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Abstract

Polarization is important for the function and morphology of many different cell
types. The keys regulators of polarity in eukaryotes are the Rho-family GTPases. In the
budding yeast, Saccharomyces cerevisiae, which must polarize to bud and to mate, the
master regulator is the highly conserved Rho GTPase, Cdc42. During polarity
establishment, active Cdc42 accumulates at a site on the plasma membrane
characterizing the “front” of the cell where the bud will emerge. The orientation of
polarization is guided by upstream cues that dictate the site of Cdc42 clustering.
However, in the absence of upstream cues, yeast can still polarize in a random direction
during symmetry breaking. Symmetry breaking suggests cells possess an autocatalytic
polarization mechanism.

Two different positive feedback mechanisms have been proposed to polarize
Cdc42 in budding yeast. One model posits that Cdc42 activation must be localized to a
site at the plasma membrane. Another model posits that Cdc42 delivery must be
localized to a particular site at the plasma membrane. In this model, the location of
Cdc42 activation is irrelevant. Although both mechanisms could work in parallel to
polarize Cdc42, it is unclear which mechanism is critical to polarity establishment. We
directly tested the predictions of the two positive feedback models using genetics and
live cell microscopy. We found that localized Cdc42 activation is necessary for polarity
establishment.

However, localized activation alone does not account for how total (GDP+GTP)
Cdc42 becomes concentrated at the polarity site. Several different mechanisms have

been proposed to concentrate Cdc42. One mechanism involves the Rho GDI, which can
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reversibly extract Cdc42 from membranes and the cytoplasm. By preferentially
extracting GDP-Cdc42 into the cytoplasm (where diffusion is much more rapid than at
the membrane), the GDI selectively mobilizes GDP-Cdc42 relative to GTP-Cdc42.
Coupled with local activation, the GDI can increase the Cdc42 concentration at the
polarity site. However, without the GDI, Cdc42 can still accumulate at the polarity site,
albeit with much slower dynamics.

In addition to the GDI, it was proposed that delivery of Cdc42 on secretory
vesicles traveling along actin cables can concentrate Cdc42. This actin-dependent
pathway requires continuous recycling of Cdc42 from the plasma membrane. Using
genetics and live cell microscopy, we found that Cdc42 can concentrate even in the
absence of both the GDI and polymerized actin. Confocal microscopy and
photobleaching experiments suggested that prenylated proteins, including Cdc42, can
exchange between membranes and the cytoplasm even without a GDI. Furthermore,
computational modeling demonstrated that slower membrane-cytoplasm exchange of
GDP-Cdc42 would still enable Cdc42 concentration. In the absence of the GDI, we
found that Cdc42 GAP became essential for polarization. We propose that slowed
Cdc42 membrane-cytoplasm exchange is sufficient for concentrating Cdc42, and that
the GAP works in parallel with the GDI by countering a GTP-Cdc42 leak into the

cytoplasm, which would be prohibitive to Cdc42 polarization.
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1. Introduction

Cell polarity is essential to asymmetrically orient many different cell types in their
environment. Polarity often underlies the specific function of the cell. For example, an
epithelial cell is polarized with distinct, apical and basolateral sides. Its polarity is
coordinated with neighboring epithelial cells so that their orientation is consistent with
one another. In the intestine, this is important for the absorption of nutrients and ions
across the epithelium. A neuron has polarized neurites emanating from the cell body that
contact neurites of neighboring cells. These polarized neurites are necessary for cell-to-
cell signaling in neurons. After a CD8+ T cell recognizes a host cell infected with a
pathogen, it stably polarizes its vesicle trafficking machinery toward that infected cell.
This is important for the CD8+ cell to direct the delivery of cytotoxins only to the targeted,
infected cell. In budding yeast, the cell must polarize its growth to a particular site on the
plasma membrane to create a daughter cell in the form of a bud. Cell polarity can be an
important for morphology and function in many different cell types, and for some cell
types it is necessary for proliferation.

The orientation of cell polarization is typically determined by positional cues.
External positional cues include cell-to-cell contacts, morphogen gradients, and
chemoattractants (Berzat and Hall, 2010; Etienne-Manneville, 2011). However, many
cells that are deprived of positional cues can still polarize in a random orientation (Wu
and Lew, 2013). The social amoeba Dictyostelium discoideum polarizes movement up a
concentration gradient of diffusible chemoattractants (Berzat and Hall, 2010). However,
when exposed to uniform chemoattractant, Dicty cells can transiently polarize in a

random direction (Arkowitz, 1999; Iglesias and Devreotes, 2008). Neutrophils polarize up



a chemoaattractant gradient, but can still polarize in a random direction when exposed to
uniform chemoattractant (Xu et al., 2003). In certain cell types, internal cues can direct
the axis of polarity. A leukemia cell can spatially bias the direction of polarity by
microtubules aligned along the nucleus-centrosome axis. When the microtubule axis is
disrupted by depolymerizing microtubules with nocodazole, the cell polarizes in a
random direction (Xu et al., 2007). The ability to polarize in the absence of positional
cues is termed ‘symmetry breaking’. Symmetry breaking suggests that cells must be
able to polarize through some autocatalytic mechanism (Gierer and Meinhardt, 1972;
Johnson et al., 2011).

It is important for certain polarized cell types to have a single axis. For example,
a neutrophil polarizes its movement during gradient tracking to a single “front”. This way,
the neutrophil can focus polarized movement toward the bacterium it is chasing. A
neutrophil presented with multiple bacteria or placed in a uniform concentration of
chemoattractant still maintains a single, polarized front (Xu et al., 2003). If a neutrophil
were to polarize to multiple fronts, it might tear itself apart. The budding yeast,
Saccharomyces cerevisiae also establishes a single axis. During the cell cycle, a yeast
cell polarizes to a single front to produce a single bud that will become the daughter cell.
However, polarizing to a single front is not universal among eukaryotic cells. Certain cell
types establish multiple polarity-style fronts. For instance, a neuron cell has multiple
polarized fronts in the form of two different types of neurites, dendrites and a single
axon, which have distinct functions (Namba et al., 2015). At one end of the cell,
dendrites receive signals from other neurons through neurotransmitters. At the other end

of the cell, the axon terminals relay these neuronal signals to other neurons at synaptic



junctions by releasing the neurotransmitters from synaptic vesicles. These distinct,
polarized projections are equally important for neuron cell function. Another example is
the filamanetous fungus, Ashbya gossypii, which can split a single polarized front at the
end of growing hypha into two fronts, creating two growing hyphae (Knechtle et al.,
2003). Therefore, cells not only specify the orientation of polarity, but also the number of
polarized fronts.

What are the mechanisms that underlie polarity establishment? Are there
common characteristics or are the mechanisms as varied as the different polarized cell
types? Remarkably, despite the variety of polarized cells, eukaryotic cells share the
same, core polarity machinery: the Rho-family GTPases (Etienne-Manneville, 2004).
The Rho GTPases are Cdc42 and Rac in metazoans and fungi, and Rops in plants. Rho
proteins are active when bound to GTP, and inactive when bound to GDP. Active Rho
GTPase localizes to a particular side of the cell, defining the cell “front”. At the front, Rho
proteins coordinate through various effectors the reorientation of the cytoskeleton and
other downstream events such as internal organelle positioning and membrane
remodeling and composition (Etienne-Manneville, 2004). However, many aspects of
polarity establishment remain elusive. For instance, how do cells polarize in the absence
of positional cues during symmetry breaking? And how does the same core polarity
machinery promote a single polarized front in some cells (e.g. neutrophils and budding
yeast), but multiple fronts in other cells (e.g. neurons and filamentous fungi)?

Work on polarity in budding yeast has shed light many of these questions. The
relatively simple biology and vast genetic tool set has put budding yeast at the forefront

of cell polarity research (Park and Bi, 2007). Budding yeast polarize in order to mate,



and to make a new daughter cell in the form of a bud. If a yeast cell is unable to polarize,
it is no longer able to make a bud (Hartwell et al., 1974). The master regulator of polarity
in budding yeast is the Rho-family GTPase, Cdc42 (Etienne-Manneville, 2004).
Temperature sensitive cdc42 mutants are unable to polarize at restrictive temperature,
and arrest as large, round, and unbudded cells (Adams et al., 1990). Cdc42 associates
with the cytoplasmic face of cellular membranes, including the plasma membrane,
through a short polybasic stretch and C-terminal geranylgeranyl hydrophobic
modification (Johnson, 1999). However, in late G1 of the cell cycle, Cdc42
concentration becomes enriched at a discrete site at the plasma membrane,
characterizing the cell front (Richman et al., 2002; Ziman et al., 1993). At the plasma
membrane, activated, GTP-Cdc42 interacts with downstream effectors to orient the
actin-cytoskeleton toward the front of the cell (Chen et al., 2012; Howell et al., 2012).
Directed vesicle trafficking along actin cables oriented toward the polarity site, and
subsequent vesicle fusion locally deposits membrane and cell wall components for
polarized growth (Howell and Lew, 2012). Here | will address specific aspects of cell
polarization in budding yeast, which may have broader implications for cell polarity in

other eukaryotes.

1.1 Polarity Establishment in Budding Yeast
1.1.1 Bud-Site Selection

Budding yeast polarize and bud in one of two predictable patterns (Sloat et al.,
1981). Diploid cells bud in a bipolar pattern where the new bud emerges either near to
the previous bud-site (where the previous bud emerged), or at the opposite pole. Newly

formed daughter cells almost always produce their first bud at the pole distal to the



division site from the mother cell. In contrast, haploid cells bud in an axial pattern where
the bud-site is adjacent (but not overlapping) to the previous division site in both mother
and daughter cells. These distinct diploid and haploid budding patterns suggests that
yeast possess internal positional cues that recognize previous cell division sites that
determine the future polarity site (Pringle et al., 1995). Haploid mutants for the axial
budding pattern (such as axl2 mutants) bud in the bipolar budding pattern (Chant and
Herskowitz, 1991; Roemer et al., 1996). Diploid mutants for the bipolar budding pattern
bud at the proximal pole in bud8 cells and at the distal pole in bud9 cells (Zahner et al.,
1996). The AXL2, BUD8, and BUD9 are genes that encode positional ‘landmarks”.
These landmarks are transmembrane proteins thought to be deposited at specific
locations during bud formation and then retained at those locations by linkage to the cell
wall (Howell and Lew, 2012). In the absence of one landmark, the bud site is selected
through another landmark.

How do landmark proteins promote cell polarization at a specific site? The
landmarks coordinate polarization through activation of the Ras-related GTPase, Rsrl.
Mutants for RSR1 or its regulator BUD5 can still polarize and bud, but do so in a random
orientation, despite having localized landmark proteins (Bender and Pringle, 1989; Chant
and Herskowitz, 1991; Park et al., 1993). Bud5 is the guanine-nucleotide exchange
factor (GEF) for Rsrl (Bender, 1993; Chant et al., 1991; Park et al., 1993). The landmark
proteins (AxI2 for the axial pattern; Bud8/9 for bipolar pattern) recruit Bud5 to the plasma
membrane (Kang et al., 2001; Roemer et al., 1996). The GEF Bud5 activates Rsrl by
loading it with GTP. Active, GTP-Rsrl can bind and recruit the sole GEF for Cdc42,

Cdc24 (Zheng et al., 1995). There, localized Cdc24 locally activates Cdc42 at the



plasma membrane initiating cell polarization (Howell and Lew, 2012). Thus, in yeast,
polarity establishment is organized through a hierarchy of positional cues which
determine the site of cell polarization and bud emergence (Pringle et al., 1995). The
landmark proteins coordinate localized activation of Rsr1, which recruits the GEF, Cdc24
to specify the site of Cdc42 activation. However, cells deprived of positional cues (such
as rsrl and bud5 mutants) can still polarize and bud in random direction, termed
‘symmetry breaking’. Symmetry breaking suggests some autocatalytic mechanism is

capable of polarizing cells (Johnson et al., 2011).

1.1.2 Positive feedback during Symmetry Breaking

How do cells polarize in the absence of bud-site-selection pathway? Theoretical
studies proposed that slight fluctuations in an otherwise relatively homogenous
distribution of polarity components could give rise to greater and greater asymmetry
through non-linear positive feedback (Gierer and Meinhardt, 1972; Turing, 1952). What
might be the positive feedback mechanism that polarizes Cdc42? Presumably, mutants
for the positive feedback pathway would be unable to polarize during symmetry breaking
(in the absence of Rsrl). Bem1 was found to be essential for polarization during
symmetry breaking, since rsrl beml double mutants arrest as large, round unbudded
cells much like cdc42 mutants (Irazoqui et al., 2003). Bem1 localizes to the polarity site
(Butty et al., 2002), and binds the Cdc42 GEF, Cdc24 (Bose et al., 2001). Bem1 also
interacts with Cdc42 effectors, such as the p21-activated kinase (PAK), Cla4, which can
bind GTP-Cdc42 (Bose et al., 2001).It was proposed that in this way Bem1 links Cdc24
to the PAK (an effector that binds GTP-Cdc42) in a GEF-PAK complex to mediate

positive feedback (Kozubowski et al., 2008). Stochastically activated Cdc42 at the



plasma membrane recruits a GEF-PAK complex from the cytoplasm (Figure 1.1). There,
the GEF locally activates neighboring Cdc42 molecules at the plasma membrane,
creating a local GTP-Cdc42 “cluster”. This GTP-Cdc42 cluster then recruits additional
GEF-PAK complexes from the cytoplasm in a positive feedback loop, giving rise to a
GTP-Cdc42 polarity site surrounded by a sea of GDP-Cdc42 at the plasma membrane
(Kozubowski et al., 2008). Computational simulations suggest that slight, stochastic
fluctuations of the GTP-Cdc42 concentration at the membrane, coupled with a GEF-
PAK-complex-driven positive-feedback mechanism, could give rise to a single front at a
random location on the plasma membrane (Johnson et al., 2011). An artificial GEF-PAK
complex, such as Cdc24 directly fused to Cla4, or Cdc24 fused to a Cla4-binding
domain, is also sufficient for polarization, even in the absence of both Rsrl and Bem1
(Kozubowski, et al., 2008). These observations suggest that main role of Bem1 in
polarity establishment is to recruit Cdc24 to the polarity site, providing positive feedback
through a GEF-PAK complex. Thus, a model for polarity establishment is that Cdc42 is
locally activated at a site at the plasma membrane by its localized GEF, Cdc24. Cdc24 is
localized either through the bud-site selection pathway (Rsrl), or through GTP-Cdc42
recruitment of the GEF-PAK complex in a positive feedback loop during symmetry
breaking (Bem1) (Figure 1.1). These two pathways polarize via “local activation” of
Cdc42.

Is GEF localization necessary for polarity establishment? Expression of GTP-
locked, constitutively active Cdc42 (Cdc42°%™) initiates polarization at one or multiple
sites irrespective of the landmarks in cells arrested in late G1 (Gulli et al., 2000; Wedlich-

Soldner et al., 2003). Since GTP-locked Cdc42°%™ is not subject to regulation by the



GEF, localization of the GEF cannot be driving its polarization. During Cdc42%°'
expression the actin cytoskeleton clusters concomitantly with GFP-tagged Cdc42%°'
(Wedlich-Soldner et al., 2003). Blocking actin polymerization using the drug Latrunculin
A (Lat A) blocked polarization of Cdc42%°*- (Wedlich-Soldner et al., 2003). In addition,
mutants blocking either actin cable formation (tpm") or secretory vesicle trafficking on
actin cables (myo2-66) polarize wild-type Cdc42 inefficiently at restrictive temperatures
(Wedlich-Soldner et al., 2004). These observations led to the conclusion that GTP-
Cdc42 can initiate polarization through an actin-dependent pathway (Figure 1.1). During
polarization, GTP-Cdc42 and effectors promote local actin cable polymerization. In this
model, secretory vesicles traveling along actin cables via myosin locally deliver Cdc42 to
the plasma membrane from internal membrane pools, reinforcing actin cable
polymerization. In essence, this “local delivery” model posits that GTP-Cdc42 promotes
its own localized delivery through an actin-dependent positive feedback loop. Although
blocking actin polymerization does not block polarization of wild-type Cdc42 (Irazoqui et
al., 2003), it does block polarization in bem1A mutants (Wedlich-Soldner et al., 2004). It
was concluded that local activation of Cdc42 (through Bem1) and local delivery of Cdc42
(through actin) operate in parallel to fine tune cell polarity (Slaughter et al., 2009;

Wedlich-Soldner et al., 2004).
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Figure 1.1: Positive feedback during symmetry breaking

Two different positive feedback mechanisms have been proposed to establish polarity in
yeast. (A) Two-dimensional cartoon representation the plasma membrane en face: in the
local activation model, a stochastically activated Cdc42 molecule (blue circle) is able to
recruit the GEF-PAK complex (red oval) from the cytoplasm. The GEF-PAK complex
includes scaffolding protein Bem1, which can bind the GEF, Cdc24, and the PAK, Cla4.
The GEF-PAK binds to GTP-Cdc42 through the PAK, and can activate neighboring
Cdc42 molecules at the plasma membrane. This generates a local cluster of GTP-
Cdc42 molecules that recruit additional GEF-PAK from the cytoplasm in a positive
feedback loop. This figure is adapted from Johnson et al., 2011. (B) One-dimensional
cartoon representation of the plasma membrane: in the local delivery model, GTP-Cdc42
(light blue circles) at the plasma membrane can initiate its delivery of additional Cdc42.
Delivery (h) of Cdc42 is restricted to a window (x) from an internal Cdc42 pool. Retrieval
of Cdc42 from inside the delivery window (m) and outside the window (n) supplies the
internal pool. Because of lateral diffusion of Cdc42 at the membrane (Dy), Cdc42 can
disperse from the delivery window. This figure is adapted from Slaughter et al., 2011.

1.1.3 Rewiring Cell Polarity through an Actin-Dependent Pathway
What features become important in an actin-dependent pathway to initiate cell
polarization? Artificially concentrating Bem1 on secretory vesicles “rewires” cell

polarization through actin-mediated vesicle trafficking, and might explain how an actin-



dependent pathway could drive cell polarization (Howell et al., 2009). Normally, Bem1
transits through the cytoplasm to localize at the polarity site. However, if Bem1 is fused
to the v-SNARE, Snc2 (a transmembrane protein), the polarity circuit is “rewired” so that
actin-mediated delivery of vesicles becomes essential to cell polarization (Howell et al.,
2009). Snc2 is a transmembrane protein that coats exocytic vesicles and mediates
vesicle fusion with the plasma membrane (Valdez-Taubas and Pelham, 2003). To reach
the plasma membrane, the Bem1-Snc2 fusion protein must be delivered there by
exocytic vesicles. Snc2 contains an endocytosis motif and binds to endocytic adapter
proteins at the plasma membrane (Valdez-Taubas and Pelham, 2003). This
concentrates Bem1-Snc2 on endocytic vesicles (Howell et al., 2009). Thus, Bem1-Snc2
is quickly recycled the delivery site on endocytic vesicles before it can diffuse away
laterally. Since fusion to Snc2 does not block Bem1 binding to Cdc24 or effectors,
Bem1-Snc2 can still form the GEF-PAK complex to promote positive feedback by local
activation. A polarity cluster orients the actin cytoskeleton toward the cluster, recruiting
additional Bem1-Snc2 on vesicles from an internal membrane pool. The internal
membrane pool is concentrated for Bem1-Snc2 by endocytic vesicles recycling it from
the plasma membrane. Thus, in rewired cells, Bem1-Snc2 enables GEF-PAK complex
activation of Cdc42, which in turn promotes actin cable generation to recruit additional
Bem1-Snc2 traveling on exocytic vesicles (Howell et al., 2009). Rewiring the polarity
circuit through Bem1-Snc2 demonstrates that actin-mediated vesicle delivery can drive
polarization. However, it also suggests that vesicles must be concentrated for the

polarity factor for actin-mediated vesicle delivery to promote polarity establishment.
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1.1.4 The Relative Importance of ‘Local Activation’ and ‘Local
Delivery’

Although local activation and local delivery are not necessarily mutually
exclusive, reports from separate labs have drawn opposing conclusions on their relative
importance. Cdc42°%%'" must be highly overexpressed to cluster with actin (Irazoqui et
al., 2003). When Cdc42%' is expressed at lower levels, it is unable to polarize, and
does not induce actin clustering (Irazoqui et al., 2003). This indicates that Cdc42
expressed at endogenous levels must be able to cycle between GDP and GTP-bound
states to polarize. It was also reported that Cdc42°%'- overexpression leads to cell lysis
(Gulli et al., 2000; Irazoqui et al., 2003). Interestingly, laser-induced wounding of the cell
cortex also promotes localized clustering of actin at the wound sites prior to cell lysis
(Kono et al., 2012). This raises the possibility that overexpression of Cdc42%* might
induce wounds at the cell cortex prior to eventual cell lysis. The observed clustering of
actin (and possibly clustering of Cdc42°%'") in these cells might therefore reflect a
wound-healing response rather than polarity establishment (Johnson et al., 2011). If
Cdc42°°' only induces wounds at very high expression levels, it would explain why actin
clustering is not observed at lower expression levels.

Alternatively, the Q61L mutation might render the GTP-locked Cdc42 poorly
functional, necessitating Cdc42°%'- overexpression to induce polarization. Thus, for
Cdc42°% to effectively induce actin polymerization through its effectors, it must be
expressed at very high levels relative to wild-type Cdc42 expression. If this were the
case, then promoting wide-spread activation of endogenous Cdc42 might induce

polarization without the side effect of cell lysis. A recent study suggested that increasing
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overall GTP-Cdc42 in the cell is sufficient to induce polarization by local delivery (Smith
et al., 2013). This conclusion was mainly supported by experiments that put into
guestion the contribution of local activation in polarity establishment. Some experiments
suggested that it was possible to generate mutant versions of Bem1 and Cdc24 that
were unable to concentrate at the polarity site but were nevertheless functional for
polarity establishment (Smith et al., 2013). Based on previous evidence that Bem1 may
activate Cdc24 (Shimada et al., 2004), the authors concluded that the main role of Bem1
in symmetry breaking is to increase overall GEF activity, leading to higher GTP-Cdc42
levels that trigger polarization through the local delivery mechanism (Smith et al., 2013).
A chapter of this thesis will directly test the predictions of the local activation and local

delivery models to determine which is applicable in yeast.

