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Abstract 

 The cells of the budding yeast Saccharomyces cerevisiae undergo a robust 

morphological cycle, involving reorganization of the actin cytoskeleton, septin ring 

formation, and polarized growth.  These events are crucial to the formation of a fully-

equipped and properly-shaped bud, which gives rise to the daughter cell.  The budding 

yeast, as a well-established genetic model system, has attracted numerous investigations 

aimed at uncovering the underlying principles of morphogenesis.   

Despite the important roles of the septin ring and collar in morphogenesis and 

cytokinesis, little is known about how they are assembled.  We found that septins are 

recruited to the ring and collar following a tri-linear assembly/disassembly scheme.  

Polarization of actin cables enable directed secretion and growth.  The formin 

Bni1p, an actin nucleator, is thought to polarize actin cables in response to the direct 

regulation by the master polarity regulator, Cdc42p.  However, we found that all the 

known Bni1p-regulatory pathways are dispensable, including the direct regulation by 

Cdc42p, and we uncovered a novel pathway linking Bni1p to Cdc42p via the Cdc42p 

effector, Gic2p. 

Yeast morphogenesis is tightly coupled with the cell cycle.  Contrary to the 

prevailing model, we found that G1-CDK activity, albeit required for bud emergence, is 

not needed to trigger polarization.  This finding suggests that cells are in a default 

polarized state, which is negatively regulated by the G2-CDK. 
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1. Introduction  

 

Cell Shape and Cell Function 

Many cells have distinct morphologies, and in many cases the specialized cell 

shape is a prerequisite for the cell’s function.  For example, podocytes filter blood and 

selectively let small molecules pass through by wrapping kidney capillaries with their 

elaborate processes.  The microvilli on the apical surface of the intestinal epithelium 

greatly increase the surface area for nutrient absorption.  A typical neuron possesses 

dendrites and an axon; these neurites are crucial for integrating and transmitting signals 

and are the basis of nervous-system function.  Prior to developing a process or an apical 

domain, cells have to specify a location on the uniform plasma membrane.  This event, 

the establishment of polarity, relies on asymmetric distributions of protein and/or lipid 

molecules.  Despite the diversity of cell types and shapes, conserved molecular modules 

are utilized for polarity establishment (Nelson, 2003). 

Cell shape is the consequence of cellular mechanical properties and the forces 

exerted on the cell.  In many cases, cells are able to form a particular morphology with 

intrinsic mechanical changes mediated by the cytoskeleton.  It is of great interest to 

understand how cytoskeletal organization responds to dynamic spatial and temporal 

cues and gives rise to particular cell morphologies. 
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Cells of the budding yeast Saccharomyces cerevisiae start to form a bud (the future 

daughter cell) in late G1 phase.  The bud grows during S and G2 phase using building 

blocks (membrane, proteins, and organelles) delivered from the mother by polarized 

secretion.   At the end of the cell cycle, half of the duplicated DNA is distributed into the 

bud, before cytokinesis takes place.  This morphogenesis cycle utilizes conserved 

machineries to establish polarized secretion, making the budding yeast (hereafter: yeast) 

an attractive genetic model to dissect the molecular mechanisms of polarity 

establishment. 

In the following sections, I will introduce the key players that promote yeast 

morphogenesis: the Cdc42p module, the cytoskeleton, and what we know about how 

the morphogenesis is regulated in time and space. 

 

Polarity Establishment in Yeast 

Polarization in yeast relies on the conserved Rho-family GTPase Cdc42p.  In 

Cdc42p-inactivated cells, the nuclear cell cycle continues, whereas bud formation and 

cytoskeleton polarization are abolished, resulting in a multi-nucleate big round cell 

(Adams et al., 1990).  Yeast cells initiate polarization by locally activating Cdc42p at a 

focus on the plasma membrane.  Cdc42p is activated by a guanine nucleotide exchange 

factor (GEF) to its GTP-bound form, and is inactivated by GTPase activating proteins 
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(GAPs) to its GDP-bound form (Johnson and Pringle, 1990b).  Active Cdc42p recruits 

and activates downstream effectors, such as Gic2p and Cla4p, to remodel the 

cytoskeleton for polarized growth (Benton et al., 1997; Chen et al., 1997; Cvrckova et al., 

1995a; Holly and Blumer, 1999; Leberer et al., 1997).   

The Spatial Control of Polarity Establishment 

Yeast cells adopt genotype-dependent budding patterns.  Haploid a and  cells 

assemble a new bud next to the previous cytokinesis site (the axial pattern), whereas 

diploid a/ cells bud either next to or opposite to the cytokinesis site (the bipolar 

pattern) (Figure 1.1) (Chant and Herskowitz, 1991).  The budding pattern is guided by 

bud-site-selection proteins, which include axial landmarks (Bud3p, Bud4p, Axl1p, and 

Axl2p/Bud10p), bipolar landmarks (Bud7p, Bud8p, and Bud9p), and a third group 

(Rsr1p/Bud1p, Bud2p, and Bud5p) that is required for both budding patterns (Chant and 

Pringle, 1995a).  Rsr1p, a member of the Ras family GTPases, is activated by its GEF 

Bud5p and inactivated by its GAP Bud2p.  Rsr1p-GTP links the bud site-selection 

landmarks to the Cdc42p module by directly interacting with Cdc24p (the GEF of 

Cdc42p) as well as Cdc42p-GDP (Kozminski et al., 2003; Park et al., 1997; Zheng et al., 

1995).  However, this link (and the bud-site-selection system as a whole) is dispensable 

for polarity establishment. 
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Figure 1.1: Illustration showing the budding pattern in haploid and diploid cells 

Haploid cells form a bud adjacent to the previous cytokinesis site, whereas diploid cells 

can also bud at the opposite pole.  Image adopted from a review (Cabib et al., 1998). 

 

Yeast cells are able to organize the polarity establishment machinery without 

spatial cues (landmark proteins).  In rsr1 cells, where the link between the bud site-

selection pathway and Cdc42p is removed, cells are able to bud, albeit in a random 

pattern (Chant and Pringle, 1995a).  In this context, polarization of Cdc42p is developed 

by a positive feedback initiated by a stochastic increase of GTP-Cdc42p on the 

membrane (Irazoqui et al., 2003).  The positive feedback likely involves a Bem1p-

scaffolded complex containing a Cdc42p effector p21-activated kinase (PAK) and 

Cdc24p (the Cdc42p GEF: to avoid confusion with Cdc42p, Cdc24p will be hereafter 

referred as the GEF) (Figure 1.2 B) (Irazoqui et al., 2003; Kozubowski et al., 2008).  In this 

model, the Bem1p complex is recruited to GTP-Cdc42p by the interaction between GTP-

Cdc42p and the PAK.  Next, the GEF in the complex promotes local activation of 

Cdc42p, resulting in more Cdc42p in its GTP-bound form (Figure 1.2 B).  The GEF is 
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phosphorylated by Cdc42p downstream effectors (Bose et al., 2001; Gulli et al., 2000a); 

however, it is unclear whether the phosphorylation of the GEF plays an important role 

in the positive feedback or polarity establishment. 

 

Figure 1.2: Formation of a Cdc42p-GTP cluster 

(A) Cdc42p activation and its regulators.  (B) The positive feedback loop involving a 

Bem1p-scaffolded complex promotes the formation of a Cdc42p-GTP cluster.  This 

schematic cartoon is based on the model proposed by Kozubowski et al., 2008.  Image 

courtesy of Audrey Howell. 
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Activation of Cdc42p could also be achieved by inactivating its negative 

regulators, the GAPs (Figure 1.2 A).  Four known Cdc42p GAPs (Bem2p, Bem3p, Rga1p, 

and Rga2p) have been identified in yeast (Bender and Pringle, 1991; Chen et al., 1996; 

Gladfelter et al., 2002; Kim et al., 1994; Marquitz et al., 2002; Smith et al., 2002; Stevenson 

et al., 1995; Zheng et al., 1994).  They demonstrate partially redundant functions.  

However, it has been difficult to determine the precise role of the GAPs during 

polarization because of the lethality when multiple GAPs are deleted. 

Temporal Control of Polarization 

An unsolved problem in this field is how Cdc42p activation is triggered by 

internal cues, to coordinate morphogenesis with the cell cycle.  The cyclin-dependent 

kinase (Cdc28p) and cyclins are the key proteins that modulate polarized growth.  G1 

cyclin-CDK triggers polarization and bud emergence, whereas mitotic cyclins inhibit 

polarized growth (Lew and Reed, 1993).  G1-cyclin depleted cells arrest in a round 

unpolarized shape, while inhibiting mitotic cyclins causes prolonged apical growth and 

generates long buds.  This switch of polarized growth has been identified for more than 

a decade; however, the direct targets of CDK that control the timing of polarization 

remain unidentified.  Cdc42p activation has been proposed to be regulated by G1 cyclin-

CDK, in part because expression of GTP-locked hyperactive Cdc42p can bypass the 

requirement of G1 cyclin-CDK and make multiple projections (Gulli et al., 2000a).  Thus, 
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direct substrates of CDK that are Cdc42p regulators are strong candidates as proteins 

controlling the timing of polarization.  

Several lines of evidence indicate that the Cdc42p GEF and GAPs might be 

involved in the temporal control of polarization (Figure 1.3).  The Cdc42p GEF is 

phosphorylated at bud emergence (Bose et al., 2001; Gulli et al., 2000a), which raises the 

possibility that the phosphorylated GEF might be activated and able to trigger 

polarization.  However, most of this phosphorylation is dependent on Cdc42p activity 

(Bose et al., 2001; Gulli et al., 2000a).  This result indicates that the phosphorylation of 

the GEF is likely a product of Cdc42p activation, not an upstream regulation.  A recent 

study also found that mutating all known phosphorylation sites of the GEF does not 

affect polarization or growth, suggesting that GEF phosphorylation is dispensable for its 

function (Wai et al., 2009).  In haploid yeast cells, the subcellular localization of the GEF 

is also regulated during the cell cycle (Nern and Arkowitz, 2000).  The Cdc42p GEF is 

sequestered in the nucleus by Far1p during M phase and early G1 phase.  

Phosphorylation of Far1p by G1 cyclin-CDK initiates its degradation and allows the GEF 

to escape from the nucleus.  Disrupting the interaction between Far1p and the GEF 

releases the GEF to the cytoplasm, but it is not sufficient to initiate polarization, 

suggesting that additional mechanisms are regulating the timing of polarization.  
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Cdc42p activation can be achieved not only by activation of its positive 

regulators.  Inhibiting the negative regulatory GAPs should also lead to Cdc42p 

activation.  Recent studies indicate that the Cdc42p GAPs are probably direct substrates 

of the CDK (Knaus et al., 2007; Sopko et al., 2007; Ubersax et al., 2003).  Two 

independent studies from B. Andrews’ and M. Peter’s labs show that phosphorylation of 

Rga2p, Bem2p, and Bem3p increases concurrent with bud emergence.  The 

phosphorylation relies on G1 cyclin- CDK, and is independent of Cdc42p activity.  CDK-

dependent phosphorylation seems to inactivate the GAP activity, since overexpressing 

non-phosphorylatable mutant Rga2p or Bem3p is more toxic than overexpressing the 

WT proteins (Knaus et al., 2007; Sopko et al., 2007).  These data suggest a general 

mechanism whereby G1 cyclin-CDK inactivates GAPs by phosphorylation to allow 

Cdc42p activation.  If this hypothesis is correct, simultaneously inactivating GAPs in 

early G1 should lead to precocious Cdc42p activation and polarization.  The hypothesis 

remains to be tested (see Chapter 4 and 5) because deleting multiple GAPs results in 

lethality. 
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Figure 1.3: Potential mechanisms of polarization timing control 

G1-CDK might control the positive and negative regulators of Cdc42p to coordinate 

polarization with the cell cycle. 

 

The Cytoskeleton 

Cdc42p activation leads to polarization of the actin and septin cytoskeleton 

(Figure 1.4).  Polarization of actin and septins can occur independently of each other 

(Adams and Pringle, 1984; Ayscough et al., 1997a); however, actin and septin also 

each participate in the assembly and organization of the other cytoskeleton (Buttery et 

al., 2007; Gao et al., 2010; Kadota et al., 2004; Kozubowski et al., 2005; Pruyne et al., 

2004a).  The microtubules, although dispensable for polarized growth, are needed to 

distribute the nucleus into the bud later in the cell cycle.  This function requires the 
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interplay between the microtubule and actin cytoskeleton.  In the following sections, I 

will introduce each filament system and their roles in yeast morphogenesis. 

 

 

Figure 1.4: Schematic showing the dynamic organization of the cytoskeleton during 

the yeast cell cycle 
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Actin 

Yeast cells have three types of filamentous actin structures: cortical actin patches 

that cluster at sites of polarized growth, actin cables that extend through the cell towards 

the growth site, and an actomyosin ring at the bud neck during cytokinesis (Figure 1.4 

A).  These structures, although sharing the same building blocks, play distinct roles in 

the cell. 

The actin filaments in the actin patches are nucleated by the Arp2/3p complex 

and are required for the internalization of endocytic vesicles (Weinberg and Drubin, 

2012).  The assembly of the endocytic vesicle involves sequential recruitment of coat 

proteins (including clathrin), actin, Arp2/3p (and its regulators), and BAR-domain 

proteins (Kaksonen et al., 2003; Liu et al., 2009).  The actin filaments nucleated by 

Arp2/3p move the clathrin-coated membrane inward from the surface, allowing vesicle 

scission to take place.  Actin patches are clustered at the pre-bud site and the bud tip of 

small-budded cells in a Cdc42p-depedent manner.  However, it remains unclear how 

Cdc42p activation leads to actin patch/endocytic site polarization.  Unlike its 

mammalian counterparts, the activator of Arp2/3p, Las17p (a yeast homolog of the 

Wiskott-Aldrich syndrome protein, WASP), does not contain a GTP-Cdc42p-binding 

motif (Symons et al., 1996).  Some components of the endocytic vesicle are shown to 

interact with Cdc42p or its effectors, although the significance of these interactions is not 
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well understood (Evangelista et al., 2000; Wu et al., 1996; Wu et al., 1997).  It is 

conceivable that the clustering of actin patches at the polarization site might not be 

directly regulated by GTP-Cdc42p, but arises indirectly as a consequence of polarized 

secretion.   

Actin cables extend along the cell cortex towards the active growing site.  

Tropomyosins (Tpm1p and Tpm2p) specifically decorate actin cables (Drees et al., 1995; 

Liu and Bretscher, 1989).  After shifting to the non-permissive temperature for ~1 min, 

tpm1-2 tpm2 mutant cells lose all the actin cables and abolish exocytosis and polarized 

growth, whereas actin patches remain polarized for about 15 min and endocytosis is 

unaffected, indicating that actin cables are very dynamic and specifically function in 

exocytosis (Pruyne et al., 1998).  Actin cables serve as the tracks for type-V myosin 

(Myo2p)-mediated exocytic secretion.  Myo2p-mediated trafficking delivers post-Golgi 

vesicles as well as organelles (vacuoles, peroxisomes, and the trans-Golgi network) to 

the bud (Pruyne et al., 2004b; Schott et al., 1999; Schott et al., 2002).  Although polarity 

establishment can occur in the absence of filamentous actin (Ayscough et al., 1997b), 

polarized growth relies on the building blocks transported by polarized actin cables.     

Actin cables are nucleated by the formins (Evangelista et al., 2002; Sagot et al., 

2002a) (Sagot et al., 2002b), Bni1p and Bnr1p, at the bud tip and bud neck, respectively 

(Buttery et al., 2007; Imamura et al., 1997; Pruyne et al., 2004a).  The two formins contain 
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highly conserved catalytic domains (formin homology domains 1 and 2, or FH1, FH2) 

and modular regulatory domains (including the autoinhibitory domains, DID and 

DAD), similar to their mammalian counterparts (Figure 1.5) (Chesarone et al., 2010).  

Although Bni1p and Bnr1p have distinct cellular localizations (Bni1p at the bud tip and 

Bnr1p at the bud neck during polarized growth, and Bni1p at the cytokinesis site in 

anaphase), either one of them suffices to provide directional actin cables for polarized 

growth (Evangelista et al., 2002; Sagot et al., 2002a).   

 

Figure 1.5: Schematics of the domain organization of yeast and mammalian formins 

The 15 mammalian formins can be categorized into seven subfamilies.  The yeast 

formins share the conserved modular domain organization with their mammalian 

homologs. GBD: GTPase-binding domain. DID: Diaphanous inhibitory domain. DD: 

dimerization domain. CC: coiled-coil domain. SBD: Spa2p-binding domain. FH1, FH2: 

formin homology domain 1, 2. DAD: Diaphanous autoregulatory domain. BBD: Bud6p-

binding domain.  
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Activation of Cdc42p leads to polarization of actin cables and secretion (Adams 

et al., 1990; Chen et al., 1997; Howell and Lew, 2012).  However, it is not fully 

understood how GTP-Cdc42p polarizes actin cables.  The prevailing model is that direct 

binding of GTP-Cdc42p to the GBD (GTPase-binding domain) of Bni1p releases the 

autoinhibition and targets Bni1p to the site of action (Evangelista et al., 1997; Evangelista 

et al., 2002; Sagot et al., 2002a).  However, this model is mainly based on interactions 

identified in vitro, and by analogy to some mammalian formins where Rho-GTPase 

binding was shown to release autoinhibition (Alberts, 2001; Lammers et al., 2005; Li and 

Higgs, 2003; Martin et al., 2007; Nezami et al., 2006; Otomo et al., 2005a; Rose et al., 

2005).  However, releasing the autoinhibitory effects of DID-DAD interaction on actin 

assembly in vitro call for un-physiological high concentrations of Rho proteins, and 

accumulating evidence indicates the need of additional factors to regulate formin 

activation and localization (Brandt et al., 2007; Li and Higgs, 2003; Seth et al., 2006).  

Therefore, the in vivo significance of the direct link between GTP-Cdc42p and Bni1p 

remains to be tested.  We provide an updated view of Bni1p regulation in Chapter 3. 

It is conceivable that Cdc42p regulates exocytosis at multiple levels.  In 

temperature-sensitive cdc42-6 cells at 33°C, actin cables remain polarized, but exocytic 

vesicles accumulate in the cytosol, suggesting that Cdc42p regulates the final steps of 

exocytosis: docking and fusion of the vesicles (Adamo et al., 2001).  Docking and fusion 
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of the vesicles is mediated by the exocyst complex and the SNAREs, which are likely 

targets of Cdc42p regulation (Wiederkehr et al., 2004; Wu et al., 2010). 

Actomyosin rings function during cytokinesis in late anaphase.  The actomyosin 

ring F-actin is nucleated by Bni1p and Bnr1p (Tolliday et al., 2002).  Assembly and 

constriction of the actomyosin ring rely on type II myosin (Myo1p) (Bi et al., 1998; 

Lippincott and Li, 1998b).  Cells lacking cytokinetic actin ring or Myo1p activity appear 

to be viable (Bi et al., 1998).  Another cytokinesis mechanism involving membrane and 

cell wall deposition and septum formation suffices, albeit not efficiently, to separate the 

mother and daughter cells (Fang et al., 2010; Nishihama et al., 2009).  The yeast bud neck 

is only ~1 m wide, which is smaller than the midbody of mammalian cells after 

actomyosin ring constriction (normally 1~2m) (Mullins and Biesele, 1977; Sanders and 

Field, 1994).  The small neck size is likely why septum formation is sufficient and the 

actomyosin ring is dispensable for cytokinesis in budding yeast (Sanders and Field, 

1994). 

Septins 

Septins were first identified in yeast due to their essential function in cytokinesis 

(Hartwell, 1971).  Temperature-sensitive mutants of septins display chains of connected 

mother and daughter cells.  Septins are recruited to the polarization site prior to bud 

emergence and first form a ring (Ford and Pringle, 1991a; Kim et al., 1991b).  During bud 
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formation the ring develops into a collar, which splits into two rings during cytokinesis 

(Ford and Pringle, 1991a; Kim et al., 1991b).  The cytokinetic function of septins is likely 

to involve a scaffolding role at the bud neck, to which septins recruit the components 

required for actomysin contractile ring and septum formation (Bi et al., 1998; Lippincott 

and Li, 1998a, b; Vallen et al., 2000).  In addition, septins recruit the morphogenesis 

checkpoint machinery to the daughter side of the septin collar.  When cells encounter 

insults that disrupt the cytoskeleton, the morphogenesis checkpoint inhibits G2-CDK 

activity to arrest cell cycle progression (Keaton and Lew, 2006; Lew and Reed, 1995a; 

McMillan et al., 1998; Sia et al., 1996).  The morphogenesis checkpoint machinery senses 

cytoskeletal insults presumably through the structural change of the septin ring and 

collar; however, since the higher-order structure of the septin ring and collar is 

unknown, how the morphogenesis chickpoint machinery is activated remains poorly 

understood.  Septins also serve as a diffusion barrier to maintain the polarity of the 

mother-bud plasma membrane (Barral et al., 2000; Orlando et al., 2011; Takizawa et al., 

2000).  Likewise, a septin-dependent diffusion barrier function was recently found at the 

base of cilia in mammalian cells (Hu et al., 2010). 

Septins, like other cytoskeletal proteins, can bind nucleotides (GTP or GDP); 

however, the functional significance of GTP-binding and its hydrolysis remains elusive 

(Casamayor and Snyder, 2003; Field et al., 1996; Frazier et al., 1998; Nagaraj et al., 2008).  



 

 

17 

There are several unsolved questions associated with the higher-order structure of the 

septin ring and collar.  Septins form obligate hetero-octamers and polymerize into end-

to-end apolar filaments (Bertin et al., 2008).  Little is known about how these filaments 

are arranged during septin ring formation and the ring-to-collar transition.  The 

asymmetric localization of some septin-binding proteins to the mother or daughter side 

of the collar suggests an intrinsic asymmetric property of the collar structure (Gladfelter 

et al., 2001b; Kozubowski et al., 2005), which also awaits further support from structural 

studies.  We will report our recent findings on septin ring and collar assembly using 

live-cell fluorescent microscopy in Chapter 2. 

Microtubules 

 Although microtubules play important role in polarity establishment in some 

fungi (such as fission yeast) and animal cells (Chang and Martin, 2009; Motegi et al., 

2011; Siegrist and Doe, 2007; Wittmann and Waterman-Storer, 2001), they are not 

required for the initial polarized growth in budding yeast (Jacobs et al., 1988).  The only 

organelle shuttled by microtubules is the nucleus.   Microtubules orient the dividing 

nucleus along the mother-bud axis through the interaction of cytoplasmic microtubules 

with polarized actin cables (Yin et al., 2000).  Kar9p is a protein that is tightly regulated 

so that it associates with only one of the two spindle pole bodies (the MTOC, 

microtubule organizing center, of yeast), and is then delivered to the tips of 
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microtubules emanating from that pole (Maekawa et al., 2003).  Kar9p at the microtubule 

tip then interacts with the type V myosin Myo2p, which transports it along the polarized 

actin cables to the bud tip (Hwang et al., 2003; Korinek et al., 2000; Lee et al., 2000; Miller 

et al., 2000; Yin et al., 2000).  This, together with other mechanisms (such as dynein-

mediated force) (Carminati and Stearns, 1997), orient the microtubules toward the bud 

tip and promotes proper positioning of the dividing nucleus. 

