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ABSTRACT 
 

Actin Cable Function and Regulation in the Budding Yeast, Saccharomyces cerevisiae 

Thomas Gregory Karney Lipkin 
 
 
 
In the following chapters, I describe factors underlying actin cable dynamics and assembly in the 

budding yeast, S. cerevisiae. First, I examined the role of type II myosin and a tropomyosin 

isoform in retrograde actin flow (Chapter II). In yeast and other cell types, actin undergoes 

retrograde or centripetal movement from the cell cortex towards the interior of the cell.  

Retrograde actin flow drives intracellular and cellular movement. Previous work in the Pon 

laboratory showed that actin cables undergo retrograde flow, which occurs, in part, from the 

force generated from actin polymerization and assembly at the elongating filament end.  First, we 

find that the type II myosin, Myo1p, facilitates retrograde flow. We found that the rate of 

retrograde actin cable flow is reduced by 1) deletion of Myo1p, 2) displacement of Myo1p from 

the bud neck, or 3) a conditional mutation that inhibits Myo1p motor activity.  These findings 

indicate that myosin motor activity provides the pulling force to drive movement of elongating 

actin cables from their site of assembly in the bud tip toward the mother cell. Additional work 

found that a tropomyosin isoform, Tpm2p, negatively regulates retrograde flow through 

inhibition of type II myosin binding to F-actin within actin cables.  Since type II myosins and 

tropomyosins have a similar function in retrograde actin flow in animals cells, these findings 

provide the first evidence that yeast can be used as a model system to study this fundamental, 

conserved mechanism for actin dynamics.  

 



 
 

Second, I conducted a drug-based screen for novel regulators of actin cables (Chapter III). 

Previous studies revealed a role for the yeast formins (Bni1p and Bnr1p) in stimulating 

polymerization of F-actin for actin cable formation, elongation and retrograde flow, and for other 

actin cable constituents including tropomyosins and actin bundling proteins in stabilizing and 

organizing F-actin within actin cables. Earlier work has revealed both that actin cables are 

selectively destabilized by low levels of the actin-destabilizing drug Latrunculin-A (Lat-A), and 

this drug inhibits cell growth. I carried out a screen designed to identify non-essential gene 

deletions that reduce the sensitivity of yeast to the growth inhibiting effects of low doses of Lat-

A.  

 

Eighteen out of 4,848 deletion strains comprising the yeast deletion library exhibited reduced 

sensitivity to low levels of Lat-A. Eight of the genes represent uncharacterized open reading 

frames (ORFs) or encode proteins with no known function or activity. Deletion of a majority of 

these gene results in increased actin cable number. Additionally, I found the growth inhibiting 

effects of Lat-A are not suppressed by 1) overexpression of either of TPM1 or TPM2 or 2) 

deletion of TPM2 and the associated increase in the rate of retrograde actin cable flow. 

Moreover, I found that one of the genes that reduces the growth-inhibiting effects of Lat-A, 

YHR022c, is an uncharacterized ORF which encodes a novel Ras-like protein. We call this gene 

Rar1p for Ras-like actin cable regulator. I found that deletion of RAR1 or expression of a 

constitutively active formin (Bni1p) produces similar phenotypes: 1) increased actin cable 

content in the presence and absence of low levels of Lat-A, 2) increased retrograde actin cable 

flow rates, and 3) resistance to Lat-A-dependent inhibition of growth. Finally, I found that the 

increase in actin cable content observed upon deletion of RAR1 requires Bni1p and not Bnr1p. 



 
 

Our findings reveal a role for previously uncharacterized genes in the regulation of actin cable 

stability, and new roles for previously characterized, conserved genes in this process.  Equally 

important, I identified a novel Ras-like protein, Rar1p, and found that it affects actin cable 

abundance and sensitivity to Lat-A by functioning as an isoform-specific, negative regulator of 

the formin protein Bni1p. Chapter IV describes future directions for the work outlined in 

chapters II and III.  
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Figure 1.1. Actin morphology 
in budding yeast. 
 

1. Actin Cable Organization and Function in Yeast 

There are two F-actin based structures present throughout the cell cycle in budding yeast: actin 

patches and actin cables (Fig. 1.1). Studies from our lab and others indicate that actin patches are 

endosomes that are coated with F-actin and associated with capping proteins, fimbrin, Rho 

family small GTPases and regulators (Cdc42p, Cdc24p, 

Bem3p), Rho family targets (Bem1p), the Arp2/3 complex, and 

protein kinases (Ark1p and Prk1p) (Huckaba and Pon, 2002; 

Kaksonen et al., 2006). Actin cables, the focal point of my 

thesis research, are parallel bundles of F-actin that reside 

cortically along the mother-bud axis. They contain F-actin and 

actin binding proteins, including the actin bundling proteins 

fimbrin (Sac6 in yeast) and Abp140p, and two tropomyosin 

isoforms (Tpm1p and Tpm2p) (Asakura et al., 1998; Drees et 

al., 1995; Drubin et al., 1988; Liu and Bretscher, 1989). 

