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Abstract

Cell polarization underlies many cellular and organismal functions. The GTPase Cdc42
orchestrates polarization in many contexts. In budding yeast, polarization is associated
with a focus of Cdc42:GTP which is thought to self sustain by recruiting a complex
containing Cla4, a Cdc42-binding effector, Bem1, a scaffold and Cdc24, a Cdc42 GEF.
Using optogenetics, we probe yeast polarization and find that local recruitment of Cdc24
or Bem1 is sufficient to induce polarization by triggering self-sustaining Cdc42 activity.
However, the response to these perturbations depends on the recruited molecule, the
cell cycle stage, and existing polarization sites. Before cell cycle entry, recruitment of
Cdc24, but not Bem1, induces a metastable pool of Cdc42 that is sustained by positive
feedback. Upon Cdk1 activation, recruitment of either Cdc24 or Bem1 creates a stable
site of polarization that induces budding and inhibits formation of competing sites. Local

perturbations have therefore revealed unexpected features of polarity establishment.
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Chapter 1: Introduction and overview of polarity
establishment

Section1: Introduction to polarization

Cell polarity occurs in all kingdoms of life, from organisms as diverse as the prokaryotes
Escherichia coli and Caulobacter crescentus to the eukaryotes Saccharomyces
cerevisiae, Caenorhabditis elegans, Drosophila melanogaster, and vertebrate species
(Dworkin 2009; Thompson 2012; Nance and Zallen 2011; Etienne-Manneville 2008). It
is through polarization that cellular systems can execute such distinct events as
asymmetric cell division, faithful segregation of cell fate determinants, and collective cell
migration. Disparate species spatially organize specific cellular components to direct a
myriad of cellular behaviors and morphogenetic events (Thompson 2012). For instance,
epithelial cells polarize along their vertical axis to ensure tissue integrity and proper
secretion (St Johnston and Ahringer 2010). Migrating cells polarize “front”-to-“back” to
promote migration events necessary in wound closure and embryogenesis (Ridley et al.
2003). Further, single cells can spatially organize to undergo asymmetric cell division,
often a critical early step in the development of a complex organism (Thompson 2012;
Etienne-Manneville 2004). These processes are each coordinated by a common,
evolutionarily conserved regulator, a molecular switch called Cdc42. Despite this
conserved regulator, the deployment of both polarity determinants and the mechanisms
that regulate them are diverse, yet converge to a single unifying idea: the formation of a
stable asymmetry sufficient to orchestrate distinct cellular processes. How varying
polarity schemes govern polarity determinants has been investigated in a suite of

distantly-related organisms including Caenorhabditis elegans, Drosophila, and



Schizosaccharomyces pombe (Nance and Zallen 2011; Tepass 2012; F. Chang and
Martin 2009).

Perhaps, one of the most well-studied polarization systems is bud site selection in
Sacchromyces cerevisiae (Johnson 1999). Beginning as a symmetric cell early in the
cell cycle, budding yeast develop a cortical patch of asymmetry in response to intrinsic
signals. This small patch matures into a nascent bud, defining the axis of polarity and
orienting growth to form a new daughter cell (F. Chang and Peter 2003; Howell and Lew
2012; Bi and Park 2012). As cellular polarization requires robust integration of dynamic
signaling mechanisms, budding yeast represent a genetically tractable system in which
more complex behaviors observed in higher organisms are present in a more simplified
form. Therefore, investigations into the mechanisms that govern polarization in this
single-celled organism can deliver insight into processes evolutionarily diverse

organisms.

Section 2: Model Systems

The process of polarization is inherently complex as it requires the rapid formation of a
stable asymmetry in response to signaling cues. To accomplish such rapid transitions,
diffusive molecules must be employed (Thompson 2012). As such, active mechanisms
must be in place to initiate - and subsequently maintain - asymmetries, despite the
constant challenge of diffusion within a common a cytoplasm. Moreover, the axis of
polarity is not necessarily permanent, as is the case in chemotaxing cells (Van Haastert
and Devreotes 2004). In this instance, polarity mechanisms must withstand

counteracting diffusive forces as well as retain plasticity. A prerequisite to understanding



the nature of such complex cellular programs, one must first identify the molecular
players is requisite. Genetic analyses to identify these players have revealed a series of
underlying principles in such wide-ranging cellular events as the asymmetric distribution
of cell fate determinants, tissue integrity, and oriented growth. Here, we discuss several
model systems that have been integral in the discovery and understanding of polarity

schemes.

Section 2.1: Polarization in C. elegans embryos

Many important discoveries related to cell polarity emerged from genetic analysis of the
one cell C. elegans embryo. In these large cells, intrinsic cues initiate polarization to
establish two asymmetric domains, the interface of which delineates the site of cell
division (Figure 1.1A). Cell fate determinants are asymmetrically distributed to each
daughter cell, with the anterior daughter cell defining the lineage of multiple somatic
tissues, while the posterior daughter cell is the ancestor to the germ line and other
tissues (Guo and Kemphues 1996; Schubert et al. 2000). Early work employing genetic
screens for maternal effect genes uncovered a group of proteins required for the
establishment of these domains (Kemphues et al. 1988). Referred to as PARs
(partitioning-defective), a defined subset concentrates anteriorly (anterior PARs) while a
distinct group cortically accumulates in the posterior of the C. elegans embryo (posterior
PARs). Surprisingly, this suite of diverse proteins initially had no obvious links to
cytoskeletal machinery or other cellular mechanisms known to drive asymmetries
(Goldstein and Macara 2007). Yet, the asymmetric distribution of these components is

responsible for orchestrating the signaling events necessary to dictate the site of cell



division and ensure the localization of cell fate determinants, highlighting the critical role
of PAR-mediated polarization in C. elegans embryonic development (Lyczak, Gomes,
and Bowerman 2002; Hoege and Hyman 2013).

Prior to fertilization, the oocyte is symmetric with the anterior PAR module - consisting of
two PDZ-containing proteins, PAR-3 and PAR-6, and a kinase, the atypical Protein
Kinase C (aPKC) - extending across the entire cell cortex (Nance and Zallen 2011;
Motegi and Seydoux 2013). Entry of the sperm pronucleus into the symmetric oocyte
determines the posterior; this is the intrinsic symmetry breaking cue (Goldstein and Hird
1996). Polarization of the zygote ensues as the sperm aster orchestrates two critical
events: 1) initiation of anterior-directed cortical flows, and 2) construction of radial
microtubules that facilitate the deposition of the posterior PAR, PAR-2, a RING-finger
domain-containing protein (Levitan et al. 1994; Motegi et al. 2011). Prior to symmetry
breaking, the entire cortex is contractile. Upon microtubule contacts with the posterior
end of the zygote, contractility is inhibited in the posterior, thereby driving the contractile
network and the PAR-3-PAR-6-aPKC module toward the anterior (Munro, Nance, and
Priess 2004; Motegi and Sugimoto 2006; Schonegg 2006). Simultaneously, PAR-2
recruits the posterior PAR, a kinase called PAR-1, whose primary function appears to
phosphorylate and inhibit the accumulation of the anterior PARs on the cortex (Motegi et
al. 2011; Hoege and Hyman 2013). Combining these efforts, the anterior PARs are
locally excluded from the posterior end, thereby establishing anterior-posterior polarity.
Surprisingly, PAR-2 is not required for asymmetric concentration of anterior PARs,
suggesting that cortical flows are sufficient to establish asymmetry (Cuenca 2003).

However, asymmetric distribution of the anterior PARs is rapidly lost upon cessation of



cortical contractility (Nance and Zallen 2011; Hoege and Hyman 2013), indicating that
establishment and maintenance of anterior-posterior polarity are distinct. Indeed, PAR-2
is required to maintain the asymmetric cortical domains. Moreover, both PAR-3 and
PAR-6 are required for asymmetric distribution of PAR-2 (Boyd et al. 1996; Watts et al.
1996; Cuenca 2003). These data suggest that polarization in the one-cell C. elegans
embryo can be temporally divided into two distinct phases: establishment and
maintenance. Furthermore, maintenance of the asymmetric domains appears to engage
a mutual exclusion mechanism. Specifically, the PAR proteins self-sort to promote the
inclusion of domain-specific proteins while concomitantly excluding opposing proteins,
thereby maintaining two stable domains within a freely diffusive cytoplasm (Goehring et
al. 2011; Hoege and Hyman 2013). Indeed, recent work has uncovered that a dynamic
cross-inhibitory pathway exists to maintain the polarized asymmetry (Sailer et al. 2015).
Collectively, these data support a bimodal model of polarization in which cortical
contractility and mutual exclusion cooperate to establish and maintain anterior-posterior

asymmetry in the developing C. elegans embryo.

Section 2.2: Polarization in Drosophila epithelia

Despite the diverse make-up of PAR proteins, they are not unique to C. elegans. The
PARs are evolutionarily conserved in Drosophila and vertebrate species (Suzuki 2006;
McCaffrey and Macara 2009). While many cells and tissues polarize in these
organisms, one of the better studied examples is the formation of apical-basal polarity in
epithelial cells. Epithelia exist as an interconnected tissue, linked by specialized cell-cell

junctions that both inhibit free diffusion of small molecules and ions through the tissue



as well as propagate morphogenetic, functional, and polarity information between cells
(Baum and Georgiou 2011). During the formation of epithelial tissue, intracellular apical
and basolateral domains are generated with cellular junctions at the interface of these

two domains (Figure 1.1B) (Knust and Bossinger 2002; Thompson 2012).
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Figure 1.1 (continued): The process of polarization in Caenorhabditis elegans embryos,
Drosophila epithelia, and Saccharomyces cerevisiae.

A) The one-cell C. elegans embryo polarizes along its anterior-posterior axis. Cortical flows and loading
of a posterior PAR, PAR-2, drive the initially symmetric anterior PARs out of the posterior. Utilizing a
mutual exclusion mechanisms, each PAR group reinforces its own accumulation while concomitantly
opposing cortical association of opposing PARs, thereby establishing a stable asymmetry. At the
interface of the polarized domains, the contractile ring assembles to induce an asymmetric cell division
and promote the downstream events necessary for C. elegans embryonic development.

B) Drosophila epithelia employ the PAR module to establish apical-basal polarity. Bazooka, the PAR-3
homolog, concentrates at adherens junctions (blue), where it promotes concentration of apical PARs
and inhibits the wandering of basal PARs into the apical domain.

C) Budding yeast undergo two alternative forms of polarization: bud site selection and mating projection
formation. At the onset of the cell cycle, a symmetric cell receives either extrinsic or intrinsic cues to
undergo mating or budding, respectively. In response to these cues, polarity factors concentrate to
promote polarized growth. Entrance into the mating pathway halts cell cycle entry, whereas budding is
intricately linked to cell cycle progression.

In Drosophila, the epithelial ectoderm is responsible for secreting components required
for cuticle formation (Wieschaus, Nusslein-Volhard, and Jirgens 1984), therefore it is
critical that the epithelium polarize in a manner that facilitates secretion. Using a genetic
screen for mutants defective in cuticle formation, a critical polarity determinant referred
to as Bazooka was discovered (Wieschaus, Nusslein-Volhard, and Jurgens 1984).
Sequence homology and protein domain prediction later revealed Bazooka as the
PAR-3 homolog (Kuchinke, Grawe, and Knust 1998). Similar methods were used to
identify the Drosophila homologs of PAR-6, PAR-1, and aPKC (Petronczki and Knoblich
2001; Shulman, Benton, and St Johnston 2000; Wodarz et al. 2000). In accordance with
a conserved role in mediating polarity, mutations in both PAR-6 and aPKC phenocopy
that of Bazooka (Petronczki and Knoblich 2001; Shulman, Benton, and St Johnston
2000; Wodarz et al. 2000). Further work in mammalian epithelial cells revealed the
existence of PAR homologs (Joberty et al. 2000; Qiu, Abo, and Steven Martin 2000;
Johansson, Driessens, and Aspenstrdm 2000), indicating that the PAR module is

evolutionarily conserved across disparate species. How might PARs mediate



polarization in Drosophila and vertebrate epithelia? While the initial cue that directs
polarization in epithelia is not well understood (St Johnston and Ahringer 2010), the
dynamic interactions that establish and maintain apical-basolateral polarity in
Drosophila epithelia have been well-defined (Muller and Wieschaus 1996; Plant et al.
2003; Yamanaka et al. 2003; Assémat et al. 2008).

Similar to C. elegans embryos, Bazooka (PAR-3) interacts directly with PAR-6 and
aPKC to polarize their distributions toward the apical domain (Petronczki and Knoblich
2001; Wodarz et al. 2000; St Johnston and Ahringer 2010). However, unlike C. elegans
embryos, components of the apical PAR complex does not constitutively colocalize
(Hutterer et al. 2004; T. J. C. Harris and Peifer 2007). Prior to epithelia formation,
Drosophila embryos begin as an unpolarized syncytium and establish polarity upon
cellularization. Strikingly, Bazooka polarization is already apparent at the onset of
cellularization, though the instructing cue is unknown (Mavrakis, Rikhy, and Lippincott-
Schwartz 2009). Apically-enriched Bazooka coordinates the polarized accumulation of
PAR-6 and aPKC. Subsequently Bazooka migrates basally, ultimately residing at the
cell-cell junctions. Despite the lack of colocalization, the polarized distributions of PAR-6
and Bazooka are mutually-dependent, indicating a dynamic reinforcement amongst an
unassembled apical PAR complex (Figure 1.1B) (Hutterer et al. 2004; K. P. Harris and
Tepass 2008; Thompson 2012). Intriguingly, colocalization amongst the PARs is not
observed in mammalian epithelia either (St Johnston and Ahringer 2010), suggesting

that plasticity in the PAR module may have evolved.



Section 2.3: Polarization in budding yeast

Budding yeast exhibit asymmetric growth in two alternative cellular programs: 1) the
construction of a mating projection or 2) the development of a new daughter cell. At the
onset of the cell cycle, yeast cells are symmetric. Prior to cell cycle entry, extrinsic cues
can halt cell cycle progression and direct polarized growth of a mating projection.
Conversely, in the absence of extrinsic cues, cell cycle progression proceeds and
intrinsic cues initiate bud formation at a unique cortical position (Figure 1.1C) (Etienne-
Manneville 2004; F. Chang and Peter 2003); thus, asymmetric growth appears
intricately linked to the cell cycle, suggesting that these two processes may be
interdependent (Howell and Lew 2012). A seminal genetic analysis has been
instrumental in elucidating these interdependent mechanisms (Hartwell, Culotti, and
Reid 1970; Hartwell et al. 1973). The Hartwell screen was designed to identify
regulators of the cell division cycle (cdc). By definition, all cdc mutants arrest at a
particular stage of the cell cycle. An interesting class of these mutants failed to form
nascent buds. Rather, these mutants arrested as large, unbudded cells that continued
to grow in mass and volume until late in the cell cycle while retaining the ability to
undergo DNA synthesis (Hartwell, Culotti, and Reid 1970; Hartwell et al. 1973; Adams et
al. 1990). These observations indicate a specific defect at an early step in the budding
process.

Two critical mutants emerged from this subclass: cdc24 and cdc42. Phenotypic and
molecular characterization of each revealed a necessary role in the formation of both
mating projections and nascent buds, suggesting that Cdc24 and Cdc42 are essential

for polarity establishment (Sloat, Adams, and Pringle 1981; Adams et al. 1990).



Molecular cloning revealed a high degree of similarity between Cdc42 and the Ras
superfamily of GTPases (Johnson and Pringle 1990; Adams et al. 1990). Ultimately,
identification of a mammalian Cdc42 homolog implicated in binding and hydrolyzing
GTP validated Cdc42 as a Ras superfamily GTPase (Shinjo et al. 1990; Munemitsu et
al. 1990).

Subsequently, Cdc42 homologs were identified in both C. elegans (W. Chen, Lim, and
Lim 1993; Run et al. 1996) and Drosophila (Luo et al. 1994) and implicated in cell
polarization, suggesting an evolutionarily conserved role throughout eukaryotes
(Johnson 1999). Genetic perturbations of Cdc42 in C. elegans embryos induces
symmetric cell division and uniform distribution of both anterior and posterior PARs,
indicating that Cdc42 is required for proper polarization in C. elegans embryos. Indeed,
Cdc42 binding to PAR-6 is necessary for maintaining anterior-posterior polarity (Aceto,
Beers, and Kemphues 2006). Similarly, active Cdc42 and PAR-6 interact and polarize to
the apical membrane of Drosophila epithelia. Furthermore, apical localization of PAR-6
and Cdc42 is required for proper polarization of both apical and basolateral polarity
regulators (Hutterer et al. 2004; K. P. Harris and Tepass 2008; Thompson 2012). Thus,
Cdc42 is a critical player in establishing and maintaining polarized domains in a wide

variety of organisms and cell types (Johnson 1999; Etienne-Manneville 2004).

Section 3: Rho-family GTPases promote complex signaling events

Cdc42 is the master regulator of cell polarity throughout eukaryotic cells. It is part of the
Ras superfamily of GTPases, proteins that regulate a host of diverse cellular programs.

Specifically, Ras superfamily of GTPases function as molecular switches to execute

10



signal transduction pathways (Rojas et al. 2012). A subset of the Ras superfamily is the
Rho-type GTPases (Hodge and Ridley 2016). These switches often govern cellular
programs that involve the actomyosin cytoskeleton, such as cytokinesis (Kishi et al.
1993; Larochelle, Vithalani, and De Lozanne 1996; Drechsel et al. 1997), cell crawling
(Nobes and Hall 1999; Ridley 2001), intracellular trafficking (Symons and Rusk 2003),
and actomyosin-dependent shape changes (Etienne-Manneville and Hall 2002).

Rho GTPases primarily function at the the plasma membrane, their attachment to which
is mediated by a C-terminal CAAX-box that can be post-translationally modified with a
lipid anchor (Klooster and Hordijk 2007). They exist in either an “off” state, GDP-bound,
or an “on” state, GTP-bound, with the “on” state sufficient to interact with downstream
effectors that modulate signaling cascades; however, the intrinsic GTP hydrolysis and
release of GDP is slow (Vetter and Wittinghofer 2001). Therefore, auxiliary proteins
such as guanidine-exchange factors (GEFs) and GTPase activating proteins (GAPS)
enable Rho GTPases to act as switches by accelerating the transition of the nucleotide
state (Vetter and Wittinghofer 2001). Both GEFs and GAPs can localize to the plasma
membrane in a regulated manner, thereby balancing the activation state of Rho
GTPases. Once inactivated by GAPs, Rho GTPases are extracted from the plasma
membrane by guanidine dissociation inhibitors to limit excessive GTPase activation
(Dovas and Couchman 2005). The interplay of Rho GTPases and their respective
auxiliary proteins suggests that GTPase activity can be elegantly fine-tuned by robust
spatiotemporal dynamics (Hodge and Ridley 2016).

The most well characterized Rho GTPases are RhoA, Rac1, and Cdc42. While all

predominantly function in cytoskeletal rearrangements, subdivisions amongst the

11



proteins are as follows: Rho is the central regulator of contractile actomyosin, Rac
primarily regulates cell motility, and Cdc42 functions in cell polarization and filopodia
formation (Ridley 2001). All are conserved throughout eukaryotic cells; however, Cdc42
retains close to 90% sequence conservation from yeast to humans whereas Rac1 and
RhoA are not quite as well conserved, suggesting a role for Cdc42 that is particularly
constrained (Johnson 1999; Park and Bi 2007).

Coordination amongst these GTPases can elicit a single biological response. For
example, in fibroblasts undergoing wound healing, RhoA was responsible for the
formation of contractile actomyosin structures and focal adhesions, Rac1 promoted
lamellopodia extension, and Cdc42 facilitated filopoida dynamics (Nobes and Hall
1999). Additionally, Cdc42 has been shown to vectorially direct the activity of Rac1 in
crawling cells (Allen, 1998), and an antagonistic relationship has been observed
between Rac1l and RhoA under some conditions (Rottner, Hall, and Small 1999;
Nimnual, Taylor, and Bar-Sagi 2003; Arthur and Burridge 2001; Ohta, Hartwig, and
Stossel 2006). These studies highlight the complex relationships amongst Rho
GTPases that promote a variety of complex biological processes. Frequently, Cdc42 is
responsible for instructing the directionality of RhoA and Raci1, such as during cell
migration (Hall 1998; Weiner et al. 2002; Kawasaki et al. 1999; Bi and Park 2012;
O'Neill, Kalyanaraman, and Gautam 2016). Indeed, Cdc42 is required for directionality
in migration, as cells without a functional Cdc42 are unable to migrate despite
construction of the cytoskeletal machinery necessary for movement (Srinivasan et al.

2003; Allen et al. 1998; Etienne-Manneville 2008).
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Section 4: Cdc42 in Polarization

The requisite nature of Cdc42 in polarity systems is conserved from yeast to vertebrate
organisms, yet is critical to understand how Cdc42 locally directs the dynamic
processes that establish polarity. Here, we investigate the mechanisms by which a
localized patch of Cdc42 harnesses a suite of signaling cascades to establish an axis of
polarity in Saccharomyces cerevisiae. Additionally, we discuss mechanisms that

reinforce Cdc42 activation so as to maintain its asymmetric distribution.

Section 4.1: Polarity establishment in Saccharomyces cerevisiae

Cdc42 is required for polarity establishment in S. cerevisiae (Hartwell, Culotti, and Reid
1970). Specifically, it must localize to a discrete patch on the cell cortex where it then
engages downstream pathways involved in exocytosis, actin assembly, and vesicle
delivery (Johnson 1999). Budding yeast undergo two alternative forms of polarization
each of which utilize similar machinery: mating projection formation and bud site

selection.

Section 4.1.1: Cdc42 in the mating pathway
Budding yeast can proliferate as either haploid or diploid cells. Diploid cells are the

fusion product of two haploid cells of opposite mating type, MATa or MATa. Each mating
type releases a pheromone that stimulates the opposite mating type to prepare for
mating by undergoing numerous physiological alterations (Bardwell 2004). Yeast cells
are so attuned to the pheromone, that concentrations in the low nanomolar range are

sufficient to induce the mating program (Moore et al. 2008). One of the primary
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morphogenetic changes that occurs is the construction of the mating projection
(“shmoo”) (Figure 1.1C). As yeast cells are non-motile, they translate the pheromone
gradient into polarized growth toward their mating partner in a Cdc42-dependent
manner (Reid and Hartwell 1977; Zhao et al. 1995; Simon et al. 1995). Strikingly,
polarized cells will abandon shmoos in favor of a new, more concentrated pheromone
signal, underscoring the plasticity of this polarization scheme (Dyer et al. 2013). When
presented with a uniform gradient, cells will break symmetry by randomly orienting their
axis of polarity (Madden and Snyder 1992; Dyer et al. 2013). What is the mechanism of
polarity establishment in the budding yeast mating pathway?

Prior to cell cycle entry, cells can initiate the mating program in response to a
pheromone gradient (Figure 1.2A) (Hartwell et al. 1974). Pheromones of the opposite
mating type bind cell surface receptors known as heterotrimeric G protein receptors.
Binding of the pheromone causes the Ga subunit to exchange GDP for GTP and
release from the GBy heterodimer (Dohiman 2002). The primary signaling cascades
proceed through Gpy, Ste4 and Ste18, respectively, with their output locally
concentrated to promote shmoo growth. Specifically, Ste4 mediates two interdependent
signaling pathways: 1) a mitogen-activated-protein kinase (MAPK) pathway, and 2) the
Cdc42 polarization module (Bardwell 2004). The MAPK signaling cascade and the
Cdc42 polarization module crosstalk through a variety of effector proteins. The Ste4
signaling pathway interacts directly with an adaptor protein called Far1, which binds to
the Cdc42 GEF, Cdc24. The Far1-Cdc24 complex is sequestered into the nucleus of
haploid cells early in the cell cycle (Butty et al. 1998; Nern and Arkowitz 2000; Shimada,

Gulli, and Peter 2000). When the heterotrimeric G protein cascade activates in
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response to a pheromone gradient, Ste4 recruits the Far1-Cdc24 complex to a discrete
cotical patch, thereby localizing Cdc42 activation (Valtz, Peter, and Herskowitz 1995;
Butty et al. 1998; Shimada, Gulli, and Peter 2000). Morevoer, activated Ste4 locally

biases components of the the MAPK pathway by directly recruiting the scaffolding

Figure 1.2
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Figure 1.2 (continued): Polarized growth in budding yeast occurs in both mating and budding.

A) The mating pathway in budding yeast is activated prior to cell cycle entry in response to a
pheromone gradient (red circle). Pheromone activates the heterotrimeric G protein receptor, causing
dissociation of the Ga subunit from GBy, Ste4 and Ste18, respectively. Ste4 recruits the Far1-Cdc24
complex to locally activate Cdc42, which interacts with the PAK, Ste20. Ste20 and the scaffold protein
Ste5 cooperate to induce MAPK signaling and expression of mating specific genes. Local activation of
Cdc42 also recruits downstream effectors, such as cytoskeletal machinery, to construct the shmoo and
promote mating.

B) Landmark-instructed budding leads to invariant budding patterns. Haploid cells bud axially, while
diploid cells bud in a bipolar fashion. In the absence of landmarks or the signals that propagate those
cues, both haploid and diploid cells bud from random cortical positions.

C) Rsr1 specifies the axis of polarity by instructing local accumulation of Cdc42-GTP through
interactions with the GEF Cdc24. The local focus of Cdc42 interacts with downstream signaling
components, including Cla4, cytoskeletal machinery, and the exocyst complex to promote bud growth.

protein Ste5. A downstream effector of Cdc42, the p21-activated kinase (PAK) - Ste20 in
this case - activates members of the MAPK pathway that are assembled on Ste5,
serving as yet another link between these two signaling cascades. Thus, Cdc42
activation directly promotes the mating program.

Temperature sensitive Cdc42 (cdc42-ts) mutants derived from the Hartwell screen
(Hartwell et al. 1973), are not only unable to bud, but are also defective in mating. Early
work showed that cdc42-ts cells do not construct a mating projection in response to
pheromone treatment (Reid and Hartwell 1977). Later work confirmed that localized
accumulation of both the GEF, Cdc24, and active Cdc42 were required for polarization
of the actin cytoskeleton, polarized vesicle delivery, and subsequent polarized growth of
the shmoo (Evangelista et al. 1997; Shimada, Gulli, and Peter 2000; Bardwell 2004).
However, Cdc42 does not solely function in polarized growth. Through direct
interactions with the Ste20-Ste5 module, Cdc42 regulates the MAPK signaling cascade
which functions to induce expression of gene systems necessary for mating (Simon et
al. 1995; Lamson, Winters, and Pryciak 2002; Bardwell 2004). Collectively, these results

indicate that Cdc42-GTP is a critical orchestrator of the mating pathway. Cdc42 is
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required for both polarity establishment in mating projection formation and for

expression of mating-specific genes.

Section 4.1.2: Cdc42 in bud site selection
Saccharomyces cerevisiae propagate by budding, a process that begins at the start of

the cell cycle. In wildtype yeast the axis of polarity is predetermined by the deposition of
proteins at specific cellular domains. These proteins act as landmark-directed cues to
yield an invariant budding pattern. Haploid cells bud in an axial fashion, where de novo
bud sites cluster around the previous bud site (Figure 1.2B). Conversely, wildtype
diploid cells bud in a bipolar pattern, alternating poles with each successive cell division
(FREIFELDER 1960; Hicks, Strathern, and Herskowitz 1977; Sloat, Adams, and Pringle
1981). While there are several landmark proteins, the Ras-related GTPase, Rsr1, is
essential for transducing the landmark signal to the polarity module (Bender and Pringle
1989). In its GTP-bound form, Rsr1 binds directly to the Cdc42 GEF, Cdc24, thereby
locally concentrating Cdc42 activation toward a provided cue (Park et al. 1997). Recent
work has shown that local concentration of Cdc42 is necessary for polarity
establishment (Woods et al. 2015). Strikingly, cells lacking spatial cues efficiently
establish polarity in a process known as symmetry breaking.

Disruption of landmark-directed cues randomizes the budding pattern (Figure 1.2B)
(Bender and Pringle 1989). It is thought that Cdc42-GTP and Cdc24 locally concentrate
to a random cortical domain, thereby establishing the axis of polarity (lrazoqui,
Gladfelter, and Lew 2003; Woods et al. 2015). These data suggest that landmark-
independent mechanisms exist to concentrate active Cdc42 at one and only one site.

This is in contrast to the polarization scheme in the mating pathway which has the
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capacity to reorient its growth after axis formation. How yeast form one and only one
axis remains a critical question in the field.

Once stably associated to a discrete domain, active Cdc42 interacts with downstream
effectors that are required for proper growth of the bud (Bi and Park 2012). These
include, but are not limited to, the PAK Cla4, which is a functional and structural
homolog to Ste20 (Cvrckova et al. 1995; Bagrodia and Cerione 1999), actin assembly
factors such as the formins Bni1 and Bnr1 (Evangelista et al. 1997; Pruyne et al. 2004)
the exocyst complex (X. Zhang et al. 2001; Casamayor and Snyder 2002), and scaffold
proteins that promote septin ring assembly (G. C. Chen, Kim, and Chan 1997; Iwase et
al. 2006; Bi and Park 2012). Thus, Cdc42-GTP not only establishes the axis of polarity,
it integrates a multitude of biological processes necessary for bud formation and growth
(Figure 1.2C).

Activated Cdc42 is necessarily required for successful polarization and maintenance of
a single axis of polarity, a phenomenon known as singularity; thus, one must consider
the mechanisms that locally concentrate Cdc42. Both membranes and cytoplasm are
quite diffusive and studies have shown that polarized Cdc42-GTP rapidly exchanges
between the plasma membrane and the cytoplasm (Wedlich-Soldner 2004; Slaughter et
al. 2009). Therefore, successful polarization must engage active measures that can

overcome diffusion.

Section 4.2: Initial cues, bias, and amplification: how cells establish
and maintain polarity
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How do cells concentrate factors within a symmetric cytoplasm, and subsequently retain
those factors in a stable asymmetry? Ample evidence from diverse species suggest that
this is achieved by a feedback system that amplifies the initial signals that inform the
axis of polarity (Etienne-Manneville 2004; Thompson 2012). The initial signals can be
provided extrinsically, intrinsically, or perhaps by stochasticities at the plasma
membrane. In response to the initial cue, a bias of activated Cdc42 appears at that
position. Active Cdc42 concentrates by interacting with downstream effectors, some of
which likely encourage additional accumulation Cdc42. This process is referred to as
positive feedback (Jilkine and Edelstein-Keshet 2011).

In his seminal work, Alan Turing showed mathematically that simple diffusion was
sufficient to transform an equally mixed system of two interacting species into a stable
asymmetric system (Turing 1952). Curious as to how patterns arise in biological
systems, he set out to interrogate whether freely-diffusing morphogens in a zygote are
sufficient to define the organismal body plan. He established the conceptual framework
such that one species was a slow-diffusing activator while the other was a fast-diffusing
inhibitor (Figure 1.3A). Under this scheme, activated molecules are slow to diffuse away
from the activation site, thereby generating a focus of activated species. Activated
molecules that exit the focus are rapidly inactivated by the inhibitor. Critically, this
system is sufficient to amplify small perturbations within the symmetrical cytoplasm,
thereby establishing and maintaining an asymmetric domain (Turing 1952).