 

The Objectives of the Thesis 

The thesis is mainly focused on how yeast organize the cytoskeleton during 

polarized growth and how the timing of the morphogenesis cycle is controlled.  Here are 

summaries regarding the specific questions that are addressed in each chapter. 

Chapter 2-  Although the septin ring and collar in budding yeast were described 

over 20 years ago, there is still controversy regarding the organization of septin 

filaments within these structures, about the way in which the ring first forms, and about 

how it converts into a collar at the mother-bud neck.  In Chapter 2, we present 

quantitative analyses of the recruitment of fluorescently-tagged septins to the ring and 

collar through the cell cycle.  The results indicate that there are no step-wise changes in 

septin fluorescence during the ring-to-collar transition.  We found a tri-linear scheme of 
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septin accumulation and disassembly at the bud neck.  This intriguing pattern of septin 

dynamics provides new insight into the assembly of the septin ring and collar. 

Chapter 3-  How formins are dynamically regulated in vivo remains elusive.  The 

prevailing model of how yeast polarize the actin cytoskeleton is that GTP-Cdc42p 

directly recruits and activates the formin Bni1p.  However, redundancy in the 

mechanisms of actin cable orientation have prevented a genetic test of the importance of  

the direct Cdc42p-Bni1p link.  In Chapter 3, we report findings from our use of a 

synthetically re-wired yeast strain in which regulation of Bni1p becomes critical to 

dissect Bni1p regulatory pathways.  We find that known pathways, including direct 

GTPase interaction, are dispensable for Bni1p regulation, and identify a novel pathway 

connecting Cdc42p to Bni1p via the Cdc42p effector, Gic2p. 

Chapter 4-  The direct substrates of CDK that couple the cell cycle to polarity 

establishment remain to be identified.  Cdc42p GAPs are strong candidates that might 

promote Cdc42p activation when their activity is inhibited by CDK-dependent 

phosphorylation.  Direct evidence is missing, due in part to the fact that inactivating 

multiple Cdc42p GAPs is lethal.  In Chapter 4, we report the construction of 

temperature-sensitive alleles of all four Cdc42p GAPs, and the results of simultaneously 

inactivating these GAPs on polarity establishment.   
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Chapter 5-  What is the timing control mechanism for polarity establishment?  

The prevailing model is that G1-CDK activity triggers polarization whereas the G2-CDK 

depolarizes the cell.  In Chapter 5, we report recent findings that re-examine this model.  

New evidence indicates a default polarized state of the cell.  The results also uncover 

previously unappreciated roles of the CDK in septin ring formation and polarity patch 

stabilization. 
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2. Dynamics of Septin Ring and Collar Formation1 

 

Introduction 

The filament-forming septin proteins assemble at various cortical locations in 

animal and fungal cells, and confer specialized properties on those portions of the 

plasma membrane (McMurray and Thorner, 2009; Oh and Bi, 2011).  Septins were first 

described in the budding yeast Saccharomyces cerevisiae, where they assemble into 

distinct ring and hourglass structures as the cells progress through the cell cycle (Figure 

2.1).  Yeast septins form stable rod-shaped hetero-octamers in solution, which can 

polymerize end-to-end to form apolar filaments in vitro (Bertin et al., 2008).  Electron 

microscopic observations suggested that septin filaments are highly ordered in the 

hourglass at the mother-bud neck (Byers and Goetsch, 1976), and polarized fluorescence 

microscopic observations supported the idea that septins are highly ordered, both in the 

hourglass and in the rings that flank the cytokinetic furrow (Vrabioiu and Mitchison, 

2006).  However, the precise arrangements of septin filaments in these structures remain 

controversial, and the organization of septins in the initial ring that forms prior to bud 

formation remains completely unknown. 

                                                      

1 This chapter is adapted from an article published as Chen, H., A.S. Howell, A. Robeson, and D.J. 

Lew. 2011. Dynamics of septin ring and collar formation in Saccharomyces cerevisiae. 

Biological Chemistry. 392:689-697. 
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Immunofluorescence localization studies suggested that a septin ring of diameter 

~ 1 m forms suddenly with no discernible intermediates at the site of future bud 

emergence, and that the ring transforms to an hourglass-shaped collar during or 

immediately after bud emergence (Ford and Pringle, 1991b; Haarer and Pringle, 1987; 

Kim et al., 1991a).   FRAP studies suggested that septins are exchangeable in the ring, 

but “frozen” and non-exchangeable in the collar (Caviston et al., 2003; Dobbelaere et al., 

2003).  Confocal microscopy of cells expressing septin-GFP fusions further suggested 

that a faint fibrous cloud of septins (not seen in fixed-cell images) precedes ring 

formation at the pre-bud site (Iwase et al., 2006). 

 

Figure 2.1: Septin rings and collar through the yeast cell cycle 

Cartoon showing initial small ring, hourglass collar, and large split rings observed 

during the yeast cell cycle. 

 

Septin ring assembly is approximately coincident with the clustering of cortical 

actin patches, which are now known to be sites of ongoing endocytosis (Kaksonen et al., 

2006), and with the concentration of Cdc42p, the master regulator of polarity 
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establishment (Ziman et al., 1993), at the presumptive bud site.  Septin ring assembly can 

proceed without F-actin (Ayscough et al., 1997a), but absolutely requires Cdc42p (Iwase 

et al., 2006), and it is generally accepted that Cdc42p at the polarization site somehow 

assembles the septin ring around that site. 

How does Cdc42p trigger septin ring assembly?  The ring surrounds a patch of 

cortex that carries highly concentrated GTP-Cdc42p.  In mutants lacking the Cdc42p 

effector kinase Cla4p (Cvrckova et al., 1995b; Gladfelter et al., 2004; Longtine et al., 2000; 

Versele and Thorner, 2004) or the Cdc42p-directed GTPase Activating Proteins (GAPs) 

Rga1p, Rga2p, and Bem3p (Caviston et al., 2003; Gladfelter et al., 2002), cells form 

aberrant rings.  Point mutations that slow or accelerate GTP hydrolysis by Cdc42p also 

impair septin-ring assembly, without overtly affecting other functions of Cdc42p 

(Caviston et al., 2003; Gladfelter et al., 2002).  In some cases, the aberrant rings are 

slightly (cla4) or dramatically (cdc42Y32H) larger in diameter, suggesting that proper 

Cdc42p signaling (rather than intrinsic septin properties) governs ring diameter 

(Gladfelter et al., 2002; Gladfelter et al., 2004).  These studies indicate that the rate of GTP 

hydrolysis by Cdc42p is especially important for septin ring assembly.  

How does Cdc42p GTP hydrolysis impact septin ring assembly?  A trivial 

explanation would be that excess GTP-Cdc42p interferes with septin assembly.  

However, this is inconsistent with the recessive nature of the septin defect in the slow-

hydrolysis cdc42 mutants, and with the finding that fast-hydrolysis mutants also lead to 
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septin defects (Gladfelter et al., 2002).  Moreover, the septin defect can be ameliorated 

simply by increasing the gene dosage of a slow-hydrolysis cdc42 mutant (Gladfelter et 

al., 2002), which would certainly not be the case if excess GTP-Cdc42p were the cause of 

the defect.   

Two speculative hypotheses were put forward regarding the role of Cdc42p in 

septin ring assembly.  One idea is that Cdc42p plays a role analogous to that of the 

translation elongation factor EF-Tu in protein synthesis (Gladfelter et al., 2002).  In this 

model, complexes containing septins and Cdc42p effectors and/or GAPs would bind 

GTP-Cdc42p at the polarization site.  Proper association with a growing septin ring 

would trigger hydrolysis of Cdc42p-bound GTP, breaking up the complex and leaving a 

docked septin octamer (or filament) in the growing ring.  Improper association would 

not promote GTP hydrolysis, and rather than docking, the intact septin-effector/GAP 

complex would dissociate from the GTP-Cdc42p and return to the cytoplasm.  In this 

model, Cdc42p GTP hydrolysis is coordinated with septin deposition, accounting for the 

ill-effects of perturbing GTP hydrolysis.  However, most details remain unsatisfyingly 

fuzzy: what does “proper association” mean?  And how would it be coupled to Cdc42p 

GTP hydrolysis?  How would ring formation get started?  The analogy to protein 

elongation leaves the mystery of initiation unresolved.  It is also unclear why the septins 

would assemble into a ring rather than a patch or some other structure. 
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The second idea is that Cdc42p acts to catch and release septin 

octamers/filaments so as to elevate their local concentration at the pre-bud site (Caviston 

et al., 2003).  Sufficiently concentrated septins would then spontaneously self-assemble 

into a ring.   GTP-Cdc42p would again bind effector/septin complexes from the 

cytoplasm, and perhaps a co-ordinated burst of GTP hydrolysis would simultaneously 

release the septins at high enough local concentration to promote ring assembly.  One 

phenotype seen in some cdc42 or GAP mutants is a “cap” of septins at the bud tip, and 

this could be due to effective initial septin recruitment without hydrolysis-stimulated 

release to form a ring.  Again, details of the coupling between septins and Cdc42p GTP 

hydrolysis remain rather fuzzy, and it is not clear why the septins would assemble into a 

ring. 

To better understand the septin ring assembly process, we have re-examined 

septin assembly at higher temporal resolution than that used previously.  We show that 

septins first appear as a faint irregular ring surrounding the polarization site, 

approximately 4 min after initial concentration of polarity factors at that site.  The 

amount of septins in the ring then increases gradually for about 10 min, until after bud 

emergence and spreading of the ring to form a collar.  Thereafter, septin amount at the 

collar increases at a reduced rate until cytokinesis and splitting of the septin collar, when 

the septins dissociate from the ring.  We discuss the implications of these findings for 

models of septin ring and collar assembly. 
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Results 

We first wished to examine the timing of septin ring assembly relative to polarity 

establishment by Cdc42p.  Because GFP-Cdc42p is not fully functional (Bi et al., 2000), 

and we found that both GFP-Cdc42p and a previously described GTP-Cdc42p-binding 

probe (Tong et al., 2007) altered the polarization process (Howell et al., in press), we 

used Bem1p-GFP (Kozubowski et al., 2008) as a polarity reporter.  Bem1p is a polarity 

scaffold protein that polarizes at the same time as Cdc42p (Howell et al., in press).  

Although many septin fusions carrying fluorescent reporters at the N- or C-termini have 

been made and all are able to rescue the temperature-sensitive lethality of septin 

mutants, we found that when combined with various mutations that impair septin 

organization, the fusions exacerbate the phenotype to a variable degree (data not 

shown), indicating that they are not fully functional and may therefore perturb the 

spatiotemporal pattern of septin ring formation. In our strain backgrounds, the least 

perturbing septin reporters carry GFP or mCherry inserted at residue 13 of Cdc3p 

(Caviston et al., 2003). While it is impossible to be sure that the reporters do not affect 

the process we wish to monitor, selecting the least-perturbing reporters and using 

strains carrying the reporter expressed at the endogenous locus serves to minimize this 

risk. 

Apart from potential effects of fluorescent reporters, the light exposure involved 

in time-lapse microscopy inflicts significant stress on the cells being filmed (Carlton et 
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al., 2010).  We found that cell cycle progression, and especially the start transition that 

triggers polarization, was delayed or blocked when cells were exposed to too much 

fluorescent light.  We therefore used the low-light image acquisition settings in which 

the kinetics of polarization were unaffected.  Image deconvolution of 0.25 m z-sections 

was used to increase spatial resolution, and we limited time-lapse acquisition to no 

shorter than 45 sec intervals to avoid phototoxicity (this is still considerably faster than 

previous confocal imaging approaches (Iwase et al., 2006)).   

In wild-type haploid cells, bud-site-selection rules lead to assembly of new septin 

rings in the immediate vicinity of old post-cytokinesis septin rings, which can 

complicate the analysis of assembly dynamics.  To circumvent this issue, we filmed 

diploid cells where new rings often form at the opposite end of the cell from the old ring 

(Chant and Pringle, 1995b), and in some experiments we used rsr1 bud-site-selection 

mutants in which new rings form at random locations relative to old rings (Bender and 

Pringle, 1989). 

Two-color imaging indicated that septins first began to accumulate at the 

polarization site 2.25-9 min after Bem1p first accumulated (Figure 2.2).  The variability in 

the timing of septin recruitment was, in large part, due to unexpected differences 

between mother and daughter cells (Figure 2.2, C and D).  In particular, daughter cells 

almost always had a longer interval between Bem1p polarization and initial septin 

recruitment (5.93 +/- 2.26 min for daughters, 2.80 +/- 0.49 min for mothers, n=11).  
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Moreover, as suggested previously (Iwase et al., 2006), the septins did not suddenly 

assemble into a bright ring, but rather they accumulated gradually (Figure 2.2 and 2.3 

A).  Quantification of the integrated septin ring/collar fluorescence in many cells showed 

that localized septin content followed three linear phases (Figure 2.3 B).   

 

Figure 2.2: Timing of septin accumulation relative to the polarity marker Bem1p 

(A) Illustrative cell from a deconvolved time-lapse movie of strain DLY11909 showing 

inverted images of Bem1p-GFP and Cdc3p-mCherry.   (B) Quantification of Bem1p-GFP 

and Cdc3p-mCherry intensity for the cell in (A).  (C) The interval between initial Bem1p-

GFP and initial Cdc3p-mCherry detection was measured for 22 cells (left).  This set is 

separated into the 11 component mother (middle) and daughter (right) cells.  Red line 

indicates average Bem1p-to-septin detection interval in each case.  Mothers and 

daughters were distinguished by noting which cell displayed apical growth (tip 

localized Bem1p-GFP) in the previous cell cycle (daughter).  (D) Illustrative mother-

daughter cell.  Time is indicated in min:sec. 
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The first phase, exhibiting the fastest septin assembly rate, began after polarity 

establishment and lasted for about 10 min.  Bud emergence occurred during this phase, 

suggesting that septins were added gradually during septin-ring assembly before bud 

emergence and continued to be added at the same rate during septin collar formation 

after bud emergence.  

The second phase, exhibiting a 3-4 fold slower septin assembly rate, 

encompassed most of the budded interval of the cell cycle (40-50 min).  The mitotic 

septin collar was thus significantly (~2-fold) brighter than the collar in small-budded 

cells.  

The third phase involved rapid septin disassembly, and there appeared to be 

greater cell-to-cell variability in the rate of this process compared to the rates of initial 

assembly.  In rapidly-growing cells such as the ones filmed here, new septin rings can 

begin to form before the old rings disassemble, potentially contributing to disassembly. 

Returning to the initial assembly process, we exploited the random-budding 

rsr1/rsr1 bud-site-selection mutants to examine cells in which septin assembly 

occurred near the top or bottom surface of the cell (Figure 2.4).  The earliest visible 

septin configuration, as seen face-on, was in most cases a ring-like shape in which a 

central “hole” was apparent, and fluorescence intensity around the circumference was 

quite irregular.  As the ring became brighter it also became more even, suggesting that 

septin intercalation filled in gaps in an initially sparse structure. 
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Figure 2.3: Kinetics of septin accumulation in the ring/collar during the cell cycle 

(A) Illustrative cell from a movie of strain DLY13344 showing inverted side-on images of 

the septin ring/collar.  DIC images show timing of bud emergence (indicated by arrow).  

(B) Quantification of Cdc3p-mCherry intensity in the ring/collar for a panel of 9 cells.  

Datapoints were fit with a tri-linear scheme as described in the Methods (lines).  (C)  

Overlay of the tri-linear fits.  Grey bar indicates the time interval during which the cells 

underwent bud emergence. 
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Figure 2.4: Initial stages of septin ring assembly2 

(A) Illustrative cells from a movie of strain DLY11784 showing inverted end-on images 

of septin ring assembly.  (B) The earliest timepoints with detectable signal were enlarged 

and manipulated to increase the signal and reduce the background. 

 

Discussion  

Our analysis of septin dynamics during the cell cycle suggests that septin 

assembly follows the time-course summarized in Figure 2.5 A.  A few minutes after 

initial polarity establishment, septins accumulate gradually in a ring that converts to a 

collar upon bud emergence.  Septins continue to accumulate at the bud neck through 

most of the cell cycle and (in rapid proliferation conditions) disassemble shortly after 

cytokinesis.  The details of the analysis revealed several surprises in the context of 

previous ideas about septin assembly. 

                                                      

2 These images were taken by Alex Robeson. 
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The first surprise was the variability in the time interval between initial polarity 

establishment and initial detection of septins at the presumptive bud site (between 2.25 

and 9 min: Figure 2.2 C).  A large part of this variability can be ascribed to mother-

daughter differences, with daughters exhibiting a significantly longer lag.  It seems 

likely that asymmetric inheritance of septin regulators by the mother and daughter cells 

is responsible for the observed difference in timing.  Such differences might arise due to 

different septin-localized factors being enriched on the mother or bud sides of the collar 

(Gladfelter et al., 2001a), or as a consequence of the RAM (Nelson et al., 2003; Weiss et 

al., 2002) or Ash1p (Bobola et al., 1996; Long et al., 1997; Sil and Herskowitz, 1996) 

asymmetric inheritance pathways.  

The second surprise was that initial septin accumulation appeared to occur at a 

constant rate until a few minutes after bud emergence.  This single-phase behavior 

clashes with the expectation that there would be two distinct assembly events, initial 

ring formation and ring-to-collar transition, separated by a plateau (mature septin ring) 

during this interval.  However, the conclusion that significant ongoing septin 

recruitment occurs for several minutes after bud emergence is consistent with EM 

analyses (Byers and Goetsch, 1976) showing that the number of detectable “10 nm 

filaments” (now known to depend on septins) increases as the neck diameter expands 

during bud formation.  The constant rate of septin accumulation suggests that similar 

processes may underlie septin recruitment to both the ring and the collar.  
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Figure 2.5: Summary and model for septin ring and collar formation 

(A) Summary of septin recruitment during the cell cycle based on fluorescence intensity 

measurements. Polarity establishment, bud emergence and splitting of the septin collar 

at the onset of cytokinesis are indicated. (B,C) Speculative models for septin filament 

assembly and organization. (I) A sparse irregular ring accumulates more septins by 

intercalation. (II) Bud emergence and continuing septin recruitment until they form an 

hourglass-shaped collar (III). Slower septin recruitment continues during G2/M (IV) 

until the collar splits during mitotic exit (V). After cytokinesis, the remnant septin ring 

(VI) is of larger diameter than the new septin ring that forms in the next cycle (I). 
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A third surprise was that after the collar had formed, septin recruitment 

continued (albeit at a reduced rate) until mitosis.  This slower phase of septin addition 

could represent a distinct assembly process that differs in kind from that occurring 

during collar formation, or it may represent the continuation of a similar process that is 

limited simply by the availability of cytoplasmic septin complexes.  In the latter view, 

rapid assembly continues until cytoplasmic septins are exhausted, after which newly-

synthesized septins are added as they become available.  Septin mRNA levels (and 

presumably therefore synthesis rates) are constant throughout the cell cycle (Orlando et 

al., 2008; Spellman et al., 1998), and the peak amount of septin fluorescence in the collar 

is about twice that in the initial collar (at the beginning of phase two), consistent with 

this hypothesis. 

Our observations on the kinetics of septin recruitment appear to be at odds with 

previous reports that there is no recovery of fluorescence after photobleaching of the 

septin collar (Caviston et al., 2003; Dobbelaere et al., 2003).  Because FRAP involves 

frequent imaging in a confocal using considerably more light than in our wide-field 

imaging conditions, it seems possible that bleaching during image acquisition may have 

obscured the continued septin addition to the collar.  Moreover, our finding that septins 

are constantly added to the ring in phase one also calls into question the conclusion 

drawn from FRAP studies that the septins in the ring are exchangeable (Caviston et al., 
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2003; Dobbelaere et al., 2003), suggesting the alternative interpretation that recovery of 

fluorescence after bleaching stems from addition of new septins to the ring.  

Two speculative models for septin ring and collar formation, with filaments 

oriented either parallel (Figure 2.5 B) or perpendicular (Figure 2.5 C) to the mother-bud 

axis, appear consistent with our observations.  In these models, the absence of a major 

reorganization in transitioning from ring to collar naturally accommodates the 

observation of a single-phase septin recruitment throughout ring and collar assembly.  

This would be difficult to account for if the ring and collar had drastically different 

filament arrangements (e.g. with circumferential filaments in the ring growing at the 

same rate as axial filaments in the collar and no interruption during the required 90° 

reorientation).   

In Figure 2.5 B, the initial irregular ring is depicted as a set of ordered but 

unevenly distributed short filaments surrounding the polarization site (I).  Gradual 

intercalation of more filaments would generate a more intense and regular ring.  Upon 

bud emergence, gradual filament elongation and further intercalation would lead to 

collar formation (II), possibly with continuing intercalation of new filaments.  

Subsequently (III-IV), addition of newly synthesized septins to the edges of the collar 

continues until cytokinesis, when the septin collar splits (we do not speculate on the 

orientation of the septin filaments at this stage).   
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In Figure 2.5 C, as suggested by an anonymous reviewer, “short stretches of 

discontinuous septin filaments arrayed around the bud neck orthogonal to the mother-

bud axis prior to bud emergence (I) could grow in length, as the bud emerges, by the 

addition of new subunits and eventually coalesce into a number of distinct 

circumferential hoops (or the gyres of a continuous helical spiral, as suggested by Byers 

& Goetsch) (II). Growth by addition of septin complexes onto the ends of these initial 

short segments could occur at multiple locations within the hourglass, depending on the 

relationship of the ends of these "seeds" with the perimeter of the collar— that is, certain 

seeds could have ends in the middle of the collar (with respect to the mother-bud axis), 

allowing for concomitant expansion of the diameter of the septin collar with that of the 

bud neck via the addition of septin complexes onto the available free ends (III-IV)”. 

An attractive feature of Figure 2.5 B is that because the inner edge of the ring 

grows into the bud while the outer edge remains in the mother, the model naturally 

accommodates the observation that some septin-localized proteins decorate both the 

inner side of the ring and the bud side of the collar, while others decorate both the outer 

edge of the ring and the mother side of the collar (Kozubowski et al., 2005).  Moreover, 

recent polarized fluorescence microscopy of the ring-to-collar transition suggests that it 

involves a filament reorientation (Amy Gladfelter, personal communication), which is 

naturally accomodated by the growth of filaments into the neck along the mother-bud 
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axis as diagrammed in Figure 2.5 B (I-II).  These features may be harder to explain in the 

scenario diagrammed in Figure 2.5 C. 

On the other hand, it is relatively easy to imagine the collar expansion 

constrained by the changing geometry of the plasma membrane in Figure 2.5 C, whereas 

building a palisade of vertical filaments (Figure 2.5 B) would require an additional 

mechanism to ensure that the filaments are all of similar length.  Moreover, both models 

leave many important questions unanswered.  How does Cdc42p initiate septin ring 

assembly?  Is Cdc42p continuously required for the ongoing septin recruitment to the 

ring or does it play an initiating role followed by a spontaneous recruitment of septins?  

Why is septin recruitment so slow: what is the rate-limiting step?  Application of the 

microscopy approaches described here to mutant cells may help to clarify these issues. 

