1KD

11.5±1.5

8.2±1.7

28.69

>10-34

tea4∆

15.1±1.01

9.6±0.9

36.5

>10-82

tea4RVXF*

15.1±0.9

10.5±1.1

30.67

>10-60

cdr2T166A

18.22±1.57

14.34±1.7

21.42

>10-37

13.08±1.55

11.69±2.31

10.6

0.0003

11.25±1.38

8.34±1.46

25.8

>10-18

WT
(YSM2224)
pom1∆
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(YSM2229)
cdr2S755A-758A
12.46±1.08

11.03±2.16

11.47

>10-7

12.11±2.24

8.52±1.24

20.71

>10-31

(YSM2226)
pom1∆
cdr2S755A-758A
(YSM2234)

The p value was calculated by using the student’s t-test comparing the cell length at division
in 2%G vs 0.08%G for the same strain. A p value less than 0.05 was considered to indicate a
significant difference. All strains used are prototrophs, except for the bottom four (YSM2224,
YSM2226, YSM2229 and YSM2234), which are auxotrophs for leucine and uracil.

66

67

Chapter 3
Discussion and Future perspectives

In this thesis work I tried to answer the two main questions set forth which were to
understand the mechanism of Pom1 re-localization and its physiological implication
for the cell, upon glucose limitation, a condition that fission yeast cells may face
routinely in the wild. In the first part of this work, I discovered a novel PKA-signaling
dependent destabilization and change in the organization of microtubules. This occurs
via a negative regulation of the microtubule rescue factor CLASP. I demonstrated that
upon glucose limitation, microtubules get destabilized and contact the lateral cell
cortex, where they transiently deposit the type I phosphatase regulatory subunit Tea4.
This in turn may recruit Pom1 at the cell sides shedding light on the mechanism of
Pom1 re-localization in these conditions. In the later part of this work, I focused on
the implication of this side-localized Pom1 on the cell cycle in limited glucose. I
showed that Pom1 plays a more important role to delay cell division in these limiting
conditions through regulating Cdr2. Finally I proposed that a balance in the mitotic
delay function of Pom1 and the mitosis promoting function of the stress-responsive
MAPK pathway, is important for cells to attain a critical size under these conditions.

Pom1 gradients are modulated by external glucose levels
Pom1 in steady state conditions forms gradients emanating from cell poles and its
concentration decays as it reaches the cell middle. At the cell middle it regulates its
substrate the mitotic inducer kinase Cdr2. It is not very clear how these low medial
levels of Pom1 may regulate Cdr2 in the cell middle. Indeed Pom1 delays mitosis and
artificial recruitment of Pom1 to the cell side imposes a G2 delay acting via Cdr2 and
Wee1 (Martin and Berthelot-Grosjean, 2009). However changes in the medial levels
of Pom1 have not been naturally observed in interphase cells. Previous data has
shown Pom1 to be distributed/diffused more generally in the cell upon treatment with
P-factor, however this was in shmoo forming cells and in a protease mutant
background (Niccoli and Nurse, 2002). Also initial observations from Sophie Martin
showed that its localization was unaffected in interphase cells upon nitrogen depletion
or sorbitol stress. Instead it was seen all over the cortex upon glucose depletion.
Thus modulation in the medial levels of Pom1 is a natural response to glucose
limitation. Indeed in 0.08% glucose, there is an increase in the medial levels of Pom1
and it shows an important effect on cell size: causing cell-elongation through Cdr2. In
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0.03% glucose, Pom1 is seen all over the cell cortex, mimicking the localization of
the kinase-dead (kd) allele. However FRAP experiments (in both 0.08%G and
0.03%G) show that the dynamics of Pom1 remain faster compared to the slower
recovery of the Pom1kd allele, suggesting that Pom1 remains active in these
conditions though delocalized. Although these experiments suggest Pom1 to be still
active, immunoprecipitation of Pom1 from cells grown under various glucose
conditions and doing direct in-vitro kinase assays using Cdr2 fragments as substrates,
would be a direct test to assess its activity. FRAP experiments using the Pom1kd allele
also suggested that there may be intrinsic changes in the plasma membrane properties
or lipid composition upon glucose limitation. Recent studies have evoked a major
interest in the role of lipids in regulating cell polarity (reviewed in Martin and
Arkowitz, 2014). In particular sterol rich domains are enriched at tips and celldivision site and thought to contribute to polarity and cytokinesis in fission yeast
(Wachtler, 2003). Interestingly in this study, they also observed a reduction in the
fluorescence levels of filipin (used to mark sterol domains) in glucose-starved cells.
Further studies by manipulating these domains and using mutants would be required
to see if this could have an impact on localization of polarity proteins including Pom1
upon glucose depletion.