Later theoretical work expanded upon Turing’s findings - who faced an untimely demise
in 1954 - as his linear solutions were unstable and unlikely to withstand the complexity

of biological phenomena (Gierer and Meinhardt 1972). Turing’s simple reaction-diffusion
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Figure 1.3: Turing-type reaction-diffusion mechanisms are sufficient to form complex patterns.
A) Schematic of two diffusing molecules, participating in Turing reaction-diffusion system. The blue
molecule undergoes positive feedback while the red molecule inhibits the blue molecule

B) Diagram of Turing patterns that can emerge from an equally mixed system of molecules that react
with each other upon a stimulus. Complex patterns including stripes, ovals, and unique shapes can
emerge depending on parameter conditions.

mechanism were built upon by endowing the activator with local autocatalytic behavior,
by giving the inhibitor long-range activity, and by accounting for the local density of both
activator and inhibitor (Figure 1.3A) (Gierer and Meinhardt 1972). Autocatalysis can be
achieved by a local increase in either the density or the activity of the activator, and it
need not be solely dependent on the activator itself. Scaffolding or auxiliary components
can provide the requisite domains necessary for autocatalysis. However, if left
unfettered, the activator will ultimately spread throughout the cortex rather than remain
discretely concentrated. Thus, inclusion of a long-range inhibitor - which in some cases
may be a direct product of the activator - is necessary for a stable asymmetry (Gierer
and Meinhardt 1972). Utilizing this simple scheme, exquisite patterns can emerge from

the tuning of parameters and stimuli (Figure 1.3B). Indeed, almost all polarized cells
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coordinate some type of positive feedback coupled to a slow-acting inhibitory response

to establish and/or maintain their axis of polarity.

Section 4.3: The role of positive feedback in polarity establishment

The mechanics of positive feedback are well characterized in a variety of polarized
biological processes and polarized cell types. This section will focus on the mechanisms
by which two closely related yeasts, fission yeast and budding yeast, employ positive

feedback in polarization.

Section 4.3.1: Positive feedback in fission yeast polarity
The mechanism of positive feedback in fission yeast contains the hallmarks of a

traditional Turing-type reaction-diffusion system (Das and Verde 2013). Following cell
division, the landmark protein Ras1 accumulates at the previous site of cell division
(Hughes, Fukui, and Yamamoto 1990). It interacts directly with the primary Cdc42 GEF,
Scd1, leading to local activation of Cdc42 (E. C. Chang et al. 1994). Cdc42-GTP
recruits downstream effectors necessary for growth and elongation of the rod-shaped
cell in a monopolar fashion (F. Chang and Martin 2009; Das and Verde 2013). Once the
cell reaches a threshold length late in the cell cycle, a process termed New End Take
Off (NETO) initiates bipolar growth until it achieves the a minimal length necessary for
cytokinesis (F. Chang and Peter 2003). It is unclear how Cdc42-GTP begins to
accumulate at the new end, though there is evidence that phosphorylation cascades
mediated by Cdc42-GTP trigger NETO. For example, a downstream effector of Cdc42-

GTP is the fission yeast homolog of PAK, Shk1. A non-lethal hypomorphic allele of Shk1
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restricts growth to a single pole (Verde, Wiley, and Nurse 1998; Sawin, Hajibagheri, and
Nurse 1999), suggesting a critical role in establishment of bipolar growth. Intriguingly,
Shk1 interacts with a scaffold protein Scd2 that also directly interacts with the Cdc42
GEF, Scd1. Furthermore, accumulation of Shk1 to cell tips is dependent upon
localization of Scd1 and Scd2 (Kelly and Nurse 2011). Thus, the Shk1-Scd2-Scd1
complex forms the requisite domain structure to mediate positive feedback (Figure
1.4A) (E. C. Chang et al. 1994; Wheatley and Rittinger 2005; F. Chang and Martin
2009).

Recent work that aimed to interrogate the events necessary for NETO, uncovered a
striking phenomenon (Das et al. 2012). At the onset of Cdc42-GTP accumulation to the
new end, activated Cdc42 displayed anti-correlative oscillations between the two poles
(Figure 1.4A). Oscillations are necessarily derived from negative feedback (Houssine
Snoussi 2011; Alon 2006), suggesting an active mechanism to minimize accumulation
of Cdc42-GTP. To understand the oscillatory accumulations of activated Cdc42, the
authors developed a mathematical model that invoked an initial fast-acting positive
feedback loop and a delayed negative feedback loop. The results of the simulation
captured the biological phenomenon as well as recapitulated the expected responses
given biological perturbations (e.g. changes in the abundance or activity of Cdc42).
Therefore, invoking positive and negative feedback in the model was sufficient to mimic
the endogenous behavior. Furthermore, the authors found that both Scd1 and Scd2
undergo similar oscillations, indicating that their behaviors are linked to Cdc42-GTP.

Finally, the authors interrogated the negative feedback arm of the model.
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The PAK homolog in budding yeast, Cla4, has been suggested to inhibit the GEF
activity of Cdc24 (Gulli et al. 2000; Kuo et al. 2014; Rapali et al. 2017); thus, a similar
process may occur in fission yeast. The authors utilized the aforementioned
hypomorphic allele of Shk1, which contains a point mutation that decreases its kinase
activity (Verde, Wiley, and Nurse 1998; Sawin, Hajibagheri, and Nurse 1999; Das et al.
2012), and observed the localization of Cdc42-GTP, Scd1, and Scd2. In that
background, all three components are retained in a monopolar orientation suggesting
that kinase activity is required for bipolar, and thus oscillatory, behavior (Das et al.
2012). As such, these results are consistent with active Cdc42 mediating its own
negative regulation through Shk1 kinase activity, thereby embodying a Turing-type

reaction-diffusion mechanism (Figure 1.4A).

Section 4.3.2: The model of symmetry breaking in budding yeast
As polarization in Saccharomyces cerevisiae is one of the best-studied polarity

examples, the molecular players involved in establishment and maintenance are well-
defined. Primarily, research has focused in landmark-deficient backgrounds, as cells
can potently break symmetry in the absence of these spatial cues. The current model of
symmetry breaking suggests that the initial cue is provided by a stochastic cortical
accumulation of Cdc42-GTP. The activated GTPase appears to induce a positive
feedback loop, mediated by a tripartite complex consisting of the Cdc42 GEF, Cdc24,
the scaffold protein, Bem1, and Cla4, which binds directly to activated Cdc42 (Figure
1.4B, C) (Gulli et al. 2000; Bose et al. 2001; Butty et al. 1998). These binding
interactions are reminiscent of those observed in fission yeast and, as such, also

provide the requisite domains to facilitate positive feedback. Pointed interrogation into
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Figure 1.4
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Figure 1.4 (continued): Positive feedback in fission and budding yeasts.

A) Bipolar growth in fission yeast oscillates from pole to pole, with time-averaging leading to equal
growth from each end. Cdc42 is locally concentrated at the poles via a positive feedback loop that
engages the tripartite polarity complex Shk1-Scd2-Scd1. Scd1 activates additional molecules of Cdc42
where as Shk1 appears to participate in a phosphorylation-dependent negative feedback loop.

B) In landmark-mediated polarization in budding yeast, Rsr1 interacts directly with Bem1 and Cdc24 to
locally activate Cdc42 proximal to the previous bud site. Cdc42-GTP interacts with downstream
effectors, such as Cla4. The Cla4-Bem1-Cdc24 complex mediates positive feedback to establish the
incipient bud site. A negative feedback loop appears to proceed through Cla4-dependent
phosphorylation of Cdc24, thereby limiting growth of the nascent site.

C) The model for symmetry breaking polarization suggests that a stochastic accumulation of Cdc42
appears on the cortex where it engages the Cla4-Bem1-Cdc24 polarity complex in a potent positive
feedback loop. Cla4-dependent phosphorylation appears to down-regulate Cdc24 GEF to hinder
expansion of the Cdc42 focus.

this tripartite complex has revealed that the scaffold protein Bem1 is critical for bud
emergence.

Early work showed that bem1A cells display severe defects in polarized growth and
often become swollen, multinucleated cells (Bender and Pringle 1991; Chenevert, Valtz,
and Herskowitz 1994), suggesting a Bem1-dependent defect in bud emergence.
Furthermore, bem1A/rsr1A is synthetically lethal (Irazoqui, Gladfelter, and Lew 2003),
and Bem1 has been shown to bind directly to Rsr1 (Park et al. 1997). Combined, these
results indicate that Bem1 plays a critical role in bud emergence, potentially by
modulating cortical association of the polarity complex. Indeed, Bem1 localizes to
incipient sites of polarized growth, is required for stable accumulation of the GEF
Cdc24, and must bind Cla4 for cells to undergo symmetry breaking (Gulli et al. 2000;
Kozubowski et al. 2008; Howell and Lew 2012). Additionally, other work has suggested
that Bem1 binding to Cdc24 may relieve the GEF of autoinhibition (Butty, 2001)
(Shimada, 2004), suggesting that Bem1 engages in a multi-faceted approach to

positively regulate bud emergence.
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To determine whether a crucial function of Bem1 is to serve as a scaffold protein that
links the Cdc24 GEF to an active Cdc42 binding protein, a fusion protein consisting of
Cla4 and a variant of Cdc24 that lacks its Bem1-binding domain (Cdc24APB1) was
expressed in bem1A/isr1A cells. The Cdc24APB1-Cla4 fusion recovered viability,
polarized growth, and cells proliferated with similar kinetics as rsr1A cells, thereby
directly showing that an essential function of Bem1 is to link Cla4 and Cdc24
(Kozubowski et al. 2008). Collectively, these results support a model in which symmetry
breaking proceeds by a positive feedback loop (Figure 1.4B, C). Complementary to this
study, a computational model was developed that effectively recapitulated symmetry
breaking in budding yeast by using positive feedback (Goryachev and Pokhilko 2008).
By invoking a minimal set of molecular components, including Cdc42, Cdc24, Bem1, a
GAP, and the Cdc42 GDI (Rdi1 in budding yeast), a Turing-type reaction diffusion model
was sufficient to generate a stochastic accumulation of Cdc42-GTP that engaged the
Bem1-Cdc24 complex to mature into a focus of Cdc42-GTP. Positive feedback
necessitates that the local inhomogeneity will expand at the expense of other stochastic
cortical associations of Cdc42-GTP. Therefore, if unharnessed, Cdc42-GTP will
ultimately expand across the entire cortex (Jilkine and Edelstein-Keshet 2011). To
combat the inherit drive for expansion, a GAP-dependent mechanism was included that
would rapidly convert Cdc42-GTP that diffused out of the focus into Cdc42-GDP.
Precocious activation of Cdc42-GDP outside the focus was inhibited by GDI-dependent
(Rdi1 in budding yeast) extraction and recycling to the cytoplasm (Goryachev and

Pokhilko 2008). Strikingly, this minimal system was sufficient to polarize a simulated cell
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under a variety of parameter conditions, providing additional evidence to the positive
feedback model.

Biological behaviors of the polarity complex and activated Cdc42 are also consistent
with the positive feedback model. For instance, FRAP analysis has showed that
activated Cdc42, Bem1, and Cdc24 exchange rapidly between the nascent bud and the
cytoplasm (Wedlich-Soldner 2004). Additionally, traveling waves of polarity components
have been observed in unpolarized cells prior to symmetry breaking (Ozbudak, Becskei,
and van Oudenaarden 2005). Furthermore, cells are robust to multi-budding, as
overexpression of the scaffold Bem1 does not drastically increase the observation of
multi-budded cells (Howell et al. 2009). These data suggest that stringent inhibitory
mechanism(s) may exist beyond Cdc42 recycling. Indeed, oscillatory accumulations of
activated Cdc42 and Bem1 have been observed (Howell et al. 2012), which necessarily
invoke negative feedback (Houssine Snoussi 2011; Alon 2006).

In the Goryachev model mentioned above, inhibition was administered through active
cycling of Cdc42 and the Bem1-Cdc24 complex into the cytosol. Despite retaining the
ability to undergo bud emergence, rdi1A cells display a broad expansion of activated
Cdc42 (Slaughter et al. 2009; Freisinger et al. 1AD)(this work), suggesting that this
mechanism contributes to focusing of the nascent bud. Indeed, the rate of Cdc42
exchange with the cytosol drastically reduces in rdi1A cells (Slaughter et al. 2009;
Klinder et al. 2013); though it is unlikely Rdi1-mediated recycling is the sole inhibitory
mechanism. Several recent studies have implicated Cla4-dependent phosphorylation of
Cdc24 - which significantly reduces GEF activity - as a mode of negative feedback (Gulli

et al. 2000; Kuo et al. 2014; Rapali et al. 2017). Finally, actin filaments have been
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suggested to participate in negative feedback by diluting the focus through vesicle
delivery (Layton et al. 2011; Savage, Layton, and Lew 2012). Intriguingly, some
research has suggested that actin filaments participate in a positive feedback loop via
vesicular delivery of Cdc42 to the nascent bud site; though it likely facilitates
maintenance of the polarized bud rather than establishment (Wedlich-Soldner 2003;
Slaughter et al. 2009; Freisinger et al. 2013; Jose et al. 2013; Woods et al. 2016).
Likely, these mechanisms, and potentially more, cooperate to produce a potent
inhibitory response. Thus, polarization in budding yeast appears to invoke a Turing-type
reaction-diffusion system that employs fast-acting positive feedback and delayed
inhibition to specify the axis of polarity once within the cell cycle. How does the cell
cycle exert control over this diffusion-based system to ensure that only a single bud

emerges within a cell cycle?

Section 5: Influence of the cell cycle on polarity

Section 5.1: Cdk1 - the conserved regulator of cell cycle progression

The cell cycle is divided into 4 distinct phases: growth phase 1 (G1), DNA synthesis (S),
growth phase 2 (G2), and mitosis (M). Cells repeatedly cycle through these stages, with
the end product generating a new daughter cell. The conserved regulator of cell cycle
progression, cyclin-dependent kinase 1 (Cdk1), is indispensable for the switch-like
transitions that drive entry into each stage. The primary function of Cdk1 is to activate a
suite of cellular programs necessary for each switch-like transition (Hochegger, Takeda,
and Hunt 2008). Critical to activation by Cdk1, are the Cdk1 adaptor proteins known as

cyclins. Each transition is modulated by an alternate set of cyclins that are sufficient to
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define Cdk1 substrate specificity (Loog and Morgan 2005). As polarity establishment in
budding yeast occurs early in the cell cycle, the focus will be on the G1 events that
promote entry into the cell cycle.

Toward the end of G1, entry and irreversible commitment to the cell cycle is coordinated
by the transition known as Start (Lew and Reed 1993). Prior to Start, Cdk1 is minimally
active via its interaction with Cyclin3 (CIn3) (Cross and Blake 1993). As cells continue to
grow, the transcriptional inhibitor Whi5 is phosphorylated by Cdk1-CIin3 and ejected
from the nucleus, allowing transcription of two additional cyclins, Cin1 and CIn2
(Costanzo et al. 2004). CIn1 and CIn2 amplify Cdk1 activation and in doing so,
hyperactivate their own transcription in a Cdk1-dependent manner. Thus, a
transcriptional positive feedback loop propels cells through Start (Skotheim et al. 2008).
There is considerable genetic redundancy amongst the cyclins. While a cin1A/cin24A/
cin3A triple mutant is lethal, both c/n3A4 and cln14A/cin2A strains are viable (Richardson
et al. 1989), suggesting robust mechanisms to ensure Cdk1 activation. One such
mechanism involves the process by which Whi5 is inactivated. Intriguingly, recent work
has attributed Whi5 inactivation by Cdk1 to cell size increase. Specifically, the
translation of Whi5 ceases in G1, resulting in its dilution as cells grow. Conversely, the
translation rate of CIn3 mirrors the rate of cell growth such that its effective
concentration is static. Therefore, cell growth increases the ratio of Cdk1-CIn3 activity to

Whi5 concentration to efficiently drive entry into Start (Schmoller et al. 2015).

Section 5.2: Cell cycle regulation of polarity establishment in
Saccharomyces cerevisiae
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Bud emergence requires Cdk1 activation via interactions with Cin1, CIn2, and CiIn3
(Richardson et al. 1989). Furthermore, Cdk1 activity is required to concentrate activated
Cdc42, Bem1, Cdc24, and downstream Cdc42-GTP effectors at the presumptive bud
site (Gulli et al. 2000; Jaquenoud and Peter 2000; McCusker et al. 2007). How Cdk1
regulates the accumulation of these factors and the events necessary for bud
emergence is unclear; yet, a variety research points to an indirect role in licensing
Cdc42 accumulation to a distinct cortical domain (Howell and Lew 2012; Woods and
Lew 2017).

Under the landmark-directed regime, activated Cdk1 may facilitate either GTP loading
of Rsr1 and/or promote Cdc24 binding to Rsr1-GTP (Howell and Lew 2012). Indeed,
both Cdc24 and the Rsr1 GAP, Bud2, are putative targets of Cdk1 (Gulli et al. 2000;
McCusker et al. 2007; Holt et al. 2009). Moreover, Cdc24 is sequestered into the
nucleus prior to Start in haploid cells; therefore, Cdk1-dependent phosphorylation of
Cdc24 may facilitate nuclear exit. However, Cdc24 does not concentrate in the nucleus
in diploid cells, suggesting that Cdk1 may participate in alternative mechanisms to
promote Cdc42 activation. Accordingly, Cdk1 has been implicated in down-regulating
Cdc42 GAPs to promote polarity establishment (Howell and Lew 2012). The current
model of symmetry breaking suggests that the tripartite polarity complex is constitutively
complexed (Bose et al. 2001). As such, axis specification by Cdc42-mediated positive
feedback is limited by the activation rate of Cdc42 (Howell and Lew 2012). Thus, down-
regulation of global GAP activity would facilitate cortical stochasticities of Cdc42-GTP

and induction of positive feedback (See Section 4.3.2).
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There are four identified Cdc42 GAPs in budding yeast: Rgal, Rga2, Bem2, and Bem3
(Stevenson et al. 1995; Johnson 1999; Marquitz et al. 2002; Zheng, Cerione, and
Bender 1994). Intriguingly, all four are putative substrates of Cdk1 (Ubersax et al. 2003;
Holt et al. 2009). Overexpression of either Bem3 or Rga2 with mutationally-ablated
Cdk1 consensus sites induces cytoxcity. Specifically, these experiments generated an
abundance of enlarged, depolarized cells, which could be recovered by mutationally
inactivating the GAP activity (Knaus et al. 2007; Sopko et al. 2007). These results
support a model in which GAP down-regulation by Cdk1 is required for proper Cdc42
polarization. While these data suggest a mechanism by which Cdk1 can regulate
polarity establishment, it need not be the only mode of Cdk1-dependent promotion of
polarization.

Intriguingly, budding yeast cells can polarize in the absence of Cdk1 activation. Prior to
Start, haploid cells are challenged with a decision to either engage the mating program
or to commit to cell cycle entry (Hartwell et al. 1974). In the presence of a pheromone
(See Chapter 4, Section 4.1.1), cells will initiate the mating pathway and orient polarized
growth toward the pheromone gradient (Bardwell 2004). Intriguingly, growth of the
mating projection requires Cdc24 and Bem1 (Adams and Pringle 1984; Chenevert et al.
1992; Chenevert, Valtz, and Herskowitz 1994). This phenomenon indicates that the
polarity module can locally concentrate in the absence of Cdk1 activity, thereby locally
activating Cdc42. Collectively, these data indicate that Cdk1 activation is not strictly
required for polarization of Cdc42; thus, alternative mechanisms may exist to promote

local concentration of Cdc42 prior to cell cycle entry.
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Section 6: The use of optogenetics in probing biological
processes

Section 6.1: The utility of optogenetics

Polarized domains often form rapidly in response to initiating cues, suggesting the
existence of mechanisms that can locally direct and corral diffusive molecules. Current
models of polarization schemes posit that positive feedback loops can harness diffusive
polarity determinants and amplify their local concentration, thereby establishing polarity
in response to changing cues. However, direct evidence for positive feedback loops is
lacking as traditional genetic and cell biological analyses are not amenable to
investigate the dynamic nature of polarization. Furthermore, a myriad of cellular
processes are intricately regulated by precise spatial and temporal events; thus, tools
that would permit the perturbation of signaling molecules have the potential to reveal
critical mechanisms in a variety of signaling cascades. As such, a number of genetically-
encoded tools have been developed that allow control of the spatial and temporal
dynamics of diverse proteins using light (Tischer and Weiner 2014).

The initial genetically-encoded light-sensitive proteins were light-gated ion channels
(Channelrhodopsin-2, ChR2) derived from algae (Nagel et al. 2003; Boyden et al.
2005). In response to blue light, hippocampal cells expressing ChR2 stimulated
excitatory and inhibitory neuronal transmission with rapid precision (Boyden et al. 2005),
thereby setting a new precedent in neuronal research. Moreover, the use of light-gated
channels permitted interrogation into neuronal processes that had previously proved to
be difficult or nearly impossible to investigate (Li et al. 2005; Nagel et al. 2005;

Hegemann and Nagel 2013). While fruitful, light-gated ion channels can only exploit
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Figure 1.5: Diverse optogenetic tools allow regulation of varied cellular behaviors.

A) The diverse optogenetic toolkit available to experimentally control cellular behaviors. Light
conversion induces cellular responses, whereas activation can be attenuated by removing light
stimulation. In some instances, light stimulation can be used to inhibit signaling (not shown)

B) Molecular architecture of TULIPs. In the inactive state, the Ja helix sequesters the peptide from its
cognate binding partner ePDZ. Blue light illumination releases the peptide and inducing high-affinity
binding between ePDZ and LOVpep.

C) Schematic diagram of cellular TULIPs. GFP-LOVpep is localized to the plasma membrane via a
transmembrane domain, while ePDZ-mCherry freely diffuses in the cytoplasm. Upon light exposure,
ePDZ-mCherry rapidly translocates to the plasma membrane. Cessation of light exposure releases
ePDZ-mCherry into the cytoplasm, with a half-life of ~80 seconds.
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membrane potential. Thus, light-dependent interrogation of dynamic signaling
processes must employ photo-responsive domains that are amenable to gating events
like protein-protein interactions and signaling activation.

In one of the first studies that showed the potential of optoenetics in cell biology, the
mammalian Rho GTPase Rac1 was fused to a light-responsive domain derived from
Avena sativa, the LOV domain (Y. I. Wu et al. 2009; Christie et al. 1998). Light
stimulation was sufficient to induce rapid cell crawling (Y. I. Wu et al. 2009),
demonstrating that regulation of switch-like protein behavior could be readily controlled
by an exogenous stimulus. While encouraging, not all proteins were amenable to
conformational gating nor could the approach be generalized to signaling motifs that
require the coupling of players. Several groups, including the Glotzer lab, focused
instead on dimerization based tools. Conceptually similar to the FRB-FKBP system of
dimerization (Banaszynski, Liu, and Wandless 2005; Haruki, Nishikawa, and Laemmli
2008), photo-responsive dimerization systems had the further benefits of reversibility
and spatial control. Indeed, such dimerization systems have been used to investigate
the properties of organellar positioning (van Bergeijk et al. 2015), to mediate G protein
signaling in cell migration (O'Neill and Gautam 2014), and to regulate protein
degradation (Renicke et al. 2013). Moreover, optogenetic tools have been customized
to regulate signaling pathways like gene expression and clustering-based signaling
platforms, highlighting the diversity in optogenetic toolkits available (Toettcher et al.
2010; Tischer and Weiner 2014). Furthermore, our own lab has developed a set of
dimerization-based optogenetic tools that we have used to probe the yeast mating

pathway in Saccharomyces cerevisiae (Strickland et al. 2012), to interrogate the
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sufficiency of RhoA activation in mammalian cytokinesis (Wagner and Glotzer 2016),
and to investigate Rho-family GTPase regulation in Drosophila (Rich and Glotzer, not

published).

Section 6.2: The molecular details of optogenetics

The primary optogenetic tool that we employ is termed TULIPs, standing for TUnable-
Light-Induced-Proteins. The optically-responsive protein is a derivative of the LOV
domain from Avena sativa and has been used in an assortment of optogenetic tools
(Tischer and Weiner 2014), as it undergoes a robust conformational change upon
stimulation with blue light. The molecule itself contains an alpha helix, termed the Ja
helix, that in the dark state is coiled and bound to the body of the protein (Harper,
Christie, and Gardner 2004). Upon illumination with blue light, the Ja helix uncoils and
releases to display an unstructured extension (Harper, Christie, and Gardner 2004;
Halavaty and Moffat 2007). Our lab used protein engineering to append a small eight
amino acid peptide to the end of the Ja helix (LOVpep) that is the high affinity binding
partner for a highly engineered clamshell protein called enhanced PDZ (ePDZ) (J.
Huang et al. 2008; J. Huang et al. 2009).

To translate this tool into a biological system, we tethered the optically-responsive
protein (LOVpep) to the plasma membrane whereas its cognate binding partner (ePDZ)
freely diffuses in the cytoplasm. lllumination uncages the peptide allowing it to interact
with ePDZ and induce rapid (< 10 sec) relocation of ePDZ to the membrane. By fusing
proteins of interest to ePDZ, we have shown that we can potently and dynamically

control spatiotemporal localization of signaling molecules using light and induce
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biological responses (Strickland et al. 2012; Wagner and Glotzer 2016). Critically, the
dosage of light can be titrated such that a variety of perturbations can be assayed. For
example, a small light dosage can engage the endogenous mechanisms regulating a
signaling cascade. Alternatively, large doses of light can interrogate the effects of robust
signaling activation on the system. In Wagner and Glotzer (Wagner and Glotzer 2016),
our lab showed that optogenetic recruitment of a RhoA GEF was sufficient to induce
RhoA activation that produced cytokinetic furrows irrespective of cell cycle state. Thus,
our optogenetic system is a robust tool sufficient to investigate a myriad of cell signaling

behaviors.

Section 7: What are the mechanisms of polarity
establishment in yeast?

The tripartite complex of Cdc24-Bem1-Cla4 is known to play an essential role in
symmetry breaking (See Chapter 1, Section 4) and it is suggested that symmetry
breaking utilizes this complex to mediate a Cdc42-dependent positive feedback loop
(Howell and Lew 2012)(See Chapter 1, Section 4.3.2). Computational models and in
vivo analyses of symmetry breaking have uncovered behaviors consistent with positive
feedback, including traveling waves and oscillatory accumulation of polarity proteins
(Ozbudak, Becskei, and van Oudenaarden 2005; Howell et al. 2012)(See Chapter 1,
Section 4.3.2). However, important assumptions of the models have not been directly
tested. For instance, whenever Cdc42 is active it should induce accumulation of the
polarity complex; nonetheless, the validity of this critical assumption has yet to be

established. Similarly, although the events preceding bud emergence have been
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dissected in considerable detail, the events that precede those have attracted relatively
little attention. For example, in symmetry breaking polarization, do events in early G1
influence the site of symmetry breaking? To what extent are the functions of the polarity
proteins influenced by the state of the cell cycle? How do cells ensure singularity? The
central goal of this thesis aims to understand the requisite mechanisms needed to
establish and maintain a single axis of polarity in Saccharomyces cerevisiae.
Historically, these questions have been difficult to interrogate due to the absence of
tools that permit controlled perturbation of Cdc42 activation. Thus, we have employed
optogenetic tools to spatially and temporally control critical proteins in polarity
establishment, including Cdc24, Bem1, and Cla4. Additionally, we have utilized genetic
and pharmacological perturbations in concert with optogenetics to query the cell cycle
regulation of polarity establishment.

The results presented in this thesis provide direct evidence that positive feedback
contributes to polarity establishment once Cdk1 is activated at Start. However, while the
current model predicts that the polarity components invariably function together in a
potent positive feedback loop, we find that they do not do so prior to Cdk1 activation
and that Cdc42 activation does not invariably induce the canonical positive feedback
loop. Rather, we demonstrate the existence of a second positive feedback loop
involving Cdc24 that precedes the canonical loop and appears to function independently
of Bem1. We uncover mechanisms that indicate robust competition that is mediated by
a suite of Cdc42 auxiliary proteins and effectors functions to establish and reinforce a

single axis of polarity.
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Chapter 2: Optogenetic control of polarity establishment
[This chapter was adapted from Witte et al., eLIFE, 2017]

Abstract

Crucial predictions of the positive feedback in polarity establishment demand that local
accumulation of activated Cdc42 is sufficient to define the axis of polarity and that local
activation of Cdc42 is sufficient to induce positive feedback. In this chapter, we
optogenetically control Bem1 and Cdc24 localization to validate the former, but
invalidate the latter. Our results indicate that mechanisms exist to restrain positive

feedback activity.

Section 1: Introduction

At the onset of the cell cycle, budding yeast establish a single axis of polarity and retain
that axis until the following cell cycle. Absolutely essential to establish polarity in
budding yeast is the conserved polarity regulator, the RhoGTPase Cdc42 (Hartwell,
Culotti, and Reid 1970). Cdc42 is a molecular switch (Vetter and Wittinghofer 2001). In
its off state (GDP-bound) it is sequestered into the cytoplasm and therefore unable to
initiate the signaling cascade(s) necessary for bud site selection. Conversely, its on-
state (Cdc42-GTP) localizes to discrete cortical patches, wherein the downstream
effectors necessary for bud emergence are recruited (Evangelista et al. 1997; Johnson
1999; Casamayor and Snyder 2002; Pruyne et al. 2004; lwase et al. 2006). Critical to
proper cell proliferation, is the retention of the Cdc42-GTP at a unique site on the

cortex. In wildtype cells, landmark proteins facilitate Cdc42 recruitment to a pre-
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determined position (Park et al. 1997; Howell and Lew 2012)(Figure 2.1A). However,
cells lacking those intrinsic cues can robustly establish polarity in a process known as
symmetry breaking (Figure 2.1B), suggesting a redundant pathway to establish polarity.
In the absence of spatial cues, it is thought that a positive feedback loop amplifies sites
of stochastic Cdc42 activation in such a manner that only a single axis of polarity is
emerges. Specifically, this postulated positive feedback loop is mediated by a tripartite
complex consisting of the Cdc42 GEF, Cdc24, the scaffold protein Bem1, and the
Cdc42 binding protein Cla4 (Gulli et al. 2000; Bose et al. 2001; Butty et al. 1998).
Indeed, the polarity complex is essential for Cdc42 activation and bud emergence (Bi
and Park 2012). Despite exquisite genetic and cell biological interrogations of the
polarity complex, direct evidence for a positive feedback is lacking. In theory, local
accumulation of one or more members of the polarity complex would be sufficient to
bias Cdc42 activation, thereby biasing positive feedback and polarity establishment.
Critically, positive feedback necessitates that local concentration of a polarity
component would be sufficient to amplify its concentration in a Cdc42-GTP-dependent
fashion. In this chapter we use optogenetics to perturb the spatiotemporal dynamics of
Bem1 and Cdc24 to directly test the positive feedback model (Figure 2.1C). In previous
proof of principle experiments, we demonstrated that local recruitment of Cdc24 directs
formation of a mating projection in a-factor treated cells (Strickland et al. 2012); thus, its

application should be translatable to spatial regulation of bud site selection.

Section 2: Cells are constitutively responsive to optogenetic
perturbations
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Figure 2.1 (continued): Cdc24 can activate Cdc42 in both polarized and unpolarized cells.