 

Materials and Methods  

Yeast strains 

Yeast strains used in this study are listed in Table 2.1. Standard media and 

procedures were used for yeast genetic manipulations.  To generate strains expressing 

Bem1p-GFP, a plasmid (pDLB2968) (Kozubowski et al., 2008) containing a C-terminal 

fragment of BEM1 fused to GFP was cut with PstI and transformed to target integration 

at BEM1.  Strains expressing Cdc3p-mCherry or Cdc3p-GFP were constructed by 
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integrating BglII-cut YIp128-CDC3-mCherry or YIp211-CDC3-GFP (Tong et al., 2007) at 

CDC3.   

Table 2.1: Yeast strains 

Strain 

(DLY) 
Relevant genotype Source 

11784 a/  ABP1-mCherry:Kan/ABP1-mCherry:Kan 

rsr1::TRP1/rsr1::TRP1  CDC3-GFP:URA3/CDC3-GFP:URA3 

This study 

11909 a/  CDC3-mcherry:LEU2/CDC3-mcherry:LEU2 

BEM1-GFP:LEU2/BEM1-GFP:LEU2 

This study 

13344 a/  CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

BNR1-GFP:HIS3/BNR1-GFP:HIS3 

This study 

All strains are in the YEF473 background (his3-200 leu2-1 lys2-801 trp1-63 ura3-52). 

 

Microscopy 

Live cell imaging was performed as previously described (Howell et al., 2009).  

Exponentially growing cells were mounted on a slide with a slab of complete synthetic 

medium solidified with 2% agarose (Denville Scientific, Inc.), sealed with Vaseline 

(Unilever), and filmed at 30oC.  Except in Figure 2.4, cells were synchronized with 200 

mM hydroxyurea (HU) (Sigma-Aldrich) in complete synthetic medium (MP 

Biomedicals) for 3 h at 30oC, washed, and released into fresh medium for 1 h and 5 min 

prior to filming.  Synchronization with HU shortens the filming time required to acquire 

enough septin assembly events for quantification, and fortuitously increased cell’s 

tolerance of light exposure (Howell et al., in press).  Images were acquired with an 

AxioObserver Z1 (Carl Zeiss) with a 100x /1.46 Plan Apochromat oil immersion objective 

and a QuantEM backthinned EM-CCD camera (Photometrics).  Cells were exposed to 
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2% neutral-density-filtered excitation light for 250 ms for GFP and 150 ms for RFP 

during each image acquisition.  Time-lapse movies were taken either with 30 z-planes at 

0.25 m steps or with 15 z-planes at 0.5 m steps, and displayed as maximum 

projections.  GFP and DIC z-stacks were acquired before RFP z-stacks; a delay of 15-20 

sec between the two colors is expected. 

Image Analysis 

Images were deconvolved with Huygens Essential software (Scientific Volume 

Imaging), using the classic maximum likelihood estimation and predicted point-spread 

function with a background value set constant across all images from the same 

timelapse, with a signal to noise ratio of 10 and a maximum of 40 iterations.  The 

deconvolved images were compiled with MetaMorph (Molecular Devices) and scored 

visually for the initial time points of Bem1p-GFP and Cdc3p-mCherry polarization.  

Images for presentation were processed using MetaMorph and ImageJ (U. S. National 

Institutes of Health).  Quantification of intensity was performed utilizing Volocity 

(Improvision, Inc.), with a threshold set to select only the polarized signal.  The summed 

intensity was recorded for each timepoint, and was plotted using Excel (Microsoft) or 

Mathematica (Wolfram).  The tri-linear fit in Figure 2.3 was identified by a Mathematica 

function: 
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Bud emergence was identified as the earliest contrast change (appearance of a 

white spot in many cases) at the bud site in a DIC timelapse.  The image size of Figure 

2.4 B was increased by amplifying pixel numbers using Photoshop (Adobe). 
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3. Regulation of the Formin Bni1p by Cdc42p Is Indirect 

and Involves the Effector Gic2p 

 

Introduction 

Actin filaments function as tracks, scaffolds and force-generating devices for 

numerous cellular processes including intracellular transport, morphogenesis, and cell 

motility.  Dynamic regulation of actin filament assembly and disassembly is critical to 

ensure that proper cellular functions occur at the right time and place. 

Formins are a conserved family of proteins that nucleate actin polymerization 

and facilitate barbed-end elongation (Evangelista et al., 2002; Kovar and Pollard, 2004; 

Pruyne et al., 2002; Sagot et al., 2002a; Sagot et al., 2002b).  These catalytic activities are 

conducted by the formin homology 2 (FH2) domain, which dimerizes to form a donut-

shaped catalytic core (Otomo et al., 2005b; Xu et al., 2004).  The adjacent proline-rich 

formin homology 1 (FH1) domain recruits profilin-bound actin monomers, speeding 

barbed-end elongation (Kovar et al., 2006; Romero et al., 2004; Sagot et al., 2002b).  

Catalytic activity of many formin proteins can be suppressed by autoinhibitory binding 

of an N-terminal Diaphanous inhibitory domain (DID) and a C-terminal Diaphanous 

autoregulatory domain (DAD) (Alberts, 2001; Li and Higgs, 2003; Wang et al., 2009b).  

Autoinhibition can be disrupted by binding of Rho GTPases to the GTPase binding 

domain (GBD), which partially overlaps with the DID (Lammers et al., 2005; Martin et 
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al., 2007; Nezami et al., 2006; Otomo et al., 2005a; Rose et al., 2005).  However, releasing 

the antoinhibitory effect of DID-DAD interactions on actin assembly in vitro requires un-

physiological high concentrations of Rho proteins, suggesting that additional regulators 

are required to activate formins in vivo (Li and Higgs, 2003; Seth et al., 2006). 

Budding yeast have two formins,  Bni1p and Bnr1p, which share a conserved 

modular domain organization with the 15 formins in mammalian cells (Chesarone et al., 

2010).  Bni1p and Bnr1p nucleate and elongate filaments that are organized into two 

actin structures in yeast: actin cables are polarized along the mother-bud axis and act as 

tracks for myosin-mediated delivery of vesicles and organelles to the bud, and the 

actomyosin ring at the mother-bud neck contributes to cytokinesis.  During bud growth, 

Bni1p is concentrated at the bud tip whereas Bnr1p is concentrated at the bud neck; both 

generate cables that extend back into the mother, and either formin suffices for polarized 

growth of the bud (Buttery et al., 2007; Imamura et al., 1997; Pruyne et al., 2004a). 

How do actin cables become oriented along the mother-bud axis?  What factors 

control the number of actin cables and their length?  Formins are currently considered 

prime candidates to mediate the regulation of actin organization.  The polarized 

organization of the actin cytoskeleton relies on the Rho-family GTPase Cdc42p (Adams 

et al., 1990; Chen et al., 1997; Howell and Lew, 2012).  Cdc42p can bind to Bni1p and 

colocalizes with Bni1p at the bud tip, suggesting that Bni1p is a direct effector of Cdc42p 

(Evangelista et al., 1997; Evangelista et al., 2002; Sagot et al., 2002a).  In addition, Bni1p 
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interacts with the “polarisome” components, Spa2p and Bud6p (Evangelista et al., 1997; 

Fujiwara et al., 1998; Sheu et al., 1998).  Like Bni1p, Spa2p and Bud6p are concentrated at 

the bud tip during polarized bud growth, and at the mother-bud neck during 

cytokinesis (Amberg et al., 1997; Arkowitz and Lowe, 1997).  Spa2p is thought to 

contribute to Bni1p localization at the bud tip (Fujiwara et al., 1998).  Bud6p binds actin 

monomers (Amberg et al., 1997) and promotes Bni1p-mediated actin filament nucleation 

in vitro (Graziano et al., 2011).  In addition, the fission yeast Bud6p can activate the 

formin For3 by relieving autoinhibition (Martin et al., 2007).  

The mother-bud neck in yeast contains a scaffold of septin polymers (Gladfelter 

et al., 2001b) that recruit the Bnr1p formin to the mother side of the neck, and genetic 

evidence suggests that septins also activate Bnr1p (Pruyne et al., 2004a).  Bnr1p nucleates 

actin cables that grow into the mother, and several factors have been identified that can 

regulate Bnr1p catalytic activities in vitro and affect cable morphology in vivo 

(Chesarone-Cataldo et al., 2011; Chesarone et al., 2009).   

It is attractive to speculate that the various Bni1p- and Bnr1p-interacting proteins 

serve to regulate formin activity in space and time, promoting the polarized actin cable 

organization important for growth.  Remarkably, however, it appears that a short 

catalytic FH1-FH2 domain construct from either Bni1p or Bnr1p suffices to provide 

essential formin functions in yeast (Gao and Bretscher, 2009).  The catalytic fragment 

lacks the domains required for autoinhibition and for interaction with Rho GTPases and 
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polarisome components.  Moreover, the fragment is diffusely localized throughout the 

cell, in the cytoplasm and nucleus.  Thus, it would appear that cable formation and some 

degree of cable orientation can occur (perhaps with the aid of neck-localized factors like 

myosin II) even when formin activity is deregulated (Gao and Bretscher, 2009).  The 

yeast cell’s ability to make do without formin regulation has hindered efforts to apply 

the power of yeast genetics to dissect the roles of specific formin interactions. 

We recently generated a “re-wired” strain, in which an effective connection 

between Cdc42p and actin cables becomes essential for polarity establishment (Howell 

et al., 2009).  We now show that in these cells, Bni1p activity and its regulation are 

essential for viability, allowing us to dissect the functional relevance of individual Bni1p 

regulatory inputs.  Surprisingly, neither direct regulation by Rho proteins nor 

interactions with polarisome components were necessary for Bni1p regulation in this 

context.  Instead, uncharacterized N-terminal domains were able to connect formin 

activity to Cdc42p.  These domains interact with the Cdc42p effector, Gic2p, and fusion 

of the formin catalytic domain to the N-terminus of Gic2p was sufficient to provide 

regulated formin function in the re-wired strain.  Our data suggest that rather than 

serving as a direct Cdc42p effector, Bni1p (and possibly other formins) can be regulated 

indirectly via other Cdc42p effectors.  
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Results 

Dynamics of Polarity Establishment in Re-wired Cells 

Cdc42p polarization is normally actin-independent (Ayscough et al., 1997b; 

Irazoqui et al., 2003), and polarized Cdc42p leads to a polarized actin cytoskeleton 

through mechanism(s) that are not fully understood.  We recently generated a 

synthetically “re-wired” strain (Howell et al., 2009), in which the normal polarization 

mechanism is inactivated.  Instead, these cells were designed to use an actin-mediated 

positive feedback mechanism, whose concept was first proposed by Wedlich-Soldner et 

al. (Wedlich-Soldner et al., 2003), to establish polarity.  The idea is that a key polarity 

factor is highly concentrated on secretory vesicles that are delivered by myosin V to the 

barbed end of an actin cable.  That delivery concentrates the polarity factor at the cortical 

site of the cable terminus, leading to local nucleation and/or capture of more actin cables, 

which deliver more vesicles carrying the polarity factor, and so on until a full polarity 

site becomes established.  The re-wired cells contain an artificial Bem1p-Snc2p fusion, in 

which the normally cytoplasmic polarity factor Bem1p is fused to the v-SNARE Snc2p 

and becomes highly concentrated on secretory vesicles.  Consistent with the model, 

polarity establishment is absolutely actin-dependent in re-wired cells (Howell et al., 

2009).  The model also predicts that formins or cable-capturing factors would participate 

in the polarization process itself, and therefore that such factors (as well as secretory 
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vesicles) should all become concentrated at the polarization site with similar kinetics to 

the Bem1p-Snc2p protein. 

To investigate the timing events during polarity establishment, various proteins 

were tagged with green fluorescent protein (GFP) at the endogenous locus in a strain 

that also expressed a red fluorescent septin marker, Cdc3p-mCherry.  We quantified the 

intervals between green and red fluorescent markers’ first appearance at the incipient 

bud site.  We focused on the timing data from mother, because daughter cells (while 

displaying the same ordered sequence of events) exhibited greater variability in timing 

(Chen et al., 2011) (Figure 3.1, right panels). 

In wild-type cells, Bem1p-GFP recruitment preceded that of the septin marker 

Cdc3p-mCherry by about 3 min (Chen et al., 2011) (Figure 3.1 A).  GFP-Sec4p, a vesicle 

marker, was recruited 1.5 min before Cdc3p-mCherry (Figure 3.1 B), indicating that actin 

cables polarize and deliver vesicles prior to septin recruitment to the polarization site. 

GFP-Bni1p was detected 0.8 min before Cdc3p-mCherry (Figure 3.1 C), and Bnr1p-GFP 

was detected 6.1 min after Cdc3p-mCherry (Figure 3.1 D).  The fact that we detected 

Sec4p/vesicle accumulation prior to Bni1p accumulation was surprising, as we expected 

that Bni1p would be responsible for nucleating the actin cables that deliver the secretory 

vesicles.  It could be that such cables are initially nucleated elsewhere and captured by 

polarity factors, and that Bni1p recruitment does not occur until slightly later.  However, 

the short lag between Sec4p and Bni1p recruitment to the polarization site may simply 
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be due to the detection sensitivity for these probes, as the intensity of GFP-Bni1p signal 

is significantly weaker than that of GFP-Sec4p.  Thus, during normal polarity 

establishment Bem1p accumulation is followed ~1.5 min later by recruitment of actin 

cables and secretory vesicles, which is followed ~1.5 min after that by recruitment of 

septins (Figure 3.1 E).  Recruitment of the formin Bnr1p occurred significantly later, once 

a septin ring was well established, suggesting that Bnr1p recruitment does not normally 

contribute to initial actin polarization. 

In the re-wired cells, Bem1p-GFP-Snc2p was detected at incipient bud site only 

0.9 min before Cdc3p-mCherry (Figure 3.1 F), and GFP-Sec4p polarized 1.0 min prior to 

Cdc3p-mCherry (Figure 3.1 G).  We infer that Bem1p-Snc2p is recruited to the incipient 

bud site together with actin cables, as expected. GFP-Bni1p was detected 0.75 min 

following Cdc3p-mCherry (Figure 3.1 H), whereas Bnr1p only arrived 4.3 min after 

Cdc3p-mCherry (Figure 3.1 I).  As in wild-type cells, the apparent lag between vesicle 

markers and Bni1p recruitment may stem from technical detection issues, or it may 

indicate that initial cables are nucleated elsewhere and then “captured” at the polarity 

site, rather than locally nucleated at that site. 

The timing data are summarized in Figure 3.1 J.  A striking feature is that Bni1p 

was recruited several minutes before Bnr1p.  Thus, if local actin filament nucleation is 

important for re-wired cell polarity establishment, then Bni1p would be predicted to 

play a critical role for polarization and survival of the re-wired cells. 
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Figure 3.1: Timing of protein polarization in wild-type and re-wired cells.1 

WT (A-D) (DLY11909, 13890, 13344, 14014) and re-wired (F-I) (DLY13072, 13884, 13945, 

14026) cells were imaged and scored for the first appearance (arrows) of the indicated 

                                                      

1 Part of the data in the polarization timing study was collected by Hui Kang. 
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proteins at the incipient bud site.  Inverted images are shown.  Time intervals between 

polarization of GFP-tagged proteins and the septin Cdc3p-mCherry of the mother and 

daughter cells were quantified (right panels), and the mean ± SEM interval of the mother 

cells is summarized in (E) and (J).  Scale bar = 5m. 

 

 

BNI1 Is Needed for Polarization in Re-wired Cells 

To test whether individual formins are essential in the re-wired cells, we deleted 

one copy of BNI1 or BNR1 in a diploid strain, and examined the viability of haploid 

segregants following sporulation and tetrad dissection.  We found that bni1 mutants 

were synthetically lethal with BEM1-SNC2, indicating that BNI1 is absolutely essential in 

the re-wired cells (Figure 3.2 A).  BNR1, in contrast, was not required (Figure 3.2 A).  

Based on the synthetic lethality and polarization timing, it seemed probable that BNI1 

was needed for polarity establishment in the re-wired cells; however, BNI1 has also been 

implicated in other cellular processes, such as cytokinesis and the proper organization of 

septin rings (Gladfelter et al., 2005; Kadota et al., 2004; Kohno et al., 1996).  To 

investigate the essential role of Bni1p in re-wired cells, we introduced the temperature-

sensitive (ts) bni1-12 allele into the BEM1-GFP-SNC2 background and performed time-

course experiments.  G1-phase cells from permissive-temperature cultures were 

enriched by centrifugal elutriation, and then shifted to restrictive temperature to 

inactivate bni1-12.  Most bni1-12 BEM1-GFP-SNC2 cells failed to bud, and the remainder 

produced “fat” buds with wide necks (Figure 3.2 B).  The unbudded cells grew big and 

round (Figure 3.2 D) and stayed unpolarized (Figure 3.2 E), while the control BNI1 
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BEM1-GFP-SNC2 cells polarized and completed the budding cycle.  Re-wired BNI1 and 

bni1-12 cells replicated DNA with similar timing (Figure 3.2 C), indicating that the G1-S 

transition did not require Bni1p.  There was an accumulation of G2/M cells in the re-

wired bni1-12 strain at later times, consistent with the expectation that unbudded cells 

could not undergo cytokinesis.  These results indicate that BNI1 is needed for efficient 

polarization in the re-wired cells.  

 

Figure 3.2 : BNI1 is essential in re-wired cells.2 

(A) Synthetic lethality of bni1 BEM1-SNC2.  The spore viability of cells with the indicated 

genotypes was deduced from tetrad dissection of heterozygous diploids (DLY12648, and 

12778).  (B-E) Re-wired cells carrying a temperature-sensitive Bni1p formin (DLY12226, 

and the control DLY8601) progress through the cell cycle but are defective in 

polarization and budding.  G1-phase cells were enriched by centrifugal elutriation at 4oC 

and released into 37oC media to resume growth.  Samples were fixed and scored for % 

budded (n>100) (B) and % cells with S or G2 DNA content (n=10,000) (C).  (D) DIC 

                                                      

2 The elutriation experiment was performed with Audrey Howell. 
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images of cells released into 37oC media for 160 min.  (E) Inverted time-lapse images of 

G1-phase cells, which were released and filmed at 37oC.  The BEM1-GFP-SNC2 cell 

(upper panel) started to polarize and bud while a similar-sized BEM1-GFP-SNC2 bni1-12 

cell (lower panel) grew big and round without establishing polarity.  Scale bar = 5m. 

 

Regulation of Bni1p Is Essential in Re-wired Cells 

Yeast cells lacking both BNI1 and BNR1 are able to survive when expressing a 

formin catalytic fragment (FH1-FH2) thought to promote unregulated, delocalized actin 

nucleation (Gao and Bretscher, 2009).  However, we found that the same Bni1p catalytic 

fragment (FH1-FH2) was not able to complement the requirement of BNI1 in re-wired 

cells (Figure 3.3, A and B).  Thus, regulation of Bni1p is dispensable in normal cells but 

critical in re-wired cells.  In principle, regulation of Bni1p might be needed for localizing 

the nucleation activity to the forming polarization site, and/or for tuning (e.g. by 

autoinhibition) the catalytic activity to avoid producing an excessive number of actin 

filaments.  In the latter scenario, unregulated nucleation by (FH1-FH2) would be toxic 

even in the presence of wild-type Bni1p.  We tested this hypothesis but found that re-

wired cells containing both (FH1-FH2) and Bni1p were viable and showed normal 

morphology (Figure 3.3, B and C).  These results suggest that formin activity in re-wired 

cells must be targeted to the growing cluster of Cdc42p during polarity establishment. 
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Figure 3.3: Bni1p regulation is essential in re-wired cells. 

(A) A catalytic fragment of Bni1p (FH1-FH2) can provide formin function in wild-type 

but not re-wired cells.  Full-length Bni1p or the FH1-FH2 fragment were tested for their 

ability to rescue temperature-sensitive formin function in re-wired (bni1-12 BEM1-SNC2) 

(DLY12226, 14024, 12620) and otherwise wild-type (bni1-116 bnr1) (DLY7924, 14025, 

12627) strains at 37oC.  (B) FH1-FH2 does not rescue synthetic lethality of bni1 BEM1-

SNC2.  The spore viability of cells with the indicated genotypes was deduced from 

tetrad dissection of heterozygous diploids (DLY12848, 14272).  (C) FH1-FH2 is not 

dominantly deleterious in re-wired cells.  DIC images of exponentially growing re-wired 

cells expressing (right) (DLY14811) or not expressing (left) (DLY13095) FH1-FH2 in 

addition to full-length Bni1p.  Scale bar = 5m.  (D) Full-length Bni1p (from DLY14024) 

and the FH1-FH2 fragment (from DLY12620, 12848, 14272).  Blot probed with anti-HA 

and anti-Cdc11p (loading control).  
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The GTPase-Binding Domain Is neither Necessary nor Sufficient for Bni1p 

Regulation 

The prevailing view of formin regulation by Rho-family GTPases, based on 

biochemical dissection of  diaphanous-family formins, is that direct interaction between 

the GTPase (in this case Cdc42p) and the formin mediates both targeting and activation 

through relief of autoinhibition (Alberts, 2001; Lammers et al., 2005; Li and Higgs, 2003; 

Martin et al., 2007; Nezami et al., 2006; Otomo et al., 2005a; Rose et al., 2005; Seth et al., 

2006).  A construct in which the Bni1p GBD was fused to the FH1-FH2 domain was able 

to rescue viability of a strain lacking formins (Figure 3.4 A), was expressed at levels 

comparable to full-length Bni1p (Figure 3.4 B), and was localized (albeit weakly) to the 

bud tip and neck (Figure 3.4 C).  However, this fusion was unable to rescue the bni1 

BEM1-SNC2 synthetic lethality (Figure 3.4 A), suggesting that the direct Cdc42p-Bni1p 

interaction is not sufficient to provide the regulation needed in the re-wired strain.  

Conversely, we found that Bni1p lacking the GBD remained fully competent to rescue 

the formin requirement in re-wired cells (Figure 3.4 E), yielding cells with normal 

morphology (Figure 3.4 D).  This finding suggests that direct Cdc42p-Bni1p interaction 

is dispensable in the re-wired cell context. 

Interaction of Bni1p with Polarisome Components Is Dispensable for Bni1p 

Regulation 

In addition to the GBD, Bni1p harbors binding domains that interact with Spa2p 

(SBD, Spa2p-binding domain) and Bud6p (BBD, Bud6p-binding domain), polarisome 
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components that can also bind to each other (Evangelista et al., 1997; Fujiwara et al., 

1998; Sheu et al., 1998).  Both Spa2p and Bud6p are localized to polarity sites (Amberg et 

al., 1997; Arkowitz and Lowe, 1997; Snyder, 1989), raising the possibility that they might 

mediate regulatory inputs from Cdc42p to Bni1p.  Deleting either the SBD or the BBD 

did not compromise viability of the re-wired cell (Figure 3.4 E).  Remarkably, even 

simultaneously deleting the GBD, SBD, and BBD (BNI13) did not prevent Bni1p from 

rescuing the bni1 BEM1-SNC2 synthetic lethality (Figure 3.4 E).  These results 

demonstrate that the direct interactions of Bni1p with Cdc42p, Spa2p and Bud6p are all 

dispensable for Bni1p regulation, and suggest that the critical regulation of Bni1p 

required in re-wired cells can be mediated by N-terminal regions that have yet to be 

assigned a function. 
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Figure 3.4: The GTPase-binding domain is neither necessary nor sufficient for Bni1p 

regulation. 