Where and when does PKA signaling regulate Pom1?
In this work, I showed that under limiting glucose conditions Pom1 re-localizes
around the cell cortex in a pka1-dependent manner. However under these conditions
Pka1 is expected to be largely inactive. Indeed previous studies have shown that
nuclear localized Pka1 is active in glucose-rich conditions where it represses the
transcription of target genes, whereas, in glucose-poor conditions cytosolic Pka1 is
expected to be transcriptionally inactive (Byrne and Hoffman 1993; Higuchi et al.,
2002; Matsuo et al., 2008). My findings using exogenous cAMP addition to cyr1
mutant cells and inhibiting Pka1 activity using the analog-sensitive (pka1as1) allele
suggest however that cytosolic Pka1 is active and required to trigger Pom1 sidelocalization. I further show that Pka1 regulates microtubule stability and organization
to cause Tea4 deposition to cell sides thereby causing Pom1 side-localization. Pka1
does regulate microtubule stability as pka1∆ cells show increased stability while
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overexpression of Pka1 leads to less stable microtubules compared to wild type cells.
In addition the PKA-dependent regulation of microtubule stability is reversible and
occurs very quickly (within 2 minutes) and is thus unlikely to be a transcriptional
response (Coulon et al., 2013). Thus cytosolic Pka1 seems to be active to destabilize
microtubules. However this may be more complicated as cgs1∆ cells do not show
much change in nuclear and cytosolic levels of Pka1 yet shows tip-restricted Pom1 in
high glucose and re-localized Pom1 in limited glucose like wild type cells, indicating
that Pka1 may signal Pom1 re-localization from the cytosol, but that an increase in
cytosolic Pka1 cannot be the trigger for Pom1 re-localization. Thus though PKA
activity is necessary for microtubule destabilization it is certainly not sufficient for
this phenomenon.
It is therefore very likely that other signaling pathways apart from PKA also regulate
microtubule dynamics and Pom1 localization. This other signal is unlikely to be the
Target of Rapamycin (TOR) pathway, as mutants in either the TORC1 (tor2-S) or the
TORC2 (tor1-D) behave like wild type cells for Pom1 re-localization. Further I show
that inhibition of TOR using torin1 with or without simultaneous activation of PKA
using exogenous cAMP is not enough to trigger Pom1 side-localization in glucoserich cells. The prime candidate for this additional signal may be the stress responsive
MAPK pathway. This is because a) in the hyperactive mutant of the MAPKK, Wis1
(wis1DD) Pom1 levels were very reduced, b) in both the MAPK mutant- sty1∆, and in
cells treated with the MAPK inhibitor SP600125, Pom1 re-localizes although to a
lesser extent than wild type cells and c) in glucose rich conditions sty1∆ is largely
epistatic to pka1∆. Further studies should investigate the role of the MAPK pathway
in regulating Pom1 localization.

External glucose levels affect microtubule dynamics and organization
Reduction in glucose levels leads to an alteration in microtubule dynamics and
organization. Indeed in 0.08% glucose, both the shrinkage rate and dynamicity of
microtubules are significantly higher than those in steady state conditions.
Microtubule disruption experiments using MBC also indicate destabilization of
microtubules in these conditions. Additionally about a quarter of the total percentage
of microtubules contact the cell side where they transiently deposit the polarity
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protein Tea4 thereby recruiting Pom1. Furthermore, in 0.03% glucose, microtubules
are completely depolymerized. Thus while spindle microtubules are resistant,
cytoplasmic microtubules are destabilized upon glucose limitation. I hypothesize that
re-localized Pom1 may serve to buffer cell-size under these conditions. This finding
seems to be very distinct from a very recent report that suggests that carbon
exhaustion (leading to quiescence) for up to 6-7 days results in the formation of a ‘QMT’ bundle, which is composed of extremely stable microtubules. This bundle is
associated to the SPB and retains an antiparallel organization of microtubules. When
quiescent cells were re-fed with rich medium, the bundle rapidly (~5 min) elongated
from both extremities and in ~15 minutes, new interphase microtubules were
assembled (LaPorte et al., 2015). This study proposed that the Q-bundle elongation
was important to reestablish polarity upon quiescence exit as cells failing to do so
formed T-shapes. Thus microtubule organization and stability seem to be very
sensitive to glucose levels. In case of glucose limitation, destabilization of
microtubules may favor the required cell-size shortening observed in such conditions,
whereas upon complete glucose depletion for long periods of time, the formation of a
hyper-stable microtubule bundle regulates proliferation upon quiescence exit.
Therefore cells may employ different strategies to regulate the microtubule
cytoskeleton depending on changes in their external environment.
An important consequence of having the polarity machinery (Tea4, Pom1) at cell
sides in limited glucose could be an alteration in cell shape via recruitment of the
growth machinery. Although in 0.08% glucose cells remain rod-shaped, would a
further reduction in glucose levels, lead to sustained Tea4-Pom1 contact at the lateral
cortex, recruitment of Cdc42 (the master polarity protein) and the polarity machinery
to induce growth at cell sides? Would this eventually form T-shaped cells over longer
time periods? Future studies should address this exciting question.

The role of kinesin-8 family proteins
Kinesin-8 family proteins have been shown to possess microtubule de-polymerization
activity in yeast and mammalian cells (Gupta et al., 2006; Mayr et al., 2007; Varga et
al., 2006). However, in vitro characterization of Klp5-Klp6 in fission yeast did not
detect noticeable depolymerase activity (Erent et al., 2012; Grissom et al., 2009). In
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vivo evidence has shown that this heterodimer provides a length-dependent regulation
of microtubule catastrophe, by being more enriched on and specifically enhancing the
catastrophe rate of long microtubules (Tischer et al., 2009). Remarkably klp5∆ klp6∆
were epistatic to pka1∆ for all the microtubule dynamic parameters including position
of catastrophes, suggesting that PKA may regulate microtubule dynamics through
these proteins. However in spite of a high percentage of side catastrophes, Tea4 levels
only mildly increased at the cell middle in the double mutant. This response seems to
be non-homogenous, as some cells clearly showed Tea4 dots in the middle while in
others Tea4 remained polarized to the cell tips. Consequently Pom1 too showed a
very mild re-localization in these cells. This data suggests that maybe the kinesin-8
family proteins apart from regulating microtubule dynamics may have a role in
offloading Tea4 from the microtubule ends onto the cell cortex. Indeed microtubules
in these mutants tend to curl around the cell tips and dwell for a much longer time at
the poles compared to wild type cells before undergoing catastrophe. This could be
reflected due to either a delay in deposition of the Tea1/Tea4 complex onto the cortex
or a higher affinity for MAPs in general or changes in the capture/anchoring
mechanisms of Tea1/Tea4 at the cortex (e.g., Mod5 levels/activity) or changes in the
force exerted by the cell cortex on the microtubules in these mutants. Further
investigation may lead to an interesting function of these proteins in regulating cell
polarity.