A) The endogenous cue is mediated by a system involving Rsr1 to yield patterned budding. Rsr1
directly interacts with Bem1 and Cdc24 to recruit and activate Cdc42 at an adjacent bud position. Rsr1
recruits Bem1 and/or Cdc24 (1) to activate Cdc42 (2) adjacent to the previous bud neck. Cdc42
undergoes positive feedback (3) by interacting with Cla4 to promote its own accumulation.

B) In the absence of Rsr1, cells undergo a symmetry breaking event mediated by positive feedback.
The symmetry breaking event may involve a stochastic accumulation of Cdc42-GTP at a unique location
that then recruits the Cla4-Bem1-Cdc24 complex (1). Cdc24 activates additional molecules of Cdc42 (2)
to promote positive feedback (3).

C) Light-induced symmetry breaking by recruiting the GEF Cdc24 to activate Cdc42 at a prescribed
position and induce positive feedback. Localized photo-activation of LOVpep recruits Cdc24-ePDZb (1)
to activate Cdc42 (2). Activated Cdc42 interacts with Cla4 to induce positive feedback.

D) Polarization efficiency of a population of cells where each point represents an individual cell. The
angle e is defined by the angle between the site of bud emergence and the laser position. Data are
averages of all cells across multiple experiments (n experiments >= 2, N total cells > 15 for each group).
Average and +/- SEM is indicated. Statistical analysis in Figure 1 - Supplemental Figure 1. Strains used:
WYK8440 and WYK8301.

E) Representative phase and inverted fluorescent images depicting the activation of Cdc42 in response
to either Cdc24 or Bem1 recruitment in polarized or non-polarized cells. Difference overlay images place
the subtraction of the two fluorescent images overlaid onto the phase contrast image. An increase in
fluorescent signal is depicted by red psuedo-coloring on the overlay. Cells were treated to increasing
doses of light. Shown from bottom to top, representative images for each group:1 pulse/60 sec, 3
pulses/30 sec, and 3 pulses/15 sec. Each image is 16.2 ym x 16.2 ym. Strains used: WYK8440 and
WYK8301.

F) Box-and-Whisker plots depicting the relative change in mean fluorescence intensity of the Cdc42
biosensor at targeted regions. The relative intensity of polarized cells is the mean of the intensity at 10
minutes post initial illumination compared to the intensity prior to illumination. The relative intensity for
non-polarized cells compares activation of the biosensor 10 minutes before bud emergence relative to
the intensity prior to illumination. Data is combined across multiple experiments (n experiments >= 2, N
total cells > 15 for each group). Statistical analysis in Figure 1 - Supplemental Figure 3. Strains used:
WYK8440 and WYK8301.

In order to probe the mechanism of cell polarization, we developed optogenetic tools to
recruit yeast polarity proteins to defined sites on the cell cortex. Specifically, we co-
expressed a membrane-tethered variant of LOVpep (Mid2-GFP-LOVpep) with either
Bem1-ePDZ or Cdc24-ePDZ in diploid rsr1A cells. In all conditions, the TULIPs-tagged
proteins were expressed under the control of a B-estradiol inducible promoter (Louvion,
Havaux-Copf, and Picard 1993), and the ePDZ-tagged polarity component was
expressed in addition to its endogenous counterpart. We perturbed cells by illuminating

at a single site with a diffraction-limited laser. The response to this perturbation was
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Figure 2.2: Statistical analysis of polarization efficiency as a function of light dose (Figure 2.1D).
A) Comparative statistical analysis for polarization efficiency in response to Cdc24-ePDZ recruitment
and light dose. Gray box indicates populations not statistically different at p = 0.05, orange box denotes
statistically significant at p < 0.05, Mann-Whitney U test.

B) Comparative statistics for Polarization efficiency in response to increasing light dose and Bem1
recruitment as in A.

examined by following the recruitment of a Cdc42 biosensor derived from the Cdc42
effector protein Gic2 (Tong et al. 2007) and Nomarski optics to observe bud emergence.
We first examined the ability of Cdc24 and Bem1 to bias the site of polarization in
unpolarized cells as a function of illumination frequency. We measured the angle, 0,
between the site of illumination and the position of the nascent bud. These values were
linearly scaled such that budding at the center of the laser target was assigned a score
of 1 and budding opposite the target was assigned a score of -1; these scores were
averaged for a population of cells (Polarization Efficiency = average(1-26/m)) (Figure
2.1D). Recruitment of Cdc24 or Bem1 recruitment was able to bias the bud site at very
low light doses; Bem1 was slightly more efficient than Cdc24 (Figure 2.1D). Additionally,
recruitment of either component induced robust accumulation of active Cdc42 at the site

of illumination, without altering the timing of polarization (~95 minutes between bud
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Figure 2.3: Bias in target position and new bud
position relative to the previous bud (Figure 2.1D).
A) Distribution of targeting position relative to new bud
formation in mock-illuminated cells (N cells > 120).

B) Distribution of new bud formation relative to the
previous bud in mock-illuminated cells (N cells > 120).
C) Distribution of target position relative to the
previous bud in mock-illuminated cells (N cells > 120).
D) Comparative polarization efficiency in two
simulations. Model 1 assumes that there is no bias in
target or new bud position. Model 2 approximates the
biases the new bud and target positions as in B and C,
respectively. Specifically, responding cells were
simulated to respond with polarization efficiency =
0.75. In model 1, cells that do not respond were
assumed to bud randomly in the range 46°-180°, with
an average angle of 90°, corresponding to the angle
expected if both targets and the new bud were random
relative to the previous bud. In Model 2, cells that do
not respond were assumed to bud randomly in the
range 46°-180°, with an average angle of 102°. as an
average difference of 102° approximates the
aggregate bias resulting from the experimental bias in
taraet position and the bias in bud site selection.

roughly constant until the highest light dose, while the polarization efficiency of Bem1

dropped by ~50% once illumination increased to greater than 3 pulses per minute

(Figure 2.1F, Figure 2.2). The reason for this drop is unclear. While symmetry breaking

is predicted to be random relative to the previous bud site, the position of the new bud
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was not completely random. Additionally, targets were not randomly positioned, as the
area around the previous bud site was underrepresented. These biases would cause a
slight underestimation of polarization efficiency (Figure 2.3).

We next assessed how the response varied as a function of both cell cycle position and
the frequency with which cells were illuminated. At all doses of light, cells that were at
the start of the cell cycle (~10 minutes before bud emergence) activated Cdc42 in
response to both Cdc24 and Bem1 recruitment. Some non-illuminated cells also
exhibited Cdc42 activation at the target site, as the bud site occasionally coincided with
the target position (Figure 2.1D, F). To determine whether cells were constitutively
responsive to optogenetic recruitment of Cdc24 or Bem1, we illuminated polarized cells
with small to medium-sized buds. At infrequent light pulses, polarized cells did not
activate Cdc42 in response to Cdc24 or Bem1 recruitment (1-3 pulses, Figure 2.1E, F,
Figure 2.4). When cells were illuminated at a greater frequency (>2x per minute), those
that expressed Cdc24-ePDZ activated detectable Cdc42 at all stages of the cell cycle.
Conversely, Bem1 recruitment did not result in Cdc42 activation in polarized cells, even
at higher illumination frequencies (Figure 2.1E, F, Figure 2.4). In summary, Cdc42
activation in unpolarized cells is readily attained in response to either Cdc24 or Bem1
recruitment; however, only high levels of Cdc24 recruitment can generate Cdc42-GTP in
polarized cells, indicating that limitations to Cdc42 activation exist in polarized cells.
From these data, we conclude that local recruitment of either Cdc24 or Bem1 is able to
efficiently bias the bud site. Because our primary interests lie in the endogenous
regulation of Cdc42 activation, we chose to dissect polarity establishment using a light

dose (3 pulses per minute) that efficiently biases the bud site, rather than the higher
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Figure 2.4: Statistical analysis of Cdc42 biosensor accumulation in Polarized and Non-
Polarized cells as a function of light dose (Figure 2.1F).

A) Statistical analysis for Cdc42 biosensor accumulation in response to Cdc24-ePDZ
recruitment in polarized and non-polarized cells. Gray box indicates populations not
statistically different at p = 0.05, orange box denotes statistically significant at p < 0.05, Mann-
Whitney U test.

B) Statistics for Cdc42 biosensor accumulation in response to Bem1 recruitment as in A.

C) Statistical comparison of Cdc42 biosensor accumulation in polarized vs. non-polarized cells
at each light dose. Statistical analysis as in A and B.
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doses that might overcome the mechanisms that limit Cdc42 activation to one site in the

cell.

Section 3: Bem1 recruitment induces positive feedback

To understand the role of Bem1 in regulating polarization, we induced Bem1 recruitment
in cells expressing either the Cdc42 biosensor, Cdc24-tdTomato expressed on a low-
copy plasmid from its endogenous promoter, or cells in which one copy of Bem1 was
tagged with tdTomato. Optogenetic recruitment of Bem1 was sufficient to promote
activation of Cdc42, accumulation of Cdc24 (Figure 2.5A, B), and was able to efficiently
position the bud site (Figure 2.5D). Critically, we found that recruitment of Bem1 was
able to induce the accumulation of endogenous Bem1 at the prescribed site, directly
showing that polarization in yeast proceeds via positive feedback (Figure 2.5A, B).
These results raise the possibility that the observed activation of Cdc42 represents a
combination of the direct activation of Cdc42 by the Cdc24 directly interacting with
optogenetically-recruited Bem1 and amplification by endogenous mechanisms.
Although Bem1 recruitment efficiently induced cell polarization, it did not induce
precocious Cdc42 activation, or recruitment of Cdc24 or Bem1 as compared to control
cells (Figure 2.5B, Figure 2.6). Thus, the activity of the Cdc24-Bem1-Cla4 feedback
loop appears sensitive to cell cycle regulation.

If polarization induction by Bem1 proceeds via a positive feedback loop, Bem1 likely
functions by directly interacting with the GEF Cdc24 (Kozubowski et al. 2008). To test
this prediction, we introduced a mutation in the Bem1 PB1 domain that has previously

been shown to abolish the Bem1-Cdc24 interaction (K482A) (Figure 2.5C) (Irazoqui,
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Figure 2.5 (continued): Local accumulation of Bem1 is sufficient to bias the bud site.

A) Representative phase and fluorescence images and kymographs showing the position of the laser
target and accumulation of the Cdc42 biosensor, Cdc24, and endogenous Bem1 (respectively). Each
image is 16.2 ym x 16.2 ym. Kymographs are generated by iteratively linearizing the membrane at each

time point (schematic). Bud emergence occurs at Y = 00 and at time = 0 minutes. Arrows between the
kymograph and fluorescent images correlate to the time shown in the panels. Strains used: WYK8308,
WYK8318, and WYK8576.

B) Accumulation kinetics for each component in response to Bem1 recruitment. Red line is photo-
activated cells, blue line is mock-illuminated cells. Bud emergence is time = 0. Data combined across
multiple experiments (n experiments >= 2, N total cells > 20 for each condition).

C) Domain schematic of Bem1-ePDZ, with mutation sites and interactions.

D) Polarization efficiency of a population of cells as in 1F. Red dots are single photo-activated cells.
Blue dots are single mock-illuminated cells. Data is combined across multiple experiments (n
experiments > 2, N total cells > 20 for each group). Error bars S.E.M. polarization efficiency of Bem1,
Bem1 R369A, and Bem1 P355A in the light was statistically significant relative to Bem1 K482A light
and dark, and their respective dark-state controls. Bem1 K482A was not statistically significant relative
to its dark state control. p < 0.05, Mann-Whitney U test. Strains used: WYK8308, WYK8434, WYK8435,
and WYK8436.

Gladfelter, and Lew 2003) and tested its ability to induce cell polarization. Mutational
inactivation of the Bem1 PB1 domain ablated its polarization efficiency (Figure 2.5D). In
addition to its Cdc24-interacting domain, Bem1 contains a region that mediates homo-
oligomerization as well as a region demonstrated to interact with phosphoinositides (PI)
(Figure 2.5C). We introduced mutations known to abolish these activities (Irazoqui,
Gladfelter, and Lew 2003) and assayed each for their ability to bias the bud site. While
both functional domains were required for full activity, mutation of the oligomerization
domain (P355A) was more detrimental than mutation of the Pl-binding region (R369A)
(Figure 2.5D). These results suggest that polarity induction by Bem1 requires direct
interaction with Cdc24. Furthermore, they indicate that the most active form of Bem1 is
likely a dimer or oligomer, at least in rsr1A cells (Irazoqui, Gladfelter, and Lew 2003).
Although the PI-binding region is required for Bem1 function (Irazoqui, Gladfelter, and
Lew 2003), light-mediated recruitment or indirect recruitment of endogenous Bem1

might compensate for this defect in this assay. We conclude that yeast polarization
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polarization involves a positive feedback loop mediated by the Bem1-GEF complex.

Furthermore, these data indicate that bud site selection requires activation of Cdc42.

Section 4: Cdc24 recruitment induces precocious activation
of Cdc42

To gain a mechanistic understanding of light-induced symmetry breaking in response to
recruitment of Cdc24 GEF, we determined which molecular features are required for
induction of cell polarization (Figure 2.7A, B). In addition to GEF activity, Cdc24 also
contains a PB1 domain that enables it to bind to a corresponding PB1 domain on Bem1
(Butty et al. 2002). Recently, it has been suggested that localization of Cdc24 is
required for polarization via its ability to activate Cdc42 (Woods et al. 2015). As
expected, we find that mutation of conserved surface residues in the GEF-GTPase
interface (Rossman et al. 2002) rendered Cdc24 inactive for polarization activity (Figure
2.7A, B) and Cdc42 activation (data not shown). Deletion of the Bem1-binding domain
of Cdc24 marginally reduced the polarization efficiency of the GEF (Figure 2.7A, B).
These results indicate that local recruitment of Cdc24 polarizes yeast cell growth

through its ability to activate Cdc42, and that the interaction of the recruited Cdc24 with
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Figure 2.7: Light-mediated recruitment of Cdc24 is sufficient to induce symmetry breaking.

A) Domain schematic of Cdc24-ePDZ, with mutation sites and interactions.

B) Polarization efficiency of photo-illuminated (red) or mock-illuminated (blue) cells. Data are averaged
across multiple experiments (n experiments > =2, N total cells > 15, for each group). Average and +/-
S.E.M. indicated. polarization efficiency of Cdc24 and Cdc24APB1 were statistically significant relative
to Cdc24-GEF-dead light/dark, and statistically significant compared to their respective dark state
controls. The difference between Cdc24 and Cdc24APB1 were not statistically significant. The response
to Cdc24-GEF dead was not statistically significant relative to its dark state control. p < 0.05, Mann-
Whitney U test. Strains used: WYK8440, WYK8437, and WYK8439.

C) Panels of representative phase and fluorescence images and kymographs showing the position of
the laser target and accumulation of a Cdc42 biosensor or endogenous Bem1 in response to Cdc24
recruitment. Each image is 16.2 ym x 16.2 ym. Strains used: WYK8440 and WYK8301.

D) Accumulation kinetics for the Cdc42 biosensor or endogenous Bemi in response to Cdc24
recruitment. Data are combined across multiple experiments (n experiments >= 2, N total cells > 15 for
each condition).
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other cellular proteins - including endogenous wild-type Cdc24 - is not sufficient to
induce polarization.

To observe the dynamics of Cdc42 activation in response to optogenetic Cdc24
recruitment, we used the biosensor of active Cdc42 to visualize GTPase activation
(Figure 2.7C). In control cells, 50% of cells displayed Cdc42 activation 12 minutes prior
to bud emergence (Figure 2.7D, Figure 2.8). In experiments in which Cdc24 was
continuously recruited, we observed precocious Cdc42 activation; 50% of cells exhibited
polarized accumulation of active Cdc42 27 minutes prior to bud emergence (Figure
2.7C, D). Precocious Cdc42 activation was less robust than that observed in the ~12
minutes prior to bud emergence. Thus, Cdc24 recruitment can induce Cdc42 activation
at an earlier stage in the cell cycle than Bem1.

We next asked whether endogenous Bem1 precociously accumulated in a similar
manner as activated Cdc42. Strikingly, Bem1 did not accumulate until ~13 minutes prior
to bud emergence (Figure 2.7C, D). Indeed, despite accumulation of active Cdc42 as a
consequence of Cdc24 recruitment, Bem1 accumulates at the same time relative to bud
emergence in illuminated and mock-illuminated cells (-13 minutes and -12 minutes,
respectively) (Figure 2.7D, Figure 2.8). Notably, the initial accumulation of Bem1

coincides with the time in which more robust Cdc42 activation is observed. These
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results suggest that, unlike previous models for the activity of the polarity proteins,

Cdc42 activation does not invariably lead to recruitment of the intact polarity complex.

Section 5: Both Bem1 and Cdc24 can override the
endogenous pathway

As both Bem1 and Cdc24 recruitment proved to be effective at symmetry breaking, we
assayed their respective capabilities in out-competing the endogenous landmark based
signaling pathway. We generated heterozygous RSR1/rsr1A diploid cells and photo-
recruited either Bem1 or Cdc24 to a random position on the cell cortex. Landmark-
directed diploid cells bud in a bipolar fashion (Sloat, Adams, and Pringle 1981); thus, we
oriented targets to avoid the cell poles. Strikingly, optogenetically recruited Cdc24 and
Bem1 were both able to induce polarization (Figure 2.9A). Bem1 retained the equivalent
polarization efficiency as Rsri-deficient cells, whereas Cdc24 was somewhat less
efficient at biasing the bud site. These data suggest that Bem1 accumulation at a
presumptive bud site plays a critical role in establishing an axis of polarity.

Curious if Cdc24 recruitment was capable of inducing precocious activation of Cdc42 in
RSR1/rsr1A cells as it does in cells lacking Rsr1, we quantified the rate of Cdc42
biosensor accumulation. In mock-illuminated cells, the Cdc42 biosensor appeared at the
nascent bud site ~13 minutes prior to bud emergence, consistent with the kinetics
observed in symmetry breaking. Conversely, photo-activated cells that budded toward
the provided the cue, precociously activated Cdc42 (Figure 2.9B, C). However, in cells
that oriented toward the landmark, Cdc24 was unable to induce Cdc42 activation.

Furthermore, Bem1-induced activation of Cdc42 at the nascent bud site was limited to
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Figure 2.9: Local accumulation of either Cdc24 or Bem1 is sufficient to override the endogenous
Rsr1 pathway.

A) Polarization efficiency of a population of cells heterozygous for Rsr1. Each point represents an
individual cell. Average and +/- SEM is indicated. Both Cdc24 and Bem1 recruitment are statistically
significant to their dark state controls. Strains used: WYK8598 and WYK8599.

B) Phase and fluorescent images and kymograph for a representative cell expressing the Cdc42
biosensor in response to Cdc24 recruitment. Each image is 16.2 yum x 16.2 ym. Accumulation kinetics
relative to bud emergence for the Cdc42 biosensor in both dark and light conditions (n experiments >=
2, N total cells > 20 for each condition).

C) Representative phase and fluorescent images depicting the response of the Cdc42 biosensor
response to Bem1 recruitment. Plots represent the accumulation kinetics for Cdc42-GTP in both photo-
and mock-illumination conditions (n experiments >= 2. N total cells > 20 for each condition).
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within ~15 minutes prior to bud emergence, consist with the kinetics observed in
symmetry breaking (Figure 2.9B, C). These results further support the hypothesis that
Cdc42 activation does not necessarily promote recruitment of the intact polarity

complex.

Discussion

The current model of symmetry breaking polarization posits that a stochastic
accumulation of Cdc42-GTP activates a positive feedback loop mediated by the Cla4-
Bem1-Cdc24 polarity complex, thereby generating a local focus of activated Cdc42
(Howell and Lew 2012). A prediction of that model is that a seed of Cdc42-GTP would
be sufficient to define the nascent bud site. We used low light doses to recruit limited
amounts of either the GEF Cdc24 or the scaffold Bem1 to reproducibly induce cell
polarization (Figure 2.1, Figure 2.5, and Figure 2.7); these conditions only resulted in
Cdc42 activation at specific cell cycle stages. Rather than examining the direct
consequences of experimentally induced GTPase activation (Wagner and Gilotzer
2016), we sought to generate small perturbations and define the conditions in which
those perturbations were amplified by the endogenous pathways. Using this approach,
we have demonstrated the existence of a previously postulated positive feedback loop
which promotes bud emergence.

We find that local, light-induced recruitment of either Cdc24 or Bem1 is sufficient to bias
the presumptive bud site (Figure 2.1). Furthermore, the ability of these proteins to
induce polarization requires the molecular features necessary to generate active Cdc42;

specifically, GEF activity for Cdc24 and Cdc24-binding ability for Bem1 (Figure 2.7 and
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Figure 2.5, respectively). These findings are consistent with the existing model for
symmetry breaking, in which a positive feedback loop modulated by the polarity
complex reinforces local activation of Cdc42 to promote bud emergence. We present
direct evidence for positive feedback by optogenetically recruiting Bem1 and showing
that endogenous Bem1 accumulates in response to that perturbation.

We gained further insight into polarity establishment by querying optogenetically-
induced polarization efficiency in RSR1/rsr1A cells. Both Bem1 and Cdc24 were
sufficient to out-compete the endogenous signal, though Cdc24 recruitment lost potency
in the presence of Rsr1 (Figure 2.9). These data indicate that when challenged with an
alternative nascent site, the landmark pathway does not invariably capture the requisite
molecule(s) to establish an axis of polarity. As polarization efficiency of Bem1 is quite
similar in landmark and symmetry breaking polarization, securing a threshold
accumulation of Bem1 may be one mechanism by which an axis of polarity is
established. Furthermore, the use of optogenetics allowed for unprecedented
interrogation into polarity establishment by directly challenging landmark-direct ed
polarization with an alternative site.

Although recruitment of either Bem1 or Cdc24 efficiently biases the site of polarization
irrespective of landmark proteins, at certain stages of the cell cycle the molecular
consequences of their recruitment are quite distinct. Approximately 15 minutes prior to
bud emergence, light-induced recruitment of Bem1 promotes accumulation of active
Cdc42, endogenous Bem1, and cytosolic Cdc24 (Figure 2.5), with kinetics similar to that
observed in mock-illuminated cells. These results confirm prior models for polarization

within 15 minutes of bud emergence. In contrast, optogenetic recruitment of the GEF
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Cdc24 induces precocious activation of Cdc42, though it is not sufficient to induce
precocious accumulation of endogenous Bem1 (Figure 2.7). These results indicate that
discrete cortical activation of Cdc42 does not necessarily induce recruitment of the
intact polarity complex. In RSR1/rsr1A cells, Bem1 or Cdc24 induced Cc42 activation
displays kinetics that mirror those observed in the symmetry breaking regime (Figure
2.9). These observations indicate that precocious Cdc42 activation without concomitant

recruitment of the polarity complex persists in the endogenous system.
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Chapter 3: Cell cycle regulation
[This chapter was adapted from Witte et al., eLIFE, 2017]

Abstract

The current model for symmetry breaking indicates that Cdc42 activation invariably
engages the tripartite polarity complex. However, the differential accumulation of Bem1
and Cdc42 in response to optogenetic recruitment of Cdc24 suggests that Cdc24 has
the potential to activate Cdc42 independently of Bem1, and that activated Cdc42 does
not inevitably induce recruitment of the polarity complex. We used high-intensity
imaging of non-optogenetically perturbed cells to asses the localization of Cdc24,
Bem1, and the Cdc42 biosensor throughout the cell cycle. Strikingly, we find that all
three components do not invariably colocalize. Additionally, we use a pharmacologically
sensitive allele of the master cell cycle regulator, Cdk1, to interrogate its function in
polarity establishment. Our results reveal unprecedented cell cycle regulation of polarity

establishment by symmetry breaking.

Section 1: Introduction

Budding yeast limit axis specification to the beginning of the cell cycle. However, how
the cell cycle exerts control over polarity establishment is not well understood. Likely,
the primary driver of cell cycle progression, Cdk1, plays a critical role in promoting the
events necessary for polarity establishment. Indeed, Cdk1 is required for Cdc42-GTP,
Bem1, and Cdc24 polarization (Gulli et al. 2000; McCusker et al. 2007). A myriad of

Cdk1-dependent targets have been identified, including Cdc24 and the Cdc42 GAPs
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(Ubersax et al. 2003), directly implicating Cdk1 in the cascade that regulates Cdc42
activation. What events necessitate Cdk1 activity? Potentially, Cdk1 licenses Cdc24
GEF activity to facilitate Cdc42 nucleotide exchange. Cdc24 has several Cdki
consensus sites and displays Cln2-dependent increase in exchange activity towards
Cdc42 (Moffat and Andrews, 2004) (Howell et al. 2009). However, ablation of all Cdc24
phosphorylation sites does not appear to affect polarity establishment (Kuo et al. 2014;
Rapali et al. 2017). Thus, it is unlikely that altering Cdc24 activity is the sole mechanism
by which Cdk1 induces polarization events. For example, Cdk1 may down-regulate
GAP activity to promote stochastic Cdc42 activation on the cortex (Knaus et al. 2007;
Sopko et al. 2007). Intriguingly, our data presented in the previous chapter suggest
another mechanism: cell cycle regulation of positive feedback.

The molecular interactions amongst the polarity components are well-established
(Howell and Lew 2012; Bi and Park 2012), and they are currently presumed to form a
constitutive complex. Intriguingly, we show that early in G1 Cdc24 can induce Cdc42
activation without concomitant accumulation of Bem1, suggesting that neither Cdc24
nor activated Cdc42 are interacting with Bem1. Previous work has not revealed cell
cycle regulation of complex assembly (Bose et al. 2001), however that analysis did not
include early G1 cells, which exhibit this atypical behavior. Here we investigate the

mechanisms by which Cdk1 regulates polarity establishment in budding yeast.

Section 2: The polarity components do not constitutively
colocalize
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The differential accumulation of Bem1 and Cdc42 in response to optogenetic
recruitment of Cdc24 indicates that Cdc24 has the potential to activate Cdc42
independently of Bem1, and that activated Cdc42 does not inevitably induce recruitment
of the polarity complex. If this is the case, then Cdc24, Bem1, and Cdc42-GTP may not
constitutively colocalize in non-perturbed cells. To test this hypothesis, we performed a
detailed colocalization analysis of the three pairwise combinations of active Cdc42,
Bem1, and Cdc24. In all strains expressing fluorescent Bem1, one copy of endogenous
Bem1 was tagged. The Cdc42 biosensor was used to assess the pool of active Cdc42.
To visualize Cdc24, we transformed cells with a low-copy plasmid encoding an extra
copy of Cdc24-GFP under its own promoter. Though it localizes to the expected sites
and it can be readily detected, Cdc24-GFP was dimmer than Bem1-tdTomato, Bem1-
GFP, and the Cdc42 biosensor.

Using imaging conditions optimized for detection of faint signals (see Materials and
Methods), we acquired maximum intensity Z-projections of asynchronous cells. Using
bud size and polarization as a guide, we sub-divided the cells into unbudded G1 cells,
small-budded cells, and large-budded cells and characterized the localization pattern of
each pair of probes in each cell cycle state. Unbudded cells were subdivided into two
groups: early and late. Early cells were characterized by small distinct puncta of all
three probes. Late cells featured a wide, cortically associated band in which all three
probes localized. The categorization of these patterns as early and late is substantiated
by previous studies (Ozbudak, Becskei, and van Oudenaarden 2005) and time-lapse

imaging (see below, Figure 3.1C).
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Figure 3.1 (continued): Cdc42-GTP, Cdc24, and Bem1 do not constitutively colocalize and display
rapid mobility prior to polarity establishment.
A) Inverted fluorescent images depicting the three pairwise combinations of Cdc42-GTP, Bem1, and

Cdc24. All images are Z projections of 0.25 um slices for the center 3 um. Each image is 13.5 yum x 13.5

pm. Strains used: WYK8550, WYK8551, and WYK8552.

B) Percentage of colocalization amongst puncta in early G1 or late G1 cells. Plots are separated by
pairs as in A. Data are averages of all cells across multiple experiments (n experiments = 2; N cells > 15
for each condition; N total cells > 100). Error bars S.E.M. n.s indicates populations not statistically
different at p >= 0.05, * p < 0.05, Mann-Whitney U test.

C) Time-lapse images capturing polarization in non-perturbed cells expressing either the Cdc42
Biosensor-tdTomato, endogenous Bem1-tdTomato, or Cdc24-tdTomato. Images are single planes of the
center of the cell. Blue arrows denote the time and position of polarity establishment. Time = 0 is the
onset of imaging, and images were captured for ten minutes at either 60 sec or 30 sec intervals as
denoted. Strains used: WYK8301, WYK8440, and WYK8575.

As expected, all three probes colocalize at the tips of small and nascent buds. However,
at other stages of the cell cycle Bem1, Cdc24, and active Cdc42 do not colocalize
(Figure 3.1A). In large-budded cells, activated Cdc42 and Bem1 localize throughout the
growing bud, while the GEF is limited to the growing bud tip. Additionally, puncta of the
Cdc42 biosensor are detected in the mother cell. In early G1 cells, Bem1 and Cdc24
each localize in cortically associated puncta, but surprisingly, these puncta do not
overlap. Furthermore, both Bem1 puncta and Cdc24 puncta displayed limited overlap
with the Cdc42 biosensor, with only 35% and ~50% of puncta colocalizing, respectively
(Figure 3.1B, Figure 3.2). Non-overlapping puncta were also in seen single plane
snapshots of each pairwise combination (Figure 3.3). Notably, the localization pattern
shifted in late G1 cells as all three components localize to the wide band, and the
amount of reciprocal overlap between Bemi1-Cdc24 and Bem1-Cdc42 biosensor
increased to greater than 70% (Figure 3.1B, Figure 3.2). This more extensive overlap
amongst Cdc24, the Cd42 biosensor, and Bem1 in late G1 cells suggest that prior to the
onset of polarization, Cdc24 has the potential to function independently of Bem1. Of

note, the punctate patterns of Bem1 and Cdc42 seen in early G1 cells are below the
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Figure 3.2: Pairwise analysis depicting the percent colocalization (related to Figure 3.1).

Venn diagrams for early G1 and late G1 depicting the extent of colocalization between each pair. The
colocalization of all three components is presented in a model that is consistent with the pair-wise
results. Data are as in Figure 3.1B.

limit of detection in the assays involving optogenetic recruitment. Exposure times in
those experiments were far lower in order to limit photobleaching during long-term (>90
minutes) imaging.

To better understand the variation in protein localization at different cell cycle stages, we
complemented the static imaging with time-lapse imaging. As proteins tagged with GFP
tended to be dimmer than those tagged with tdTomato, we imaged cells expressing the
tdTomato-tagged variants of the Cdc42 biosensor, Bem1, or Cdc24. Asynchronous
populations of cells were imaged for a total of 10 minutes; images were acquired more
frequently during the central four minutes. Each component was highly dynamic in the
minutes leading up to the formation of a prominent wide band of accumulation,
confirming that the punctate stage precedes polarization. While some puncta existed in
the same spot for up to 3 minutes, appearance and disappearance of puncta were

common (Figure 3.1C).
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Figure 3.3: Single-plane images depict similar distributions as Z-stack projections.
Single plane snapshots feature similar distributions of Cdc24, Bem1, and Cdc42-GTP. Each image is
13.5 ym x 13.5 ym. Strains used: WYK8550, WYK8551, and WYK8552.

These results indicate that the majority of Cdc24 and Bem1 molecules are not in a
constitutive complex during early G1, which is consistent with the finding that
recruitment of Cdc24, but not Bem1, induces Cdc42 activation at this stage of the cell
cycle. Cell cycle regulated assembly of the polarity complex could readily explain both

results.