(A) The GBD is not sufficient for Bni1p regulation in re-wired cells.  Function of a 

construct fusing the Bni1p GBD to the catalytic fragment (FH1-FH2) (DLY12622, 12629) 

was tested as in Figure 3.3 A.  (B) 3HA-tagged Bni1p (DLY14024) and the GBD-FH1-FH2 

construct (DLY12622) are expressed at comparable levels.  Blot probed with anti-HA and 

anti-Cdc11p (loading control).  (C) The GBD-FH1-FH2 construct (tagged with 3HA-GFP) 

(DLY13140) localizes weakly to the bud tip and bud neck, and diffusely to the nucleus 

and cytoplasm.  (D) The GBD is not required for Bni1p regulation in re-wired cells.  DIC 

images of re-wired cells expressing full-length (left) (DLY13095) Bni1p or a version 

lacking the GBD (right) (DLY14223). (E) Left, schematic of Bni1p indicating GBD, SBD, 

and BBD domains that interact with GTP-Cdc42p, Spa2p, and Bud6p, respectively.  

Right, spore viability of cells with the indicated genotypes was deduced from tetrad 

dissection of heterozygous diploids (DLY14194, 14195, 12959, 12960).  Scale bar = 5m. 
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Uncharacterized N-terminal Regions Can Mediate Bni1p Localization 

To investigate the ability of truncated Bni1p to localize at the polarization site, 

we constructed strains in which the only copy of Bni1p was tagged with GFP.  Bni1p 

lacking the BBD and Bni13p were both able to localize to the bud tip in small- and 

medium-budded cells, and to the bud neck in large-budded cells (Figure 3.5 A).  To test 

whether the localization of these Bni1p constructs requires actin cables, we treated cells 

with Latrunculin A (LatA) to depolymerize actin.  These constructs were still able to 

polarize, and co-localized with the polarity marker Bem1p-tdTomato (Figure 3.5 B).  In 

contrast, the catalytic fragment (FH1-FH2) was diffusely localized in the cytoplasm and 

nucleus, in the presence or absence of F-actin.  Thus, the uncharacterized N-terminal 

regions can target the formin to polarity sites independent of F-actin.  
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Figure 3.5: Localization of Bni1p to polarity sites does not require known regulatory 

domains. 

(A) The catalytic fragment (FH1-FH2) (DLY13426) localizes diffusely in the nucleus and 

cytoplasm, but addition of N-terminal Bni1p sequences suffices to target the fragment to 

the bud tip and mother-bud neck, whether or not the GBD and SBD regions are included 

(DLY13916, 13433, 13431).  Representative images of the indicated GFP-tagged 

constructs are shown.  (B) To assess actin-independent localization, cells were treated 

with 200 M Lat A at 24oC for 2.5 h.  Bem1p-Tomato marks the polarization sites, and 

the indicated Bni1p constructs (except for the catalytic fragment alone) co-localize with 

Bem1p.  Additional spots of GFP-Bni1p staining remain at old mother-bud necks, 

presumably reflecting problems with cytokinesis in the absence of F-actin.  Scale bar = 

5m. 

 

Bni1p Interacts with the Cdc42p Effector Gic2p 

If none of the known formin interactions are required for the regulation of Bni1p, 

then how is Bni1p activity tied to Cdc42p in re-wired cells?  We took a candidate 

approach to ask whether known Cdc42p effectors might interact with Bni1p.  The 
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related CRIB-domain effectors Gic1p and Gic2p have been implicated in both actin and 

septin polarization (Bi et al., 2000; Brown et al., 1997; Chen et al., 1997; Iwase et al., 2006; 

Jaquenoud and Peter, 2000).  We found that myc-tagged Gic2p expressed at endogenous 

levels could be co-immunoprecipitated with both full-length Bni1p and a version lacking 

the GBD, SBD, and BBD (Figure 3.6 A).  Binding to full-length Bni1p was stronger than 

binding to Bni13p, consistent with previous reports that Gic2p can bind other 

polarisome components (Jaquenoud and Peter, 2000).  Gic2p-myc did not bind to the 

FH1-FH2 fragment (Figure 3.6 A), suggesting that it can interact with the N-terminal 

uncharacterized regions of Bni1p that suffice to mediate Bni1p regulation in re-wired 

cells.  We further narrowed down the Gis2p-binding region of Bni1p to the second 

uncharacterized N-terminal region (ND2, residues 343-825) (Figure 3.6 B).  

Deletion of GIC1 and GIC2 is tolerated at 24°C but causes severe growth defects 

at 37°C (Brown et al., 1997; Chen et al., 1997).  We found that in the re-wired cell context, 

deletion of GIC1 and GIC2 was very deleterious (though not lethal) even at 24°C (Figure 

3.6 C).  Many of the cells were big and round, suggestive of a polarization defect (Figure 

3.6 D), consistent with the possibility that Gic2p mediates a critical Bni1p regulation in 

re-wired cells.  Moreover, although cells expressing Bni1p 3 grow well, even at 37°C 

(Figure 3.6 C), and look normal (Figure 3.6 E), deleting GIC1 and GIC2 in BNI13 cells 

caused drastic growth defect (Figure 3.6 C).  Many of these cells were unbudded, big 

and round at 24°C (Figure 3.6 E), suggestive of compromised polarization.  These 
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findings suggest that Gic1p and Gic2p act in parallel with other regulators of Bni1p 

function, in normal as well as re-wired cells.  
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Figure 3.6: The Cdc42p effector Gic2p may regulate Bni1p. 
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(A,B) 3 Gic2p binds to a region of Bni1p distinct from the GBD, SBD, or BBD.  (A) Gic2p-

Myc was co-immunoprecipitated with GFP-Bni1p full-length (FL) (DLY14515) and 

Bni1p3 (DLY14516), but not with FH1-FH2 (DLY14517).  Negative controls: DLY 14513, 

13857.  (B) The uncharacterized N-terminal Bni1p regions upstream of the GBD (ND1), 

between the GBD and SBD (ND2), and between the SBD and FH1 (ND3) were fused to 

the catalytic fragment and expressed as GFP-tagged proteins from the GAL1 promoter 

(DLY14885, 14886, 14887).  The ND2 construct (but not the others) co-

immunoprecipitated Gic2p-Myc.  (C) Gic1p and Gic2p become critical in re-wired cells, 

and when the Bni1p GBD, SBD, and BBD are deleted. The gic1 gic2 growth defect 

(DLY14169) at 37°C is exacerbated when combined with BEM1-GFP-SNC2 (DLY14170) 

or with BNI13 (DLY14601).  Serial dilutions of the indicated strains were spotted on 

YEPD media and grown for 2.5 days at the indicated temperature.  (D, E) DIC images of 

exponentially growing cells of indicated genotypes at 24oC, showing strong synthetic 

polarity defects even at permissive temperature.  Scale bar = 5m. 

 

Regulation of Bni1p Using the Gic2p GTP-Cdc42p-Binding Domain 

If Bni1p regulation occurs predominantly via a GTP-Cdc42p-Gic2p-Bni1p 

linkage, it might be possible to bypass the need of N-terminal regulatory domains by 

directly fusing a Cdc42p-binding domain to Bni1p.  Indeed, a construct in which the N-

terminus of Gic2p (containing the GTP-Cdc42p-binding domain) was fused to the 

catalytic domain of Bni1p (FH1-FH2) was able to function in re-wired cells (Figure 3.7, 

A-C).  This fusion could support re-wired cell proliferation even when it was the sole 

formin (Figure 3.7 C), although these cells had wide necks suggestive of a septin defect 

(Figure 3.7 D).  The Gic2p N-terminus was sufficient to concentrate the Bni1p catalytic 

domain at the polarization site, in the presence or absence of actin filaments (Figure 3.7 

                                                      

3 The immunoprecipitation experiments were performed by Chun-Chen Kuo. 
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E).  These results suggest that localizing the formin catalytic activity to active Cdc42p 

can bypass or mimic the normal Bni1p regulation essential for re-wired cells.  

To examine the organization of actin filaments nucleated by the Bni1p constructs, 

we used phalloidin to visualize F-actin in cells containing specific constructs as the only 

source of formin activity.  Phalloidin labels both actin cables and cortical actin patches, 

which are nucleated by Arp2/3p and function in endocytosis (Winter et al., 1997).  Full-

length Bni1p nucleated actin cables in the bud, a few of which extended into the mother 

cell, whereas the unregulated Bni1p catalytic domain (FH1-FH2) generated a much 

larger number of actin cables, many of which appeared randomly oriented within the 

mother cell (Figure 3.7 F).  The Gic2N-FH1-FH2p fusion and Bni1p3 both generated a 

pattern of actin cables that more closely resembled that generated by full-length Bni1p 

(Figure 3.7 F).  However, misoriented cables were also detected in cells carrying these 

constructs.  To obtain a more quantitative measure of cable orientation in the cells 

expressing the formin mutants, we used the vesicle marker GFP-Sec4p.  As vesicles are 

delivered to the cable barbed ends by myosin V, the vesicle distribution reflects the 

functional orientation of cables.  GFP-Sec4p localized exclusively to the buds of small- 

and medium-budded cells expressing full-length Bni1p, but cells expressing the Bni1p 

catalytic fragment (FH1-FH2) showed a dispersed GFP-Sec4p distribution (Figure 3.7, G 

and H).  In cells expressing Gic2N-FH1-FH2p or Bni1p3 as the sole formin, GFP-Sec4p 

was polarized in 75% and 60% of the cells, respectively (Figure 3.7, G and H). Thus, 
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consistent with our findings in the re-wired cell context, the previously described 

regulatory inputs to Bni1p are largely dispensable for generating functional, oriented 

actin cables, and the Gic2N-FH1-FH2p fusion bypasses normal Bni1p regulation and 

generates actin cables that enable polarized delivery of secretory vesicles. 

 

Figure 3.7: The Gic2p N-terminus can replace the Bni1p regulatory regions. 

(A) The Gic2 N-terminal Cdc42p-binding domain is sufficient for Bni1p regulation in re-

wired cells (DLY12621, 12626).  Function of the indicated constructs was tested as in 

Figure 3.3 A.  (B) 3HA-tagged Bni1p and the GIC2N-FH1-FH2 construct are expressed at 

comparable levels.  Blot probed with anti-HA and anti-Cdc11p (loading control).  (C) 

GIC2N-FH1FH2 rescues bni1 BEM1-SNC2 synthetic lethality, even as the sole formin.   

Spore viability of cells with the indicated genotypes was deduced from tetrad dissection 
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of heterozygous diploids (DLY 12848, 12594, 12744).  (D) DIC images of re-wired cells 

expressing full-length Bni1p (left) (DLY12888) or Gic2N-FH1-FH2 (middle, right) 

(DLY12892, 12887) in place of endogenous Bni1p (left, middle) or both Bni1p and Bnr1p 

(right).  (E) GFP-Gic2N-FH1-FH2 (DLY13430) localizes to the bud tip (top) and to the 

polarization site (marked with Bem1p-tdTomato) in the absence of F-actin (bottom).  (F) 

F-actin distribution in cells containing the indicated construct as the sole formin 

(DLY13703, 13446, 13444, 13452).  (G) GFP-Sec4p (vesicle marker) localization in the 

same strains as in F. (H) GFP-Sec4p localization categories (cartoon) were scored in 

small- and medium-budded cells of the strains in F,G.  Scale bar = 5m.  

 

Discussion 

The Formin Bni1p Plays a Critical Role in Polarity Establishment of Re-wired Cells 

Polarity establishment in yeast can occur in the absence of polymerized actin 

(Ayscough et al., 1997b; Irazoqui et al., 2003), and once established a polarity site can 

apparently capture and orient actin cables even if they are nucleated elsewhere, 

rendering formin regulation dispensable for growth (Gao and Bretscher, 2009).  

However, we show that in a re-wired strain where cells rely on actin cables to establish 

polarity (Howell et al., 2009), randomly nucleated cables are unable to sustain viability. 

In these cells, actin cables deliver vesicles carrying an artificial polarity factor (Bem1p-

Snc2p) to cable termini, and polarity establishment is thought to involve a positive 

feedback loop in which the Bem1p-Snc2p activates Cdc42p, which can in turn 

recruit/nucleate more cables pointing towards the same site.  Our findings suggest that 

closing this feedback loop involves recruitment of Bni1p by Cdc42p: Bni1p is essential 

for viability of the re-wired strain, and versions of Bni1p that can interact (directly or 
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indirectly) with Cdc42p enable polarization in re-wired cells, even if they lack normal 

formin regulatory domains. 

Consistent with the actin cable/vesicle polarization feedback loop hypothesis, 

Bni1p and the vesicle marker GFP-Sec4p polarized at approximately the same time as 

Bem1p-Snc2p (within ~1 min) in re-wired cells, whereas wild-type cells polarized Bem1p 

before Bni1p/vesicles.  In addition (and unexpectedly), the time interval between 

Bem1p-Snc2p and septin polarization in re-wired cells was shorter than the interval 

between Bem1p and septin polarization in wild-type cells.  The basis for the faster septin 

recruitment in re-wired cells remains mysterious, but it is conceivable that precocious 

actin polarization facilitates precocious septin recruitment.  Although F-actin is not 

absolutely required for septin polarization (Ayscough et al., 1997b), the absence of F-

actin can lead to defective septin ring assembly (Kozubowski et al., 2005) and exacerbate 

septin defects in sensitized mutants (Kadota et al., 2004), suggesting that actin filaments 

may promote septin ring assembly (Park and Bi, 2007).  

The two formins in yeast, Bni1p and Bnr1p, can each support bud formation in 

wild-type cells, but only Bni1p can do so in re-wired cells.  We detected Bni1p at the 

polarization site several minutes before Bnr1p, in both wild-type and re-wired cells.  

Bnr1p, whose localization is septin-dependent (Buttery et al., 2007; Gao et al., 2010; 

Pruyne et al., 2004a), was not polarized until several minutes after septins were 

polarized, suggesting that some septin maturation process may be needed for Bnr1p 



 

67 

recruitment.  This delay may render Bnr1p inactive during initial polarization, 

explaining why it cannot sustain polarization in the re-wired cells.  We took advantage 

of the unique requirement for Bni1p in these cells to dissect the importance of the 

various regulatory domains in connecting Bni1p to polarity factors. 

Bni1p Regulation Does Not Require the Domains that Mediate Binding to Cdc42p, 

Spa2p, or Bud6p  

The prevailing model of formin regulation is that binding of Rho GTPases (in this 

context, Cdc42p) to the GBD of the formin releases autoinhibition and targets the formin 

to the site of action (Lammers et al., 2005; Li and Higgs, 2003; Martin et al., 2007; Nezami 

et al., 2006; Otomo et al., 2005a; Rose et al., 2005; Seth et al., 2006).  However, we found 

that the GBD of Bni1p was neither necessary nor sufficient for Bni1p function in re-

wired cells, suggesting that direct GTPase binding is weak and that additional factors 

connect Bni1p to the polarity site. 

Spa2p and Bud6p, two other Bni1p-binding proteins that localize to the 

polarization site (Evangelista et al., 1997; Fujiwara et al., 1998; Sheu et al., 1998), could 

potentially mediate the communication between Rho GTPases and Bni1p.  Bud6p 

promotes actin nucleation by Bni1p in vitro (Graziano et al., 2011; Moseley and Goode, 

2005), and Spa2p can enhance Bni1p localization to bud tips (Fujiwara et al., 1998), but 

neither the BBD nor the SBD was required for Bni1p function in re-wired cells.  Even 

when the binding domains for Rho GTPases, Spa2p, and Bud6p were simultaneously 

deleted, Bni1p was still able to connect actin nucleation to the growing polarity site and 
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promote growth of re-wired cells.  Thus, additional mechanisms must exist to regulate 

Bni1p. 

Regulation of Bni1p by the Cdc42p Effector, Gic2p 

A version of Bni1p lacking the three known regulatory interaction sites (GBD, 

BBD, and SBD) was still localized to polarity sites, even in the absence of F-actin, 

suggesting the presence of additional localization signals in the uncharacterized N-

terminal domains.  Consistent with this conclusion, a very recent study identified a total 

of four localization signals in Bni1p (Liu et al., 2012).  Three corresponded to the known 

GBD, BBD, and SBD regions, but the fourth lay in an uncharacterized domain between 

GBD and the SBD (residues 334-834, referred to as ND2 in Figure 3.6).  Our findings 

suggest that this new regulatory region interacts with the Cdc42p effector Gic2p (Brown 

et al., 1997; Chen et al., 1997).  

Gic2p and its homologue, Gic1p, contain a Cdc42/Rac interactive binding (CRIB) 

domain (Burbelo) and a basic-rich domain that binds membranes (Takahashi and 

Pryciak, 2007); their closest mammalian homologues are the Binder of Rho GTPases 

(BORG) proteins (Joberty et al., 1999).  Gic1p and Gic2p have been implicated in 

polarization of both the actin and septin cytoskeletons (Bi et al., 2000; Brown et al., 1997; 

Chen et al., 1997; Iwase et al., 2006; Jaquenoud and Peter, 2000).  Gic2p was shown to 

interact with Bud6p and to cofractionate with both Bud6p and Spa2p (Jaquenoud and 

Peter, 2000).  We found that Gic2p could interact with Bni1p even if the Bud6p- and 
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Spa2p-binding domains were deleted, and that this interaction was mediated by the 

ND2 region of Bni1p (Figure 3.8).  ND2 (residues 334-834) overlaps most of the DID, 

which is thought to confer autoinhibition, raising the possibility that Gic2p binding 

could also lead to formin activation. 

Genetic interactions support the conclusion that Gic1p and Gic2p are important 

for connecting Cdc42p to Bni1p.  In re-wired cells, deletion of GIC1 and GIC2 produced 

severe polarity defects even at permissive temperatures where their loss is well tolerated 

in wild-type cells.  Moreover, deletion of GIC1 and GIC2 produced severe polarity 

defects when combined with removal of the Bni1p GBD, BBD, and SBD domains.  These 

findings, combined with previous studies, suggest that a redundant web of indirect 

interactions connect Cdc42p to Bni1p (Figure 3.8).  The idea that regulation of formins by 

Rho GTPases may occur predominantly via such indirect webs of interactions is 

consistent with recent findings that the Cdc42p effector Pob1p helps connect Cdc42p to 

For3p in fission yeast (Rincon et al., 2009), and that the Cdc42p effector IQGAP1 

promotes Dia1 localization in mammalian cells (Brandt et al., 2007).  
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Figure 3.8: Schematic of the Bni1p regulatory network 

Cdc42p interacts directly with Bni1p (1), but this interaction is not necessary for Bni1p 

regulation.  Two other “polarisome” proteins (Spa2p and Bni1p) are localized to polarity 

sites (2) and interact with Bni1p (3), but even in combination these pathways (1-3) are 

dispensable for Bni1p regulation.  We identified a novel path (4) from Cdc42p to Bni1p 

via the Cdc42p effector Gic2p, which was previously found to interact with Spa2p and 

Bud6p (5).  Genetic interactions suggest that paths 1, 2-3, and 4 act in parallel, and 

biochemical findings suggest that paths 4 and 5 operate in parallel.  Solid lines indicate 

interactions shown by in vitro biochemical assays. Dashed lines indicate interactions 

identified with immunoprecipitation and/or co-fractionation.  Dotted lines with question 

marks indicate interactions suggested by co-localization. 

 

Complexity in Formin Regulation 

Why would a web of indirect interactions be advantageous compared to a single 

direct interaction between the GTPase and the formin?   Studies on Bni1p (Buttery et al., 

2007) and on For3p in fission yeast (Martin et al., 2007) indicate that cable formation 

involves a repeated cycle of formin-mediated nucleation, elongation, and capping of 
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individual actin filaments that are then stitched together side-by-side to form cables.  

Proper dynamic switching between nucleation, elongation, and capping may be 

important for generating a well-organized cable, or for regulating the length, 

orientation, or lifetime of the cable.  However, regulators that affect the speed and 

duration of elongation can in some cases bind directly to the FH1-FH2 catalytic core 

(Chesarone-Cataldo et al., 2011; Chesarone et al., 2009), and it is unclear whether and 

how the dynamics of the intricate formin cycle are affected by the various Bni1p-

interacting proteins discussed above.   Our finding that a fusion between the Cdc42p-

binding N-terminus of Gic2p and the Bni1p catalytic core can produce well-oriented and 

reasonably normal-looking cables suggests that simply localizing the formin to the 

polarity site is sufficient for much of the activity of the large Bni1p regulatory domains.  

Nevertheless, in re-wired cells this fusion produced a “fat neck” phenotype, whose basis 

is mysterious.  Further work will be required to elucidate the proper functioning and 

regulation of this complex family of proteins.   

 

Materials and Methods 

Yeast Strains 

Yeast strains used in this study are listed in Table 3.1.  All strains are in the 

YEF473 background (his3-200 leu2-1 lys2-801 trp1-63 ura3-52).  Standard media and 

procedures were used for yeast genetic manipulations.  To generate strains expressing 
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Bem1p-GFP, a plasmid (pDLB2968) (Kozubowski et al., 2008) containing a C-terminal 

fragment of BEM1 fused to GFP was cut with PstI to target integration at BEM1.  Strains 

expressing Bem1-GFP-Snc2p were generated by integrating a PstI-cut plasmid 

(pDLB2823) (Howell et al., 2009) containing a C-terminal fragment of BEM1 fused to 

GFP and SNC2 at BEM1.  BEM1-SNC2 strains (lacking the GFP) were generated by 

integrating PstI-cut pDLB3267, which was made by deleting GFP from pDLB2823, at 

BEM1. Strains expressing Cdc3p-mCherry were generated by integrating BglII-cut 

pDLB3138 (YIp128-CDC3-mCherry, (Tong et al., 2007)) at CDC3.  To express GFP-Sec4p, 

pDLB2776 (YIp211-GFP-SEC4) (a gift from E. Bi) was cut with StuI to target integration 

at URA3.  BNR1-GFP and BEM1-tdTomato were generated by the PCR-based C-terminal 

tagging method (Longtine et al., 1998) using pFA6a-GFP-HIS3MX6 and pFA6a-tdTomato-

HIS3MX6, respectively, as templates.  GIC2-13myc was created by integrating a HindIII-

cut plasmid pDLB2132 (pRS306-GIC2(C-term)-13myc) at GIC2.  

The one-step PCR-based method (Baudin et al., 1993) was used to generate 

bni1::HIS3, bni1::TRP1, bnr1::TRP1, and gic2::HIS3, using pRS303, pRS304, pRS304, and 

pRS403, respectively, as templates.  To generate bni1-12 in the YEF473 background, a 

PCR product covering the temperature-sensitive mutations (using template DLY8421, a 

gift from A. Bretscher) was co-transformed with pRS315 into a bni1::URA3 strain.  