PKA signaling likely antagonizes CLASP-dependent microtubule stability
CLASP-dependent microtubule stabilization is a likely target of the PKA signal.
Previous work doing in-vitro studies showed that CLASP (Cls1) promotes
microtubule rescue and suppresses catastrophe by recruiting tubulin dimers onto
microtubules (Al-Bassam et al., 2010). In vivo, Cls1 is recruited to zones of
antiparallel overlap through Ase1 (the microtubule bundling protein) where it
promotes rescue and stabilization of the microtubule bundle (Bratman and Chang,
2007). This is in striking contrast to the situation in animal cells where Cls1 localizes
to plus ends by CLIP-170 and prevents catastrophe (Akhmanova, 2001) or in plant
cells where it promotes growth at cell edges (Ambrose et al., 2011). A recent study by
Grallert et al., 2006, in fission yeast, reported a dynein heavy chain 1(dhc1)73

dependent weak localization of Cls1 at the microtubule plus ends, however using the
same Cls1 allele both Bratman and Chang, 2007 and my data did not detect Cls1 dots
at plus ends even when co-localized using a plus tip protein. Consistently inactivation
of Cls1 does not appear to affect plus end microtubule dynamics. Instead, here I show
that in pka1∆ cells, CLASP inactivation restores microtubule dynamics and
catastrophes at cell sides, as well as Tea4 and Pom1 relocation, in low glucose. Thus
my data suggests that CLASP promotes microtubule growth persistence in fission
yeast as well, but that this activity is normally inhibited by PKA signaling. Therefore
tuning of CLASP activity underlies distinct microtubule organization.
PKA most likely antagonizes the microtubule stabilizing function of CLASP. Indeed,
Cls1 showed an altered localization in wild type glucose-starved cells where a
significant number of Cls1 foci do not contain microtubule bundles. I interpret these
sites to be inactive Cls1 foci that cannot promote microtubule rescue thus causing depolymerization of the bundle seen under these conditions. On the contrary most Cls1
foci in pka1 mutant cells contain microtubules, thus active in causing rescue and
stabilization as seen in these cells. In addition, Pka1 overexpression antagonizes the
microtubule-stabilizing effect of the N-terminal CLASP TOG domains, which directly
bind tubulin dimers. PKA signaling may also antagonize CLASP microtubule
binding, as Cls1 localization on microtubule overlaps is significantly enhanced in
pka1∆ cells. Although I did not observe any Cls1 foci directly at the plus ends, in
pka1 mutant cells Cls1 forms multiple dots that show a wider spread away from the
overlaps, as compared to wild type cells. Thus, I propose that similar to in vitro
observations, in absence of PKA, direct binding by a few CLASP molecules near a
microtubule plus end leads to rescue events promoting further growth of microtubules
contacting cell sides.
One thing to be followed up is to understand if CLASP is a direct PKA target.
Mutation of the five predicted PKA phosphorylated sites in Cls1 N-terminus did not
alter Cls1’s ability to stabilize microtubules in vivo, and immunoprecipitated Pka1GFP failed to phosphorylate Cls1 fragments in vitro. However, this does not exclude
the presence of other additional phospho sites on Cls1 in vivo and also it is not
completely clear if immunoprecipitated Pka1 is active. This is because even a kinasedead version was able to phosphorylate myelin basic protein (MBP), a synthetic
substrate. Thus the relationship between PKA and CLASP needs to be further
74

investigated. PKA may also indirectly modulate microtubules by regulating the cell
energy levels. Indeed, recent data in the budding yeast has shown that cells lacking
PKA activity exhibit higher ATP stores. Whether this happens in fission yeast as well
is unknown. However, the complete loss of microtubules observed after long-term
starvation in 0.03% glucose may reflect a loss of cellular energy, which indeed
happens later in the pka1 deleted cells. Thus, PKA may regulate microtubule
dynamics in direct and indirect ways.
Another aspect that is not entirely clear is how CLASP, being localized at the overlap
of microtubules, regulates microtubule catastrophes at the plus end? Indeed though
Cls1 inactivation in both high and low glucose does not significantly alter microtubule
plus end dynamics (growth, shrinkage, catastrophe and recue), the position of lateral
catastrophes is significantly higher in 0.08% glucose. One hypothesis is that CLASP
may directly or indirectly regulate kinesin-8 proteins (klp5, klp6), which are proposed
to regulate the position of catastrophes favoring more cell-pole catastrophes. Further
studies should investigate if CLASP inactivation causes a change in the activity of
Kinesin-8 or other plus end proteins regulating cortex catastrophes. Another
hypothesis could be that when microtubules get destabilized, they contact the lateral
cell cortex more often before undergoing complete de-polymerization. Indeed timelapse imaging of wild type cells in 0.03% glucose suggests this. Of course, this is very
preliminary and more work will be needed to test these hypotheses.