1.2 How is Cdc42 Concentrated at the Polarity Site?

Local activation of Cdc42 increases the relative GTP-Cdc42 concentration at a
site at the plasma membrane (Johnson et al., 2011; Kozubowski et al., 2008). However,
if lateral diffusion of GTP- and GDP-Cdc42 at the membrane is equal, then diffusion of
GDP-Cdc42 into the polarity site should be compensated by diffusion of GTP-Cdc42 out
of the polarity site (followed by subsequent GTP hydrolysis) (Johnson et al., 2011). This
would establish an island of GTP-Cdc42 in a sea of GDP-Cdc42 at the plasma
membrane, but the total (GDP+GTP) Cdc42 concentration across the cortex would be
uniform. However, during polarity establishment, total Cdc42 concentration becomes
enriched at the polarity site (Richman et al., 2002; Ziman et al., 1993), where it is mostly
bound to GTP (Bendezu et al., 2015). How does total Cdc42 concentrate at the polarity

site?
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1.2.1 Cdc42 concentration by differential diffusion at the plasma
membrane

One way to concentrate Cdc42 would be to locally restrict its mobility at the
polarity site. If GTP-Cdc42 diffusion at the membrane were slower than GDP-Cdc42,
GTP-Cdc42 molecules at a polarity cluster would become locally confined (Figure 1.2).
Any GDP-Cdc42 diffusing into the polarity cluster would become loaded with GTP by
local activation, slowing its diffusion, and increasing the total Cdc42 concentration at the
cluster. In the fission yeast Schizosaccharomyces pombe, half-tip FRAP (fluorescence
recovery after photobleaching) experiments with mCherry-tagged Cdc42 (Cdc42-
mCherry) suggest that GTP-Cdc42 diffuses at least 10-fold slower than GDP-Cdc42,
independent of cell membrane curvature (Bendezu et al., 2015). Thus, in principle,
simply localizing activation of Cdc42 would increase total Cdc42 concentration at the
polarity site (Bendezu et al, 2015). This appears to be the major concentrating
mechanism for Cdc42 in fission yeast. However, in budding yeast the polarity site is
considerably more concentrated for Cdc42 (approximately 10-fold higher than the
surrounding plasma membrane) than it is in fission yeast (Bendezu et al., 2015; Layton
et al., 2011). Furthermore, in budding yeast, there is no evidence for differential lateral
diffusion of GDP-Cdc42 and GTP-Cdc42 at the plasma membrane (Marco et al., 2007).
Thus, simply localizing the site of Cdc42 activation might not lead to Cdc42

concentration by differential diffusion at the membrane in budding yeast.
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are GDP-Cdc42. (A) If GTP-Cdc42 diffusion is slower than GDP-Cdc42 diffusion at the
plasma membrane, then localizing the site of activation (blue arrow) could concentrate
total Cdc42. GDP-Cdc42 molecules quickly diffusing into the site would outpace GTP-
Cdc42 molecules slowly diffusing away. Dgpp is the GDP-Cdc42 lateral diffusion rate.
Dgrpis the GTP-Cdc42 lateral diffusion rate. (B) The GDI (orange semi-circles)
preferentially extracts GDP-Cdc42 into the cytoplasm, thus selectively mobilizing GDP-
Cdc42. Fast diffusing GDP-Cdc42 deposited from the cytoplasm to the site of local
activation at the plasma membrane outpaces the slow lateral diffusion of GTP-Cdc42
away from the site. Once active, Cdc42 is no longer extracted by the GDI, and Cdc42
accumulates at the site of local activation. Dy, is the Cdc42 diffusion rate at the plasma
membrane. D¢ is the GDI-Cdc42 diffusion rate in the cytoplasm. (C) GTP-Cdc42 orients
actin cables through its effectors. Secretory vesicles loaded with Cdc42 are trafficked
along the actin-cables to the polarity site to concentrate Cdc42. Cdc42 is recycled from
the plasma membrane through endocytic vesicle trafficking to supply the internal pool.
1.2.2 Cdc42 Concentration through an Anchor

Another potential way to concentrate Cdc42 at the polarity site is through an
“anchor”. Multiple Cdc42 effectors have membrane-association domains, and through
continual, transient binding and unbinding could collectively entrap GTP-Cdc42 at the
polarity site. An example of this mechanism exists in fission yeast, where Mod5
concentrates at cell tips by assembling its own tip-associated anchor (Bicho et al., 2010).
Mod5 and its binding partner Teal co-localize to the tips of the cell marking the sites of
polarized growth. Half-tip FRAP experiments revealed that GFP-Mod5 recovered 10-fold
faster than Teal-GFP. Mod5 laterally diffuses along the plasma membrane relatively
quickly. In the absence of Teal, Mod5 spreads around the cell cortex. Teal is delivered
by microtubules to the cell tips. In the absence of Mod5, Teal is no longer stably
clusters at the cell tips, and it is quickly recycled through the cytoplasm. Thus, Mod5 and
Teal are dependent on one another to stably cluster at the cell tips. Yet Mod5 and Teal

have very different dynamics. How does the interdependent stabilization of Mod5 and

Teal work? It was proposed that Mod5 acts as a catalyst to incorporate newly delivered
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Teal into a stable, multimeric, cluster network (Bicho et al., 2010). By repeated binding
and unbinding to the Teal-cluster network, Mod5 can concentrate at the cell tip, despite
its relatively fast lateral diffusion. Thus Mod5 creates its own anchor by catalyzing the
incorporation of Teal into larger, stable cluster networks.

Cdc42 could in principle establish a similar anchor network with its own effectors
at the polarity site. GFP-tagged Cdc42 (GFP-Cdc42) FRAP recovery half-time at the
polarity site is 4-6 seconds (Slaughter et al., 2009; Wu et al., 2015), whereas GFP-Mod5
FRAP recovery half-time is 12-15 minutes (Bicho et al., 2009). This suggests Cdc42
dynamics at the polarity site is considerably faster than Mod5 dynamics at the cell tips.
Furthermore, there is no known Cdc42 effector in budding yeast that is as stably
localized to the polarity site as Teal is to the cell tips. Thus, it remains unclear whether

Cdc42 can generate its own anchor-network to concentrate at the polarity site.

1.2.3 Cdc42 Concentration by the GDI

If Cdc42 does not concentrate by differential membrane diffusion or by an
anchor, how else might Cdc42 concentrate at the polarity site? One proposed
mechanism is through Cdc42 cytoplasmic trafficking (Goryachev and Pokhilko, 2008).
Cdc42 associates with membranes through polybasic residues and a geranylgeranyl
hydrophobic modification at its C-terminus (Johnson, 1999). The GDI (guanine-
nucleotide dissociation inhibitor) can bind Cdc42 and mask the C-terminal
geranylgeranyl group. This enables the GDI to extract Cdc42 into the cytoplasm as a
soluble complex (Leonard et al., 1992; Michaelson et al., 2001). In the cytoplasm,
diffusion is more rapid than it is at the plasma membrane by several orders of magnitude

(Marco et al., 2007; Slaughter et al., 2007). Biochemical evidence suggests that the GDI
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preferentially extracts the GDP-bound Cdc42 over GTP-Cdc42 (Johnson et al., 2009).
This preference selectively mobilizes GDP-Cdc42 relative to GTP-Cdc42. During
positive feedback, cytoplasmic GDP-Cdc42 molecules deposited at the polarity site are
converted to GTP-Cdc42 by localized Cdc24. As GTP-Cdc42 is not extracted by the
GDI, rapid influx of GDP-Cdc42 from the cytoplasm outpaces the relatively slow lateral
diffusion of GTP-Cdc42 away from the polarity site (Goryachev and Pokhilko, 2008).
Thus, the GDI can promote Cdc42 concentration if the site of Cdc42 activation is
localized (Figure 1.2). Mutants lacking the GDI (rdilA cells) have ~5-fold slower Cdc42
dynamics at the polarity site suggesting that the GDI is a major Cdc42 concentrating
mechanism in budding yeast (Slaughter et al., 2009; Wu et al., 2015). Nonetheless,
rdilA mutants are still viable and can still concentrate Cdc42 during polarity

establishment, indicating some GDI-independent concentrating mechanism exists.

1.2.4 Cdc42 Concentration by Vesicle Trafficking

During polarization, GTP-Cdc42 reorients the actin cytoskeleton towards the
polarity site through its downstream effectors (Park and Bi, 2007). These effectors
include formins, such as Bnil, which nucleate actin cables for the delivery of secretory
vesicles by type V myosin (Chen et al., 2012). Depolymerizing actin cables with the drug
Latrunculin A (Lat A) reduces GFP-Cdc42 polarization efficiency (Wedlich-Soldner et al.,
2004). GFP-Cdc42 polarity clusters dissipated within 10 min in approximately 50% of Lat
A treated cells. Additionally, type V myosin mutants or tropomyosin mutants (myo2-66
and tpm® respectively) inefficiently polarized GFP-Cdc42 at restrictive temperature
(Wedlich-Soldner et al., 2004). These observations led to the conclusion that membrane-

associated Cdc42 is recycled through intracellular vesicle trafficking (Figure 1.2). Similar
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to Bem1-Snc2 rewired cells described above, if Cdc42 were concentrated on vesicles,
then it might promote its own polarization and concentration at the polarity site. Although
actin polymerization was not necessary for polarization in wild-type cells (Irazoqui et al.,
2003), blocking actin polymerization in rdilA cells blocked polarization of GFP-Cdc42
(Freisinger et al., 2013; Smith et al., 2013). Thus, it was proposed that the GDI
mechanism and the actin-dependent mechanism operate in parallel to concentrate
Cdc42 at the polarity site (Slaughter et al., 2009). The GDI mediates a fast Cdc42
concentrating pathway, while actin-dependent vesicle trafficking mediates a slow Cdc42
concentrating pathway.

Several studies using mathematical models suggested that an actin-myosin
vesicle trafficking mechanism could in principle concentrate Cdc42 (Marco et al., 2007;
Slaughter et al., 2009). These models made several assumptions. One, Cdc42 is
delivered from an internal pool to a small window (polarity site) at the plasma membrane.
Two, endocytosis occurs more frequently inside the window than it does outside the
window, which is consistent with an increase in endocytic actin patch formation at the
polarity site (Wu et al., 2015). Three, the rate of Cdc42 exocytosis is proportional to the
amount of Cdc42 within the internal pool. Four, Cdc42 is neither concentrated nor
excluded from endocytic vesicles, meaning Cdc42 concentration on endocytic vesicles is
proportional to the concentration at the plasma membrane, where the vesicle was
formed. Five, the rate of Cdc42 delivery by exocytosis equals the rate of Cdc42
internalization by endocytosis; i.e. the cell is in a polarized steady state. This also implies
that the cell is not growing, thus the cell surface area remains constant. A final

assumption was that since the cell is at steady state, the amounts of membrane being
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exocytosed and endocytosed are equal, and thus membrane fluxes can be ignored.
Given these assumptions and relatively slow membrane diffusion of Cdc42, simulations
indicated that the dynamics of Cdc42 at the polarity site were consistent with it being
concentrated through vesicle trafficking (Marco et al., 2007; Slaughter et al., 2009).
However, what happens if vesicle membranes are not ignored (Figure 1.3)? Can
Cdc42 still concentrate? If we consider a polarized cell, the Cdc42 concentration at the
front is by definition higher than it is at the back. If the internal pool of membrane-
associated Cdc42 is derived from endocytic membranes at both the front and the back
(as described in the original model (Marco et al., 2007)), then the Cdc42 concentration at
the internal pool membrane must be less than it is at the front. During bulk trafficking, the
concentration of Cdc42 on exocytic vesicles is equal the concentration of Cdc42 at the
internal pool membrane, thus Cdc42 on exocytic vesicles is less concentrated than it is
at the front. Therefore, delivery and fusion of exocytic vesicles at the polarity site should
dilute Cdc42 rather than concentrate it. Simulations of the polarized steady state with
vesicle traffic taken into consideration (and no explicit mechanism to concentrate Cdc42
onto vesicles) could not maintain polarized Cdc42 (Layton et al., 2011). To concentrate
Cdc42 at the polarity site, the Cdc42 concentration on both endocytic and exocytic
vesicles would have to be higher than that at the front (Layton et al., 2011). However,
there is no evidence for a Cdc42 concentrating mechanism onto vesicles. In fact, the
opposite appears to be true since GFP-Cdc42 is actually excluded from endocytic
vesicles (Slaughter et al., 2013; Watson et al., 2014). Although this might be an artifact
of the GFP tag, post-Golgi vesicle membranes were estimated to have three-fold less

concentrated Cdc42 than the polarity site (Watson et al., 2014). These observations are
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inconsistent with a vesicle trafficking mechanism concentrating Cdc42 at the polarity
site. Nevertheless, given that rdilA cells are unable to polarize without actin, it remains
unclear how actin is involved in Cdc42 concentration. If actin is not required for
concentrating Cdc42, then what is the alternative concentrating mechanism in the
absence of the GDI? A chapter in this thesis will address the role of actin in Cdc42
polarization. The subsequent chapter will address the alternative, GDI-independent

mechanism to concentrate Cdc42.
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Figure 1.3: Modeling Membrane Fluxes during Vesicle Trafficking
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Previous mathematical models considered membrane-free fluxes of Cdc42 trafficking on
exocytic and endocytic vesicles to the delivery window (Marco et al., 2007; Slaughter et
al., 2009). In a bulk Cdc42 trafficking model the Cdc42 concentration on vesicles equals
the concentration at the site of vesicle formation (i.e. Cdc42 is not deliberately
concentrated nor excluded from vesicles). At the steady polarized state, Cdc42
concentration is highest at the front. Cdc42 concentration is lowest at the back. Cdc42
concentration at the internal membrane compartment equals the average Cdc42
concentration of endocytic vesicles (from both the front and the back). Exocytic vesicles
have the same Cdc42 concentration as the internal membrane compartment from where
they are formed. The Cdc42 concentration on exocytic vesicles is therefore less than it is
at the front. Thus, fusion of exocytic vesicles at the front would dilute the Cdc42
concentration there. Cartoon adapted from Layton et al., 2011.

1.3 How Cells Polarize a Single Front

Many cell types, including budding yeast, establish a single polarity axis. For
some cell types, this is essential. If a mobile cell, for example, were to polarize multiple
fronts, it might tear itself apart trying to move in multiple directions. How then does a cell

establish one and only one front?

1.3.1 Reaction-Diffusion Mechanism

Theoretical studies have demonstrated that differential diffusion of interacting
polarity factors could promote polarization to a single front (Meinhardt, 2012). One
example of a simple two-component reaction-diffusion model has a slow diffusing
‘activator’ and a fast diffusing ‘inhibitor’ (Figure 1.4A). The slow diffusing activator can
generate more activator by non-linear positive feedback. The simplest non-linear positive
feedback is that two activator molecules must form a complex to generate additional
activator. The activator complex also produces a fast diffusing inhibitor, which impedes
the generation of additional activator. Slight noise in a relatively homogenous distribution
of the activator sets up an unstable steady state. Stochastic fluctuations in activator

distribution would lead to a slight asymmetry in its concentration. Local non-linear
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positive feedback and generation of fast diffusing inhibitor amplifies the asymmetry. A
localized region of concentrated activator amplifies itself, and its generation of the fast
diffusing inhibitor antagonizes activator amplification at adjacent sites. In a small field
compared to the range of the inhibitor, a graded distribution of the activator is generated
across the field (Figure 1.4A). In other words, one side of the field would become more
concentrated for the activator relative to the other side. The inhibitor would have a
shallower graded distribution because of its relatively fast diffusion. In a large field
compared to the range of the inhibitor, multiple regions of concentrated activator can
coexist at evenly spaced intervals, producing more complex patterns.

Similar patterns can emerge from another two-component reaction-diffusion
model that replaces the fast diffusing inhibitor with a fast diffusing ‘substrate’ (Figure
1.4B). The slow diffusing activator consumes the fast diffusing substrate during non-
linear positive feedback. As before, in a small field compared to the range of the
inhibitor, initial noise can lead to a graded distribution of the activator. However in this
case, depletion of fast diffusing substrate inhibits positive feedback at adjacent sites.
Thus initiation of multiple regions of concentrated activator would be resolved through
competition for limiting, fast diffusing substrate. Different parameters of these two-
component reaction-diffusion models can be tuned to promote either a single front of
concentrated activator, or multiple, evenly spaced regions of concentrated activator.
Parameters include the concentrations and diffusion rates of the components, the rates
of non-linear positive feedback and inhibition (or substrate depletion), and the size of the
field. Interestingly, Rho GTPases and proposed molecular positive feedback

mechanisms share many characteristics with these reaction-diffusion models. For
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example, in budding yeast, membrane associated GTP-Cdc42 and the cytoplasmic
GEF-PAK complex could be analogous to the slow diffusing activator and fast diffusing
substrate, respectively. GTP-Cdc42 recruits the GEF-PAK complex to drive positive
feedback, thereby depleting the GEF-PAK from the cytoplasm. However, reaction-
diffusion is not the only proposed mechanism to generate a single front. Here | will
discuss some of these different proposed mechanisms, including a reaction-diffusion

model for budding yeast, and how cell polarization can be restricted to a single front.
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Figure 1.4: Reaction-diffusion mechanisms promote polarization to a single front

Reaction diffusion models are on a one dimensional field. Component concentrations
are in arbitrary units. Each panel represents a moment in time (min:s) after starting the
simulation, progressing from left to right. (A) In a simple activator-inhibitor model, there is
a slow diffusing activator and fast diffusing inhibitor. The activator can produce more
activator through non-linear positive feedback, but also produces its own inhibitor, which
impedes positive feedback. Stochastic fluctuations in the activator distribution can give
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rise to a slight asymmetry in the activator concentration, which is amplified through
positive feedback. The activator concentration gradient is maintained by the production
of the fast diffusing inhibitor, which impedes positive feedback at adjacent sites. (B) In
the activator-substrate model, there is a slow diffusing activator as before, and a fast
diffusing, limiting substrate. During non-linear positive feedback, the substrate is locally
“consumed”, depleting the total substrate concentration. If stochastic fluctuations initially
give rise to multiple activator peaks, the peaks compete for limiting substrate until a
single peak “wins”.
1.3.2 Membrane Tension can Restrict Polarization to a Single Site
Highly mobile cells that polarize toward chemoattractants establish a single front
in the direction of the concentration gradient. However, these cells are able to maintain a
single axis despite potential noise and fluctuations in the gradient. For example,
neutrophils still polarize to a single front even in a uniform concentration of
chemoattractant. HL-60 leukemia cells are mobile and respond to chemoattracant with
similar behavior to neutrophils. Under certain conditions, an HL-60 leukemia cell will
polarize its pseudopod movement in uniform chemoattractant, but the cell body will
remain in place, giving the cell a highly stretched, tethered morphology (Houk et al.,
2012). Despite the extended tethered morphology the cell still only polarizes to one front,
suggesting some type of long-range inhibition prevents pseudopod formation (and thus
polarization) at the back. Akin to the activator-substrate reaction-diffusion model, a
possible explanation for this behavior is that the front of a tethered cell contains the
majority of the fast diffusing substrate necessary for positive feedback. If this were the
case, then the back of the cell might have too low a concentration of the substrate to
initiate polarization. However, if a tethered cell is severed in two, the back of the cell can

spontaneously polarize (Figure 1.5B) (Houk et al., 2012). This suggests that the front of

the cell does not sequester all the polarity factors to deprive the back from polarizing.

24



Alternatively, akin to the activator-inhibitor reaction-diffusion model, the cell front might
produce a fast diffusing, cytoplasmic factor that blocks polarization at the back.
However, FRAP experiments using cytoplasmic fluorescent proteins demonstrate that
the tethered morphology drastically attenuates cytoplasmic diffusion (Houk et al., 2012).
Highly attenuated cytoplasmic diffusion in these tethered cells is inconsistent with long-
range inhibition being mediated by a diffusing, cytoplasmic factor.

During polarization, extensive actin polymerization at the front drives pseudopod
protrusion. Pseudopod protrusion propagated by actin polymerization produces
mechanical tension along the cell cortex (Houk et al., 2012). Deforming the cell cortex by
aspirating part of the cell using a micropipette can artificially produce mechanical tension
in the plasma membrane. Remarkably, artificially deforming the cortex at different sites
along the cell inhibited polarization at the cell front. Pseudopod protrusions quickly
retracted back to the cell body (Houk et al., 2012). This suggests that mechanical
tension in the cell membrane can act as long-range inhibitor of polarization (Figure
1.5A). However, mechanical tension could either be generated at the plasma membrane
or through the actin-cytoskeleton. The myosin inhibitor blebbistatin prevents retraction of
the back of motile cells, creating long extended cells. Thus blebbistatin decreases
overall actin-cytoskeleton tension while simultaneously increasing plasma membrane
tension. Interestingly, blebbistatin treatment blocked cell polarization, suggesting that
plasma membrane tension, rather than actin-cytoskeleton tension, acts as the long-

range inhibitor in these mobile cells.
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Figure 1.5: Mechanisms that can Enforce Polarization to a Single Front

(A) Cartoon representation of a tethered HL-60 cell. The polarized front (shaded green)
generates actin polymerization promoting pseudopod protrusion. The pseudopod
generates cortical tension along the membrane, inhibiting polarization of another front.
After the tethered cell is severed in two (either artificially or spontaneously) what was
once the back half of the tethered cell is no longer inhibited by membrane tension, and
can now polarize a new front. (B) Representative tethered HL-60 cell severed and
polarizing a new front. The panel is adapted from Houk et al., 2012. (C) In the stabilizer
model, initial polarity clusters are inherently unstable. Only the polarity cluster than
acquires the stabilizer becomes a bona fide bud site. The cartoon is adapted from Wu et
al., 2015.

1.3.3 Competition between Multi-Cluster Intermediates

Cortical tension in yeast is determined by turgor pressure rather than cell
protrusions, thus mechanical tension is unlikely to restrict polarization to a single front in
yeast. Presumably, a yeast cell that is unable to restrict polarization to a single front
would a bud simultaneously from each front. Interestingly, rewired cells expressing

Bem1-Snc2 can on occasion produce two buds simultaneously (Howell et al., 2009).
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This suggests that the mechanism to enforce polarization to a single site in these cells is
weakened. Bem1-Snc?2 localization to the polarity site is dependent on acto-myosin-
mediated recycling of vesicles, and its dynamics are considerably slower than freely
diffusing Bem1. During polarity establishment in rewired cells, multiple clusters are
observed competing for several minutes. As one polarity cluster grows in Bem1-Snc2
intensity, another cluster correspondingly shrinks (Howell et al., 2009). This raises the
possibility that in rewired cells polarity clusters compete for a limiting polarity factor, akin
to a limiting substrate in the reaction-diffusion model. In most rewired cells competition
proceeds until a single cluster dominates, becoming the only polarity site. However,
some rewired cells violated singularity by producing two, simultaneous buds (Howell et
al., 2009). In these cells, competition between multiple polarity sites was unable to
enforce polarization to a single front by the time of bud emergence.

Does competition for a limiting substrate enforces polarization to a single site in
the natural yeast polarity circuit? A cluster of GTP-Cdc42 (the activator) at the plasma
membrane recruits the cytoplasmic GEF-PAK complex (substrate) during non-linear
positive feedback. It was proposed that when the fast diffusing substrate is depleted,
growth of the GTP-Cdc42 cluster is restricted (Goryachev and Pokhilko, 2008; Johnson
et al., 2011). Multiple GTP-Cdc42 clusters would therefore compete for limited GEF-PAK
complex. Non-linear positive feedback would naturally favor the larger cluster to
outcompete smaller clusters for the limited substrate (GEF-PAK complex) (Goryachev
and Pokhilko, 2008; Wu and Lew, 2013). Thus, competition between multiple clusters
would proceed until a single cluster ‘wins’, becoming the sole polarity site. Live cell

microscopy experiments with increased temporal resolution revealed that wild-type cells
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initially polarize multiple, transient clusters at the plasma membrane (Howell et al., 2012;
Wu et al., 2013). Multi-cluster intermediates coexist for 1-2 minutes until a single cluster
emerges as the sole polarity site. This is consistent with competition restricting
polarization to a single site. However, cells with a single polarity cluster (without any
apparent competing clusters) would on occasion spontaneously disassemble the cluster,
and repolarize elsewhere (Howell et al., 2012). Spontaneous polarity cluster dissipation
was attributed to negative feedback pathways that buffer the polarity circuit (Howell et
al., 2012; Kuo et al., 2014). This finding made it unclear whether competition necessarily

enforces polarization to a single site.

1.3.4 Recruiting a Stabilizer

Why would a polarity cluster dissipate without any competing clusters vying for
limited substrate? A possible explanation is that initial clusters are intrinsically unstable,
and must recruit a stabilizer. In this scenario, only a cluster that can recruit the stabilizer
can become the future bud site (Figure 1.5C). Clusters that are unable to recruit the
stabilizer are destined to dissipate. It has been proposed that actin cables might act as a
stabilizer (Freisinger et al., 2013; Wedlich-Soldner et al., 2003). In this model, positive
feedback by local activation generates intrinsically unstable polarity clusters. Once actin
cables are oriented toward the site, secretory vesicles can then deliver the critical
stabilizer. Actin patches ( highly branched actin structures that mark the sites of clathrin-
mediated endocytosis) have also been proposed to be a stabilizer (Jose et al., 2013).
Blocking actin polymerization with latrunculin reduces Cdc42 polarization efficiency
(Wedlich-Soldner et al., 2004), and cells that do polarize have an increased tendency to

spontaneously disassemble the polarity site, and polarize elsewhere (Howell et al.,
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2012). This is consistent with the notion that one or both actin structures potentially
stabilize the polarity site.