Transformants were selected on media lacking leucine, and screened for replacement of 

bni1::URA3 with bni1-12 using 5-FOA plates. 
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Various BNI1 constructs were generated by modifying a backbone plasmid 

pDLB3393, which contains the following elements inserted in the pRS306 polylinker 

between the ApaI and NotI sites: (i) the BNI1 5’-UTR (488 bp upstream of ATG); (ii) an 

ATG followed by a 3HA epitope tag; (iii) a linker sequence (ACGCGTGGACCCGGG) 

containing MluI and XmaI recognition sites; (iv) the FH1-FH2 fragment of BNI1 (3679-

5298 bp) in the same reading frame; and (v) a STOP codon followed by a BamHI site and 

the BNI1 3’-UTR (500 bp downstream of the STOP).  BNI1 coding sequence N-terminal 

to FH1-FH2 (1-3678 bp, pDLB3575), the GBD (253-1134 bp, pDLB3394, and GIC2N (1-624 

bp, pDLB3397) were inserted between the 3HA and FH1-FH2 using MluI and XmaI sites.  

BNI1 coding sequences N-terminal to FH1-FH2 but lacking the GBD (∆229-1029 bp) or 

SBD (∆2476-2949 bp) were amplified from appropriate templates (gifts from K. Kono 

and D. Pellman) and inserted in the same way, yielding pDLB3633 (GBD) and 

pDLB3634 (SBD).  A similar construct in which both the GBD and SBD were deleted 

was constructed by subcloning using the individual deletion constructs, yielding 

pDLB3476 (GBD SBD BBD, or BNI13).  All of the plasmids discussed thus far lack 

the coding sequences C-terminal to FH1-FH2 (i.e. the BBD).  To add back the BBD, a C-

terminal fragment from BNI1 was cloned into pDLB3393 using ClaI (in the FH2) and SpeI 

(in the 3’UTR) sites.  To make fluorescent versions of the constructs, GFP coding 

sequences were inserted at the MluI site (between the 3HA and Bni1p).  Digestion with 

SpeI (which cuts at a single site within the 3’-UTR) was used to target integration to the 
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BNI1 3’-UTR next to a deletion of the endogenous BNI1. 

To generate PGAL1:GFP-BNI1 strains for immunoprecipitation experiments, the 

GAL1 promoter and a kanR marker were amplified from pFA6a-kanMX6-PGAL1 

(Longtine et al., 1998), and transformed into yeast containing GFP-tagged Bni1p 

variants.  This procedure removes the bni1 deletion, the BNI1 promoter, and the 3HA 

tag, so that the constructs begin with the GFP coding sequence.  PGAL1-dependent 

expression of BNI1 constructs in response to -estradiol was achieved using the 

synthetic transcription factor GAL4BD-hER-VP16 (pDLB3103, (Takahashi and Pryciak, 

2008)), which was integrated at URA3. 

 

Table 3.1: Yeast strains 

Strain 

(DLY) 
Relevant genotype Source 

7924 a bni1-116 bnr1::HIS3 E. Bi 

8155 a 
Howell et al., 

2009 

8601 a BEM1-GFP-SNC2::LEU2 
Howell et al., 

2009 

11909 
a/  CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

BEM1-GFP:LEU2/BEM1-GFP:LEU2 

Chen et al., 

2011 

12226 a bni1-12 BEM1-GFP-SNC2:TRP1 This study 

12594 
a/  bni1::HIS3:3HA-GIC2

N
-FH1FH2:URA3/BNI1 

BEM1-GFP-SNC2:LEU2/BEM1 
This study 

12620 a bni1-12:3HA-FH1FH2:URA3 BEM1-GFP-SNC2:TRP1 This study 

12621 a bni1-12:3HA-GIC2
N
-FH1FH2:URA3 BEM1-GFP-SNC2:TRP1 This study 

12622 a bni1-12:3HA-GBD-FH1FH2:URA3 BEM1-GFP-SNC2:TRP1 This study 

12626 a bni1-116:3HA-GIC2
N
-FH1FH2:URA3 bnr1::HIS3 This study 

12627 a bni1-116:3HA-FH1FH2:URA3 bnr1::HIS3 This study 

12629 a bni1-116:3HA-GBD-FH1FH2:URA3 bnr1::HIS3 This study 

12648 a/  BEM1-GFP-SNC2:LEU2/BEM1 bni1::TRP1/BNI1 This study 

12744 
a/  bni1::HIS3:3HA-GIC2

N
-FH1FH2:URA3/BNI1 

BEM1-GFP-SNC2:LEU2/BEM1 bnr1::TRP1/BNR1 
This study 
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12788 
a/  bnr1::URA3/BNR1 

BEM1-GFP-SNC2:LEU2/BEM1-GFP-SNC2:LEU2 
This study 

12848 
a/  BEM1-GFP-SNC2:LEU3/BEM1 

bni1::TRP1:3HA-FH1FH2:URA3/BNI1 
This study 

12887 
a bni1::HIS3:3HA-GIC2

N
-FH1FH2:URA3 

BEM1-GFP-SNC2:LEU2 bnr1::TRP1 
This study 

12888 a BEM1-GFP-SNC2:LEU2 This study 

12892 
a bni1::HIS3:3HA-GIC2

N
-FH1FH2:URA3 

BEM1-GFP-SNC2:LEU2 
This study 

12959 
a/  bni1::HIS3:3HA-BNI1

BBD
:URA3/BNI1 

BEM1-GFP-SNC2:LEU2/BEM1 
This study 

12960 
a/  bni1::HIS3:3HA-BNI1


:URA3/BNI1 

BEM1-GFP-SNC2:LEU2/BEM1 
This study 

13072 
a/  CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

BEM1-GFP-SNC2:LEU2/BEM1-GFP-SNC2:LEU2 
This study 

13095   BEM1-SNC2:LEU2 This study 

13140 a bni1::HIS3:3HA-GFP-GBD-FH1FH2:URA3 This study 

13344 
a/  CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

BNR1-GFP:HIS3/BNR1-GFP:HIS3 

Chen et al., 

2011 

13426 a bni1::HIS3:3HA-GFP-FH1FH2:URA3 BEM1-tdTomato:HIS3 This study 

13430  bni1::HIS3:3HA-GIC2
N
-FH1FH2:URA3 BEM1-tdTomato:HIS3 This study 

13431 a bni1::HIS3:3HA-GFP-BNI1


:URA3 BEM1-tdTomato:HIS3 This study 

13433 a bni1::HIS3:3HA-GFP-BNI1
BBD

:URA3 BEM1-tdTomato:HIS3 This study 

13444 
a bni1::HIS3:3HA-GIC2

N
-FH1FH2:URA3 bnr1::HIS3 

GFP-SEC4:URA3 
This study 

13446 a bni1::HIS3:3HA-FH1FH2:URA3 bnr1::HIS3 GFP-SEC4:URA3 This study 

13452  bni1::HIS3:3HA-BNI1
3

:URA3 bnr1::HIS3 GFP-SEC4:URA3 This study 

13703 a bni1::HIS3:3HA-BNI1:URA3 bnr1::HIS3 GFP-SEC4:URA3 This study 

13884 
a/  GFP-SEC4:URA3/GFP-SEC4:URA3 

BEM1-SNC2:LEU2/BEM1-SNC2:LEU2 

CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

This study 

13890 
a/  CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

GFP-SEC4:URA3/GFP-SEC4:URA3 
This study 

13916 a  bni1::HIS3:3HA-GFP-BNI1:URA3 BEM1-tdTomato:HIS3 This study 

13945 
a/  BEM1-SNC2:LEU2/BEM1-SNC2:LEU2 

BNR1-GFP:HIS3/BNR1-GFP:HIS3 

CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

This study 

14014 
a/  bni1::HIS3:3HA-GFP-BNI1:URA3/bni1::HIS3::3HA-GFP-

BNI1::URA3 CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 
This study 

14024 a bni1-12:3HA-BNI1:URA3 BEM1-GFP-SNC2:TRP1 This study 

14025 a bni1-116:HIS3:3HA-BNI1:URA3 bnr1::HIS3 This study 

14026 
a/  bni1::HIS3:3HA-GFP-BNI1:URA3/bni1::HIS3:3HA-GFP-

BNI1:URA3 BEM1-SNC2:LEU2/BEM1-SNC2:LEU2 

CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 

This study 

14169 a gic1::TRP1 gic2::HIS3 This study 
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14170  gic1::TRP1 gic2::HIS3 BEM1-GFP-SNC2:LEU2 This study 

14194 
a/  bni1::HIS3:3HA-BNI1

GBD
:URA3/BNI1 

BEM1-SNC2:LEU2/BEM1 
This study 

14195 
a/  bni1::HIS3:3HA-BNI1

SBD
:URA3/BNI1 

BEM1-SNC2:LEU2/BEM1 
This study 

14223 a bni1::HIS3:3HA-BNI1
GBD

:URA3 BEM1-SNC2:LEU2 This study 

14272 
a/  BEM1-SNC2:LEU2/BEM1 rsr1::TRP1/RSR1 

BNI1:3HA-FH1-FH2:URA3/BNI1 
This study 

14461  GIC2-13myc:URA3  Gal4BD-hER-VP16::Trp1 This study 

14513  Gal4BD-hER-VP16:URA3  bni1::Kan
R
:PGal1:GFP-BNI1:URA3 This study 

14515 
a Gal4BD-hER-VP16:URA3 bni1:Kan

R
:PGal1:GFP-BNI1:URA3 

GIC2-13myc:URA3 
This study 

14516 
 Gal4BD-hER-VP16:URA3 

bni1:Kan
R
:PGal1:GFP-BNI1


:URA3 GIC2-13myc:URA3 

This study 

14517 
 Gal4BD-hER-VP16:URA3 

bni1:Kan
R
:PGal1:GFP-FH1FH2:URA3 GIC2-13myc:URA3 

This study 

14601 
 bni1:HIS3:3HA-GFP-BNI


:URA3 SPA2-mCherry:Kan

R
  

gic1::TRP1 gic2::HIS3 
This study 

14602 a bni1:HIS3:3HA-GFP-BNI


:URA3 SPA2-mCherry:Kan
R
 This study 

14811  BEM1-SNC2:LEU2 BNI1:3HA-FH1-FH2:URA3 This study 

14885 
a Kan

R
:GALp-GFP-BNI1 ND1-FH1,2:URA 

GIC2-13myc:URA3   Gal4BD-hER-VP16:Trp1 
This study 

14886 
a Kan

R
:GALp-GFP-BNI1 ND2-FH1,2:URA 

GIC2-13myc:URA3  Gal4BD-hER-VP16:Trp1 
This study 

14887 
a Kan

R
:GALp-GFP-BNI1 ND3-FH1,2:URA 

GIC2-13myc:URA3  Gal4BD-hER-VP16:Trp1 
This study 

All strains are in the YEF473 background (his3-200 leu2-1 lys2-801 trp1-63 ura3-52). 

 

Microscopy 

Imaging was performed as previously described (Howell et al., 2009), using an 

AxioObserver Z1 (Carl Zeiss, Inc., Thornwood, NY) with a 100x /1.46 Plan Apochromat 

oil immersion objective and a QuantEM backthinned EM-CCD camera (Photometrics, 

Ottobrunn, Germany).  Exponentially growing cells were mounted on a slide with a slab 

of complete synthetic medium solidified with 2% agarose (Denville Scientific, Inc., 

Metuchen, NJ), sealed with Vaseline (Unilever, London, UK).  For time-lapse images, 
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EM gain of the camera was set to 750, and cells were exposed to 2% excitation light for 

250 ms for most GFP-tagged proteins, 500 ms for GFP-Bni1p and Bnr1-GFP, and 150 ms 

for all RFP-tagged proteins during each image acquisition.  Time-lapse images were 

taken with 25-30 z-planes at 0.25 m steps, deconvolved (see below), and displayed as 

maximum projections.  For Figure 3.1, cells were synchronized with 200 mM 

hydroxyurea (HU) (Sigma-Aldrich, St. Louis, MO) in complete synthetic medium (MP 

Biomedicals, Irvine, CA) for 3 h at 30oC, washed, and released into fresh medium for 1 h 

and 5 min prior filming at 30oC.  Synchronization with HU shortens the filming time 

required to acquire enough polarization events for quantification, and fortuitously 

increased cells’ tolerance to light exposure without altering polarization kinetics (Howell 

et al., in press).  For single image acquisition, EM gain of the camera was set to 250, and 

cells were exposed to 100% excitation light for 250 ms for GFP, and 150 ms for RFP.  

These images were taken with 9 z-planes at 0.5 m steps, deconvolved, and displayed as 

maximum projections for fluorescent proteins and the best-focused plane for DIC. 

Image Analysis 

Time-laspse and confocal images were deconvolved with Huygens Essential 

software (Scientific Volume Imaging, Hilversum, The Netherlands), using the classic 

maximum likelihood estimation and predicted point-spread function with a background 

value set constant across all images from the same timelapse, with a signal to noise ratio 

of 10 and a maximum of 40 iterations.  The deconvolved images were compiled with 
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MetaMorph (Molecular Devices, Silicon Valley, CA) and scored visually for the initial 

time points of GFP and RFP polarization at the incipient bud site.  Images for 

presentation were processed using MetaMorph and ImageJ (U. S. National Institutes of 

Health, Bethesda, MD).  

Latrunculin A Treatment 

Exponentially growing cells were treated with 200 M Latrunculin A (Invitrogen, 

Carlsbad, CA) in complete synthetic medium with 2% dextrose at 24oC for 2.5 h, then 

mounted onto agarose slabs containing 200 M Latrunculin A for live cell imaging. 

Centrifugal Elutriation and FACS Analysis 

Small G1 cells were isolated from exponentially growing cultures by centrifugal 

elutriation as preciously described (Lew and Reed, 1993).  Cells were grown in YEP with 

2% sucrose and 0.1% dextrose overnight to 1-2 x 107 cells/ml, sonicated, and pumped 

into an elutriator rotor (Beckman, Inc., Fullerton, CA) at ~4,000 rpm, at 4oC. After 

elutriation, cells were concentrated by centrifugation at 4 oC, and then resuspended to a 

density of 107 cells/ml in pre-warmed YEP medium with 2% dextrose at 37oC. Samples 

were collected every 20 min for 160 min, fixed, and scored for budded ratio and DNA 

content. FACS analysis was preformed as described previously (Haase and Reed, 2002). 

Cells were fixed overnight in 70% ethanol at 4oC, washed once with H2O, and then 

incubated in 2 mg/ml RNaseA (Sigma-Aldrich, St. Louis, MO) in 50 mM Tris-HCL 

(pH8.0) for 2 h. Cells were treated with 5 mg/ml pepsin (Sigma-Aldrich, St. Louis, MO) 
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in 0.45% HCl for 15 min.  DNA was stained with Sytox Green (Invitrogen, Carlsbad, CA) 

in 50 mM Tris-HCl (pH 7.5).  The DNA content of 10,000 cells was measured for each 

sample with a Becton Dickinson FACScan and analyzed with Cell Quest software 

(Becton Dickinson Biosciences, San Jose, CA). 

Western Blotting and Immunoprecipitation 

Yeast cell lysis, SDS-PAGE, and immunoblotting were performed as previously 

described (Keaton et al., 2008).  Mouse anti-HA (Roche Applied Science, Penzberg, 

Germany) was used at a 1:1,000 dilution.  Mouse anti-Myc (Santa Cruz Biotechnology, 

Santa Cruz, CA) was used at 1:5,000 dilution.  Rabbit anti-Cdc11p (Santa Cruz 

Biotechnology, Santa Cruz, CA) was used at a 1:10,000 dilution.  Rabbit anti-GFP 

(Invitrogen, Carlsbad, CA) was used at 1:5,000 dilution.  For immunoprecipitation, cells 

were treated with 10 nM -estradiol (Sigma-Aldrich, St. Louis, MO) for 3 h to induce 

GAL1 promoter-driven expression of GFP-Bni1p constructs with the synthetic 

transcription factor GAL4BD-hER-VP16.  Cells were lysed by votexing with acid-washed 

glass beads (Sigma-Aldrich, St. Louis, MO) in lysis buffer containing 20 mM Tris-HCL 

(pH 7.5), 150 mM NaCl, 1mM EDTA, 0.5% NP40, and 5% glycerol and 1:50 diluted 

protease inhibitors (P8215) (Sigma-Aldrich, St. Louis, MO).  Cell lysates were incubated 

with agarose beads conjugated with camelid anti-GFP (Chromotek-GFP-TRAP) (Allele 

Biotechnology, San Diego, CA) for 3 h.  The beads were then washed in lysis buffer, and 
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boiled with SDS sample buffer. Samples were analyzed by SDS-PAGE and western 

blotting. 
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4. Cdc42p GAPs in the Temporal Control of Polarity 

Establishment 

 

Introduction 

The establishment of cell polarity is essential for metazoan development, stem 

cell maintenance, morphogenesis, and cell migration.  Altered cell shape and mobility 

are the key steps towards cancer metastasis.  Polarity establishment relies on the local 

activation of a conserved small GTPase, Cdc42p, which can be positively regulated by 

guanine nucleotide exchange factors (GEFs) and negatively regulated by GTPase 

activating proteins (GAPs).  This molecular module is well-conserved from yeast to 

vertebrates (Tapon and Hall, 1997), making the yeast Saccharomyces cerevisiae an 

attractive genetic model to dissect the molecular mechanism of polarity establishment. 

Polarization in yeast is coupled to the cell cycle, and is thought to be regulated by 

G1 cyclin-dependent kinase (CDK) (Lew and Reed, 1993).  However, it is not clear which 

molecule(s) are targeted by the CDK to control the timing of polarization.  Both the GEF 

and the GAPs that act on Cdc42p are phosphorylated in late G1 phase at the time of bud 

emergence (Bose et al., 2001; Gulli et al., 2000a; Knaus et al., 2007; Sopko et al., 2007).  

Phosphorylation of the GEF is mediated by Cdc42p downstream effectors, suggesting a 

feedback mechanism rather than an upstream regulation (Bose et al., 2001).  On the other 

hand, Cdc42p GAPs are shown to be CDK substrates, indicating the GAPs may be 
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directly regulated by the CDK and are strong candidates for linking the cell cycle to 

polarization (Knaus et al., 2007; Sopko et al., 2007; Ubersax et al., 2003).  If this 

hypothesis is correct, simultaneously inactivating the GAPs in early G1 should lead to 

precocious Cdc42p activation and polarization (Figure 4.1).  This hypothesis remains to 

be tested because deleting multiple GAPs results in lethality.  To overcome this problem, 

we generated temperature-sensitive (ts) alleles of the four known Cdc42p GAPs, 

allowing us to simultaneously inactivate all four GAPs and determine the consequences.  

 

 

Figure 4.1: A schematic diagram summarizes the key regulators of Cdc42p activation 

and polarization, and the hypothesis of this study: inactivation of Cdc42p GAPs by 

G1-CDK controls the timing of polarization. 
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Results 

Identifying bem2 Temperature-Sensitive Mutants in a Synthetic Lethal Screen1 

Individual GAP deletions are viable, making identification of conditional alleles 

problematic.  However, deletion of BEM2 is synthetically lethal in combination with 

deletion of CLA4 (a Cdc42p effector PAK) or RGA1 (another GAP).  To identify bem2 ts 

alleles, mutagenized versions of BEM2 were introduced into cla4 or rga1 strains and 

screened for temperature-sensitive growth (Figure 4.2 A).  The mutagenesis was 

targeted to the C-terminal region of the BEM2 gene, which contains the highly 

conserved GAP domain.  Multiple ts alleles were identified.  Among those, alleles #84, 

79, and 194 showed tight lethality at 37°C in the rga1 bem2 background (Figure 4.2 B). 

Sequence analysis identified the mutations causing ts phenotypes, and one mutation 

(#79) is a tyrosine to cysteine conversion (Y2048C). This critical tyrosine is conserved 

between the four Cdc42p GAPs (Figure 4.2 C, red). 

                                                      

1 The BEM2 ts screen was performed by a former postdoc Koji Saito. 
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Figure 4.2: A synthetic lethal screen identified bem2-ts alleles 

(A) A schematic diagram of the procedure to screen for bem2-ts alleles.  (B) The isolated 

bem2-ts mutants show synthetic growth defects and lethality with rga1 at non-

permissive temperature.  (C) Alignment of the GAP domains of four Cdc42p GAPs.  The 

identical amino acid residues shared by all four GAPs are highlighted in yellow.  The 

conserved tyrosine highlighted in red was mutated to cysteine in bem2-ts #79. 
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Generating Temperature-Sensitive Alleles in RGA1, RGA2, and BEM3 

To generate additional ts alleles (bem3-Y1005C, rga1-Y874C, and rga2-Y874C), site-

directed mutagenesis was utilized to create a tyrosine to cysteine mutation at the 

conserved tyrosines of Bem3p, Rga1p, and Rga2p corresponding to Bem2p Y2048C.  The 

mutations were confirmed by sequencing.  These mutant alleles are driven by 

endogenous promoters, and integrated to the genome.  Additional transformation and 

crossing was performed to generate strains with combinations of multiple ts alleles. 

The GAP ts mutants showed no obvious morphological phenotype at permissive 

temperature (24°C) (Figure 4.3, upper panel).  Single GAP ts mutants showed no or very 

mild morphological and growth phenotypes at 37°C .  Combining two or more GAP ts 

alleles greatly enhanced growth and morphological defects at the non-permissive 

temperature (Figure 4.3, bottom panel), confirming that the GAPs are functionally 

redundant. The bem2-ts, rga1-ts combination was lethal at 37°C, consistent with the 

synthetic lethality of rga1 bem2.  Triple or quadruple GAP ts mutants show enlarged 

cells, expanded bud necks, and multiple buds at non-permissive temperature (Figure 

4.3, asterisks).  Most quadruple ts cells can survive for more than one generation at non-

permissive temperature, and eventually die by lysis (Figure 4.3, arrow). The GAPs have 

been implicated in multiple cellular processes (e.g. septin ring assembly, bud site 

selection, and cytokinesis) in addition to polarity establishment (Caviston et al., 2003; 

Gladfelter et al., 2002; Kim et al., 1994).  The multiple bud phenotypes could be due to 
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hyperactive Cdc42p or failure in cytokinesis.  To distinguish these possibilities and to 

further characterize the phenotypes, synchronized time course analysis and live cell 

imaging was utilized to understand when and how these phenotypes arise. 

 

Figure 4.3: Morphology of Cdc42p GAP ts mutants 

Mutant cells demonstrated mostly WT morphology at permissive temperature (upper 

panel).  When shifted to non-permissive temperature (bottom panel) for 3 h, the triple ts 

(bem2-ts, rga1-ts, rga2-ts) and quadruple ts (bem2-ts, bem3-ts, rga1-ts, rga2-ts) showed 

enlarged morphology, expanded bud necks, and multiple buds (marked by asterisks).  

Arrow points to a lysed cell. Scale bar indicates 5m. 

 

GEF-PAK Fusion Protein Enhances the Growth Defect of GAP Temperature-Sensitive 

Mutants 

The Cdc42p GEF and p21-activated kinases (PAK) form a complex with the 

scaffold protein Bem1p (Bose et al., 2001; Irazoqui et al., 2003; Kozubowski et al., 2008) 

(Figure 4.4 A).  This complex is essential for polarity establishment when bud site 

selection landmark proteins (e.g. Rsr1p) are removed.  PAK proteins are downstream 

effectors of Cdc42p.  This complex suggests a potential positive feedback loop, in which 

the PAK protein might phosphorylate and presumably enhance the activity of the GEF.   
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Adding the GEF-PAK fusion to the GAP ts strains would potentially exacerbate 

the phenotypes of GAP mutants, as the fusion might provide extra GEF activity, which 

counteracts with GAP functions.  In addition, it is plausible that even if GAP inactivation 

is insufficient on its own to trigger polarization, it could act together with GEF activation 

to raise GTP-Cdc42p levels.  To test this possibility, I introduced the GEF-PAK fusion 

protein into the GAP ts strains.  Indeed, this fusion protein greatly enhanced the growth 

defects of the ts mutants (Figure 4.4 B).  Assuming that polarization timing defects lead 

to lethality, this result supports the idea that the cell cycle might act on both GEF-PAK 

formation and GAP inactivation to trigger polarization (Figure 4.4 C). 