Maintenance and formation of these structures requires actin polymerization; however, these 

mechanisms are differentially regulated. 

 

Actin cables are highly conserved, essential structures which serve as tracks for localization of 

vacuoles, secretory vesicles, late-Golgi components, spindle alignment elements, mRNA, and 

mitochondria to the emerging bud in yeast (Hill et al., 1996; Lazzarino et al., 1994; Liu and 

Bretscher, 1989; Pruyne et al., 1998; Rossanese et al., 2001; Schott et al., 2002; Simon et al., 

1997; Takizawa et al., 1997). Studies from our laboratory and others indicate that actin cables are 

required for bi-directional movement in budding yeast. Mitochondria move in the anterograde 
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Figure 1.2.  Retrograde flow of actin cables.  Actin cable dynamics were monitored using 
time-lapse imaging of the actin cable marker Abp140p-GFP. White arrows point to the 
position of the tip of the actin cable at t=0s in the time-lapse series.  Black arrows point to a 
bright landmark on the actin cable that undergoes retrograde movement (Yang and Pon, 2002). 

direction, from mother cells to bud, using actin cables as tracks and Arp2/3 complex-mediated 

actin polymerization for anterograde force generation (Boldogh et al., 2001). Secretory vesicles 

and spindle alignment elements require type V myosins and actin cables for their distribution, 

and move from the mother cell towards the bud in a linear fashion at a velocity proportional to 

the length of the type V myosin lever arm (Hwang et al., 2003; Schott et al., 2002).  As described 

below, my thesis research revealed a mechanism for actin cable-dependent cargo movement in 

the retrograde direction (from buds towards mother cells) that relies upon actin cable assembly 

and dynamics.   

 

2. Actin Cable Assembly and Retrograde Flow 

Latrunculin-A (Lat-A), an actin monomer-sequestering agent, disrupts actin cables within several 

minutes (Ayscough et al., 1997). This suggests that continuous polymerization and 

depolymerization of F-actin occurs in actin cables.  Other studies indicate that fimbrin (Sac6p) is 

important for organization and stabilization of actin cables, and that tropomyosins (Tpm1p and 

Tpm2p) are important for stabilizing actin cables (Belmont and Drubin, 1998). 
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Our lab has shown that by labeling a resident actin cable protein (Abp140p) with GFP, that actin 

cable formation and dynamics can be analyzed in living yeast cells (Yang and Pon, 2002). Time-

lapse imaging of Abp140p-GFP revealed that actin cables assemble at the bud tip and in the neck 

and exhibit elongation-driven movement away from their assembly site (Fig. 1.2). Analysis of 

movement of Abp140p-GFP fiduciary marks on bud-associated cables and fluorescence loss in 

photobleaching (FLIP) experiments revealed that actin cable elongation occurs by assembly of 

new material at the end of the cable within the bud, which results in displacement and movement 

of the elongating actin cable towards the tip of the mother cell distal to the bud. Lat-A treatment 

completely blocked this process, which is consistent with the established requirement for actin 

polymerization dynamics in the formation and maintenance of actin cables (Yang and Pon, 

2002).  

 

These studies also revealed that resident actin cable 

proteins are incorporated into actin cables in the bud tip or 

bud neck. Using conditional mutants to destabilize actin 

cables and then initiate new actin cable formation, an 

increase in Abp140p-GFP fluorescence in the bud was 

observed 30-60 sec after the initiation of actin cable 

formation. The accumulated Abp140p-GFP then 

dissipated.  Concomitant with this dissipation, Abp140p-

GFP-labeled actin cables began forming. Analysis of other 

resident actin cable proteins, Tpm1p and Sac6p (fimbrin), 

revealed that proteins also accumulate in the bud during 

Figure 1.3. Actin cable assembly 
occurs at the bud and bud neck.  
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formation of new actin cables.   

 

Together, these studies support a model for actin cable assembly, elongation, and retrograde flow 

(Fig. 1.3). According to this model, actin cable formation and elongation occurs in the bud tip 

and bud neck. During the initial formation of new actin cables, newly polymerized F-actin 

assembles with resident actin cable proteins, Abp140p, Tpm1p, and fimbrin.  Elongation of these 

newly formed actin cables then occurs by insertion of newly polymerized F-actin filaments and 

resident actin cable proteins at the end of the cable in the assembly site. This insertion results in 

translocation of the elongating actin cable away from the bud, a phenomenon we term 

“retrograde actin cable flow.” 