If actin structures are stabilizing factors, then they should only be found at the
future presumptive bud-site, and not at sites that eventually dissipate. The Rab GTPase,
Sec4, coats exocytic vesicles that traveling along actin cables (Walch-Solimena et al.,
1997). Thus, Sec4 serves as a good marker for polarized exocytosis and actin cable
formation (Chen et al., 2012). Interestingly, Sec4 was found to accumulate at both
winning and losing polarity clusters (Wu et al., 2015). Dissipation of polarity clusters in
the presence of actin cables indicates actin cables are insufficient to stabilize the polarity
site. Actin patches can be visualized using the actin-binding protein, Abp1 (Drubin et al.,
1988). Prior to polarization, actin patches are distributed randomly around the cell
cortex, and accumulate at the front of the cell during polarization. However, clustering of
actin patches was not observed at polarity clusters until well after a single site had been
established (Wu et al., 2015). This suggests that actin patches form at polarity clusters
too late to determine the winning polarity site. Septin filaments are another possible
candidate stabilizer. After localizing to the polarity site, the septins form a ring of
filaments around the site, and eventually form a collar at the mother-bud neck (Oh and
Bi, 2011). However, the first detection of septin localization comes well after a single site
is established (Wu et al., 2015). Like actin patches, septins localize too late to be
polarity site stabilizer. Although these experiments do not rule out the possibility that the
winning polarity site is determined by a stabilizer, no proposed candidate fulfills the
predicted characteristics of a polarity site stabilizer. However, recent findings that

support the competition model have shed doubt on the presence of a stabilizer.

29



1.3.4 Support for the Competition Model

FRAP experiments indicate that polarity proteins are dynamic, residing at the
polarity site for only several seconds at a time (Slaughter et al., 2009; Wedlich-Soldner
et al., 2004; Wu et al., 2015). If polarity clusters do compete for limiting polarity factors,
then the rate of competition would depend on the rate at which polarity factors exchange
between polarity clusters and the internal pool. Slowing the dynamics of polarity factor
would correspondingly slow its exchange, and could potentially also slow competition. In
rewired cells, polarization is dependent upon the recycling of Bem1-Snc2 through actin-
mediated vesicle trafficking. Bem1-Snc2 dynamics are considerably slower than wild-
type Bem1 (Howell et al., 2009). Prolonged competition observed in rewired cells might
be due to the slowed dynamics of Bem1-Snc2. Although rewired cells could be
competing for limited Bem1-Snc2, it is also possible that rewiring the polarity circuit
through actin makes actin-cables the limiting factor. Thus it is unclear what exactly
becomes limiting during competition in these cells. However, polarity protein dynamics
can be slowed without involving actin, allowing for a more direct test of the competition
model.

Cdc42 associates with membranes through a polybasic stretch and C-terminal
prenylation (Johnson et al., 1999). The sole GDI for Cdc42, Rdil, can mediate rapid
exchange of GDP-Cdc42 between membranes and the cytoplasm (Slaughter et al.,
2009; Wu et al., 2015). FRAP experiments indicate that in the absence of Rdil, the
dynamics of Cdc42 localization to the polarity site are slowed ~5 times (Slaughter et al.,
2009; Wu et al., 2015). Interestingly, rdi1lA cells can on occasion produce two buds

simultaneously, violating ‘singularity’ (Freisinger et al, 2013; Wu et al., 2015). In wild-
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type cells, multi-cluster coexistence time was approximately 1-2 minutes (Howell et al.,
2012; Wu et al., 2015). On the other hand, multi-cluster intermediates have ~3-fold
longer coexistence times in rdilA cells, sometimes competing for more than 6 minutes.
Thus, slowing membrane-cytoplasm exchange of GDP-Cdc42 (which can be thought of
as another substrate in the reaction-diffusion model) is sufficient to slow competition
between multiple polarity clusters.

What if the dynamics of other substrates are slowed? It was proposed that
appending the C-terminal nine residues of Cdc42 (KKSKKCAAX), which targets Cdc42
to membranes, to the C-terminus of other polarity factors might correspondingly slow
their dynamics (Wu et al., 2015). As expected, Bem1-CAAX and Cdc24-CAAX had
increased cortical localization relative to Bem1 and Cdc24. Furthermore, Bem1-CAAX
and Cdc24-CAAX had slower dynamics at the polarity site than wild-type Bem1 and
Cdc24 (Wu et al., 2015). Cells expressing either Bem1-CAAX or Cdc24-CAAX had
prolonged multi-cluster coexistence, much like rdilA cells. On occasion these cells
produced two buds simultaneously. This suggests that slowing polarity factor exchange
and dynamics at the polarity site by increasing the factor’s association with membranes
also slows competition. What happens when the dynamics are slowed for multiple
substrates? Remarkably, rdilA cells expressing either Bem1-CAAX or Cdc24-CAAX
were commonly observed making two or more simultaneous buds. Moreover,
competition for polarity factors was observed even after bud emergence in these cells.
Buds that became depleted for polarity factors no longer grew (Wu et al., 2015). This
suggests that simultaneously slowing the exchange of multiple polarity factors slows

competition even further, enabling multiple polarity sites to persist.
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The fact that budding yeast restrict polarization to a single front through
competition for limiting polarity factors has potentially interesting implications for
polarization in other cell types. Since the core polarity machinery is conserved
throughout eukaryotes, it is tempting to speculate that competition might be a common
mechanism to restrict polarization to a single front. On the other hand, some cells
polarize multiple fronts (such as neurons and hyphae branching in filamentous fungi).
Slowing competition by tuning the dynamics of polarity proteins in yeast promoted
multiple polarity sites (Wu et al., 2015). It conceivable that cells types that polarize
multiple fronts might employ a similar strategy of slowing the dynamics of the polarity
factors. Hopefully, future work will reveal the strategies employed by different cell types

to either enforce singularity, or to promote multiple, stable polarity sites.

1.4 Thesis Objectives

Polarity establishment is an important process for many different eukaryotic cell
types. Remarkably, cells share the same core regulators of polarity, the Rho-family
GTPases. The budding yeast S. cerevisiae has been a key model organism to
understand polarity establishment. The master regulator of polarity in yeast is the highly
conserved Rho GTPase, Cdc42 (Etienne-Manneville, 2004). During polarity
establishment, activated Cdc42 accumulates at a site at the plasma membrane which
becomes the cell’s “front” (Richman et al., 2002; Ziman et al., 1993). This can occur
even in the absence of spatial cues that normally guide the position of polarity
establishment during symmetry breaking (Pringle et al., 1995). Two positive feedback
mechanisms have been proposed to polarize Cdc42 during symmetry breaking: local

activation and local delivery (Kozubowski et al., 2008; Wedlich-Soldner et al., 2003).
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However, the relative importance of the two positive feedback mechanisms is unclear. In
this study, we wanted to dissect the mechanisms of positive feedback. Here, we directly
test the predictions of the two proposed models for positive feedback.

In fission yeast, differential lateral diffusion of the GDP-Cdc42 and GTP-Cdc42 at
the membrane coupled with local activation is sufficient to increase total (GDP+GTP)
Cdc42 concentration at the polarity site (Bendezu et al., 2015). However, in budding
yeast, GDP-Cdc42 and GTP-Cdc42 diffusion is thought to be equal (Marco et al., 2007),
thus some other mechanism must concentrate Cdc42. A GDI-dependent mechanism
coupled with local activation has been proposed to concentrate Cdc42 during polarity
establishment (Goryachev and Pokhilko, 2008). However, in the absence of the GDI,
Cdc42 can still concentrate by some slower mechanism (Slaughter et al., 2009). It has
been proposed that actin mediated trafficking of Cdc42 directed to the polarity site can
mediate this slow pathway (Slaughter et al., 2009; Wedlich-Soldner et al., 2004).
However, theoretical considerations have shed doubt on whether actin-mediated vesicle
trafficking could concentrate Cdc42 at the polarity site (Layton et al., 2011). Thus, it was
unclear how Cdc42 concentrates in the absence of the GDI. We wanted to understand
the basis of the GDI-independent mechanism to concentrate Cdc42. We use genetics
and live cell microscopy to assess the relative contributions of actin and the GDI in
concentrating Cdc42. We conducted a genetic screen to uncover novel factors required
for concentrating Cdc42 in the absence of the GDI, and we use live cell microscopy with
computational modeling to determine the GDI-independent Cdc42 concentrating

mechanism.
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2. Polarity establishment requires localized activation of
Cdc42?

2.1 Introduction

The Rho-family GTPase Cdc42 and its relatives are master regulators of cell
polarity in most eukaryotes (Etienne-Manneville, 2004; Park and Bi, 2007; Wu et al.,
2013). During polarity establishment, cells concentrate GTP-Cdc42 at a site on the
cortex that then becomes the front of the cell (Gulli et al., 2000; Ziman et al., 1993). In
budding yeast, there is consensus that polarity establishment involves positive feedback
that can amplify small initial asymmetries in Cdc42 distribution to generate a highly
concentrated patch of Cdc42. However, the mechanisms of positive feedback remain

controversial.

Models of positive feedback via “local activation” posit that GTP-Cdc42 acts to
promote GTP-loading of neighboring GDP-Cdc42 at the plasma membrane, by recruiting
the guanine nucleotide exchange factor (GEF) Cdc24 (Goryachev and Pokhilko, 2008;
Johnson et al., 2011; Kozubowski et al., 2008). Consistent with local activation, Cdc24
becomes co-concentrated with GTP-Cdc42 at the polarity site (Nern and Arkowitz, 1999;
Toenjes et al., 1999). On the other hand, “local delivery” models posit that GTP-Cdc42
acts to promote targeted delivery of more Cdc42 (GDP or GTP bound) to the local
vicinity from internal pools (Slaughter et al., 2009; Slaughter et al., 2013; Wedlich-
Soldner et al., 2003). Local activation and local delivery are not mutually exclusive.
However, findings from different labs have led to contradictory conclusions about their

relative importance.

'Chapter 2 is adapted from the published work:
Woods, B., C.C. Kuo, C.F. Wu, T.R. Zyla, and D.J. Lew. 2015. Polarity establishment requires localized activation
of Cdc42. J Cell Biol. 211:19-26.
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Support for the local activation model came from analyses of two proteins, Rsrl
and Bem1, which bind Cdc24 and concentrate it at the polarity site. Rsrl is a Ras-family
GTPase that is activated in the vicinity of “landmark” proteins inherited at specific sites
by newborn cells. Rsr1-GTP can recruit Cdc24 from the cytoplasm, leading to Cdc42
activation near the landmarks (Howell and Lew, 2012). Bem1 is a scaffold protein that
binds Cdc42-GTP and Cdc42 effectors in addition to Cdc24. These interactions allow
GTP-Cdc42 to recruit Bem1-Cdc24 complexes from the cytoplasm, leading to GTP-
loading of neighboring Cdc42 in a positive feedback loop (Goryachev and Pokhilko,
2008; Johnson et al., 2011; Kozubowski et al., 2008). Cells lacking either Rsrl or Beml
can polarize Cdc42, but cells lacking both cannot (Irazoqui et al., 2003). As Rsrl and
Beml act to localize Cdc24, these findings suggested that Cdc24 localization, and

hence local activation of Cdc42, was critical for polarization.

A recent study (Smith et al., 2013) suggested that Rsr1-Cdc24 and Bem1-Cdc24
interactions are important primarily to activate Cdc24, not to localize it. In this view, Rsrl
and Bem1 simply enable sufficient GTP-loading of Cdc42 to trigger positive feedback by
local delivery: localization of Cdc24 is not necessary, and as long as there is sufficient
GEF activity it matters not where the GTP-loading of Cdc42 takes place. Here, we have
directly tested this hypothesis. We demonstrate that local activation of Cdc42 is a key

event in polarity establishment.
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2.2 Results

2.2.1 Can polarization occur without RSR1 and BEM17?

We previously reported that rsr1A bem1A mutants were inviable in three different
strain backgrounds including S288C (Irazoqui et al., 2003). However, Smith et al. (2013)
found that at 24°C, rsr1A bem1A mutants were viable in their version of S288C.
Dissecting tetrads from diploid strains generously provided by S. Smith and R. Li, we
found that most rsr1A bem1A spores failed to yield viable colonies even at 24°C (Figure
2.1A); those that did contained many abnormally large and multinucleate cells (Figure
2.1B and Figure 2.2). Thus, these data do support the existence of a mechanism that
can drive bud emergence without Bem1 and Rsrl, whose nature remains to be
determined. However, the process is clearly too weak to support polarization in a
majority of cells. How do we resolve the finding that rsr1A bem1A mutants were viable
when originally isolated by Smith et al. (2013)? Surprisingly, we were able to amplify
wild-type BEM1 sequence by PCR from the genome of reportedly rsr1A bem1A haploid
strain used in Smith et al. (2013). We suspect this might arise depend on how viable
rsrlA bem1A haploids are isolated. Thus, the rsrlA bem1A mutants originally analyzed

in Smith et al. likely expressed wild-type BEM1 (Smith et al., 2013).

2.2.2 Is Cdc24 activated by Bem1?

A membrane-targeted FRET-based Cdc42 biosensor reported higher GTP-
Cdc42 levels in wild-type cells than in bem1A cells or bem1 point mutants that disrupt
the Bem1-Cdc24 interaction (Smith et al., 2013), prompting the conclusion that Bem1-

Cdc24 interaction stimulates Cdc24 GEF activity. However, as Bem1-Cdc24 interaction

36



A rsr1A/RSR1 bem1A/BEM1 B rsr1A BEM1 rsr1A bem1A
[le o s 2 © o[ o[
e e 0 o c]l[s]® ©® o
e o] :[Ne oo e
. . .9 9 b D .

24°C

e+ e5le * o
e o1 e
e o 00 o[]e

C0e ¢ ®[5] o[

0[] o @

Cdc24+"

Cdc24
Cdc24KR
Cdc24
bem1A

. . '. 14 -
ece o L ] I
K3
et

37°C

0
Cdc24 Cdc24"R Cdc24 Cdc24 Cdc24*PB'Cdc24*
bem1A

Figure 2.1: Requirement for BEM1 and RSR1, and biochemical assay of the effect
of Bem1 on Cdc24 GEF activity

A) Tetrads from rsr1A/RSR1 bem1A/BEM1 S288C diploids (DLY17480). rsr1A bem1A
spores often fail to produce viable colonies at 24°C. Green: viable rsr1A bem1A spores.
Red: inviable rsr1A bem1A spores. At 37°C, both RSR1 bem1A and rsr1A bem1A
spores are inviable. B) DIC images of rsr1A BEM1 and viable rsr1A bem1A cells
(DLY18495 and DLY18459) expressing the histone H2B tagged with mCherry. These
cells were generated from a transformed diploid strain constructed using haploids
isolated from the tetrads in A). Scale bar, 5 um. C and D) Cdc24 GEF activity in vitro.
Arbitrary units (AU): amount of radioactive GTP loaded on Cdc42 divided by the amount
of HA-Cdc24 in the immunoprecipitate (inset). Activity is normalized to the wild-type
Cdc24-HA. C) Cdc42 GTP loading by Cdc24-HA isolated from yeast: wild-type,
DLY15284; Cdc24"® (no Bem1 binding), DLY17327; Cdc24-HA from bem1A cells,
DLY15299. D) Wild-type, DLY15819; Cdc24*"®" (lacks putative autoinhibition),
DLY15818; Cdc24™ (catalytically dead control), DLY15817. Mean + SEM (n = 3).
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localizes Cdc24 to the polarity site at the cell cortex, that alone would increase access of
Cdc24 to the membrane-localized Cdc42, enhancing overall GTP-loading of Cdc42.

To ask whether Cdc24 activity is regulated by Bem1 interaction, we isolated
Cdc24 from wild-type and bem1A mutant strains and compared its GEF activity in vitro.
Both preparations were active (Figure 2.1C). Indirect experiments had suggested that
the PB1 domain of Cdc24 was autoinhibitory, and that Bem1 binding to that domain
activated Cdc24 by relief of autoinhibition (Shimada et al., 2004). However, disrupting
the Bem1-Cdc24 interaction by point mutation (Figure 2.1C) or deleting the PB1 domain
(Figure 2.1C) had little effect on Cdc24 GEF activity. As in vitro assays may not
recapitulate in vivo conditions, it remains possible that Bem1 regulates Cdc24 catalytic
activity. However, this hypothesis lacks direct support in a context that distinguishes
catalytic activity from membrane targeting.

rsriA rsriA bemi1A

H2B-mCherry

Figure 2.2: Additional examples of rsr1A bem1A cells
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DIC images of rsr1A BEM1 cells (left, DLY18495) and viable rsr1A bem1A cells (right,
DLY18459) at 24°C.

2.2.3 Bem1 polarization is necessary for Bem1 function

Whether or not Bem1 activates Cdc24, a key prediction of the local activation
model is that Bem1 must concentrate at the polarity site in order to function. A mutant
with reduced binding to GTP-Cdc42 (Bem1“%**") was still able to promote Cdc42
polarization (Smith et al., 2013), but previous work suggested that Bem1 localization
occurs primarily via the second SH3 domain, which binds effectors of Cdc42 (Irazoqui et
al., 2003; Kozubowski et al., 2008). Indeed, Bem1"****-GFP polarized with similar timing

to wild-type Bem1-GFP (Figure 2.3A), so ability of Bem1"?**" to function is unsurprising.

To ask whether Bem1 localization was necessary for Bem1 function, we
exploited the chemical genetic “anchor away” system (Haruki et al., 2008) to generate a
version of Bem1 that could be trapped in the cytoplasm (Figure 2.3B). In this system,
rapamycin promotes interaction of Bem1 with ribosomes, rapidly sequestering Bem1
away from the polarity site (Figure 2.3C). Addition of rapamycin blocked bud emergence
(Figure 2.3D), indicating that Bem1 cannot function in the cytoplasm. Interestingly, this
was true even in cells that contain Rsrl, where Beml itself is nonessential (Figure 2.4).
Our results are fully consistent with recent findings that optogenetic sequestration of
Beml to the surface of mitochondria similarly blocked bud emergence (Jost and Weiner,

2015). Thus, Bem1 must be able to localize to the cortex in order to function.

To test whether Bem1 must concentrate at the polarity site or whether general
membrane localization would suffice, we exploited previously characterized constructs in

which Bem1 is fused to the transmembrane protein Snc2 (Howell et al., 2009). Snc2 is a
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v-SNARE that becomes polarized by delivery on exocytic vesicles and rapid endocytic
recycling (Valdez-Taubas and Pelham, 2003). We showed that Bem1-Snc2 polarized
like Snc2 and was able to promote budding (Howell et al., 2009). However, mutation of

the Snc2 endocytosis signal caused Bem1-Snc2"394M42A

to localize patchily all over the
plasma membrane (Figure 2.3E). Introducing this construct into the anchor-away strain,
we found that Bem1-Snc2"***M** was unable to rescue budding upon addition of

rapamycin (Figure 2.3F). We conclude that general membrane-localization of Bem1

cannot promote polarization, and that Bem1 polarization is essential for Bem1 function.
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Figure 2.3: Bem1 localization is necessary for Bem1 function
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A) Wild-type Bem1 and a Cdc42-interaction defective mutant (Bem1"*>*P) polarize with

similar efficiency and dynamics. Top: Inverted maximum projection images at 45 s
intervals comparing Bem1-GFP and Bem1"**"-GFP homozygous diploids (DLY17251
and DLY19400). Time in min:s, starting just prior to polarization. Middle: Quantification
of Bem1-GFP or Bem1“***"-GFP cluster intensity in the cells above. Bottom: Additional
guantifications of different cells. B) The Anchor-Away technique: FKBP12 (orange
diamond) and GFP are fused to the C-terminus of Bem1, and the FKBP12-rapamycin-
binding domain (FRB, blue arrow) is fused to the C-terminus of the large ribosomal
subunit Rpl13a. In the absence of rapamycin, Bem1 localizes normally to the polarity site
(left). In the presence of rapamycin, FKBP12 and FRB interact, sequestering BemL1 to
the ribosomes (right). C) Sequestering Bem1 to ribosomes blocks Bem1 polarization.
Upon addition of rapamycin, Bem1-FRB-GFP is sequestered to the cytoplasm. Inverted,
maximum projection images of cells (DLY15549) expressing Bem1-FRB in DMSO or 50
pg/ml rapamycin. D) Sequestering Bem1 to the cytoplasm blocks budding. DIC images
of rsr1A cells expressing Bem1-FRB-GFP (DLY15971) before and after 6 h incubation
on a 50 pg/ml rapamycin slab.E) Bem1 fused to a plasma membrane protein
(Snc2V39AM424) |9calizes to the plasma membrane. Inverted single slice scanning
confocal image of a diploid cells expressing Bem1-GFP-FRB and Bem1-GFP-
Snc2V*"M42A (DY18783). F) Localization of Bem1 to the plasma membrane does not
rescue budding. DIC images of cells expressing Bem1-FRB-GFP and Bem1-GFP-
Snc2"* M2 (DLY19244) in 50 pg/ml rapamycin, imaged over 14 h. Scale bars, 5 pm.
C-F) Images were taken at 24°C.

2.2.4 Cdc24 polarization is necessary for Cdc24 function

A delocalized version of Cdc24 lacking the C-terminal PB1 domain, Cdc24%7®",

was
reported to promote Cdc42 biosensor activation and perhaps aid in Cdc42 polarization,
even though it could not bind Bem1 or concentrate at the polarity site (Smith et al.,

2013). However, in agreement with earlier work (Kozubowski et al., 2008),

we found that Cdc24”"®! was unable to sustain viability in the absence of endogenous

Cdc24 (Figure 2.5A), suggesting that delocalized Cdc24 is not functional.

Cdc24”7®' is primarily cytoplasmic, while its target Cdc42 is associated with
membranes. Thus, the inability of Cdc24%7®" to function may simply reflect lack of access
to the plasma membrane. To test this possibility, we fused Cdc24”"®" (or full-length

Cdc24 as control) to a 28-residue N-terminal peptide from Psrl, which confers plasma
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10 pg/ml rapamycin

Bem1-FRB-GFP

Figure 2.4: Sequestering Bem1 in the cytoplasm blocks polarization and budding
even in cells containing RSR1

DIC images of RSR1 cells expressing Bem1-FRB-GFP (DLY15549) after 3 h incubation

on a DMSO slab or 10 pg/ml rapamycin slab. DIC images were acquired using an Andor
Revolution XD spinning-disk confocal microscope at 24°C (Olympus).

membrane localization via myristoylation and dual palmitoylation (Kuo et al., 2014;
Siniossoglou et al., 2000). We refer to these as membrane-targeted (MT) versions.
Because previous experiments indicated that Cdc24 undergoes inhibitory
phosphorylation at the plasma membrane (Kuo et al., 2014), we also generated versions
that were nonphosphorylatable and hence could not be inhibited: MT-Cdc24%* and MT-
Cdc24%"A2PB1 These proteins were expressed (Figure 2.5B) and targeted to the plasma
membrane (Figure 2.5C), but MT-Cdc24®* was polarized whereas MT-Cdc24%4 AP81
was not. We found that MT-Cdc24 rescued the viability of cdc24A mutants, but MT-

Cdc24%"A2P8 did not (Figure 2.5D). In a temperature-sensitive cdc24-1 context, cells
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Figure 2.5: Cdc24 localization is necessary for Cdc24 function
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A) Cdc24*7®" is unable to function as the sole source of Cdc24. Left: Tetrads of
heterozygous diploids expressing either Cdc24“7®'-3HA (DLY15184) or Cdc24-3HA
(DLY15073) at the CDC24 locus were grown at 24°C for 2 d. Right: Western blot of
Cdc24 from the heterozygous diploids. B) Western blot comparing expression of non-
phosphorylatable, membrane targeted MT-Cdc24%* (DLY18203) and MT-Cdc24°"4 4P
(DLY18490) relative to wild-type Cdc24 (DLY12338). C) MT-Cdc24 localizes to the
plasma membrane. Inverted single slice scanning confocal image of heterozygous
diploid cells expressing either MT-Cdc24%®* (DLY18203) or MT-Cdc24%A A8
(DLY18490). Cells were imaged at 24°C. D) Membrane targeted Cdc24>*"® is unable
to function as the sole source of Cdc24. Tetrads of heterozygous cdc24A/CDC24
diploids expressing either MT-Cdc24%* (DLY18203) or MT-Cdc24># 478" (DLY18490)
were grown at 24°C for 3 d. E) Membrane targeted Cdc24>"* 2"®' causes arrest as large,
round, unbudded cells. DIC images of cdc24-1 cells expressing either MT-Cdc24%4
(DLY19120) or MT-Cdc24%2"8" (DLY19218) grown at 24°C or 37°C. F) Membrane
targeted Cdc24*# %8s unable to rescue cdc24-1. Cells were spotted onto plates (10-
fold serial dilutions) and incubated for 3 d. From top: DLY8502, DLY19122, DLY 19498,
DLY8534, DLY19120, and DLY19218. Scale bars in C) and E), 5 um.

expressing MT-Cdc24** polarized and budded, but cells expressing MT-Cdc24>"4 481
arrested as large, round, unbudded cells at restrictive temperature (Figure 2.5E,F).
Indeed, these cells were large even at permissive temperature, suggesting that
unpolarized active Cdc24°"*2"®1 interferes with polarization. Similar results were
obtained with MT-Cdc24 and MT-Cdc24*7®" (Figure 2.6A-C). Thus, uniformly targeting
Cdc24 to the plasma membrane is not sufficient to promote polarization, suggesting that

localizing GEF activity is essential.