        

Figure 4.4: GEF-PAK fusion protein enhances the growth defects of GAP ts mutants 

(A) A diagram illustrates the complex of Bem1p, GEF, and PAK.  This picture is adapted 

from Kozubowski et al., 2008.  (B) Serial dilution dot assay showed synthetic growth 
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defects of GAP ts mutants and GEF-PAK fusion protein.  The strains rga1-ts, bem2-ts 

with or without GEF-PAK fusion were incubated at the semi-permissive temperature of 

33°C. Other strains were incubated at 37°C.  (C) A diagram summarizes the potential 

mechanism by which the cell cycle triggers polarization. 

 

Polarization Timing in GAP Temperature-Sensitive Mutants 

If inhibition of the Cdc42p GAPs is the molecular trigger for polarity 

establishment, inactivating all four Cdc42p GAPs should lead to premature polarization.  

The GAP ts strains that we generated were utilized to test this hypothesis.  Both WT and 

GAP ts cells were synchronized at cell cycle G1 phase by centrifugal elutriation, which 

separates small (early G1) cells from the rest of the population.  We routinely utilize this 

technique to enrich G1 cells to 90-95% (Figure 4.5).  Cells were then released from cold to 

pre-warmed 37℃ media to allow cell cycle progression, and to inactivate GAPs.  Time 

course samples were collected every 20 or 30 minutes to analyze budded ratio, 

localization of polarity markers, and DNA content. In WT cells, bud emergence occurred 

concurrently with DNA replication (Figure 4.5 A).  In the quadruple GAP ts cells, bud 

emergence occurred shortly after DNA replication took off (Figure 4.5 B).  This result 

indicates that inactivating all four GAPs does not lead to premature budding.  The short 

lag between bud emergence and DNA replication in the GAP ts mutants could be due to 

the aberrant morphology of the bud neck (wide necks), which made the small buds 

difficult to identify.  We then used live-cell fluorescent microscopy to examine the 

timing of polarization with single-cell resolution. 
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Figure 4.5: Timing of bud emergence in WT and quadruple GAP ts cells 

WT (A) (DLY10058) and quadruple GAP ts (B) (DLY11966) cells were grown overnight 

at 24°C and elutriated to enrich for small G1 phase cells.  After release into 37°C media, 

cells were collected every 20 min to score for budded morphology and DNA content.  

Over 100 cells for each time point were quantified for budded morphology (solid lines).  

DNA content was examined in 10,000 cells at each time point and the percentage of cells 

in S and G2/M phase was plotted here (dashed lines).  

 

For single-cell resolution analysis, I performed live cell microscopy on elutriated 

WT and quadruple GAP ts cells.  Bem1p-GFP was used as a polarity marker, which is 

one of the earliest proteins to localize to the pre-bud site (Figure 3.1).  To assess the 

progression of the cell cycle, separation of spindle pole bodies (SPB) during S phase was 

monitored using Spc42p-mCherry as a SPB marker (Figure 4.6 A).  The time intervals 

between Bem1p-GFP polarization and SPB separation were quantified from time-lapse 

images.  Compared to WT, the quadruple GAP ts cells showed more variable and longer 

intervals between Bem1p polarization and SPB separation (Figure 4.6 B).  This result 

could be a consequence of premature Bem1p polarization or delayed SPB separation in 
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GAP ts cells.  To distinguish these two possibilities, samples were collected after 

elutriation and subjected to quantification of SPB separation and DNA content analysis.  

SPB separation in WT and quadruple GAP ts cells displayed similar timing relative to 

DNA replication (Figure 4.6 C).  Therefore, quadruple GAP ts cells are likely to polarize 

Bem1p-GFP prematurely in a subset of cells. 

 

Figure 4.6: Single-cell resolution analysis of polarization timing 

(A) An illustrative cell (DLY12080) showing Bem1p-GFP polarization and SPB 

separation.  (B) Quantification of intervals between Bem1p-GFP polarization and SPB 

separation in WT (DLY12078) and quadruple GAP ts (Qts) (DLY12080) cells from time-

lapse images.  Each dot represents one cell.  (C) Comparison of SPB separation timing 

(solid lines) to DNA replication (dashed lines).  Over 100 cells were scored for SPB 

separation at each time point.  10,000 cells were analyzed for DNA content at each time 

point, and the percentage of cells in S or G2/M phase was plotted here.  Scale bar 

indicates 5m. 
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Compromised Disassembly of the Preceding Division Site in GAP Temperature-

Sensitive Cells 

Further analysis revealed that quadruple GAP ts cells were delayed in 

disassembling the Bem1p cluster (Figure 4.7 A) and the old septin ring (Figure 4.7, B and 

C) after cytokinesis.  

The leftover Bem1p and septins could stem from minor defects of the GAP ts 

cells at permissive temperature prior to elutriation.  We found that although the rga1-ts 

allele was able to rescue the rga1 bem2 synthetic lethality (data not shown), it did not 

rescue the “bud within the previous division site” phenotype of rga1 (Tong et al., 2007).  

Thus, the lack of sufficient Rga1p activity during cytokinesis may be responsible for 

failing to clear GTP-Cdc42p from the cytokinesis site, thereby keeping Bem1p localized 

there. A Bud3p-Rga1GAP-GFP construct, in which a GFP and the GAP domain of Rga1p 

were fused to the C-terminus of Bud3p, was shown to rescue the “bud within the 

previous division site” phenotype of rga1 (Tong et al., 2007).  As this protein is 

delocalized during late G1 and S phase, and only localized to the bud neck more than 20 

min after polarity establishment (Figure 4.8 A), we reasoned that it might provide a way 

to overcome the post-cytokinesis defect without affecting polarity.  This fusion construct 

was transformed and crossed into GAP mutant strains in an attempt to promote efficient 

disassembly of the previous division site.  Surprisingly, this construct rescued the rga1 

bem2 synthetic lethality (Figure 4.8 B), and the morphology of these cells appeared to 

be normal.  Preliminary data indicate that the Bud3p-Rga1GAP-GFP construct also 
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rescues the synthetic lethality of quadruple GAP delete and ts strains (data not shown).  

Taken together, these results suggest that the essential function(s) of Cdc42p GAPs can 

be replaced by a bud neck-localized GAP domain, which is not enriched at the 

polarization site during polarity establishment, suggesting that the essential function(s) 

of GAPs may not involve regulating polarity establishment.   
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Figure 4.7: Bem1p and septin depolarization are compromised in quadruple GAP ts 

WT and quadruple GAP ts cells expressing Bem1p-GFP (A) (DLY12078, 12080) or 

Cdc3p-GFP (B,C) (DLY10058, 11966) were elutriated and released into 37oC media.  

Bem1p-GFP and Cdc3p-GFP polarization was quantified in >100 cells at each time point.  

10,000 cells were analyzed for DNA content, and the percentage of cells in S or G2 phase 

was plotted.  (C) Most WT cells had completely disassembled their old septin rings, and 

some cells established new septin rings 60 min after release, whereas many quadruple 

GAP ts cells had not disassembled their old septin rings (wide ones).  Scale bar indicates 

5m. 



 

94 

 

Figure 4.8: A bud neck-localized GAP domain rescued the synthetic lethality of GAP 

mutants 

(A) In a WT strain (DLY13951) expressing Bud3p-Rga1GAP-GFP and Cdc3p-mCherry (a 

septin marker), Bud3p-Rga1GAP-GFP localized to the bud neck more than 20 min after 

septin ring formation, and it did not localize to the bud neck of small-budded cells (B, 

arrows).  (B) Bud3p-Rga1GAP-GFP restored viability and normal morphologies of 

bem2 rga1 cells (showing cells from two independent spores).  Scale bar indicates 5m. 

 

Unexpected Finding: Timely Polarization in G1-Arrested Cells 

As an alternative approach to get around the defect of cytokinesis site clearing in 

GAP ts cells, I arrested the cells in G1 with a CDC28 (CDK1) ts allele, cdc28-4 (Hartwell et 

al., 1970; Reed, 1980) to allow ample time for cells to disassemble the preceding division 

site.  In a prolonged G1 phase, it would be easier to determine if GAP mutants are able 
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to precociously polarize in G1.  Unexpectedly, G1-arrested cells (both GAP ts and WT 

GAP) polarized Bem1p-GFP and the actin cytoskeleton concurrently with WT (see 

Chapter 5).  This finding questions the hypothesis that G1-CDK triggers polarization 

(through inactivating GAPs or any other mechanism), and leads to the follow-up study 

in Chapter 5. 

 

Discussion 

Cdc42p GAPs were suggested to regulate the timing of polarity establishment 

(Knaus et al., 2007; Sopko et al., 2007).  However, in this chapter, we report that the 

timing of bud emergence appears to be normal when all four GAPs are simultaneously 

inactivated.  A GAP construct that does not localize to the polarization site during 

polarity establishment can rescue the synthetic lethality when multiple GAPs are 

deleted/inactivated, suggesting that the essential function(s) of these GAPs may only be 

needed after polarity establishment.   

Simultaneously inactivating all four GAPs in the quadruple GAP ts strain does 

not result in apparent polarity establishment defects, arguing against the idea that high 

GAP activity is the primary reason why cells don’t polarize until they are supposed to.  

However, we do not have evidence to show that the GAP activities in the quadruple 

GAP ts strain are completely inactivated upon temperature shift.  In addition, 

biochemical assays suggest that a two other Rho-GAPs (Rgd2p and Lrg1p) may also act 
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on Cdc42p (Roumanie et al., 2001).  We have attempted to apply in vitro pulldown 

assays to evaluate GTP-Cdc42p levels in wild-type and GAP-inactivated cells.  However, 

the results have not been conclusive due to technical issues. 

Inactivating the ts mutants requires temperature shift.  It is known that sudden 

change of temperature can depolarize the actin cytoskeleton (Novick and Botstein, 1985).  

Therefore, we cannot rule out the possibility that the timing of polarization in our time-

course experiments (partially) reflects the recovery of temperature shift-induced actin 

depolarization.  Overexpressing G1-cyclins, which accelerates the G1 phase, in cells that 

are elutriated and released at 37oC will tell us whether cells are able to polarize 

significantly precociously after temperature shift. 

What could the essential function(s) of Cdc42p GAPs be, other than regulating 

polarity establishment?  Studies have shown important roles of the GAPs in septin ring 

formation (Caviston et al., 2003; Gladfelter et al., 2002).  The Bud3p-Rga1GAP-GFP 

construct, which can replace the essential function(s) of multiple Cdc42p GAPs, does not 

localize to the bud neck until more than 20 min after septin ring formation, suggesting 

that the essential roles of the GAPs are at events later in the cell cycle, such as septin ring 

maintenance or cytokinesis.  Although Cdc42p is mostly known to regulate polarity 

establishment, several lines of evidence have suggested a role for Cdc42p in cytokinesis.  

Some Cdc42p effectors, such as Cla4p, have been shown to be required for proper 

cytokinesis (Benton et al., 1997; Cvrckova et al., 1995a; Holly and Blumer, 1999; Osman 
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and Cerione, 1998); however, Cla4p also plays an important role in septin ring assembly 

(Cvrckova et al., 1995a; Holly and Blumer, 1999), which is a prerequisite of proper 

cytokinesis, so that need not indicate a direct connection between Cdc42p/Cla4p and 

cytokinesis.  The GAPs are also required for proper septin ring formation (Caviston et 

al., 2003; Gladfelter et al., 2002), and as a consequence their roles in regulating 

cytokinesis might not be direct.  Utilizing the GAP ts strains that we generated in this 

study to inactivate GAP activities after septin ring formation and prior to cytokinesis 

may provide new insights into the functions of GAPs in cytokinesis. 

An experiment aimed to prolong the G1 phase in GAP ts cells unexpectedly 

revealed that G1-CDK activity is not required for timely polarization.  It is intriguing to 

re-examine the hypothesis that the G1-CDK triggers polarity establishment.  In the next 

chapter, I report my recent findings on CDK-independent polarization and discuss the 

possible temporal control mechanisms independent of G1-CDK activity. 

 

Materials and Methods 

Yeast Strains 

Yeast strains used in this study are listed in Table 4.1.  All strains are in the 

YEF473 background (his3-200 leu2-1 lys2-801 trp1-63 ura3-52).  Standard media and 

procedures were used for yeast genetic manipulations.  To generate strains expressing 

Bem1p-GFP, a plasmid (pDLB2968) (Kozubowski et al., 2008) containing a C-terminal 
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fragment of BEM1 fused to GFP was cut with PstI to target integration at BEM1.  Strains 

expressing Cdc3p-GFP were generated by integrating BglII-cut pDLB3137 (YIp128-

CDC3-GFP, (Tong et al., 2007)) at CDC3.  ABP1-mCherry:KanR and SPC42-mCherry:KanR 

were generated by the PCR-based C-terminal tagging method (Longtine et al., 1998) 

using pDLB2865 (pFA6a-mCherry-TADH1-KanRMX6) as template.   

To generate the bem3 ts allele, site-directed mutagenesis was used to create 

Y1005C mutation in DLB1962 (pRS306-BEM3(nt. 2025-3385)-myc)to generate DLB3283 

(pRS306-C-term-BEM3 Y1005C-myc), which was then cut at XhoI to integrate at BEM3.  

To generate the rga1ts allele, site-directed mutagenesis was used to create Y874C 

mutation in DLB3287 (YIplac211-3HA-RGA1) to generate pDLB3284 (YIplac211-3HA-

RGA1 Y874C), which was then cut at ApaI to integrate at URA3 of a rga1 stratin.  To 

generate the rga2ts allele, site-directed mutagenesis was used to create Y874C mutation 

in DLB1959 (pRS306 RGA2(nt. 1838-3027)-myc) to generate pDLB3285 (pRS306-C-term-

RGA2 Y874C-myc), which was then cut at EcoRI to integrate at RGA2.  

To generate strains carrying BUD3-RGA1GAP-GFP:URA3, pDLB3369 (pRS306-

BUD3-RGA1GAP(AA700-1007)-YEGFP, (Tong et al., 2007)) was cut MluI to integrate at 

BUD3.  The GAP domain coding sequence of pDLB3369 was later found to contain 

mutations, and was replaced by WT RGA1GAP sequence amplified from genomic DNA 

and cloned into pDLB3369 using BglII/SalI sites to create pDLB3642. 
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Table 4.1: Yeast strains 

Strain 

(DLY) 
Relevant genotype Source 

10058 a ABP1-mCherry:KanR  CDC3-GFP:URA3 This study 

11220 a  BEM1-GFP:URA3  bem2-ts(#84)-myc:LEU2 This study 

11844   bem3-Y1005C-myc:URA3 This study 

11846 a  3HA-rga1-Y874C:URA3, rga1::HIS3 This study 

11848   rga2-Y874C-myc:URA3 This study 

11865 
  rga2-Y874C-myc:URA3  BEM1-GFP:URA3  bem2ts(#84)-

myc:LEU2 
This study 

11962 
a 3HA-rga1-Y874C:URA3  rga1::HIS3  rga2-Y874C-myc:URA3  

bem2-ts(#84)-myc:LEU2 
This study 

11966 

  3HA-rga1-Y874C:URA3  rga1::HIS3  rga2-Y874C-myc:URA3  

bem2-ts(#84)-myc:LEU2  bem3-Y1005C-myc:URA3  ABP1-

mCherry:KanR  CDC3-GFP:URA3 

This study 

11967 
a  3HA-rga1-Y874C:URA3  rga1::HIS3  rga2-Y874C-myc:URA3  

bem2-ts(#84)-myc:LEU2  bem3-Y1005C-myc:URA3 
This study 

12078   SPC42-mCherry:KanR  rsr1::TRP1  BEM1-GFP:LEU2 This study 

12080 

  3HA-rga1-Y874C:URA3  rga1::HIS3  rga2-Y874C-myc:URA3  

bem2-ts(#84)-myc:LEU2  bem3-Y1005C-myc:URA3  SPC42-

mCherry:KanR  rsr1::TRP1  BEM1-GFP:LEU2 

This study 

12939   rga1::HIS3  BUD3-RGA1GAP-GFP: URA3  bem2::HIS3 This study 

12940 a  rga1::HIS3  BUD3-RGA1GAP-GFP: URA3  bem2::HIS3 This study 

13951 
a/  BUD3-RGA1GAP-GFP:URA3/BUD3-RGA1GAP-

GFP:URA3  CDC3-mCherry:LEU2/CDC3-mCherry:LEU2 
This study 

All strains are in the YEF473 background (his3-200 leu2-1 lys2-801 trp1-63 ura3-52). 

Experimental Procedures 

Elutriation and microscopy procedures are described in Chapter 3. 

 

 

 



 

100 

5. CDK-Independent Polarization in G1-Arrested and 

Anucleate Cells 

 

Introduction 

Cell morphology, in many cases, is coordinated with the cell cycle.  A common 

example is that animal cells in tissue culture attached to a substratum round up in 

mitosis and resume the spread-out morphology during interphase.  As a conserved 

strategy for cell differentiation and stem cell maintenance, evenly distributed cell fate 

determinants polarize to one pole of the cell in M phase prior to each asymmetric cell 

division.  The coordination between cell morphology and the cell cycle is also found in 

prokaryotes.  Mobile flagellated swarmer cells of bacteria Caulobacter crescentus lose their 

flagella and develop into stalked cells prior to committing to DNA replication, and then 

the predivisional stalked cell regains a new flagellum right before launching cell 

division.  Coupling of cell morphogenesis and the cell cycle allows cells to perform their 

function while maintaining proliferative potential.  However, the molecular mechanisms 

by which cell morphogenesis and polarization couple with cell cycle progression are not 

yet fully understood. 

Saccharomyces cerevisiae proliferate by growing a bud, which becomes the 

daughter cell after cytokinesis.  Bud growth only occurs once per cell cycle and the 

morphogenesis coordinates with the cell cycle.  Bud emergence takes place in late G1 
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phase when the cell is committed to the cell cycle START.  Bud growth requires 

polarized actin cytoskeleton as delivery tracks to provide building blocks for new cell 

wall and membrane as well as to distribute organelles into the bud.  The polarized 

growth continues towards the bud tip, until cells enter G2 phase when buds start to 

grow isotropically. 

The link between the cell cycle and yeast morphogenesis was first suggested by 

L. Hartwell and colleagues after they performed the cell division cycle (CDC) screen in 

early 1970’s, in which they identified temperature-sensitive (ts) mutants that arrested as 

unbudded cells at restrictive temperature (Hartwell, 1971; Hartwell et al., 1970).  It was 

not until two decades later that D. Lew and S. Reed showed that the CDK (cyclin-

dependent kinase) activity controlled yeast morphogenesis (Lew and Reed, 1993).  This 

seminal study demonstrated that actin polarization was drastically delayed when the 

CDK, Cdc28p, was inactivated in G1.  When Cdc28p was inactivated in G2, however, 

elongated buds were formed due to prolonged polarized growth, which was also 

observed when G2-cyclins were depleted.  Lew and Reed concluded that G1-CDK 

activity is need for polarized growth while G2-CDK is required for depolarization (Lew 

and Reed, 1993). 

Since G1-CDK was shown to promote polarization, great efforts have been 

devoted in quest for the substrates that are targeted by CDK to control the timing of 

polarization.  Central to polarity establishment is the localized activation of Cdc42p at a 
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focus on the plasma membrane.  Cdc42p is activated by a guanine nucleotide exchange 

factor (GEF) to its GTP-bound form, and is inactivated by GTPase activating proteins 

(GAPs) to its GDP-bound form.  In fact, both the GEF and GAPs of Cdc42p are 

phosphorylated in late G1 phase, making them strong candidates for CDK 

morphogenesis substrates.  However, a majority of the phosphorylation of the GEF is 

mediated by Cdc42p downstream effectors, suggesting a feedback mechanism rather 

than an upstream regulation.  Although Cdc42p GAPs were shown to be CDK 

substrates, inactivating the four known Cdc42p GAPs did not alter bud emergence 

timing (see Chapter 4).  Therefore, the molecular mechanism by which G1-CDK triggers 

polarization remains unknown. 

With the tool of fluorescently-tagged proteins and advanced microscopy, I 

accidentally found that the previously reported “unpolarized” cdc28-ts cells are actually 

polarized at restrictive temperature.  In the absence of CDK activities, cells are unable to 

form a bud, but they polarize polarity proteins and undergo polarized growth.  This 

finding challenges the existing dogma that polarized growth is triggered by G1-CDK 

activity.  My data also uncovered previously unappreciated roles of CDK in septin ring 

formation and polarity stabilization.  
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Results 

Polarization in Cdc28p-Inactivated Cells 

In an experiment aimed at prolonging the pre-START phase to study 

polarization timing of GAP-ts cells (discussed in Chapter 4), small G1 phase cells were 

enriched by centrifugal elutriation, and then released into 37oC media to inactivate 

cdc28-4 and GAP-ts activities.  I unexpectedly discovered that at restrictive temperature 

the control cdc28-4 cells polarized the polarity marker Bem1p-GFP and the actin 

cytoskeleton (visualized by phalloidin staining) at similar timing with wild-type cells 

(Figure 5.1, A and B).  While the cdc28-4 cells were not able to form a bud, they 

underwent polarized growth and formed a long protrusion.  Quantification showed that 

the wild-type and cdc28-4 cells initiated Bem1p-GFP polarization concurrently (Figure 

5.1 C).  The concomitant polarization of wild-type and cdc28-4 cells indicates that G1-

CDK activity is dispensable for polarization timing control. 

G1-Cyclin-Depleted Cells Polarize Bem1p-GFP 

To further demonstrate that G1-CDK activity is dispensable for polarization, G1-cyclins 

(Cln1p, Cln2p, Cln3p) were depleted using cln1 cln2 cln3 GAL-CLN3 BEM1-GFP 

cells.  These cells were grown in galactose media overnight to maintain CLN3 

expression, and dextrose was added one hour prior to elutriation to repress CLN3 

expression.  After elutriation, small G1 cells were released in dextrose media to continue 

G1-cyclin depletion and collected every 30 min at 30oC.  G1-cyclin-depleted cells were 
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able to polarize Bem1p-GFP as the wild-type control (Figure 5.2), although the polarized 

Bem1p-GFP formed a broad crescent in G1-cyclin-depleted cells and did not lead to bud 

formation.  This result further demonstrated that timely polarization can occur in a G1-

CDK-independent manner. 
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Figure 5.1: Polarization in Cdc28p-inactivated cells 

 (A) Wild-type (DLY9045) and (B) cdc28-4 (DLY13125) cells expressing Bem1p-GFP were 

elutriated to enrich G1 cells, and then released into 37oC media. Cells were collected 

every 30 min and fixed for phalloidin staining and imaging. (C) Quantification of 

polarized cells (displaying polarized Bem1p-GFP distribution or polarized morphology: 

budding or growing protrusions). Over 100 cells were quantified for each time point.  