Regulation of cell size by external glucose levels
The cAMP-PKA pathway is known to modulate the cell cycle. Indeed pka1∆ cells are
short and overexpression of Pka1 induces cell length elongation (Maeda et al., 1994;
Yu et al., 1994). Previous studies suggested that cAMP negatively regulates Cdc25
protein levels thus inducing a mitotic delay causing cell elongation (Kishimoto and
Yamashita, 2000). Pka1 has been proposed to act upstream of the MAPK pathway
through unknown mechanisms (Navarro et al., 2012; Stettler et al., 1996). The MAPK
Sty1 further modulates mitotic entry again through mechanisms that are not
completely clear although it can act independently of both Wee1 and Cdc25 (Shiozaki
and Russel, 1995). Under nitrogen stress, Sty1 was shown to recruit Plo1 to the SPBs
to promote mitosis through Cdc25 (Petersen and Hagan 2005; Petersen and Nurse,
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2007). My data suggests that the contribution of PKA depends on glucose levels.
When glucose levels are high, Pka1 acts mainly through the stress-responsive MAPK
pathway as sty1∆ show epistasis to pka1∆ cells, consistent with previous studies. On
the contrary, when glucose levels are limiting, Pka1 acts upstream of Pom1 (pom1∆
pka1∆ divide at the same size as pom1∆) to regulate cell size likely by modifying its
localization. Pom1 spread causing Cdr2 inhibition would be predicted to activate
Wee1 and cause mitotic delay. This would cause cell size elongation instead cells get
shorter in limited glucose. I propose that this mitotic delay is counterbalanced by the
activation of MAPK, which happens only under limited glucose conditions, thus
promoting mitosis. Indeed deletion of sty1 leads to cells becoming longer upon
glucose limitation which may be explained due to Pom1 re-localization inhibiting
Cdr2. Thus a balance of these two pathways may help cells to attain a critical cell size
with the Pom1-Cdr2 pathway ensuring that cells do not get successively shorter over
generations thereby providing a buffering mechanism. Future work should reveal
whether this is due to the modification of a homeostatic sizer system.
Finally, the question of why size regulation is so important for a cell is far from
understood. Indeed, Pom1 may prevent cells from getting successively shorter over
generations in low glucose conditions, however this needs to be tested. One can
imagine that reduction in cell size may lead to space constrains for essential processes
like DNA duplication or chromosome segregation and may lead to errors in cell
division. Conversely if cells keep getting longer over generations, they may require
excess energy production to transport essential proteins over long distances. However
these are mere ideas which should be tested for instance by doing competition assays
between short and long sized mutants with wild type cells to assess for viability and
fitness under various growth conditions.
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Chapter 4
Materials and Methods
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Strain construction, media and growth conditions
All S.pombe strains used are listed in Supplementary Table 1. All plasmids used are
listed in Supplementary Table 2. Strains were made by either tetrad dissection or
random spore analysis and replication on appropriate antibiotic plates. Gene tagging
and deletions were done using a PCR-based approach and confirmed by diagnostic
PCR (Bähler et al., 1998). Transformations were done using the lithium-acetateDMSO method (Bähler et al., 1998). Pka1-overexpressing strains were obtained as
follows: For KanMX-3nmt1-GFP-Pka1 strain (FigS2.4A-B), the first 547 bp of Pka1open reading frame (ORF) and the last 500 bp of Pka1-promoter were cloned in a
pFA6a-KanMX6-P3nmt1-GFP plasmid using BamHI/SalI sites in frame after GFP
and SacII/EcoRV sites before the kanMX cassette, respectively. The plasmid was cut
with SacII/SalI to excise the cassette with the homology and transformed in
appropriate yeast strains, wherein the integration was checked by diagnostic PCR. For
the NatMX-3nmt1-Pka1 strain (Fig 2.7D lower panel), the kanMX6 cassette from
pFA6a-kanMX6-P3nmt1 was replaced by the natMX cassette, excised from pFA6anatMX6 with EcoRV/BglII, followed by the same strategy as above.
To generate the pka1-as1 strain, the ORF of Pka1 and 618bp of the 3’UTR were
cloned in a small plasmid using BamHI/SalI sites and the gatekeeper residue aa278
(Met) was mutated to (Gly) M278G (Bishop et al., 2000) by site-directed mutagenesis
and checked by sequencing. The cassette was then excised using the same enzymes
and transformed into a pka1::ura4+ strain which still retains the first 200bp of the
Pka1-ORF. Colonies were selected on 5’FOA plates and correct integration was
checked by diagnostic PCR.
Cells were grown in standard Edinburgh minimal media (EMM) with appropriate
supplements adenine, leucine, uracil (A,L,U) when required. For glucose limitation
assays, cells were grown in 2% glucose to mid-log, washed three times in either
0.08%G or 0.03%G and then incubated in the same medium before imaging. For
measurement of glucose in the medium (FigS2.1B), cells were grown in EMM-2%G
to saturation and glucose concentration in the medium was measured using the
Glucose (HK) Assay Kit (Sigma) at the indicated time-points. For nitrogen depletion
experiments, cells were first grown in EMM medium containing nitrogen, washed
thrice in a medium lacking nitrogen and incubated for the indicated time-points.
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In Fig 2.4A-B cells were first grown in EMM with proper supplements, containing
2%G to mid-log phase. They were diluted to an O.D of 0.1-0.2, and 100µl of cells
were loaded onto ONIX microfluidic chambers (Y04C plates, CellAsic). After
loading, the medium flux was kept constant at 2psi, at which the chamber refresh time
is just above 3 min (CellAsic Y04C specifications). These cells were first allowed to
adapt to the chambers by letting them grow for 3-4 hours prior to imaging. GFP-Atb2
was imaged in these cells in 2%G every 5mins for 15mins, followed by a change in
medium to 0.03%G-imaged every 5min for 30mins.
To induce the expression of Pka1, from the nmt1 promoter cells were first grown in a
medium containing 5µg/ml thiamine from a 2000x stock, to repress the promoter,
washed three times in the same medium without thiamine and incubated for 18-20
hours prior to imaging (Maundrell K, 1990). All temperature sensitive strains were
first grown at their permissive temperature of 25°C then shifted to their restrictive
temperature of 36°C in either 2%G, 0.08%G or 0.03%G and imaged using a heated
objective at 36°C, except the cdc25-22 which was grown at the semi-permissive
temperature of 30°C. All other strains were grown at 30°C and imaged at room
temperature (around 23-25°C) unless stated otherwise. For cell-length measurements
(Table 2) all strains used were prototrophs and grown in EMM, except for cdr2S755A758A

, pom1∆ cdr2S755A-758A and corresponding control strains, which were grown in

EMM-ALU, with either 2%G or 0.08%G to mid-log before imaging.

