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Abstract

Bud formation by Saccharomyces cerevisize is a fundamental process for yeast
proliferation. Bud emergence is initiated by the polarization of the cytoskeleton, leading
to local secretory vesicle delivery and gulcan synthase activity. The master regulator of
polarity establishment is a small Rho-family GTPase — Cdc42. Cdc42 forms a clustered
patch at the incipient budding site in late G1 and mediates downstream events which
lead to bud emergence. Cdc42 promotes morphogenesis via its various effectors. PAKs
(p21-activated kinases) are important Cdc42 effectors which mediate actin cytoskeleton
polarization and septin filament assembly. The PAKs Cla4 and Ste20 share common
binding domains for GTP-Cdc42 and they are partially redundant in function. However,
we found that Cla4 and Ste20 behaved differently during the polarization and this
depended on their different membrane interaction domains. Also, Cla4 and Ste20
compete for a limited number of binding sites at the polarity patch during bud
emergence. These results suggest that PAKs may be differentially regulated during
polarity establishment.

Morphogenesis of yeast must be coordinated with the nuclear cycle to enable
successful proliferation. Many environmental stresses temporarily disrupt bud
formation, and in such circumstances, the morphogenesis checkpoint halts nuclear

division until bud formation can resume. Bud emergence is essential for degradation of

iv



the mitotic inhibitor, Swel. Swel is localized to the septin cytoskeleton at the bud neck
by the Swel-binding protein Hsl7. Neck localization of Swel is required for Swel
degradation. Although septins form a ring at the presumptive bud site prior to bud
emergence, Hsl7 is not recruited to the septins until after bud emergence, suggesting
that septins and/or Hsl7 respond to a “bud sensor”. Here we show that recruitment of
Hsl7 to the septin ring depends on a combination of two septin-binding kinases: Hsl1
and Elm1. We elucidate which domains of these kinases are needed, and show that
artificial targeting of those domains suffices to recruit Hsl7 to septin rings even in
unbudded cells. Moreover, recruitment of Elm1 is responsive to bud emergence. Our

findings suggest that ElIm1 plays a key role in sensing bud emergence.
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1. Introduction

Establishing an axis of polarity is of fundamental importance of many aspects of
cell and developmental biology in various cell types. In single cell organisms such
bacteria, polarization is important for chemotaxis by which bacteria efficiently and
rapidly respond to environment. In metazoans, almost all cell types exhibit polarity,
which enables them to carry out specialized functions. Classical examples of polarized
cells include epithelial cells with apical-basal polarity (Drubin and Nelson, 1996),
neurons in which dendrites and axons differentiate as a result of polarized growth
(Witte and Bradke, 2008), neutrophils that migrate with a polarized front and back
chasing external cues (Devreotes and Zigmond, 1988). The process of polarization
appears to be a fundamental process for various life forms. The growth and motile
properties mediated by polarity require various cellular process being executed in a
coordinated way: actin cytoskeleton reorganization, microtubule orientation, secretory
vesicle delivery, septin organization. These processes are regulated by different effectors

of polarity, however it is still unclear how some of the effectors are regulated.

1.1 Polarity and Morphogenesis in S. cerevisiae

The budding yeast Saccharomyces cerevisiae is a leading model organism for
studying cell polarity. The polarization in yeast is fundamental for its life cycle

(Herskowitz, 1988). In the laboratory, yeast proliferate as either haploid or diploid cells
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through asexual “budding”, where the cell builds a daughter alongside the mother and
divides its nucleus between the two. The haploid yeast come in two different mating
types: a and a. When haploid cells of the opposite mating type are in close proximity,
they can mate to form a diploid cell (a/a mating type). Both budding and mating require
polarized growth.

During budding, yeast cells organize their actin cytoskeleton and remodel the
cell wall to allow targeted growth of daughter cells from the “polarity site”(Lew and
Reed, 1993 ; Pruyne and Bretscher, 2000 ). Polarity factors regulate the actin cytoskeleton
and target secretion through various effectors to ensure the proper development of the
bud (Figure 1B). During mating, polarized growth reshapes the cell to form a mating
projection, which facilitates mating between the non-motile yeast cells(Herskowitz,
1988) (Figure 1A).

Cell polarization and bud emergence are triggered by cyclin dependent kinase
(CDK) activation in late G1 (Lew and Reed, 1993). However, yeast in their natural
environment may encounter stresses like changes in temperature or osmolarity. These
stresses cause actin depolarization and block bud emergence (Chowdhury et al., 1992;
Delley and Hall, 1999; Lillie and Brown, 1994). If the cell continues mitosis before bud
emergence, it will lead to binucleate and anucleate cells which is detrimental for

proliferation. In reality, cells can monitor the budding process and the cell cycle in



response to improper bud formation (Lew and Reed, 1995). This mechanism is called the
morphogenesis checkpoint (Figure 1C).

In the following sections, I will introduce the basic process of cell polarization, which
leads to morphogenesis during cell cycle progression, and the morphogenesis

checkpoint that halts the cell cycle in response to morphogenesis defects.

s [ 62 | ™M | |

Actin iii
H Pertu rbatlon Morp hogenesis Checkpaint
GE‘ Dela y

| S G2 | ™M ||

Figure 1: Polarity and Morphogenesis Checkpoint in Yeast

A). Haploid cells of the opposite mating type polarize in response to pheromone.
Actin cytoskeleton are polarized towards the mating projection. Once the cells are in
contact, they will fuse to form diploid cell. B). Cells polarize the actin cytoskeleton and
Cdc42 in response to active G1-CDK. Septin filaments assemble into ring structure at the
mother-bud neck. C). Actin perturbation depolarizes actin cytoskeleton and delays bud
emergence. Morphogenesis check point arrest the cell in G2.
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1.2 Polarity Establishment in Yeast

The master regulator of yeast polarity is the Rho-family GTPase Cdc42. Both
Cdc42 and its guanine nucleotide exchange factor (GEF) Cdc24 are required for polarity
establishment (Adams et al., 1990; Adams and Pringle, 1984; Hartwell et al., 1974; Sloat et
al., 1981). Cdc42 is clustered at a tight patch at the incipient bud site (Richman et al.,
2002; Ziman et al., 1993) through a hierarchical machinery, and the Cdc42 patch then
orients the cytoskeleton for bud growth (Pringle et al., 1995).

In wild type cells, a group of “bud-site selection” proteins (Bi and Park, 2012) sits
at the top of the hierarchy(Figure 2). These landmark proteins are membrane localized
and inherited by newborn cells at specific positions (Halme et al., 1996; Harkins et al.,
2001; Kang et al., 2004a; Roemer et al., 1996). The intracellular domains of the landmarks
can interact with the GEF for the Ras-family GTPase Rsrl (Kang et al., 2004b; Kang et al.,
2001). This interaction could induce accumulation of active GTP-Rsrl at those marked
sites. GTP-Rsrl can interact with the GEF Cdc24 (Zheng et al., 1995) as well as GDP-
bound Cdc42 (Kozminski et al., 2003). This interaction recruits Cdc24 from cytoplasm to
the membrane landmark site and locally activates GTP loading of Cdc42 (Shimada et al.,
2004). However, the localized GEF activity would not, in itself, lead to local
accumulation of GTP-Cdc42 to a concentration higher than that of surrounding GDP-
Cdc42: inward diffusion of GDP-Cdc42 would provide substrate for GEF to generate

more GTP-Cdc42, but that would be balanced by the outward diffusion of GTP-Cdc42.
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Thus the overall concentration of Cdc42 would not be higher at the polarity patch than

at surrounding membrane.

‘¢ Landmark Proteins ™

COP-Rert GTP-Rert GDP-Cdc4?2

NN

Bud?2

Cdc24 GAPs

GTP-Cdc42

Figure 2: Schematic of Polarity Establishment by Landmarks

Landmark proteins promote the GTP loading of Rsr1, which recruits Cdc24. GEF
Cdc24 locally activates Cdc42 and initiate polarity establishment with the help from GDI
and positive feedback loop.

Cdc42 is prenylated at its C-terminus and is associated with membrane (Ziman et
al., 1991; Ziman et al., 1993). Yeast contain a Rho-GDI homolog, Rdil, that can extract
prenylated Cdc42 from the membrane (Koch et al., 1997, Masuda et al, 1994;
Tcheperegine et al., 2005; Tiedje et al., 2008). Works on the human Cdc42/GDI interaction
suggest that GDI preferentially extracts GDP-Cdc42 (Johnson et al.,, 2009). Because
cytoplasmic diffusion of GDI-Cdc42 is expected to be faster than membrane diffusion of
Cdc42, the GDI could in principle move GDP-Cdc42 between outer membrane and
polarity patch much faster than the out diffusion of GTP-Cdc42. Localized GEF activity
would impart directionality to this process by converting the GDI-extractable GDP-
Cdc42 to less extractable GTP-Cdc42. This will cause the enrichment of GTP-Cdc42 at

the polarity site. Mathematical modelling has suggested that this mechanism is sufficient

to concentrate Cdc42 at the polarization site (Goryachev and Pokhilko, 2008). Other
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mechanisms including vesicle delivery of Cdc42 via actin cables have also been
proposed to contribute to the formation of the active Cdc42 patch (Marco et al., 2007;
Slaughter et al., 2009).

It is worth noting that landmark cues are not required for cell polarization.
Elimination of Rsrl randomizes the location of bud emergence, yet the timing and
robustness of polarity establishment in rsr1 cells is not attenuated (Bender and Pringle,
1989). This process (polarization at an apparently random site) is also known as
“symmetry breaking”. Symmetry breaking behavior requires a positive feedback loop
that allows stochastic fluctuations of polarity factor concentration at random sites to be
amplified and promote accumulation of more polarity factors at that site (Turing, 1952).
A proposed mechanism is that active GTP-Cdc42 recruits an effector p2l-activated
kinase (PAK) (Bagrodia and Cerione, 1999) (Figure 3). PAK interacts with the scaffold
protein Bem1 (Irazoqui et al., 2003), which interacts with GEF Cdc24 (Kozubowski et al.,
2008). Thus Cdc24 can be recruited to GTP-Cdc42 via the PAK-Bem1-GEF complex and
there Cdc24 can generate more GTP-Cdc42 molecules. Supporting evidence for this
model came from the observation that the function of Bem1 in symmetry breaking can

be provided by artificially fusing the GEF to the PAK protein (Kozubowski et al., 2008).



Figure 3: Schematic of Positive Feedback Loop

A). Beml forms complex through interaction with PAK and GEF. PAK
selectively binds to GTP-Cdc42. B) Model for symmetry breaking. Panels represent a
patch of cortex as seen from inside the cell. Stochastic GTP loading of Cdc42 (blue
circles) in a sea of GDP-Cdc42 (open circles) will recruit the PAK-Bem1-GEF complex,
which will locally catalyze GTP loading on neighboring Cdc42. GTP-Cdc42 in turn
recruits more PAK-Bem1-GEF complex and initiate positive feedback loop.

In summary, landmark proteins and Rsrl locally trigger GTP-loading of Cdc42,
GDI-dependent enrichment and PAK-Bem1-GEF complex mediated positive feedback

contribute to the concentrate of GTP-Cdc42 at the presumptive bud site, creating a

polarity patch that has higher level of GTP-Cdc42 than the surrounding GDP-Cdc42.

1.3 Polarity Leads to Bud Emergence

Once the polarized GTP-Cdc42 patch is formed, actin cables are oriented toward
the site, actin patches cluster around the site, and septin filaments form a ring structure

around the site. Delivery of secretory vesicles is targeted toward the site and cell wall



glucan synthesis is activated (Abe et al., 2003). These downstream events of Cdc42 are
executed by different effectors (Figure 4). The formin Bnil plays a prominent role in
polarization of actin cables (Evangelista et al., 1997; Evangelista et al., 2002; Sagot et al.,
2002). The PAKSs (Gladfelter et al., 2004; Longtine et al., 2000; Versele and Thorner, 2004;
Weiss et al., 2000) and Gicl/Gic2 proteins (Iwase et al., 2006) participate in septin ring
assembly. The exocyst components Sec3 and Exo70 (Baek et al., 2010; Wu et al., 2010;
Zhang et al., 2001) and scaffold proteins Boil/Boi2 (Adamo et al., 2001) promote targeted
secretion. The concerted actions of vesicle delivery, cell wall reshaping, and septin ring
assembly leads to bud emergence and morphogenesis (Pruyne et al., 2004).