45



A cac2an i cocos B MT-Cdc24 MT-Cdc242°5"

MT-CDC24:.LEU2 | leu2

eoee
ee oo
e es

cdc24A | CDC24
MT-cdc24*FE.L EU2 | leu2

24°C

cdc24-1 &
MT-Cdc24 @
MT-Cdc24% @
MT-Cdc24+°51 @
MT-Cdc24%7A P81 @
MT-Cdc24 @
MT-Cdc24%+ @9
MT-Cdc24°7! @
MT_Cd02437AAPB1 ’

CDC24
230000695
(XX T ¥
000000

cdc24-1

D Cdc24%*A-GFP-Snc2 + Spa2-mCherry Cdc24%A2PBL.GFP-Snc2 + Spa2-mCherry

rsr1iA bem1A » rsr1iA bem1A
24°C

Figure 2.6: Further characterization of MT-Cdc24 and Cdc24-Snc2 constructs
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Membrane targeted, phosphorylatable MT-Cdc24 can function as the sole source of
Cdc24, but MT-Cdc24“"®" cannot. Tetrads dissected from heterozygous cdc24A/CDC24
diploids expressing either MT-Cdc24 (DLY18202) or MT-Cdc247®" (DLY18877) at LEU2
were grown at 24°C for 4 d. Green boxes indicate viable cdc24A colonies, showing
rescue by MT-Cdc24. B) DIC images of temperature-sensitive cdc24-1 cells expressing
either MT-Cdc24 (DLY19210) or MT-Cdc24°"®" (DLY19193) grown at 24°C or 37°C. At
restrictive temperature, MT-Cdc24”"®" mutants arrest as unbudded cells and then lyse.
C) MT-Cdc24""®"is unable to rescue growth of cdc24-1 at restrictive temperature. Cells
with the indicated versions of Cdc24 were spotted onto plates (10-fold serial dilutions)
and incubated for 3 d. From top: DLY8534, DLY19398, DLY19122, DLY19496,
DLY19498, DLY19210, DLY19120, DLY19193, and DLY19218. D) Cdc24***-Snc2 and
Cdc24*#2"B1.gnc2 (green) polarize together with the polarity marker Spa2-mCherry
(red). Merged, maximum projections of cells expressing either Cdc24%** or Cdc24~P8!
fused to GFP-Snc2. (Cdc24***-Snc2, DLY19281; Cdc24%A2"B'.Snc2, DLY19263).
Internal puncta are recycling endosomes. Occasional cells with more than one bud are
indicated by the arrowhead. Scale bars in B and D, 5 um.

A remaining caveat is that truncation of the PB1 domain might render Cdc24
non-functional for reasons other than its localization. We consider this unlikely, as
Cdc24*P®" retained normal GEF activity in vitro (Figure 2.1D). However, as an additional
test, we generated a Cdc24%*278'.Snc2 fusion analogous to the Bem1-Snc2 fusions
discussed above. Fusion to Snc2 restored polarization (Figure 2.7A) and function to the
otherwise nonfunctional Cdc24*"*2P®': cells containing this construct as the sole source
of Cdc24 proliferated successfully (Figure 2.7B). Similarly, fusion of Cdc24%7® to the
Cdc42 effector Cla4 (a p21-activated kinase) or to the SH3-2 domain of Bem1 (which
binds to Cla4 and other Cdc42 effectors) restored both localization and function to
Cdc24"®" (Kozubowski et al., 2008). Thus, the functional deficit of a Cdc24 that lacks
the PB1 domain can be rescued by linkage to a polarized protein, whether that protein

polarizes by diffusion-capture (Cla4) or vesicle recycling (Snc2).

As discussed above, Bem1-Snc2 was able to rescue polarization in rsr1A bem1A
cells, even though the fusion protein was polarized by a vesicular mechanism. We

showed previously that such “re-wired” cells used an artificial positive feedback
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mechanism to polarize, and occasionally generated two buds at the same time (Howell
et al., 2009). If the only essential role for Bem1 and Rsrl is to localize Cdc24 to the
polarity site, then cells containing Cdc24-Snc2 derivatives (which also polarize by a
vesicular mechanism) should no longer require Bem1 or Rsrl. Indeed, cells containing
either Cdc24**”-Snc2 or Cdc24%#2PB1.gnc2 as the sole source of Cdc24 could polarize
(Figure 2.6D) and proliferate in the absence of Rsrl and Bem1 (Figure 2.7C). As with
Bem1-Snc2, occasional cells had two buds (Figure 2.6D). The finding that heterologous
localization of Cdc24 (with or without the PB1 domain) to the polarity site rescues rsr1A
bem1A synthetic lethality indicates that the essential role of Bem1 and Rsrl is to localize

the GEF.

Previous studies showed that overexpression of membrane-targeted Cdc24
blocked polarization even if cells also had an endogenous wild-type Cdc24 (Kuo et al.,
2014; Shimada et al., 2004). Unlike MT-Cdc24 expressed at endogenous levels, which
became concentrated at the polarity site (Figure 2.5C), overexpressed MT-Cdc24
accumulated uniformly all over the membrane (Kuo et al., 2014). The dominant lethality
of overexpressed MT-Cdc24 could be due either to excessive Cdc42 activation or to a
lack of localized GTP-loading of Cdc42. Co-overexpression of Bem1 rescued the
lethality of overexpressed MT-Cdc24 (Figure 2.7D), allowing cells to bud and in many
cases to concentrate MT-Cdc24 in the bud (Figure 2.7E). This result is not consistent
with the view that lethality is due to excess GTP-Cdc42, as extra Bem1 should (if
anything) increase GTP-loading even further. Instead, we conclude that the lethality of
overexpressed MT-Cdc24 stems from the failure to localize GTP-loading of Cdc42. The

effect is dominant because the overexpressed MT-Cdc24 titrates Bem1 away from the
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endogenous Cdc24, but that can be ameliorated by co-overexpression of Bem1. In
summary, our findings show that blocking Cdc24 accumulation at the polarity site by any
of several strategies (deletion of the PB1 domain, attachment of Cdc24 to a general

membrane protein, or overexpression of MT-Cdc24) blocks polarization and budding.

2.3 Conclusions

A key requirement of the local activation model is that GEF activity be targeted to
the polarity site. Here we show that delocalized Cdc24 GEF activity is unable to support
polarization. A major pathway for localizing Cdc24 is mediated by interaction with Bem1,
and we found that as for Cdc24, localization of Bem1 was essential for polarization. The
finding that Bem1 and Cdc24 must polarize in order to function supports the local
activation model in which localized GTP-loading of Cdc42 underlies polarity

establishment.

Our findings do not rule out the possibility that Cdc42 is also delivered to the
polarity site. Indeed, a recent study suggested that Cdc42 undergoes endocytosis and
recycling to the cortex on secretory vesicles (Watson et al., 2014). However, the Cdc42
concentration on secretory vesicles was estimated to be approximately 3-fold lower than
that at the polarity site (Watson et al., 2014). Thus, as predicted by modeling studies
(Layton et al., 2011; Savage et al., 2012), vesicles would dilute Cdc42 at the polarity site
rather than concentrating it. Our findings indicate that localized delivery of Cdc42 is

insufficient for polarization in the absence of localized Cdc42 activation.
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Figure 2.7: Heterologous localization of Cdc24*"®!

restores function

A) Cdc24%4-Snc2 and Cdc24*A2PB1.snc2 polarize together with Cdc42. Inverted,

maximum projection images from a time lapse of cells expressing Cdc42-mCherry>" and
either Cdc24%* or Cdc24* 27" fused to GFP-Snc2 (Cdc24***-Snc2, DLY19558;
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Cdc24*4"81.gnc2, DLY19560). Time in min:s, starting just before cells begin to
polarize. Scale bar, 5 pm. B) Cdc24***-Snc2 and Cdc24*2P8'-Snc2 are functional as
the sole source of Cdc24. Wild-type and rsr1A cells with the indicated Cdc24 construct
at the endogenous locus were spotted (10-fold serial dilutions) and incubated for 2 d at
30°C. From top: DLY17405, DLY17402, DLY19606, DLY19604, DLY18430, and
DLY18603. C) Heterologous polarization of Cdc24 bypasses the need for Rsrl and
Beml in polarity establishment. rsr1A bem1A cells containing the indicated Cdc24-Snc2
fusions as the only source of Cdc24 and carrying a URA3-marked BEM1 plasmid were
grown to mid-log phase, spotted (10%, 10°, and 10 cells) onto medium with or without 5-
FOA (to select for plasmid loss), and incubated for 2 d at 30°C. From top: DLY19826,
DLY19773, and DLY19774. D) Overexpression of Bem1 rescues the lethality of MT-
Cdc24 overexpression. Cells were spotted onto plates containing the indicated
concentrations of $-estradiol to induce overexpression of either MT-Cdc24 alone
(DLY15297) or MT-Cdc24 and Bem1 (DLY15311) and incubated for 2 d at 24°C. E)
Overexpression of Bem1 restores budding to cells overexpressing MT-Cdc24. Inverted,
maximum projection images of cells incubated for 4 h in 5 nm B-estradiol medium to
induce overexpression of either MT-Cdc24 alone (DLY15297) or MT-Cdc24 and Bem1
(DLY15311). MT-Cdc24 itself becomes enriched in most buds of cells co-expressing
Beml. Scale bar, 5 um.

If not through localized delivery, how does Cdc42 itself become concentrated at
the polarity site? If GDP-Cdc42 has a higher mobility than GTP-Cdc42, then when fast-
moving GDP-Cdc42 gets converted to slow-moving GTP-Cdc42 at the polarity site, local
activation will result in local enrichment of total Cdc42. GDIs selectively bind to GDP-
Cdc42 (Johnson et al., 2009) and increase its mobility by facilitating transfer from the
membrane to the cytoplasm. When combined with Bem1-mediated localization of
Cdc24, this would suffice to enable dramatic concentration of Cdc42 at the polarity site
(Goryachev and Pokhilko, 2008; Johnson et al., 2011). In the distantly related fission
yeast Schizosaccharomyces pombe, GDP-Cdc42 diffuses much more rapidly than GTP-
Cdc42 at the plasma membrane (Bendezu et al., 2015). As with the cytoplasmic
mobilization pathway in budding yeast, this also enabled Cdc42 enrichment in response

to local activation.
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Our findings demonstrate that local activation of Cdc42 is necessary for
polarization in budding yeast. Given the differential mobility of GDP-Cdc42 and GTP-
Cdc42, local activation may also be sufficient to explain polarization without need for

directed delivery.
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3. The roles of GDI and actin in concentrating Cdc42 at
the polarity site®
3.1 Introduction

The highly conserved Rho-family GTPase Cdc42 is a key regulator of polarity
establishment in many fungal and animal cells (Etienne-Manneville, 2004). During
polarization, Cdc42 becomes activated and concentrated at a cortical site that defines
the front of the cell (Richman et al., 2002; Ziman et al., 1993). There, it interacts with
downstream effectors to orient the cytoskeleton along the front-back axis. In yeast cells,
polarity establishment requires localized Cdc42 activation by the guanine nucleotide
exchange factor (GEF) Cdc24 (Woods et al., 2015). It was proposed that the GDI for
Cdc42 (Rdil) can supply the growing cluster with Cdc42 from outlying areas by
mediating membrane-cytoplasm exchange of GDP-Cdc42 (Goryachev and Pokhilko,
2008). Fluorescence recovery after photobleaching (FRAP) experiments with GFP-
Cdc42 as a probe indicate that deletion of RDI1 slows recycling of Cdc42 by ~5-fold in
vivo (Slaughter et al., 2009). Thus, the GDI appears to provide the major concentrating
pathway for Cdc42 in yeast.

Cdc42 is still concentrated at the front in rdi1A mutants (Slaughter et al., 2009),
and a second proposed mechanism involves targeted delivery of Cdc42 on exocytic
vesicles that move along actin cables to the polarity site. This mechanism does not
invoke any difference in mobility between GDP-Cdc42 and GTP-Cdc42. Instead,
concentration of Cdc42 results from local delivery, slow diffusion, and recycling by

Chapters 3 and 4 are adapted from a manuscript submitted and currently in revision:
Woods B., H. Lai, C.F. Wu, T.R Zyla, N.S. Savage, D.J. Lew. Mechanisms of Cdc42 polarization in yeast. Curr.

Biol. Submitted December 2015.
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endocytosis, akin to other recycled transmembrane proteins (Valdez-Taubas and
Pelham, 2003). A role for actin cables is supported by findings that polarization efficiency
is reduced in cells lacking actin cables (Wedlich-Soldner et al., 2004), and that actin
depolymerization abolishes Cdc42 concentration in rdi1A mutants (Freisinger et al.,

2013; Smith et al., 2013).

Here we revisit the role of actin during symmetry breaking and now describe the
dynamics of polarity establishment in rdilA mutants with and without actin. We found
that Cdc42 accumulates with dynamics that are inconsistent with it being trafficked
secretory vesicles, even in rdilA mutants. Furthermore, we found that mutants in which
actin cable assembly is delayed, cells accumulated Cdc42 before any evidence of
targeted vesicle delivery. We also found that cells could concentrate Cdc42 in the
absence of polymerized actin and Rdil, revealing that both are unnecessary for polarity

establishment.

3.2 Results

Wild-type yeast cells concentrate polarity factors at the mother-bud neck during
cytokinesis, and then at polarity sites that are often very close to the previous neck. This
pattern is due to a bud-site-selection system in which landmark proteins localized at the
neck subsequently promote local Cdc42 activation via the Ras-family GTPase Rsrl
(Park and Bi, 2007). To facilitate quantification of polarization dynamics (which can be
obscured by the proximity of polarity factors at the old cytokinesis site), we imaged
mutants lacking Rsrl, which often polarize at sites distant from the former neck (Wu et

al., 2013).
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3.2.1 Contribution of the GDI to polarity establishment

In wild-type cells, Bem1 and Cdc42 polarized rapidly, reaching peak
concentration in ~1 min (Figure 3.1A,B) (Howell et al., 2012). Because of a negative
feedback loop that reduces GEF activity (Kuo et al., 2014), polarity protein
concentrations decrease from their initial peak, and polarity clusters often undergo
oscillatory dispersal and re-formation (Figure 3.1A,B). In comparison, Bem1 and Cdc42
polarized more gradually in rdi1A mutants, and displayed markedly reduced oscillations
(Figure 3.1A,B). Two-color imaging suggested that polarization of Cdc42 and Bem1
occurred with similar timing, both in the presence and absence of Rdil (Figure 3.1C).
Detectable clustering of Bem1 sometimes preceded that of Cdc42 by one timepoint
(Figure 3.1D), perhaps because the GFP-Cdc42 probe exhibits a higher background.
Imaging of cells with or without Rdil on the same slab showed that peak levels of Cdc42
were slightly lower in cells lacking the GDI (Figure 3.1E), but as oscillation was muted
the average Cdc42 accumulation at the time of budding was slightly higher in cells
lacking GDI (Figure 3.1F). Thus, the main effect of deleting RDI1 is to slow the rate at
which polarity factors initially concentrate, suggesting that Cdc42 delivery is rate-limiting

for polarization.

3.2.2 Contribution of actin cables to polarity establishment.

Actin cables in yeast are nucleated by two formins, Bnil or Bnrl (Evangelista et
al., 2002; Sagot et al., 2002). Bnil is localized to the polarity site shortly after Cdc42,
whereas Bnrl is recruited by septins several minutes later (Chen et al., 2012; Pruyne et
al., 2004). Vesicles (detected using the Rab, Sec4 tagged with GFP) began to
accumulate at the polarity site shortly after the polarity marker Bem1 (Figure 3.2A,C)
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Figure 3.1: Effect of Rdil on the dynamics of polarity establishment
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Inverted images comparing homozygous diploid RDI1 and rdi1A cells synchronized by
hydroxyurea arrest-release. Time is in min:s, starting just before polarization. Bar, 5 pm.
(A) Initial accumulation of Bem1-GFP is more rapid in wild-type (DLY9200) than in rdi1A
(DLY17301) cells. Top: cropped, maximum projection montages. Middle: quantification
of Bem1-GFP cluster intensity for same cell. Bottom: additional examples of different
cells. (B) Initial accumulation of GFP-Cdc42 is more rapid in wild-type (DLY17313) than
in rdi1A (DLY17675) cells. Displays as above. (C) Co-accumulation of Bem1-tdTomato
and GFP-Cdc42 in wild-type (DLY18067) and rdi1A (DLY18068) cells. (D) Time of first
detection of Cdc42 clustering, relative to Bem1 clustering (t=0) in the same cell. Strains
as in (C). (E) Peak GFP-Cdc42 intensity (mean £ SEM) comparing wild-type
(DLY17313) (n=41, normalized to 100) and rdi1A (DLY17675) (n=19) cells imaged on
the same slab. (F) Accumulation of GFP-Cdc42 (mean + SEM) in wild-type (DLY17313)
(n=14) and rdi1A (DLY17675) (n=10) cells adjusted for relative peak intensity based on

(E).
(Chen et al., 2012), suggesting that Bnil drives early vesicle delivery. Because cells
deleted for BNI1 have cytokinesis defects (Vallen et al., 2000), we used the temperature-
sensitive bnil-116 (Kadota et al., 2004) to investigate polarization in the absence of
Bnil. Cells were grown at 24°C to allow cytokinesis to proceed at permissive
temperature, arrested in G1 with pheromone, then released into the cell cycle at 37°C.
Because Cdc42 probes are not functional at 37°C (Howell et al., 2012), and
because Beml1 recapitulates Cdc42 accumulation (Figure 3.1C), we used Beml as a
polarity marker. We found that in the absence of Bnil, vesicles arrived at the polarity
site several minutes after Bem1 (Figure 3.2B,D), indicating that Bnrl did not compensate
for the loss of Bnil at early times. Although cables were absent during initial polarity
establishment, Bem1 polarization efficiency, peak intensity, and dynamics were
unaltered in bnil mutants (Figure 3.2E,F), indicating that actin cables and polarized

vesicle delivery do not discernibly contribute to initial polarization.
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Figure 3.2: Effect of actin cables on the dynamics of polarity establishment
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(A) Accumulation of Bem1-tdTomato and GFP-Sec4 during polarity establishment in
wild-type diploids (DLY17321) after hydroxyurea arrest-release. Time is in min:s, starting
just before polarization. Bar, 5 um. (B) First detection of Sec4 relative to Bem1
polarization (t=0) in wild-type (DLY17282) and bnil-116 (DLY20272) cells released from
pheromone arrest at 37°C. (C,D) Polarization of Bem1-tdTomato and GFP-Sec4 in wild-
type (C, DLY17282) and bnil-116 (D, DLY20272) haploids released from pheromone
arrest at 37°C. (E) Peak Bem1l-tdTomato intensity (mean = SEM) comparing wild-type
(DLY13040, n=10) and bni1-116 (DLY20272, n=12) cells imaged on the same slab. (F)
Accumulation of Bem1-tdTomato (mean = SEM) in wild-type (DLY17282) (n=28) and
bnil-116 cells (DLY20272) (n=12) adjusted to relative max intensity. (G) Percentage of
wild-type cells (DLY19237) that polarized Bem1-tdTomato after passing Start in either
DMSO (n=30) or 100 uM Lat A (n=82). (H) Example cells with Bem1-tdTomato
polarization in DMSO (top) or Lat A (bottom) after Whi5-GFP exit from the nucleus.
Inverted, cropped maximum projection montage. Bar, 5 um.

3.2.3 Actin depolymerization affects polarization indirectly.

The finding that polarity establishment was unaffected in bnil mutants appeared
to contradict earlier findings that actin depolymerization resulted in delayed and
inefficient polarization (Wedlich-Soldner et al., 2004). Consistent with the previous
findings, we found that polarization efficiency was reduced following exposure to the
actin depolymerizing drug Latrunculin A (Lat A). Because actin depolymerization
induces stress responses (Harrison et al., 2001), we wondered whether the impaired
polarization in that case might be due to stress. Many stresses are known to delay the
cell cycle in G1 prior to Start (Belli et al., 2001; Nunes and Siede, 1996; Siede et al.,
1994). Passage through Start involves activation of G1 CDK activity, which leads to
nuclear exit of the transcriptional repressor Whi5 (Costanzo et al., 2004). We found that
many cells treated with Lat A retained nuclear Whi5 for prolonged periods, suggesting
that they failed to pass Start. Of those cells that did pass Start, ~90% polarized Bem1
shortly thereafter (Figure 3.2G,H). Thus, stress-induced cell-cycle delays account for

most of the reduced polarization efficiency in these conditions.
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3.2.4 Cdc42 polarization in the absence of both the GDI and actin
cables.

Although actin cables did not affect polarization dynamics in the presence of the
GDI, they might provide a backup Cdc42-delivery pathway that becomes important in the
absence of the GDI. In rdilA mutants, Sec4 (vesicle marker) began to concentrate very
soon after Bem1l (Figure 3.3A,B). However, in rdilA bnil-116 mutants, as in bnil-116
single mutants, vesicle delivery was delayed by several minutes at 37°C relative to initial
polarization (Figure 3.3C). Bem1 polarization efficiency and dynamics were similar in
rdilA bnil-116 and rdilA single mutants (Figure 3.3D,E). Furthermore, as previously
reported (Yu et al., 2011), rdilA bnilA double mutants proliferate successfully (Figure
3.4).Thus, actin-mediated vesicle delivery does not appear to have a major role in initial
polarization even in the absence of the GDI.

These findings are surprising in light of recent reports that Lat A treatment blocks
polarization in rdilA mutants (Freisinger et al., 2013; Smith et al., 2013). Although Lat A
treatment decreased the fraction of cells that polarized regardless of GDI status (likely
due to a stress-related cell cycle delay), we readily detected polarization of GFP-Cdc42
in Lat A-treated rdi1A cells (Figure 3.5A,B). Similarly, Bem1-GFP, Beml-tdTomato, and
Cdc24-GFP (Cdc24 is the Cdc42-directed GEF) probes also polarized in these
conditions (Figure 3.5A,B). Comparable results were obtained with unsynchronized
diploids or with haploids synchronized by pheromone arrest/release (Figure 3.5C). Thus,
F-actin is dispensable for polarization of mutants lacking the GDI, regardless of probe,
ploidy, or synchrony protocol. Given the stresses stemming from Lat A treatment, we

speculate that the discrepancy between our findings and those of others may reflect the
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degree to which stresses might impair polarity between different strains, treatment

protocols, or imaging methods (see Materials and Methods chapter).
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Figure 3.3: Polarization dynamics in the absence of Rdil and Bnil

(A) Accumulation of Bem1-tdTomato and GFP-Sec4 during polarity establishment in
rdilA diploids (DLY17317) after hydroxyurea arrest-release. Time in min:s. Bar, 5 um.
(B,C) Accumulation of Bem1-tdTomato and GFP-Sec4 in rdilA (B, DLY17281) and rdilA
bnil-116 (C, DLY20271) haploids after release from pheromone arrest at 37°C. (D) Peak
Bem1-tdTomato intensity (mean £ SEM) comparing rdilA (DLY17281 and DLY20054,
n=24 cells, normalized to 100) and rdilA bnil-116 (DLY20271, n=25 cells) relative to
whole cell fluorescence. (E) Accumulation of Beml-tdTomato (mean + SEM) in rdilA
(DLY17281) (n=34) and rdi1lA bnil-116 cells (DLY20271) (n=23) adjusted to relative
max intensity.
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Figure 3.4 rdilA bnilA double mutant is viable

DIC image of rdi1lA bnilA haploid cells (DLY19890) grown to mid-log phase. Scale bar,
5 um.