Inhibitor treatment
The MAPK inhibitor SP600125 (Sigma) was added at a final concentration of 25µM
from a stock of 1mM dissolved in DMSO (Hartmuth et al., 2009). The TOR inhibitor
Torin1 (Selleckchem) was added at a final concentration of 25µM from a stock of
2.5mM dissolved in DMSO (Atkin et al., 2014). Adenosine 3’, 5’-cyclic
monophosphate (cAMP) (Sigma A9501), was used at final concentrations as indicated
from a stock of 30mM dissolved in the same medium as used for imaging. 4-Amino1-tert-butyl-3-(3-methylbenzyl)pyrazolo[3,4-d]pyrimidine,

(3MB-PP1)

(Toronto

Research Chemicals Inc.) was added at final concentrations as indicated from a stock
of either 5mM or 1mM in methanol (MeOH). MeOH addition had no effect on cell
length or Pom1 localization. Methyl-benzidazole-carbamate (MBC, Sigma, St. Louis,
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MO) was used at a final concentration as indicated, from a stock of 2.5 mg/ml in
DMSO. Calcofluor (Sigma) was added at a final concentration of 5µg/ml from a
200X stock solution. Hoechst (Sigma) was added at a concentration of 1µg/ml for
about 15-20 minutes prior to imaging.

Microscopy
Microscopy was performed on live cells, either on a spinning disk confocal
microscope or on a DeltaVision epifluorescence system. Spinning disk microscopy
was carried out using a Leica DMI4000B inverted microscope equipped with HCX
PL APO X100/1.46 (NA) oil objective and a PerkinElmer Ultraview Confocal system
(including a Yokagawa CSU22 real-time confocal scanning head, and solid-state laser
and a cooled 14-bit frame transfer EMCCD C9100-50 camera), as described in
(Bendezu and Martin, 2013). Stacks of z-series confocal sections were acquired at 0.3
µm intervals with the Volocity software. For quantifications of Pom1 and Tea4 using
Cellophane (Bhatia et al., 2013) 5 images were taken over 30 seconds and summed.
To measure microtubule dynamics (Table 1), images were acquired on the spinningdisk microscope as 3 medial Z-stacks at an interval of 0.5 µm every 5 seconds for 10
minutes and analysis was done on maximum projections. Fluorescence recovery after
photobleaching, (FRAP) experiments were performed on the spinning disk using the
PerkinElmer photokinesis module. One full tip was bleached and post-bleach images
were acquired at 5 s intervals for the first 60 s followed by 10 s intervals for the next
140 s and finally 30 s intervals for the last 600 s to minimize bleaching during image
acquisition as described in (Hachet et al., 2011). For Fig 2.4A-B, wide-field
fluorescence microscopy was performed on a DeltaVision platform (Applied
Precision) composed of a customized Olympus IX-71 inverted microscope and a
UPlan Apo 100X/1.4 NA oil objective, a CoolSNAP HQ2 camera (Photometrics), and
an Insight SSI 7 color combined unit illuminator. 7 Z-stacks were acquired at an
interval of 0.6µm and a maximum projection was taken and deconvolved. For celllength measurements (Table 2), images of calcofluor-stained cells were taken using
the same setup with a Plan Apo 60x/1.42 NA objective. Figures were prepared with
ImageJ64 and Adobe Photoshop CS5 and assembled using Adobe Illustrator CS5.
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Biochemistry
For Western blots protein extracts were prepared in CXS buffer (50 mM HEPES, pH
7.0, 20 mM KCl, 1 mM MgCl, 2 mM EDTA, pH 7.5 and protease inhibitor cocktail)
from cells grown in EMM with appropriate glucose concentrations, using glass beads
and a bead beater. 25µg of the soluble protein extract was loaded and resolved on a
SDS-PAGE gel. Primary antibodies used were anti-GFP (Roche) and anti-tubulin
(TAT1), secondary antibody was anti-mouse-HRP (Promega). The concentrations of
the antibodies used were 1:3000.

Image Analysis
Image analysis for cortical quantification of Pom1, Cdr2 and Tea4 in Fig 2.1C-D,
Fig2.3C-D, FigS2.1G and FigS2.4D was done using the manual mode of the ImageJ
plugin-Cellophane as previously described (Bhatia et al., 2013). The profiles depicted
span from one cell tip to the other. The mean fluorescence intensity measured in the
medial 2µm region from all the cells was used for the bar and whisker plots as shown
in the panels. Cortical Pom1 and Tea4 measurements in Fig 2.5E-F and Fig 2.6E-F
were done manually using the segmented line tool plugin of ImageJ on images taken
as for Cellophane analysis. A 3-pixel line was drawn along the cell periphery from the
center of one tip to the other for 20 cells and fluorescence intensities were obtained
using the Plot profile tool. The intensities were corrected for background obtained
from profiles of the same line dragged just outside the cell and the corrected
intensities in the middle 2µm of each cell was selected. The mean fluorescence
intensity of the medial 2µm region of 20 cells was used for the bar and whisker plots
shown.
To calculate global fluorescence intensities (FigS2.1D and FigS2.7A), a sum
projection of 14 z-stacks on the spinning disk confocal microscope was done for each
cell. The polygon tool of ImageJ was used to draw a line manually around the cell
periphery and the mean fluorescence intensity inside the cell was obtained using the
Measure tool. The fluorescence intensity was corrected for background intensity taken
just outside the cell and for cells not expressing GFP or td-Tomato. To measure the
ratio of cls1 over microtubules in FigS2.7B, a sum intensity projection of the 14 z82