PAKs are a group of important effectors of Cdc42 that also participate in the
positive feedback loop of polarity establishment (Kozubowski et al., 2008). There are
three PAK homologues in yeast: Ste20, Cla4, and Skm1. The PAKs all share a similar
Cdc42/Rac interactive binding (CRIB) domain that interacts with GTP-Cdc42. The
interaction can relieve autoinhibition and activate their kinase activity. Ste20 and Cla4
both localize to polarization sites and participate in both actin and septin organization
(Cvrckova et al., 1995; Weiss et al., 2000). The function of Ste20 and Cla4 appears to be
partially redundant. Deletion of either Ste20 or Cla4 causes no obvious defects in
polarized growth (Cvrckova et al, 1995) (although Cla4 deletion showed septin
assembly defects resulting in elongated buds (Dobbelaere et al., 2003)). But double

deletion of Ste20 and Cla4 is lethal (Cvrckova et al., 1995).
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Figure 4: GTP-Cdc42 and Downstream Effectors

GTP-Cdc42 regulates downstream events by various effectors. These events lead

to bud emergence.

1.4 CDK Regulation of Polarity Establishment

Polarity establishment is thought to be triggered by G1 CDK activity. A variety
of cell synchrony experiments indicated that polarization happened 10-15 minutes
before bud emergence (Ayscough et al, 1997; Ford and Pringle, 1991, Haarer and
Pringle, 1987, Kim et al., 1991; Lew and Reed, 1993; Ziman et al, 1993). G1 CDK
activation occurs about 15-20 minutes before bud emergence (Di Talia et al., 2007; Lew

and Reed, 1993). These results suggest that G1 CDK activity might promote Cdc42
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polarization. The process of polarity establishment is a complex process and CDK
regulation could happen at multiple levels.

One appealing target for CDK regulation is the GEF Cdc24. In haploid yeast cells
(Figure 5), Cdc24 is sequestered inside the nucleus in early G1 due to interaction with
Farl (Nern and Arkowitz, 2000; Shimada et al., 2000), presumably to prepare for
potential mating. Phosphorylation of Farl by G1 cyclin-CDK leads to its degradation
and allows Cdc24 enter cytoplasm (O'Shea and Herskowitz, 2000). In diploid cells,
Cdc24 is diffusely localized in the cytoplasm in early GI. Activation of G1 CDK
promotes Cdc24 localization to the presumptive bud site (Gulli et al., 2000). Cdc24 is a
CDK substrate in vitro (McCusker et al., 2007, Moffat and Andrews, 2004), however,
mutation of six potential CDK phosphorylation sites on Cdc24 did not affect Cdc24
localization in vivo (Gulli et al., 2000). Another possible explanation for CDK-dependent
Cdc24 polarization is that the CDK regulates GTP-loading of Rsrl. Before polarity
establishment, Rsr1 is localized all over the plasma membrane (Michelitch and Chant,
1996; Park et al., 2002). The Rsrl GEF Bud5 is concentrated near various landmark
proteins (Kang et al., 2001; Marston et al.,, 2001) while its GAP Bud2 is delocalized
(Marston et al., 2001; Park et al., 1999). Upon CDK activation, Bud5 may be activated to
catalyze GTP-loading of Rsrl near landmark proteins. Then GTP-Rsrl could interact
with Cdc24 and promote its localization. However, it is unclear which CDK substrates

are involved and whether GTP-Rsr1/Cdc24 interaction is directly regulated.
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G1 cyclin-CDK

GAPs

Nucleus

Figure 5: Schematic of CDK Regulates Polarization

G1 cyclin-CDK activate Cdc42 by inhibiting GAP activity and promoting GEF
Cdc24. See text for details.

Activation of Cdc24 is not the only way to activate Cdc42. Inhibition of GAPs
could also lead to accumulation of GTP-Cdc42 (Figure 5). Studies on the GAPs Bem3
and Rga2 showed that they are phosphorylated by the CDK (Holt et al., 2009) and that
overexpression of non-phosphorylatable GAPs blocks polarity establishment (Knaus et
al., 2007; Sopko et al., 2007). Mutations impairing GAP activity restore polarization.
However, direct biochemical evidence that phosphorylation inhibits GAP activity is
lacking. Combined deletion of Bem3 and Rga2 is not sufficient to trigger polarization.
Thus it remains unclear whether the CDK directly regulates GAPs, and which GAPs are
involved in the regulation of polarity.

In summary, G1 cyclin-CDK activity is thought to promote the polarization of

GTP-Cdc42. Both activation of Cdc24 and inhibition of Cdc42 GAPs are possibly

11



regulated by CDK. It is likely that key substrates of CDK phosphorylation remain to be

identified.

1.5 Control of Cell Cycle Progression by the Morphogenesis
Checkpoint

After polarity establishment, the cell replicates its constituents and delivers most
to the bud during bud growth. Successful formation of the bud is followed by nuclear
division and cytokinesis. These steps must be executed in a specific order: first build a
bud, then divide the nucleus, then divide the cell. In a wild environment, stresses or
perturbations may delay bud emergence. To avoid nuclear division prior budding, cells
delay their cell cycle by inhibiting mitotic CDK activity. The inhibition depends on the

Weel-family kinase Swel (Lew, 2003).

1.6 Swel Cause Minor Cell Cycle Effects in Unperturbed Cells

The major substrates of Swel kinase are mitotic Clb-CDK complexes (Booher et
al., 1993). Swel is periodically synthesized and degraded during cell cycle thus its
abundance fluctuates (Sia et al., 1996). In late G1, Swel is synthesized, however the
predominant G1 CIn-CDK complexes are not recognized by Swel (Booher et al., 1993).
In S-phase, Clb5-Cdc28 complexes are poorer substrates compared to the M-phase Clb2-
Cdc28 complexes and are protected from phosphorylation by CDK inhibitor Sicl
(Keaton et al., 2007). Even when Sicl is degraded, inhibitory phosphorylation of Cdc28

doesn’t accumulate because of the higher dephosphorylation rates by the Cdc25-related
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phosphatase Mih1 (Keaton et al., 2007) (Figure 6A). Thus Cdc28 phosphorylation doesn’t

accumulate in S phase although Swel is abundant.

A ot

MAPK Sit2

%.C ).
B

Degradation

Nucleus

Figure 6: Schematic of CDK Regulation and Swel Degradation Pathway

A). Kinase Swel phosphorylates and inhibits CDK activity. Phosphatase Mihl
antagonize Swel inhibition by dephosphorylating CDK. B). Degradation of Swel
depends on its localization. See text for details.

In G2, new synthesis of Swel stops and Swel degradation starts (Sia et al., 1998).
Swel abundance decreases while Clb2-Cdc28 complexes accumulate. Clb2-Cdc28 can
phosphorylate Swel and target Swel for degradation (Sia et al., 1998). This double-
negative feedback results in a positive feedback loop in Cdc28 activation. Thus the
combination of Swel periodic synthesis and degradation and Mihl-mediated

dephosphorylation of Cdc28 results in only a minor delay of the cell cycle in G2

(McNulty and Lew, 2005).
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1.7 Swel Degradation Depends on its Mother-bud Neck
Localization

Degradation of Swel is exquisitely regulated by cellular localization (Figure 6B).
Swel shuttles in and out of the nucleus (Keaton et al., 2008). After nuclear export, Swel
accumulates at the bud side of the mother-bud neck (Longtine et al.,, 2000). The
localization of Swel requires interaction of Swel with Hsl7, which is also localized at the
neck (Longtine et al., 2000; McMillan et al., 1999a; Shulewitz et al., 1999). Hsl7 is a
protein methyltransferase, although that activity is not required for Swel interaction
(Theesfeld et al., 2003). Hsl7 is brought to the neck by interaction with Hsll, which is a
Nim1-family kinase (Barral et al., 1999; Longtine et al., 2000; Shulewitz et al., 1999). The
ordered interaction between Hsll, Hsl7 and Swel is required for proper Swel
degradation. Mutations that abrogate the direct interactions prevent Swel degradation
(Cid et al., 2001; McMillan et al., 2002). Elm1 is a kinase also localized at the mother-bud
neck that can activate Hsl1 (Blacketer et al., 1993; Thomas et al., 2003). At the neck, Swel
is phosphorylated by Clb-CDK, which primes it for phosphorylation by the neck-
localized polo-family kinase Cdc5 at multiple sites (Sakchaisri et al.,, 2004; Sia et al.,
1998). Hyperphosphorylated Swel is targeted for ubiquitination and degradation.
Dmal/Dmaz2 are identified as potential ubiquitin ligases for Swel degradation (Raspelli
et al., 2011).

The phosphorylation of Swel can be rapidly reversed upon Cdc28 inhibition

(Harvey et al.,, 2005). Thus there might be active Swel-directed phosphatases that
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antagonize Swel degradation. The neck localization of Swel presumably provides a
concentrated substrate for its phosphorylation by Cdc5 (Bailly et al.,, 2003), allowing

Cdc5 to overcome the Swel phosphatases, but this hypothesis remains to be tested.

1.8 Swel Stabilization upon Actin Cytoskeleton Perturbation

In cells that are exposed to environmental perturbations such as temperature
shift and osmotic shock, the actin cytoskeleton depolarizes and Swel is dramatically
stabilized (Alexander et al.,, 2001; Lew and Reed, 1995; Sia et al., 1998). Swel is also
stabilized in mutants that abolish polarity establishment (cdc24-1) or have defects in
actin cables (tpml) (Sia et al., 1998). Swel stabilization leads to phosphorylation and
inhibition of Clb2-Cdc28 complexes. The inhibition delays the transcriptional repression

of Swel, which in turn enhances Swel accumulation (Sia et al., 1996).

1.9 Parallel Pathways also Contribute to Cell Cycle Delay

Swel stabilization by itself is not sufficient to cause cell cycle arrest: deletion of
Hsll or Hsl7 (McMillan et al., 1999a) or mutation of the Swel degradation motifs
(McMillan et al., 2002) stabilize Swel but only lead to minimal cell cycle delay.

In addition to Swel stabilization, actin cytoskeleton perturbation also leads to
activation of the cell integrity stress response pathway and accumulating MAPK SIt2
phosphorylation (Harrison et al., 2001). Cell cycle arrest in response to Latrunculin
requires SIt2 and its upstream kinases but not the transcription factors downstream. SIt2
acts in parallel with Swel stabilization, and the requirement for SIt2 can be bypassed by
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deletion of Mih1 (Harrison et al., 2001). These results suggest that SIt2 may inhibit Mih1.

However, the detailed mechanism of Mih1 inhibition by SIt2 remains unclear.

1.10 Role of Hsl1 in Monitoring Cell Morphology

If the morphogenesis checkpoint serves as a surveillance pathway that protect
cells from certain errors during cell cycle progression, then how does the cell monitor
these errors and transduce that information to the machinery that regulates the cell
cycle? The studies on the checkpoint kinase Hsl1 revealed Hsll as a key transducer of
budding information.

Hsll is a member of Nim1 family protein kinase (Rubenstein and Schmidt, 2007)
(Figure 7A). Hsll contains an N-terminal kinase domain and a long C-terminal
regulatory domain. Hlsl exhibits extensive autophosphorylation (Barral et al., 1999;
McMillan et al., 1999b) and phosphorylates Hsl7 (McMillan et al., 1999a; Shulewitz et al.,
1999) but not Swel (Cid et al., 2001) in vivo. This suggests that the primary role of Hsl1
is to recruit Swel to the neck. Kinase activity of Hsl1 is required for Hsl7 recruitment in
vivo, even though in vitro interaction of Hsll fragments and Hsl7 doesn’t require the
kinase domain (Cid et al., 2001; Crutchley et al., 2009; Theesfeld et al., 2003). One
possibility is that the Hsl1 autophosphorylation activates Hsl1 by inducing conformation
change and unmasks the Hsl7 binding site. Alternatively, it is possible that
phosphorylation of Hsll or Hsl7 promotes stronger interaction of Hsll and Hsl7. Hsll

also has degradation motifs recognized by APC that target it for degradation (Burton
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and Solomon, 2000). Hsll contains multiple interaction domain that binds to different
targets: septin binding regions which overlap an autoinhibitory domain (Hanrahan and
Snyder, 2003), an Hsl7 binding region (Crutchley et al., 2009), and a membrane binding
region at the C-terminus which favors acidic phospholipids (Moravcevic et al., 2010).
Hsll kinase activity depends on its localization to septin rings (Barral et al.,
1999). The binding of Hsl1 to septin rings presumably relieves autoinhibition, activating
the kinase activity. Another septin-localized kinase, Elm1, can stimulate Hsll kinase
activity by phosphorylation of Thr273 in the T-loop of the Hsl1 kinase domain (Blacketer
et al., 1993; Thomas et al., 2003). The activation of Hsll requires both Elm1 and septins.
However, septin binding doesn’t seem to be sufficient for Hsl1 activation, because Hsl1
is only activated when it localizes to spetin rings in budded cells but not in unbudded
cells (Theesfeld et al., 2003) (Figure 7B). Thus Hsl1 activation may require a specific
septin organization that only occurs in budded cells, or factors that activate Hsl1 may be

missing in unbudded septin rings.
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Figure 7: Hsl1 Interaction with Septin Ring

A). Schematic of Hsl1 structure. B). Hsl1 activation depends on spetin binding in
budded cells. Septin transform from flat ring structure in unbudded cell to collar
structure at mother-bud neck. C). Carton of local membranes from an unbudded cell or
mother-bud neck. Notice the membrane curvature difference along perpendicular
directions.