Section 3: Cdk1 activation is required for Bem1 accumulation

To gain insight into cell cycle regulation of the polarity complex, we performed Cdc24
recruitment studies in strains co-expressing a marker of cell cycle entry, Whi5-tdTomato,
and either the Cdc42 biosensor or Bem1-tdTomato. Nuclear import of Whi5 is a marker
of Cdk1 inactivation. Whi5 is concentrated in the nucleus during the interval between
mitotic exit until Cdk1 activation at Start (Costanzo et al. 2004; Skotheim et al. 2008)

(~25 minutes prior to bud emergence, Figure 3.4). Recruitment of Cdc24 can induce
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Figure 3.4: Cdk1 activation is required for Bem1 accumulation, but dispensable for Cdc42
activation.

A) Representative panel of time-course images from Cdc24 recruitment in cells co-expressing Whi5-
tdTomato with either the Cdc42 biosensor or Bem1-tdTomato. Each image is 16.2 ym x 16.2 ym. Strains
used: WYK8500 and WYK8502.

B) Whi5 nuclear exit kinetics and accumulation kinetics for either Cdc42 activation or Bem1 at Cdc24
recruitment sites. Purple line represents Whi5 exit, with data combined for both light- and dark-state
conditions as they are not significantly different (Figure 5 - Supplemental Figure 1). Bud emergence
occurs at time = 0. Data are combined across multiple experiments (n experiments > 2; N total cells >
25 for each condition).

C) Representative panels and sub-images of cells depicting the response to Cdc24 recruitment +/- Cdk1
activity. Each inset is 6.5 ym x 6.5 ym. Strains used: WYK8441 and WYK8442.

D) Accumulation plots indicating the response of Cdc42 biosensor or Bem1 in response to Cdc24
recruitment +/- Cdk1 activity. Purple lines represent cells treated with 75 yuM 1NM-PP1. Green lines

represent Vehicle-treated cells. Data are combined across multiple experiments (n experiments = 2; N
total cells > 25 for each condition).

local Cdc42 activation in cells containing nuclear Whi5. Polarized accumulation of active
Cdc42 precedes Whi5 nuclear export (Figure 3.5A, B). In contrast, cortical recruitment
of Bem1-tdTomato did not occur until ~12 minutes after Whi5 nuclear exit,

corresponding to ~13 min prior to budding (Figure 3.5A, B, Figure 3.6). These results
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are consistent with a model in which Cdk1 activation is required for the Bem1-GEF
complex to engage active Cdc42.

To directly test whether Cdk1 activation is required for Bem1 recruitment in response to
active Cdc42, we utilized an allele of Cdk1 that can be inhibited by an ATP-analog
(cdk1-as1 and 1NM-PP1, respectively) (Bishop et al. 2000; McCusker et al. 2007).
Asynchronous cells were pre-treated with 1NM-PP1 for 20 minutes and we
subsequently monitored the ability of Cdc24 to induce Cdc42 activation or Bem1
accumulation in recruitment assays. We limited our analysis to mother cells with large-

budded daughter cells, indicative of mother cells in early G1. Consistent with previous
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Figure 3.6: Photo-recruited Cdc24 activates Cdc42 prior to Whi5 nuclear exit.
Correlation between Whi5 nuclear exit and either Cdc42 activation or Bem1 accumulation at
Cdc24 recruitment sites. Dashed line indicates the event and Whi5 nuclear exit occurring
simultaneously. Points below the dashed line indicate the event occurs before Whi5 nuclear
exit. Points above the line indicate the event occurs after Whi5 nuclear exit. Data are as in
Figure 3.4B.
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reports (McCusker et al. 2007), cells lacking Cdk1 activity could not undergo bud
emergence nor could buds grow significantly (Figure 3.5C, D). Nevertheless, Cdc24
recruitment induced accumulation of Cdc42 in 67% of Cdk1-inhibited cells (data not
shown). Indeed, Cdc42 was activated with the same Kkinetics irrespective of the
presence or absence of the inhibitor (Figure 3.5D). Strikingly, when Cdk1 activity was

suppressed, Bem1 failed to accumulate within the time frame of the experiment (greater
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Figure 3.8: Addition of INM-PP1 to Cdk1(+) does not have adverse affects on Cdc42 biosensor or
Bem1 accumulation or on bud emergence.

Fluorescent and phase images depicting representative Cdk1(+) treated with 1INM-PP1. Each image is
16.2 um x 16.2 um. Strains used: WYK8440 and WYK8301.
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than 1.5 hours after addition of 1INM-PP1) (Figure 3.5C, D, Figure 3.7). Furthermore,
when Bem1 was recruited, cells were unable to activate Cdc42 within the time frame of
the experiment (data not shown). Cells expressing wild-type cdk1 were unaffected by
the addition of INM-PP1 (Figure 3.8). These results demonstrate that Cdk1 activation is
required for both Bem1 accumulation and bud emergence even in cells with locally

activated Cdc42.

Section 4: Precocious Cdc42 activation is not sufficient to
recruit downstream effectors

Previous work has shown that Cdk1 activity is required for the accumulation of Cdc42
effectors, including those involved in actin assembly, vesicular trafficking, and septin
collar formation (Evangelista et al. 1997; G. C. Chen, Kim, and Chan 1997; X. Zhang et
al. 2001)}Pruyne et al. 2004; lwase et al. 2006). Strikingly, Cdk1 activity is dispensable
for activation of Cdc42 by photo-induced Cdc24; yet, Cdk1 activation is required for
accumulation of Bem1 in response to optogenetically recruited Cdc24 (Figure 3.5).
Given that Bem1 is not strictly required for downstream signaling events - Bem1 is non-
essential in Rsr1(+) cells (Irazoqui, Gladfelter, and Lew 2003) - we questioned whether
precociously activated Cdc42 could engage other signaling pathways prior to Start. To
that end, we assayed the accumulation kinetics of the polarisome component, Spa2,
and the septin, Shs1, in mock-illuminated and photo-activated cells (Chenevert, Valtz,
and Herskowitz 1994; lwase et al. 2006). In both control and photo-activated cells, both
Spa2-tdTomato and Shsi1-tdTomato accumulated ~13 minutes before bud emergence

(Figure 3.9A, B). These results suggest that precocious activation of Cdc42 is unable to
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Figure 3.9: Precocious activation of Cdc42 is not sufficient to alter the kinetics of downstream
effectors.

A) Representative panels depicting the accumulation of Spa2 in response to Cdc24 recruitment.
Kymograph is below. Plots represent the accumulation kinetics for a population of cells in both photo-
and mock-illuminated conditions (n experiments > 2, N total cells > 30 for each condition). Each image
is 16.2 ym x 16.2 ym. Strain used: WYK8337.

B) Phase and fluorescence images and kymographs of a representative cell accumulating septins in
response to Cdc24 recruitment. Accumulation kinetics for both dark and light conditions are to the right
(n experiments > 2, N total cells > 30 for each condition). Each image is 16.2 ym x 16.2 ym. Strains
used: WYK8335.

promote accumulation of downstream effectors involved in bud emergence, and thus,

their accumulation to the nascent bud site requires Cdk1 activation.

Discussion

In an attempt to understand how the cell cycle exerts control over polarity

establishment, we find that a critical mechanism appears to involve regulation of the
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positive feedback-inducing polarity complex. We observe that Cdc24, Bem1, and
Cdc42-GTP do not perpetually colocalize, with the lowest level of colocalization
occurring prior to Cdk1 activation (Figure 3.1). The delay in Bem1-dependent positive
feedback relative to Whi5 nuclear exit (Figure 3.5) suggests that the polarity complex is
regulated by CIn1/2 (Skotheim et al. 2008). We propose that Cdk1 activity promotes
assembly of the Bem1-Cdc24 complex, which is consistent with the accumulation of
Bem1 at the bud neck in early G1 without accompanying Cdc42 activation (Atkins et al.
2013) (Figure 3.1), as well as a CIn2-dependent increase in GEF activity towards Cdc42
(Howell et al. 2009).

Cdk1 activity may regulate the association of both Cdc24 with Bem1 and Bem1 with
Cla4. If the former were constitutive, then Bem1 recruitment during early G1 should also
result in Cdc24 recruitment which would induce Cdc42 activation (Figure 10). However,
Bem1 recruitment in early G1 had no detectable effect on Cdc42 activation (See
Chapter 2, Section 3). Likewise, if the latter was constitutive, Cdc42 activation during
G1 should induce Cla4 recruitment which would be predicted to induce Bem1
recruitment. However, Cdc24 recruitment in early G1 results in Cdc42 activation but
does not result in Bem1 recruitment (See Chapter 2, Section 4). These results suggest
that the canonical polarity complex is not assembled prior to Start. Additionally, G1 CDK
activity is implicated in Rga2 and Bem3 regulation, GAPs that down-regulate Cdc42
activity (Knaus et al. 2007; Sopko et al. 2007). CDK activation at Start may therefore
promote Cdc42 activation by at least two parallel pathways.

There also appears to be regulation of the positive feedback pathway after bud

emergence. In polarized cells, Cdc24 recruitment at high light doses - but not Bem1
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recruitment - activates Cdc42 (See Chapter 2, Section 2), raising the possibility that the
well studied Cdc24-Bem1-Cla4 complex functions as a unit for a limited fraction of the
cell cycle surrounding polarization. Further work focusing on the regulation of positive
feedback activity after establishment would be informative in understanding singularity.

In spite of precocious activation of Cdc42 in early G1, we were unable to accelerate the
accumulation of downstream effectors such as the polarisome and septins (Figure 3.9).
It is unlikely that Bem1 is required for recruitment of downstream components, as it is
not essential in RSR1 cells (Irazoqui, Gladfelter, and Lew 2003). Alternatively, prior to
Cdk1 activation, Cdc42 activity could be below the threshold required to recruit
downstream effectors. Following Cdk1 activation (Figure 3.5), Cdc42 activity may cross
this hypothetical threshold and recruit its downstream effectors. To test this possibility,
we increased the light dose at the same position in a single cell, but did not observe
precocious accumulation of downstream components (data not shown). The ability of
the downstream effectors to functionally accumulate in response to Cdc42 activation

appears to be cell cycle regulated, consistent with previous observations.
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Chapter 4: Positive feedback in polarity establishment
[This chapter was adapted from Witte et al., eLIFE, 2017]

Abstract

Our data thus far indicates that prior to entry into the cell cycle, the canonical positive
feedback loop is non-functional. Specifically, Bem1 and Cdc24 do not appear to be
complexed prior to Cdk1 activation; yet, Cdc24 is fully capable of activating Cdc42 early
in G1. These results suggest that Cdc24 can function independently of Bem1 prior to
Start; though, the role of such functionality is unclear. In this chapter we investigate the
characteristics of precocious Cdc42 activity in early G1. Strikingly, we reveal the
existence of a second Cdc24-mediated positive feedback loop that functions in the
apparent absence of Bem1. Furthermore, we show that this second positive feedback
loop can be readily outcompeted by another site of Cdc42 activation, indicating that
prior to Cdk1 activation cells are readily amenable to reorient their axis. Finally, we
provide evidence that an actin-dependent positive feedback loop is not required for
polarity establishment, further indicating that the role of actin is limited to polarity

maintenance rather than establishment.

Section 1: Introduction

A variety of polarized cells invoke positive feedback as a primary mechanism in
establishing and maintaining polarity (Thompson 2012). Positive feedback is robust as
minute quantities of activators are sufficient to multiply rapidly and form a stable

asymmetry that is resilient to diffusional dilution and active inhibitory mechanisms
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(Turing 1952; Gierer and Meinhardt 1972). However, in many cellular contexts, positive
feedback must only be functional at discrete times so as to coordinate the establishment
of polarity with necessary cellular events (Johnson 1999; Das et al. 2012; Motegi and
Seydoux 2013). In our previous chapter, we show that in budding yeast, positive
feedback is not constitutively active throughout the cell cycle. Rather, positive feedback
only becomes functional upon passage through Start. Previous models suggested that
the critical event for initiating positive feedback was Cdk1-dependent Cdc42 activation.
Nonetheless, we used optogenetic recruitment of the GEF, Cdc24, to show that cells
were fully capable of activating Cdc42 in the absence of Cdk1 activity. What are the
characteristics of Cdc42 activity in early G17? Does it play a role in promoting polarity
establishment? By exploiting our optogenetic tool, we dynamically alter nascent sites of
Cdc42 activation and assay the effects on polarity establishment. Additionally, we use
pharmacological inhibition of actin assembly to query the requirement of an actin-

mediated positive feedback loop in polarity establishment.

Section 2: Cdc42 activity can self-sustain prior to Cdk1
activation

A prominent model for positive feedback posits that the Bemi1-GEF complex is
constitutive (Bose et al. 2001). However, our data indicates that, prior to Cdk1
activation, optogenetically-recruited Cdc24 and Bem1 function differently. The ability of
Cdc24 to activate Cdc42 in the apparent absence of Bem1 lacks precedent; therefore
we studied the characteristics of these optogenetically-initiated sites. Specifically, we

sought to determine the stability of these sites and whether these nascent sites of
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polarization interact. To answer these questions, we exploited the ability of the
optogenetic system to dynamically reposition the site of protein recruitment.
During the time window between the transition from isotropic growth and the time at

which Cdc24 recruitment triggers Bem1 accumulation (i.e. ~13 minutes prior to bud
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Figure 4.1 (continued): Cdc24 recruitment induces precocious Cdc42 activation and Cdc24-
tdTomato accumulation that is self-sustaining.

A) Phase and fluorescence images and kymographs of representative cells depicting the response to
the transient recruitment of Cdc24-ePDZ or Bem1-ePDZ. Initial target site denoted by white stars. Each
image is 16.2 ym x 16.2 ym. Strains used: WYK8440 and WYK8308.

B) Polarization efficiency following transient recruitment of Cdc24 and Bem1. Time indicates when the
target was removed relative to bud emergence (bud emergence occurs at time = 0). Black dots
represent polarization of individual cells in response to transient Cdc24 recruitment. Blue dots represent
polarization of individual cells in response to transient Bem1 recruitment. Lines represent averages (+/-
SEM) of data binned in 10 min intervals, with the middle time point represented on the plot. Results are
pooled across multiple experiments (n experiments >= 2; N cells > 10 for each time interval; N total cells
> 75). Polarization Efficiencies of Cdc24 at -5, -15, and -25 min and Bem1 at -5 and -15 min were
statistically significant relative to all earlier time points. Cdc24 and Bem1 Polarization Efficiencies were
not statistically different at -45, -35, -15, and -5 min. p < 0.05, Mann-Whitney U test.

C) Representative phase and fluorescence images and kymographs showing the position of the laser
target and accumulation of Cdc24-tdTomato in response to Cdc24-ePDZ recruitment. Strain used:
WYK8575.

D) Accumulation kinetics for Cdc24-tdTomato. Data are combined across multiple experiments (n
experiments > 2, N total cells > 30 for each condition).

E) Panels of representative phase and fluorescence images indicating the response of Cdc24-tdTomato
to transient Cdc24-ePDZ recruitment. Orange arrows denote sites of illumination without Cdc24-
tdTomato accumulation. Purple arrowhead indicates erroneous signal from vacuole. Strain used:
WYK8575.

F) Stacked bar chart indicating the percentage of cells that maintain Cdc24-tdTomato accumulation in
response to Cdc24 recruitment and whether they polarize to the prescribed site. Data is binned by 10
minute time intervals, with the middle time point represented on the plot. Data combined across multiple
experiments (n experiments > 3, N total cells > 25).

emergence), Cdc24 recruitment can induce Cdc42 activation. To test whether these
sites are self sustaining, the targets were removed after Cdc42 activation was detected
in early G1. Optogenetic recruitment of ePDZ-tagged proteins is largely reversed within
3 minutes after discontinuing illumination (Strickland et al. 2012), ensuring that any
remaining signal is not due to Cdc24-ePDZ remaining at the target site due to the
optogenetic tag. The region retained a faint but consistent signal of active Cdc42 for up
to 30 minutes and ultimately resulted in budding from the specified site (Figure 4.1A, B).
Conversely, Bem1 recruitment was only sufficient to bias the bud site if it was recruited
within 15 minutes of bud emergence (Figure 4.1A, B). This observation shows that

Cdc42 activity can be maintained at a unique site in the apparent absence of Bem1-

74



— Light Figure 4.2: Optogenetic Cdc24
— Dark recruitment induces precocious
accumulation of Cdc24-tdTomato.

7777777777777 1 Box-and-whisker plot of Cdc24-

Cdc24 | . tdTomato appearance in photo-activated
(red) and mock-illuminated (blue) cells.

- |- D} s Outliers are depicted by black squares.

Bud emergence occurs at time = 0. Data

as in Figure 4.1D.

-60 -50 -40 30 -20 -10 0
Time of Appearance Relative to Bud Emergence (min)

mediated positive feedback. Thus optogenetic recruitment of Cdc24 can induce a self-
sustaining pool of Cdc42 activation.

To determine how optogenetically induced Cdc42 activation could be maintained in the
absence of the optogenetic cue, we tested whether recruited Cdc24 induces a change
in the localization of cytosolic Cdc24. To that end, we recruited Cdc24 and visualized
Cdc24-tdTomato. Indeed, optogenetically-recruited Cdc24-ePDZ altered the distribution
of Cdc24-tdTomato in unpolarized cells (Figure 4.1C). Specifically, in 50% of cells in
which Cdc24-ePDZ was recruited, Cdc24-tdTomato appeared on the cortex ~25
minutes before bud emergence, whereas in mock-illuminated cells, Cdc24-tdTomato
appeared on the cortex ~15 minutes before bud emergence (Figure 4.1D, Figure 4.2).
The kinetics of accumulation for Cdc24-tdTomato parallels that of activated Cdc42 in
response to Cdc24 recruitment (See Chapter 2, Section 4, Figure 2.7). From these data
we conclude that recruitment of Cdc24 can induce both Cdc42 activation and Cdc24
recruitment prior to Cdk1 activation, both of which appear to occur independently of
Bem1. Collectively, these results reveal the existence of a second pathway for positive

feedback. The observed activation of Cdc42 likely represents a combination of direct
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Figure 4.3: Transient Cdc24 recruitment can induce Cdc24-tdTomato accumulation, but cells can

bud from an alternative position.
Representative fluorescence and phase time-course images for Cdc24-ePDZ transient recruitment
when cells bud off target. Each image is 16.2 ym x 16.2 ym. Strain used: WYK8575.

Cdc42 activation by optogenetically recruited Cdc24 and its amplification by
endogenous mechanisms.

Given that Cdc24-tdTomato accumulates at nascent sites, we hypothesized that it would
remain at sites after the optogenetic cue was halted by removal of the target.
Intriguingly, we observed Cdc24 was maintained at the site for ~6 minutes following
cessation of optogenetic perturbation (Figure 4.1E). After this 6 minute time window, the
Cdc24 signal became more punctate and these puncta dynamically associated with the
previously targeted region. Greater than 65% of cells budded from the targeted region
when target removal occurred ~30 minutes prior to bud emergence (Figure 4.1F). In
cells that budded from sites outside the targeted region, Cdc24 was maintained at the
targeted region until ~15 minutes before bud emergence when an intense focus of
Cdc24 would appear at a new site that would ultimately form the bud (Figure 4.3).

These data indicate that optogenetically-initiated sites of Cdc42 activation are stable
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and are maintained, at least in part, by the accumulation of Cdc24, without

accumulation of detectable Bem1.

Section 3: Nascent sites interact during early G1

To examine whether two sites of active Cdc42 in early G1 cells compete with one
another, the target was repositioned within the same cell. Repositioning of the target
caused Cdc42 accumulation at a new site and concomitant dissipation from the old site,
with Cdc42 activity simultaneously detected at both sites for ~5 minutes (Figure 4.4A).
However, the site of Cdc42 accumulation could not be continuously repositioned. A
qualitative change in behavior occurs prior to bud emergence. When targets are
repositioned within ~13 min of bud emergence, accumulation of Cdc42 at the initial site
remains and Cdc42 accumulates weakly at the new site. The cell eventually buds from
the site where Cdc42 was active at the ~13 minute transition point and Cdc42 signal
from the alternate site dissipates upon bud emergence (Figure 4.4B). Our previous
results demonstrate that Bem1 begins to accumulate at the targeted site ~13 minutes
before bud emergence. To confirm that the basis for the qualitative switch relied on the
ability of Cdc24 recruitment to induce Bem1 accumulation, we performed the same
experiment in cells expressing Bem1-tdTomato. As previously shown, Bem1 only
detectably accumulated at the target position defined at the ~13 minute transition point
and it did not accumulate at new sites if the target was repositioned prior to bud
emergence (Figure 4.4C, D). These results indicate that activation of the Bem1-
dependent positive-feedback loop stabilizes sites of Cdc42 activation. Furthermore,

these data suggest that prior to Cdk1 activation, nascent sites of polarization influence
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Figure 4.4 (continued): Local Cdc24 recruitment induces precocious activation of Cdc42 that is
dynamically maintained in the apparent absence of Bem1.

A) Panels of representative cells depicting the response to dynamically re-positioned Cdc24
recruitment. Upper panels consist of phase contrast and fluorescent images and the lower panel is a
kymograph. The laser was moved every 10 +/- 2 minutes throughout the cell cycle, as denoted by the
white stars. Each image is 16.2 ym x 16.2 ym. Strain used: WYK8440.

B) Percentage of targeting events “Outcompeted” or “Not Outcompeted” relative to bud emergence
(Time = 0). Time indicates when the target was moved to a new position relative to bud emergence.
Data is binned by 5 minute time intervals, with the middle time point represented on the plot. The event
was scored as “outcompeted” if Cdc42 activity dissipated from the original position and accumulated at
the new position. Conversely, the event was scored as “not outcompeted” if Cdc42 activity remained at
the initial position upon target repositioning. Data are combined across multiple experiments (n total
experiments > 2; n targeting events per time interval > 10; N total targeting events > 100; N total cells >
20).

C) Panels and a kymograph of a representative cell depicting the accumulation of Bem1 in response to
dynamically re-positioned Cdc24 recruitment. Strain used: WYK8301.

D) Box-and-whisker plot denoting Bem1 accumulation in CDK1, cdk1-as + DMSO, and cdk7-as + 1NM-
PP1 cells.

E) Time-course images of cdk1-as cells challenged with Cdc24 dynamic reorientation. Panels consist of
phase contrast and either Cdc42-GTP or Bem1 accumulation psuedo-colored as a heat map. Cells were
treated with either DMSO or 1NM-PP1 as denoted. Strains used: WYK8441 and WYK8442.

F) Quantification of dynamic reorientation in vehicle-treated or 1NM-PP1-treated cdk1-as cells. (n total
experiments > 2; n targeting events per time interval > 10; N total targeting events > 100; N total cells >
20) Described in B.

Cdc42 activation at other sites.

Given that Bem1 accumulation at Cdc24-prescribed sites requires Cdk1 activation, we
hypothesized that the dynamic properties of Cdc24-generated sites would persist in the
absence of Cdk1 activation. To test this prediction, we repeated the experiment in cells
expressing cdk1-as treated with TNM-PP1 (Figure 4.4E). Again, limiting our analysis to
mother cells with large-budded daughter cells, we found that Cdc42 activation could be
dynamically repositioned for >70 minutes and that Bem1 was not detectably recruited
within this time (Figure 4.4E, F). These results confirm that Cdk1 activation is required
for Bem1-mediated positive feedback activity, which functions to establish the axis of
polarity.

Combined, these results support three conclusions: (i) the ability of active Cdc42 to

induce Bem1 accumulation is cell cycle regulated, (ii) once active, the canonical positive
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feedback loop is highly stable and it prevents Cdc42 activation at competing sites, and
(iii) maintenance of active Cdc42 and cytosolic Cdc24 before cell cycle entry appears
independent of Bem1; therefore, the GTPase and the GEF participate in a positive
feedback mechanism that functions earlier than the canonical Bem1-dependent positive
feedback loop. This alternative positive feedback mechanism can be readily competed
by a new site of Cdc24 recruitment; however, its existence suggests it could play a

physiological role in establishing Cdc42 activity before Start in diploid cells.

Section 4: Actin is not required for polarity establishment

As F-actin has been proposed to play a role in polarity establishment (Wedlich-Soldner
2003; Jose et al. 2013), we examined whether actin depolymerization affects the
response induced by local recruitment of Cdc24. Cells expressing light-recruitable
Cdc24, Whi5-tdTomato and either the Cdc42 biosensor or Bemi-tdTomato were
partially synchronized in G1 using a nocodazole block and release protocol and treated
with Latrunculin A (LatA) to depolymerize F-actin. As previously shown, actin
depolymerization partially inhibited cell polarization (Jose et al. 2013). While 88% of
cells polarize Cdc42-GTP in the presence of f-actin, only 32% of cells polarize when
actin is depolymerized (Figure 4.5). Actin depolymerization has a similar effect on the
efficiency of Bem1-tdTomato polarization. Drug treatment also slows cell cycle entry as
judged by the efficiency of Whi5 exit from the nucleus (Figure 4.6), indicating that actin
depolymerization affects several cellular processes.

Filamentous actin has been suggested to facilitate delivery of Cdc42 to the cortex where

it could be activated by Cdc24 (Wedlich-Soldner 2003). If true, Cdc24 recruitment would
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Figure 4.5: Localized recruitment of Cdc24 can overcome the polarity defect caused by actin
depolymerization.

Accumulation kinetics for Cdc42-GTP or Bem1 in response to Cdc24 recruitment in the presence or
absence of polymerized actin. Red lines represent cells exposed to light-induced Cdc24 recruitment.
Blue lines represent mock-illuminated cells. Dark lines represent Vehicle-treated cells, while lighter-
colored lines represent Latrunculin A-treated cells (see schematic). Whi5 nuclear exit was used as a cell
cycle marker and accumulation of Cdc42-GTP or Bem1 was scored relative to Whi5 exit. Data was
binned by 5 minute intervals and combined across multiple experiments (n experiments = 2; N total cells
> 20). Stains used: WYK8500 and WYK8502.

not be predicted to correct the polarization defect. However, light-directed recruitment of
Cdc24 dramatically increased the fraction of cells that locally accumulate Cdc42-GTP in
the absence of actin. Similarly, Bem1 polarization was rescued by Cdc24 recruitment in
cells treated with LatA (Figure 4.5). These results suggest that actin depolymerization
does not appear to affect the availability of Cdc42, but rather it impacts the localization

of the Bem1-Cdc24 complex, perhaps non-specifically.

Discussion

Discrete cortical localization of activated Cdc42 is required for symmetry breaking
polarization (McCusker et al. 2007; Howell and Lew 2012; Bi and Park 2012). The
formation and stabilization of the focus is thought to proceed via a positive feedback
loop that employs the Cla4-Bem1-Cdc24 polarity complex, though direct evidence for its

existence is lacking (Howell and Lew 2012). Utilizing two alternative optogenetic
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Figure 4.6: Loss of f-actin slows cell cycle entry.

Whi5 nuclear exit kinetics in Vehicle-treated (left) or LatrunculinA-treated (right) cells. Green lines refer
to cells expressing the Cdc42 biosensor, while purple lines refer to cells expressing endogenous Bem1-
tdTomato. Darker-colored lines represent mock-illuminated cells, while lighter-colored lines represent
photo-activated cells (see schematic). Whi5 nuclear exit was slowed in LatA-treated cells. Data were
binned by 5 minute intervals and combined across multiple experiments (n experiments = 2; N total cells
> 20).

perturbations, we directly show that symmetry breaking engages positive feedback to
establish polarity: 1) optogenetic recruitment of Bem1 induces accumulation of
endogenous Bem1 (Figure 2.5) Cdc24 recruitment generates positive feedback by
recruiting additional molecules of Cdc24 (Figure 4.1). Unexpectedly, we find that the
GEF Cdc24 functions in two distinct positive feedback pathways; the Bem1-dependent
loop that is active upon Cdk1 activation, and an earlier, positive feedback mechanism
that appears to be Bem1-independent. The molecular mechanism of positive feedback
during early G1 remains to be identified. It may involve Cdc24 oligomerization (Mionnet,
Bogliolo, and Arkowitz 2008), however it is likely more complex as GEF-dead Cdc24
fails to induce Cdc42 activation or polarity establishment, suggesting Cdc42 also plays
a role in this process.

By harnessing the spatiotemporal dynamics of optogenetically-controlled Cdc24, we
revealed that engagement of the canonical Bem1-dependent positive feedback loop at a
nascent bud site specifies the axis of polarity (Figure 4.4). If the canonical positive

feedback loops commits a nascent site as the polarity axis, what could be the function
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of the secondary positive feedback resulting in Cdc42 activity before Start? Prior models
of symmetry breaking suggest that Cdc42 activation initiates upon Cdk1 activation
(Howell and Lew 2012); though, we present unambiguous evidence to contradict this
assumption (See Chapter 3, Section 3, Figure 3.5). Yet, according to this model,
stochastic activation of Cdc42 recruits the Cla4-Bem1-Cdc24 complex to amplify this
local inhomogeneity through positive feedback. Alternatively, Cdk1 activation may
permit stochastic cortical association of Cla4-Bem1-Cdc24 via any of its myriad
membrane association motifs. However, because Cdc24 can activate Cdc42 prior to
Start, and because active Cdc42, Cdc24, and Bem1 are cortically detected prior to Start
(See Chapter 3, Section 2, Figure 3.1), the site of polarization may not be dictated
strictly by molecular noise or stochastic encounters of the Bem1-Cla4-Cdc24 complex
with the membrane. Rather, a distinct mechanism(s) may exist that seeds the cortex
with activated pools of Cdc42 during early G1 which pattern the “random” choice of bud
site upon passage through Start (Figure 10). Indeed, Bud3, which is a validated Cdc42
GEF, induces an early wave of Cdc42 activation (Kang, Lee, and Park 2014). Though it
is expressed in both haploid and diploid cells, Bud3 only impacts bud site selection in
haploid cells (Chant et al. 1995). The linking of two mechanisms for Cdc42 activation
could allow for more rapid axis specification than could be achieved by a reaction-
diffusion based mechanism alone (Goryachev and Pokhilko 2008; Kang, Lee, and Park
2014). Indeed, such linked systems have been observed and modeled in a manner that
can account for the speed of polarization events such as cell migration and the fixation
of a single axis following an exploratory phase capable of reorientation (Brandman

2005).
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Other models for symmetry breaking polarization invoke actin-dependent delivery of
Cdc42 to the cortex (Wedlich-Soldner 2003; Jose et al. 2013). While depolymerization
of actin does induce a polarity defect, we find that the defect can be readily suppressed
by light-mediated recruitment of Cdc24 to the plasma membrane (Figure 4.5 and 4.6).
This result indicates that in the absence of polymerized actin, Cdc42 still associates with
the plasma membrane. Thus, actin filaments are more likely to facilitate, either directly

or indirectly, the localization of the Cla4-Bem1-Cdc24 complex in a subset of cells.
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Chapter 5: Ensuring singularity
[This chapter was adapted from Witte et al., eLIFE, 2017 as well as unpublished data]

Abstract

Seemingly without fail, yeast cells iteratively form one and only one axis of polarity
during each cell cycle. Moreover, our optogenetic investigations demonstrate that cells
resist forming a new or second axis even when presented with the opportunity,
indicating that cells robustly enforce singularity. In this chapter, we interrogate the
mechanisms that ensure singularity. We uncover that the Bem1-dependent positive
feedback loop is constrained to a single site in a manner that requires the RhoGDlI,
Rdi1. Building upon our prior actin results, we present evidence that actin filaments are
one mechanism by which maintenance of an established axis occurs. Furthermore, we
optogenetically probe the kinase Cla4, a seemingly multifaceted protein that is linked to

both positive and negative regulation of polarization.