3.3 Conclusions

Our findings suggest that F-actin is not necessary for Cdc42 polarization, and
actin cables do not contribute significantly to the first few minutes of polarity
establishment, whether or not the GDI is present. These findings are supported by
previous theoretical studies that questioned the plausibility of a vesicular pathway for
concentrating Cdc42 (Layton et al., 2011; Savage et al., 2012), as well as studies
indicating that in some circumstances actin can provide a negative feedback on polarity

(Dyer et al., 2013; McClure et al.; Ozbudak et al., 2005).
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Figure 3.5: F-actin is dispensable for polarity establishment in rdi1A cells

(A) Inverted, cropped maximum projection montages of rdilA cells in Lat A. Top: Bem1-
GFP (DLY17301). Second row: Cdc24-GFP (DLY12938). Third row: GFP-Cdc42
(DLY17533). Bottom: haploid Bem1-tdTomato (DLY19870). (B) Quantification of the %
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of cells that polarized. Wild-type (black) and rdi1A (gray) diploid cells expressing Bem1-
GFP (DLY9200, n=132; DLY17301, n=113), Cdc24-GFP (DLY12403, n=67; DLY12938,
n=69), or GFP-Cdc42 (DLY17532, n=90; DLY17533, n=94) were incubated > 1 h on
slabs containing 200 uM Lat A. Wild-type and rdilA haploid cells expressing Bem1-
tdTomato (DLY19237, n=139; DLY19870, n=105) were incubated >1h on slabs
containing 100 uM Lat A. (C) Top: example rdi1A haploid cell (DLY17440) released from
a-factor arrest into 100 uM Lat A. Left: % of wild-type (black line, DLY17235, n=91) and
rdi1A cells (gray line, DLY17440, n=73) that polarized GFP-Cdc42 in those conditions.
Right: Similar quantification from fields that were not used for time-lapse imaging (wild-
type, n=140; rdi1A, n = 111).

The proposal that actin cables mediate Cdc42 concentration was first suggested
by findings using overexpressed, GTP-locked Cdc42 (Wedlich-Soldner et al., 2003), and
later supported by experiments showing that eliminating all cables or all F-actin impaired
polarization (Freisinger et al., 2013; Smith et al., 2013; Wedlich-Soldner et al., 2004).
However, these severe perturbations carry the potential to impact polarity through
indirect effects. Our findings suggest that Lat A treatment can impair cell-cycle
progression, reducing the number of cells that are at the right stage of the cell cycle to
polarize. In addition, Lat A treatment induces a Pkcl-mediated stress response
(Harrison et al., 2001) that is known to antagonize polarity even in cells that have
entered the cell cycle (Delley and Hall, 1999). Thus, previous findings may reflect stress

responses induced by severe actin perturbation, rather than a role of actin in polarity

establishment or Cdc42 concentration.

By removing the formin Bnil, we generated a situation in which actin cables and
targeted vesicle delivery were delayed by several minutes relative to polarity
establishment. However, polarization dynamics were largely unaffected, either in the
presence or absence of the GDI, suggesting that actin cables do not contribute to initial

polarization.
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4. The GDI-independent mechanism to concentrate
Cdc42°

4.1 Introduction

How does Cdc42 concentrate in the absence of the GDI and actin-mediated
vesicle trafficking? A simple mechanism was suggested by the finding that in
Schizosaccharomyces pombe, GDP-Cdc42 diffuses much more rapidly than GTP-Cdc42
at the membrane (Bendezu et al., 2015). Thus, local activation reduces Cdc42 mobility,
trapping Cdc42 and leading to Cdc42 accumulation in parallel with its activation. In
Saccharomyces cerevisiae, GDP-Cdc42 and GTP-Cdc42 appear to diffuse at
comparable (slow) rates at the membrane (Marco et al., 2007). Thus, in this system,

differential diffusion may not suffice to concentrate Cdc42.

An intriguing, alternative possible concentrating mechanism might be that Cdc42
can still enter the cytoplasm, even in the absence of a dedicated GDI. Recent findings
indicate that certain other small GTPases can enter the cytoplasm without a GDI. K-
Ras, which does not have a dedicated GDI, can be extracted into the cytoplasm via
several different solubilizing factors (Kawamura et al., 1993; Schmick et al., 2014).

RhoA can be extracted into the cytoplasm by the catenin, p120, which has no homology
with other GDIs (Anastasiadis et al., 2000). In mammalian cells, Cdc42 can be extracted
by ICAP-1, an integrin cytoplasmic domain associated protein (Degani et al., 2002).
Extraction into the cytoplasm may not even be exclusive to GDP-bound Rho proteins.
Rac, another highly conserved Rho GTPase in mammals, can enter the cytoplasm even

“Chapters 3 and 4 are adapted from a manuscript submitted and currently in revision:
Woods B., H. Lai, C.F. Wu, T.R Zyla, N.S. Savage, D.J. Lew. Mechanisms of Cdc42 polarization in yeast. Curr. Biol.

Submitted December 2015.
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while bound to GTP (Moissoglu et al., 2006). Rnd proteins, a subfamily of Rho proteins
which are normally constitutively active and are unable to bind GDIs, can be extracted
by 14-3-3 binding proteins (Riou et al., 2013). Previous studies in budding yeast
detected a residual cytoplasmic pool of Cdc42 in cells lacking the GDI, as assessed
either by fractionation of lysates (Tiedje et al., 2008; Watson et al., 2014) or by
fluorescence correlation spectroscopy in intact cells (Das et al., 2012). This suggests
that Cdc42 might be able to enter the cytoplasm without the GDI (either catalyzed by

some unknown factor or spontaneously), which might be sufficient to concentrate it.

In this study, we report a detectable cytoplasmic population of GFP-tagged
Cdc42 by confocal microscopy, consistent with previous findings. We found that proteins
harboring the polybasic residues and C-terminal prenylation of Cdc42 were targeted
preferentially to membranes, but were still able to exchange into the cytoplasm. Starting
from a working computational model for polarity establishment, we developed a suite of
rdi1A models that were all in broad agreement in vivo observations. Additionally, we

found that a Cdc42-directed GAP, Bem2, is necessary in rdi1A cells.

4.2 Results

Confocal imaging of GFP-Cdc42 suggested that although cytoplasmic
fluorescence was reduced upon deletion of RDI1, it was not eliminated (Figure 4.1A).
This could be seen most clearly by comparing the fluorescence intensity on the
cytoplasmic side of the vacuole with that on the luminal side (Figure 4.1A). Addition of a
separate membrane-targeting signal (a 28-residue peptide from the N-terminus of Psr1,

1-28
1

Psr that directs myristoylation and dual palmitoylation) (Siniossoglou et al., 2000) to

GFP-Cdc42 enhanced the plasma membrane fluorescence and reduced that in the cell
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interior (Figure 4.1A,B). These findings raised the possibility that Cdc42 might transit
through the cytoplasm even without the aid of the GDI. To investigate the potential
implications of GDI-independent membrane-cytoplasm exchange of Cdc42 in a more

guantitative manner, we turned to computational modeling.

4.2.1 GDI-independent membrane-cytoplasm exchange of GDP-Cdc42
could promote polarization

We began with a pre-existing model for Cdc42 polarization in rsr1A mutants that
incorporates both the positive feedback mediated by a GEF-Bem1-PAK complex
(Goryachev and Pokhilko, 2008; Kozubowski et al., 2008; Savage et al., 2012) and a
recently discovered negative feedback loop that operates via PAK-mediated inhibitory
phosphorylation of the GEF (Kuo et al., 2014)(Figure 4.1C). Because localization of
Cdc42 to internal membranes is especially prominent in rdilA mutants (Figure 4.1A), we
added an internal membrane compartment to the model. We assumed equal rates for
GDI-mediated exchange of GDP-Cdc42 between the cytoplasm and either the plasma
membrane or the internal membranes. In the unpolarized steady state, this “RDI1 model”
yields a distribution of Cdc42 in which 25% of the protein is on the plasma membrane,
25% is on internal membranes, and the remainder is in the cytoplasm (Figure 4.1D), in
broad agreement with previous measures for wild-type cells (Freisinger et al., 2013;
Watson et al., 2014; Wedlich-Soldner et al., 2004). In the polarized steady state, this
model yields a Cdc42 peak with full width at half-maximal (FWHM) of ~1.5 ym (Figure

4.1E), consistent with that seen in wild-type cells (Layton et al., 2011).

To model the rdilA mutant, we assumed that a GDI-independent system would

still enable exchange of GDP-Cdc42 at a reduced rate between the cytoplasmic and
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membrane compartments. Based on Western blotting results (Figure 4.1F), we set the
total amount of Cdc42 and Bem1 complexes to be equal in RDI and rdilA models. We
also assumed that all parameters governing GEF, GAP, and binding reactions would be
unaltered by the presence or absence of the GDI. To constrain the rate constants
governing exchange of Cdc42, we required the model to (i) exhibit comparable amounts
of Cdc42 on the plasma membrane in the unpolarized steady state (Figure 4.1B); (ii)
exhibit reduced amounts of Cdc42 in the cytoplasm in the unpolarized steady state
Figure 4.1A); and (iii) exhibit ~5-fold slower FRAP dynamics in the polarized steady state
(Freisinger et al., 2013; Slaughter et al., 2009). Given the difficulty in accurately
determining the degree to which the cytoplasmic Cdc42 pool is reduced in rdilA
mutants, we generated a family of models in which cytoplasmic Cdc42 was reduced by
20%, 50%, or 80% (M1, M2, M3 respectively) compared with the RDI1 model (Figure
4.1D). These models generated comparable Cdc42 peaks in the polarized steady state,
which differed only slightly from the peak in the RDI1 model (Figure 4.1E). Thus, a
pathway that allows reduced exchange (relative to GDI-mediated exchange) of GDP-
Cdc42 between membranes and cytoplasm would suffice to explain the distribution and
dynamics of Cdc42 in rdilA mutants. To search for potential elements of such a

pathway, we performed a genetic screen.

4.2.2 Synthetic lethal screen with rdi1A mutants identifies the Rho-
GAP BEM2

We reasoned that concentrating Cdc42 at the polarity site would be essential for
budding and therefore for viability. Thus a pathway facilitating GDI-independent Cdc42

concentration might be dispensable when Rdil is available, but would become essential
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for polarization in its absence. After random mutagenesis and screening of 1.5 x 10°
colonies (see Experimental Procedures) we isolated five mutants that all mapped to a
single gene, BEM2 (Figure 4.2A). Bem2 is a large, 245 kD protein with a Rho-GAP
domain at its C-terminus (Marquitz et al., 2002; Peterson et al., 1994). Cells lacking

BEMZ2 are viable, but cells lacking both RDI1 and BEM2 are not (Figure 4.2B).

bem2A mutant cells are large, slow growing, and often misshapen and/or
multinucleate (Bender and Pringle, 1991; Chan and Botstein, 1993; Wang and
Bretscher, 1995). Mutant cells could polarize, but they displayed broader patches of
Bem1-GFP and GFP-Cdc42 than BEM2 cells (data not shown). To examine the effects
of simultaneously removing Bem2 and Rdil, we employed the temperature-sensitive
bem2-79 allele, which harbors missense mutations in the GAP domain (Figure 4.2A). At
restrictive temperature, rdi1A bem2-79 cells were inviable (Figure 4.2C), and arrested as
large, round, multinucleate, and mostly unbudded cells, with unpolarized GFP-Cdc42
(Figure 4.2D). These data suggest that cells lacking both Rdil and Bem2 are unable to

concentrate Cdc42.

4.2.3 rdi1A bem2A synthetic lethality is due to defects in Cdc42 GTP
cycling and trafficking

Rdi1 and Bem2 both regulate Rhol and Rho4 in addition to Cdc42 (Gong et al.,
2013; Koch et al., 1997; Marquitz et al., 2002; Peterson et al., 1994; Tiedje et al., 2008).
Thus, it was not clear whether the rdilA bem2A synthetic lethality was due to defects in
regulating Cdc42 or other Rho GTPases. To address this issue, we generated more
specific mutant strains. First, we replaced endogenous Cdc42 with Cdc42%°®*, which

cannot bind GDI (Lin et al., 2003). Cells harboring Cdc427®* and a deletion of BEM2
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were inviable (Figure 4.2B), suggesting that cell death is due to defective Rdi1-Cdc42
interaction. Next, we replaced the C-terminal GAP domain of Bem2 with the GAP

domains of proteins thought to act primarily on Cdc42 (Rgal or Bem3) or Rhol (Sac7 or

A Linker Psr1-28 B
¢ 4 Corticall/internal pool ratio
wild-type wild-type } GFP-Cdod2
| T \ ) Psr12.GFP-Cdcd2  +
0 1 2 3
Z 100 ]
N
3
3 50 1
o
L
O
0+ T ‘ T r )
0 2 4 0 2 4 6

pm across cell

C —

GTP- GDP-
cytoplasm
Cdc42 &_._ﬁ___—-/ Cdc42
A} _Bem'l GEF complex internal
— ¥ membranes
_ _ - _ membrane plasma
membrane

Bl @ oo moser mor s w2 ws

E 1% RDI1 F NN
' @
S 80 rdi1A & 4 s
S F&
S 60 ¥
g [=—=—] Bem
o
40
5 ARg-
o — — — Cdcf1
0 ——p——t—— 1.0 1.0 1.1 Bem1-GFP
0 2 4 6 8
cell width (uM) 10 1.0 09 Cdc42

Figure 4.1: Cdc42 exchange between membrane and cytoplasm

70



(A) Top: Cartoons depicting the probes imaged below. Middle: Single-plane confocal
images of wild-type (DLY18730, DLY18889) and rdi1A (DLY18817) cells expressing the
indicated probes. Red line: location of cross-sectional line scan quantified below. The
vacuole lumen in the rdi1A cell is indicated. (B) Quantification of the mean ratio of
cortical-to-internal signal for GFP-Cdc42 in wild-type and rdi1A cells (DLY18730 and
DLY18817), and Psr11-28-GFP-Cdc42 (DLY18889) in wild-type cells. Mean = SEM (n >
25 cells). (C) Cartoon depicting reactions in the yeast polarity computational model. (D)
Distribution of Cdc42 among the indicated compartments at the model unpolarized
steady state. (E) Profile of Cdc42 concentration at the model polarized steady state. The
rdi1A models had the same steady state profile, thus only one profile is shown. (F) Blot
of Bem1-GFP and Cdc42 in RDI1/RDI1 (DLY9200), rdi1A/RDI1 (DLY15241), and
rdi1A/rdi1A (DLY17301) diploids. Quantification (arbitrary units) is relative to the loading
control (the septin, Cdc11).

Lrgl) (Lorberg et al., 2001; Schmidt et al., 2002; Smith et al., 2002). rdilA cells
expressing Bem2-GAP chimeras specific to Rhol were very sick or inviable, whereas
those with chimeras specific to Cdc42 were much healthier (Figure 4.2E). These data
suggest rdilA bem2A synthetic lethality arises due to a combined decrease in Cdc42

GTP hydrolysis rate and GDI-mediated Cdc42 mobilization.

4.3.4 Why would cells lacking GDI need more Cdc42 GAP activity?
The results of our genetic screen suggest that the GAP Bem2 and GDI Rdil
operate in parallel to promote Cdc42 polarization. But the GDI preferentially mobilizes
GDP-Cdc42, which is the product of GAP action, suggesting that the GAP and GDI
operate in series to mobilize Cdc42. FRAP experiments indicated that deleting BEM2 or
RDI1 each slowed GFP-Cdc42 recycling, consistent with that hypothesis (Freisinger et

al., 2013). How can these observations be reconciled?

To address the effects of reducing GAP activity in a quantitative manner, we
again turned to the computational models discussed above. Because there are thought
to be at least four Cdc42-directed GAPs (Bem2, Bem3, Rgal, and Rgaz2), it is not clear

what level of GAP activity would best represent a cell lacking Bem2. We therefore
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explored the effects of gradually lowering the Cdc42 GTP-hydrolysis rate. In previous
work (Dyer et al., 2013), we showed that reducing GAP activity in a model containing
positive but no negative feedback would lead to a progressive increase in the peak
concentration of Cdc42 in the polarized steady state. However, negative feedback would
be expected to buffer such increases (Howell et al., 2012), and when the same GAP
reductions were applied to the full model, peak Cdc42 levels actually decreased slightly
(Figure 4.2F). Reducing GAP activity led to a progressive broadening of the Cdc42
profile, consistent with the very broad polarity peaks observed in bem2A mutants
(Freisinger et al., 2013). The RDI1 model could tolerate a dramatic 128-fold reduction in
GAP activity before polarity collapsed completely. Consistent with a role for negative
feedback in compensating for reduced GAP activity, combination of a non-
phosphorylatable GEF (short-circuiting the negative feedback loop) and deletion of

BEM2 was synthetically lethal (Figure 4.2H).

We then investigated the effect of reducing GAP activity in our models of rdilA
cells (Figure 4.2G: all three models behaved similarly so only one is shown). Although
Cdc42 profiles were somewhat broader in rdilA models, all models retained the ability to
polarize with reduced GAP activity. Moreover, RDI1 and rdilA models had a similar
minimum threshold GAP required for polarization. These simulations confirm, in a
guantitatively rigorous manner, the intuitive prediction that because GAP and GDI act in
series, impairment of the GDI should have no further effect once the GAP activity is very
low. Why, then, would genetic perturbation of GAP and GDI have synthetic effects? One
possibility, explored further below, is that membrane-cytoplasm exchange is not limited

to GDP-Cdc42, but also occurs for GTP-Cdc42. Exchange of GTP-Cdc42 (consistent
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with some biochemical studies (Johnson et al., 2009)) would dissipate polarity, but could
be counteracted by the parallel action of a GAP (reducing GTP-Cdc42 levels and hence

dissipative fluxes) and GDI (recycling GDP-Cdc42 to the polarity site).
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Figure 4.2: Effect of Cdc42 exchange and role of the GAP BEM2 in rdi1A cells
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(A) Location of bem2 mutations. Alleles a and b harbor non-sense mutations at codons
422 and 445, respectively. Alleles ¢ and d harbor frameshift mutations at codons 1177
and 1570, respectively. Inset: BEM2 GAP domain. Allele e harbors the missense
mutation M2120K. The bem2-79 temperature-sensitive allele harbors the five indicated
mutations. (B) Deletion of BEM2 is lethal in rdi1A and cdc42R®* cells. Tetrads from
sporulation of bem2A/BEM?2 diploids in either a wild-type (DLY8332), rdi1A/rdi1A
(DLY15113), or cdc42"%®*/cdc427%®* (DLY15340) background. Tetrads arrayed vertically.
All live spores in lower two panels were BEM2. (C) rdi1A bem?2-79 is lethal at 37°C. Log
phase cells (DLY17801, DLY12473, DLY17803, DLY17802) were spotted at 10-fold
serial dilutions and incubated for two days at the indicated temperatures on YEPD. (D)
Maximum projection images of rdilA bem2-79 cells (DLY17264) expressing GFP-Cdc42
(green) and the histone Htb2-mCherry (magenta). (E) Spore viability of rdi1A cells
expressing the indicated Bem2-GAP chimeras, derived from dissection of tetrads from
diploids DLY14614, DLY14609, DLY14610, DLY14611, DLY14746. For the strains
indicated in red, even the viable segregants were are very sick . (F) Polarized Cdc42
profiles for RDI1 models with decreasing GAP activity. (G) Polarized Cdc42 profiles for
rdilA models with decreasing GAP activity (color as in F). (H) Deletion of BEM2 is lethal
in cells expressing non-phosphorylatable Cdc24***. Tetrads from sporulation of
bem2A/BEM2 CDC24%*4/CDC24%" (DLY16303).

4.3.5 The polybasic-prenyl anchor does not lock Cdc42 onto the
plasma membrane

Cdc42 is attached to membranes via its C-terminal KKSKK-CAAX (polybasic-
prenyl) motif (Michaelson et al., 2001). To examine the effects of that motif on protein
localization in yeast, we generated a construct, GFP-KKSKKCAAX, which lacked other
Cdc42 sequences. Consistent with previous work (Richman et al., 2002), GFP-
KKSKKCAAX was enriched on membranes but also showed clear cytoplasmic
fluorescence (Figure 4.3B). As with Cdc42, the membrane signal could be enhanced by
addition of the N-terminal Psrl peptide (Figure 4.3A,B). Thus, the polybasic-prenyl motif

does not appear to restrict all of the protein to the membrane.

The presence of cytoplasmic fluorescence could in principle reflect distinct
cytoplasmic and membrane-associated pools of protein. If prenylation were to occur very

slowly, the cytoplasmic signal might reflect an unprenylated pool. Alternatively, a single
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pool of prenylated protein might exchange between membranes and cytoplasm. To
distinguish between these hypotheses we examined the effects of photobleaching a
cytoplasmic region. If there are two separate pools, then the cytoplasmic pool should be
bleached very quickly while the membrane pool would not be bleached. On the other
hand, if there is a single pool of protein exchanging constantly between membrane and
cytoplasm, then the membrane fluorescence should dissipate on a timescale reflecting
that exchange. Fluorescence loss in photobleaching (FLIP) experiments indicated that
GFP-KKSKKCAAX behaved as a single pool that exchanged between membrane and
cytoplasm on a 15 s timescale (Figure 4.3C,D). In contrast, GFP attached to a
transmembrane (TM) anchor was bleached at the plasma membrane much more slowly.
We conclude that the polybasic-prenyl “anchor” allows some exchange between
membrane and cytoplasm. Consistent with that conclusion, a recent study found that a
fusion protein with the same polybasic-prenyl motif could be sequestered in the

cytoplasm upon drug-induced binding to ribosomes (Wu et al., 2015).

4.3.6 Membrane-cytoplasm exchange of GTP-Cdc42 could explain
rdi1A bem2A synthetic lethality.

Exchange of GTP-Cdc42 would be expected to dissipate polarity because its
high relative concentration at the polarity site would drive a net flux of GTP-Cdc42 from
the polarity site to outlying areas (assuming bound GTP is not hydrolyzed in the
cytoplasm). To quantitatively assess the effects of such exchange, we returned to the
computational models discussed above, and performed simulations in which membrane-
cytoplasm exchange of GTP-Cdc42 was introduced at varying rates (kyo). These

simulations indicated that such exchange would degrade the polarized peak of Cdc42
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(Figure 4.3E). A significant amount of GTP-Cdc42 exchange could be tolerated without
destroying polarity, but once the GTP-Cdc42 exchange approached 50% the rate of
GDP-Cdc42 exchange, polarity collapsed (Figure 4.3E). Thus, membrane-cytoplasm
exchange of Cdc42 could only enable polarization if it occurred significantly faster for
GDP-Cdc42 than for GTP-Cdc42. We speculate that interaction with effectors might slow

GTP-Cdc42 exchange rates.

A similar analysis applied to the family of rdilA models showed that these
models were much less tolerant of GTP-Cdc42 exchange compared to the RDI1 model
(Figure 4.3F). All three models behaved very similarly so we show the results for only
one. These simulations indicate that rapid recycling of GDP-Cdc42 by the GDI would be
important to effectively combat the dissipative effect of spontaneous GTP-Cdc42

exchange between membrane and cytoplasm.

Might a low-level exchange of GTP-Cdc42 between membrane and cytoplasm
explain the need for higher GAP activity in rdilA mutants? We found that models
allowing limited GTP-Cdc42 exchange were less able to maintain polarity when GAP
activity was reduced (Figure 4.3G,H). Exploring the behavior of RDI1 and rdi1A models
over a wide range of GTP-Cdc42 exchange rates and GAP activities, we found that
increasing GTP-Cdc42 exchange selectively sensitized rdi7A models to a reduction in
GAP activity (Figure 4.31). Thus, a plausible explanation for the synthetic lethality of
rdi1A bem2A mutants is that loss of the GAP elevates overall GTP-Cdc42 levels, driving
a “leakage” flux of GTP-Cdc42 through the cytoplasm that dissipates polarity (Figure
4.3J). This flux can be counteracted by rapid GDI-mediated recycling of GDP-Cdc42, but

not by the slower recycling that occurs in cells lacking the GDI (Figure 4.3K). Thus, a
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major role for the GDI may be to provide a rapid recycling of GDP-Cdc42 that
compensates for the dissipative effect of spontaneous membrane-cytoplasm exchange

of GTP-Cdc42.