In wild-type cells, recruitment of Hsl7 to the neck by Hsll happens shortly after
bud emergence (Theesfeld et al., 2003). In bed1 mutant cells, bud emergence is delayed,
resulting in a significant delay between septin ring formation and bud emergence. In
these cells, Hsll was localized to the septin rings but Hsl7 was not recruited by Hsll
until bud emergence (Theesfeld et al., 2003). This suggests that the interaction of Hsl1
and Hsl7 depends on bud emergence. The difference between a septin ring in unbudded

vs. budded cells may be that the local membrane geometry differs in the two cases. The

septin ring in unbudded cell sits beneath a membrane with negative curvature in all
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directions, while the septin ring at bud neck sits beneath a membrane with positive
curvature along the mother-bud axis and negative curvature around the neck (Figure
7C). Experiments in cells with pheromone-induced mating projections revealed that
Hsll could recruit Hsl7 to a ring in unbudded cell if the septin ring formed inside the
projection but not elsewhere (Theesfeld et al., 2003). This result supports the hypothesis
that local membrane geometry somehow controls the Hsl1-Hsl7 interaction. However,

the mechanism of this regulation remains unclear.

1.11 Objectives of the Thesis

In S. cerevisiae, cell polarity leads to polarized growth and bud emergence. The
morphogenesis checkpoint serves as a surveillance pathway to cope with various
environmental stresses and ensure the proper construction of a bud. This thesis is
focused on a). How PAKSs Ste20 and Cla4 behave during polarity establishment. b). How
the morphogenesis checkpoint monitors bud emergence.

Ste20 and Cla4 are both effectors of polarity, however, it is possible that they also
participate in the establishment of polarization. Their regulation might be different
during the earlier process. In Chapter 2 we want to study the potential difference
between Ste20 and Cla4 by comparing their localization during polarity establishment.
The domain structure of Ste20 and Cla4 indicates that PAKs have different membrane

localization. Thus it is possible their different membrane interaction would contribute to
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their different behaviors. We want to study whether membrane interaction domains of
Ste20 and Cla4 contribute to their regulation.

The requirement for septin binding in budded cells for Hsl1 activation could be
explained by the autoinhibition of Hsll was relieved upon septin binding. However, it is
equally possible that certain factor which is required for Hsll activation such as Elm1
only localizes to septin rings in budded cells. We want to differentiate between these
possibilities. In Chapter 3, we utilized the Hsl7 interaction domain of Hsll to ask
whether this minimal piece which presumably was not autoinhibited could recruit Hsl7
in unbudded cells. Our result suggest that budded septin ring is still required in this
scenario. Later experiments showed that ElIm1 could be the factor missing in unbudded
septin rings. Thus it seems that Elm1 is monitoring the bud emergence by selectively
localizing to septin rings in budded cells. Thus it is interesting to understand why Elm1

would not localize to initial septin rings.
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2. Different Behaviors of PAKs During Polarity
Establishment

2.1 Introduction

The establishment and maintenance of cell polarity is a fundamental process for
cell proliferation and development (De Smet and Beeckman, 2011; Knoblich, 2010;
Paciorek and Bergmann, 2010). Cell polarization involves vesicular delivery of lipids,
proteins, and extracellular matrix or cell wall components to targeted locations on the
plasma membrane. In the budding yeast S. cerevisiae, cell polarity is intimately correlated
with the organization of actin cytoskeleton, which guides the vesicle secretion towards
polarity site (Kaksonen et al., 2006; Moseley and Goode, 2006).

In budding yeast, cyclin dependent kinases (CDKs) regulate the polarization of
surface actin patches and actin cables (Pruyne and Bretscher, 2000). In early G1, actin
patches and cables are randomly distributed and oriented, causing isotropic growth in
the mother cell. Later in G1, when polarity establishment begins, actin cables are
oriented along the future mother-bud axis and actin patches are clustered at the polarity
site which marks the site for incipient bud emergence (Farkas et al., 1974; Lew and Reed,
1993). Targeting of secretory vesicles to the site leads to remodeling of the local cell
surface for bud growth. In addition to the actin cytoskeleton, a septin ring forms at the
mother-bud neck, and serves as a scaffold for multiple protein complexes including a

formin that orients actin cables in the mother towards the neck, and checkpoint proteins
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that monitor bud growth (Oh and Bi, 2011). Active G1 cyclin-CDK is required for
polarity establishment (Cross, 1988; Nash et al., 1988; Richardson et al., 1989).

The cell division cycle (Cdc) 42 protein plays the key role in proper initiation of
cell polarization (Etienne-Manneville, 2004; Park and Bi, 2007). Cdc42 is a small Rho-
family GTPase, and its localization marks the site for actin patch clustering and actin
cable orientation (Park and Bi, 2007). The activity of Cdc42 is regulated by guanine
nucleotide exchange factor (GEF) Cdc24 (Zheng et al., 1994) and GTPase activating
proteins (GAPs) Rgal, Rga2, Bem2 and Bem3 (Caviston et al., 2003; Gladfelter et al.,
2002; Smith et al., 2002). Conditional mutants that inactivate Cdc42 or Cdc24 block cell
polarity and result in lethality. On the other hand, overexpression of a GTP-locked
constitutively active Cdc42 mutant can bypass the requirement for G1 cylin-CDK and
induce multiple apparent polarity sites simultaneously, even though GTP-locked
constitutively active Cdc42 expressed from endogenous promoter doesn’t show similar
effects (Irazoqui et al., 2003). G1 cyclin-CDK is thought to regulate the activity of Cdc42
by activating the GEF Cdc24 and inhibiting GAPs (Yoshida and Pellman, 2008). Thus cell
polarity is coupled with cell cycle progression.

Cdc42 regulates cell polarization via its various effectors. Ste20 and Cla4, a pair
of p21-activated kinase (PAK) homologues, are important effectors of Cdc42. Ste20 and
Cla4 interact with activated Cdc42 (Benton et al., 1997; Leberer et al., 1997; Peter et al.,

1996). Overexpression of Ste20 suppresses the growth defect of cdc42-1 temperature
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sensitive mutation (Eby et al., 1998). Loss of either Ste20 or Cla4 causes no significant
defects in polarization or bud emergence, however deletion of both PAKs cause lethality
(Eby et al., 1998). PAKs interact with GTP-Cdc42 via Cdc42/Rac interactive binding
(CRIB) domains (Bagrodia and Cerione, 1999). PAKs also interact with the scaffold
protein Bem1, which interacts with GEF Cdc24. The PAK-Bem1-Cdc24 complex is then
recruited to the polarity site via its interaction with GTP-Cdc42. The GEF Cdc24 locally
catalyzes the GTP loading of inactive Cdc42, result in enrichment of active GTP-Cdc42 in
a positive feedback manner (Kozubowski et al., 2008). On the other hand, Cla4 can
phosphorylates and inactivates GEF Cdc24 (Bose et al., 2001), which serves as one
mechanism for negative feedback (Kuo et al., 2014). Thus in addition to their roles as
Cdc42 effectors, PAKs also directly participate in the process of polarity establishment.
Ste20 and Cla4 have differential roles in pheromone sensing (Leberer et al., 1992),
septin assembly (Weiss et al., 2000), and sterol uptake (Lin et al., 2009), but they were
thought to share similar functions in polarity establishment. However, in this study, we
demonstrate that Ste20 and Cla4 localize to the polarity patch at different times. More
specifically, Ste20 polarizes prior to CDK activation (particularly in daughter cells) and
Cla4 polarizes after CDK activation. The early polarization of Ste20 requires Rsrl and its
interaction with the GEF Cdc24. Later, during bud emergence, Ste20 depolarizes while
Cla4 remain polarized. We find that Ste20 depolarization is due to Cla4, suggesting

competition between Cla4 and Ste20 for binding sites. Our data demonstrate different
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behaviors of the PAKs Ste20 and Cla4 and suggests that they play distinct roles during

the process of polarity establishment.

2.2 Results
2.2.1 The PAKs Cla4 and Ste20 polarize at different times

Previous studies have shown that both Cla4 and Ste20 localize to the incipient
bud site during polarization (Peter et al., 1996). It has been assumed that both PAKs
polarize once Cdc42 becomes polarized, but a direct comparison of the timing of their
polarization is lacking. We did this by tagging Cla4 and Ste20 with different fluorescent
proteins in the same cell. By live cell imaging, we found that Cla4 and Ste20 localized to
polarity site at different times. In both mother and daughter cells, Ste20 polarized earlier
than Cla4, with an average of 2.2 minutes difference in mother cells and 3.5 minutes in
daughter cells (Figure 8). Cla4 and Ste20 are not periodically expressed during the cell
cycle (Benton et al., 1997; Wu et al., 1998), so the observed difference is not due to timing
of expression. The difference in timing is quite surprising, and raised the question of
how the timing of PAK polarization compared to that of polarity markers like Bem1 and

Cdc42.
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Cells (DLY19547) expressing Ste20-mCherry and Cla4-GFP were imaged and
scored for the first appearance (arrows) of indicated proteins at the incipient budding
sites in mother cell (A) and daughter cell (B). Time intervals between Ste20 and Cla4
were quantified and plotted in (C), where time 0 on horizontal axis is when Ste20
polarizes. The dots are polarization times of Cla4 relative to Ste20 in individual cells.

Scale bar, 5 um.

To investigate this issue, we imaged cells expressing a fluorescently labelled PAK
and the polarity marker Bem1. The results showed that initial Ste20 polarization was

coincident with initial Beml polarization in both mother and daughter cells. Cla4
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polarized later than Bem1, with a lag that was consistent with the comparison between
Cla4 and Ste20 (Figure 9A,B). To further validate these results, we examined another
polarity marker, Cdc24. Ste20 polarized at the same time as Cdc24 (Figure 9C). Thus
Ste20 polarized together with the polarity patch but there was a delay in Cla4
polarization. The difference in polarization timing suggests that PAKs may have

different interactions during early polarity establishment.
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Figure 9: Ste20 Polarizes Simultaneously with Bem1 while Cla4 Polarizes Later

Cells expressing fluorescent PAKs and polarity marker Bem1 or Cdc24 were
imaged and scored for the first appearance (arrows) of fluorescence at the incipient bud
sites. Ste20 polarized at the same time as Bem1 (A, DLY19804) and Cdc24 (C, DLY18929).
Cla4 polarized later than Beml (B, DLY20200). Time intervals between Ste20 and
Bem1/Cdc24 or Bem1 and Cla4 are plotted in D and E respectively. Scale bar, 5 um.

2.2.2 Polarity Patch Forms Prior to CDK Activation in Daughter Cells

Polarity establishment involves a positive feedback loop such that active GTP-
Cdc42 reinforces itself through locally recruiting the GEF Cdc24 (Kozubowski et al.,
2008). GAPs are negative regulators of GTP-Cdc42. It was considered that G1-CDK
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activity triggered polarization by both activating Cdc24 and inhibiting GAPs (Yoshida
and Pellman, 2008). PAKs are thought to be involved in positive feedback. PAKs form
complexes with the scaffold protein Beml and the GEF Cdc24. Active GTP-Cdc42
recruits the PAK-Bem1-GEF complex to the polarity site through interaction with the
CRIB domain of PAKs (Kozubowski et al., 2008). The observed difference between Cla4
and Ste20 polarization timing raised the question of when they polarize compared to
CDK activation.