Section 1: Introduction

How do budding yeast ensure that only a single budding event occurs with each cell
cycle? Strident effort has been made to understand this phenomenon, with long-
standing models suggesting that one or more components of the polarity module were
limiting such that only a single bud could emerge (Howell and Lew 2012; Howell et al.
2012). Yet, overexpression studies only marginally increase the rate of multi-buds
(Howell et al. 2009), indicating that limiting components is not the sole singularity

mechanism. Intriguingly, an allele of Cdc42 can induce multi-buds; however, it is
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recessive, further supporting the existence of stringent mechanisms that ensure
singularity (Caviston, Tcheperegine, and Bi 2002). Indeed, it is increasingly apparent
that a coordinated effort amongst a wide variety of processes ensures singularity
(Woods and Lew 2017).

For instance, recent work revealed that nascent sites of polarization can coexist, with
each site undergoing oscillatory accumulations until an eventual “winner” emerged
(Howell et al. 2012). Oscillations are necessarily a product of negative feedback; thus,
this was the first evidence of a negative feedback loop in polarity establishment.
Intriguingly, further work suggested that negative feedback was mediated through Cla4-
dependent phosphorylation of the GEF, Cdc24; yet, ablation of Cdc24 phosphorylation
sites did not adversely affect singularity (Kuo et al. 2014). Intriguingly, membrane-
tethering this allele of Cdc24 and reducing the recycling of Cdc42 to the cytosol potently
established multi-buds (C.-F. Wu et al. 2015), similar to that observed by the Cdc42
multi-budding allele (Caviston, Tcheperegine, and Bi 2002). These date support a model
in which integration of negative feedback, cycling of the GEF on and off the membrane,
and Cdc42 recycling promotes singularity.

The combinatorial properties of positive feedback and the mechanisms ascertained by
Wu and colleagues suggest that singularity is maintained by an exquisite balance of
polarity flux (C.-F. Wu et al. 2015; Woods et al. 2016). As such, one would predict that
optogenetic recruitment of the GEF to a new axis may be sufficient to disrupt the flux
and initiate a new axis. Our results unambiguously negate that prediction (See Chapter

2), suggesting that singularity is not fully understood. Here, we use optogenetics,
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genetic perturbations, and a small molecule inhibitor to reveal the robust nature of the

mechanisms that ensure singularity in budding yeast.

Section 2: Potent Bem1-dependent positive feedback only
functions at a single site

In the previous experiments, only one Cdc24-targeted site was active at the moment
when Cdk1 was activated resulting in activation of Bem1-mediated positive feedback
loop. Cdc24 recruitment to multiple sites at this critical time might result in recruitment of
Bem1 at multiple sites, leading to the formation of multiple buds. Alternatively, sites may
compete with each other as they form resulting in only one site becoming fully
established. Therefore, to investigate whether nascent sites also interact, we recruited
Cdc24 to two sites simultaneously in unpolarized cells. Both sites generated activated
Cdc42 (Figure 5.1A) and retained active Cdc42 until ~11 minutes before bud
emergence. Subsequently, Cdc42 activity was limited to only one site (Figure 5.1B) and
bud emergence occurred at that site. In a parallel experiment with recruited Cdc24, we
monitored accumulation of Bem1 and observed that it accumulates at only one of the
two sites, which invariably predicted the site of bud emergence (Figure 5.1A, B).
Furthermore, despite recruitment of Bem1 to two sites simultaneously, in the
overwhelming majority of cases (31/33 cells), Cdc42 activation and Bem1 accumulation
occurred at one site, which ultimately defined the nascent bud (data not shown). These
results indicate that multiple sites cannot coexist after activation of the Bem1-mediated
positive feedback loop even under conditions in which they are simultaneously

specified.
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Figure 5.1: Nascent sites undergo competition to establish a single axis of polarity.

A) Representative fluorescence and phase images in response to recruitment of Cdc24 to two sites
simultaneously. Top panel depicts Cdc42-GTP response. Bottom panel depicts Bem1 response. Each
image is 16.2 ym x 16.2 ym. Strains used: WYK8440 and WYK8301.

B) Percentage of cells with signal at one or both sites at any given time relative to bud emergence. Dark
gray lines depict percentage of cells with activation at two sites simultaneously. Light gray lines
represent percentage of cells with accumulation at only a single site. Bud emergence occurs at time = 0.
Data are combined across multiple experiments (n experiments >= 2; N total cells > 20 for each
condition).

Section 3: Rdi1 deletion allows Bem1 at multiple sites

We wondered whether limitation of the canonical positive feedback loop to a single site
was an inherent property of the polarity module. The Cdc42 auxiliary proteins,
consisting of the GEF, Cdc24, the RhoGDI, Rdi1, and GAPs, Rga2/3, Bem2, and Bem3,

coordinate their activities to balance Cdc42 activation at the cortex (Johnson 1999).
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Given that Cdc24 is essential for Bem1-dependent positive feedback (Bose et al. 2001;
Butty et al. 1998)(Howell, 2012), it is feasible that Rdi1 and/or GAPs may also modulate
the positive feedback loop. In theory, Rdi1 has the capacity to modulate Cdc42 activity
in two alternative ways: 1) it can extract inactive Cdc42 from the membrane, therefore
limiting rapid reactivation and 2) it can “compete” with Cdc24 for inactive Cdc42, thereby
sequestering Cdc42-GDP from its GEF. Collectively, this duality could both limit the
growth of an incipient focus and inhibit the formation of a new focus. We generated
diploid rdi1A strains and assayed the response of Bemi-tdTomato to multi-site
recruitment of Cdc24.

Prior to any optogenetic perturbations, multi-budded cells were readily observed (2/12
cells). We illuminated unbudded cells at two sites simultaneously and observed
accumulation of Bem1 at both sites. Intriguingly, multisite Bem1 accumulation occurred
in the time period prior to Start, though only a small amount of Bem1 was detectable
before Start (Figure 5.2A, B). If one site displayed increased Bem1 signal, that site
consistently proved to be the “winner” and underwent bud emergence. In contrast, if
both sites contained approximately the same amount of Bem1 ~15 minutes before bud
emergence, Bem1 rapidly accumulated at both sites - presumably due to positive
feedback activation (See Chapter 4, Section 3, Figure 4.4)(Figure 5.2C). The sites
appeared to compete for Bem1, with a winner emerging within ~8 minutes (Figure
5.2D). In some instances, competition would not resolve prior to bud emergence and
two buds would form (2/12 cells)(Figure 5.2B). Collectively, these results indicate that
singularity is not inherent to the polarity module. Rather, additional factors, such as

Rdi1, are required to ensure singularity.
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Figure 5.2 (continued): Rdi1 deletion facilitates Bem1 accumulation at multiple sites.

A) Panels of a representative cell depicting the response of endogenous Bem1 in rdi1A cells challenged
with multi-site Cdc24 recruitment that buds from a single site. Upper panels consist of phase contrast
and fluorescent images and the lower panel is a kymograph. Each image is 16.2 ym x 16.2 ym. Plot
indicates Bem1 intensity in that particular cell at each targeted region relative to bud emergence. Red
line indicates bud site trace. Gray line indicates second site trace. Strain used: WYK8410.

B) Panels of a representative cell depicting the response of endogenous Bem1 in rdi1A cells challenged
with multi-site Cdc24 recruitment that buds from two sites. Upper panels consist of phase contrast and
fluorescent images and the lower panel is a kymograph. Each image is 16.2 ym x 16.2 ym. Plot
indicates Bem1 intensity in that particular cell at each targeted region relative to bud emergence.

C) Bem1 intensity profile for a population of cells that undergo budding from one position. Red line
indicates bud site trace. Gray line indicates second site trace.

D) Coexistence time amongst nascent sites of Bem1.

E) Representative panel of rdi1A cells depicting the response to dynamically re-positioned Cdc24
recruitment. Upper panels consist of phase contrast and fluorescent images and the lower panel is a
kymograph. Each image is 16.2 ym x 16.2 ym. Strain used: WYK8410.

These results are reminiscent of those observed by Wu and colleagues (C.-F. Wu et al.
2015)(See Introduction). The authors used rdi1A strains to slow the cycling of Cdc42
into the cytosol. In conjunction with membrane-tethered variants of either Bem1 or
Cdc24, multiple buds readily formed (C.-F. Wu et al. 2015). The authors concluded that
a greedy competition mechanism exists to resolve multiple nascent sites to a single axis
of polarity. Our multisite interrogations are consistent with the greedy competition
model. Moreover, we dynamically repositioned sites of Cdc24 recruitment in rdi1A
diploids and observed Bem1 dynamics. Consistent with our multisite data, low levels of
Bem1 accumulated at each nascent site and tended to remain cortical at previous sites
until the onset of positive feedback (Figure 5.2E). Ultimately, a single site emerged to
define the winner, in agreement with the greedy competition model. However, greedy
competition does not appear to be the only mechanism of singularity. High doses of
GEF recruitment are sufficient to activate Cdc42 in polarized cells (See Chapter 2,
Section 2, Figure 2.1). One would predict the onset of competition between the growing

bud and the newly initiated site (Jilkkine and Edelstein-Keshet 2011; C.-F. Wu et al.
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2015). Nevertheless, cells remain stably polarized toward the growing bud, indicating

the existence of further mechanisms to reinforce singularity.

Section 4: Actin is required to maintain the established axis

While previous reports have suggested that actin filaments play a necessary role in
polarity establishment (Wedlich-Soldner 2003)(Freisinger, 2013), we present data that
indicates polarization defects caused by actin disassembly can be readily rescued by
optogenetic recruitment of Cdc24 (See Chapter 4, Section 4, Figure 4.5). Moreover,
such polarization defects may be attributed to deficiencies in cell cycle progression (See
Chapter 4, Section 4, Figure 4.6). Consistent with these data, recent findings suggest
that actin filaments do not participate in the initial process of polarity establishment,
rather depolymerization of actin filaments likely induces cellular defects that obscure
efficient polarization (Woods et al. 2016). Regardless, a large body evidence advocates
that actin flaments are required for polarized growth (Wedlich-Soldner 2004; Slaughter
et al. 2009; Jose et al. 2013). Therefore, we assessed the necessity of actin flaments in
maintaining polarized growth toward the established axis.

Asynchronous populations of cells expressing photo-recruitable Cdc24 and either the
Cdc42 biosensor or Bem1-tdTomato were treated with LatA to depolymerize F-actin. To
directly compare the effects of optogenetic recruitment in stably polarized cells lacking
F-actin, small-budded cells from the same coverslip were either challenged with
optogenetic recruitment of Cdc24 or left unperturbed. Consistent with previous reports,
loss of F-actin caused depolarization of both Cdc42-GTP and Bem1 (Wedlich-Soldner

2004). Strikingly, photo-recruitment of Cdc24 increased the rate of depolarization for
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Figure 5.3: Actin is required to maintain the established axis in polarized cells.

A) Representative fluorescence and phase images in response to recruitment of Cdc24 in small-budded
cells treated with LatrunculinA. Top panel depicts Cdc42 biosensor response. Bottom panel depicts
Bem1 response. Each image is 16.2 ym x 16.2 ym. Strains used: WYK8440 and WYK8301.

B) Accumulation and reorientation kinetics for the Cdc42 biosensor or endogenous Bem1 in response to
Cdc24 recruitment. Data are combined across multiple experiments (n experiments >= 4, N total cells >
20 for each condition).

both Cdc42-GTP and Bem1. Furthermore, depolarization of Bem1 was more prominent
in photo-illuminated cells, whereas the percentage of cells featuring depolarized Cdc42-
GTP was approximately proportionate under photo- and mock-illumination conditions
(Figure 5.3A, B). These results suggest that in the absence of polymerized actin,
initiating a new site of GEF activity can readily compete with polarity components in the

growing bud.
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Not only could optogenetic recruitment of Cdc24 increase the rate of depolarization, but
a subset of depolarized cells were capable of reorienting Cdc42 activation and Bem1
accumulation toward the site of Cdc24 recruitment. Comparatively, reorientation of
polarity components was not observed in mock-illuminated cells (Figure 5.3A, B),
indicating that previously polarized cells are competent for initiating a new axis in the
absence of F-actin. Collectively, these data suggest that actin filaments participate in
reinforcing stable polarization of the polarity components; however, other mechanisms
necessarily contribute to maintaining the axis. Upon first approximation, these data may
reveal an actin-dependent mechanism for ensuring singularity. Further work will be

required to validate and dissect this potential mechanism.

Discussion

Wild-type yeast cells rarely form multiple buds in a single cell cycle, suggesting the
existence of mechanisms by which nascent bud sites compete in a winner take all
competition. Recent work has shown that prior to bud emergence, cells are capable of
forming multiple nascent foci. Yet, by employing mechanism(s) that appear to involve
negative feedback, only one focus matures into the site of polarization (Howell et al.
2012), indicating competition between the nascent foci.

Cells have been genetically manipulated to generate multiple buds. For example,
expression of activated alleles of Cdc42 can induce the formation of multiple buds
(Caviston, Tcheperegine, and Bi 2002). Similarly, multiple buds result from membrane-
tethering either Bem1 or a Cdc24 mutant that is resistant to negative feedback, while

also hindering the membrane-cytoplasm exchange of Cdc42 by deleting the facilitating
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chaperone, Rdi1. (C.-F. Wu et al. 2015). However, despite the fact that transient
optogenetic membrane recruitment of Bem1 or Cdc24 can induce efficient polarization,
neither proved robust enough to generate two buds, indicating that competition
mechanism(s) are sufficiently strong to extinguish multiple nascent sites so that only a
single axis emerges the winner. One such mechanism appears to utilize Rdi1.

Deletion of Rdi1 was sufficient to compromise singularity in a subset of cells as well as
promote Bem1-dependent positive feedback at multiple sites (Figure 5.2). Rdi1 works in
parallel with the GAP Bem2 to extract inactive Cdc42 from the focus, thereby
counteracting the tendency to reactivate the GTPase that leads to cortical spreading of
the patch (Woods et al. 2016). Mathematical modeling combined with genetic
perturbations suggests that Rdi1 actively suppresses additional sites of Cdc42
activation by sequestering inactive Cdc42 into the cytosol (Kliinder et al. 2013), a
function that need not be limited to establishment. We were unable to induce new axes
in polarized rdi1A cells (See Chapter 5, Section 5.3), despite the prediction that Cdc42
would be readily available (Kliinder et al. 2013). In contrast, wildtype cells treated with
the actin depolymerizing agent Latrunculin A, readily depolarized from growing buds
and in some instances were able to reorient their axis. A model to account for these
observations may invoke synergistic efforts between Rdi1 and actin, wherein Rdi1 limits
the recruitment of cytosolic Cdc42 to multiple sites, while polymerized actin funnels
vesicular-associated Cdc42 toward the established axis. Indeed, rdi1A cells can be
encouraged to increase multi-bud formation by treatment with the moderate actin

filament inhibitor Latrunculin B (Freisinger et al. 1AD). Further exploration utilizing

95



optogenetic recruitment of Cdc24 in rdi1A cells treated with an actin depolymerizing
agent may reveal one mode by which cells ensure singularity.

A negative feedback loop extending from the polarity complex is slowly being elucidated
as another mechanism of singularity (Gulli et al. 2000; Howell et al. 2012; Kuo et al.
2014; Rapali et al. 2017). Active Cdc42 likely recruits the polarity complex via
interactions with Cla4, a kinase implicated in down-regulating GEF activity (Gulli et al.
2000; Howell et al. 2012; Kuo et al. 2014; Rapali et al. 2017). Specifically, Bem1 binding
to Cdc24 appears to stimulate its GEF activity and such stimulation can be down
regulated by Cla4-dependent phosphorylation. Strikingly, Cdc24 phosphorylation is
exacerbated by Bem1, and phosphorylated Cdc24 is resistant to Bem1-induced
stimulation. These observations indicate that Bem1 mediates the flux of Cdc42
activation at nascent sites (Rapali et al. 2017). The nature of this type of coordinated
flux generally leads to pulsatile dynamics (Alon 2006), in which and initial expansion is
followed by retraction or abatement of a cortical Cdc42-GTP patch. Upon initial
decrease of GEF activity, Cdc42-GDP would be predicted to increase in nascent foci.
However, Cdc42-GDP would be reactivated in the absence of mechanisms that recycle
it to the cytoplasm, thereby broadening the zone of Cdc42 activation and encouraging
the persistence of nascent sites that would normally be extinguished. Thus, Rdi1 and
Cla4-dependent negative feedback may cooperate to limit erroneous Cdc42 activation,
thereby promoting singularity.

What is quickly being revealed is that a myriad set of tightly-regulated mechanisms
cooperate to ensure singularity. It is critical to understand how cells spatially and

temporally integrate these components to maintain a single axis of polarity, as not all
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mechanisms appear to be active nor do they appear to function similarly during both
establishment and maintenance of polarized growth. Indeed, mechanisms that promote
axis specification need not be the same mechanisms that reinforce the axis (Motegi and

Seydoux 2013; Thompson 2012; C.-H. Huang et al. 2013)
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Chapter 6: Conclusions

Section 1: Summary

In this work, we sought to understand the mechanisms with which yeast cells stably
establish and maintain a single axis of polarity. Traditional genetic and cell biological
analyses have identified the key components and revealed many behaviors associated
with cell polarization, which have led to a set of models that invoke positive feedback
(Wedlich-Soldner 2003; Irazoqui, Gladfelter, and Lew 2003; Goryachev and Pokhilko
2008; Howell et al. 2012; Howell and Lew 2012). However, the field has lacked the tools
that can directly interrogate the spatio-temporal dynamics of signaling molecules and
critically test these models. Here, we used optogenetics to probe the endogenous
regulatory mechanisms that control Cdc42 activity. We have found that symmetry
breaking engages a positive feedback loop mediated by Cdc24 and Bem1, presumably
as part of the tripartite polarity complex, and that actin is not required to establish an
axis of polarity. Further, this complex is sufficient to outcompete the landmark pathway.
We have also found that the activity of this pathway is temporally confined by cell cycle
regulation; therefore, stringent mechanisms exist to limit erroneous Cdc42 activity. For
instance, our results indicate that polymerized actin functions to reinforce local
concentration of polarity components toward the growing bud. In addition, we have
demonstrated that potent mechanisms ensure that only a single site can undergo
positive feedback at a given time. Finally, we have demonstrated the existence of a
second, previously uncharacterized, positive feedback mechanism that can maintain a
focus of Cdc42 activity prior to Cdk1 activation and which may play a role in symmetry

breaking polarization (Figure 6.1).
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Section 2: A mechanism to rapidly establish an axis of
polarity

In symmetry breaking polarization, Cdk1-dependent stochastic accumulation of Cdc42
to unique cortical positions is thought to be the initial step in polarity establishment
(Howell and Lew 2012; Bi and Park 2012). There are several mechanisms by which this
could be achieved. For instance, one could imagine that the polarity complex may
stochastically initiate many small “seeds” of Cdc42 activity that can be readily amplified
by positive feedback. Alternatively, stochastic cortical activation of pre-Start Cdc42 may
locally recruit the polarity complex to establish a single axis. The latter requires that
sufficient Cdc42-GTP must be locally concentrated to engage the polarity complex.
Intriguingly, mathematical models have suggested that as little as six molecules of
activated Cdc42 may be sufficient (Goryachev and Pokhilko 2008; Howell et al. 2012;
Kuo et al. 2014; Woods et al. 2016). Yet, GAP activity is relatively high in pre-Start
conditions (Knaus et al. 2007; Sopko et al. 2007). As such, locally concentrated Cdc42
activity is unlikely to be dictated strictly by molecular noise (Altschuler et al. 2008; Chau
et al. 2012). Accordingly, simulations of cluster formation in response to molecular noise
proceed on time-scales much greater than that observed physiologically (Goryachev
and Pokhilko 2008; Howell et al. 2012). Thus, how can an initial cluster form prior to
Start? We have evidence of a previously uncharacterized mechanism in yeast symmetry
breaking: a second positive feedback loop that functions prior to Start.

We provide multifaceted data that demonstrate Cdc42-GTP readily accumulates at

distinct cortical patches prior to Cdk1 activation and that entry into Start initiates the
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Figure 6.1: Model for polarity establishment.

In early G1, prior to Cdk1 activation, Cdc24, Bem1, and activated Cdc42 individually associate with the
plasma membrane, but do not form stable complexes. With some frequency, Cdc24, and perhaps other
Cdc42 GEFs, activate Cdc42 which can participate in a weak positive feedback loop with one or both
GEFs. It is unclear whether Cdc42-GTP in early G1 interact with downstream effectors, such as Cla4,
but if it does, it does not initiation Bem1 dependent positive feedback. Following Cdk1 activation, the
Cla4-Bem1-Cdc24 complex assembles in late G1. This complex, may amplify the preexisting focus of
Cdc42-GTP, and ultimately undergo strong positive feedback to generate a single focus of Cdc42-GTP
that subsequently triggers bud emergence.

Bem1-dependent positive feedback loop to fully commit a nascent site to bud
emergence. Prior to Start both Bem1 and Cdc24 are dynamically associated with the
cortex, yet they do not appreciably colocalize. Further, pre-Start cells do not respond to
Bem1 recruitment, yet they potently activate Cdc42 in response to GEF recruitment.
Strikingly, pre-Start Cdc42 activity is metastable and is sustained by a positive feedback
loop involving Cdc24. Collectively, these results provide a potential mechanism by
which pre-Start positive feedback can “seed” the cortex with many sites of Cdc42
activation, acting as a multi-cluster intermediate stage that is primed for amplification
upon entry into Start when the Bem1-containing complex is activated. Consistent with
this model, multi-cluster intermediates have been observed in both symmetry breaking
and landmark-directed cells, suggesting that this stage is critical in promoting yeast

polarization (Howell et al. 2012; C. F. Wu, Savage, and Lew 2013).
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To form this multi-cluster intermediate stage despite high GAP activity, a positive
feedback loop capable of forming multi-fronts would likely be sufficient to counteract
rapid GAP inhibition (Otsuji et al. 2007; Altschuler et al. 2008). A mathematical model
that well-describes these behaviors is a wave-pinning system, a model which features a
fast-diffusing activator that promotes its own accumulation (Jilkine and Edelstein-Keshet
2011). Fast-diffusion allows for multiple fronts as the activator is not locally limited to its
initial source of production. Intriguingly, this model is consistent with the reorientation
behaviors observed in mating cells responding to a pheromone gradient, a program that
also proceeds during the pre-Start phase of the cell cycle (Dyer et al. 2013). However,
fast diffusion implies that generation of a relatively stable site of activation requires
overcoming a high threshold (Mori, Jilkine, and Edelstein-Keshet 2008). In the yeast
system prior to Cdk1 activation, the high threshold would be set by global GAP activity.
Following entry into the cell cycle, GAP activity decreases (Knaus et al. 2007; Sopko et
al. 2007); thus, continued employment of a wave-pinning type of polarization would
rapidly evolve into either rampant depolarization or multi-buds (Jilkine and Edelstein-
Keshet 2011; Mori, Jilkine, and Edelstein-Keshet 2008). As such, a new mechanism
must engage - likely, Bem1-dependent positive feedback.

Consistent with this hypothesis, hair-trigger Turing-type models are most often used to
describe yeast polarization. Under this type of polarization scheme, there is a low
threshold (i.e. reduced GAP activity) to noise (i.e. nascent pre-Start clusters) that allows
for rapid formation of a stable focus in response to small fluctuations (i.e. Bem1-
dependent positive feedback). Accordingly, the first mathematical model of yeast

polarization utilized a Turing-type reaction-diffusion system that necessitated an initial
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cluster of Cdc42 to engage the Bem1-GEF complex and induce a stable asymmetry,
else polarization required extended time periods (60 minutes) to stabilize (Goryachev
and Pokhilko 2008). However, in order to limit the formation of a focus to a discrete
position on the cell cortex, a fast-acting inhibitor must also be present (Turing 1952;
Gierer and Meinhardt 1972). Likely, a set of mechanisms synergize to ensure that only a
single axis of polarity emerges. This will be discussed in more detail in the following
section.

We propose a model in which two linked positive feedback loops promote the rapid
evolution of polarity establishment in symmetry breaking (Figure 6.1). The first is highly
dynamic and capable of initiating many small clusters of Cdc42 activity at distinct
cortical patches. The second is robust, functioning to specify the axis as well as squelch
the formation of incipient sites. Further work involving mathematical modeling, genetics,
and optogenetic perturbations will be required to both validate and dissect the molecular

mechanisms by which these positive feedback loops cooperate to establish polarity.

Section 3: Ensuring singularity

Critical to the proliferation of budding yeast is the establishment of a single axis of
polarity. Multi-budding leads to DNA segregation defects and ultimately aberrant cell
growth (Freisinger et al. 1AD; Caviston et al. 2003); thus, robust mechanisms must be
in place to ensure singularity (Howell and Lew 2012; Bi and Park 2012). Current data
implicate mechanisms involving negative feedback, Cdc42 inactivation and recycling,

and global inhibition as means to ensure singularity. Accordingly, we provide evidence to
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suggest that several mechanisms are temporally and spatially coordinated to ensure

that only a single bud emerges (See Chapter 5).

3.1: Global inhibition

One mechanism is likely executed by the engagement of delayed negative feedback to
hinder the growth of a nascent bud. This mode of negative feedback appears mediated
by Cla4-dependent phosphorylation of Cdc24 (Gulli et al. 2000; Kuo et al. 2014; Rapali
et al. 2017). A recent study found that Bem1 gates Cdc42 activity by stimulating the
GEF, Cdc24, and then subsequently promoting down-regulation of Cdc24 by Cla4-
dependent phosphorylation. Ultimately, the down-regulated Cdc24 was no longer
responsive to Bem1-dependent stimulation (Rapali et al. 2017). This mechanism could
provide not only local negative feedback, but it could also act as a long-range inhibitor.

Down-regulation of the GEF by phosphorylation appears to persist (Gulli et al. 2000;
Rapali et al. 2017), suggesting a mechanism to decrease the rate of Cdc42 activation
after an initial pulse induced by Cdk1 activation (Ozbudak, Becskei, and van
Oudenaarden 2005; Howell et al. 2012; Kuo et al. 2014; C.-F. Wu et al. 2015)(See
Chapter 3, Section 3.3). As cytoplasmic diffusion readily occurs (Valdez-Taubas and
Pelham 2003), the down-regulated complex can effectively act as a long-range
“inhibitor” of secondary incipient sites in that association of the complex with these
opposing site would not be able to amplify cortical Cdc42 at a greater rate than the
initial patch (Meinhardt and Gierer 1974; Alon 2006). In this manner, a distinct cluster of
cortical Cdc42 activity would both dampen its own growth and limit the growth of other

nascent sites. Consistent with such a model, the initial detection of Cdc42-GTP or Bem1
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at nascent sites overshoots the final steady state levels observed upon bud emergence
(Ozbudak, Becskei, and van Oudenaarden 2005; Howell et al. 2012; Kuo et al. 2014;
C.-F. Wu et al. 2015), an observation consistent with inhibition. Moreover, this
mechanism of global inhibition would favor the evolution of Cdc42 larger clusters into
the axis of polarity, as smaller clusters would be unable to compete. Indeed, resolution
of multiple nascent sites tends to favor larger clusters (Howell et al. 2009; Howell et al.
2012)(Chapter 5, Section 5.1 and 5.2).

A permutation of this type of long-range inhibition is observed in the filamentous fungi
Ustilago maydis, which engages a similar tripartite complex to polarize the Rho-family
GTPase Rac1 and promote filamentous growth (Leveleki et al. 2004; Mahlert et al.
2006; Alvarez-Tabarés and Pérez-Martin 2008). Cla4-dependent phosphorylation of
Cdc24 in U. maydis directs Cdc24 degradation, thereby decreasing the rate of Rac1
activation. Moreover, stabilization of Cdc24 abrogates filamentous growth, indicating
that GEF inhibition is require for polarization (Frieser et al. 2011). Thus, long-range
inhibition is achieved not by GEF down-regulation, but rather, degradation of the GEF.
These results underscore the critical nature of coupling positive feedback and long-
range inhibition and suggest a core circuit that ensures polarity emergence (Gierer and

Meinhardt 1972; Chau et al. 2012).

3.2: Manipulating diffusive flux

While it is evident that a series of mechanisms ensure singularity in budding yeast,
fission yeast must form two stable zones of polarized growth. Furthermore, both yeasts

appear to employ a similar molecular architecture to reinforce their polarized domains
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Figure 6.2

Global inhibition as a contributor to singularity
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Figure 6.2: Mechanisms to ensure singularity.

A) A multi-cluster intermediate stage may precede polarity establishment, wherein each cluster competes
with and inhibits the others until a single site emerges the winner. 1) Cdc42-GTP recruits an initially
hyperactive polarity complex (orange). 2) The hyperactive complex generates an initial pulse of Cdc42
activity. 3) Cla4 phosphorylation-induced down-regulation of the polarity complex yields negative
feedback. 4) The down-regulated complex (gray), attenuates the rate of Cdc42 activation and ultimately
diffuses from its source of productions, acting as a global down-regulator of Cdc42 activation.

B) In fission yeast, spatial flux of Cdc42 primarily occurs through lateral membrane diffusion. By
restricting Cdc42 to the plane in which it polarizes, bipolarity may emerge via acquisition of shared pool of
Cdc42-GDP.

C) Lateral membrane diffusion is limited in budding yeast, with Cdc42 spatial flux mediated through
membrane-cytoplasmic exchange. Singularity may emerge by sequestering Cdc42 from alternative
membrane positions, thereby spatially restricting Cdc42 to the established axis.

(F. Chang and Peter 2003; Martin and Arkowitz 2014), suggesting that the activity of the
polarity module can be tuned to allow for multi-axis growth. Potentially, such tuning

could be achieved through altering spatial Cdc42 flux.

3.2.1: Membrane flux as a mechanism to promote bipolarity
In fission yeast, the primary mechanism for spatial Cdc42 flux from the polarized cell

tips is through lateral membrane diffusion, as constitutively tethering Cdc42 to the
plasma membrane or deleting Rdi1 has no affect on polarization (Bendezu et al. 2015).
Indeed, Cdc42-GTP concentrates at the cell tips whereas Cdc42-GDP accumulates at
the cell sides (Bendezu et al. 2015), suggesting that each pole draws from a
membrane-associated pool of Cdc42-GDP. Using positive feedback, cell poles could
capture membrane-associated Cdc42-GDP while corralling Cdc42-GTP, which displays
a much slower membrane diffusion rate than the inactive molecule (Bendezu et al.
2015). Therefore, reinforcement of the polarized domain is limited by the dynamics of
membrane-associated Cdc42-GDP, rather than a combinatorial flux that also engages

Rdi-mediated extraction.
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These properties can also account for the oscillatory accumulations observed in fission
yeast (Das et al. 2012). Locally acting negative feedback could generate fast-diffusing
Cdc42-GDP that will at some rate escape and rapidly diffuse to the opposite pole (Das
et al. 2012; Bendezu et al. 2015). As microtubule-dependent delivery of landmark-
proteins appears to direct the Shk1-Scd2-Scd1 complex toward each pole (F. Chang
and Peter 2003; F. Chang and Martin 2009), the complex could locally activate escaped
Cdc42-GDP, thereby establishing bipolar growth. In this model, bipolarity emerges from
the retention of Cdc42 in the membrane, thereby limiting its spatial flux to the same sub-

cellular space in which polarization occurs.