Scale bar indicates 5m. 
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Figure 5.2: G1-cyclin-depleted cells polarize Bem1p-GFP 

Bem1p-GFP distribution in (A) wild-type (DLY10065) and (B) G1-cyclin-depleted 

(DLY11829) cells after one hour dextrose addition, elutriation, and released into dextrose 

media at 30oC.  Scale bar indicates 5m. 

 

Inactivating Cdc28p in Diploid Cells Leads to Bipolar Bem1p-GFP Polarization 

The intriguing results in Figure 5.1 and 5.2 contradict the observations made by 

Lew and Reed in which cdc28-13 and G1-cyclin-depleted cells both showed greatly 

delayed actin polarization (Lew and Reed, 1993).  The experiments were essentially 

designed in the same way, except the strains were not identical.  The strain used in 

Figure 5.1 was cdc28-4 haploid expressing Bem1p-GFP, while the strain in the 1993 study 

was cdc28-13 diploid with untagged BEM1.  The possibility that expressing Bem1p-GFP 
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could induce polarization was tested and ruled out, since cdc28-4 haploids without 

expressing Bem1p-GFP also polarized the actin cytoskeleton concurrently with the wild-

type (Figure 5.3 A).  Both strain backgrounds (15D and YEF473) commonly used in our 

lab, and both cdc28-4 and cdc28-13 haploid cells polarized Bem1p-GFP at restrictive 

temperature (Figure 5.3 B), arguing against the hypothesis that discrepant results from 

the two studies stemmed from allele or strain background differences.  Interestingly, the 

cdc28-4 diploid cells initiated Bem1p-GFP polarization concurrently with the wild-type 

and haploid cdc28-4, but the polarization occurred at both poles of the cell (Figure 5.3, C 

and D).  This bipolar polarization was gradually resolved to become unipolar and led to 

polarized growth at one pole.  Actin patch polarization did not become obvious until the 

bipolar Bem1p-GFP was resolved to be unipolar (Figure 5.3 C).  Thus, diploid cells 

showed slower actin polarization likely due to the initial bipolar phase of polarity 

establishment.  This result could explain the discrepancy of the 1993 study and the data 

in Figure 5.1, and uncovers an intriguing bipolar status in the CDK-inactivated diploid 

cells.  The bud site selection pathway might be involved in this bipolar state, as the bud 

site selection signaling enables bipolar budding potential in diploids and axial (unipolar) 

budding in haploids (Chant et al., 1991; Chant and Herskowitz, 1991) (will be further 

discussed in a following section).    
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Figure 5.3: Diploid Cdc28p-inactivated cells polarize Bem1p-GFP bipolarly 
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(A) cdc28-4 cells (DLY114) with untagged BEM1 polarized actin cytoskeleton 

concurrently with bud emergence in wild-type cells (DLY001). Time indicates incubation 

time in 37oC media after elutriation. (B) cdc28-13 in 15D background (DLY13364) 

polarized Bem1p-GFP at 37oC. (C) Diploid cdc28-4 cells (DLY13126) initiated Bem1p-GFP 

polarization at both poles and showed delayed actin polarization. (D) Diploid cdc28-4 

(DLY13126) cells polarized Bem1p-GFP concurrently with haploid wild-type 

(DLY10065) and haploid cdc28-4 (DLY11829).  Over 100 cells were quantified for each 

time point.  Scale bar indicates 5m. 

 

CDK-Independent Polarization Relies on Cdc42p and Recruits Polarity Proteins but 

not Septins  

During normal polarity establishment prior to bud formation, Cdc42p is locally 

activated (becomes GTP-bound) at the pre-bud site and in turn recruits downstream 

effectors required to build a bud.  To understand the mechanism by which cells polarize 

in a G1-CDK-independent manner, specifically, whether it resembles normal 

polarization during budding, I first tested whether CDK-independent polarization relies 

on Cdc42p signaling.  Two strains, cdc28-4 and cdc28-4 cdc42-6, both expressing Bem1p-

GFP, were filmed simultaneously for comparison at 37oC.  cdc28-4 cells were stained by a 

red cell wall dye (calcofluor 588) to distinguish the two strains (red channel not shown).  

While cdc28-4 cells polarized Bem1p-GFP and grew a protrusion at 37oC, cdc28-4 cdc42-6 

cells (labeled by arrows) failed to polarize and grew big and round (Figure 5.4).  Thus, 

CDK-independent polarization utilizes a Cdc42p-depedent mechanism, which is shared 

by normal polarization during budding, to establish polarity. 
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Figure 5.4: CDK-independent polarization relies on Cdc42p activity 

cdc28-4 cdc42-6 (arrows) (DLY13236) and cdc28-4 (unmarked) (DLY13125) cells were 

filmed simultaneously at 37oC.  cdc28-4 cells (DLY13125) were treated with a red 

fluorescent cell wall dye (calcofluor 588) to distinguish the two strains (red channel not 

shown).  cdc28-4 cells polarized Bem1p-GFP at 37oC whereas cdc28-4 cdc42-6 cells grew 

big and round without polarizing.  Scale bar indicates 5m. 

 

Cdc42p activation at the pre-bud site recruits downstream effectors and leads to 

actin and septin polarization.  In cells polarized in a CDK-independent manner, a 

polarisome component, Spa2p-mCherry, was recruited concurrently with Bem1p-GFP to 

the polarization site (Figure 5.5 A).  An actin patch marker, Abp1p-mCherry, was first 

dispersed in a G2-M phase cell, and became polarized at the cell tip with Bem1p-GFP 

(Figure 5.5 B).  Similarly, GBD-RFP, a GTP-Cdc42p probe, localized to the polarization 

site with Bem1p-GFP in cells where Cdc28p was inactivated (Figure 5.5 C).  

Interestingly, a septin marker, Cdc3p-mCherry, disappeared from the cytokinesis site 

and did not polarize with Bem1p-GFP in CDK-inactivated cells (Figure 5.5 D).  Taken 

together, CDK-independent polarization utilizes a Cdc42p-dependent mechanism to 

recruit many polarity proteins and causes actin polarization.  However, without CDK 

activity, septin proteins were not recruited to the polarization site.  These results reveal a 

role of CDK in septin ring formation. 
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Figure 5.5: CDK-independent polarization recruits polarity proteins except septins 

cdc28-4 cells expressing Bem1p-GFP and red fluorescent-tagged Spa2p (DLY13218), 

Cdc3p (DLY13238), PBD (DLY13313), or Abp1p (DLY13241) were filmed at 37oC.  Note 

that all the polarity proteins examined polarized with Bem1p-GFP except the septin 

marker Cdc3p-mCherry (D) which were disassembled at the cytokinesis site and did not 

localize to the newly formed polarization site.  Scale bar indicates 5m. 

 

 

CDK-Independent Polarization Does Not Rely on the Pheromone Pathway 

Polarization in Cdc28p-inactivated cells lacks septin ring formation, resembling 

the polarized growth of the mating projection (also called a shmoo).  Also, the 
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morphology of CDK-inactivated cells is reminiscent of that of the mating cells.  It is 

therefore intriguing to understand whether inactivating Cdc28p somehow triggers the 

pheromone response pathway.  The pheromone response pathway is a MAPK cascade 

that activates a master transcription factor, Ste12p, and up-regulates the expression of 

about 200 genes, including FUS1, resulting in cell-cycle arrest, formation of mating 

projections, and cell fusion (Elion et al., 1990; Fields and Herskowitz, 1985; Hagen et al., 

1991; Jenness et al., 1987; Song et al., 1991).  To test whether inactivating Cdc28p induces 

pheromone response genes, a GFP reporter under FUS1 promoter control was integrated 

into the cdc28-4 cells.  These cells expressed low basal levels of GFP when grown at 24oC 

(Figure 5.6 A, middle).  The GFP expression increased dramatically after 4 h of 

pheromone treatment (10g/ml -factor) (Figure 5.6 A, left).  Incubating the cells at 37oC 

for 4 h did not induce GFP expression controlled by FUS1 promoter (Figure 5.6 A, right), 

indicating that the pheromone response pathway was not turned on upon CDK 

inactivation.   

To further demonstrate that CDK-independent polarization does not require the 

pheromone response pathway, STE12 was deleted from the cdc28-4 cells.  Deletion of 

STE12 eliminates all the gene activation downstream of the pheromone pathway upon 

pheromone treatment (Fields and Herskowitz, 1985; Song et al., 1991).  The ste12 cdc28-

4 cells were able to polarize Bem1p-GFP and grew a protrusion concurrently with cdc28-

4 cells (Figure 5.6 B), arguing that the pheromone response pathway is dispensable for 
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CDK-independent polarization.  Thus, polarized growth in Cdc28p-inactivated cells was 

not due to accidental activation of the pheromone response pathway. 

 

Figure 5.6: CDK-independent polarization does not turn on or rely on the pheromone 

response pathway 

 (A) GFP expression driven by FUS1 promoter was used to monitor the pheromone 

pathway activity in cdc28-4 cells (DLY13323) after treatment with  factor at 24oC (left) 

or incubating at 24 oC (middle) or 37 oC (right) for 4 h.  GFP images were scaled the same 

(2,000-30,000).  (B) Deleting STE12 does not abolish polarization in CDK-inactivated 

cells.  cdc28-4 ste12 (arrows) (DLY13301) and cdc28-4 (unmarked) (DLY13125) cells were 
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filmed simultaneously at 37 oC.  cdc28-4 cells were labeled by calcofluor 588 to 

distinguish the two strains (red channel not shown).  Scale bar indicates 5m. 

 

Bud-Site-Selection Landmarks Stabilize the Polarity Patch in CDK-Inactivated Cells 

In a previous section, I showed that the diploid cdc28-4 cells initiated polarization 

at both poles of the cell, while the haploids only polarized Bem1p-GFP at one pole.  This 

phenomenon might correlate with the bud-site selection pathway, in which bud-site-

selection landmarks enable diploid cells to polarize at either of the two poles while the 

haploids only polarize towards one pole, the previous cytokinesis site (Chant et al., 1991; 

Chant and Herskowitz, 1991).  Rsr1p is a Ras-like small GTPase connecting the 

landmark proteins to the Cdc42p pathway, and consequently, removing Rsr1p causes 

random budding pattern (Chant and Herskowitz, 1991).  To test the function of the bud-

site-selection pathway in CDK-independent polarization, RSR1 was deleted in the cdc28-

4 haploid cells.  These cells polarized Bem1p-GFP at 37oC; however, the polarity patch 

did not stay at one cortical site of the cell (Figure 5.7).  Instead, the polarity patch 

wandered around the cortex and caused polarized growth in multiple cortical sites, 

resulting in a lumpy morphology.  In the presence of G1-CDK activity, cells lacking 

Rsr1p are able to form a stable polarity patch at random sites (Howell et al, in press).  

Thus, this result indicates that CDK-independent polarity is not Rsr1p-dependent, and 

presumably involves a symmetry breaking positive feedback.  In addition, polarity 

stabilization by Rsr1p appears to function independent of CDK.  The result also reveals a 
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new role of CDK activity in stabilizing the polarity patch in the absence of landmark 

proteins. 

   

Figure 5.7: CDK activity is required for stabilizing the polarity patch in the absence of 

bud-site-selection landmarks 

cdc28-4 rsr1 cells (DLY12749) polarized Bem1p-GFP at 37oC.  Note that Bem1p-GFP 

polarity patch moved around the cell cortex and led to polarized growth at multiple 

cortical sites.  Scale bar indicates 5m. 

 

 

CDK-independent polarization does not recruit septin proteins, and forms a 

mobile polarity patch in the absence of landmark proteins.  It is therefore intriguing to 

understand whether septins play an important role in stabilizing the polarity cluster.  

Utilizing rsr1 cdc12-6 cells, in which the bud site selection cues were removed and the 

temperature-sensitive septin allele would cause rapid loss of the septin ring upon shift 

to 37oC (Chant et al., 1995), I found that Bem1p-GFP polarity patches were wandering in 

a small proportion of cells (15%, n=53) (Figure 5.8), while a wandering patch was not 

seen in rsr1 cells with intact septin rings (0%, n=58) (C.-F. Wu, unpublished data).  This 

result suggests that in addition to landmark proteins, septins may contribute to polarity 

patch stabilization, but additional unknown stabilizing factors must be invoked to 

explain patch stability in the majority of rsr1 cdc12-6 cells. 
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Figure 5.8: Septins might promote polarity patch stabilization 

rsr1 cdc12-6 cells expressing Bem1p-GFP (DLY9453) were filmed at 37oC.  The polarity 

patch of the left cell wanders around the cortex over time while the cell on the right has 

a stable polarity patch that gives rise to a bud.  Scale bar indicates 5m. 

 

Anucleate Yeast Polarize Transiently after Cytokinesis 

Cells polarize polarity factors when G1-CDK is inactivated, suggesting that 

polarization occurs without a temporal cue from G1-CDK activities.  It is conceivable 

that cells maintain a default polarized state, which is negatively regulated by G2-CDK 

activities.  A polarization mechanism controlled only by G2-CDK could in principle 

create a budding cycle producing one bud per cell cycle.  However, before we can 

conclude that polarization timing is G1-CDK-independent, we need to consider possible 

caveats in our experiments.  First, although cdc28-4 and cdc28-13 are considered tight 

temperature-sensitive alleles (D. Lew, unpublished data), it is plausible that residual 

activity of the mutant proteins at restrictive temperature could promote polarization 

even though the DNA replication cycle was completely abolished.  Second, other 

mechanisms (acting in parallel with G1-CDK) might exist and trigger polarization in late 

G1 phase.  For example: (1) A transcriptional oscillator was reported that continues to 
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promote periodic expression of almost 70% of the periodically transcribed genes after S 

phase and mitotic cyclins are inactivated, suggesting that a transcription factor network 

may function as a cell cycle oscillator independent of CDK activities (Orlando et al., 

2008).  (2) Although Cdc28p is an essential cell-cycle regulator, a non-essential CDK, 

Pho85p, which mainly functions in nutrient sensing and shares 51% identity with 

Cdc28p (Huang et al., 2007), can play a redundant role in some aspects of cell-cycle 

regulation (Moffat and Andrews, 2004).   

To test whether the CDK-independent polarization occurs in the absence of these 

potential alternative temporal cues, I took advantage of a temperature sensitive esp1-1 

strain, which upon shift to 37oC fails to separate sister chromatids with the entire DNA 

inherited by the daughter cell and leads to anucleate mother cells (McGrew et al., 1992; 

Ross and Cohen-Fix, 2004).  In this anucleate context, all the nuclear cell cycle 

regulations, including the transcription oscillator, Cdc28p- and Pho85p-dependent cell 

cycle control, were removed.  Nuclear segregation was monitored with a spindle pole 

body marker, Spc42p-mCherry.  In anucleate yeast, where Spc42p-mCherry-labeled 

spindle pole bodies were not inherited, Bem1p-GFP polarized at the cell tip right after 

cytokinesis (indicated by neck-localized Bem1p-GFP) (Figure 5.9).  Although the 

polarization in anucleate cells was transient, only lasted several minutes, it suggests that 

polarization does not need to be triggered by cell cycle signals from the nucleus.  This 
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result supports the model that cells have a default polarizing potential that is 

antagonized by G2-CDK activities. 

 

Figure 5.9: Cells that did not inherit the nucleus can polarize transiently after 

cytokinesis 

esp1-1 cells expressing Bem1p-GFP and Spc42p-mCherry (DLY14476) were filmed at 

37oC.  In the cells that did not inherit the nucleus (marked by spindle pole body marker 

Spc42p-mCherry) polarized Bem1p-GFP (arrows) for several minutes at the cell tip right 

after cytokinesis, which was recognized by Bem1p-GFP neck localization (arrow heads).  

Scale bar indicates 5m. 

 

Boolean Model: Polarization Timing Controlled by Only G2-CDK Is Sufficient to 

Drive the Morphogenesis Cycle 

Polarization occurs in G1-CDK-inactivated cells, and in anucleate yeast, 

suggesting that a G1 trigger is not required to initiate polarization.  So how do cells bud 

only once per cell cycle if there is not G1 polarization timing control?  Could G2-CDK 

activity, which inhibits polarization, be sufficient to regulate the morphogenesis cycle?  

To answer these questions, I implemented a Boolean model (Figure 5.10), in which the 
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G1-CDK and G2-CDK activities were designed to oscillate as 0:0, 1:0, 1:1, 0:1 (1 = on, 0 = 

off) and these activities instructed the polarization status according to two different 

schemes.  In the first scheme, based on the model that G1-CDK triggers polarization and 

G2-CDK inhibits polarization, polarization occurs only when G1-CDK is on and G2-

CDK is off (0, 1,0,0).  In the second scheme, based on the model that G1-CDK is not 

required for polarization timing and only G2-CDK negatively regulates the default 

polarization potential, polarization occurs as long as G2-CDK activity is off (1,1,0,0).  

Both schemes produced periodic and cyclic polarization outputs, indicating that both 

models are able to generate one bud and one bud only per cell cycle.  One notable 

difference of the outcomes from the two schemes is the polarization status that when 

both G1- and G2-CDK activities were off (i.e. early G1): the second (G2-CDK only) 

scheme produced a polarized status while the first scheme yielded an unpolarized state.  

In cells growing in optimal nutrient environment, Bem1p-GFP polarization was 

frequently observed shortly after or concurrently with cytokinesis (Figure 5.9, also 

Figure 2.2).  This polarization rapidly led to bud emergence in most of the mother cells 

and some daughter cells, while in many daughter cells the polarization patch lingered 

for a variable time before becoming concentrated and giving rise to a bud (Figure 2.2 

and 3.1).  Thus, polarization can happen right after (or concurrently with) cytokinesis 

and before cells are committed to budding, arguing against the first scheme in which 

G1-CDK activity is needed for triggering polarization.  The Boolean model and live-cell 
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imaging data both support the model that polarization does not require a temporal cue 

from G1-CDK, and a G2-CDK only temporal control mechanism is sufficient to drive the 

morphogenesis cycle. 

 

Figure 5.10: Boolean model of polarization temporal control mechanisms 

A simplified Boolean network of the cell cycle was used to elucidate the two temporal 

control mechanisms for polarization.  The G1- and G2-CDK activities are oscillating (1= 

on, 0 = off), and instruct the polarization status according to the two schemes.  The G1-

CDK + G2-CDK temporal control mechanism only allows polarization when G1-CDK is 

on and G2-CDK is off.  The G2-CDK only mechanism allows polarization when G2-CDK 

is off.  G1-CDK and G2-CDK are each controlled by a negative feedback loop, G1 D (for 

G1-CDK degradation) and G2 D (for G2-CDK degradation), respectively. 
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Discussion 

Cell morphogenesis is coordinated with cell cycle progression in many cell types.  

Budding yeast polarize the cytoskeleton and initiate bud formation once per cell cycle 

during late G1-phase.  The underlying mechanism of the yeast morphogenesis cycle is 

explained by a prevailing model that the polarization in late G1-phase is triggered by 

G1-CDK activities.  In this chapter, I reported that although cells fail to bud, they are 

able to polarize and grow a protrusion when G1-CDK is inactivated.  My results support 

a new model in which the polarized state is the default state, and can be inhibited in G2-

M phase by G2-CDK activities.  These findings challenge the existing dogma of the 

temporal control of polarization, and uncover previously unappreciated roles of CDK in 

septin ring formation and polarity stabilization. 

The studies of G1-CDK activity on polarity initiation have been controversial.  

Some studies have shown that at restrictive temperature, cdc28-1 cells (A364A 

background) are able to polarize their growth and produce projections (Madden and 

Snyder, 1992; Snyder et al., 1991).  However, it is thought that the cdc28-1 allele is not as 

tight as cdc28-4 (D. Lew, unpublished data) and might have residual activity to promote 

polarization at restrictive temperature.  Another study suggested that Spa2p could 

polarize before G1-CDK activation (Padmashree and Surana, 2001).  However, these 

cells (W303 background) were released from M phase arrest.  As we showed in Figure 

4.7, Bem1p, Cdc3p and actin patches (data not shown) stay at the previous cytokinesis 
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site for a significant period of time.  Therefore, the polarized Spa2p localization in early 

G1-phase cells observed by Padmashree and Surana are likely at the previous 

cytokinesis sites and may not reflect newly assembled polarization sites.  The same 

study also utilized cdc28-4 to arrest cells in G1, and they found that Spa2p and Bni1p, 

but not Sec3p and Cdc42p, can polarize at restrictive temperature.  This study did not 

change the prevailing view that G1-CDK is required to trigger polarization, since Spa2p 

is not critical in polarity establishment and they found no evidence that Cdc42p or 

growth was polarized in their G1-arrested cells.   

Other studies support the model proposed by Lew and Reed that G1-CDK 

activity is crucial for initiating polarization.  The studies by M. Peter’s and R. Li’s 

groups, both using W303 strain background, showed that depleting G1 cyclins prevents 

the polarized localization of actin, Bem1p, Bni1p, Cdc24p, and Gic2p (Gulli et al., 2000b; 

Jaquenoud and Peter, 2000; Wedlich-Soldner et al., 2003).  However, the failure of 

polarity establishment in these G1-arrested cells could be strain-specific.  Contrary to 

what we observed in 15D and YEF cells, cdc28-4 in W303 background does not produce 

protrusions and elongated buds at restrictive temperature (data not shown).  The 

original W303 strain contained a rad5-G535R mutation (Fan et al., 1996), which 

compromises DNA repair and results in increased mutation frequency (Kiakos et al., 

2002; Torres-Ramos et al., 2002).  Although the mutation of RAD5 was later fixed, the 

effect of the accumulated mutations in the genome is hard to determine.   
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In this Chapter, I utilized both 15D and YEF strain backgrounds, and showed 

that the previously reported “unpolarized” G1-arrested cells (Lew and Reed, 1993) are 

actually able to polarize in a timely manner.  The greatly delayed actin polarization in 

the diploid cells used by Lew and Reed is possibly due to the initial bipolar polarization, 

which was not observed in their study as fluorescent probes and advanced microscopy 

were not available.  I showed that G1-CDK-inactivated haploid cells clearly form a 

polarization site (containing Bem1p, Abp1p, Spa2p, and active Cdc42p (PBD)) 

concurrently with wild-type cells.  This finding challenges the dogma that G1-CDK 

activity is required to trigger polarization, and suggests a new model of polarization 

temporal control, discussed as following. 

Temporal Control of Polarization 

Yeast cells bud once per cell cycle.  This morphogenesis cycle requires tight 

coordination between the Cdc42p-based polarization machinery and cell-cycle 

regulators.  Cdc42p activity is not crucial for the progression of the nuclear division 

cycle, as Cdc42p-inactivated cells, even though unable to make a bud, continues the 

DNA replication cycle and accumulates multiple nuclei (Adams et al., 1990; Johnson and 

Pringle, 1990a).  However, inactivating CDK activity in G1 prevents budding, and 

inactivating CDK in G2 causes hyperpolarized bud growth (Lew and Reed, 1993), 

indicating that CDK activity regulates cell morphogenesis.  Prior to the study reported 

in this chapter, it was thought that G1-CDK activity is required to trigger polarization, 
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and as a consequence cells fail to bud when G1-CDK is inactivated (Lew and Reed, 1993, 

1995b).  Here, I demonstrated that Cdc42p-dependent polarization takes place in cells 

with inactivated G1-CDK.  This suggests that polarization is the default state, not 

requiring a G1-CDK input to turn it on.  G1-CDK, although dispensable for initiating 

polarization, is required for fine-tuning the morphology to generate a bud rather than a 

pointy projection (discussed in next section).  Therefore, G1-CDK activity is not needed 

to activate Cdc42p, which can explain the failure of many efforts to identify the key G1-

CDK morphogenesis substrates important to establish polarity.   