It has been reported that the 50% export of G1 transcription repressor Whi5 from
nucleus correlates with G1 CDK activation (Costanzo et al., 2004). Thus we compared
the polarization of PAKs to 50% exit of Whi5. Surprisingly, we found that Ste20
polarized earlier than 50% exit of Whi5 in daughter cells but not in mother cells (Figure
10). This suggests that Ste20 polarizes before CDK activation in a daughter-specific
manner. Similar to Ste20, polarity marker Bem1 also polarized before 50% Whib5 nuclear
exit in daughter cells. We also compared Cla4 polarization with Whi5. In contrast to
Ste20, Cla4 only polarized after 50% Whi5 nuclear exit in both mother and daughter
cells. These findings suggest that there is a pre-CDK activation polarization event that
only happens in daughter cells. The pre-CDK polarity patch only contained one of the
PAKs — Ste20. Cla4 didn’t participate in the polarization until after CDK activation.

However, pre-CDK polarization was not obvious in mother cells, where the polarity
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marker Bem1 and the PAKs Ste20 and Cla4 all polarized at roughly the same time after

CDK activation.
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Figure 10: Ste20, Cla4 and Bem1 Polarization Times Compared to Whi5
Nuclear Export

Cells expressing fluorescent Whi5 and PAKs or Beml were imaged and
quantified. Representative cell strips are shown (A, DLY19685; B, DLY20043; C,
DLY19682). The curves are traces quantifying Whi5 nuclear localization (red) and
PAKs/Beml polarization (green) in a single cell. Solid lines are raw data and dashed
lines are spline fits of raw data. The time of Whi5 50% nuclear export is calculated based
on raw data. The first time point of PAKs/Bem1 polarization at the incipient bud site is
scored visually. The intervals between Whi5 50% nuclear export and PAKs/Beml
polarization are then calculated and plotted in panel D. Negative X-coordinates
indicates polarization prior to Whi5 50% nuclear export. Scale bar, 5 pm.

2.2.3 Bud-site Selection Proteins in Daughter Cells Contribute to Pre-
CDK Polarization

The early daughter-specific polarity patch always formed as a crescent at the
distal pole of daughter cells. Thus, differences between mother and daughter cells could
be due to landmark proteins that are deposited at the bud tip during morphogenesis.

The landmarks interact with Bud5, a GEF that promotes GTP loading of the Ras-family
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GTPase Rsrl (Kang et al., 2001). Rsr1-GTP can bind to the Cdc42-directed GEF Cdc24
(Zheng et al., 1995), promoting localized activation of Cdc42. The PAK Ste20 could then
be recruited by GTP-Cdc42 via direct interaction with the Ste20 CRIB domain
(Kozubowski et al., 2008). The scaffold protein Bem1 could then be recruited by binding
Ste20. Thus, one way to explain the early polarization in daughter cells is that it occurs
via a linear pathway which may not require CDK activation or positive feedback (Figure
11A).

The hypothesized pre-CDK polarization pathway depends on Rsrl. We
investigated the polarization time of Bem1 or Ste20 with respect to 50% Whi5 nuclear
exit in rsr1 deleted cells (Figure 11B). As predicted, in rsr1 cells, Bem1 only polarized
after 50% Whib nuclear exit in both mother and daughter cells (Figure 11C,D). Similarly,
Ste20 also polarized after 50% Whi5 nuclear exit in rsr1 daughter cells. Thus Rsrl is
required for the daughter-specific pre-CDK polarization.

To further test the hypothesis, we used the cdc24-4 mutant that abolishes
interaction with Rsrl even at permissive temperature (Sloat et al., 1981). In wild type
cells at 24°C, Ste20 polarized before Whi5 nuclear exit. But in the cdc24-4 strain, Ste20
polarized after 50% Whi5 nuclear exit in both mother and daughter cells (Figure 12).
Thus, interaction between Rsrl and Cdc24 is required for daughter-specific pre-CDK

polarization.
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Figure 11: Ste20/Bem1 Polarize After Whi5 50% Nuclear Export in Arsr1 Cells
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A) Schematic of proposed linear pathway from landmark proteins to Beml
polarization. B). Deletion of RSR1 should eliminate the polarization. Arsrl cells with
fluorescent Whi5 and Ste20 or Beml were imaged and representative cell strips are
shown (C, DLY19237; D, DLY19683). Curves and dot plot (E) are quantified as depicted
in Figure 3. Scale bar, 5 um.
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Figure 12: Ste20 Polarizes After Whi5 50% Nuclear Export in cdc24-4 Cells at
Permissive Temperature

Cells expressing cdc24-4 and fluorescent Whi5 and Ste20 were imaged and
representative cell strips are shown in (A, DLY20764). Curves and dot plot are
quantified as depicted in Figure 3. Scale bar, 5 um. C) Schematic showing that cdc24-4
abolishes interaction with GTP-Rsrl.

The scaffold protein Bem1 can bind Ste20 and polarize early in daughter cells.

Beml can also directly interact with GTP-Cdc42. To better understand how Beml
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becomes polarized, we deleted Ste20 and compared the timing of Bem1 polarization and
Whi5 50% nuclear exit. In Aste20 cells, Bem1 polarized after 50% Whi5 nuclear exit in
both mother and daughter cells (Figure 13). Thus the interaction between Ste20 and
Bem1 recruits Bem1 to the pre-CDK polarity patch. Also, compared to wild type cells,
Aste20 cells showed a longer delay between Bem1 polarization and 50% Whi5 nuclear
exit. This suggests that Ste20 may also contribute the positive feedback in post-CDK

polarity establishment.
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Figure 13: Bem1 Polarizes After Whi5 50% Nuclear Export in Aste20 Cells

Aste20 cells expressing fluorescent Whi5 and Beml were imaged and
representative cell strips are shown (A, DLY20435). Curves and dot plot are quantified
as depicted in Figure 3. Scale bar, 5 um. C) Schematic showing why Aste20 blocks
recruitment of Beml.
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2.2.4 Role of Membrane Binding Domains in the Different Behaviors
of Cla4 and Ste20

The above results showed that Ste20 participated in the daughter-specific pre-
CDK polarization. However, the functionally redundant PAK Cla4 wasn’t present at
that polarity site. Why would the similar PAKs behave differently? Structurally, Ste20
and Cla4 have similar domains except for their membrane interaction domains (Figure
14A). The basic rich (BR) domain of Ste20 favors membranes with negative charge
(Bhaduri and Pryciak, 2011; Takahashi and Pryciak, 2007), while the pleckstrin
homology (PH) domain of Cla4 specifically binds to PL.P (Wild et al., 2004). It is possible
that the membrane interaction of Ste20 facilitates the recruitment of Ste20 to the
polarization site.

If the different membrane interaction domains account for the different timing of
Ste20 and Cla4 polarization, then Cla4 should polarize earlier if its PH domain was
replaced with Ste20’s BR domain. We constructed a strain that had GFP-tagged Cla4
with Ste20 BR domain in place of PH domain (Cla4®R-GFP). The strain showed normal
cell morphology and proliferation, indicated that Cla4®R-GFP didn’t cause septin defects.
We compared Cla4R-GFP or Cla4-GFP with Bem1-tdTomato polarization timing. Cla4B®-
GFP polarized significantly earlier than wild type Cla4 (Figure 14 B,C). In most cells,
Cla4®R-GFP polarized shortly after Beml polarization. Compared to Ste20, Cla4®®
polarized a bit later but before wild-type Cla4. This could be due to the weaker signal to

noise ratio of Cla4BR-GFP or the lower binding affinity of Cla4®® resulted from improper
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BR domain folding. These results suggest that the membrane-binding domain of Ste20

contributes to its ability to engage in pre-CDK polarization.
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Figure 14: Membrane Binding Domains of Ste20 and Cla4 Contribute to
Polarization Timing

A) Schematic of Ste20 and Cla4 domain structure. PH domain of Cla4d was
replaced with Ste20 BR domain in Cla4®R. Cells expressing fluorescent Bem1 and Cla4®®
were imaged and scored for first appearance (arrows) of polarized protein at incipient
bud site (B, DLY20936). Intervals between Cla4®® and Bem1 or WT Cla4 and Beml are
plotted in panel C. Scale bar, 5 um.
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2.2.5 Competition Between Cla4 and Ste20 During Bud Emergence

In addition to the different behavior in early polarization in daughter cells, Cla4
and Ste20 behaved differently during bud emergence. Ste20 depolarized approximately
at the time of bud emergence while Cla4 stayed polarized. After bud emergence, Ste20
repolarizes to the bud tip (Figure 15A). Cla4 and Ste20 share similar GTP-Cdc42 binding
domains. One possible explanation for Ste20 depolarization is that the PAKs compete for
binding sites during bud emergence and that Cla4 outcompetes Ste20. Also, it is possible
that the negative feedback mediated by Cla4 reduces the GTP-Cdc42 at polarity patch
and Ste20 depolarizes due to less binding sites. These possibilities are not mutually
exclusive and may both contribute to the depolarization of Ste20.

To test the first hypothesis, we deleted Cla4 and observed the polarization of
Ste20 during budding. In the Acla4 cells, Ste20 remained polarized during budding
(Figure 15B). However there is still a noticeable decrease in Ste20 fluorescence intensity.
This suggests that Cla4 competition may cause Ste20 depolarize during bud emergence,
but some other factors may also contribute to this behavior.

To test the second possibility, we generated a strain in which endogenous CDC24
was replaced by Cdc24%4 at its endogenous locus and monitored polarization of Ste20
vs Beml. Cdc24%4 is a nonphosphorylatable GEF that has shown to inhibit the
oscillatory Cdc42 patch by perturbing negative feedback loop (Kuo et al., 2014).

However, we found that Ste20 still depolarized during bud emergence, although the
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polarity marker Bem1 remain polarized at the same time (Figure 15C). Thus it doesn’t

seem likely that Cla4-mediated negative feedback loop causes Ste20 delocalization.
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Figure 15: Ste20 Delocalizes Shortly After Cla4 Polarization

In wild type cells, Ste20 depolarizes (first arrow) shortly after Cla4 polarization,
approximately when the bud starts to emerge. Ste20 repolarizes (second arrow) at tip of
the bud after ~10 min (A, DLY19547). In Acla4 cells, Ste20 decreases but remains
polarized during bud emergence (B, DLY20196). Scale bar, 5 um.

2.3 Discussion

Ste20 and Cla4 are both Cdc42-activated serine/threonine kinases. Despite their
distinct functions in septin ring organization and pheromone signaling, they were both
thought to be involved in a positive feedback loop that promotes polarity establishment.
Structurally, both Ste20 and Cla4 have similar domains that interact with GTP-Cdc42

and Bem1. They both localize to the incipient budding site. However, our study showed
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that they behave differently in several ways: 1) Ste20 polarizes earlier than Cla4 in both
mother and daughter cells, with a longer interval in daughter cells. 2) Ste20 polarizes at
the same time as polarity patch formation in both mother and daughter cells, but Cla4
polarizes later than polarity patch formation. 3) After bud emergence, Ste20 delocalizes
while Cla4 stays polarized. The differences in their behaviors may reflect specific roles
during the process of polarity establishment.

Previous studies showed that CDK activity was crucial for the initiation of cell
polarity . However, our results suggest that an early polarization event can happen in
daughter cells before CDK activation. The daughter-specific polarization requires that
Rsrl interact with Cdc24, which locally activates Cdc42 to recruit Ste20 and Beml.
However, it is not clear whether positive feedback contributes to the pre-CDK polarity
patch we observed. The intensity quantification of polarity patches in daughter cells
showed a biphasic behavior: an earlier plateau with lower intensity pre-CDK activation
and a faster increase phase post-CDK activation which resembled the dynamics in
mother cells. Thus we speculate that positive feedback didn’t occur until CDK activation
at later time points. The initial lower intensity plateau phase may represent a linear
recruitment-activation pathway initiated by landmark proteins. After CDK activation,
GTP-Cdc42 in the initial patch serves as the “seed” for the positive feedback loop that

develops into the later polarity patch.
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The formation of the daughter specific pre-CDK polarity patch requires the PAK
Ste20. By replacing the Cla4 PH domain with the Ste20 BR domain, localization of Cla4
was advanced, suggesting that the membrane-binding domain of Ste20 accounts for the
early targeting of Ste20. It is possible that the combined interactions of the Ste20 BR
domain with cell membrane and the Ste20 CRIB domain with GTP-Cdc42 provide Ste20
with sufficient affinity towards the polarity patch. However, during bud emergence,
Ste20 was outcompeted by Cla4 and depolarized. Cla4 participates in septin ring
assembly and may interact with septin filaments during bud emergence, where the
septin ring forms at the base of the emerging bud. It is also possible that P14 kinase Stt4
activity generates PIsP at the polarity site, providing binding sites favored for Cla4. It
appears that despite their redundant functions during polarity establishment, Ste20 and
Cla4 have distinct behaviors at different stages of polarization.