3.2.2: Cytoplasmic flux as a mechanism to ensure singularity
While it is unclear whether the nucleotide state of Cdc42 in budding yeast also endows

the molecule with differential membrane diffusion rates, reduced membrane diffusion
appears to play a critical role in promoting polarization. Non-uniform diffusion of Cdc42
is observed in polarizing cells, with diffusion drastically reduced in cortical patches of
Cdc42 (Slaughter et al. 1AD). Additionally, membrane diffusion between the polarized
bud and the mother cell is potently inhibited soon after bud emergence as daughter cell
identity is established upon septal ring assembly (Okada et al. 2013). These
observations suggest that leakage of polarized Cdc42 through membrane-based
diffusion is hindered relative to that in fission yeast. Consistent with this hypothesis, we
observe dynamic mobility of Cdc42-GTP, Cdc24, and Bem1 within the growing bud that
is absent within the mother cell (data not shown).

In further contrast to fission yeast, membrane-cytoplasmic exchange of polarized Cdc42

is prominent (Wedlich-Soldner 2004; Slaughter et al. 2009; Freisinger et al. 1AD).
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Surprisingly, both Cdc42-GDP and Cdc42-GTP undergo exchange; though, exchange of
the inactive molecule is greater (Woods et al. 2016). In this context, cytoplasmic
leakage of Cdc42-GTP out of the polarized domain would tend to dissipate polarity.
However, this exchange appears to be counteracted by actin-dependent delivery of
Cdc42 toward the growing bud (See Chapter 5, Section 4) (Wedlich-Soldner 2003;
Wedlich-Soldner 2004), endocytic corralling (Jose et al. 2013), and Rdi1-mediated
delivery of Cdc42-GDP (Woods et al. 2016). Collectively, these data support a model in
which spatial Cdc42 flux is biased toward membrane-cytoplasmic exchange, thereby
limiting the association of Cdc42 with non-polarized membrane. Under this regime,
singularity is reinforced by sequestering Cdc42 from alternative membrane positions
that appear amenable for polarization (See Chapter, Section 4). Therefore, while the
molecular architecture of polarization in budding and fission yeast is similar, tuning of
properties such as membrane diffusion and recycling may account for the generation of
bipolarity or singularity. Indeed, the beauty of simple Turing-type reaction-diffusion
mechanisms is in the vast parameter space that can be almost infinitely diversified to

construct complex morphogenetic patterns (Kondo and Miura 2010).

3.2.3: The exploitation of diffusive properties in other polarity systems
The exploitation of diffusive properties may have applications in higher organisms as

well. Differential diffusion rates are employed in the polarized C. elegans embryo. Both
fluorescence recovery after photobleaching (FRAP) and single-molecule studies have
shown that the PAR proteins are highly dynamic, rapidly diffusing within and dissociating
from the membrane (Cheeks et al. 2004; Goehring et al. 2011; Sailer et al. 2015).

However, the diffusional properties of both anterior and posterior PARs are reduced
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upon the formation of dynamic clusters (Sailer et al. 2015). The anterior PAR, PAR-3
appears to form high order oligomers, acting as a docking site for other anterior PARs.
Additionally, a component of the posterior PAR module, CHIN-1, which is a GAP for
Cdc42, forms clusters within the posterior domain. The formation of these
complementary clusters appears necessary to limit the spread of the opposing domain.
Likely, the rapid diffusion and cycling dynamics of individual molecules initiates
ultrasensitive cluster growth (Sailer et al. 2015), thereby establishing a dynamic cross-
inhibitory pathway to maintain the polarized asymmetry.

Chemotaxing cells may also exploit diffusional properties. Comparatively, the membrane
diffusion rate of Cdc42-GTP in mammalian cells is much greater than that observed in
yeast (Valdez-Taubas and Pelham 2003). As chemotaxing cells must necessarily
reorient their axis in response to changing cues (Van Haastert and Devreotes 2004;
King and Insall 2009), harnessing rapid diffusion could be one mechanism by which
such cells can retain their plasticity. For instance, upon neutrophil polarization, tension
in the plasma membrane decreases diffusion from the polarized pseudopod.
Relinquishing such tension expands the polarized domain, consistent with the idea that
rapidly diffusing components can dynamically shape zones of polarization in response

to changing cues (Houk et al. 2012).

Section 4: Integrating optogenetics

Bud site selection in budding yeast is a simple, yet intricate system amenable for
uncovering the underlying mechanisms that promote polarization in a wide variety of cell

types. By using optogenetic perturbations to control the dynamic signaling molecules
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that promote polarity establishment in budding yeast, we have revealed unexpected cell
cycle regulation of the yeast polarity module. In addition, we present evidence that
polarity establishment integrates dual positive feedback loops to rapidly specify an axis
of polarity. Finally, our perturbations reveal robust and synergistic mechanisms that
ensure singularity. Our work exemplifies the utilization of optogenetic tools in analyzing
the intricate dynamics of signaling molecules in polarization schemes.

Not only can optogenetics be used to interrogate the sub-cellular dynamics that promote
polarization, similar manipulations can be employed to interrogate a wide variety of
cellular programs. For instance, developing organisms intricately coordinate a myriad of
behaviors - including migration, signaling, polarization, and contraction - that are
executed at the tissue, cellular, and sub-cellular level. Strikingly, each of these
processes are exquisitely timed so as to ensure robust development (Leptin 2005;
Weijer 2009; Basson 2012). Yet, it is unclear how these phenomena are temporally
executed. Evidence from single cells suggests that cellular machinery may be “primed”
for activity, rapidly engaging in response to a temporally-constrained signaling cue (C.-
H. Huang et al. 2013; Yang, Collins, and Meyer 2016). Optogenetic control of such
signaling molecules alleviates this temporal constraint, thereby providing a means to
direct assess whether output behaviors are primed for activity. Indeed, work from our
own lab in developing Drosophila epithelia indicate that tissue-wide morphogenetic
processes can be accelerated in response to an optogenetic cue (Rich and Glotzer,
unpublished), suggesting the existence of underlying organization that is poised at the

response boundary.
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Cellular processes that reside at such boundaries necessarily employ robust noise
filtering mechanisms to limit erroneous activity (Cardelli et al. 2016; Zechner et al.
2016). Most often a multitude of parallel pathways cooperate to ensure such a robust
filter (Kitano 2004; Xu and Lan 2015); thus, it is difficult to ascertain the nature of these
mechanisms as parallel pathways can compensate for the hinderance of one arm in
response to endogenous cues (Rao, Wolf, and Arkin 2002; Kitano 2004; Alon 2006). By
optogenetically stimulating a sensitized system, it may be possible to identify mutants
that would not necessarily give a phenotype in response to the endogenous signal.

Not only can optogenetic perturbations uncover noise filtering mechanisms, these
perturbations can quantitatively investigate the transformation from noise-filtering to
signal response. In some instances, activity is a consequence of linear exposure, either
by passage through distinct steps or by crossing a specified threshold (Kholodenko
2006). In a proof of principle experiment, optogenetic analysis of the Ras-Erk pathway
has revealed exquisite information processing that promotes analog sensitivity rather
than digital cellular responses. (Toettcher, Weiner, and Lim 2013). Alternatively, some
systems appear to exhibit ultrasensitivity, in which bistable states emerge from a sharp
boundary transition (Flory 1953).

Similar investigations could also be used to understand bistable switches as a
consequence of ultrasensitivity. In the context of anterior-posterior polarity in the C.
elegans embryos, CHIN-1 clustering is requisite to maintain the axis and formation of
these clusters appears dependent on ultrasensitivity (Sailer et al. 2015). Sub-cellular
optogenetic control of CHIN-1 could directly test the ultrasensitivity model for cluster

formation, and identify the critical transition point. Moreover, control of cluster formation
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would provide direct interrogation of polarity robustness in response to optogenetically-
induced CHIN-1 cluster formation in the anterior. Indeed, sub-cellular control of
signaling molecules is a powerful tool, yet the understanding of how positional
information regulates signaling output is only just being uncovered.

In Ras GTPase signaling, sub-cellular microenvironments promote alternative kinase
cascades by activating distinct scaffolding proteins (Casar et al. 2009). Current models
suggest that local concentration of specific factors, like scaffolding components, may be
sufficient to define a microenvironment (Casar et al. 2009; Langeberg and Scott 2015).
Optogenetic-induced clustering with sub-cellular precision would be sufficient to form
such microdomains de novo (Tischer and Weiner 2014); however, concomitant
spatiotemporal regulation of signaling molecules is requisite to fully ascertain the
sufficiency of microdomains to instruct signaling cascades. As such, concerted effort is
being put forth to identify light activated proteins that respond to wavelengths outside of
the canonical blue range (Tischer and Weiner 2014). Development of alternatively
responsive light systems would allow the integration of multiple optogenetic systems
within a single cell, thereby allowing exquisite interrogation of the mechanisms that
control position-specific signaling events. By taking cues from the evolution of
modularity in signaling components, these advances will promote the construction of
customizable cellular circuits that can intricately control multi-platform signaling
cascades that execute diverse and complex biological processes, thereby granting

unprecedented ability to both predict and control emerging biological behaviors.

112



References

Aceto, Donato, Melissa Beers, and Kenneth J Kemphues. 2006. “Interaction of PAR-6
with CDC-42 Is Required for Maintenance but Not Establishment of PAR Asymmetry
in C. Elegans.” Developmental Biology 299 (2): 386—97. doi:10.1016/j.ydbio.
2006.08.002.

Adams, AE, and J R Pringle. 1984. “Relationship of Actin and Tubulin Distribution to
Bud Growth in Wild-Type and Morphogenetic-Mutant Saccharomyces Cerevisiae..”
The Journal of Cell Biology 98 (3). The Rockefeller University Press: 934—45.

Adams, AE, D | Johnson, R M Longnecker, B F Sloat, and J R Pringle. 1990. “CDC42
and CDC43, Two Additional Genes Involved in Budding and the Establishment of
Cell Polarity in the Yeast Saccharomyces Cerevisiae..” The Journal of Cell Biology
111 (1). The Rockefeller University Press: 131-42.

Allen, W E, D Zicha, A J Ridley, and G E Jones. 1998. “A Role for Cdc42 in Macrophage
Chemotaxis..” The Journal of Cell Biology 141 (5). The Rockefeller University Press:
1147-57.

Alon, Uri. 2006. An Introduction to Systems Biology. CRC Press.

Altschuler, Steven J, Sigurd B Angenent, Yanqin Wang, and Lani F Wu. 2008. “On the
Spontaneous Emergence of Cell Polarity.” Nature 454 (7206): 886—89. doi:10.1038/
nature07119.

Alvarez-Tabarés, Isabel, and José Pérez-Martin. 2008. “Cdk5 Kinase Regulates the
Association Between Adaptor Protein Bem1 and GEF Cdc24 in the Fungus Ustilago
Maydis..” Journal of Cell Science 121 (Pt 17). The Company of Biologists Ltd: 2824—
32. doi:10.1242/jcs.026286.

Arthur, W T, and K Burridge. 2001. “RhoA Inactivation by p190RhoGAP Regulates Cell
Spreading and Migration by Promoting Membrane Protrusion and Polarity..”
Molecular Biology of the Cell 12 (9). American Society for Cell Biology: 2711-20.

Assémat, Emeline, Elsa Bazellieres, Emilie Pallesi-Pocachard, André Le Bivic, and
Dominique Massey-Harroche. 2008. “Polarity Complex Proteins..” Biochimica Et
Biophysica Acta 1778 (3): 614-30. doi:10.1016/j.bbamem.2007.08.029.

Atkins, B D, S Yoshida, K Saito, C F Wu, D J Lew, and D Pellman. 2013. “Inhibition of
Cdc42 During Mitotic Exit Is Required for Cytokinesis.” The Journal of Cell Biology
202 (2): 231—40. doi:10.1083/jcb.201301090.

Bagrodia, S, and R A Cerione. 1999. “Pak to the Future..” Trends in Cell Biology 9 (9):
350-55.

113



Banaszynski, Laura A, Corey W Liu, and Thomas J Wandless. 2005. “Characterization
of the FKBP.Rapamycin.FRB Ternary Complex..” Journal of the American Chemical
Society 127 (13): 4715-21. doi:10.1021/ja043277y.

Bardwell, Lee. 2004. “A Walk-Through of the Yeast Mating Pheromone Response
Pathway.” Peptides 25 (9): 1465—-76. doi:10.1016/j.peptides.2003.10.022.

Basson, M Albert. 2012. “Signaling in Cell Differentiation and Morphogenesis..” Cold
Spring Harbor Perspectives in Biology 4 (6). Cold Spring Harbor Lab: a008151-51.
doi:10.1101/cshperspect.a008151.

Baum, Buzz, and Marios Georgiou. 2011. “Dynamics of Adherens Junctions in Epithelial
Establishment, Maintenance, and Remodeling..” The Journal of Cell Biology 192 (6):
907-17. doi:10.1083/jcb.201009141.

Bender, A, and J R Pringle. 1989. “Multicopy Suppression of the Cdc24 Budding Defect
in Yeast by CDC42 and Three Newly Identified Genes Including the Ras-Related
Gene RSR1..” Proceedings of the National Academy of Sciences 86 (24). National
Academy of Sciences: 9976-80.

Bender, A, and J R Pringle. 1991. “Use of a Screen for Synthetic Lethal and Multicopy
Suppressee Mutants to Identify Two New Genes Involved in Morphogenesis in
Saccharomyces Cerevisiae..” Molecular and Cellular Biology 11 (3). American
Society for Microbiology (ASM): 1295-1305.

Bendezu, Felipe O, Vincent Vincenzetti, Dimitrios Vavylonis, Romain Wyss, Horst Vogel,
and Sophie G Martin. 2015. “Spontaneous Cdc42 Polarization Independent of GDI-
Mediated Extraction and Actin-Based Trafficking.” Edited by Daniel Lew. PLoS
Biology 13 (4): €1002097-30. doi:10.1371/journal.pbio.1002097.

Bi, E, and H O Park. 2012. “Cell Polarization and Cytokinesis in Budding Yeast.”
Genetics 191 (2): 347-87. doi:10.1534/genetics.111.132886.

Bishop, A C, J A Ubersax, D T Petsch, D P Matheos, N S Gray, J Blethrow, E Shimizu,
et al. 2000. “A Chemical Switch for Inhibitor-Sensitive Alleles of Any Protein
Kinase..” Nature 407 (6802). Nature Publishing Group: 395-401. doi:
10.1038/35030148.

Bose, |, J E Irazoqui, J J Moskow, E S G Bardes, T R Zyla, and D J Lew. 2001.
“Assembly of Scaffold-Mediated Complexes Containing Cdc42p, the Exchange
Factor Cdc24p, and the Effector Cla4p Required for Cell Cycle-Regulated
Phosphorylation of Cdc24p.” Journal of Biological Chemistry 276 (10): 7176—86. doi:
10.1074/jbc.M010546200.

Boyd, L, S Guo, D Levitan, D T Stinchcomb, and K J Kemphues. 1996. “PAR-2 Is
Asymmetrically Distributed and Promotes Association of P Granules and PAR-1 with

114



the Cortex in C. Elegans Embryos..” Development 122 (10): 3075-84.

Boyden, Edward S, Feng Zhang, Ernst Bamberg, Georg Nagel, and Karl Deisseroth.
2005. “Millisecond-Timescale, Genetically Targeted Optical Control of Neural
Activity.” Nature Neuroscience 8 (9): 1263—68. doi:10.1038/nn1525.

Brandman, O. 2005. “Interlinked Fast and Slow Positive Feedback Loops Drive Reliable
Cell Decisions.” Science 310 (5747): 496-98. doi:10.1126/science.1113834.

Butty, A C, P M Pryciak, L S Huang, | Herskowitz, and M Peter. 1998. “The Role of
Far1p in Linking the Heterotrimeric G Protein to Polarity Establishment Proteins
During Yeast Mating..” Science 282 (5393): 1511-16.

Butty, Anne-Christine, Nathalie Perrinjaquet, Audrey Petit, Malika Jaquenoud, Jeffrey E
Segall, Kay Hofmann, Catherine Zwahlen, and Matthias Peter. 2002. “A Positive
Feedback Loop Stabilizes the Guanine-Nucleotide Exchange Factor Cdc24 at Sites
of Polarization..” The EMBO Journal 21 (7). EMBO Press: 1565—76. doi:10.1093/
emboj/21.7.1565.

Cardelli, Luca, Attila Csikasz-Nagy, Neil Dalchau, Mirco Tribastone, and Max
Tschaikowski. 2016. “Noise Reduction in Complex Biological Switches..” Scientific
Reports 6 (1). Nature Publishing Group: 20214. doi:10.1038/srep20214.

Casamayor, Antonio, and Michael Snyder. 2002. “Bud-Site Selection and Cell Polarity in
Budding Yeast..” Current Opinion in Microbiology 5 (2): 179—-86.

Casar, Berta, Imanol Arozarena, Victoria Sanz-Moreno, Adan Pinto, Lorena Agudo-
Ibafez, Richard Marais, Robert E Lewis, Maria T Berciano, and Piero Crespo. 2009.
“Ras Subcellular Localization Defines Extracellular Signal-Regulated Kinase 1 and 2
Substrate Specificity Through Distinct Utilization of Scaffold Proteins..” Molecular
and Cellular Biology 29 (5). American Society for Microbiology: 1338-53. doi:
10.1128/MCB.01359-08.

Caviston, Juliane P, Mark Longtine, John R Pringle, and Erfei Bi. 2003. “The Role of
Cdc42p GTPase-Activating Proteins in Assembly of the Septin Ring in Yeast..”
Molecular Biology of the Cell 14 (10). American Society for Cell Biology: 4051—-66.
doi:10.1091/mbc.E03-04-0247.

Caviston, Juliane P, Serguei E Tcheperegine, and Erfei Bi. 2002. “Singularity in Budding:
a Role for the Evolutionarily Conserved Small GTPase Cdc42p..” Proceedings of the
National Academy of Sciences 99 (19): 12185-90. doi:10.1073/pnas.182370299.

Chang, E C, M Barr, Y Wang, V Jung, H P Xu, and M H Wigler. 1994. “Cooperative

Interaction of S. Pombe Proteins Required for Mating and Morphogenesis..” Cell 79
(1): 131-41.

115



Chang, F, and S G Martin. 2009. “Shaping Fission Yeast with Microtubules.” Cold Spring
Harbor Perspectives in Biology 1 (1): a001347-47. doi:10.1101/
cshperspect.a001347.

Chang, Fred, and Matthias Peter. 2003. “Yeasts Make Their Mark..” Nature Cell Biology
5 (4): 294-99. do0i:10.1038/ncb0403-294.

Chant, J, M Mischke, E Mitchell, | Herskowitz, and J R Pringle. 1995. “Role of Bud3p in
Producing the Axial Budding Pattern of Yeast..” The Journal of Cell Biology 129 (3).
The Rockefeller University Press: 767—-78.

Chau, Angela H, Jessica M Wallter, Jaline Gerardin, Chao Tang, and Wendell A Lim.
2012. “Designing Synthetic Regulatory Networks Capable of Self-Organizing Cell
Polarization.” Cell 151 (2). Elsevier Inc.: 320-32. doi:10.1016/j.cell.2012.08.040.

Cheeks, Rebecca J, Julie C Canman, Willow N Gabriel, Nicole Meyer, Susan Strome,
and Bob Goldstein. 2004. “C. Elegans PAR Proteins Function by Mobilizing and
Stabilizing Asymmetrically Localized Protein Complexes.” Current Biology 14 (10):
851-62. doi:10.1016/j.cub.2004.05.022.

Chen, G C, Y J Kim, and C S Chan. 1997. “The Cdc42 GTPase-Associated Proteins
Gic1 and Gic2 Are Required for Polarized Cell Growth in Saccharomyces
Cerevisiae..” Genes & Development 11 (22). Cold Spring Harbor Laboratory Press:
2958-71.

Chen, W, H H Lim, and L Lim. 1993. “The CDC42 Homologue From Caenorhabditis
Elegans. Complementation of Yeast Mutation..” Journal of Biological Chemistry 268
(18): 13280-85.

Chenevert, J, K Corrado, A Bender, J Pringle, and | Herskowitz. 1992. “A Yeast Gene
(BEM1) Necessary for Cell Polarization Whose Product Contains Two SH3
Domains..” Nature 356 (6364). Nature Publishing Group: 77-79. doi:
10.1038/356077a0.

Chenevert, J, N Valtz, and | Herskowitz. 1994. “Identification of Genes Required for
Normal Pheromone-Induced Cell Polarization in Saccharomyces Cerevisiae..”
Genetics 136 (4). Genetics Society of America: 1287-96.

Christie, J M, P Reymond, G K Powell, P Bernasconi, A A Raibekas, E Liscum, and W R
Briggs. 1998. “Arabidopsis NPH1: a Flavoprotein with the Properties of a
Photoreceptor for Phototropism..” Science 282 (5394): 1698—1701.

Costanzo, Michael, Joy L Nishikawa, Xiaojing Tang, Jonathan S Millman, Oliver Schub,
Kevin Breitkreuz, Danielle Dewar, Ivan Rupes, Brenda Andrews, and Mike Tyers.
2004. “CDK Activity Antagonizes Whi5, an Inhibitor of G1/S Transcription in Yeast.”
Cell 117 (7): 899-913. doi:10.1016/j.cell.2004.05.024.

116



Cross, F R, and C M Blake. 1993. “The Yeast CIn3 Protein Is an Unstable Activator of
Cdc28..” Molecular and Cellular Biology 13 (6). American Society for Microbiology
(ASM): 3266-71.

Cuenca, A A. 2003. “Polarization of the C. Elegans Zygote Proceeds via Distinct
Establishment and Maintenance Phases.” Development 130 (7): 1255-65. doi:
10.1242/dev.00284.

Cvrckova, F, C De Virgilio, E Manser, J R Pringle, and K Nasmyth. 1995. “Ste20-Like
Protein Kinases Are Required for Normal Localization of Cell Growth and for
Cytokinesis in Budding Yeast..” Genes & Development 9 (15): 1817-30.

Das, M, T Drake, D J Wiley, P Buchwald, D Vavylonis, and F Verde. 2012. “Oscillatory
Dynamics of Cdc42 GTPase in the Control of Polarized Growth.” Science 337
(6091): 239—-43. doi:10.1126/science.1218377.

Das, Maitreyi, and Fulvia Verde. 2013. “Role of Cdc42 Dynamics in the Control of
Fission Yeast Cell Polarization.” Biochemical Society Transactions 41 (6): 1745—49.
doi:10.1042/BST20130241.

Dohiman, Henrik G. 2002. “G Proteins and Pheromone Signaling..” Annual Review of
Physiology 64 (1). Annual Reviews 4139 El Camino Way, P.O. Box 10139, Palo
Alto, CA 94303-0139, USA: 129-52. doi:10.1146/annurev.physiol.
64.081701.133448.

Dovas, Athanassios, and John R Couchman. 2005. “RhoGDI: Multiple Functions in the
Regulation of Rho Family GTPase Activities..” Biochemical Journal 390 (Pt 1).
Portland Press Limited: 1-9. doi:10.1042/BJ20050104.

Drechsel, D N, AA Hyman, A Hall, and M Glotzer. 1997. “A Requirement for Rho and
Cdc42 During Cytokinesis in Xenopus Embryos..” Current Biology 7 (1): 12—-23.

Dworkin, J. 2009. “Cellular Polarity in Prokaryotic Organisms.” Cold Spring Harbor
Perspectives in Biology 1 (6): a003368—68. doi:10.1101/cshperspect.a003368.

Dyer, Jayme M, Natasha S Savage, Meng Jin, Trevin R Zyla, Timothy C Elston, and
Daniel J Lew. 2013. “Tracking Shallow Chemical Gradients by Actin-Driven
Wandering of the Polarization Site” 23 (1). Elsevier Ltd: 32—41. doi:10.1016/j.cub.
2012.11.014.

Etienne-Manneville, S. 2004. “Cdc42 - the Centre of Polarity.” Journal of Cell Science
117 (8): 1291-1300. doi:10.1242/jcs.01115.

Etienne-Manneville, S. 2008. “Polarity Proteins in Migration and Invasion.” Oncogene 27
(55): 6970-80. doi:10.1038/0nc.2008.347.

117



Etienne-Manneville, Sandrine, and Alan Hall. 2002. “Rho GTPases in Cell Biology..”
Nature 420 (6916): 629—-35. doi:10.1038/nature01148.

Evangelista, M, K Blundell, M S Longtine, C J Chow, N Adames, J R Pringle, M Peter,
and C Boone. 1997. “Bni1p, a Yeast Formin Linking Cdc42p and the Actin
Cytoskeleton During Polarized Morphogenesis..” Science 276 (5309): 118-22.

Flory, Paul J. 1953. Principles of Polymer Chemistry. Cornell University Press.

FREIFELDER, D. 1960. “Bud Position in Saccharomyces Cerevisiae..” Journal of
Bacteriology 80 (4). American Society for Microbiology (ASM): 567—68.

Freisinger, Tina, Ben Kl uuml nder, Jared Johnson, Nikola M uuml ller, Garwin Pichler,
Gisela Beck, Michael Costanzo, et al. 1AD. “Establishment of a Robust Single Axis
of Cell Polarity by Coupling Multiple Positive Feedback Loops.” Nature
Communications 4. Nature Publishing Group: 1807—11. doi:10.1038/ncomms2795.

Frieser, Sonja Helene, Andrea Hlubek, Bjérn Sandrock, and Michael Bblker. 2011. “Cla4
Kinase Triggers Destruction of the Rac1-GEF Cdc24 During Polarized Growth in
Ustilago Maydis..” Molecular Biology of the Cell 22 (17). American Society for Cell
Biology: 3253—-62. doi:10.1091/mbc.E11-04-0314.

Gibson, Daniel G, Lei Young, Ray-Yuan Chuang, J Craig Venter, Clyde A Hutchison,
and Hamilton O Smith. 2009. “Enzymatic Assembly of DNA Molecules Up to Several
Hundred Kilobases..” Nature Methods 6 (5). Nature Publishing Group: 343—45. doi:
10.1038/nmeth.1318.

Gierer, A, and H Meinhardt. 1972. “A Theory of Biological Pattern Formation..”
Kybernetik 12 (1): 30-39.

Goehring, Nathan W, Carsten Hoege, Stephan W Girill, and Anthony A Hyman. 2011.
“PAR Proteins Diffuse Freely Across the Anterior—Posterior Boundary in Polarized C.
Elegansembryos.” The Journal of Cell Biology 193 (3): 583—-94. doi:10.1083/jcb.
201011094.

Goldstein, B, and S N Hird. 1996. “Specification of the Anteroposterior Axis in
Caenorhabditis Elegans..” Development 122 (5): 1467—-74.

Goldstein, Bob, and lan G Macara. 2007. “The PAR Proteins: Fundamental Players in
Animal Cell Polarization..” Devcel 13 (5). Elsevier: 609-22. doi:10.1016/j.devcel.
2007.10.007.

Goryachev, Andrew B, and Alexandra V Pokhilko. 2008. “Dynamics of Cdc42 Network

Embodies a Turing-Type Mechanism of Yeast Cell Polarity.” Febs Letters 582 (10):
1437-43. doi:10.1016/j.febslet.2008.03.029.

118



Gulli, M P, M Jaquenoud, Y Shimada, G Niederh&auser, P Wiget, and M Peter. 2000.
“Phosphorylation of the Cdc42 Exchange Factor Cdc24 by the PAK-Like Kinase
Cla4 May Regulate Polarized Growth in Yeast..” Molecular Cell 6 (5): 1155—-67.

Guo, S, and K J Kemphues. 1996. “Molecular Genetics of Asymmetric Cleavage in the
Early Caenorhabditis Elegans Embryo..” Current Opinion in Genetics &
Development 6 (4): 408—15.

Halavaty, Andrei S, and Keith Moffat. 2007. “N- and C-Terminal Flanking Regions
Modulate Light-Induced Signal Transduction in the LOV2 Domain of the Blue Light
Sensor Phototropin 1 From Avena Sativa..” Biochemistry 46 (49): 14001-9. doi:
10.1021/bi701543e.

Hall, A. 1998. “Rho GTPases and the Actin Cytoskeleton..” Science 279 (5350): 509-14.

Harper, Shannon M, John M Christie, and Kevin H Gardner. 2004. “Disruption of the
LOV-Jalpha Helix Interaction Activates Phototropin Kinase Activity..” Biochemistry 43
(51): 16184-92. doi:10.1021/bi048092i.

Harris, Kathryn P, and Ulrich Tepass. 2008. “Cdc42 and Par Proteins Stabilize Dynamic
Adherens Junctions in the Drosophilaneuroectoderm Through Regulation of Apical
Endocytosis.” The Journal of Cell Biology 183 (6): 1129—43. doi:10.1083/jcb.
200807020.

Harris, Tony J C, and Mark Peifer. 2007. “aPKC Controls Microtubule Organization to
Balance Adherens Junction Symmetry and Planar Polarity During Development..”
Devcel 12 (5). Elsevier: 727-38. doi:10.1016/j.devcel.2007.02.011.

Hartwell, L H, J Culotti, and B Reid. 1970. “Genetic Control of the Cell-Division Cycle in
Yeast. |. Detection of Mutants..” Proceedings of the National Academy of Sciences
66 (2). National Academy of Sciences: 352—-59.

Hartwell, L H, J Culotti, J R Pringle, and B J Reid. 1974. “Genetic Control of the Cell
Division Cycle in Yeast..” Science 183 (4120): 46-51.

Hartwell, L H, R K Mortimer, J Culotti, and M Culotti. 1973. “Genetic Control of the Cell
Division Cycle in Yeast: v. Genetic Analysis of Cdc Mutants..” Genetics 74 (2).
Genetics Society of America: 267-86.

Haruki, Hirohito, Junichi Nishikawa, and Ulrich K Laemmli. 2008. “The Anchor-Away
Technique: Rapid, Conditional Establishment of Yeast Mutant Phenotypes.”
Molecular Cell 31 (6): 925—-32. doi:10.1016/j.molcel.2008.07.020.

Hegemann, Peter, and Georg Nagel. 2013. “From Channelrhodopsins to

Optogenetics..” EMBO Molecular Medicine 5 (2). EMBO Press: 173—76. doi:
10.1002/emmm.201202387.

119



Hicks, J B, J N Strathern, and | Herskowitz. 1977. “Interconversion of Yeast Mating
Types lll. Action of the Homothallism (HO) Gene in Cells Homozygous for the
Mating Type Locus..” Genetics 85 (3). Genetics Society of America: 395—405.

Hochegger, Helfrid, Shunichi Takeda, and Tim Hunt. 2008. “Cyclin-Dependent Kinases
and Cell-Cycle Transitions: Does One Fit All?.” Nature Reviews Molecular Cell
Biology 9 (11): 910-16. doi:10.1038/nrm2510.

Hodge, Richard G, and Anne J Ridley. 2016. “Regulating Rho GTPases and Their
Regulators.” Nature Reviews Molecular Cell Biology, June. Nature Publishing
Group, 1-15. doi:10.1038/nrm.2016.67.