stacks was done on individual cells imaged on the spinning disk microscope. A 5pixel line was drawn along a microtubule, using the Straight Line tool in ImageJ and
the intensities were obtained using the Plot profile tool. The maximum intensity for
each cell was obtained for >27 cells for both the GFP and RFP channels and a ratio of
GFP/RFP was calculated. An average of the ratios is shown on the graph. To measure
the average fluorescence intensities of western blots, a rectangular box of a fixed size
was drawn around each band and its mean intensity was measured using the ROI
manager of ImageJ. This was corrected for background intensity by moving the same
box outside the band. This procedure was done for both the sample and the loading
control (tubulin). The intensity of the sample was normalized to that of the intensity
of the loading control for each sample.
FRAP quantifications were done as previously described (Martin and Chang, 2006).
The data was plotted and fit to an exponential and t1/2 derived using the Igor Pro 6
software (Wavemetrics).
For measurements of microtubule dynamics, the ImageJ Manual Tracking plugin was
used to measure the growth and shrinkage velocities. Microtubule dynamicity was
calculated as described (Fu et al., 2011; Walker et al., 1988). Briefly growth and
shrinkage rates were calculated as the change in microtubule length (growth or
shrinkage) in time and averaged. Frequency of catastrophe and rescue were measured
on a per microtubule basis over 5 min of imaging, and averaged. Dynamicity was
calculated by using the following formula: Dynamicity = [(Growth rate/Freq.
catastrophe) + (Shrinkage rate/Freq. rescue)] x (Freq. catastrophe + Freq. rescue) (Fu
et al., 2011).
For cell length measurements done on calcofluor stained cells in FigS2.2C and Table
2, a line was drawn manually across the length of septated cells from the middle of
one tip to the other and the length measured using the ImageJ Measure tool. To derive
the adaptation index (Table2) the difference between the length in 2%G and 0.08%G
was normalized to the length in 2%G. All the graphs represent mean values and the
error bars indicate standard deviations except for Fig2.1D, 2.3D, 2.5E-F and S2.4D
where box and whisker plots are shown. The middle line in the box represents the
median value. The upper and lower edges of the box show the upper and lower
quartile respectively. The whiskers/bars represent the greatest and the lowest value in
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the given dataset.

Statistical analysis
Student t-test was used throughout to test statistical significance of differences in
pairwise comparisons. The level of significance is shown with asterisks with *
indicating p< 0.05, ** p < 0.01 and *** p< 0.001. N.S indicates not significant
(p>0.05).
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Table S1: List of strains used in this thesis
Strain