The existence of polarization (though at a lower level) without CDK activation
may serve as a positional cue for polarity establishment. In daughter cells, Ste20 and
Beml polarize at the distal pole before CDK activation, which later becomes the budding
site. Previous studies have found that Aste20 cells failed in choosing distal budding sites
(Sheu et al., 2000). Thus it is plausible that the initial patch of Ste20 serves as bridge

between the landmark proteins at distal budding site and polarity establishment.
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3. Sensing a bud in the yeast morphogenesis
checkpoint: arole for EIm1

3.1 Introduction

Cell cycle progression is orchestrated by a regulatory network centered on
cyclin-dependent kinases (CDKs) whose activity oscillates during the cell cycle,
sequentially triggering DNA replication, chromosome segregation, and cytokinesis
(Morgan, 1997). The proper order of cell-cycle events is further enforced by checkpoint
controls, which are surveillance pathways that can detect errors or delays in key cell
cycle events (Hartwell and Weinert, 1989). Most cells have checkpoints that delay entry
into mitosis if DNA replication is incomplete (or if there is DNA damage), and delay the
metaphase-anaphase transition if sister chromatids have not attained a bipolar
attachment to the mitotic spindle. By delaying the later event, checkpoints prevent the
potentially catastrophic effects of proceeding with the cell cycle when an early event
fails to occur in a timely fashion.

The budding yeast Saccharomyces cerevisiae has served as a tractable model for
studies of cell-cycle control. Yeast cells are surrounded by a rigid cell wall, and daughter
cells are produced as buds adjacent to the mother cell. After bud formation, the mitotic
spindle aligns along the mother-bud axis so that mother and daughter each inherit a full
complement of chromosomes during nuclear division. Bud formation and progression of
the nuclear cycle are coupled by two cell-cycle checkpoints in addition to those

discussed above. The morphogenesis checkpoint (Lew, 2003) delays nuclear division in
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cells that have not yet formed a bud, and the spindle orientation checkpoint (Lew and
Burke, 2003) delays exit from mitosis until one pole of the anaphase spindle has
penetrated into the bud. Together, these checkpoints prevent the formation of
binucleated cells.

The morphogenesis checkpoint delays nuclear division via inhibitory
phosphorylation of the mitotic CDK at Tyr19 (Lew and Reed, 1995; Sia et al., 1996),
which is regulated by the Weel-family kinase Swel and the Cdc25-family phosphatase
Mih1 (Booher et al., 1993; Russell et al., 1989). Both Swel and Mihl are targets of
regulatory pathways, and regulation of one enzyme is only effective in combination
with regulation of the other (Anastasia et al., 2012; Harrison et al., 2001; McMillan et al.,
1999a). One of the regulatory pathways impinges on the abundance of Swel. SWET is
transcribed only in late Gl/early S phase, and Swel is then degraded prior to nuclear
division (Lim et al., 1996; Sia et al., 1998; Sia et al., 1996). However, stresses that perturb
bud formation promote stabilization of Swel, leading to phosphorylation of the CDK
(Sia et al., 1998).

Degradation of Swel is thought to be a multistep process involving (i) priming
phosphorylation of Swel by mitotic CDK; (ii) further phosphorylation of Swel by the
Polo-family kinase Cdc5; (iii) ubiquitination of hyperphosphorylated Swel by the
ubiquitin ligases Dmal and Dma2; and (iv) degradation by the proteasome (Asano et al.,

2005; Raspelli et al., 2011; Sakchaisri et al., 2004). This delicately balanced pathway,
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involving mutual antagonism between mitotic CDK and Swel, is tilted in favor of Swel
when cells are exposed to a variety of stresses that compromise the actin cytoskeleton
and hence bud formation (King et al., 2013). A central question is how (perturbation of)
bud formation influences Swel/Mih1 and hence mitotic progression.

Strikingly, Swel degradation is coupled to its localization (King et al.,, 2012;
Longtine et al., 2000).Swel transits in and out of the nucleus, and in budded cells a
fraction of the Swel is localized to the mother-bud neck, where it is phosphorylated to
promote its degradation (Keaton et al., 2008; Longtine et al., 2000).Neck localization of
Swel is mediated by a cascade of interactions: Swel is localized via binding to Hsl7,
which is localized via binding to Hsl1, which is localized via binding to septins (Barral et
al., 1999; Cid et al., 2001; Longtine et al., 2000; Shulewitz et al., 1999). Septins are a family
of cytoskeletal filament-forming proteins important for cytokinesis: they assemble into a
ring at the presumptive bud site prior to bud emergence, and then reorganize to form an
hourglass-shaped collar at the mother-bud neck (Ong et al., 2014). Curiously, Hsl7 (and
hence Swel) localizes to the septins only after a bud has formed (Cid et al., 2001;
Longtine et al., 2000; Theesfeld et al., 2003), suggesting that Hsl7 localization might serve
as a “bud sensor”, enabling Swel degradation only once a bud had been formed.

As septins assemble into a ring prior to bud emergence, why does Hsl7 not
accumulate there until after a bud has formed? The Nim1-family kinase Hsl1 links Hsl7

to the septins (Longtine et al., 2000; Shulewitz et al., 1999). HSL1 is transcribed in late G1,

43



and Hsll is targeted for degradation by the APC during mitotic exit, so one obvious
reason why Hsl7 does not localize could be the absence of Hsll until S phase, when a
bud has formed (Burton and Solomon, 2000; McMillan et al., 1999a). In cells treated with
the actin-depolymerizing drug Latrunculin to block bud emergence, Hsll accumulates
and becomes localized to the septin ring, but Hsl7 localization in such cells is
significantly delayed (King et al., 2013; Theesfeld et al., 2003). Thus, Hsl7 localization
probably requires additional factors beyond the presence of Hsll. In this study, we
investigated Hsl7 localization using live-cell imaging. We show that Hsl7 localization
requires another kinase, Elm1, in addition to Hsll. Like Hsl7, EIm1 localization is only
detectable following bud emergence, and our findings suggest that EIm1 localization is
impacted by the local membrane geometry in the vicinity of the septins. We speculate
that local membrane curvature affects septin filament organization, so that bud
formation creates a structure with higher affinity for ElIm1. In this way, the septins may
act as sensors for bud emergence, transmitting that information through Elm1 and Hsl7

to degrade Swel and hence allow nuclear division once a bud has formed.

3.2 Results
3.2.1 Live-cell Imaging of Hsl7 Localization

The foundational studies of Hsl7 localization were performed using
immunofluorescence on fixed cells (Longtine et al.,, 2000; Shulewitz et al.,, 1999;

Theesfeld et al.,, 2003). Using a functional GFP-Hsl7 probe (King et al., 2013), we
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confirmed that Hsl1-GFP and GFP-Hsl7 localized to septin rings (marked using a
functional Cdc3-mCherry probe (Tong et al., 2007)) only in budded cells (Figure 16A).
However, the GFP-Hsl7 signal was too weak to reliably detect in time-lapse imaging.
Using the strong constitutive TEF1 promoter, we overexpressed GFP-Hsl7, allowing us
to quantify Hsl7 localization through the cell cycle (Figure 16B-D). As previously
reported (McMillan et al., 1999a), overexpression of Hsl7 did not impair cell growth or
morphology. Time-lapse imaging showed that overexpressed GFP-Hsl7 localized to
septin rings after a delay of approximately 10 min, once buds were present (Figure 16B-
D).

Hsll is periodically expressed during the cell cycle, accumulating at around the
time of budding (McMillan et al., 1999a) (Figure 17A-C), so a trivial reason for delayed
Hsl7 localization would be the absence of Hsl1 when septin rings first form. Degradation
of Hsll depends on KEN box and D box motifs in Hsll, and a mutant Hsl1md®mkb js
present constitutively through the cell cycle (Burton and Solomon, 2001)(Figure 17A-C).
Despite the presence of Hsll, Hsl7 localization to the septin ring still showed a delay
(Figure 17D-F). Thus, the delay in Hsl7 recruitment to septins is not due to absence of

Hsl1 or low expression of Hsl7.
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Figure 16: Imaging Hsl7 Recruitment to the Septin Ring

A) Hsll and Hsl7 recruitment occurs after bud emergence. Images of cells
expressing the septin marker Cdc3-mCherry and GFP-Hsl7 (DLY14838) or Hsl1-GFP
(DLY18904) from their endogenous promoters. B) Overexpression of Hsl7 does not
advance the timing of Hsl7 recruitment. Images of Cdc3-mCherry and overexpressed
GFP-Hsl7 (DLY17799). C) Quantification of septin and Hsl7 recruitment with time in
individual cells. The fluorescence intensity of the two probes were quantified from
timelapse videos of 3 individual cells. D) Average fluorescence intensities from n=23
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cells, aligned to the first timepoint that septins became detectable. Error bars, standard
deviation. Scale bar, 5 um.
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Figure 17: Blocking Hsl1 Degradation does not Advance Recruitment of Hsl7
to the Septin Ring

A) Blocking Hsll degradation. Western blot showing levels of Hsll-myc
(DLY7318: upper) and Hsllmdmkb-myc (DLY17668: lower) along with corresponding
loading controls (Cdcl1) from pheromone arrest-release-arrest synchrony experiments.
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B) Quantification of Hsll abundance (normalized to Cdcl1 control for each lane) from
Western blots in A). C) Cell-cycle synchrony for the experiment above was assessed by
scoring the % of budded cells. D) Images of Cdc3-mCherry and overexpressed GFP-Hsl7
in cells with nondegradable Hsll (DLY17800). E) Quantification of septin and Hsl7
recruitment with time in individual cells. F) Average fluorescence intensities from n=20
cells, aligned to the first timepoint that septins became detectable. Error bars, standard
deviation. Scale bar, 5 um.

3.2.2 Role of Hsl1 in the Timing of Hsl7 Localization

Hsll has an N-terminal kinase domain and a large C-terminal regulatory domain
with conserved motifs that mediate septin, Hsl7, and membrane interactions (Crutchley
et al., 2009; Moravcevic et al., 2010). Although a C-terminal region (residues 1138-1307) is
sufficient to bind Hsl7 in vitro, efficient Hsl7 localization in vivo also requires Hsll
kinase activity (Crutchley et al., 2009; Theesfeld et al., 2003). This observation could be
explained if Hsll phosphorylates a substrate that enhances Hsl1-Hsl7 interaction. The
most obvious candidate substrates are Hsll itself and Hsl7: both are documented
substrates for Hsll kinase (Barral et al, 1999; McMillan et al., 1999a).
Autophosphorylation by Hsll might induce a conformational change that unmasks the
Hsl7-binding region. Phosphorylation of Hsl7 by Hsll might enhance affinity for the
Hsll C-terminus. These hypotheses are not mutually exclusive, and they raise the
possibility that Hsll might regulate the differential recruitment of Hsl7 to septin rings in
budded but not unbudded cells.