Hoege, Carsten, and Anthony A Hyman. 2013. “Principles of PAR Polarity in
Caenorhabditis Elegans Embryos.” Nature Reviews Molecular Cell Biology 14 (5).
Nature Publishing Group: 315—-22. doi:10.1038/nrm3558.

Holt, Liam J, Brian B Tuch, Judit Villén, Alexander D Johnson, Steven P Gygi, and David
O Morgan. 2009. “Global Analysis of Cdk1 Substrate Phosphorylation Sites
Provides Insights Into Evolution..” Science 325 (5948). American Association for the
Advancement of Science: 1682—-86. doi:10.1126/science.1172867.

Houk, Andrew R, Alexandra Jilkine, Cecile O Mejean, Rostislav Boltyanskiy, Eric R
Dufresne, Sigurd B Angenent, Steven J Altschuler, Lani F Wu, and Orion D Weiner.
2012. “Membrane Tension Maintains Cell Polarity by Confining Signals to the
Leading Edge During Neutrophil Migration..” Cell 148 (1-2): 175—88. doi:10.1016/
j-cell.2011.10.050.

Houssine Snoussi, El. 2011. “Necessary Conditions for Multistationarity and Stable
Periodicity.” Journal of Biological Systems 06 (01). World Scientific Publishing
Company: 3-9. doi:10.1142/S0218339098000042.

Howell, AS, and D J Lew. 2012. “Morphogenesis and the Cell Cycle.” Genetics 190 (1):
51-77. doi:10.1534/genetics.111.128314.

Howell, Audrey S, Meng Jin, Chi-Fang Wu, Trevin R Zyla, Timothy C Elston, and Daniel
J Lew. 2012. “Negative Feedback Enhances Robustness in the Yeast Polarity
Establishment Circuit.” Cell 149 (2). Elsevier Inc.: 322—-33. doi:10.1016/j.cell.
2012.03.012.

Howell, Audrey S, Natasha S Savage, Sam A Johnson, Indrani Bose, Allison W Wagner,
Trevin R Zyla, H Frederik Nijhout, Michael C Reed, Andrew B Goryachev, and
Daniel J Lew. 2009. “Singularity in Polarization: Rewiring Yeast Cells to Make Two
Buds.” Cell 139 (4). Elsevier Ltd: 731-43. doi:10.1016/j.cell.2009.10.024.

Huang, Chuan-Hsiang, Ming Tang, Changji Shi, Pablo A Iglesias, and Peter N
Devreotes. 2013. “An Excitable Signal Integrator Couples to an Idling Cytoskeletal

120



Oscillator to Drive Cell Migration.” Nature Publishing Group 15 (11). Nature
Publishing Group: 1-13. doi:10.1038/ncb2859.

Huang, Jin, Akiko Koide, Koki Makabe, and Shohei Koide. 2008. “Design of Protein
Function Leaps by Directed Domain Interface Evolution..” Proceedings of the
National Academy of Sciences of the United States of America 105 (18). National
Acad Sciences: 6578—83. doi:10.1073/pnas.0801097105.

Huang, Jin, Koki Makabe, Matthew Biancalana, Akiko Koide, and Shohei Koide. 2009.
“Structural Basis for Exquisite Specificity of Affinity Clamps, Synthetic Binding
Proteins Generated Through Directed Domain-Interface Evolution.” Journal of
Molecular Biology 392 (5). Elsevier Ltd: 1221-31. doi:10.1016/j.jmb.2009.07.067.

Hughes, D A, Y Fukui, and M Yamamoto. 1990. “Homologous Activators of Ras in
Fission and Budding Yeast..” Nature 344 (6264). Nature Publishing Group: 355-57.
doi:10.1038/344355a0.

Hutterer, Andrea, Joerg Betschinger, Mark Petronczki, and Juergen A Knoblich. 2004.
“Sequential Roles of Cdc42, Par-6, aPKC, and Lgl in the Establishment of Epithelial
Polarity During Drosophila Embryogenesis.” Developmental Cell 6 (6): 845—-54. doi:
10.1016/j.devcel.2004.05.008.

Irazoqui, Javier E, Amy S Gladfelter, and Daniel J Lew. 2003. “Scaffold-Mediated
Symmetry Breaking by Cdc42p.” Nature Cell Biology 5 (12): 1062—70. doi:10.1038/
ncb1068.

Iwase, Masayuki, Jianying Luo, Satish Nagaraj, Mark Longtine, Hyong Bai Kim, Brian K
Haarer, Carlo Caruso, Zongtian Tong, John R Pringle, and Erfei Bi. 2006. “Role of a
Cdc42p Effector Pathway in Recruitment of the Yeast Septins to the Presumptive
Bud Site..” Molecular Biology of the Cell 17 (3). American Society for Cell Biology:
1110-25. doi:10.1091/mbc.E05-08-0793.

Jaquenoud, M, and M Peter. 2000. “Gic2p May Link Activated Cdc42p to Components
Involved in Actin Polarization, Including Bni1p and Bud6p (Aip3p)..” Molecular and
Cellular Biology 20 (17). American Society for Microbiology (ASM): 6244—58.

Jilkine, Alexandra, and Leah Edelstein-Keshet. 2011. “A Comparison of Mathematical
Models for Polarization of Single Eukaryotic Cells in Response to Guided Cues.”
Edited by Jason M Haugh. PLoS Computational Biology 7 (4): e1001121-15. doi:
10.1371/journal.pcbi.1001121.

Joberty, G, C Petersen, L Gao, and | G Macara. 2000. “The Cell-Polarity Protein Par6
Links Par3 and Atypical Protein Kinase C to Cdc42..” Nature Cell Biology 2 (8): 531—
39. doi:10.1038/35019573.

Johansson, A, M Driessens, and P Aspenstrém. 2000. “The Mammalian Homologue of

121



the Caenorhabditis Elegans Polarity Protein PAR-6 Is a Binding Partner for the Rho
GTPases Cdc42 and Rac1..” Journal of Cell Science 113 ( Pt 18) (September):
3267-75.

Johnson, D I. 1999. “Cdc42: an Essential Rho-Type GTPase Controlling Eukaryotic Cell
Polarity..” Microbiology and Molecular Biology Reviews : MMBR 63 (1): 54—105.

Johnson, D |, and J R Pringle. 1990. “Molecular Characterization of CDC42, a
Saccharomyces Cerevisiae Gene Involved in the Development of Cell Polarity..” The
Journal of Cell Biology 111 (1). The Rockefeller University Press: 143-52.

Jose, M, S Tollis, D Nair, J B Sibarita, and D McCusker. 2013. “Robust Polarity
Establishment Occurs via an Endocytosis-Based Cortical Corralling Mechanism.”
The Journal of Cell Biology 200 (4): 407—18. doi:10.1083/jcb.201206081.

Kang, P J, M E Lee, and H O Park. 2014. “Bud3 Activates Cdc42 to Establish a Proper
Growth Site in Budding Yeast.” The Journal of Cell Biology 206 (1): 19—-28. doi:
10.1083/jcb.201402040.

Kawasaki, T, K Henmi, E Ono, S Hatakeyama, M lwano, H Satoh, and K Shimamoto.
1999. “The Small GTP-Binding Protein Rac Is a Regulator of Cell Death in Plants..”
Proceedings of the National Academy of Sciences 96 (19). National Academy of
Sciences: 10922-26.

Kelly, Felice D, and Paul Nurse. 2011. “Spatial Control of Cdc42 Activation Determines
Cell Width in Fission Yeast..” Molecular Biology of the Cell 22 (20). American
Society for Cell Biology: 3801—11. doi:10.1091/mbc.E11-01-0057.

Kemphues, K J, J R Priess, D G Morton, and N S Cheng. 1988. “Identification of Genes
Required for Cytoplasmic Localization in Early C. Elegans Embryos..” Cell 52 (3):
311-20.

Kholodenko, Boris N. 2006. “Cell-Signalling Dynamics in Time and Space..” Nature
Reviews Molecular Cell Biology 7 (3). Nature Publishing Group: 165—76. doi:
10.1038/nrm1838.

King, Jason S, and Robert H Insall. 2009. “Chemotaxis: Finding the Way Forward with
Dictyostelium..” Trends in Cell Biology 19 (10): 523—-30. doi:10.1016/j.tcb.
2009.07.004.

Kishi, K, T Sasaki, S Kuroda, T Itoh, and Y Takai. 1993. “Regulation of Cytoplasmic
Division of Xenopus Embryo by Rho P21 and Its Inhibitory GDP/GTP Exchange
Protein (Rho GDI)..” The Journal of Cell Biology 120 (5). The Rockefeller University
Press: 1187-95.

Kitano, Hiroaki. 2004. “Biological Robustness..” Nature Reviews Genetics 5 (11). Nature

122



Publishing Group: 826—37. doi:10.1038/nrg1471.

Klooster, ten, Jean Paul, and Peter L Hordijk. 2007. “Targeting and Localized Signalling
by Small GTPases..” Biology of the Cell 99 (1). Blackwell Publishing Ltd: 1—-12. doi:
10.1042/BC20060071.

Klinder, Ben, Tina Freisinger, Roland Wedlich-Séldner, and Erwin Frey. 2013. “GDI-
Mediated Cell Polarization in Yeast Provides Precise Spatial and Temporal Control
of Cdc42 Signaling.” Edited by Jeffrey J Saucerman. PLoS Computational Biology 9
(12): e1003396—12. doi:10.1371/journal.pcbi.1003396.

Knaus, Michele, Marie-Pierre Pelli-Gulli, Frank van Drogen, Sander Springer, Malika
Jaquenoud, and Matthias Peter. 2007. “Phosphorylation of Bem2p and Bem3p May
Contribute to Local Activation of Cdc42p at Bud Emergence..” The EMBO Journal
26 (21). EMBO Press: 4501-13. doi:10.1038/sj.emb0j.7601873.

Knust, Elisabeth, and Olaf Bossinger. 2002. “Composition and Formation of Intercellular
Junctions in Epithelial Cells..” Science 298 (5600). American Association for the
Advancement of Science: 1955-59. doi:10.1126/science.1072161.

Kondo, S, and T Miura. 2010. “Reaction-Diffusion Model as a Framework for
Understanding Biological Pattern Formation.” Science 329 (5999): 1616—20. doi:
10.1126/science.1179047.

Kozubowski, Lukasz, Koji Saito, Jayme M Johnson, Audrey S Howell, Trevin R Zyla,
and Daniel J Lew. 2008. “Symmetry-Breaking Polarization Driven by a Cdc42p GEF-
PAK Complex” 18 (22). Elsevier Ltd: 1719-26. doi:10.1016/j.cub.2008.09.060.

Kuchinke, U, F Grawe, and E Knust. 1998. “Control of Spindle Orientation in Drosophila
by the Par-3-Related PDZ-Domain Protein Bazooka..” Current Biology 8 (25): 1357—
65.

Kuo, Chun-Chen, Natasha S Savage, Hsin Chen, Chi-Fang Wu, Trevin R Zyla, and
Daniel J Lew. 2014. “Inhibitory GEF Phosphorylation Provides Negative Feedback in
the Yeast Polarity Circuit,” March. Elsevier Ltd, 1-7. doi:10.1016/j.cub.2014.02.024.

Lamson, Rachel E, Matthew J Winters, and Peter M Pryciak. 2002. “Cdc42 Regulation
of Kinase Activity and Signaling by the Yeast P21-Activated Kinase Ste20..”
Molecular and Cellular Biology 22 (9). American Society for Microbiology (ASM):
2939-51. doi:10.1128/MCB.22.9.2939-2951.2002.

Langeberg, Lorene K, and John D Scott. 2015. “Signalling Scaffolds and Local
Organization of Cellular Behaviour.” Nature Reviews Molecular Cell Biology 16 (4).
Nature Publishing Group: 232—44. doi:10.1038/nrm3966.

Larochelle, D A, K K Vithalani, and A De Lozanne. 1996. “A Novel Member of the Rho

123



Family of Small GTP-Binding Proteins Is Specifically Required for Cytokinesis..” The
Journal of Cell Biology 133 (6). The Rockefeller University Press: 1321-29.

Layton, Anita T, Natasha S Savage, Audrey S Howell, Susheela Y Carroll, David G
Drubin, and Daniel J Lew. 2011. “Modeling Vesicle Traffic Reveals Unexpected
Consequences for Cdc42p-Mediated Polarity Establishment” 21 (3). Elsevier Ltd:
184-94. doi:10.1016/j.cub.2011.01.012.

Leptin, Maria. 2005. “Gastrulation Movements: the Logic and the Nuts and Bolts..”
Devcel 8 (3): 305—20. doi:10.1016/j.devcel.2005.02.007.

Leveleki, Leonora, Michael Mahlert, Bjérn Sandrock, and Michael Bélker. 2004. “The
PAK Family Kinase Cla4 Is Required for Budding and Morphogenesis in Ustilago
Maydis.” Molecular Microbiology 54 (2): 396—406. doi:10.1111/j.
1365-2958.2004.04296.x.

Levitan, D J, L Boyd, C C Mello, K J Kemphues, and D T Stinchcomb. 1994. “Par-2, a
Gene Required for Blastomere Asymmetry in Caenorhabditis Elegans, Encodes
Zinc-Finger and ATP-Binding Motifs..” Proceedings of the National Academy of
Sciences 91 (13). National Academy of Sciences: 6108—12.

Lew, D J, and S | Reed. 1993. “Morphogenesis in the Yeast Cell Cycle: Regulation by
Cdc28 and Cyclins..” The Journal of Cell Biology 120 (6). The Rockefeller University
Press: 1305-20.

Li, Xiang, Davina V Gutierrez, M Gartz Hanson, Jing Han, Melanie D Mark, Hillel Chiel,
Peter Hegemann, Lynn T Landmesser, and Stefan Herlitze. 2005. “Fast Noninvasive
Activation and Inhibition of Neural and Network Activity by Vertebrate Rhodopsin
and Green Algae Channelrhodopsin..” Proceedings of the National Academy of
Sciences 102 (49). National Acad Sciences: 17816—21. doi:10.1073/pnas.
0509030102.

Longtine, M S, A McKenzie, D J Demarini, N G Shah, A Wach, A Brachat, P Philippsen,
and J R Pringle. 1998. “Additional Modules for Versatile and Economical PCR-
Based Gene Deletion and Modification in Saccharomyces Cerevisiae..” Yeast
(Chichester, England) 14 (10). John Wiley & Sons, Ltd.: 953-61. doi:10.1002/
(SICI1)1097-0061(199807)14:10<953::AID-YEA293>3.0.CO;2-U.

Loog, Mart, and David O Morgan. 2005. “Cyclin Specificity in the Phosphorylation of
Cyclin-Dependent Kinase Substrates..” Nature 434 (7029): 104—8. doi:10.1038/
nature03329.

Louvion, J F, B Havaux-Copf, and D Picard. 1993. “Fusion of GAL4-VP16 to a Steroid-

Binding Domain Provides a Tool for Gratuitous Induction of Galactose-Responsive
Genes in Yeast..” Gene 131 (1): 129-34.

124



Luo, L, Y J Liao, LY Jan, and Y N Jan. 1994. “Distinct Morphogenetic Functions of
Similar Small GTPases: Drosophila Drac1 Is Involved in Axonal Outgrowth and
Myoblast Fusion..” Genes & Development 8 (15): 1787—-1802.

Lyczak, Rebecca, José-Eduardo Gomes, and Bruce Bowerman. 2002. “Heads or Tails:
Cell Polarity and Axis Formation in the Early Caenorhabditis Elegans Embryo..”
Devcel 3 (2): 157—-66.

Madden, K, and M Snyder. 1992. “Specification of Sites for Polarized Growth in
Saccharomyces Cerevisiae and the Influence of External Factors on Site
Selection..” Molecular Biology of the Cell 3 (9). American Society for Cell Biology:
1025-35.

Mabhlert, Michael, Leonora Leveleki, Andrea Hlubek, Bjérn Sandrock, and Michael
Bélker. 2006. “Rac1 and Cdc42 Regulate Hyphal Growth and Cytokinesis in the
Dimorphic Fungus Ustilago Maydis..” Molecular Microbiology 59 (2). Blackwell
Science Ltd: 567-78. doi:10.1111/j.1365-2958.2005.04952.x.

Marquitz, Aron R, Jacob C Harrison, Indrani Bose, Trevin R Zyla, John N McMillan, and
Daniel J Lew. 2002. “The Rho-GAP Bem2p Plays a GAP-Independent Role in the
Morphogenesis Checkpoint..” The EMBO Journal 21 (15). EMBO Press: 4012-25.
doi:10.1093/emboj/cdf416.

Martin, Sophie G, and Robert A Arkowitz. 2014. “Cell Polarization in Budding and
Fission Yeasts..” FEMS Microbiology Reviews 38 (2): 228-53. doi:
10.1111/1574-6976.12055.

Mavrakis, Manos, Richa Rikhy, and Jennifer Lippincott-Schwartz. 2009. “Cells Within a
Cell: Insights Into Cellular Architecture and Polarization From the Organization of
the Early Fly Embryo..” Communicative & Integrative Biology 2 (4). Taylor & Francis:
313-14.

McCaffrey, L M, and | G Macara. 2009. “Widely Conserved Signaling Pathways in the
Establishment of Cell Polarity.” Cold Spring Harbor Perspectives in Biology 1 (2):
a001370-70. doi:10.1101/cshperspect.a001370.

McCusker, Derek, Carilee Denison, Scott Anderson, Thea A Egelhofer, John R Yates,
Steven P Gygi, and Douglas R Kellogg. 2007. “Cdk1 Coordinates Cell-Surface
Growth with the Cell Cycle.” Nature Cell Biology 9 (5): 506—15. doi:10.1038/
ncb1568.

Meinhardt, H, and A Gierer. 1974. “Applications of a Theory of Biological Pattern
Formation Based on Lateral Inhibition..” Journal of Cell Science 15 (2): 321—46.

Mionnet, Cyril, Stéphanie Bogliolo, and Robert A Arkowitz. 2008. “Oligomerization
Regulates the Localization of Cdc24, the Cdc42 Activator in Saccharomyces

125



Cerevisiae..” Journal of Biological Chemistry 283 (25). American Society for
Biochemistry and Molecular Biology: 17515-30. doi:10.1074/jbc.M800305200.

Moore, Travis |, Ching-Shan Chou, Qing Nie, Noo Li Jeon, and Tau-Mu Yi. 2008.
“Robust Spatial Sensing of Mating Pheromone Gradients by Yeast Cells.” Edited by
Amy S Gladfelter. PLoS ONE 3 (12): e3865—11. doi:10.1371/journal.pone.0003865.

Mori, Yoichiro, Alexandra Jilkine, and Leah Edelstein-Keshet. 2008. “Wave-Pinning and
Cell Polarity From a Bistable Reaction-Diffusion System.” Biophysical Journal 94 (9):
3684—-97. doi:10.1529/biophysj.107.120824.

Motegi, F, and G Seydoux. 2013. “The PAR Network: Redundancy and Robustness in a
Symmetry-Breaking System.” Philosophical Transactions of the Royal Society B:
Biological Sciences 368 (1629): 20130010-10. doi:10.1098/rstb.2013.0010.

Motegi, Fumio, and Asako Sugimoto. 2006. “Sequential Functioning of the ECT-2
RhoGEF, RHO-1 and CDC-42 Establishes Cell Polarity in Caenorhabditis Elegans
Embryos.” Nature Cell Biology 8 (9): 978-85. doi:10.1038/ncb1459.

Motegi, Fumio, Seth Zonies, Yingsong Hao, Adrian A Cuenca, Erik Griffin, and
Geraldine Seydoux. 2011. “Microtubules Induce Self-Organization of Polarized PAR
Domains in Caenorhabditis Elegans Zygotes..” Nature Publishing Group 13 (11):
1361-67. doi:10.1038/nch2354.

Munemitsu, S, M A Innis, R Clark, F McCormick, A Ullrich, and P Polakis. 1990.
“Molecular Cloning and Expression of a G25K cDNA, the Human Homolog of the
Yeast Cell Cycle Gene CDC42..” Molecular and Cellular Biology 10 (11). American
Society for Microbiology (ASM): 5977-82.

Munro, Edwin, Jeremy Nance, and James R Priess. 2004. “Cortical Flows Powered by
Asymmetrical Contraction Transport PAR Proteins to Establish and Maintain
Anterior-Posterior Polarity in the Early C. Elegans Embryo..” Devcel 7 (3). Elsevier:
413-24. doi:10.1016/j.devcel.2004.08.001.

Muller, H A, and E Wieschaus. 1996. “Armadillo, Bazooka, and Stardust Are Critical for
Early Stages in Formation of the Zonula Adherens and Maintenance of the Polarized
Blastoderm Epithelium in Drosophila..” The Journal of Cell Biology 134 (1). The
Rockefeller University Press: 149-63.

Nagel, Georg, Martin Brauner, Jana F Liewald, Nona Adeishvili, Ernst Bamberg, and
Alexander Gottschalk. 2005. “Light Activation of Channelrhodopsin-2 in Excitable
Cells of Caenorhabditis Elegans Triggers Rapid Behavioral Responses.” Current
Biology 15 (24): 2279-84. doi:10.1016/j.cub.2005.11.032.

Nagel, Georg, Tanjef Szellas, Wolfram Huhn, Suneel Kateriya, Nona Adeishvili, Peter
Berthold, Doris Ollig, Peter Hegemann, and Ernst Bamberg. 2003.

126



“Channelrhodopsin-2, a Directly Light-Gated Cation-Selective Membrane Channel..”
Proceedings of the National Academy of Sciences 100 (24): 13940—45. doi:10.1073/
pnas.1936192100.

Nance, J, and J A Zallen. 2011. “Elaborating Polarity: PAR Proteins and the
Cytoskeleton.” Development 138 (5): 799-809. doi:10.1242/dev.053538.

Nern, A, and R A Arkowitz. 2000. “Nucleocytoplasmic Shuttling of the Cdc42p Exchange
Factor Cdc24p..” The Journal of Cell Biology 148 (6): 1115-22.

Nimnual, Anjaruwee S, Laura J Taylor, and Dafna Bar-Sagi. 2003. “Redox-Dependent
Downregulation of Rho by Rac..” Nature Cell Biology 5 (3): 236—41. doi:10.1038/
ncb938.

Nobes, C D, and A Hall. 1999. “Rho GTPases Control Polarity, Protrusion, and Adhesion
During Cell Movement..” The Journal of Cell Biology 144 (6): 1235—-44.

O'Neill, Patrick R, and N Gautam. 2014. “Subcellular Optogenetic Inhibition of G
Proteins Generates Signaling Gradients and Cell Migration..” Molecular Biology of
the Cell 25 (15). American Society for Cell Biology: 2305-14. doi:10.1091/
mbc.E14-04-0870.

O'Neill, Patrick R, Vani Kalyanaraman, and N Gautam. 2016. “Subcellular Optogenetic
Activation of Cdc42 Controls Local and Distal Signaling to Drive Immune Cell
Migration..” Molecular Biology of the Cell 27 (9). American Society for Cell Biology:
1442-50. doi:10.1091/mbc.E15-12-0832.

Ohta, Yasutaka, John H Hartwig, and Thomas P Stossel. 2006. “FilGAP, a Rho- and
ROCK-Regulated GAP for Rac Binds Filamin a to Control Actin Remodelling..”
Nature Cell Biology 8 (8). Nature Publishing Group: 803—14. doi:10.1038/ncb1437.

Okada, Satoshi, Marcin Leda, Julia Hanna, Natasha S Savage, Erfei Bi, and Andrew B
Goryachev. 2013. “Daughter Cell Identity Emerges From the Interplay of Cdc42,
Septins, and Exocytosis.” Devcel 26 (2). The Authors: 148—61. doi:10.1016/j.devcel.
2013.06.015.

Otsuiji, Mikiya, Shuiji Ishihara, Carl Co, Kozo Kaibuchi, Atsushi Mochizuki, and Shinya
Kuroda. 2007. “A Mass Conserved Reaction—Diffusion System Captures Properties
of Cell Polarity.” PLoS Computational Biology 3 (6): e108—-15. doi:10.1371/
journal.pcbi.0030108.

Ozbudak, Ertugrul M, Attila Becskei, and Alexander van Oudenaarden. 2005. “A System
of Counteracting Feedback Loops Regulates Cdc42p Activity During Spontaneous
Cell Polarization.” Developmental Cell 9 (4): 565—-71. doi:10.1016/j.devcel.
2005.08.014.

127



Park, H O, E Bi, J R Pringle, and | Herskowitz. 1997. “Two Active States of the Ras-
Related Bud1/Rsr1 Protein Bind to Different Effectors to Determine Yeast Cell
Polarity..” Proceedings of the National Academy of Sciences 94 (9): 4463—68.

Park, Hay-Oak, and Erfei Bi. 2007. “Central Roles of Small GTPases in the
Development of Cell Polarity in Yeast and Beyond..” Microbiology and Molecular
Biology Reviews : MMBR 71 (1). American Society for Microbiology: 48—96. doi:
10.1128/MMBR.00028-06.

Petronczki, M, and J A Knoblich. 2001. “DmPAR-6 Directs Epithelial Polarity and
Asymmetric Cell Division of Neuroblasts in Drosophila..” Nature Cell Biology 3 (1):
43-49. doi:10.1038/35050550.

Plant, Pamela J, James P Fawcett, Dan C C Lin, Amy D Holdorf, Kathleen Binns,
Sarang Kulkarni, and Tony Pawson. 2003. “A Polarity Complex of mPar-6 and
Atypical PKC Binds, Phosphorylates and Regulates Mammalian Lgl.” Nature Cell
Biology 5 (4): 301-8. doi:10.1038/ncb948.

Pruyne, David, Aster Legesse-Miller, Lina Gao, Yuqing Dong, and Anthony Bretscher.
2004. “Mechanisms of Polarized Growth and Organelle Segregation in Yeast..”
Annual Review of Cell and Developmental Biology 20 (1). Annual Reviews: 559-91.
doi:10.1146/annurev.cellbio.20.010403.103108.

Qiu, R G, AAbo, and G Steven Martin. 2000. “A Human Homolog of the C. Elegans
Polarity Determinant Par-6 Links Rac and Cdc42 to PKCzeta Signaling and Cell
Transformation..” Current Biology 10 (12): 697—-707.

Rao, Christopher V, Denise M Wolf, and Adam P Arkin. 2002. “Control, Exploitation and
Tolerance of Intracellular Noise..” Nature 420 (6912). Nature Publishing Group: 231—
37. doi:10.1038/nature01258.

Rapali, Péter, Romain Mitteau, Craig Braun, Aurélie Massoni-Laporte, Caner Unl(,
Laure Bataille, Floriane Saint Arramon, Steven P Gygi, and Derek McCusker. 2017.
“Scaffold-Mediated Gating of Cdc42 Signalling Flux..” eLife 6 (March): 231. doi:
10.7554/eLife.25257.

Reid, B J, and L H Hartwell. 1977. “Regulation of Mating in the Cell Cycle of
Saccharomyces Cerevisiae..” The Journal of Cell Biology 75 (2 Pt 1). The
Rockefeller University Press: 355—-65.

Renicke, Christian, Daniel Schuster, Svetlana Usherenko, Lars-Oliver Essen, and
Christof Taxis. 2013. “A LOV2 Domain-Based Optogenetic Tool to Control Protein
Degradation and Cellular Function..” Chemistry & Biology 20 (4): 619-26. doi:
10.1016/j.chembiol.2013.03.005.

Richardson, H E, C Wittenberg, F Cross, and S | Reed. 1989. “An Essential G1

128



Function for Cyclin-Like Proteins in Yeast..” Cell 59 (6): 1127-33.

Ridley, A J. 2001. “Rho GTPases and Cell Migration..” Journal of Cell Science 114 (Pt
15): 2713-22.

Ridley, Anne J, Martin A Schwartz, Keith Burridge, Richard A Firtel, Mark H Ginsberg,
Gary Borisy, J Thomas Parsons, and Alan Rick Horwitz. 2003. “Cell Migration:
Integrating Signals From Front to Back..” Science 302 (5651). American Association
for the Advancement of Science: 1704-9. doi:10.1126/science.1092053.

Rojas, Ana Maria, Gloria Fuentes, Antonio Rausell, and Alfonso Valencia. 2012. “The
Ras Protein Superfamily: Evolutionary Tree and Role of Conserved Amino Acids..”
The Journal of Cell Biology 196 (2). Rockefeller University Press: 189-201. doi:
10.1083/jcb.201103008.

Rossman, Kent L, David K Worthylake, Jason T Snyder, David P Siderovski, Sharon L
Campbell, and John Sondek. 2002. “A Crystallographic View of Interactions
Between Dbs and Cdc42: PH Domain-Assisted Guanine Nucleotide Exchange..”
The EMBO Journal 21 (6). EMBO Press: 1315-26. doi:10.1093/emboj/21.6.1315.

Rottner, K, A Hall, and J V Small. 1999. “Interplay Between Rac and Rho in the Control
of Substrate Contact Dynamics..” Current Biology 9 (12): 640—48.

Run, J Q, R Steven, M S Hung, R van Weeghel, J G Culotti, and J C Way. 1996.
“Suppressors of the Unc-73 Gene of Caenorhabditis Elegans..” Genetics 143 (1).
Genetics Society of America: 225-36.

Sailer, Anne, Alexander Anneken, Younan Li, Sam Lee, and Edwin Munro. 2015.
“Dynamic Opposition of Clustered Proteins Stabilizes Cortical Polarity in the
C.&Nbsp;Elegans Zygote.” Devcel 35 (1). Elsevier Inc.: 131-42. doi:10.1016/
j-devcel.2015.09.006.

Savage, Natasha S, Anita T Layton, and Daniel J Lew. 2012. “Mechanistic Mathematical
Model of Polarity in Yeast..” Molecular Biology of the Cell 23 (10). American Society
for Cell Biology: 1998—2013. doi:10.1091/mbc.E11-10-0837.

Sawin, K E, M A Hajibagheri, and P Nurse. 1999. “Mis-Specification of Cortical Identity
in a Fission Yeast PAK Mutant..” Current Biology 9 (22): 1335—-38.

Schmoller, Kurt M, J J Turner, M Kdivom&gi, and Jan M Skotheim. 2015. “Dilution of the
Cell Cycle Inhibitor Whi5 Controls Budding-Yeast Cell Size..” Nature 526 (7572):
268-72. doi:10.1038/nature14908.

Schneider, Caroline A, Wayne S Rasband, and Kevin W Eliceiri. 2012. “NIH Image to
Imaged: 25 Years of Image Analysis..” Nature Methods 9 (7): 671-75.

129



Schonegg, S. 2006. “CDC-42 and RHO-1 Coordinate Acto-Myosin Contractility and PAR
Protein Localization During Polarity Establishment in C. Elegans Embryos.”
Development 133 (18): 3507—-16. doi:10.1242/dev.02527.

Schubert, C M, R Lin, C J de Vries, R H Plasterk, and J R Priess. 2000. “MEX-5 and
MEX-6 Function to Establish Soma/Germline Asymmetry in Early C. Elegans
Embryos..” Molecular Cell 5 (4): 671-82.

Shimada, Y, M P Gulli, and M Peter. 2000. “Nuclear Sequestration of the Exchange
Factor Cdc24 by Far1 Regulates Cell Polarity During Yeast Mating..” Nature Cell
Biology 2 (2): 117—24. doi:10.1038/35000073.