Genotype

number

Source

Figure 2.1
YSM1292

YSM1554

h- pom1-tdTomato:natMX cdr2-mEGFP:kanMX

Martin

et

ade6- leu1-32 ura4-D18

al., 2009

h+ pka1::ura4+ pom1-tdTomato-kanMX

Lab stock

leu1-32 ura4-D18
YSM1617

pom1-tdTomato-natMXcdr2-GFP-kanMX git3::kanMX leu1- Lab stock
32

YMK400

gpa2::ura4+ pom1-tdTomato-natMX

This study

ade6- leu1-32 ura4YSM 1553

cyr1::LEU2+ pom1-tdTomato-kanMX leu1-32 ura4-D18

Lab stock

YSM 1622

pom1-tdTomato-natMX cgs1::ura4+

Lab stock

ade6- leu1-32 ura4-D18
Figure 2.2
YSM2417

h+ pka1-GFP-kanMX ade6-M210 leu1-32 ura4-D18

Matsuo et
al., 2008

YMK311

h- cgs2::ura4+ cyr1::LEU2+ pom1-tdTomato-natMX leu1- This study
32 ura4-

YMK371

pka1as1 pom1-tdTomato-natMX leu1- ura4-

This study

Figure 2.3
YMK149

h- tea4-tdTomato-natMX ade6-M210 leu1-32 ura4-D18

This study

YMK183

pka1::ura4+ tea4-tdTomato-natMX leu1- ura4-

This study

Figure 2.4

YSM2370

h- leu1-32::pSV40-GFP-atb2:leu1+ ura4-

Lab stock

YMK136

h+ pka1::ura4+ leu1-32::pSV40-GFP-atb2:leu1+ ura4-

This study

YMK357

leu1-32::pSV40-GFP-atb2:leu1+

Tea4-tdTomato-natMX This study

ura4Figure 2.5
YMK359

Klp5:: kanMX klp6::ura4+ GFP-Atb2-leu1+ leu1- ura4-

This study

YMK361

Klp5:: kanMX klp6::ura4+ pka1::ura4+ GFP-Atb2-leu1+ This study
leu1- ura4-

YSM2370

h- leu1-32::pSV40-GFP-atb2:leu1+ ura4-

Lab stock

YMK136

h+ pka1::ura4+ leu1-32::pSV40-GFP-atb2:leu1+ ura4-

This study

YMK452

klp5::kanMX klp6::ura4+ atb2-GFP-leu1+ tea4-td-tomato- This study
natMX

YMK454

klp5::kanMX klp6::ura4+ atb2-GFP-leu1+ tea4-td-tomato- This study
natMX

YMK362

klp5::kanMX klp6::ura4+ Pom1-td-Tomato-natMX

YMK364

klp5::kanMX

This study

klp6::ura4+ pka1::ura4+ Pom1-td-Tomato- This study

natMX
Figure 2.6
YMK428

h+ cls1-36:ura4+ leu1-32::SV40-GFP-atb2:leu1+ ura4-

This study

YMK427

pka1::ura4+ cls1-36:ura4+ leu1-32::SV40-GFP-atb2:leu1+ This study
ura4-

YSM2370

h- leu1-32::pSV40-GFP-atb2:leu1+ ura4-

Lab stock

YMK136

h+ pka1::ura4+ leu1-32::pSV40-atb2-GFP:leu1+ ura4-

This study

YMK458

cls1-36:ura4+

leu1-32::pSV40-atb2-GFP:leu1+

Tea4- This study

tdTomato-natMX ura4YMK457

cls1-36:ura4+ pka1::ura4+ leu1-32::pSV40-atb2-GFP:leu1+ This study
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Tea4-tdTomato-natMX ura4YMK429

h+ cls1-36:ura4+ Pom1-tdTomato-natMX

This study

YMK430

cls1-36:ura4+ pka1::hphMX Pom1-tdTomato-natMX

This study

Figure 2.7
YMK425

cls1-3GFP-kanMX mcherry-atb2 leu1-

This study

YMK424

h- pka1::ura4+ cls1-3GFP-kanMX mcherry-atb2

This study

YMK475

leu1-32::pSV40-GFP-atb2:leu1+

[pNnmt1-mcherry-cls1(1- This study

500)]
YMK476

natMX-3nmt1-GFP-Pka1

leu1-32::pSV40-GFP-atb2:leu1+ This study

[pNnmt1-mcherry-cls1(1-500)]
YMK460

natMX-3nmt1-GFP-Pka1 leu1-32::GFP-atb2:leu1+ ura4-

This study

Figure S2.1
YSM1261

h+ pom1-tdTomato-natMX ade6-M216 leu1-32 ura4-D18

Lab stock

YSM1554

h+ pka1::ura4+ pom1-tdTomato-kanMX

Lab stock

leu1-32 ura4-D18
YSM119

h- pom1-GFP-kanMX ade6+ leu1+ura4+

Lab stock

YMK038

pka1::ura4+ pom1-GFP-kanMX ade6+ leu1+

This study

YSM1556

Wis1-DD pom1-td-Tomato-kanMX leu1-32 ura4-D18

Lab stock

YSM1563

sty1::ura4+ pom1-tdTomato-kanMX leu1-32 ura4-D18

Lab stock

YMK390

tor1D-hphMX pom1-tdTomato-natMX

This study

YMK394

tor2S-kanMX pom1-tdTomato-natMX

This study

YSM1292

h- pom1-tdTomato:natMX cdr2-mEGFP:kanMX

Martin

ade6- leu1-32 ura4-D18

al., 2009

YMK055

pka1::ura4+ cdr2-GFP:kanMX

This study

YSM1286

h+ cdr2-GFP-kanMX pom1∆::ura4+

Lab Stock
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et

ade6- leu1- ura4Figure S2.2
YMK046

cgs1∆::ura4+ pka1-GFP-kanMX ade6- ura4-

This study

YMK365

cgs2::ura4+ pka1::kanMX pom1-tdTomato-natMX ura4-

This study

YMK311

h- cgs2::ura4+ cyr1::LEU2+ pom1-tdTomato-natMX leu1- This study
32 ura4-

YSM1180

h- ade6-M210 leu1-32 ura4-D18

Lab stock

YMK155

h- pka1as1(M278G) leu1-32 ura4-D18

This study

YMK371

pka1as1 pom1-tdTomato-natMX leu1- ura4-

This study

Figure S2.3
YSM119

h- pom1-GFP-kanMX ade6+ leu1+ ura4+

Bahler

et

al., 1998
YSM1511

h- pom1 KD-GFP-kanMX ade6+ leu1+ ura4+

Hachet

et

al., 2011
YSM165

h- tea4::kanMX pom1-GFP-kanMX ura4-

Padte

et

al., 2006
YMK027

tea4::kanMX6 pom1-GFP-kanMX6 pka1::ura4+ ura4-

This study

Figure S2.4
YSM2370

h- leu1-32::pSV40-GFP-atb2:leu1+ ura4-

Lab stock

YMK414

cdc25-22 aur-mcherry-atb2 leu1-

This study

YMK140

h- kanMX-3nmt1-GFP-pka1 aur-mCherry-atb2 leu1- ura4-

This study

YMK063

h+ kanMX-3nmt1-GFP-pka1 Pom1-tdTomato-natMX

This study

ade6-M216 leu1-32 ura4-D18
YMK069

cdc25-22 pom1-tdTomato-NatMX leu1-32

This study

YSM1554

h+ pka1::ura4+ pom1-tdTomato-kanMX

Lab stock
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leu1-32 ura4-D18
YMK183

pka1::ura4+ tea4-tdTomato-natMX leu1- ura4-

This study

YMK330

tea2::his3 mal3::his3 tip1::kanMX pom1-tdTomato-natMX This study
ura4-

YMK328

tea2::his3 mal3::his3 tip1::kanMX pka1::ura4+ pom1- This study
tdTomato-natMX ura4Figure S2.6