To investigate these ideas, we targeted an “unmasked” Hsl7-binding region of

Hsll to septins by a direct fusion approach. We fused residues 1138-1307 of Hsl1 (the
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minimal Hsl7-binding domain) to the septin Cdc3, and expressed this construct in cells
lacking wild-type Hsll. We also constructed a similar fusion bearing a larger region of
Hsl1 (residues 879-1307) (Figure 18A). Both fusions lack the kinase domain. As expected,
Cdc3-Hsl11138137 and Cdc3-Hsl187137 were co-assembled into initial septin rings with no
delay (Figure 18B). Moreover, both constructs were able to recruit Hsl7 to the mother-
bud neck in the absence of other Hsll sequences (Figure 18C). However, there was still a
delay in Hsl7 recruitment to the septin rings, similar to the delay observed in wild-type
cells (Figure 18D,E). These observations indicate that most of Hsl1 (including the kinase
domain) is dispensable for Hsl7 recruitment, and that additional factors beyond Hsll

itself must regulate the ability of Hsl1!1%-1307 to recruit Hsl7.
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Figure 18: Targeting the Hsl7-binding Domain of Hsl1 to the Septins Suffices
for Hsl7 Recruitment but Only in Budded Cells

A) Schematic of Hsll indicating domains that were fused to the septin. B) Images
of Cdc3-mCherry and the indicated Cdc3-GFP-Hsll fusions (DLY14978, DLY14921)
showing that fusions co-assemble into septin rings of unbudded cells. C) Cdc3-GFP-Hsl1
fusions recruit Hsl7 to septin rings in budded but not unbudded cells. Images of Cdc3-
mCherry and overexpressed GFP-Hsl7 (DLY14895, DLY17674). D) Quantification of
septin and Hsl7 recruitment with time in individual cells (DLY17674). E) Average
fluorescence intensities from n=19 cells, aligned to the first timepoint that septins
became detectable. Error bars, standard deviation. Scale bar, 5 pm.
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3.2.3 Role of EIm1in the Timing of Hsl7 Localization

The kinase Elm1 is an attractive candidate for an Hsl7-recruitment factor. Elm1 is
localized to the septin collar, and has been implicated in targeting Swel for degradation
by phosphorylating the activation-loop threonine in the kinase domain of Hsl1 (Bouquin
et al, 2000; Szkotnicki et al.,, 2008). Moreover, early reports suggested that Elml
localization, like that of Hsl7, occurred only after bud emergence (Bouquin et al., 2000).
We confirmed that a functional EIm1-GFP localized to septin rings (marked using Cdc3-
mCherry) only in budded cells (Figure 19A). Similar to GFP-Hsl7, the EIm1-GFP signal
was too weak to reliably detect in time-lapse imaging, so we overexpressed EIm1-GFP
from the ADH1 promoter. Overexpressed EIm1-GFP was localized to the septin rings of
unbudded cells (Figure 19B), and time-lapse imaging indicated rapid recruitment of
overexpressed Elm1 to forming septin rings (Figure 19C,D). These findings suggest that

the delayed recruitment of EIm1 to septin rings stems from its low level of expression.
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Figure 19: Localization of Elm1 to Septin Rings is Advanced Upon
Overexpression

A) Elm1 recruitment occurs after bud emergence. Images of cells expressing
Cdc3-mCherry and EIm1-GFP (DLY16705) from their endogenous promoters. B)
Overexpression of Elm1 advances the timing of Elm1 recruitment. Images of Cdc3-
mCherry and overexpressed Elm1-GFP (DLY18285). C) Quantification of septin and
overexpressed Elm1 recruitment with time in individual cells. D) Average fluorescence
intensities from n=21 cells, aligned to the first timepoint that septins became detectable.
Error bars, standard deviation. Scale bar, 5 um.

To ask whether earlier recruitment of Elm1 would suffice to promote early
recruitment of Hsl7 to septin rings, we monitored GFP-Hsl7 localization in cells
overexpressing Elm1. Hsl7 recruitment was still delayed in cells overexpressing Elm1

(Figure 20A-C). To ask whether that was due to the absence of Hsll (see above), we
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combined Cdc3-Hsl18%137 with overexpression of Elm1. That combination promoted
early recruitment of Hsl7 to septin rings (Figure 20D-F), suggesting that Hsl7

recruitment requires both Hsl1 and Elm1 at the septin ring.

Ot Eim1 + (DD

A OE ElIm1 + Hsl1 D
53

DIC

Cde3 | ! A -7 :i 3
Hsl7
B OE Elm1 + Hsl1 E ot Eim1 + (DD
0.5 0.5F
Cdc3 Cdc3
Hsl7 Hsl7
0 o L 0 L L
-~ 1 1
3 3
< =
Z 05 Z 05f
§ Cdc3 g Cdc3
2 Hsl7 = Hsl7
= 0 1 1 £ 0 1 M
1 1
0.5 05F
Cdc3 Cdc3
Hsl7 Hsl7
0 L 1 0 " L
0 20 40 0 20 40
Time (min) Time (min)
c OE ElIm1 + Hsl1 F ok Eim1 + D
s 5
< <
z >
G G
s c
] 3] !
E E 0 : L '
0 20 40
Time (min) Time (min)

Figure 20: EIm1 Overexpression and Hsl7 Recruitment
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A) Elm1 overexpression is not sufficient to advance Hsl7 recruitment. Images of
Cdc3-mCherry and overexpressed GFP-Hsl7 in cells overexpressing ElIm1 (DLY18541).
B) Quantification of septin and Hsl7 recruitment with time in individual cells. C)
Average fluorescence intensities from n=18 cells, aligned to the first timepoint that
septins became detectable. D) A combination of EIm1 overexpression and Cdc3-Hsl1%-
1307 advances Hsl7 recruitment. Images of Cdc3-mCherry and overexpressed GFP-Hsl7
(DLY18387). E) Quantification of septin and Hsl7 recruitment with time in individual
cells. F) Average fluorescence intensities from n=22 cells, aligned to the first timepoint
that septins became detectable. Error bars, standard deviation. Scale bar, 5 pm.

Because overexpression of Elm1 might have indirect effects beyond advancing
the timing of Elm1 localization, we sought to confirm this conclusion using alternative
strategies. First, inspired by a similar approach by others (Moore et al., 2010), we fused
the Elml kinase domain to the septin-binding protein Bni4 (Figure 21A), which is
targeted to newly formed septin rings in unbudded cells (DeMarini et al., 1997). Bni4-
Elm1 was targeted to septin rings in unbudded cells (Figure 21B), but on its own this
construct did not affect the timing of Hsl7 recruitment (Figure 21C-E). However, in
combination Bni4-Elm1 and Cdc3-Hsl18°1%7 advanced the timing of Hsl7 recruitment to
initial septin rings (Figure 21F-H). Second, we directly fused the Elm1 kinase domain to
Cdc3-Hsl1%°1%7, and found that this single fusion construct was sufficient to advance the
timing of Hsl7 recruitment (Figure 22). These findings indicate that Hsl7 recruitment to

septins responds to the combined presence of a C-terminal Hsl7-binding domain from

Hsl1 and the Elm1 kinase domain.
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Figure 21: Targeting the Elm1 Kinase Domain to the Septin Ring

A) Schematic of Bni4-Elm1 construct. B) Fusion of the Elm1 kinase domain to
Bni4 causes recruitment of the fusion to septin rings in unbudded cells. Images of Cdc3-
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mCherry and Bni4-GFP-Elm1 (DLY16156). C) Bni4-Elm1 is not sufficient to advance
Hsl7 recruitment. Images of Cdc3-mCherry and overexpressed GFP-Hsl7 in cells
expressing Bni4-Elm1 (DLY16162). D) Quantification of septin and Hsl7 recruitment
with time in individual cells. E) Average fluorescence intensities from n=21 cells, aligned
to the first timepoint that septins became detectable. F) A combination of Bni4-Elm1 and
Cdc3-Hsl1%°1%7 advances Hsl7 recruitment. Images of Cdc3-mCherry and overexpressed
GFP-Hsl7 (DLY17723). G) Quantification of septin and Hsl7 recruitment with time in
individual cells. H) Average fluorescence intensities from n=19 cells, aligned to the first
timepoint that septins became detectable. Error bars, standard deviation. Scale bar, 5
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Figure 22: Co-localization of the Hsl7-binding Domain from Hsl1 and the Elm1
Dinase Domain Suffices to Promote Localization of Hsl7 to the Septin Ring

A) Schematic of the Cdc3-Elm1-Hsl18791307 construct. B) Cdc3-Elm1-Hsl1879-1307
advances Hsl7 recruitment. Images of Cdc3-mCherry and overexpressed GFP-Hsl7
(DLY18288). C) Quantification of septin and Hsl7 recruitment with time in individual
cells. D) Average fluorescence intensities from n=18 cells, aligned to the first timepoint
that septins became detectable. Error bars, standard deviation. Scale bar, 5 pm.
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3.2.4 Effect of Local Cortical Geometry on EIm1 Localization

Because Elm1 and Hsl7 are recruited to the septins only after a bud has emerged,
it is possible that their recruitment reflects the local geometry of the cell cortex in the
vicinity of the septin ring (Lew, 2003; Theesfeld et al., 2003). To test this hypothesis, we
used a pheromone arrest-release protocol to generate “shmoos” (cells with mating
projections). Following wash-out of the pheromone, the cells enter the cell cycle and
generate septin rings either within the projection or away from the projection. Previous
studies showed that Hsl7 was recruited earlier to rings that formed within the
projections (local geometry similar to the bud neck) than rings that formed away from
the projection (local geometry as in unbudded cells)(King et al., 2013; Theesfeld et al.,
2003). In contrast, Hsll recruitment could occur effectively even when septin rings
formed in a locally flat geometry (Theesfeld et al., 2003). We therefore investigated
whether geometry might affect Elm1 recruitment to the septin ring.

Haploid MATa cells were arrested by a 3 h treatment with a high dose of a-
factor. We then washed out the pheromone, incubated the cells for 15 min to allow
recovery from the arrest, and plated the cells onto a slab containing Latrunculin B to
depolymerize actin and prevent bud formation. As cells proceeded into the cell cycle,
they formed septin rings (detected using Cdc3-mCherry) to which they recruited Elm1-
GFP (Figure 23A). When septin rings formed near the tip of the mating projection, Elm1

appeared shortly after septin ring formation (Figure 23B). However, when the septin
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ring formed away from the projection, there was a significant delay in EIm1 recruitment
(Figure 23B). Thus, EIm1 recruitment to the septin ring is sensitive to local geometry,

potentially accounting for the previously documented responsiveness of Hsl7

recruitment to local geometry.
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Figure 23: Cortical Geometry and Elm1 Recruitment

A) Recruitment of Elm1 to septin rings in shmoos. Cells expressing Elm1-GFP
from the endogenous promoter (DLY16728) were arrested in G1 with pheromone,
released, and treated with Latrunculin B to block bud formation. Images of Cdc3-
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mCherry and Elm1-GFP for representative cells that formed septin rings within the
mating projection (left) or elsewhere (right). Time (min) is from the first timepoint that
septins became detectable. Scale bar, 5um. B) Quantification of the timing of Elml
recruitment to septin rings in shmoos, separated according to whether the rings formed
within (left) or outside (right) the mating projection. Each dot is one cell. C) A model of
local membrane curvature affects septin assembly.

3.3 Discussion

Activation of the mitotic CDK in budding yeast can be delayed by a variety of
stresses that affect bud formation (Alexander et al., 2001; Barral et al., 2000; Clotet et al.,
2006; King et al., 2013; Lew and Reed, 1995; McMillan et al., 1998; Theesfeld et al., 2003;
Uesono et al., 2004). The delay results from Swel-mediated inhibitory phosphorylation
of the CDK, and the duration of the delay reflects the balance between the activities of
Swel and the counteracting phosphatase Mihl (Sia et al., 1996), which is regulated by
cell wall integrity stress-response pathway involving Pkcl (Anastasia et al., 2012;
Harrison et al., 2001). The Swel-regulatory pathway requires tethering of Swel at the
septin ring (King et al., 2012), which in turn requires localization of Hsl7 to the septin
ring. We now show that Hsl7 localization reflects the combined presence of two septin-
localized kinases: Hsll and Elm1.

Both Elml and Hsll contain N-terminal kinase domains and C-terminal
regulatory domains that mediate their localization to the septin ring. Our findings
suggest that the critical factors for Hsl7 recruitment are a C-terminal Hsl7-binding

domain in Hsl1 and the kinase domain of Elm1. Tethering of Hsl1 residues 1138-1307 to
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the septins was sufficient to bypass the need for other Hsll domains, and tethering the
Elm1 kinase domain to the septins was sufficient to bypass the need for the Elm1 C-
terminal domain. EIm1 is thought to activate Hsll kinase activity via phosphorylation of
the Hsll kinase domain (Szkotnicki et al., 2008), but given the domain requirements
discussed above this is unlikely to explain EIm1’s role in Hsl7 recruitment. The simplest
way to account for our findings is that Elm1 phosphorylates either Hsl7 or the Hsl7-
binding domain of Hsl1 to promote their interaction.

Hsl7 recruitment to the septins (and therefore Swel degradation) does not begin
until the cell has formed a bud. However, Hsl7 recruitment can occur in unbudded cells,
particularly if the cell shape is altered so that the septin ring forms in a locally tubular
geometry similar to that at the mother-bud neck. Based on these findings, it was
proposed that local membrane geometry influenced the organization of septin filaments,
and that septin organization was then somehow transduced into the recruitment of Hsl7
(King et al., 2013; Theesfeld et al., 2003). Like Hsl7, EIm1 is recruited to the septin ring in
budded but not unbudded cells. Also like Hsl7, EIm1 can be recruited to septin rings in
unbudded cells, if they form in locally tubular geometry. Thus, our findings implicate
Elm1 as the transducer in this model.