Shinjo, K, J G Koland, M J Hart, V Narasimhan, D | Johnson, T Evans, and R A Cerione.
1990. “Molecular Cloning of the Gene for the Human Placental GTP-Binding Protein
Gp (G25K): Identification of This GTP-Binding Protein as the Human Homolog of the
Yeast Cell-Division-Cycle Protein CDC42..” Proceedings of the National Academy of
Sciences 87 (24). National Academy of Sciences: 9853-57.

Shulman, J M, R Benton, and D St Johnston. 2000. “The Drosophila Homolog of C.
Elegans PAR-1 Organizes the Oocyte Cytoskeleton and Directs Oskar mRNA
Localization to the Posterior Pole..” Cell 101 (4): 377-88.

Simon, M N, C De Virgilio, B Souza, J R Pringle, A Abo, and S | Reed. 1995. “Role for
the Rho-Family GTPase Cdc42 in Yeast Mating-Pheromone Signal Pathway..”
Nature 376 (6542). Nature Publishing Group: 702-5. doi:10.1038/376702a0.

Skotheim, Jan M, Stefano Di Talia, Eric D Siggia, and Frederick R Cross. 2008.
“Positive Feedback of G1 Cyclins Ensures Coherent Cell Cycle Entry.” Nature 454
(7202): 291-96. doi:10.1038/nature07118.

Slaughter, Brian D, Arupratan Das, Joel W Schwartz, Boris Rubinstein, and Rong Li.
2009. “Dual Modes of Cdc42 Recycling Fine-Tune Polarized Morphogenesis.”
Devcel 17 (6). Elsevier Ltd: 823—-35. doi:10.1016/j.devcel.2009.10.022.

Slaughter, Brian D, Jay R Unruh, Arupratan Das, Sarah E Smith, Boris Rubinstein, and
Rong Li. 1AD. “Non-Uniform Membrane Diffusion Enables Steady-State Cell
Polarization via Vesicular Trafficking.” Nature Communications 4. Nature Publishing
Group: 1380-10. doi:10.1038/ncomms2370.

Sloat, B F, AAdams, and J R Pringle. 1981. “Roles of the CDC24 Gene Product in
Cellular Morphogenesis During the Saccharomyces Cerevisiae Cell Cycle..” The
Journal of Cell Biology 89 (3). The Rockefeller University Press: 395-405.

Smith, Matthew B, Hongsheng Li, Tian Shen, Xiaolei Huang, Eddy Yusuf, and Dimitrios

Vavylonis. 2010. “Segmentation and Tracking of Cytoskeletal Filaments Using Open
Active Contours..” Cytoskeleton (Hoboken, N.J.) 67 (11). John Wiley & Sons, Inc.:

130



693-705. doi:10.1002/cm.20481.

Sopko, Richelle, Dongging Huang, Jeffrey C Smith, Daniel Figeys, and Brenda J
Andrews. 2007. “Activation of the Cdc42p GTPase by Cyclin-Dependent Protein
Kinases in Budding Yeast..” The EMBO Journal 26 (21). EMBO Press: 4487—-4500.
doi:10.1038/sj.emb0j.7601847.

Srinivasan, Supriya, Fei Wang, Suzana Glavas, Alexander Ott, Fred Hofmann, Klaus
Aktories, Daniel Kalman, and Henry R Bourne. 2003. “Rac and Cdc42 Play Distinct
Roles in Regulating PI(3,4,5)P 3and Polarity During Neutrophil Chemotaxis.” The
Journal of Cell Biology 160 (3): 375—85. doi:10.1083/jcb.200208179.

St Johnston, Daniel, and Julie Ahringer. 2010. “Cell Polarity in Eggs and Epithelia:
Parallels and Diversity.” Cell 141 (5): 757—74. doi:10.1016/j.cell.2010.05.011.

Stevenson, B J, B Ferguson, C De Virgilio, E Bi, J R Pringle, G Ammerer, and G F
Sprague. 1995. “Mutation of RGA1, Which Encodes a Putative GTPase-Activating
Protein for the Polarity-Establishment Protein Cdc42p, Activates the Pheromone-
Response Pathway in the Yeast Saccharomyces Cerevisiae..” Genes &
Development 9 (23): 2949-63.

Strickland, Devin, Yuan Lin, Elizabeth Wagner, C Matthew Hope, Josiah Zayner, Chloe
Antoniou, Tobin R Sosnick, Eric L Weiss, and Michael Glotzer. 2012. “TULIPs:
Tunable, Light-Controlled Interacting Protein Tags for Cell Biology.” Nature Methods
9 (4): 379-84. doi:10.1038/nmeth.1904.

Suzuki, A. 2006. “The PAR-aPKC System: Lessons in Polarity.” Journal of Cell Science
119 (6): 979-87. doi:10.1242/jcs.02898.

Symons, Marc, and Nicole Rusk. 2003. “Control of Vesicular Trafficking by Rho
GTPases..” Current Biology 13 (10): R409-18.

Tepass, Ulrich. 2012. “The Apical Polarity Protein Network in DrosophilaEpithelial Cells:
Regulation of Polarity, Junctions, Morphogenesis, Cell Growth, and Survival.”
Annual Review of Cell and Developmental Biology 28 (1): 655—85. doi:10.1146/
annurev-cellbio-092910-154033.

Thompson, B J. 2012. “Cell Polarity: Models and Mechanisms From Yeast, Worms and
Flies.” Development 140 (1): 13—21. doi:10.1242/dev.083634.

Tischer, Doug, and Orion D Weiner. 2014. “llluminating Cell Signalling with Optogenetic
Tools.” Nature Reviews Molecular Cell Biology 15 (8). Nature Publishing Group:
551-58. doi:10.1038/nrm3837.

Toettcher, Jared E, Christopher A Voigt, Orion D Weiner, and Wendell A Lim. 2010. “The
Promise of Optogenetics in Cell Biology: Interrogating Molecular Circuits in Space

131



and Time.” Nature Methods 8 (1): 35—-38. doi:10.1038/nmeth.f.326.

Toettcher, Jared E, Orion D Weiner, and Wendell A Lim. 2013. “Using Optogenetics to
Interrogate the Dynamic Control of Signal Transmission by the Ras/Erk Module.”
Cell 155 (6). Elsevier Inc.: 1422—-34. doi:10.1016/j.cell.2013.11.004.

Tong, Z, X D Gao, A S Howell, | Bose, D J Lew, and E Bi. 2007. “Adjacent Positioning of
Cellular Structures Enabled by a Cdc42 GTPase-Activating Protein Mediated Zone
of Inhibition.” The Journal of Cell Biology 179 (7): 1375-84. doi:10.1083/jcb.
200705160.

Turing, A. 1952. The Chemical Basis for Morphogenesis. Ph Il. Trans. R. Soc. London.

Ubersax, Jeffrey A, Erika L Woodbury, Phuong N Quang, Maria Paraz, Justin D
Blethrow, Kavita Shah, Kevan M Shokat, and David O Morgan. 2003. “Targets of the
Cyclin-Dependent Kinase Cdk1..” Nature 425 (6960): 859—64. doi:10.1038/
nature02062.

Valdez-Taubas, Javier, and Hugh R B Pelham. 2003. “Slow Diffusion of Proteins in the
Yeast Plasma Membrane Allows Polarity to Be Maintained by Endocytic Cycling..”
Current Biology 13 (18): 1636—40.

Valtz, N, M Peter, and | Herskowitz. 1995. “FAR1 Is Required for Oriented Polarization
of Yeast Cells in Response to Mating Pheromones..” The Journal of Cell Biology 131
(4). The Rockefeller University Press: 863—73.

van Bergeijk, Petra, Max Adrian, Casper C Hoogenraad, and Lukas C Kapitein. 2015.
“Optogenetic Control of Organelle Transport and Positioning.” Nature, January.
Nature Publishing Group, 1-15. doi:10.1038/nature14128.

Van Haastert, Peter J M, and Peter N Devreotes. 2004. “Chemotaxis: Signalling the
Way Forward..” Nature Reviews Molecular Cell Biology 5 (8). Nature Publishing
Group: 626—34. doi:10.1038/nrm1435.

Verde, F, D J Wiley, and P Nurse. 1998. “Fission Yeast Orb6, a Ser/Thr Protein Kinase
Related to Mammalian Rho Kinase and Myotonic Dystrophy Kinase, Is Required for
Maintenance of Cell Polarity and Coordinates Cell Morphogenesis with the Cell
Cycle..” Proceedings of the National Academy of Sciences 95 (13). National
Academy of Sciences: 7526—-31.

Vetter, | R, and A Wittinghofer. 2001. “The Guanine Nucleotide-Binding Switch in Three
Dimensions..” Science 294 (5545): 1299—-1304. doi:10.1126/science.1062023.

Wagner, Elizabeth, and Michael Glotzer. 2016. “Local RhoA Activation Induces

Cytokinetic Furrows Independent of Spindle Position and Cell Cycle Stage..” The
Journal of Cell Biology 213 (6). Rockefeller University Press: 641—49. doi:10.1083/

132



jcb.201603025.

Watts, J L, B Etemad-Moghadam, S Guo, L Boyd, B W Draper, C C Mello, J R Priess,
and K J Kemphues. 1996. “Par-6, a Gene Involved in the Establishment of
Asymmetry in Early C. Elegans Embryos, Mediates the Asymmetric Localization of
PAR-3..” Development 122 (10): 3133—40.

Wedlich-Soldner, R. 2003. “Spontaneous Cell Polarization Through Actomyosin-Based
Delivery of the Cdc42 GTPase.” Science 299 (5610): 1231-35. doi:10.1126/science.
1080944.

Wedlich-Soldner, R. 2004. “Robust Cell Polarity Is a Dynamic State Established by
Coupling Transport and GTPase Signaling.” The Journal of Cell Biology 166 (6):
889-900. doi:10.1083/jcb.200405061.

Weijer, Cornelis J. 2009. “Collective Cell Migration in Development..” Journal of Cell
Science 122 (Pt 18). The Company of Biologists Ltd: 3215—-23. doi:10.1242/jcs.
036517.

Weiner, Orion D, Paul O Neilsen, Glenn D Prestwich, Marc W Kirschner, Lewis C
Cantley, and Henry R Bourne. 2002. “A PtdInsP3- and Rho GTPase-Mediated
Positive Feedback Loop Regulates Neutrophil Polarity.” Nature Cell Biology 4 (7).
Nature Publishing Group: 509—13. doi:10.1038/ncb811.

Wheatley, Edward, and Katrin Rittinger. 2005. “Interactions Between Cdc42 and the
Scaffold Protein Scd2: Requirement of SH3 Domains for GTPase Binding..”
Biochemical Journal 388 (Pt 1). Portland Press Limited: 177—84. doi:10.1042/
BJ20041838.

Wieschaus, E, C Nusslein-Volhard, and Gerd Jurgens. 1984. “Mutations Affecting the
Pattern of the Larval Cuticle inDrosophila Melanogaster : 1ll. Zygotic Loci on the X-
Chromosome and Fourth Chromosome..” Wilhelm Roux's Archives of
Developmental Biology 193 (5). Springer-Verlag: 296—307. doi:10.1007/
BF00848158.

Wodarz, A, A Ramrath, A Grimm, and E Knust. 2000. “Drosophila Atypical Protein
Kinase C Associates with Bazooka and Controls Polarity of Epithelia and
Neuroblasts..” The Journal of Cell Biology 150 (6). The Rockefeller University Press:
1361-74.

Woods, Benjamin, and Daniel J Lew. 2017. “Polarity Establishment by Cdc42: Key
Roles for Positive Feedback and Differential Mobility..” Small GTPases 63 (March):
1-8. doi:10.1080/21541248.2016.1275370.

Woods, Benjamin, Chun-Chen Kuo, Chi-Fang Wu, Trevin R Zyla, and Daniel J Lew.
2015. “Polarity Establishment Requires Localized Activation of Cdc42..” The Journal

133



of Cell Biology 211 (1). Rockefeller University Press: 19—26. doi:10.1083/jcb.
201506108.

Woods, Benjamin, Helen Lai, Chi-Fang Wu, Trevin R Zyla, Natasha S Savage, and
Daniel J Lew. 2016. “Parallel Actin-Independent Recycling Pathways Polarize Cdc42
in Budding Yeast.” Current Biology 26 (16). Elsevier Ltd.: 2114—26. doi:10.1016/
j.cub.2016.06.047.

Wu, C F, N S Savage, and D J Lew. 2013. “Interaction Between Bud-Site Selection and
Polarity-Establishment Machineries in Budding Yeast.” Philosophical Transactions of
the Royal Society B: Biological Sciences 368 (1629): 20130006—6. doi:10.1098/rstb.
2013.0006.

Wu, Chi-Fang, Jian-Geng Chiou, Maria Minakova, Benjamin Woods, Denis Tsygankov,
Trevin R Zyla, Natasha S Savage, Timothy C Elston, and Daniel J Lew. 2015. “Role
of Competition Between Polarity Sites in Establishing a Unique Front..” eLife 4
(November). eLife Sciences Publications Limited: 399. doi:10.7554/eLife.11611.

Wu, Yi I, Daniel Frey, Oana | Lungu, Angelika Jaehrig, llme Schlichting, Brian Kuhiman,
and Klaus M Hahn. 2009. “A Genetically Encoded Photoactivatable Rac Controls
the Motility of Living Cells.” Nature 461 (7260). Nature Publishing Group: 104-8. doi:
10.1038/nature08241.

Xu, Jianfeng, and Yueheng Lan. 2015. “Hierarchical Feedback Modules and Reaction
Hubs in Cell Signaling Networks..” Edited by Ying Xu. PLoS ONE 10 (5): e0125886.
doi:10.1371/journal.pone.0125886.

Yamanaka, Tomoyuki, Yosuke Horikoshi, Yuki Sugiyama, Chikako Ishiyama, Atsushi
Suzuki, Tomonori Hirose, Akihiro lwamatsu, Azusa Shinohara, and Shigeo Ohno.
2003. “Mammalian Lgl Forms a Protein Complex with PAR-6 and aPKC
Independently of PAR-3 to Regulate Epithelial Cell Polarity.” Current Biology 13 (9):
734—-43. doi:10.1016/S0960-9822(03)00244-6.

Yang, Hee Won, Sean R Collins, and Tobias Meyer. 2016. “Locally Excitable Cdc42
Signals Steer Cells During Chemotaxis..” Nature Publishing Group 18 (2). Nature
Research: 191-201. doi:10.1038/ncb3292.

Zechner, Christoph, Georg Seelig, Marc Rullan, and Mustafa Khammash. 2016.
“Molecular Circuits for Dynamic Noise Filtering..” Proceedings of the National
Academy of Sciences of the United States of America 113 (17). National Acad
Sciences: 4729-34. doi:10.1073/pnas.1517109113.

Zhang, X, E Bi, P Novick, L Du, K G Kozminski, J H Lipschutz, and W Guo. 2001.

“Cdc42 Interacts with the Exocyst and Regulates Polarized Secretion.” Journal of
Biological Chemistry 276 (50): 46745-50. doi:10.1074/jbc.M107464200.

134



Zhang, Yongwei, Uwe Werling, and Winfried Edelmann. 2012. “SLiCE: a Novel Bacterial
Cell Extract-Based DNA Cloning Method..” Nucleic Acids Research 40 (8): e55—e55.
doi:10.1093/nar/gkr1288.

Zhao, Z S, T Leung, E Manser, and L Lim. 1995. “Pheromone Signalling in
Saccharomyces Cerevisiae Requires the Small GTP-Binding Protein Cdc42p and lts
Activator CDC24..” Molecular and Cellular Biology 15 (10). American Society for
Microbiology (ASM): 5246-57.

Zheng, Y, R Cerione, and A Bender. 1994. “Control of the Yeast Bud-Site Assembly
GTPase Cdc42. Catalysis of Guanine Nucleotide Exchange by Cdc24 and
Stimulation of GTPase Activity by Bem3..” Journal of Biological Chemistry 269 (4):
2369-72.

135



Appendix
Materials and Methods

Plasmid and strain construction

DNA manipulations were simulated with SnapGene (GSL Biotech). Plasmids were
generated using a combination of conventional ligation, homologous recombination
(SLICE) in bacteria (Y. Zhang, Werling, and Edelmann 2012), and Gibson Assembly
(Gibson et al. 2009). All plasmids were verified by DNA sequencing.

All strains (Supplementary File 1A) were constructed in the W303 background (leu2- 3
112 ura3-52 can1-100 ade2-1 his3-11 trp1-1). Haploid a and a cells were mated by
incubating overnight in 500 yL YPD and then plating on selective media. All integrating
plasmids were of the Ylplac series. All low copy plasmids were of the pRS series
(Supplementary File 1B). Gene deletions were generated by one-step gene disruptions
using standard procedure. Yeast were transformed using lithium acetate, single-
stranded carrier DNA and polyethylene glycol. All strains were verified by colony PCR.
Endogenous genes were epitope tagged by one-step PCR (Longtine et al. 1998). PCR
products for C-terminal td-Tomato fusions were amplified from a plasmid containing a
tdTomato::HIS3MX cassette (DLB3299, a generous gift from Danny Lew). The
endogenous Cdc24 promoter sequence consisted of 600bp upstream of the cdc24
locus that was amplified from genomic DNA and inserted by Gibson Assembly into Cen
plasmids that encoded for either Cdc24-GFP or Cdc24-tdTomato.

The cdc28-as1 allele was inserted by linearizing a hygromycin-resistant plasmid
containing the cdc28-as1 coding sequence with an Aflll restriction enzyme site adjacent
to the F88G point mutation (pKW50); the plasmid encoding the cdc28-as1 allele was
generously provided by Eric Weiss (pELW886).

Treatment of cells for live cell imaging and drug treatment

Cells were grown in the dark at room temperature overnight in SC -His-Leu-Ura-
Trp+Ade and diluted to OD600 = 0.1-0.2. For optogenetic experiments, cells were
treated with 50 nM of B-estradiol after 2 hours of growth to induce expression of the
optogenetic components. After 2 hours of induction, cells were concentrated 10-fold to
20-fold in fresh media + B-estradiol and prepped for imaging. Cells co-expressing
Cdc24-tdTomato and Cdc24-ePDZ, were induced for 90 minutes to limit deleterious
overexpression of the GEF. For experiments less than 2 hours, cells were imaged on a
2.5% agar pad soaked in minimal media + B-estradiol + drug (where applicable) for > 20
minutes. For experiments longer than 2 hours, cells were imaged in a CellASIC Onix
microfluidic perfusion chamber (EMD Millipore Corporation) to provide continuous
nutrients. For non-optogenetic experiments, cells were concentrated 10-fold to 20-fold
after 2 hours of growth and imaged on 2.5% agar pad soaked in minimal media.

After 1.5 hours of induction with 50 nM B-estradiol, cdk1-as cells were treated with 75
UM 1NM-PP1 or solvent (1% DMSO) at room temperature, in the dark, and without
shaking for 20 minutes. Subsequently, cells were imaged for > 90 minutes, for a total
time in TNM-PP1 of approximately 2 hours.
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To synchronize diploid cells in early G1, exponentially growing cells were treated with 15
pg/ml nocodazole for 2 hours. Cells were induced with 50 nM B-estradiol and treated
with a second dose of nocodazole at 7.5 yg/ml. After 1 hour, cells were washed three
times with fresh media and released into minimal media + 50nM B-estradiol for 30
minutes. Cells were treated with 100 M Latrunculin A (Molecular Probes) or solvent
(1% ethanol) for 20 minutes and then imaged for 90 minutes. Asynchronous populations
of cells treated with LatrunculinA were induced with 50 nM B-estradiol for 2 hours,
followed by 100 yM Latrunculin A (Molecular Probes) for 20 minutes prior to imaging.

Optogenetic manipulations

Cells were imaged on an Axiovert 200M microscope (Zeiss) equipped with a spinning
disk confocal (CSU10, Yokogawa), a 20- mW, 561-nm laser (Cobolt), and an electron-
multiplying charge-coupled device (EMCCD) camera (Cascade 512B, Photometrics)
using a 63x, 1.4 numerical aperture objective (Zeiss). The microscope was controlled
using MetaMorph (Molecular Devices). A 550-nm long-pass filter (Edmund Optics) was
placed in the transmitted light path to avoid photoexciting the LOV domain when using
Nomarski optics. A galvanometer-steerable 440-nm dye laser (Micropoint, Photonics
Instruments) for local photo excitation of Mid2-localized LOVpep. lllumination intensity
was controlled by using an adjustable internal attenuator plate and an external optical
density of 1.0 absorptive neutral density filter (ThorLabs) was placed in the beam path.
For polarization experiments, cells were photo-excited using the Micropoint laser. The
coordinates of targeted sites (x, y, t) were recorded with each photo-excitation.
Following illumination, a confocal tdTomato image and phase contrast image were
acquired. For control (dark state) experiments, the experiment was performed identically
except that the Micropoint laser was off. Exposure times were 500 msec for tdTomato
and 100 msec for phase contrast.

Live cell imaging of unperturbed cells

For non-optogenetic experiments, cells were imaged with a Zeiss Axioimager M1
equipped with a Yokogawa CSU-X1 spinning disk unit (Solamere) and illuminated with
50-mW, 488-nm and 50-mW, 561-nm lasers (Coherent). Images were captured on a
Cascade 1K electron microscope (EM) CCD camera or a Cascade 512BT
(Photometrics) controlled by MetaMorph (Molecular Devices).

For maximum intensity Z-projection snapshots, cells were imaged through the center
3um at 0.25um slices. The GFP and tdTomato images were acquired sequentially,
followed by a phase contrast image. Max intensity projections were generated using
Metamorph. Single plane snapshots were acquired at the mid-plane of the cell, with
GFP and tdTomato images acquired sequentially. Exposure times were 900 msec for
tdTomato, 900 msec for GFP, and 66 msec for phase contrast.

Time-lapse imaging acquired single plane snapshots of a confocal tdTomato image and
phase contrast image at the mid-plane of the cell. Cells were imaged at a rate of once
per minute for 3 minutes, followed by a rate of once per 30 seconds for 4 minutes, and
finally imaged at a rate of once per minute for 3 minutes. Exposure times were 700
msec for tdTomato and 66 msec for phase contrast.
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Image analysis

All images were analyzed in Imaged (Schneider, Rasband, and Eliceiri 2012), with
custom-written macros. To determine the angle between the laser position and the
nascent bud site, we generated kymographs displaying the laser position, the site of
bud emergence, and the intensity of the probe. To generate the kymographs, the cell
outline was tracked using the plugin JFilament (Smith et al. 2010), which created a
series of XY-coordinates to be converted into an ROI for each image in the stack . The
ROI was then overlaid on its cognate image, linearized, and normalized to 100 pixels in
length by 6 pixels in width. This was repeated iteratively through each slice of the stack
to form a kymograph. The kymographs were annotated with the center coordinate of
each target in each frame of the time-lapse, the time and position of bud emergence,
and the position of the previous bud site.

Polarization Efficiency was defined as (1-26/r)) where 8 is the angle between the site of
illumination and the position of the nascent bud. A population measure of polarization
efficiency was found by taking the average of the polarization efficiency value for all
cells.

To quantify the appearance time of a polarity component, the time of bud emergence,
and the polarization efficiency, we analyzed time-lapse images as follows: cells were
only scored if they underwent both polarization and bud emergence within the time-
course of the movie. The analysis was limited to mother cells and cells that budded
within the first 20 minutes were excluded. In cells in which Whi5 nuclear exit was
scored, nuclear exit was defined as when nuclear Whi5 signal equaled that of the
cytoplasm. To quantify the appearance of weak fluorescent signals, accumulation was
scored by blinding the fluorescent image and scoring manually, by eye, accumulation of
the probe.

To analyze colocalization, cells were separated into cell cycle stages depending on both
the bud size and the distribution of the probes. Data were blinded and cells were pulled
at random from each cell cycle subset. The number of puncta with colocalization (GFP
with tdTomato and tdTomato with GP) was manually counted.

For cdki-as cells, we limited our analysis to large-budded mother cells that
accumulated Bem1 or the Cdc42 biosensor to the bud neck, indicative of early G1 cells.
A “large-bud” was considered to have an area more than 4.5 pym2. As cdk1-as cells
treated with TNM-PP1 do not undergo bud emergence, to be scored as polarized, they
needed to maintain polarization for >15 minutes.

To quantify competition in dynamic reorientation experiments, a targeting event was
scored as “Outcompeted” if the Cdc42 biosensor signal disappeared from the initial
position and accumulated at the new position within the time that the target was
maintained at the new position. The event was deemed “Not Outcompeted” if the Cdc42
biosensor neither disappeared from the initial position nor accumulated at the new
position.
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Supplementary Tables

Table 1: Strain List

Strain

WYK8301

WYK8308

WYK8318

WYK8335

WYK8337

WYK8410

WYK8434

WYKB8435

WYK8436

WYK8437

Genotype
TRP1A::Gal4-rMR1/+; pGal-pGal-Mid2-GFP-LOVpep::LEU/+; Bem1-
tdTomato::HIS3MX/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsr1 A TRP1/rsr1Az:KanMX

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::.LEU/+; pGal-Bem1-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsr1A::TRP1/rsr1 A::KanMX

TRP1A::Gal4-rMR1/+; Bem1-tdTomato::HIS3MX/+; pGal-Mid2-GFP-LOVpep::LEU/+;
pGal-Bem1-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA; rsr1A::TRP1/ rsr1 Az:KanMX
TRP1A::Gal4-rMR1/+; pGal-pGal-Mid2-GFP-LOVpep::LEU/+; Shs1-
tdTomato::HIS3MX/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;

rsr1 Az TRP1/rsr1Az:KanMX

TRP1A::Gal4-rMR1/+; pGal-pGal-Mid2-GFP-LOVpep::.LEU/+; Spa2-
tdTomato::HIS3MX/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;

rsr1 A TRP1/rsr1Az:KanMX

rdilA::KanMX/rdilA::HygR; rsr1 Az TRP1/ rsr1A:TRP1; Bem1-tdTomato::HIS3MX/+;
pGal-Mid2-GFP-LOVpep::LEU/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-
ER::URA;

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::.LEU/+; pGal-Bem1(R369A)-ePDZb1::URA/ pADH1-Gal4-VP16-ER::URA;
rsr1 Az TRP1/ rsr1A::KanMX

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::LEU/+; pGal-Bem1(P355A)-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsr1 A TRP1/ rsr1A::KanMX

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::.LEU/+; pGal-Bem1(K482A)-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsr1 A TRP1/rsr1Az:KanMX

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::LEU/+; pGal-Cdc24APB1-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsr1 Az TRP1/rsr1Az:KanMX
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WYK8439

WYK8440

WYK8441

WYK8442

WYK8500

WYK8502

WYK8550

WYK8551

WYK8552

WYK8575

WYK8576

WYK8598

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::.LEU/+; pGal-Cdc24(Q412A R416E)-ePDZb1::URA/pADH1-Gal4-VP16-
ER::URA; rsr1 A::TRP1/rsr1 A::KanMX

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::.LEU/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsr1A::TRP1/rsr1A::KanMX

TRP1A::Gal4-rMR1/+; Bem1-tdTomato::HIS3MX/+; cdc28as::HygR/cdc28as::HygR;
pGal-Mid2-GFP-LOVpep::.LEU/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-
ER::URA; rsr1 A::TRP1/rsr1 A::KanMX

TRP1A::Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::LEU/+; cdc28as:HygR/cdc28as::HygR; pGal-Cdc24-ePDZb1::URA/pADH1-
Gal4-VP16-ER::URA; rsr1 Az TRP1/rsr1 A::KanMX

TRP1A:Gal4-rMR1/+; Gic2(1-208)-tdTomato::HIS3MX/+; pGal-Mid2-GFP-
LOVpep::LEU/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA; Whi5-
tdTomato:HIS3MX/+; rsr1 A:: TRP1/rsr1 A::KanMX

TRP1A::Gal4-rMR1/+; pGal-Mid2-GFP-LOVpep::LEU/+; Bem1-tdTomato::HIS3MX/+;

pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA; Whi5-tdTomato:HIS3MX/+;
rsr1A::TRP1/rsr1A::KanMX

Bem1-GFP::HIS3MX/+; pADH1-Gal4-VP16-ER::URA/+; Gic2(1-208)-
tdTomato::HIS3SMX/+; rsr1 A::TRP1/rsr1 A::KanMX

TRP1A::Gal4-rMR1/+; Bem1-tdTomato::HIS3MX/+; pADH1-Gal4-VP16-ER::URA/+;
pCdc24-Cdc24-GFP::LEU (pKW102); rsr1A::TRP/rsr1 A:KanMX

pADH1-Gal4-VP16-ER::URA/+; Gic2(1-208)-tdTomato::HIS3MX/+; rsr1 A::TRP/
rsr1A::KanMX; pCdc24-Cdc24-GFP::LEU (pKW102)

TRP1A::Gal4-rMR1/+; pGal-Mid2-GFP-LOVpep::.LEU/+; pGal-Cdc24-ePDZb1::URA/
pADH1-Gal4-VP16-ER::URA; rsr1 A::TRP1/rsr1A::KanMX; pCdc24-Cdc24-
tdTomato::HIS3 (pKW101)

TRP1A::Gal4-rMR1/+; pGal-Mid2-GFP-LOVpep::LEU/+; pGal-Bem1-ePDZb1::URA/
pADH1-Gal4-VP16-ER::URA; rsr1A::TRP1/rsr1 A::KanMX; pCdc24-Cdc24-
tdTomato::HIS3 (pKW101)

TRP1A::Gal4-rMR1/+; pGal-Mid2-GFP-LOVpep::LEU/+; Gic2(1-208)-
tdTomato::HIS3MX/+; pGal-Cdc24-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsr1A:KanMX/+
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TRP1A::Gal4-rMR1/+; pGal-Mid2-GFP-LOVpep::LEU/+; Gic2(1-208)-
WYK8599 | tdTomato::HIS3MX/+; pGal-Bem1-ePDZb1::URA/pADH1-Gal4-VP16-ER::URA;
rsriA::KanMX/+

All strains are MATa/MATa diploids constructed in the W303 background. They have the
following additional markers: leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15

Table 2: Plasmid List

Plasmid

Typ Content Marker Source
Name e ontents u
Longtine et al
DLB3299 @ pFA6a tdTomato HIS3MX
1998
Strickland et al
pDS300 Ylplac pGal-Cdc24-ePDZb1 URA 5012
pDS311 Ylplac = pGal-Cdc24APB1-ePDZb1 URA This Study
pDS343 Yilplac = pGal-Mid2-GFP-LOVpep250 LEU This Study
pDS357 Ylplac pGal-Bem1-ePDZb1 URA This Study
pDS377 Ylplac pGal-Bem1(R369A)-ePDZb1 URA This Study
pDS381 Ylplac = pGal-Bem1(P355A)-ePDZb1 URA This Study
pDS382 Ylplac = pGal-Bem1(K482A)-ePDZb1 URA This Study
W34 viol pGal-Cdc24(Q412A R416E)- ™ This Stud
P prac ePDZb1 '8 Sty
pKW50 pFA6a cdc28-as1 HygR This Study
pKW101 pRS pCdc24-Cdc24-tdTomato HIS This Study
pKW102 pRS pCdc24-Cdc24-GFP LEU This Study
ELW886 RS dc28-as1 URA Bishop et af
p p cdc28-as 5000
Louvion et al
pELW909 | Ylplac pADH1-Gal4-VP16-ER URA

1993
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