4.3 Conclusions

Based on physico-chemical considerations, it is often assumed that the
polybasic-prenyl C-terminal anchor would effectively lock Cdc42 onto the membrane.
However, we find that GFP-Cdc42 (or GFP-polybasic-prenyl anchor) does exchange
between the membrane and cytoplasm, although on a slower timescale than that
enabled by the GDI. This is actually consistent with several previous studies: Johnson et
al. (2009) found that Cdc42 could transfer spontaneously from one liposome to another
in vitro; Moissoglu et al. (2006) found that the related GTPase, Rac, could transfer
between membrane and cytoplasm in mammalian cells even after GDI knockdown
(Moissoglu et al., 2006); and Boulter et al. (2010) similarly found that Rho GTPases
(Rho, Rac, and Cdc42) could transfer to the cytoplasm where they were subject to
degradation in the absence of the GDI (Boulter et al., 2010). Thus, there appears to be
some rate of dissociation of GTPases from membranes despite the polybasic-prenyl

anchor.

Our findings do not distinguish whether membrane-cytoplasm exchange of
Cdc42 in yeast is spontaneous or catalyzed. However, a necessary condition for Cdc42
exchange to promote polarization is that GDP-Cdc42 exchanges more rapidly than GTP-
Cdc42. Our computational modeling suggests that surprisingly, this preference need not
be extreme: a significant amount of GTP-Cdc42 exchange could be tolerated without

loss of polarity. A simple potential mechanism to slow exchange of GTP-Cdc42
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compared to GDP-Cdc42 would be that binding to effectors promotes retention of GTP-
Cdc42 at the membrane. This hypothesis is appealing given the finding that most Cdc42
effectors also have their own membrane-binding domains (Takahashi and Pryciak,

2008).

In a genetic screen for factors promoting polarization in parallel with the GDI, we
repeatedly isolated the GAP Bem2. Although initially surprising because GAP and GDI
activities operate in series to recycle Cdc42, we show that in principle, the genetic
findings could be explained if there is also exchange of GTP-Cdc42 between membrane
and cytoplasm (Figure 4.3J,K). Previous studies detected slow exchange of GTP-Rac in
mammalian cells (Moissoglu et al., 2006). Such exchange dissipates polarity, and has
the potential to abolish polarity. GAPs and GDIs both act to reduce this “leak” flux of
GTP-Cdc42 from the polarity site. GAPs do so by reducing GTP-Cdc42 concentration at
the polarity site, reducing the leak; GDIs do so by more rapidly delivering GDP-Cdc42

from the cytoplasm, counteracting the leak.

In conclusion, our work suggests that Cdc42 is recycled through the cytoplasm
with or without the GDI (although the GDI greatly accelerates the process). When
combined with local activation of Cdc42 (see Chapter 3)(Woods et al., 2015), such

recycling can account for Cdc42 concentration at the polarity site.
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Figure 4.3: Exchange of GTP-Cdc42 would enhance the need for GAP activity in
rdi1A cells

(A) Quantification of the mean ratio of cortical-to-internal signal for GFP-CAAX
(DLY19199), Psr1-GFP-CaaX (DLY19200), and GFP-TM (DLY19201) in wild-type cells.
Mean = SEM (n > 25 cells). (B) Single-plane confocal images (displayed as in Figure
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4.1A) of cells from the strains in (A). (C) GFP-CAAX fluorescence loss in photobleaching
(FLIP) indicates exchange between membrane and cytoplasm. Background-subtracted
normalized signal intensity at a region in the plasma membrane (mean + SEM) during
repeated bleaching of the cytoplasm: GFP-CAAX (DLY19199, n=28 cells) and
transmembrane GFP-TM control (DLY19201, n=25 cells). (D) FLIP of representative
cells with the indicated probes. (E) Allowing exchange of GTP-Cdc42 between
membrane and cytoplasm degrades the polarized peak. Color indicates rate constant for
GTP-Cdc42 exchange. (F) Effect of GTP-Cdc42 exchange on rdi1A model: color as in
(E). (G,H) Polarized Cdc42 profiles with decreasing GAP activity for RDI1 (D) or rdi1A
(E) models that allow GTP-Cdc42 exchange. (I) Parameters governing GAP activity (X
axis) and GTP-Cdc42 exchange (Y axis) were varied to determine the conditions under
which polarity could develop. Lines indicate boundaries between polarizing (lower right)
and non-polarizing (upper left) regions of parameter space for RDI1 (blue line) and rdilA
(red line) models. For small GTP-Cdc42 exchange rates, the rdi1A models required
more GAP activity than did the RDI1 model. (J) The GDI mediates rapid recycling of
GDP-Cdc42 (green), and a GDI-independent pathway mediates similar but slower
recycling (red). There is also some “leakage” of GTP-Cdc42 (blue). Bem2 works in
series with GDI in the recycling pathway, but also acts in parallel by limiting the GTP-
Cdc42 leak. (K) Summary model: the Cdc42 peak at the plasma membrane (PM) is
maintained by a rapid GDI-mediated influx of GDP-Cdc42 from the cytoplasm (C) and
GAP activity limits the dissipative force of a GTP-Cdc42 leak (left). In rdilA cells, the
reduced influx of GDP-Cdc42 still suffices because the GTP-Cdc42 leak is limited by
GAP activity. In RDI1 bem2A cells the rapid influx of GDP-Cdc42 can counteract the
increased GTP-Cdc42 leak. In rdilA bem2A cells the increased GTP-Cdc42 leak cannot
be counteracted by the basal influx of GDP-Cdc42 and polarity fails.
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5. Conclusions and Future Directions

5.1 The Role of Actin in Polarity Establishment

Symmetry breaking suggests that an autocatalytic positive feedback mechanism
can drive cell polarity establishment (Gierer and Meinhardt, 1972). Two separate positive
feedback mechanisms have been proposed to establish polarity in budding yeast. Local
activation posits that the GEF, Cdc24, localizes to a site at the plasma membrane either
through Rsrl or through a GEF-PAK complex associated with GTP-Cdc42. There,
Cdc24 locally activates Cdc42, spurring further Cdc24 recruitment to the site in a
positive feedback loop (Kozubowski et al., 2008). Local delivery posits that GTP-Cdc42
at the plasma membrane can trigger delivery of additional Cdc42 molecules to the
plasma membrane through actin-mediated vesicle trafficking (Smith et al., 2013;
Wedlich-Soldner et al., 2003). The local delivery model suggests that Cdc42 activation is
necessary for polarity establishment, but that localization of activation is irrelevant (Smith
et al., 2013). Here, we report that localization of Cdc42 activation is critical to polarity
establishment. Promoting widespread Cdc42 activation actually blocked polarity
establishment. Thus, we find no evidence for a Cdc42 delivery mechanism, whether it be
through actin or otherwise.

It had also been proposed that vesicle trafficking on actin cables can concentrate
Cdc42 at the polarity site (Wedlich-Soldner et al., 2004) and that this mechanism works
in parallel with the GDI (Slaughter et al., 2009). However, a previous theoretical study
pointed out that if membrane trafficking were taken into account, bulk trafficking of
Cdc42 on vesicles should actually dilute the polarity site of Cdc42 rather than
concentrate it (Layton et al., 2011). This is consistent with the finding that actin-mediated
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vesicle trafficking actually promotes polarity site wandering during pheromone gradient
tracking by diluting polarity factors at the site of vesicle delivery(Dyer et al., 2013). Here,
we report that actin-mediated vesicle trafficking is not necessary for concentrating Cdc42
at the polarity site, even in rdilA cells. Previous studies found that cells depolymerized
for actin using latrunculin had reduced polarization efficiency (Freisinger et al., 2013;
Smith et al., 2013; Wedlich-Soldner et al., 2004). However, we report that some cells
can polarize in latrunculin, even without the GDI. How can these contradictory
observations be reconciled? It was previously reported that treating cells with latrunculin
induces a stress response (Harrison et al., 2001). We report here that the majority of
cells that fail to polarize in latrunculin were arrested in early G1 of the cell cycle, which is
before polarity establishment. Thus depolymerizing actin with latrunculin disrupts
polarization indirectly by delaying the cell cycle.

What is the role of actin in polarization? Budding yeast possess two formins that
nucleate actin cables, Bnil and Bnrl. Either one is sufficient for viability, and bnr1A
mutants harboring a temperature sensitive bnil allele arrest large, round, unbudded cells
at restrictive temperature (Evangelista et al., 2002). Similarly, tropomyosin temperature
sensitive mutants also arrested as large, round unbudded cells at restrictive temperature
(Evangelista et al., 2002). Both mutants lack actin cables at restrictive temperature,
which led to the conclusion that actin cables are necessary for polarized growth and bud
emergence. However, a more recent study found that conditional formin and
tropomyosin mutants lacking actin cables were still capable of producing a small
protruding bud (Yamamoto et al., 2010). Although actin patches (structures associated

with endocytosis) were still necessary to produce the small protruding bud, these
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findings suggest actin cables are not necessary for initial polarized growth in budding
yeast. Moreover, in fission yeast, polymerized actin may all together be unnecessary for
polarized growth. Removing the stress response pathway (by deleting STY1) enables
fission cells treated with latrunculin to elongate by continuing to grow at the cell tips
(Kenneth Sawin, University of Edinburgh, unpublished). These findings suggest that
actin cables and endocytic patches are not required for polarized growth in fission yeast.
Budding yeast have a much smaller site of polarized growth (to produce a bud) than
fission yeast. Nonetheless, it may be interesting to determine whether removing the
stress response pathway (such as deleting PKC1) enables cells to initiate polarized cell
growth in latrunculin. How cells polarize cell growth without actin cables to direct delivery
of vesicles to the polarity site is an interesting question. It may be that the exocyst (which
also localizes to the polarity site) can still bias vesicle docking (and fusion) there without
actin cables to promote polarized growth. This appears to be the case in fission yeast,
as either the exocyst or actin cables are is sufficient for polarized growth in these cells
(Bendezu and Martin, 2011). Hopefully, future work will address if (and how) other cell

types are able to polarize growth without actin cables.

5.2 GDI-Independent Exchange

The GDI is thought to provide the major Cdc42 concentrating mechanism in
budding yeast (Goryachev and Pokhilko, 2008). However the GDI is not essential as
Cdc42 can still concentrate at the polarity site (Slaughter et al., 2009). Rho GTPases are
subject to chaperone mediated degradation in mammalian cells depleted for the RhoGDI
(Boulter et al., 2010). However, in S. cerevisiae, cells lacking the only Rho GDI, Rdi1,
had similar Cdc42 expression levels as wild-type cells (Figure 4.1F). In this study, we
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found that in rdilA cells, GFP-Cdc42 localized predominantly to both the plasma
membrane and internal membranes (Figure 4.1A). Nonetheless, a cytoplasmic GFP-
Cdc42 signal was detected by confocal microscopy. Consistent with this observation,
previous fractionation and fluctuation correlation spectroscopy (FCS) experiments also
detected a cytoplasmic population of Cdc42 in rdilA cells (Das et al., 2012; Tiedje et al.,
2008). In this study, we proposed that limited Cdc42 membrane-cytoplasm exchange is
sufficient to concentrate Cdc42 at the cytoplasm, which is supported by computational
modeling (Figure 4.1E).

How then does Cdc42 enter the cytoplasm in the absence of the GDI? We found
that GFP harboring the C-terminal hydrophobic residues and geranylgernayl targeting
sequence of Cdc42 (KKSKKCAIL) (GFP-CAAX) localized to membranes, similar to GFP-
Cdc42 in rdilA cells (Figure 4.3B). Nonetheless, GFP-CAAX can still exchange
between membranes and the cytoplasm (Figure 4.3C,D). Similarly, Bem1-CAAX and
Cdc24-CAAX localized predominantly with membranes but could still exchange (Wu et
al., 2015). These findings suggest there is no Cdc42-specific factor required for
membrane-cytoplasmic exchange of a prenylated protein. What then mediates
membrane-cytoplasm exchange of prenylated proteins? It is feasible that cytoplasmic
protein-folding chaperones might catalyze the extraction of prenylated proteins by
masking the hydrophobic residues and prenyl group. There are many different protein-
folding chaperones, thus determining genetically which might solubilize prenylated
proteins would be difficult. Alternatively, fluorescence cross-correlation spectroscopy
(FCCS) might be able to reveal candidate chaperones that solubilize prenylated proteins

(Slaughter et al., 2007). If a prenylated protein is extracted into the cytoplasm by a

84



chaperone, then diffusion of the fluorescently tagged chaperone would be highly cross-
correlated with diffusion of the fluorescently tagged prenylated protein. Narrowing down
the list of candidates by FCCS could then be followed by genetic analysis to determine
which factors solubilize prenylated proteins. A potential caveat is that FCCS would be
unable to distinguish if the chaperone catalyzes extraction, or if it binds to the prenylated
protein after it has entered the cytoplasm. In fact, membrane-cytoplasmic exchange of
prenylated proteins may not be catalyzed. Spontaneous exchange is supported by the
finding that Cdc42 can translocate between liposomes made from homogenized insect
cell membranes in vitro even without the GDI (Johnson et al., 2009). However, Cdc42
translocation between synthetic membranes may not reflect Cdc42 dynamics on and off

the plasma membrane in budding yeast.

5.3 How is GDP-Cdc42 membrane-cytoplasm exchange favored?

Whether GDI-independent exchange is catalyzed or spontaneous, for total
Cdc42 to concentrate at the polarity site, GDP-Cdc42 must be more mobile than GTP-
Cdc42 (Goryachev and Pokhilko, 2008). However, if no Cdc42-specific factor is required
for GDI-independent exchange, what confers selective mobility of GDP-Cdc42 over
GTP-Cdc42 in rdilA cells? Assuming both species diffuse in the cytoplasm at equal
rates, GDP-Cdc42 must enter the cytoplasm at a greater rate than GTP-Cdc42. How
might exchange of GDP-Cdc42 be favored over GTP-Cdc42?

One possibility is that a conformational difference between the two species can
promote a membrane association difference. Many of the Arf family GTPases undergo
such a conformational change upon activation (Pasqualato et al., 2002). Like other Ras
superfamily GTPases, Arf GTPases cycle between GDP-bound (inactive) and GTP-
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bound (active) states. When Arf family GTPases are inactive, the Arf N-terminal
amphipathic helix resides inside an internal pocket. Upon Arf activation, the N-terminal
helix is extruded from the pocket and inserted into lipid membranes. Thus, Arf family
GTPases preferentially associate with membranes when bound to GTP (Jackson and
Bouvet, 2014; Pasqualato et al., 2002). Although this would be an intriguing mechanism
to increase GTP-Cdc42 membrane affinity relative to GDP-Cdc42, Rho GTPases do not
have an N-terminal helix, nor is there evidence that the conformational switch between
inactive and active states affect Rho GTPase membrane affinity (Pasqualato et al.,
2002).

Another possibility is that a post-translational modification difference between the
two species can promote a membrane association difference. In Arabidopsis, it was
reported that active Rho GTPase AtROP6 harbors additional hydrophobic modifications
that are reversible (Sorek et al., 2007). These modifications were found only on GTP-
bound AtROPS6, and increase its association with membranes. Although it is tempting to
speculate that reversible hydrophobic modifications might enhance GTP-Cdc42
association with membranes, it is unknown whether Cdc42 has any post-translational
modifications other than C-terminal prenylation.

If there is no inherent difference in membrane association of GDP-Cdc42 and
GTP-Cdc42, what else might increase GDP-Cdc42 membrane-cytoplasm exchange?
Multiple different effectors that bind to GTP-Cdc42 also have membrane binding
domains (Takahashi and Pryciak, 2008). A simple potential mechanism to increase
GTP-Cdc42 membrane association is that numerous binding and unbinding events with

membrane associated effectors enhance GTP-Cdc42 localization to the plasma
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membrane. If the concentration of GTP-Cdc42 were too high (such as in cells lacking an
important Cdc42 GAP, Bem2) the limited number of effectors may not be sufficient to
enhance GTP-Cdc42 membrane association. If this does explain why GTP-Cdc42
membrane association is increased relative to GDP-Cdc42, it may be possible to
suppress polarity defects in bem2A mutants by increasing expression levels of

membrane associated Cdc42 effectors.

5.4 What other GEF-Effector Complexes Drive Positive
Feedback?

Central to the local activation model is that the GEF-PAK complex binds to GTP-
Cdc42 through Cla4 during positive feedback (Kozubowski et al., 2008). In support of
this, fusing Cdc24 with the PAK Cla4 is sufficient for symmetry breaking in the absence
of Rsrl and Bem1. However, cells deleted for both RSR1 and CLA4 are viable,
indicating that Cla4 is not essential to symmetry breaking (Irazoqui et al., 2003). Bem1
interacts with many Cdc42 effectors other than Cla4 (Kozubowski et al., 2008). Cells
expressing an artificial Cdc24 construct that can directly interact with effectors and
Cdc42 (via fusion with the Bem1 SH3-2 and adjacent Cl domains, respectively) can
polarize even in the absence of Bem1 and Rsrl (Kozubowski et al., 2008). These
findings suggest that other polarity proteins might also be included in GEF-effector
complexes to promote positive feedback by local activation. One candidate is the PAK,
Ste20, which can bind to Cdc42 and Bem1 (Leeuw et al., 1995), and localizes to the
polarity site with similar timing as Bem1 (Chi-Fang Wu and Hui Kang, personal
communication). Some candidates include proteins known to interact with Bem1, such

as Boil and Boi2 (Bose et al., 2001; Kozubowski et al., 2008). Other candidates include
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Cdc42 effectors such as the formin Bnil and its regulators Gicl and Gic2, or proteins
known to localize at the polarity site such as Spa2, Pea2, Bud6 (Chen et al., 2012;
Evangelista et al., 1997; Sheu et al., 1998). Future work determining which proteins are
included in a complex with Bem1 and Cdc24 for positive feedback will supplement our
current understanding of the yeast polarity circuit. GEF-PAK complexes have been
discovered in mammalian cells suggesting these complexes are important for
polarization in not just yeast (Feng et al., 2002). Thus, determining the set of polarity
proteins that can complex with the GEF in budding yeast might provide clues on which
proteins in other cell types are important for positive feedback during polarization.

Analysis of the genetic requirements for symmetry breaking in rsr1A cells
uncovered Beml1 as a critical factor during polarization (Irazoqui et al., 2003).
Presumably, uncovering other mutants that are synthetic lethal with rsr1A would reveal
other important factors during polarization. BEML1 is not the only gene essential in rsr1A
cells. giclA gic2A mutants have a disorganized actin cytoskeleton, and grow large and
round (Kawasaki et al., 2003). gic1lA gic2A mutants are temperature sensitive, and
deletion of GIC1 and GIC2 is synthetic lethal with deletion of RSR1 in certain strain
backgrounds (Kawasaki et al., 2003). This could indicate a necessary role for Gicl and
Gic2 in polarity establishment during symmetry breaking. However, the Gics interact with
actin cytoskeleton regulators, such as the formin Bnil, and other polarity proteins (Chen
et al., 2012). Thus, it is unclear whether Gicl and Gic2 are important for initial polarity
establishment or regulate processes important for subsequent polarized growth.

Gicl and Gic2 are not the only Cdc42 effector pair important for polarization

during symmetry breaking. Triple boilA boi2A rsr1A have severe synthetic growth
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defects (Kozubowksi et al., 2008). Cells deleted for boilA and boi2A have polarization
defects, becoming large, rounded cells (Matsui et al., 1996). Although Boil and Boi2 are
important for polarized growth, it remains unclear whether Boil and Boi2 play a role in
initial polarity establishment.

Recently, we found that cells deleted for MSB3 and MSB4 are synthetic lethal
with deletion of RSR1. Preliminary evidence in rsr1A cells with conditional Anchor-Away
alleles for the MSB3/4 genes indicates that triple mutants arrest as large, round, and
unbudded cells. In each of the cases above (GIC1/2, BOI1/2, MSB3/4), using conditional
alleles in rsrlA cells expressing different polarity probes would enable careful dissection
of polarization in the absence of these effectors. Hopefully, future work will determine the
role of these components in polarity establishment.

5.5 What is the Minimum Set of Polarity Factors Necessary for
Polarity Establishment?

As the model for yeast polarity develops, testable predictions emerge which can
guide future experiments (Howell et al., 2009; Kuo et al., 2014; Wu et al., 2015). Despite
the strength of the polarity model, certain features of the polarity circuit remain elusive.
Adjustments to polarity protein concentrations, altering polarity protein dynamics,
removing negative feedback, and even heterologous localization of polarity proteins are
tolerated by the cell (Howell et al., 2009; Howell et al., 2012; Kozubowski et al., 2008;
Kuo et al., 2014; Wu et al., 2015). This demonstrates that polarization in yeast is
remarkably robust to these perturbations, making it difficult to interpret results from
genetic manipulations of the yeast polarity circuit. Reconstituting the minimal polarity

circuit in in vitro might allow us to circumvent some the limitations of probing the yeast
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polarity circuit genetically. A recent study using TIRF microscopy and exogenously
expressed recombinant septins on a lipid supported bilayer in vitro revealed
unappreciated dynamics of septin filament assembly on membranes (Bridges et al.,
2014). It is tempting to speculate that reconstituting the yeast polarity machinery with
recombinant proteins on supported lipid bilayers might reveal unappreciated features of
polarity establishment. Reconstituting Cdc42 clustering on a lipid bilayer would provide a
powerful in vitro polarization assay. Systematic manipulation of polarity factors in the in
vitro assay, either singly or in combination, could guide future genetic manipulations of

the polarity circuit in a recursive manner.
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6. Materials and Methods

6.1 Yeast strains

Yeast strains used in this study are listed in Table 1. Yeast strains were in either
the BF264-15Du genetic background (adel his2 leu2-3112 trp1-1* ura34ns) (Richardson
et al., 1989), the YEF473 genetic background (his3-A200 leu2-A1 lys2-801 trp1-A63
ura3-52) (Bi and Pringle, 1996), or the S288c background as indicated. Experiments
assessing the function of Bem1 derivatives were performed in strains lacking RSR1. The
rsrl::TRP1, rsrl::HIS3 (Schenkman et al., 2002), cdc42::TRP1, bnil::TRP1 (Chen et al.,
2012), bem2::HIS3, and bem2::URA3 (Marquitz et al., 2002) disruptions were previously
described. The rdil::TRP1 and rdil::LEU2 disruptions were generated by the one-step
PCR-based method (Baudin et al., 1993). A YEF473 strain harboring bnil-116 (Kadota

et al., 2004) was a gift from E. Bi (University of Pennsylvania, Philadelphia, PA).

The polarity markers BEM1-GFP (Kozubowski et al., 2008), SPA2-mCherry
(Longtine et al., 1998), ABP1-mCherry (Howell et al., 2009), CDC24-GFP, and BEM1-
tdTomato (Howell et al., 2012), replacing endogenous genes, are functional as
previously described. HTB2-mCherry (a gift from Kerry Bloom) was amplified from
genomic DNA and integrated at the endogenous locus. Functional GFP-SEC4 (Chen et
al., 2012) was integrated at the URA3 locus as previously described. CDC42-mCherry>"
was based on the Cdc42 probe first reported in Schizosaccharomyces pombe (Bendezu
et al., 2015), and integrated at the URA3 locus. To generate Cdc24°**-GFP-Snc2 or
Cdc24*"A2"P1_GFP-Snc2, we constructed a new vector based on the PCR-based C-

terminal tagging method (Longtine et al., 1998). BEM1-GFP-SNC2"***M*2A (Howell et
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al., 2009) was integrated at the URA3 locus as previously described. The GFP-CDC42
probe (Kuo et al., 2014) contains a linker (APPRRLVHP) between GFP and CDC42 that
improves functionality (Kohli et al., 2008). We selected a transformants that expressed

the probe at different levels, in addition to wild-type Cdc42.