Although Elm1 did not localize detectably to the septin ring prior to budding,
overexpression of Elml led to immediate recruitment of some Elml to the initially

formed septin ring. This may indicate that excess ElIm1 can induce the organization of
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septins that ElIm1 normally detects. Alternatively, it may be that EIm1 has a basal affinity
for the septin organization found in the initial ring, and a higher affinity for the septin
organization in the hourglass at the neck (or mating projection).

What is the “organization” of septins in the ring, and how might that be
influenced by local cortical geometry? A recent landmark paper elucidated the septin
architecture in the “early hourglass” (shortly after budding) stage using correlative light
and platinum replica electron microscopy (Ong et al., 2014). At this stage, the hourglass
consists of short septin filaments linked together in a parallel array. The organization of
the septins prior to bud emergence has not yet been elucidated. However, recent
findings suggest that septin assembly is influenced by the local micron-scale membrane
curvature: they have a preference for positive curvature over negative curvature
(personal communication from A. Bridges and A. Gladfelter, Dartmouth College, NH).
Prior to bud emergence, the cortex of a spherical cell would have isotropic (mild)
negative curvature in all directions (Figure 23C). However, formation of a bud or other
protrusion such as a mating projection would lead to regions of zero or positive
curvature along the axis of the protrusion, and enhanced negative curvature along the
circumference of the protrusion (Figure 23C). This curvature asymmetry may induce
septin filaments to align in parallel along the mother-bud (or projection) axis (Figure
23C). We speculate that this switch to a parallel filament alignment strengthens Elm1

interaction with septins.
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4. Conclusions and Future Directions

4.1 PAKs Behave Differently During Polarity Establishment

The different behaviors of PAKs during polarity establishment raises the
question of how these differences are regulated.

The initial polarity patch in daughter cells seem to be initiated by the landmark
proteins and may involve a linear pathway lacking positive feedback. To further test this
idea, we could delete Ste20 and ask whether Cdc24 or active Cdc42 still polarize earlier
while Bem1 doesn’t.

Ste20 polarizes prior to CDK activation in daughter cells, while Cla4 doesn’t. Our
results suggest that this might be due to the BR domain of Ste20. In addition to the CRIB
domain of PAKs, which binds to GTP-Cdc42, the membrane interacting domains of
PAKs also regulate their localization at the early stage of polarization. It is possible that
the BR domain of Ste20 is a better membrane associating domain than PH domain of
Cla4 at the early stage. The PI«P concentration at the incipient bud site might be
relatively low and the interaction between the low concentration of Cdc42 and Cla4 is
not sufficient for Cla4 localization.

During bud emergence, Cla4 stays polarized while Ste20 delocalizes. This
doesn’t seem to correlate with the negative feedback loop, which decreases the Cdc42
concentration at the patch — CDC24%4 cells still depolarize Ste20 during bud emergence.

The other explanation seems to be that Cla4 outcompetes Ste20 during bud emergence.
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One possibility is that Cla4 could interact with septin filaments during bud emergence.
Cla4 but not Ste20 participates in septin filament assembly. To test this hypothesis, we
could utilize septin-ts mutants, which delocalize the septin ring at the restrictive
temperature. Another possibility is that the synthesis of PI«P at bud site provides
binding sites for the Cla4 PH domain. To test this, we could use the anchor away
method to conditionally delocalize the PI4 kinase Stt4. The decreased PIs+P concentration

should disrupt Cla4 localization and allow Ste20 to compete.

4.2 What is the biological significance of early polarization?

It is mysterious why a yeast cell would want to initiate polarization before CDK
activation, specifically in daughter cells. Early polarization could serve as a spatial cue
for later polarity establishment, as part of the bud site selection mechanism.
Alternatively, pre-CDK polarization may prime cells for the pheromone response during

early G1 in haploid cells by maintaining a limited pool of active Cdc42.

4.3 How does EIm1 monitor bud emergence?

Our finds suggest that Elm1 needs to be present at the septin ring to activate
Hsll for the recruitment of Hsl7. The localization of ElIm1 may sever as the sensor for
bud emergence. Elm1 doesn’t localize to the septin ring prior to budding. However,
overexpression of Elml leads to earlier localization of Elm1 to initial septin rings in
unbudded cells. This may suggest that EIm1 has a lower affinity for septin filaments in
the initial septin ring and that overexpression of Elm1 pushes the equilibrium towards
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Elm1 binding. After bud formation, the organization of septin filaments may change so
that Elm1 binding to the septin collar is favored. Alternatively, it could be that Elml
overexpression alters septin filament organization in the initial ring, which EIm1 would
not normally bind.

Our experimental results from the Elm1 localization in shmoos indicates that
Elm1 localizes more efficiently to septin rings formed inside the projection. Thus it is
possible that membrane curvature influenced the septin filament organization and that
Elm1 has different affinity towards different septin arrangements. To test this
hypothesis, we could use septin filaments assembled on lipid membranes with different
geometry in vitro and test the binding affinity of ElIm1 toward them.

If ElIm1 does show different binding affinity towards different septin filament
structures, it is possible that EIm1 senses bud emergence by recognizing septin filament
organization. Further studies are required to establish the link between septin filament

organization and Elm1 binding.
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5. Materials and Methods

5.1 Yeast Strains and Plasmid Constructs

Yeast strains used in Chapter 2 are in the YEF473 background (his3-A200 leu2-A1
lys2-801 trp1-A63 ura3-52). Yeast strains used in Chapter3 are in the BF264-15DU (adel,
his2, leu2-3112, trpl-la, ura3Ans (Richardson et al., 1989)) background. Relevant
genotypes are listed in Table 1 and Table2. The following alleles have been described in
previous studies: cdc28¥?K (McMillan et al., 1999b), hsl1, HSL1-13myc (Crutchley et al.,
2009), CDC3-mCherry and CDC3-GFP (Tong et al., 2007), Gal4BD-hER-VP16 (Takahashi
and Pryciak, 2008), Hs/1m#/m (Burton and Solomon, 2001), GFP-Hsl7 (King et al., 2013),
CDC24%4 (Kuo et al., 2014), rsr1::TRP1 (Howell et al., 2009), CLA4-GFP (Wild et al., 2004),
CDC24-GFP, BEM1-tdTomato (Howell et al., 2012), BEM1-GFP (Kozubowski et al., 2008),
cdc24-4 (Sloat et al., 1981), ste20::HPH, cla4::NAT (Weiss et al., 2000).

To fluorescently label Hsl1, EIm1 and Whi5 at their genomic loci, we used the
PCR-based gene modification method (Longtine et al., 1998). Briefly, primers with 50 bp
of Hsl1, ElIm1 or Whi5 C-terminal and 3' UTR homology were used to amplify the pFA6
GFP transformation module from pDLB53 and pDLB51. The PCR product was then
purified and transformed into strains with wild type Hsll, ElIm1 and Whi5 via standard
methods. Proper integration was confirmed by sequencing and fluorescence microscopy.

To generate fusion constructs with Cdc3 and Hsll fragments, we first generated

a suitable recipient plasmid by replacing the polylinker in PRS306 with the following
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Kpnl-SacI ~ polylinker: ~ GGTACCgctGCATGCgctCTCGAGgctgctGCGGCCGCagct-
ACTAGTgctGTCGACgctGGATCCgctGAGCTC. Then we cloned GAL1 promoter into
the Kpnl and Sphl sites, the Cdc3 open reading frame into the Sphl and Xhol sites, Hsl1
fragments into the Spel and Sall sites, and a 12x myc tag into the Sall and BamHI sites, to
generate plasmids pDLB3690 (PRS306-GAL1pr-CDC3-HSL1"13%137-12xMyc) and DLB3703
(PRS306-GAL1pr-CDC3-HSL18791307-12xMyc). Similar constructs with GFP inserted in
Cdc3 (Tong et al., 2007) were generated by subcloning a Cdc3-GFP fragment from
pDLB3137 into the Sphl and HindllII sites. These plasmids were linearized with Pstl to
target integration at ura3.

To generate the fusion construct GALIpr-CDC3-ELM1'#0-HSL18°137-12xMyc, a
PCR-generated ELM1# fragment was amplified from genomic DNA and ligated into
pDLB3703 (above) using Eagl, yielding pDLB4165 (PRS306-GALI1pr-CDC3-Elm1'42-
HSL1879-1307-12xMyc). Integration at ura3 was performed as above.

Note on the expression of fusion constructs containing Hsl1 fragments: to avoid
confounding effects of endogenous Hsll, all experiments expressing fusion constructs
were conducted in strains deleted for the endogenous HSLI. Because removing Hsll
stabilizes Swel, we also modified these strains to express Cdc282%, a Swel-resistant
allele of the CDK Cdc28 (King et al., 2013; McMillan et al., 1999c). This avoids any
potential feedback from Cdc28 as well as any cell-cycle delays due to misregulation of

Swel. Fusion constructs containing Hsll or Elm1 fragments fused to the septin Cdc3
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were expressed using an artificial transcription factor, Gal4BD-hER-VP16, which
activates the GALI promoter in a titratable manner upon addition of [-estradiol
(Takahashi and Pryciak, 2008).

To express Bni4-GFP-EIm1'4%, we cloned the GAL1 promoter into the Apal and
HindlIII sites, GFP into the BamHI site, BNI4 into the HindIII and Xmal sites, and ELM 1%
#0 into the Spel and Sacll sites of PRS305, yielding pDLB3793 (pRS305-GALIpr-BNI4-
GFP-ELM1%4). To express Bni4-Elm1'4? without the GFP, pDLB3793 was digested with
Xmal and Spel and the intervening GFP sequence was replaced with the sequence
ccgggGGTGGGGGTGGTTCTGGTGGTGGTGGTa by annealing in oligonucleotides to
yield pDLB3841 (pRS305-GAL1pr-BNI4-ELM1#). Plasmids were linearized with AfIII to
target integration at leu2.

To overexpress GFP-Hsl7, we subcloned GFP-Hsl7 from pDLB3591 into
pDLB4087 (pRS405-TEF1pr-YFP) using Pacl and Ascl, yielding pDLB4102 (pRS405-
TEF1pr-GFP-HSL?). The plasmid was linearized with EcoRI to target integration at leu2.

To overexpress Elm1, we cloned the ADHI promoter into the Sacl and Xmal
sites, GFP into the Pacl and BamHI sites, and ELM1 into the Xbal and Ascl sites of
PRS405, yielding pDLB4167 (pRS405-ADH1pr-GFP-ELM1). A similar ADH1pr-HA-ELM1
construct was generated by subcloning an ADHIpr-HA fragment from pDLB764

(ADH1pr-HA-CDC24, 2 micron)(gift from M. Peter) into the Sacl and Xbal sites of
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pDLB4167, yielding pDLB4166 (pRS405-ADH1pr-HA-Elm1). Plasmids were linearized
with Agel to target integration at leu2.

To fluorescently label Whi5 with tdTomato, we used a plasmid pDLB4249 (gift
from Chao Tang lab, UCSF). The plasmid was digested with HindIII and transformed
strain with wild type Whi5 to integrate at endogenous Whi5 locus. Proper
transformation was confirmed by sequencing and fluorescence microscopy.

To generate CLA4(A54-181)-STE20(245-335)-GFP (or CLA4PR-GFP) construct, we
first generated plasmid pDLB4290 with CLA4promoter-CLA4(A54-181) construct.
Briefly, 600bp of CLA46'UTR and CLA4 1-159bp and CLA4 546-2529 was cloned into
PRS306 using Xhol/Xbal and Xbal/Sacll respectively. Then Ste20 245-335bp was cloned
into pDLB4290 using Xbal to get plasmid pDLB4291 (pRS306 CLA4p-CLA4(A54-181)-
STE20(245-335)) . pDLB4291 was linearized with Sall to transform a strain with CLA4-
GFP:HIS3, integrate at the CLA4-GFP locus. The resulting strain carries
CLA4::URA3::CLA4(A54-181)-STE20(245-335)-GFP::HIS3 gene. The strain was then
plated on 5-FOA to drop out the wild type CLA4::URA3 gene, leaving the CLA4(A54-

181)-STE20(245-335)-GFP::HIS3 gene intact.