YMK398

h-

kanMX: nmt41-cls1 leu1-32::SV40-GFP-atb2:leu1+ This study

pom1-tdTomato-natMX ade6-M216 ura4-D18
YMK404

h-

kanMX: nmt41-cls1 leu1-32::SV40-GFP-atb2:leu1+ This study

pom1-tdTomato-natMX pka1::hphMX
Figure S2.7
YMK425

cls1-3GFP-kanMX mcherry-atb2 leu1-

This study

YMK424

h- pka1::ura4+ cls1-3GFP-kanMX mcherry-atb2

This study

Table 1
YSM2370

h- leu1-32::pSV40-GFP-atb2:leu1+ leu1- ura4-

Lab stock

YMK136

h+ pka1::ura4+ leu1-32::pSV40-GFP-atb2:leu1+ura4-

This study

YMK428

h+ cls1-36:ura4+ leu1-32::SV40-GFP-atb2:leu1+ ura4-

This study

YMK427

pka1::ura4+ cls1-36:ura4+ leu1-32::SV40-GFP-atb2:leu1+ This study
ura4-

YMK452

klp5::kanMX klp6::ura4+ atb2-GFP-leu1+ tea4-td-tomato- This study
natMX

YMK454

klp5::kanMX klp6::ura4+ atb2-GFP-leu1+ tea4-td-tomato- This study
natMX

YMK414

cdc25-22 aur-mcherry-atb2 leu1-

This study

YMK140

h- kanMX-3nmt1-GFP-Pka1 aur-mCherry-atb2 leu1- ura4-

This study
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YMK265

mal3::his3+ leu1-32::SV40-GFP-atb2:leu1+ ura4-

YMK237

mal3::his3+ pka1::ura4+

This study

leu1-32::SV40-GFP-atb2:leu1+ This study

ura4YMK267

tea2::his3+ leu1-32::SV40-GFP-atb2:leu1+ ura4-

YMK269

tea2::his3+ pka1::ura4+

This study

leu1-32::SV40-GFP-atb2:leu1+ This study

ura4YMK263

tip1::KanMX6+ leu1-32::SV40-GFP-atb2:leu1+

This study

ura4
YMK239

tip1::KanMX6 pka1::ura4+ leu1-32::SV40-GFP-atb2:leu1+ This study
ura4

YMK302

tea2::his3

mal3::his3

tip1::kanMX

leu1-32::SV40-GFP- This study

mal3::his3

tip1::kanMX

pka1::ura4+

atb2:leu1+
YMK293

tea2::his3

leu1- This study

32::SV40-GFP-atb2:leu1+
YMK337

alp14::kanMX leu1-32::SV40-GFP-atb2:leu1+

This study

YMK335

alp14::kanMX pka1::ura4+ leu1-32::SV40-GFP-atb2:leu1+ This study
ura4

YMK271

ase1::kanMX leu1-32::SV40-GFP-atb2:leu1+ ura4-

YMK274

h+

ase1::kanMX

pka1::ura4+

This study

leu1-32::SV40-GFP- This study

atb2:leu1+ - ura4YMK524

dhc1::ura4+

leu1-32::SV40-GFP-atb2:leu1+

pom1- This study

tdTomato-natMX
YMK525

dhc1::ura4+ pka1::hphMX leu1-32::SV40-GFP-atb2:leu1+ This study
pom1-tdTomato-natMX
Table 2

YSM1372

h- WT ade6+ leu1+ ura4+

Lab stock

YMK173

h- pka1::kanMX ade6+ leu1+ ura4+

This study
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YMK222

h+ sty1::ura4+ ade6+ leu1+ ura4+

This study

YMK219

h+ sty1::ura4+ pka1::kanMX ade6+ leu1+ ura4+

This study

YMK168

h- pom1::kanMX ade6+ leu1+ ura4+

This study

YMK190

pom1::kanMX pka1::kanMX ade6+ leu1+ ura4+

This study

YMK243

pom1::KanMX6 sty1::ura4+ ade6+ leu1+ ura4+

This study

YSM1476

cdr2::ura4+ ade6+ leu1+ ura4+

Lab stock

YSM1499

pom1::kanMX cdr2::ura4+

Lab stock

YSM2706

pom16A ade6+ leu1+ ura4+

Lab stock

YSM1495

pom1KD ade6+ leu1+ ura4+

Martin

et

al., 2009
YMK601

tea4::kanMX ade6+ leu1+ ura4+

This study

YMK603

tea4222-225RVXF-RAXA ade6+ leu1+ ura4+

This study

YSM2226

cdr2 S755A-758A ade6+ leu1-32 ura4-D18

Bhatia

et

al., 2013
YSM2234

pom1∆ cdr2S755A-758A ade6+ leu1-32 ura4-D18

Bhatia

et

al., 2013
YSM2224

h- ade6+ leu1-32 ura4-D18

Bhatia

et

al., 2013
YSM2229

pom1∆::kanMX6 ade6+ leu1-32 ura4-D18

Bhatia

et

al., 2013
YMK605

ssp1::ura4+ ade6+ leu1+ ura4+

This study

YSM2436

h- cdr2T166A ade6+ leu1+ ura4+

Deng

et

al., 2014
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Table S2: List of plasmids used in this thesis
Systematic

Developed name

name
pSM1590

pSP72-(pka1ORF-M278G-3’utr 618bp)

Details

of

construct

expressed
Pka1ORF-M278G+ 3’utr 618bp

pFA6a-KanMX6-P3nmt1-GFPpSM1043

pka1ORF(1-547) + pka1promoter (last Pka1ORF+ Pka1 promoter
500bp)

pSM1317
pSM1480

pFA6a-NatMX6-P3nmt1-pka1ORF(1547bp) + pka1promoter (last500bp)
pNmt1-mcherry-cls1(1-500)

Pka1ORF+ Pka1 promoter
Cls1 (1-500)
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