To replace the endogenous BEM1 with bem1"***P-GFP, we deleted one copy of
BEML1 in a diploid strain with URA3. An integrating bem1"***-GFP:TRP1 plasmid
(DLB4214) was constructed by subcloning the 1.8 kbp Smal/Xcml fragment containing
the N253D mutation from pSAS014 (kind gift from S. Smith and R. Li) into the BEM1-
GFP plasmid DLB2997. Integration was targeted to the BEM1 promoter by digestion with

Smal. We selected transformants that integrated bem1"?*"-GFP next to bem1::URA3.

To generate membrane-targeted (MT) Cdc24*** and Cdc24%* 278! we appended
the codons encoding first 28 residues from PSR1 to the N-terminus of the GFP-
CDC24%**" and GFP-CDC24% 2P respectively (Kuo et al., 2014; Siniossoglou et al.,
2000). For endogenous or near endogenous expression, these were integrated at the
LEU2 locus under control of the CDC24 promoter. Overexpression of MT-Cdc24 was

controlled by a B-estradiol inducible GAL1 promoter (Takahashi and Pryciak, 2008).

To generate overexpressed HA-tagged Cdc24 for biochemical assays, we
employed one of two strategies: a high-copy 2 um YEPIac195 plasmid (Gietz and
Sugino, 1988) with the ADH1 promoter driving expression of HA-CDC24, or a GAL1
promoter driving expression of HA-CDC24 from the endogenous locus (Kuo et al.,
2014). Additionally, a derivative of HA-Cdc24 expressed from YEPlac195 was
constructed harboring mutations D824K and D831R in the PB1 domain (Cdc24"®) (lto et

al., 2001).
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To generate GFP-CAAX, we appended the last nine residues from the CDC42
ORF (KKSKKCAIL) to GFP and sub-cloned the product into pDLB3524 via Pacl and
Ascl generating pDLB4170 (pFA6a-GFP-KKSKKCAIL-kan®). We sub-cloned GFP-
KKSKKCAIL from pDLB4170 into pDLB4101 (pRS405-P+er1-GFP-EIm1-Tapn;) via Ncol
and Ascl to generate pDLB4208 (pRS405-Pgr-GFP-KKSKKCAIL-TapH1). Strains
expressing GFP-CAAX were generated by integrating pDLB4208 at the LEUZ2 locus via
digestion with PpuMl.

To generate GFP-TM, we sub-cloned GFP into pDLB4069 (pFA6a-snc2"394M42A.
nat®) using Pac1 to generate pDLB4074 (pFA6a-GFP-snc2"394M42A:natR). Snc2V39AMa2A
encodes a v-SNARE that cannot be endocytosed is and therefore present all over the
plasma membrane (Grote et al., 2000; Lewis et al., 2000). We then sub-cloned the Ncol-
Ascl GFP-snc2"39M*2A_ fragment from pDLB4069 into pDLB4101 to generate pDLB4207
(PRS405-P+eri-GFP-snc2V39M42A.T 1), Strains expressing this GFP-TM were
generated by integrating pDLB4207 at the LEUZ2 locus via digestion with PpuMI.

To generate a Psr1*?-GFP construct, long primers including the first 84 base
pairs of the PSR1 sequence were co-digested with Hindlll and BamHI and cloned into
the corresponding sites in pDLB3532 (pRS305-Pga1-INP54(1-331)-FRB-GFP-TapH1),
excising the INP54 fragment and generating pDLB3672 (pRS305-Pga 1-PSR1(1-28)-
GFP-Tapn1). We constructed Psr1?®-mCherry using pDLB2865 (pFA6a-mCherry-Tappa-
KanMX6) as template and cloned it into pDLB3672 via BamHI and Xbal to generate
pDLB3769 (pRS305-Pga 1-PSR1(1-28)-mCherry-Tapni). To swap out the Pgaig
promoter, we amplified Prgr; via primers CW86 and CW87 using pDLB4087 (pRS405-

P+er1-YFP) and cloned it into pDLB3769 via Apal and Hindlll to generate pDLB4198
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(PRS305-P+er1-PSR1(1-28)-mCherry-Tapna). Strains expressing Psr1*?-mCherry were
generated by integrating pDLB4198 at the LEUZ2 locus via digestion with ECORV.

To generate Psr1*-GFP-CAAX, the PSR1(1-28)-GFP fragment from pDLB3672
was sub-cloned into pDLB4198 using Apal and Hindlll to generate pDLB4206 (pRS305-
Prer1-PSR1(1-28)-GFP-Taph1). We then appended the C-terminal residues KKSKKCAIL
as described above to generate pDLB4211 (pRS305-P+gr-PSR1(1-28)-GFP-
KKSKKCAIL-Tapn1). Integration of pDLB4211 was targeted to the LEU2 locus via
digestion with PpuMI.

To generate Psr11#-GFP-CDC42, we first introduced a BstXI site at N-terminus
of the GFP-CDCA42 construct by overlap PCR using pDLB3609 as template. This
overlap PCR product was cloned into pDLB3609 to generate pDLB3688 (YIplac211-
Pcpcaa-BstXI-GFP-linker-CDC42-Tcpes2). PSR1(1-28) was then cloned into pDLB3688
via BstXI to generate pDLB3693 (Ylplac211-Pcpcsr-PSR1(1-28)-GFP-linker-CDC42-
Teoeaz). Integration of pDLB3693 was targeted to the URA3 locus by digestion with
EcoRV.

bem2-ts mutants were isolated as described (Atkins et al., 2013). The bem2-79
mutant allele was sequenced and found to harbor five amino acid substitutions (K1947Q,
E1998G, N2026S, L2089F, and F2106L).

To generate BEM2(GAPA)-12myc, BEM2 nucleotides 5051-5920 were cloned
into pDLB1920 (pRS306-Pgev-BEM2-12xmyc-Tswe;) Via Xbal and Sall to generate
pDLB3534 (pRS306-Pgemz-BEM2(GAPA)-12xmyc-Tswei). Strains containing
BEM2(GAPA)-12xmyc at the BEM2 locus were generated by targeted integration of

pDLB3534 by digestion with Spel. The GAP domains to construct BEM2(BEM3-GAP),
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BEM2(SAC7-GAP), BEM2(RGA1-GAP), and BEM2(LRG1-GAP), each with a 12x myc
tag, were amplified by PCR using genomic DNA as template. Each PCR fragment was
sub-cloned into pDLB3534 via Mlul and Sall sites to generate pDLB3537 (pRS306-
Psemz-BEM2(BEM3-GAP)-12xmyc-Tswe1), pPDLB3538 (pPRS306-Pgeyz-BEM2(SACT-
GAP)-12xmyc-Tswe1), pPDLB3539 (pPRS306-Pgeyo-BEM2(RGAL-GAP)-12xmyc-Tewer),
and pDLB3540 (pRS306-Pgenm2-BEM2(LRG1-GAP)-12xmyc-Tswei). Each plasmid was
integrated via Spel to generate strains with a BEM2 GAP chimera at the BEM2 locus.
Rapamycin experiments were performed in TOR1-1 fprl1A strains as described
(Haruki et al., 2008). To use the ribosome “anchor”, two tandem copies of FKBP12 and
an HA tag were fused to the C-terminus of the endogenous Rpl13a using the “pop-
in/pop-out” strategy and confirmed by sequencing. Expression was assessed by western
blot using a-HA antibodies. Rapamycin binds to FKBP12, creating an interaction surface
for the FKBP12-rapamycin-binding (FRB) domain for human mTOR (Chen et al., 1995).
We generated a BEM1-2xFRB-HA-GFP construct and integrated it at the BEM1 locus,
with correct integration confirmed by sequencing. Expression was checked by western

blot and microscopy.

6.2 Screen for mutants synthetic lethal with rdi1A

To screen for synthetic lethal mutants, we exploited the colony sectoring assay
(Bender and Pringle, 1991). The assay takes advantage of the adenine biosynthesis
pathway: yeast adel mutants accumulate a red pigment, while adel ade3 mutants do
not. adel ade3 yeast cells harboring the wild-type ADE3 gene on an autonomously

replicating plasmid produce red colonies with white sectors (Sect+) due to frequent
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plasmid loss during colony growth. The starting strain, DLY13087, is adel ade3 rdil1 and
harbors a plasmid pDLB3459 (pRS316 containing ADE3 and RDI1). The cells are red
and RDI1, but plasmid loss generates white rdil mutant sectors. Acquisition of a
mutation synthetic lethal with rdil yields colonies that lack white sectors because loss of
plasmid-borne RDI1 would be lethal. DLY13087 was grown to log-phase in Ura dropout
synthetic medium (MP Biomedicals) with 2% dextrose (SM-URA + dex), diluted in water,
and plated on yeast extract Bacto peptone medium (BD Biosciences) with 2% dextrose
(YEP + dex) agar plates at a density of approximately 400 cells per plate. Cells were
mutagenized with UV irradiation to approximately 50% survival and grown for 3-4 days
at 30°C. Most colonies were Sect+. Colonies that lacked white sectors (Sect-) were
streaked onto YEP + dex plates and grown for two to three days. Only mutants that
were consistently Sect- after streaking were kept for further study. To confirm that the
phenotype was due to synthetic lethality with rdil, Sect- colonies were transformed with
pDLB3620 (pRS315-RDI1). Only mutants that produced Sect+ colonies after
transformation of pDLB3620 were kept for further study. To clone the gene mutated in
the primary screen, Sect- mutants were transformed with a genomic library (Bignell and
Evans, 1996) and screened for Sect+ colonies. Plasmids were extracted from Sect+

colonies, sub-cloned if necessary, and sequenced.

6.3 Cdc42 purification

GST-Cdc42 was expressed in E. coli BL21(DES3) as described (Bose et al.,
2001). Cell pellets were resuspended in sonication buffer (50 mM phosphate buffer pH
7.6, 1 mM EDTA, 150 mM NacCl, 1 mM DTT, 10% glycerol, 5 um GDP, 1x protease
inhibitor cocktail [Complete, EDTA-free tablet, Roche]), and then disrupted by sonication.
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Lysates were clarified by centrifugation at 10,000 g for 15 min at 4°C, and incubated for
2 h with Glutathione-Sepharose 4B (GE Healthcare Life Sciences) at 4°C. Beads were
washed twice in sonication buffer containing 1 mM glutathione, and GST-Cdc42 was
purified in sonication buffer containing 10 mM glutathione. The eluate was dialyzed
against dialysis buffer (20 mM Tris, 5 mM MgCl,, 1 mM EDTA, 5 uM GDP, 2 mM DTT,

50% glycerol) overnight at 4°C.

6.4 Immunoprecipitation and GEF assay

Yeast lysates were prepared by high-speed vortexing with glass beads in lysis
buffer (20 mM Tris pH 7.6, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 0.5% NP-40, 4 mM
B-glycerophosphate, 4 mM NaF, 4 mM NazVO,4, 4 mM NaysP,O7, 2 mM DTT, 1x protease
inhibitor cocktail). Lysates were clarified by centrifugation at 10,000 g for 10 min at 4°C.
For immunoprecipitation, 10 ul antibody-coupled beads (monoclonal anti-HA agarose,
Sigma Aldrich), was mixed with lysate containing 2.5 mg protein that was diluted to 1 ml
using lysis buffer without NP-40. After incubation at 4°C for 2 h, beads were pelleted and
washed twice with lysis buffer, and once with GEF buffer (20 mM Tris, 5 mM MgCl,, 1
mM EDTA, 5 uM GDP, 2 mM DTT). Beads were then incubated with 40 pmol GST-
Cdc42 and 2.5 pCi GTP-y-*S in 45 ul GEF buffer for 15 min at room temperature, with
gentle mixing every 3 min. Reactions were stopped with 0.5 ml ice-cold GEF buffer,
after which beads were pelleted by centrifugation and supernatants were filtered through
nitrocellulose filters (Protran BA 85, Whatman) to trap and assay protein-bound
radioactivity. The beads containing immunoprecipitated protein were then incubated

with SDS sample buffer (2% SDS, 2 mM B-mercaptoethanol, 4% glycerol, 40 mM Tris-
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HCI pH 6.8, 0.01% bromophenol blue), at 95°C, and Cdc24 levels were analyzed by

immunoblot.

6.5 Spot Assay

For cell viability analysis, cells were grown overnight in yeast extract Bacto
peptone (2% bacto peptone, 1% yeast extract, 0.001% uracil and adenine) medium (BD
Biosciences) with 2% dextrose (YEP + dex) liquid media and diluted to approximately 3 x
10°cells mL™. Ten-fold serial dilutions (10*, 10°,10%, and 10 cells) were spotted onto
YEP + dex agar plates or complete synthetic medium (MP Biomedicals) (CSM) + dex
agar plates lacking uracil. For cell viability analysis on 5-FOA + dex agar plates, cells
were diluted 2 x 107 cells mL™, serially diluted and spotted as above. To assess the
effects of overexpression of MT-Cdc24 or MT-Cdc24 and Beml, cells were grown to
mid-log phase in YEP + dex liquid media at 24°C and spotted in 10—fold serial dilutions
starting from 6000 cells onto YEP + dex agar plates containing the indicated
concentrations of B-estradiol. B-estradiol (Sigma-Aldrich) was stored as a 10 mM stock
in 100% ethanol. Because of variations in B-estradiol stocks and YEP + dex plate

volume and age, indicated (-estradiol concentrations are approximate.

6.6 Immunoblotting

For Western blot analysis, 1-2 x 10 cells were collected from log phase cultures
for total protein extraction by TCA precipitation as described (Keaton et al., 2008).
Electrophoresis and Western blotting were performed as described (Bose et al., 2001).
Monoclonal mouse anti-Cdc42 antibodies were used at 1:500 dilution (Wu et al., 2010).
Monoclonal mouse anti-GFP antibodies (Roche Applied Sciences) were used at 1:500

dilution. Rabbit polyclonal anti-Cdc11 antibodies (Santa Cruz Biotechnologies) were
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used at 1:5000 dilution. Fluorophore-conjugated secondary antibodies against mouse
(IRDye800 conjugated goat anti-mouse IgG, Rockland Immunochemicals) or antibodies
against rabbit (Alexa Fluor 680 goat anti-rabbit IgG, Invitrogen) were used at 1:5000

dilution. Blots were visualized by ODYSSEY imaging system (LI-COR Biosciences).

6.7 Microscopy and image analysis

Prior to imaging, cells were grown in CSM + dex to mid log phase. Cells were
mounted onto a complete synthetic medium (MP Biomedicals) CSM + dex slab solidified
with 2% agarose (Denville Scientific, Inc.), and sealed with petroleum jelly. Cells were
imaged at 30°C unless otherwise noted. Most images were acquired with MetaMorph
software (Universal Imaging). Unless otherwise noted images were acquired using an
Andor Revolution XD spinning-disk confocal microscope (Olympus) with a Yokogawa
CSU-X1 5000 r.p.m. disc unit, a 100x /1.4 UPlanSApo oil-immersion objective, and
captured with an Andor Ixon3 897 512 EMCCD camera. Images were captured by 200
ms exposure to the diode laser at 10% maximal output in stacks of 17 with 0.5 pum
spacing unless otherwise noted. An EM-Gain setting of 200 was used for the EMCCD
camera.

Scanning confocal images were acquired with a Zeiss 780 confocal microscope
with an Argon/2 and 561nm diode laser, a 63x/1.4 Oil plan-Apochromat 44 07 62 (02)
WD 0.19 mm objective, and captured with a GaAsP high QE 32 channel spectral array
detector. For image acquisition, we used Zen 2010 software (Carl Zeiss).

Probe intensity and dynamics at the polarity site was quantified using Volocity
(Improvision) as described (Wu et al., 2013). A threshold was established that would
only highlight the polarized signal, and the summed polarized intensity over the z-stack
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was recorded. Changes in intensity are reported as percent of maximum summed
intensity for the specific probe and in the quantified cell. To compare maximum peak
intensities across different strain backgrounds, peak intensity was measured relative to
whole cell fluorescence and averaged (>10 cells).

Cortical to internal pool concentration calculations for membrane targeted GFP or
GFP-Cdc42 in wild-type or rdilA cells was performed using a MatLab GUI courtesy of
Denis Tsygankov (UNC-Chapel Hill) with overexpressed Psr1*?-mCherry setting the
cortex boundary as described (Kuo et al., 2014).

DIC images and time lapses were, unless otherwise noted, acquired with a Z1
motorized Zeiss Axio Observer microscope (Carl Zeiss) with a 100x/1.46 oil Plan
Apochromat DIC WD objective and a QuantEM backthinned EM-CCD camera
(Photometrics) with a 100 ms exposure and EM Gain set to 200 using Metamorph

software.

Representative cells were compiled to a single image for presentation using

Imaged (FIJI) and lllustrator (Adobe).

6.8 Rapamycin treatment
Cells were grown in CSM + dex to mid-log phase at 24°C prior to rapamycin
treatment. For images in rapamycin, cells were mounted on CSM + dex agarose slabs

with 50 pg/ml rapamycin (or DMSO for controls) and imaged.

6.9 B-estradiol treatment
Cells were grown in CSM + dex to mid —log phase at 24°C and resuspended in

fresh media containing the indicated concentration of B-estradiol. Cells were then
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incubated at 24°C for 4 h, harvested and mounted onto CSM + dex agarose slabs and

imaged.

6.10 Hydroxyurea treatment

To study polarity dynamics of different polarity probes we enriched for G1 cells
that are about to polarize by hyrdoxyurea arrest-release synchronization as previously
described (Howell et al., 2012). Cells were grown to mid-log phase in CSM + dex at
30°C, arrested for 3 h with 200 mM hydroxyurea (Sigma-Aldrich), washed, released into
fresh media for 1 h, harvested, mounted onto a CSM + dex agarose slab, and sealed
with petroleum jelly for imaging at 30°C. Experiments with cells expressing a single
probe were captured in z-stacks of 30 images with 0.24 um spacing using 10% maximal
fluorescent light, whereas cells expressing two probes were captured in z-stacks of 17
images with 0.5 um spacing. Images were deconvolved using Hyugens Essential
software (Scientific Volume Imaging). The classic maximume-likelihood estimation and
predicted point spread function method with signal-to-noise ratio 3 was used with a
constant background across all images from the same channel on the same day. The

output format was 16-bit, unscaled images to enable comparison of pixel values.

6.11 Pheromone arrest-release

MATa cells were grown to mid-log phase in CSM + dex at 24°C, and arrested for
3 h with 2 yM a factor (Genway Biotech). Cells were then washed and mounted onto a
CSM + dex agarose slab sealed with petroleum jelly. Experiments were captured in z-
stacks of 17 images with 0.5 um spacing. Images were deconvolved using Hyguens

Essential software and quantified using Volocity as described above.
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6.12 Fluorescence loss in photobleaching (FLIP)
Hydroxyurea-arrested cells were mounted on CSM + dex agarose slab and
sealed with petroleum jelly. Images were acquired at 30°C on a DeltaVision Elite
deconvolution wide field microscope (Applied Precision), with a 100x/1.40 oil
UPLSAPQO100X0 1-U2B836 WD objective, captured with an Evolve EM-CCD camera
(Photometrics). Images were captured with 150 ms exposure to the GFP/FITC diode
laser set to 2% of maximal intensity with an EM Gain of 150. Photobleaching
experiments were controlled using softWorX 5.0 software (Applied Precision), with the
bleaching 488 laser exposure of 100 ms at 10% of maximal intensity. Cells were imaged
once pre-bleach, followed by 25 iterations of a bleaching and imaging event at
approximately 3 s intervals. Hydroxurea pretreatment increased the overall cell diameter

and reduced off-target bleaching. FLIP analysis was performed using ImageJ.

6.13 Latrunculin treatment

Asynchronous log phase diploid cells were harvested and resuspended in 200
MM Latrunculin A (Life Technologies) in CSM + dex, mounted onto a 200 uM Latrunculin
CSM + dex agarose slab, and sealed with petroleum jelly. MATa cells were
synchronized by a factor arrest-release (arrest with 20 ug/ml a-factor for 1.5 h and
release by washing three times in water) and resuspended in CSM + dex media
containing 100 uM Latrunculin A. Synchronized cells were then mounted onto a 100 uM
Latrunculin A CSM + dex agarose slab. Control experiments used DMSO (vehicle)
instead of Latrunculin A.

To compare RDI and rdil strains under identical conditions, cells from the two

strains were mixed on the same slab for imaging. Strains were distinguished either by
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staining one with 250 pg/ml Concanavalin A Alexa Fluor 594 (Life Technologies)
dissolved in 0.1 M sodium bicarbonate prior to mixing (diploids), or by having one strain
express an additional marker (HTB2-mCherry).

We found that light exposure during Latrunculin A treatment was highly toxic to
cells. To reduce light exposure, diploid cells were imaged only at 5 min intervals, and
haploids at 10 min intervals. After time-lapse imaging, additional (not previously
illuminated) cells on the slab were also scored for polarization.

To confirm the effectiveness of Latrunculin A treatment, additional cells
expressing Abpl-mCherry were spiked into the Latrunculin A slab and examined for the

absence of actin patches.

6.14 Computational modeling of GDI and GAP contributions

The central model in this study was based on that published in Kuo et al., 2014,
with the addition of an internal membrane compartment. In this model, a Bem1-GEF
complex exchanges between membrane and cytoplasm and can bind GTP-Cdc42 at the
membrane, so that the GEF becomes enriched in regions with higher GTP-Cdc42 levels,
promoting activation of neighboring GDP-Cdc42 to provide positive feedback. GDP-
Cdc42 can exchange between membrane and cytoplasm (reflecting the action of GDI),
and diffusion in the cytoplasm is very rapid so we treat the cytoplasm as being well-
mixed. As GDP-Cdc42 at the polarity site becomes locally depleted due to GEF activity,
GDP-Cdc42 is replenished from the cytoplasm, leading to net concentration of Cdc42 at
the polarity site. The model also contains negative feedback, whereby GTP-Cdc42

stimulates phosphorylation of the GEF, reducing its activity. An addition in this model
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(absent in Kuo 2014) is the presence of an internal compartment. GDP-Cdc42

exchanges between the internal membrane compartment and the cytoplasm.

6.14.1 Modeling wild-type cells

The ‘RDI1 model’ parameters were tuned to fit experimental data: (i) 50% of the
total Cdc42 is cytoplasmic in the unpolarized state (Das et al., 2012; Wedlich-Soldner et
al., 2004); (ii) the polarity patch contains between 1% and 5% of the total Cdc42 (Dyer et
al., 2013; Watson et al., 2014); (ii)) the peak width at half height (PWHH) of the polarity
patch was approximately 1.5 um (Layton 2011); (iv) GFP-Cdc42 FRAP half time is
between 2 and 4 s (Freisinger et al., 2013; Slaughter et al., 2009). We assumed that the
rates of exchange of GDP-Cdc42 between internal membrane and cytoplasm would be
equal to those for exchange between plasma membrane and cytoplasm. Confocal
microscopy suggests that the unpolarized cell has approximately the same amount of
Cdc42 on both the plasma and internal membranes (25% of total Cdc42). The size of the

internal membrane compartment was set to fit this observation (Table S3).

6.14.2 Modeling rdilA cells

rdilA cells exhibit less Cdc42 in the cytoplasm, and a 5-fold slower FRAP for
GFP-Cdc42 in the polarity patch (Freisinger et al., 2013; Slaughter et al., 2009). In rdilA
cells, we found no change in the total abundance of Cdc42 (Figure 4.1F) or the
percentage of Cdc42 on the plasma membrane in unpolarized cells (Figure 4.1B),
implying that more Cdc42 accumulates on internal membranes. To fit these
observations, we generated three ‘rdilA models’ in which (i) GDP-Cdc42 exchange rates
between cytoplasm and plasma membrane were reduced, yielding slower FRAP; (ii)

GDP-Cdc42 exchange rates between cytoplasm and internal membranes were adjusted
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to yield different levels of cytoplasmic Cdc42; (iii) we retain between 1% and 5% of the
total Cdc42 in polarity patch and a PWHH of approximately 1.5 um. There are humerous
ways to set the GDP-Cdc42 exchange parameters to fit the constraints; we chose to set
the GDP-Cdc42 off rates (ksp, Ks,i, Table S4) as equal for both the plasma membrane
and internal membranes, and vary the on-rates (Ks,, Ksq). The off rates were set to
reproduce the extended FRAP recovery time, and the on rates were adjusted to produce

the desired Cdc42 distributions.