The results shown in this chapter support a model in which the morphogenesis 

cycle in yeast is achieved by a default polarization state negatively regulated by G2-

CDK.  However, the molecular mechanism by which G2-CDK activity causes 

depolarization is not clear.   It was shown that during the G2 apical to isotropic growth 

switch, phospholipids located on the outer leaflet of the plasma membrane were flipped 

to the inner leaflet, leading to activation of Cdc42p GAPs (GTPase-activating proteins) 

and the consequent inactivation of Cdc42p (Saito et al., 2007).  Whether G2-CDK activity 

regulates the phospholipid flippase is not known. 

Another mechanism, cell size control, might also affect cell polarization.  A series 

of studies have shown that cells do not bud until they reach a certain size, suggesting the 

existence of a cell size checkpoint (Hartwell and Unger, 1977; Johnston et al., 1977).  The 

molecular mechanism of size control is poorly understood, but likely involves changes 
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in the protein to DNA ratio (Wang et al., 2009a), , as it was suggested that a global 

control of transcriptional rate responds to the cell size and can be explained by the 

changes in protein content to DNA mass ratio (Zhurinsky et al., 2010).  Alternatively, the 

cell size control might result from protein to plasma membrane surface area ratio (e.g. 

polarity factors increase with the cell volume, which is proportional to the cube of cell 

diameter, whereas the increase of plasma membrane surface area is proportional to the 

square of cell diameter.  This leads to a growing occupancy of the plasma membrane by 

polarity factors, and could reach a threshold required to trigger polarization).  Cell size 

may limit the polarization potential of small cells by either constraining the polarization 

machinery in small cells or by providing permissive signals to allow polarization when 

cells reach the threshold size. 

Fine-Tuning Cell Morphology 

Yeast cells utilize the same Cdc42p-based polarization machinery to generate 

diverse morphologies during bud emergence, apical bud growth, mating projection 

growth (shmooing), and the CDK-independent polarization reported in this chapter 

(summarized in Figure 5.11).  How do cells generate different cell shapes in these 

contexts?  Bud emergence is the only situation where septin ring formation takes place 

at the base of the bud.  Another unique feature of bud emergence is the formation of a 

“neck” where a drastic curvature transition of the cell wall marks the boundary of the 

mother and the bud.  Although the septin ring and the neck are both at the base of the 
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bud, the neck feature is not completely the consequence of septin ring formation, as a 

narrow bud (without the bulge on the bud side, but has a sharp curvature change at the 

mother-bud boundary) can be found in septin temperature-sensitive cells at 37oC.  The 

septin ring and neck formation is likely triggered by G1-CDK activity, and occurs only 

once per cell cycle.  Clustering of Cdc42p-based polarization machinery at a cortical site 

continues after bud emergence and leads to apical growth of the bud.  During apical bud 

growth, G1-CDK activity does not trigger more septin ring or neck formation at the bud 

tip, suggesting that a mechanism analogous to firing of the DNA replication is involved 

to ensure the once per cell cycle formation of the septin ring and neck.  In mutants that 

perturb septin organization, extra septin rings form during the bud growth (Gladfelter 

et al., 2005), indicating that the once per cell cycle mechanism of septin formation is 

disrupted when cells have defective septin structures. 
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Figure 5.11: Comparison of polarized growth in different contexts 

CDK-independent polarized growth also utilizes the Cdc42p-based polarization 

machinery.  An intriguing feature of CDK-independent polarization is that the polarity 

patch wanders around the cell cortex when the bud-site-selection landmarks are 

removed.  This feature is shared by the mating cells (in low-dose pheromone), in which 

the G1-CDK activity is inhibited by the pheromone response pathway.  It is plausible 

that the polarized growth in mating cells does not require the pheromone pathway, as 

the pheromone pathway arrests the cell in early G1, creating a condition for CDK-

independent polarized growth to take place.  The pheromone pathway promotes 

polarity patch stabilization through a G-Far1p-Cdc24p-Cdc42p interaction; however, 

to date there is no evidence that the pheromone pathway activates Cdc42p.  Thus, CDK-
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independent polarization might be a general feature of non-G2/M-phase cells, including 

the mating cells. 

CDK in Septin Ring Formation 

The mechanism of spetin ring formation is poorly understood.  It is known that 

mutants of Cdc42p and its effectors, Gic1p and Gic2p, are unable to form septin rings at 

restrictive temperature (Iwase et al., 2006); however, these mutants also fail to establish 

polarity.  cdc42 mutants encoding proteins with defective GTP hydrolysis, or mutants of 

the Cdc42p GTPase activating proteins (Rga1p, Rga2p, Bem3p), and Cla4p (a Cdc42p 

effector) all form aberrant septin rings (Caviston et al., 2003; Gladfelter et al., 2002; 

Longtine et al., 2000).  Nevertheless, to my knowledge no mutants (except septin 

mutants) were identified with normal Cdc42p polarization but unable to form septin 

rings.  Therefore, it is unclear how Cdc42p polarization triggers septin ring formation 

during bud emergence.  Also, it remains elusive how the septin ring only forms once per 

cell cycle during bud emergence, but not during apical bud growth or other forms of 

polarized growth where Cdc42p is also polarized. 

Polarization in CDK-inactivated cells recruits many polarity proteins and leads 

to actin polarization; however, septin rings do not form in this context.  Similarly, 

mating cells, in which G1-CDK activity is inhibited by the pheromone pathway, do not 

form septin rings at the base of the mating projection.  Therefore, it is conceivable that 

G1-CDK activity is needed for septin ring formation.  In fact, septins were shown to be 
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CDK substrates.  In Candida albicans (a pathogenic yeast species closely related to 

Saccharomyces cerevisiae), Cdc28p-dependent phosphorylation of the septin Cdc11p on 

serine 394 is required for proper hyphal morphogenesis (Sinha et al., 2007).  In the same 

study, the S. cerevisiae Cdc28p was coimmunoprecipitated with Cdc11p from cells 

undergoing bud emergence or mating projection growth, suggesting that Cdc28p 

regulates the septins during the initiation of these polarized growth events.  An 

independent study showed that Cdc28p phosphorylates the septin Cdc3p at two C-

terminal serine residues (Tang and Reed, 2002).  However, the phosphorylation was 

shown to be required for efficient disassembly of the old septin ring inherited from the 

previous cell cycle.  It remains unclear whether direct CDK phosphorylation of septins 

plays a role in septin ring assembly during bud emergence.  Interestingly, many septin 

regulators were identified in screens for synthetic lethality with cln1,2 (Benton et al., 

1993; Cvrckova and Nasmyth, 1993), including cla4, gin4, elm1, and an allele of cdc12.  

Overexpressing Swe1p in cln1,2 mutants leads to the formation of multiple septin rings 

in one cell, similar to cdc12-ts mutants that overexpress Swe1p at permissive 

temperature (Gladfelter et al., 2005).  These studies indicate an important role for G1-

CDK in promoting proper septin ring formation. 

CDK in Polarity Patch Stabilization 

The polarity patch in CDK-inactivated cells wanders around the cell cortex if the 

position cues from bud-site-selection landmarks are removed.  The wandering polarity 
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patch is also observed in rsr1 mutant mating cells in low-dose pheromone, where G1-

CDK activity is inhibited.  These findings suggest a novel role for G1-CDK in stabilizing 

the polarity patch.   

In mating cells, polarity movement was shown to be partially dependent on 

actin-mediated vesicle trafficking (Johnson et al., submitted).  Little is known about how 

the polarity patch is stabilized in budding cells.  The mechanism by which the polarity 

patch is stabilized by G1-CDK remains to be elucidated. 

 

 

Materials and Methods 

Yeast Strains 

Yeast strains used in this study are listed in Table 5.1.  Strains are in the BF264-

15Du background (ade1 his2 leu2-3,112 trp1-1 ura3Δns), or in the YEF473 background 

(his3-200 leu2-1 lys2-801 trp1-63 ura3-52).  Standard media and procedures were used 

for yeast genetic manipulations.  To generate strains expressing Bem1p-GFP, a plasmid 

(pDLB2968) (Kozubowski et al., 2008) containing a C-terminal fragment of BEM1 fused 

to GFP was cut with PstI to target integration at BEM1.  Strains expressing Cdc3p-

mCherry were generated by integrating BglII-cut pDLB3138 (YIp128-CDC3-mCherry, 

(Tong et al., 2007)) at CDC3.  SPA2-mCherry: Hph, ABP1-mCherry:KanR, and SPC42-

mCherry:KanR were generated by the PCR-based C-terminal tagging method (Longtine et 
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al., 1998) using pDLB2866 (pFA6a-mCherry-TADH1-HphMX4) and pDLB2865 (pFA6a-

mCherry-TADH1-KanRMX6), respectively, as templates.  pDLB3086 (YIp211-GIC2-PBD-RFP, 

(Tong et al., 2007)) was cut with ApaI to integrate GIC2-PBD-RFP at URA3.   

The one-step PCR-based method (Baudin et al., 1993) was used to generate 

ste12::TRP1using pRS304, as template.  To generate esp1-1 in the YEF473 background, a 

PCR product covering the temperature-sensitive mutation (P1404L) to the STOP codon 

(using template DLY13963, a gift from O. Cohen-Fix) was cloned into pDLB52 to 

generate pDLB3654 (pFA6a-esp1-1- PADH1-HIS3), and then was used to replace the C-

terminus of ESP1 in YEF strains using the PCR-based C-terminal tagging method 

(Longtine et al., 1998).  To generate cdc28-4 in the YEF473 background, a PCR product 

covering the temperature-sensitive mutation (382-384 nt) to the STOP codon was 

amplified from DLY114 to replace the FRB-GFP fragment of pDLB3385 (pFA6a-FRB-

GFP-KanMX6) to generate pDLB3438 (pFA6a-cdc28-4-KanMX6), and then was used to 

replace the C-terminus of CDC28 in YEF strains using the PCR-based C-terminal tagging 

method (Longtine et al., 1998).  To generate PFUS1-GFP:TRP1, GFP coding sequence from 

pDLB3532 (pRS305-PGAL1-INP54(1-331aa)-FRB-GFP-ADH1t) was inserted into pDLB3272 

(pRS304-PADH1-MCS- TADH1) using BamHI/NotI sites to create pDLB3536 (pRS304- PADH1-

GFP- TADH1).  And then a 500bp fragment upstream to the FUS1 START codon was 

amplified from genomic DNA and cloned into pDLB3536 (pRS304- PADH1-GFP-TADH1) to 
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create pDLB3541 (pRS304- PFUS1-GFP- TADH1) using KpnI/BamHI sites.  pDLB3541 was cut 

EcoRV to integrate at TRP1. 

Experimental Procedures 

Elutriation and microscopy procedures are described in Chapter 3. 

 

Table 5.1: Yeast strains 

Strain 

(DLY) 
Relevant genotype Background Source 

001 a 15D 
Lew and 

Reed, 1993 

114 a  cdc28-4 15D 
Lew and 

Reed, 1993 

9045 a  BEM1-GFP:LEU2 15D This study 

9453 a  cdc12-6  rsr1::HIS3  BEM1-GFP:LEU2 YEF This study 

10065 a  Bem1-GFP:LEU2 15D This study 

11829 a  cln1 cln2 cln3  PGAL-CLN3:TRP1  BEM1-GFP:LEU2 15D This study 

12749   BEM1-GFP:LEU2  rsr1::TRP1  cdc28-4:KanR YEF This study 

13125 a  cdc28-4  BEM1-GFP:LEU2 15D This study 

13126 a /  cdc28-4/cdc28-4  BEM1-GFP:LEU2/BEM1 15D This study 

13236 a  cdc28-4  BEM1-GFP:LEU2  cdc42-6 15D This study 

13238 a  cdc28-4  BEM1-GFP:LEU2  CDC3-mCherry:URA3 15D This study 

13241 a  cdc28-4  BEM1-GFP:LEU2  ABP1-mCherry:KanR 15D This study 

13281 a  cdc28-4  SPA2-mCherry:Hph  BEM1-GFP:LEU2 15D This study 

13301 a  cdc28-4  ste12::TRP1  BEM1-GFP:LEU2 15D This study 

13313 a  cdc28-4  BEM1-GFP:LEU2  GIC2-PBD-RFP:URA3 15D This study 

13323 a  cdc28-4  PFUS1-GFP:TRP1  15D This study 

13364 a   cdc28-13  BEM1-GFP:LEU2 15D This study 

14476 

a /  SPC42-mCherry:KanR /SPC42-mCherry:KanR 

esp1-1::HIS3/esp1-1::HIS3  BEM1-GFP:LEU2/BEM1-

GFP:LEU2 

YEF This study 

Strains are in the BF264-15Du background (ade1 his2 leu2-3,112 trp1-1 ura3Δns), or in the 

YEF473 background (his3-200 leu2-1 lys2-801 trp1-63 ura3-52).  
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6. Conclusions and Future Directions 

 

Septin Dynamics 

Septins first form an irregular ring about 4 min after Bem1p polarization.  The 

accumulation of septin proteins at the ring and collar follows a tri-linear scheme.  The 

ring-to-collar transition during bud emergence occurs in the linear phase 1, and does not 

involve step-wise assembly rate changes, suggestive of no drastic conformational 

reorganization.  This finding provides new clues for the higher-order septin filament 

organization in the ring and collar.   

The tri-linear scheme of septin accumulation at the bud neck can be used as a 

measurement to analyze mutants with septin defects.  This measurement might be able 

to point out that the function of a given protein is required during a specific phase of 

septin ring assembly, or that a given septin phenotype is due to aberrant septin 

dynamics in a specific stage.  This study will likely provide a temporal map of proteins 

involved in septin assembly. 

The nature of the linear phase 1-to-phase 2 transition remains unclear.  Further 

analysis is required to determine whether this transition results from limited septin 

proteins in the cell, or it could reflect a septin maturation event regulated by other 

signals. 
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Formin Regulation 

A challenge to study in vivo formin function in yeast or mammalian cells is the 

presence of redundant mechanisms to organize actin.  Using a synthetically re-wired 

strain, we find that the redundancy is eliminated, and the formin Bni1p is critical for 

actin-dependent polarization.  Intriguingly, the known regulations of Bni1p, including 

the direct binding by Cdc42p, appear to be not essential.  We identify a new pathway 

utilizing Gic2p, a Cdc42p effector, to connect Cdc42p and Bni1p.  This finding challenges 

the prevailing view that Cdc42p directly regulates Bni1p to polarize actin cables, and 

adds to an emerging list of formin regulations involving effectors of Rho family 

GTPases. 

In addition to Gic2p, Bni1p is known to be regulated by Rho family GTPases 

(including Cdc42p), Spa2p, and Bud6p.  It is not clear whether these regulators compete 

or cooperate in Bni1p regulation.  Bni1p is highly dynamic: it does not stably anchor to 

the growing bud tip, and sometimes follows a retrograde flow back to the cell center 

along actin cables (Buttery et al., 2007).  How is Bni1p cortical targeting and releasing 

controlled?  Does it involve a switch mechanism between the cortically-localized and 

released states?  It is of high interest to utilize live-cell microscopy and biochemical 

approaches to elucidate the dynamics of the interactions between Bni1p and its 

regulators.  The study will likely explain the complexity of formin regulations and 

provide new insights into how cells dynamically organize their actin cytoskeleton. 
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The Temporal Control of Polarization 

G1-CDK activity is thought to trigger polarization, likely through inactivating 

Cdc42p GAPs.  I found that inactivating all four Cdc42p GAP did not affect the timing of 

bud emergence.  Moreover, G1-CDK-inactivated cells polarized the polarity marker 

Bem1p-GFP concurrently with wild-type cells.  Anucleate cells, lacking all the nuclear 

cell cycle pathways, can still polarize transiently after cytokinesis.  These results indicate 

that, opposing to the well-accepted model, G1-CDK activity, albeit essential for bud 

emergence, is not needed for timely polarization.  The results suggest that G1 

polarization and bud emergence can be un-coupled, and support a model that cells have 

a default polarizing potential negatively regulated by the G2-CDK. 

Further studies are needed to elucidate the mechanism by which G1-CDK 

triggers bud emergence.  It is generally thought that bud emergence is an obligatory 

consequence of late G1/S polarization.  However, our findings suggest that polarization 

may be a default, and the temporal cue signaled from the G1-CDK acts on the triggering 

of bud emergence.  We showed that Cdc42p activity is crucial for polarized growth in 

G1-CDK inactivated cells, indicating that in the absence of G1-CDK cells also rely on 

activation of Cdc42p to establish polarity.  It is intriguing to understand the mechanism 

that bridges the gap between Cdc42p activation and bud emergence.  Likely candidates 

for this function are G1-CDK substrates; however, numerous proteins participating in 
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polarity establishment and bud formation have been reported as G1-CDK substrates 

(reviewed by Howell and Lew, 2012), making a candidate approach less feasible.   

New Roles of G1-CDK 

When the G1-CDK is inactivated, cells undergo polarized growth without 

forming a septin ring.  Also, in the absence of bud-site-selection landmarks, G1-CDK-

inactivated cells have wandering polarity patches.  Thus, we uncovered new roles of the 

G1-CDK in septin ring formation and polarity patch stability. 

The G1-CDK might regulate septin ring formation through phosphorylating 

septins (Cdc3p, Cdc10p, Cdc11p, Cdc12p, Shs1p) or proteins that are involved in septin 

ring assembly (such as Cla4p and Gin4p).  Examining the phosphorylation levels of 

these proteins in synchronized wild-type cells and G1-CDK-inactivated cells might 

provide new insights into the mechanism by which the G1-CDK controls septin ring 

formation. 

  The G1-CDK activity stabilizes the polarity patch when bud-site selection cues 

are removed.  Little is known about the nature of a wandering vs. a stable polarity patch.  

It is conceivable to speculate that a gene required for stabilizing polarity patches in the 

absence of bud-site-selection landmarks would show synthetic lethality or growth 

defects when deleted with rsr1.  Probable candidates that are responsible for stabilizing 

polarity patches in a G1-CDK dependent manner are those which both show a genetic 

interaction with mutants in RSR1 and are G1-CDK substrates.  Bem1p qualifies by these 
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criteria and plays an important role in polarity establishment.  Our lab has generated a 

GEF-PAK fusion protein that bypasses the essential function of Bem1p in rsr1 cells 

(Kozubowski et al., 2008).   It would be interesting to see if this fusion can stabilize the 

polarity site in rsr1 cdc28-4 cells. 

Functions of the Cdc42p GAPs  

The Cdc42p GAPs do not appear to control the timing of bud emergence, as it 

occurs in a timely manner when all four Cdc42p GAPs are inactivated.  We show that a 

bud neck-localized GAP domain, which does not localize to the polarization site during 

polarity establishment, can replace the essential functions of multiple Cdc42p GAPs.  

This result suggests that the essential function(s) of the GAPs might not be needed 

during polarity establishment, and might be required at events (such as cytokinesis) 

later in the cell cycle.  The potential roles of the GAPs in cytokinesis are difficult to 

determine as the GAPs are required for proper septin ring formation, which is also 

essential for proper cytokinesis.  It will be beneficial to apply the GAP ts strains that we 

generated in this study to inactivate GAP activities in a time window between septin 

ring formation and cytokinesis, to reveal the potential functions of GAPs in cytokinesis. 

Other Aspects of Polarity Establishment 

For the study of polarization timing control, a genetic strategy was used to 

generate anucleate cells (see Chapter 5).  Interestingly, these anucleate cells are able to 

polarize transiently.  To further understand the mechanism underlying polarity 
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establishment and its control by the cell cycle machinery, it will be informative to 

“reconstitute” the polarization control mechanisms in these cells.  The polarization in 

anucleate cells is transient, only last for several minutes, suggesting the machinery 

required for polarity stabilization and maintenance is missing.  Conditionally 

overexpressing potential polarity stabilizing factors in M phase (prior to the birth of 

anucleate cells) might generate a more stable polarity patch and reveal the underlying 

control mechanisms. 

Likewise, we can apply this approach (reconstituting polarization machineries) 

to other genetically manipulated conditions in which (some of) the normal polarization 

pathways are conditionally inactivated. 

I recently generated a strain in which Cdc42p-dependent polarization is 

conditionally blocked and an actin-dependent positive feedback loop is synthetically 

built (Figure 6.1).  This actin-dependent positive feedback loop involves a fusion protein 

containing the formin catalytic domain (FH1-FH2), GFP, and a v-SNARE (Snc2p).  Snc2p 

is highly concentrated on secretory vesicles and is delivered to the plasma membrane on 

which it remains stably associates before being endocytosed.  Therefore, we anticipate 

the FH1-FH2-GFP-Snc2p fusion protein to be delivered by actin cable-dependent vesicle 

traffic and can associate with plasma membrane.  The formin function of this construct 

can potentially generate new actin cables.  These properties of the FH1-FH2-GFP-Snc2p 

fusion should in principle create a positive feedback loop that concentrates actin cables 
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and vesicle delivery to one spot.  Indeed, these cells were able to polarize this fusion 

protein and in some cases underwent polarized growth (suggestive of polarized 

secretion) when Cdc42p is inactivated (using GEF ts) (Figure 6.1, B-D).  This Cdc42p-

independent polarization presumably solely utilizes an actin cable-based positive 

feedback loop.  Compared to the polarity patch generated by the Cdc42p-depentent 

mechanism, these FH1-FH2-GFP-Snc2p polarity patches under the Cdc42p-inactivated 

condition are broad and unstable, indicating the different consequences of the two 

polarization machineries, pointing out that additional regulators are involved to create 

focused polarity patches.  This system uncouples actin cable polarization and Cdc42p 

activation, and can be used to dissect the complicated regulations downstream of 

Cdc42p activation.  

This “Cdc42p-independent” polarization provides a system to explore the 

difference between a purely actin-based positive feedback and a mechanism that 

requires activation, membrane extraction and recycling of Cdc42p.  By applying 

quantitative models and genetic manipulations, we are likely going to learn more about 

the principles of polarity establishment. 
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Figure 6.1: Vesicle-tethered formin domains polarize in a Cdc42p-independent 

manner 

(A) Schematics of the FH1-FH2-GFP-Snc2p fusion and the model of its action.  The 

fusion can presumably concentrate on vesicles and be delivered along actin cables (red) 

to the plasma membrane, on which the fusion can nucleate more actin cables, which in 

turn bring in more formin fusions, consequently creating a positive feedback. (B-D) 

Representative cells (DLY14608) showed polarization of FH1-FH2-GFP-Snc2p when 

Cdc42p is inactivated.  These cells were filmed at 37oC to inactivate the Cdc42p GEF, 

Cdc24p.  (B) The FH1-FH2-GFP-Snc2p fusion concentrated at the cytokinesis site, then 

disappeared, before concentrating again at the cortex and leading to polarized growth.  

(C) A cell displayed a wandering polarity patch.  (D) A cell polarized transiently. 
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