5.2 Microscopy and Image Analysis

Cells were grown in Complete Synthetic Media (CSM, MP Biomedicals) with
0.67% yeast nitrogen base, 2% dextrose, 0.01% adenine to mid-log phase at 30°C prior to

imaging. Expression of fusion constructs (see plasmid constructs above) was induced by
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treatment with B-estradiol for 3 h: Cdc3-Hsll fusions were induced with 30 nM f3-
estradiol, and Elml-containing fusions were with 10 nM (-estradiol. Then cells were
mounted on 2% agarose (Denville Scientific) slabs with growth media and {3-estradiol.
Slab edges were sealed with petroleum jelly. Cells were imaged at 30°C. Time-lapse
movies were acquired using an Andor Revolution XD spinning-disk confocal
microscope (Olympus) with Andor Ixon3 897 512 EMCCD camera (Andor, Belfast, UK).
A 100x/1.4 UplanSApo oil-immersion objective was used. Images (30 z stacks with 0.25
pum spacing) were captured at 45-seconds (in Chapter 2) or 90-second intervals (in
Chapter 3) , using 10% maximal output of the diode laser and 100 ms exposure, 200 gain
on EMCCD camera. Single-plane images were captured using a Zeiss 780 confocal
microscope with an Argon/2 and 561nm diode laser, a 63x/1.4 Oil plan-Apochromat 44
07 62 (02) WD 0.19 mm objective, and a GaAsP high QE 32 channel spectral array
detector.

Image analysis in Chapter 2 was performed using a MATLAB GUI (ROI-TOI V8).
The GUI quantifies the coefficient of variation within the manually created region of
interest (the boundary of the cell). The CV was quantified for each cell covering from
Whib nuclear signal peaks to 15 minutes after first visible polarity patch formation. The
time of 50% peak of the Whi5 nuclear export was then calculated by interpolation. The

time point of polarity patch formation was scored visually.
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Image analysis in Chapter 3 was performed using another custom MATLAB GUI
(NucTrackV3.3). The GUI uses either a fixed user-defined threshold value or an
automated variable threshold given by a standard Otsu algorithm to identify the
polarized Cdc3-mCherry signal. The identified regions are tracked over the entire time-
lapse movie. Then the fluorescence intensity of both Cdc3-mCherry and GFP-Hsl7 (or
Elm1-GFP) within the thresholded region were calculated and normalized to the peak
intensity in that region for each track. Mis-identified regions (usually due to residual
Cdc3-mCherry signal after cytokinesis) were manually discarded. For Figure 8B, the
timing of Cdc3 and Elm1 localization was scored visually.

The GUI is available upon request from Dr. Tsygankov
(denis.Tsygankov@bme.gatech.edu).

Images of representative cells were generated using Image] (FIJI). Image stacks
were compiled to single plane by maximum projection, scaled and inverted. Images

within the same Figure were scaled the same unless otherwise noted.

5.3 Pheromone Arrest-release and Latrunculin Treatment

Cells were grown to mid-log phase in CSM + Dex media at 30°C, arrested with 2
uM a-factor (Genway Biotech) for 3 hours, washed, and relased into fresh CSM + Dex.
For the experiment of Figure 17, a-factor was added back 1 h after release so that cells
would re-arrest after a single cycle. Samples were taken and budding percentage was

scored at 15 min intervals.
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For the experiment of Figure 23, cells were mounted onto a slab with 100 uM Lat
B (Enzo Life Sciences) after a 10 min recovery period in fresh media following release
from arrest. Images were acquired as stated above, but at 2 min intervals instead of 1.5

min intervals.

5.4 Hydroxyurea Treatment

Cells growing in synthetic complete medium at 30°C were arrested with 200 mM
HU (Sigma) for 3 hrs, washed, released into fresh medium for 1 hr, harvested, and
mounted for live-cell microscopy. Due to the temperature sensitivity of the cdc24-4

strains, they were grown at 24°C, necessitating a 4 hrs HU arrest and 2 hrs release.

5.5 Western blotting

Samples were prepared using TCA from 107 cells. SDS-PAGE and western
blotting were performed by standard procedures (Keaton et al., 2008). Blots were probed
using mouse monoclonal c-myc (9E10) antibody at 1:5000 dilution and rabbit polyclonal
anti-Cdcll antibody at 1:5000 dilution (Santa Cruz Biotechnology). Fluorophore-
conjugated secondary antibodies for mouse (IRDye800 conjugated antimouse IgG,
Rockland Immunochemicals) or rabbit (Alexa Fluor 680 goat anti-rabbit IgG Invitrogen)
were used at 1:5000 dilution. Western blots were visualized using the ODYSSEY

imaging system (LI-COR Biosciences).
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5.6 Yeast Strains

Yeast strains used are listed in table 1 and 2.

Table 1: Strains Used in Chapter 2

Strain Relevant Genotype Source

DLY18929 | a/a CDC24-GFP::TRP1/CDC24-GFP::TRP1 This Study
STE20-mCherry::HPH/STE20-mCherry::HPH

DLY19237 | a/a WHI5-GFP::HIS5/WHI5-GFP::HIS5 This Study
BEM1-tdtomato::HIS3/BEM1-tdtomato::HIS3
rsr1::TRP1/rsr1::TRP1

DLY19547 | a/a CLA4-GFP::HIS3/CLA4-GFP::HIS3 This Study
STE20-mcherry::HPH/STE20-mcherry::HPH

DLY19682 | a/a WHI5-GFP::HIS5/WHI5-GFP::HIS5 This Study
BEM1-tdtomato::HIS3/BEM1-tdtomato::HIS3

DLY19683 | a/a WHI5-GFP::HIS5/WHI5-GFP::HIS5 This Study
STE20-mCherry::HPH/STE20-mCherry::HPH
rsr1::TRP1/rsr1::TRP1

DLY19685 | a/a WHI5-GFP::HIS5/WHI5-GFP::HIS5 This Study
STE20-mCherry::HPH/STE20-mCherry::HPH

DLY19804 | a/a BEM1-GFP::LEU2/BEM1-GFP::LEU2 This Study
STE20-mCherry::HPH/STE20-mCherry::HPH

DLY20043 | a/a CLA4-GFP::HIS3/CLA4-GFP::HIS3 This Study
WHI5-tdTomato::UURA3/WHI5-tdTomato::UIRA3

DLY20107 | a/a CDC24%4/CDC24 BEM1-tdTomato:HIS3/BEM1 This Study
STE20-GFP:HIS3/STE20

DLY20196 | a/a BEM1-tdTomato::HIS3/BEM1-tdTomato::HIS3 This Study
STE20-GFP::HIS3/STE20 rsr1::TRP1/RSR1
cla4::NAT/cla4:NAT

DLY20200 | a/a BEM1-tdTomato::HIS3/BEM1-tdTomato::HIS3 This Study
CLA4-GFP::HIS3/CLA4

DLY20435 | a/a BEM1-GFP::LEU2/BEM1 WHI5- This Study
tdTomato::URA3/WHI5
ste20::HPH/ste20::HPH

DLY20764 | a/a cdc24-4/cdc24-4 WHI5-GFP::HIS5/WHI5- This Study
GFP::HIS5
STE20-mCherry::HPH/STE20-mCherry::HPH

DLY20936 | a/a BEM1-tdTomato::HIS3/BEM1-tdTomato::HIS3 This Study

CLA4(A54-181)-STE20(245-335)-
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GFP::HIS3/CLA4(A54-181)-STE20(245-335)-
GFP::HIS3 (CLA4*R-GFP)

Table 2: Strains Used in Chapter 3

Strain

Relevant Genotype

Source

DLY7318

a barl Hsl1pr-HSL1-13myc:: TRP1 hsl1::URA3

Crutchley
et al. 2009

DLY14838

alo cdc28E12K/cdc28E12K par1/barl GFP-HSL7/HSL7
hsl1::KAN/HSL1
CDC3-mCherry::UURA3/CDC3

This study

DLY14895

ala cdc285K/cdc28F2K bar1/bar1
hsl1::KAN/hsl1::KAN CDC3-mCherry::URA3/CDC3
GAL1pr-CDC3-HSL111381507-12xMyc::URA3/ura3
ADH1pr-Gal4BD-hER-VP16::TRP1/trp1 TEF1pr-
GFP-Hsl7::LEU2/leu2

This study

DLY14921

ala hsl1::KAN/hsl1::KAN cdc28%12X/cdc28F1K
bar1/barl Swelp-CDC3-GFP- HSL1%7%-1307-
12xMyc::URA3/ura3 CDC3-
mCherry::URA3/CDC3

This study

DLY14978

ala hsl1::KAN/hsl1::KAN cdc28%12X/cdc28F1K
bar1/barl ADH1pr-Gal4BD-hER-VP16::TRP1/trp1
GALIpr-CDC3-GFP- HSL11381307-
12xMyc::URA3/ura3 CDC3-
mCherry::URA3/CDC3

This study

DLY16156

a/a hsl1:KAN/hsl1::KAN cdc28FK/cdc28F1K
bar1/barl CDC3-mCherry::URA3/CDC3 GALIpr-
CDC3-HSL187-1307-12xMyc::URA3/ura3 ADH1pr-
Gal4BD-hER-VP16::TRP1/trp1 GAL1pr-Bni4-
GFP-Elm1'#9::LEU2/leu2

This study

DLY16162

ala cdc281/cdc2852K bar1/barl CDC3-
mCherry::URA3/CDC3

hsl1::KAN/HSL1 GAL1pr-Bni4-Elm1*

#20;: LEU2/TEF1pr-GFP-Hsl7::LEU2 ADH1pr-
Gal4BD-hER-VP16:: TRP/trpl

This study
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DLY16705

a/a CDC3-mCherry::URA3/CDC3 bar1/barl Elm1-
GFP::TRP1/Elm1

This study

DLY16728

a CDC3-mCherry::URA3 barl Elm1-GFP:: TRP1

This study

DLY17668

a cdc2852Kbar] hsl1::KAN Hsl1pr-Hsl1mdb/mk-
13myc::TRP1

This study

DLY17674

alo cdc2852K/cdc28%12X bar1/bar1
hsl1::KAN/hsl1::KAN CDC3-
mCherry::URA3/CDC3 GALIpr-CDC3-HSL1%7
1307-12xMyc::URA3/ura3 ADH1pr-Gal4BD-hER-
VP16::TRP1/trp1 TEF1pr-GFP-Hsl7::LEU2/leu2

This study

DLY17723

ala hsl1::KAN/hsl1::KAN cdc28%12K/cdc2 812K
bar1/barl GALTpr-CDC3- HSL1879-1307-
12xMyc::URA3/ura3 ADH1pr-Gal4BD-hER-
VP16::TRP1/trp1 TEF1pr-GFP-
Hsl7:LEU2/GAL1pr-Bni4-Elm1*-#°::LEU2 CDC3-
mCherry::URA3/CDC3

This study

DLY17799

ala cdc28%12K/cdc28%2K bar1/barl CDC3-
mCherry::URA3/CDC3
hsl1::KAN/HSL1 TEF1pr-GFP-Hsl7:LEU2/leu2

This study

DLY17800

alo cdc28F2K/cdc28%12X bar1/bar1
hsl1::KAN/hsl1::KAN CDC3-
mCherry::URA3/CDC3 Hsl1pr-Hsl1m/mk -
13myc::TRP1/trp1
TEF1pr-GFP-Hsl7::LEU2/leu2

This study

DLY18285

a/a ADH1pr-GFP-Elm1::LEU2/leu2 ADH1pr-
Gal4BD-hER-VP16:TRP1/trp1 CDC3-
mCherry::URA3/CDC3 bar1/barl

This study

DLY18288

ala hsl1::KAN/hsl1::KAN cdc28%12K/cdc2 812K
bar1/barl ADH1pr-Gal4BD-hER-VP16::TRP1/trpl
GAL1pr-CDC3-Elm1'-#°-HSL1879-1307-
12xMyc:URA3/ura3 CDC3-
mCherry::LEU2/TEF1p-GFP-Hsl7::LEU2

This study

DLY18387

ala hsl1::KAN/hsl1::KAN cdc28%12X/cdc28F1K
bar1/barl CDC3-mCherry::URA3/CDC3 ADH1pr-
HA-Elm1::LEU2/TEF1pr-GFP-Hsl7::LEU2
GAL1p-CDC3- HSL1%79-1397-12xMyc::URA3/ura3

This study
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Gal4BD-hER-VP16::TRP1/trpl

ala hsl1::KAN/hsI1::KAN cdc2812K/cdc28F12K This study
DLY18541 bar1/barl CDC3-mCherry::URA3/CDC3 ADH1pr-
HA-Elm1::LEU2/TEF1pr-GFP-Hsl7::LEU2 Hsl1pr-
Hsl1-11myc:: TRP1/trpl
- " - Thi
DLY18904 a/a CDC3-mCherry::URA/CDC3 bar1/bar1 Hsl1 is study

GFP::KAN/HSL1
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