6.14.3 Modeling GTP-Cdc42 exchange

GTP-Cdc42 exchange between the plasma membrane and the cytoplasm was
modeled by the addition of two reactions (with rates kioa, Kion, Table S3). For simplicity,
we assumed that cytoplasmic GTP-Cdc42 did not associate with the internal membranes
or undergo conversion to GDP-Cdc42. To investigate the effects of GTP-Cdc42
exchange on polarity establishment, the rates k;o, and ko, were gradually increased

(Figure 4.3E).

6.14.4 Modeling GAP-stimulated GTP hydrolysis by Cdc42
Following Pokhilko and Goryachev (2008), the GAP is implicit in the model,
represented by the first-order rate constant k,,. To simulate bem2A mutants, we reduced

Kap-
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Table 1: Yeast strains used in this study

Strain Background | Relevant genotype Source
MATa his3-A200 leu2-A1 lys2-801 trpl- ,
DLY8155 | YEF473 A63 ura3-52 This study
DLY8332 | YEF473 MATa/a bem2::HIS3/BEM2 This study
DLY8502 | YEF473 MATa pSPA2-SPA2-mCherry:kan® This study
DLY8534 | YEF473 MATa cdc24-1 pSPA2-SPA2- This study
mCherry:kan®
MATa/a BEM1-GFP:LEU2/BEM1- Howell et al.,
DLY9200 | YEFA73 GFP:LEUZ2 rsrl::HIS3/rsrl::HIS3 2009
MATa/a ABP1-mCherry:kan*/ABP1- .
DLY12120 | YEF473 mCherry:kan® rsr1::TRP1/rsr1:TRP1 This study
DLY12338 | YEF473 MATa/a rsrl1::HIS3/RSR1 pCDC24- This study
CDC24-GFP:TRP1/CDC24
MATa/a CDC24-GFP:TRP1/CDC24- :
DLY12403 | YEF473 GFP:TRP1 rsr1:HIS3/rsr1:HIS3 This study
DLY12473 | YEF473 MATa rsrl::HIS3 rdil:: TRP1 This StUdy
MATa/a CDC24-GFP:TRP1/CDC24-
DLY12938 | YEF473 GFP:TRP1 rsrl::HIS3/rsrl1::HIS3 This study
rdil:: TRP1/rdil:;: TRP1
MATa ade3 rsrl::kan” rdil::TRP1 .
DLY13087 | BF264-15Du pDLB3459(pRS316-RDI1-ADE3) This study
DLY13040 | YEF473 MATa BEM1-tdTomato:HIS3 rsrl::HIS3 This study
MATa/a cdc42::TRP1/CDC42 ura3:GFP- .
DLY13878 | YEF473 CDCA42(high):URA3 /ura3 This study
MATa cdc42::TRP1 ura3:GFP- .
DLY13891 | YEF473 CDCA42(high):URA3 This study
MATa/a rsrl::HIS3/rsr1::HIS3
DLY14609 | YEF473 rdil:: TRP1/rdil::TRP1 bem2(Lrg1-GAP)- | This study
12xmyc:URA3/BEM2
MATa/a rsrl::HIS3/rsr1::HIS3
DLY14610 | YEF473 rdil:;:TRP1/rdil::TRP1 bem2(Rgal- This study
GAP)-12xmyc:URA3/BEM2
MATa/a rsrl::HIS3/rsrl::HIS3
DLY14611 | YEF473 rdil:: TRP1/rdil::TRP1 bem2(Bem3- This study
GAP)-12xmyc:URA3/BEM2
MATa/a rsrl::HIS3/rsrl::HIS3
DLY14614 | YEF473 rdil:: TRP1/rdil::TRP1 bem2(GAPA)- This study
12xmyc:URA3/BEM2
DLY14746 | YEE473 MATa/a rsrl::HIS3/rsr1::HIS3 This study

rdil:;: TRP1/rdil:: TRP1 bem2(Sac7-
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GAP)-12xmyc:URA3/BEM2

DLY15015

YEF473

MATa/a CDC42:GFP-CDC42
(unmarked)/CDC42

This study

DLY15016

YEF473

MATa CDC42:GFP-CDC42 (unmarked)

This study

DLY15073

YEF473

MATa/a pCDC24-CDC24-
3HA:kan®/CDC24

This study

DLY15113

YEF473

MATa/a bem2::HIS3/BEM2
rsrl::HIS3/rsr1::HIS3
rdil::TRP1/rdil:;:TRP1

This study

DLY15184

YEF473

MATa/a pCDC24-CDC24%7FL
3HA:kan®/CDC24

This study

DLY15241

YEF473

MATa/a BEM1-GFP:LEU2/ BEM1-
GFP:LEUZ2 rsr1::HIS3/rsrl1::HIS3
rdil:: TRP1/RDI1

This study

DLY15284

BF265-15Du

MATa pDLB3708 (YEPlac195-pADH1-
HA-CDC24)

Kuo et al., 2014

DLY15297

YEF473

MATa/a trpl:pADH1-GAL4BD-hER-
VP16:TRP1/trpl leu2:pGAL1-PSR1>%-
GFP-CDC24:LEU2/leu2

This study

DLY15299

BF265-15Du

MATa bem1::URA3 pDLB3886
(YEPlac195-pADH1-HA-CDC24)

This study

DLY15311

YEF473

MATa/a trpl:pADH1-GAL4BD-hER-
VP16:TRP1/trpl leu2:pGAL1-PSR1'2%-
GFP-CDC24:LEU2/leu2 pGAL1-
BEM1:kan"/BEM1

This study

DLY15340

YEF473

MATa/a BEM1-GFP:LEU2/BEM1
bem2::HIS3/BEM2 rsril::kan/rsr1::kan®
cdc42R%4/cdca42R0eA

This study

DLY15549

YEF473

MATa pBEM1-BEM1-2xFRB-HA-
GFP:LEU2 TOR1-1 fpri::kan®
pRPL13A:RPL13A-2xFKBP-HA

This study

DLY15817

BF265-15Du

MATa/a trpl:pADH1-GAL4BD-hER-
VP16:TRP1/trpl leu2:pGAL1-
cdc24" AR 3HAL EU2/leu?

This study

DLY15818

BF265-15Du

MATa/a trpl:pADH1-GAL4BD-hER-
VP16:TRP1/trpl leu2:pGAL1-
CDC24""L.3HA:LEU2/leu?

This study

DLY15819

BF265-15Du

MATa/a trpl:pADH1-GAL4BD-hER-
VP16:TRP1/trpl leu2:pGAL1-CDC24-
3HA:LEU2/leu2

This study

DLY15971

YEF473

MATa pBEM1-BEM1-2xFRB-HA-
GFP:LEU2 rsr1:TRP1 TOR1-1
fprl:kan® pRPL13A-RPL13A-2xFKBP-
HA

This study
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MATa/a BEM1-GFP:LEU/BEM1-
GFP:LEU bem2::kan"/BEM2

DLY16303 | YEF473 rsrl-TRP1/rsrl TRP1 This study
CDC24%*4/CcDC24%*

MATa/a cdc42: TRP1/CDC42 ura3:GFP- )
MATa cdc42:TRP1 ura3:GFP- .
MATa HTB2-mCherry:nat” ura3:GFP- .

DLY17251 | YEF473 MATa/a rsr1::TRP1/rsr1::TRP1 pBEM1- | This study
BEM1-GFP:LEU2/pBEM1-BEM1-

GFP:LEU2 pSPA2-SPA2-
mCherry:kan*/SPA2
MATa BEM1-tdTomato:HIS3 ura3:GFP-

DLY17281 | YEF473 SEC4:URA3 rsr1::HIS3 rdil::TRP1 This study
MATa BEM1-tdTomato:HIS3 ura3:GFP-

DLY17282 | YEF473 SEC4:URA3 rsrl::HIS3 This study
MATa/a BEM1-GFP:LEU2/BEM1-

DLY17301 | YEF473 GFP:LEUZ2 rsrl::HIS3/rsrl::HIS3 This study
rdil::TRP1/rdil:;:TRP1
MATa/a cdc42::TRP1/CDC42 ura3:GFP-

DLY17313 | YEF473 CDC42:URA3/ura3 rsr1::HIS3/rsrl::HIS3 | This study
MATa/a BEM1-tdTomato:HIS3/BEM1
ura3:GFP-SEC4:URA3/ura3 .

DLY17317 | YEF473 rsrl-HIS3/rsrLHIS3 This study
rdil:: TRP1/rdil:;:TRP1
MATa/a BEM1-tdTomato:HIS3/BEM1

DLY17321 | YEF473 ura3:GFP-SEC4:URA3/ura3 This study
rsrl::HIS3/rsrl::HIS3

DLY17327 | BF265-15Du | MATa pDLB4059 (YEPIlac195-pADH1- This study
HA-CdC24D824K'D831R)

DLY17402 | YEF473 MATa rsr1: TRP1 CDC24%4 This study

DLY17405 | YEF473 MATa CDC24** This study
MATa ura3:GFP-CDC42:URA3 .

DLY17440 | YEF473 rsr1HIS3 rdil TRP1 This study

DLY17480 | S288c MATa/a rsrl:kan"/RSR1 Smith et al.,
beml1::HphMX6/BEM1 2013
MATa/a ura3:GFP-

DLY17532 | YEF473 CDC42:URA3/ura3:GFP-CDC42:URA3 | This study
rsrl::HIS3/rsrl::HIS3

DLY17533 | YEF473 MATa/a ura3:GFP- This study
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CDC42:URA3/ura3:GFP-CDC42:URA3
rsrl::HIS3/rsr1::HIS3
rdil;:TRP1/rdil:;:TRP1

DLY17675

YEF473

MATa/a cdc42::TRP1/CDC42 ura3:GFP-
CDC42:URA3/ura3 rsrl1::HIS3/rsr1::HIS3
rdil::TRP1/rdil:;:TRP1

This study

DLY17801

YEF473

MATa rsrl::HIS3

This study

DLY17802

YEF473

MATa rsrl::HIS3 rdil:: TRP1 bem2-79-
12xmyc:LEU2

This study

DLY17803

YEF473

MATa rsrl1::HIS3 bem2-79-
12xmyc::LEU2

This study

DLY18067

YEF473

MATa/a BEM1-tdTomato:HIS3/BEM1
ura3:GFP-CDC42:URA3/ura3:GFP-
CDC42:URAG3 rsr1::HIS3/rsr1::HIS3

This study

DLY18068

YEF473

MATa/a BEM1-
tdTomato:HIS3/BEM1lura3:GFP-
CDC42:URA3/ura3:GFP-CDC42:URA3
rsrl::HIS3/rsr1::HIS3

rdil:: TRP1/rdil::TRP1

This study

DLY18202

YEF473

MATa/a cdc24::HIS3/CDC24
leu2:pCDC24-PSR1"*%-GFP-
CDC24:LEU2/leu2

This study

DLY18203

YEF473

MATa/a cdc24::HIS3/CDC24
leu2:pCDC24-PSR1"*%-GFP-
CDC24**:LEU2/leu2

This study

DLY18430

YEF473

MATa rsr1::HIS3 pCDC24-CDC24%%A-
GFP-SNC2

This study

DLY18459

S288c

MATa rsrl::kan” bem1::HphMX6
pHTB2-HTB2-mCherry:nat®

This study

DLY18490

YEF473

MATa/a cdc24::HIS3/CDC24
leu2:pCDC24-PSR1Y*-GFP-CDC24%™
APBT-LEU2/leu?

This study

DLY18495

S288c

MATa rsri::kan® pHTB2-HTB2-
mCherry:nat®

This study

DLY18603

YEF473

MATa rsr1: TRP1 pCDC24-CDC24°™*
APBL.GFP-SNC2:nat®

This study

DLY18730

YEF473

MATa/a cdc42:: TRP1/CDC42
leu2:Preri:Psr1t28-
mCherry:Tapn1:LEU2/leu2 ura3:GFP-
CDC42:URA3/ura3
rsrl::TRP1/rsr1::HIS3

This study

DLY18783

YEF473

MATa/a rsr1::TRP1/RSR1 pBEM1-
BEM1-2xFRB-HA-GFP:LEU2/BEM1
ura3:pBEM1-BEM1-GFP-
SNC2Y¥AW2A: yRA3/ura3 TOR1-
1/TOR1-1 fpri:kan®/fpri::kan®
pRPL13A-RPL13A-2xFKBP-

This study

109




HA/pRPL13A-RPL13A-2xFKBP-HA

DLY18817

YEF473

MATa/a cdc42::TRP1/CDC42
leu2:Prgpi:Psr1t -
mCherry:Tapn1:LEU2/leu2 ura3:GFP-
CDC42:URA3/ura3 rsrl::HIS3/rsr1::HIS3
rdil:: TRP1/rdil::TRP1

This study

DLY18877

YEF473

MATa/a cdc24::HIS3/CDC24
leu2:pCDC24-PSR1*-GFP-CDC24
APBT.LEU2/leu?

This study

DLY18889

YEF473

MATa/a cdc42:: TRP/CDC42
leu2:Prerq:Psr1t2e.

mCherry: Tapn1:LEU2/leu2 ura3: Psr1'22-
GFP-CDC42:URA3/ura3
rsrl::HIS3/rsr1::HIS3

This study

DLY19120

YEF473

MATa cdc24-1 pSPA2-SPA2-
mCherry:kan® leu2:pCDC24-PSR1%%-
GFP-CDC24%**:LEU2

This study

DLY19122

YEF473

MATa pSPA2-SPA2-mCherry:kan®
leu2:pCDC24-PSR1"*%-GFP-
CDC24%*LEU2

This study

DLY19193

YEF473

MATa cdc24-1 pSPA2-SPA2-
mCherry:kan® leu2:pCDC24-PSR1 -
GFP-CDC24“""":LEU2

This study

DLY19199

YEF473

MATa/a leu2:Peri:Psr1t28-
mCherry:Tapn1:LEU2/leu2:P+rer,: GFP-
KKSKKCAIL:Tppn1:LEU2

This study

DLY19200

YEF473

MATa/a leu2:Peri:Psr1t28-
mCherry:Taon:LEU2/ leu2:Prge,:Psrit 8-
GFP-KKSKKCAIL: T apn1:LEU2

This study

DLY19201

YEF473

MATa/a leu2:Prgri:Psr1t28-
mCherry:T apn1:LEU2/leu2:Prgr,: GFP-
snc2V3MM2A T Ll LEU2

This study

DLY19218

YEF473

MATa cdc24-1 pSPA2-SPA2-
mCherry:kan® leu2:pCDC24-PSR1%%-
GFP-CDC24°4 475 EU2

This study

DLY19237

YEF473

MATa/a BEM1-tdTomato:HIS3/BEM1-
tdTomato:HIS3 rsrl::TRP1/rsrl:: TRP1
WHI5-GFP:HIS5/WHI5-GFP:HIS5

This study

DLY19244

YEF473

MATa rsr1: TRP1 pBEM1-BEM1-
2XFRB-HA-GFP:LEU2 leu2:pBEM1-
BEM1-GFP-SNC2"*%AM42A:. URA3 TOR1-
1 fpri::kan® pRPL13A-:RPL13A-
2xFKBP-HA

This study
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DLY19263

YEF473

MATa pSPA2-SPA2-mCherry:kan®
rsr1::TRP1 bemi::kan® pCDC24-
CDC24°"44"P_GFP-SNC2:nat®

This study

DLY19281

YEF473

MAT a pSPA2-SPA2-mCherry:kan®
rsr1::TRP1 bemi::kan® pCDC24-
CDC24*-GFP-SNC2:nat®

This study

DLY19398

YEF473

MATa leu2:pCDC24-PSR1"**-GFP-
CDC24:LEU2

This study

DLY19400

YEF473

MATa/a rsrl::HIS3/rsrl::HIS3 pBEM1-
bem1"***-GFP:TRP1:bem1::URA3
IpPBEM1-bem1"**"-GFP:TRP1
:bem1::URA3

This study

DLY19496

YEFA473

MAT a pSPA2-SPA2-mCherry:kan”®
leu2:pCDC24-PSR1Y%-GFP-CDC24%™
APBT. L EU2

This study

DLY19498

YEF473

MAT a pSPA2:SPA2-mCherry:kan®
leu2:pCDC24-PSR1%2-GFP-CDC24*"*
APBTLEU2

This study

DLY19558

YEF473

MATa rsr1::HIS3 pCDC24-CDC24*%"-
GFP-SNC2:nat® pCDC42-CDC42-
mCherry*":URA3

This study

DLY19560

YEF473

MATa rsr1::HIS3 pCDC24-CDC24°™*
APBT_GFP-SNC2:nat® pCDC42:CDC42-
mCherry*":URA3

This study

DLY19604

YEF473

MATa pCDC24-CDC24™ 4F%".GFP-
SNC2:nat®

This study

DLY19606

YEF473

MATa pCDC24-CDC24***-GFP-
SNC2:nat®

This study

DLY19773

YEF473

MATa rsr1::TRP1 bem1::kan® pCDC24-
CDC24***-GFP-SNC2:nat® pDLB1974
(YEPlac195-pBEM1:BEM1)

This study

DLY19774

YEF473

MATa rsri::TRP1 bem1::kan® pCDC24-
CDC24%44PB1_GFP-SNC2:nat®
pDLB1974 (YEPlac195-pBEM1-BEM1)

This study

DLY19826

YEF473

MATa rsr1:TRP1 bem1::kan® CDC24%"
pDLB1974 (YEPIlac195-pBEM1-BEM1)

This study

DLY19890

YEF473

MATa rsrl::TRP1 rdil::URA3 bnil::HIS3

This study

DLY20054

YEF

MATa BEM1-tdTomato:HIS3 rsrl1:: TRP1
rdil::TRP1 WHI5-GFP:HIS5

This study

DLY20271

YEF473

MATa BEM1-tdTomato:HIS3 ura3:GFP-
SEC4:URA3 rsrl::HIS3 rdil:: TRP1 bnil-
116

This study

DLY20272

YEF473

MATa BEM1-tdTomato:HIS3 ura3:GFP-
SEC4:URA3 rsrl::HIS3 bnil-116

This study
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Table 2: Computational model species

plasma membrane proteins

model notation

GDP-Cdc42 Cdc42D
GTP-Cdc42 Cdc42T

Bem1 complex, containing Beml1, GEF, and PAK BemGEF

Bem1 complex with phosphorylated GEF BemGEF*
Bem1 complex bound to GTP-Cdc42 BemGEF42
Bem1 complex with phosphorylated GEF bound to GTP-Cdc42 | BemGEF42*
internal membrane proteins model notation
GDP-Cdc42 Cdc42Di
cytoplasmic proteins model notation
GDP-Cdc42 (bound to GDI) Cdc42Dc
GTP-Cdc42 Cdc42Tc

Beml complex BemGEFc
Bem1 complex with phosphorylated GEF BemGEFc*

Table 3: Reactions and parameter values the computational model.

Values shown are for the RDI model. The entries, (& varied)’ indicate parameter values
that were changed within the study.

Description Parameter | Value Units
BemGEFc - BemGEF Kia 10 s*t
BemGEFc* -> BemGEF*
BemGEF - BemGEFc s 0.0001 st
BemGEF - BemGEFc Kb 10 s?
BemGEF* - BemGEFc*
BemGEF + Cdc42D - BemGEF + Cdc42T K2a 0.16 uM™s
1
BemGEF42 + Cdc42D - BemGEF42 + Cdc42T | ks 0.35 pM'ls
1
Cdc42T - Cdc42D Kb 0.35 (& st
varied)
BemGEFc + Cdc42T - BemGEF42 ks 10 uM™s
1
BemGEFc* + Cdc42T > BemGEF42*
BemGEF + Cdc42T - BemGEF42 Kaa 10 uM™s
1
BemGEF* + Cdc42T > BemGEF42*
BemGEF42 - BemGEF + Cdc42T Kap 10 st
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BemGEF42* -> BemGEF* + Cdc42T
Cdc42Dc > Cdc42D Ksa
Cdc42Dc > Cdc42Di Ksai 1
Cdca2D > Cdc42Dc Kep (Table S4) s
Cdc42Di - Cdc42Dc Ksai
BemGEF42 + - BemGEF42 + Kg Kemax = uM™s
BemGEF42 BemGEF42* 0.0063 !
BemGEF42 + > BemGEF42* + Ken = 6
BemGEF42* BemGEF42* Ken = 10
BemGEFc* - BemGEFc Ko Komax = st
0.0044
kgn =6
konh = 0.03
Cdc42Tc - Cdc42T Kioa 0 (& varied) |s™
Cdc42T > Cdc42Tc Kaob Ki0a/ 50 st
Diffusion coefficient on the membrane Dn 0.0025 pmzs'1
Total [Cdc42] 1 UM
Total [BemGEF] 0.06 UM
Membrane to cytoplasm concentration scaling n 0.01
Internal membrane scaling, A*area of plasma A 2.67
membrane

Table 4: GDP-Cdc42 membrane-cytoplasmic exchange rates,
compartmental Cdc42 distributions, and polarity patch attributes.

Ardi1
model name [RDIZ| M1 | M2 | M3
parameter values
Cdc42Dc - Cdc42D on ksa | 36 |2.831| 4.5 11.2
Cdc42Dc 2> Cdc42Di ksai | 36 | 3.95 9 29.2
Cdc42D - Cdc42Dc off kep | 1.92 | 0.12 | 0.12 | 0.12
Cdc42Di - Cdc42Dc Kspi ] 1.92 | 0.12 | 0.12 | 0.12

% of total Cdc42 when unpolarized

Cytoplasm | 50 40 25 10

Plasma membrane ] 25 25 25 25

Internal membranes | 25 35 50 65

polarity patch attributes

FRAP half time | 3.87 | 19.37 | 19.45 | 19.53

pwhh] 151 | 1.86 | 1.86 | 1.86

% in peak | 2.01 | 2.16 | 2.15 | 2.15
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Appendix A

Computational model equations:
8
5, Cde42T = (k,.BemGEF + k;BemGEF42)Cdc42D

— (kop, + k., BemGEF, + k,BemGEFc, — kyg, )Cdc42T + k., BemGEF42,

+ Ky0,Cdc42Te

8
5;Cde42Te = kyg, Cded2T — kyo, Cded2Te

8
5;Cdc42D = k;,Cde42T — (k. BemGEF + k; BemGEF42)Cdcd2D — kg Ccd2D

+ ks, Cdc42Dc

3
o, Cde42De = n(ks,Cc42D + ksp;Cde42Di— (ks, + Aks,;)Cdc42Dc)

8
5;Cde42Di = A kg, Cdc42De — kgp, Cde42Di

3

o, BemGEF42 = (k4 BemGEF + k;BemGEFc)Cde42T — (ks + keBemGEF42,)BemGEF42
8

5;BemGEF42" = (k. BemGEF" + k;BemGEFc*)Cdc42T — k4, BemGEF42*

+ k;BemGEF42, BemGEF42

3 _
-, BemGEF = k;,BemGEFc + k4, BemGEF42 — (k4,Cdc42T + ky, JBemGEF — v/s&(t)
3

o, BemGEF* = k;BemGEFc" + ks, BemGEF42" — (k,Cdc42T + kyp )BemGEF*

d —
aBemGEPc =1 (klb BemGEF — (k,, + k-Cdc42T)BemGEFc + x."si(t}) + kyBemGEFc*

d
aBemGEFc* = 1(ky, BemGEF* — (k,, + k;Cdc42T)BemGEFc* — ksBemGEFc*)
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Where,
BemGEF, = BemGEF + BemGEF*

BemGEFc, = BemGEFc + BemGEFc*

BemGEF42, = BemGEF24 + BemGEF42*

BemGEF42,5="

1{8 = kBmﬂ.x kg
kg " + BemGEF42,

BemGEFc* e
kg, "*" + BemGEFc "

k'} = k'}ma.x
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