 

3. Actin polymerization and actin cable assembly 

F-actin nucleation and polymerization are required for the formation, maintenance and retrograde 

flow of actin cables. Here, I describe mechanisms underlying actin nucleation and 

polymerization, and the role of formins in actin polymerization during actin cable assembly in 

budding yeast.  

 

A. Actin Filament Polymerization 

Actin, the most abundant protein in many eukaryotic cells, is a 42 kDa globular protein. It exists 

in two states: globular (G-actin) or filamentous (F-actin). Actin filaments are polarized polymers 

of G-actin that are arranged as a double helix.  F-actin contains a barbed, or plus end, and a 

pointed, or minus end (Pollard and Borisy, 2003). ATP-bound G-actin is preferentially 

incorporated into the barbed end of an actin filament. Conversely, there is a preferential 
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disassembly of F-actin from its pointed end. This differential assembly and disassembly of actin 

monomers from the barbed and pointed ends of F-actin reflects an inherent polarity within the 

filament, which is essential for establishment and maintenance of cell polarity.  

 

The initial and rate-limiting 

step in actin polymerization is 

formation of a G-actin trimer, 

termed nucleation. The growth 

of a nucleated filament is a 

multi-step, dynamic process. 

Upon ATP-actin subunit 

addition at the barbed end, 

hydrolysis occurs (Fig. 1.4). At 

concentrations above the critical concentration for actin polymerization, ATP-bound actin has 

high polymerization activity (kpointed end = 0.8 – 2.2  molecules sec-1 µM-1 (Pollard and Mooseker, 

1981)) but low ATPase activity (k = 13 sec-1 (Pantaloni et al., 1985)).  As a result, the barbed end 

is enriched in ATP-bound actin, and ATP hydrolysis typically occurs in subunits located in the 

middle of the filament.  Cleavage of ATP results in the transient formation an intermediate 

consisting of actin bound to ADP and Pi, which remains associated with the filament. However, 

release of Pi results in production of ADP-bound actin, which rapidly dissociates from the 

pointed end of the filament (kd = 0.4 sec-1 (Korn et al., 1987)) (Fig 1.4). This cycle of ATP-actin 

addition at the barbed end, hydrolysis in the middle, with release of Pi, and ADP-actin 

dissociation at the pointed end is commonly referred to as “treadmilling” and can occur at rates 

Figure 1.4. Model of F-actin assembly. Adapted from 
(Moseley and Goode, 2006) 
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up to 45 µm/hr (Wang, 1985). 

 

B. Actin nucleation by the Arp2/3 Complex 

The Arp2/3 complex is a seven-subunit complex that contains two actin-related proteins, Arp2p 

and Arp3p (Robinson et al., 2001). The Arp2/3 complex acts as a pseudo-mimic for the trimer 

necessary for actin filament nucleation. Arp2/3 complex nucleation activity is activated by 

nucleation promoting factors including members of the Wiskott-Aldrich syndrome family protein 

(WASP, N-WASP, WAVE, and WASH proteins). During this process, the V domain of a WASP 

protein interacts with G-actin while the CA region associates with the Arp2/3 complex to create 

a nucleation core. Incorporation of a single G-actin monomer into the Arp2/3 complex is enough 

to overcome the rate-limiting nucleation step. During polymerization, the Arp2/3 complex 

remains associated with, and caps the filament at its pointed end. Elongation occurs by 

incorporation of actin into the barbed end of the filament (Pollard and Beltzner, 2002).  

 

Arp2/3 complex-stimulated actin polymerization generates force for cell migration at the leading 

edge of motile cells, for membrane deformation during endocytosis and phagocytosis and for 

intracellular movement of cargos including endosomes, phagosomes, yeast mitochondria as well 

as bacterial and viral pathogens (Pollard, 2007).  In each case, force production is believed to 

occur by Arp2/3 complex stimulated formation of a dendritic actin array (Blanchoin et al., 2000). 

During this process, Arp2/3 complex binds to the side of a pre-existing mother filament in order 

to form a 70° branched filament, and stimulates polymerization of a new actin filament at that 

site (Amann and Pollard, 2001; Machesky and Insall, 1998; Mullins et al., 1998; Rodal et al., 

2005; Winter et al., 1999; Winter et al., 1997). Actin filaments are cleaved by cofilin (discussed 

http://en.wikipedia.org/wiki/Wiskott-Aldrich_syndrome_protein�
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below) which promotes F-actin disassembly, and dissociation of Arp2/3. The complex is then 

recycled for subsequent rounds of actin nucleation.  

 

4. Formins 

Formins are large (120-220 kDA) proteins that catalyze actin filament assembly. Like actin, they 

are highly-conserved and found in plants, animals, and fungi. Formins have multiple domains, 

including: Formin homology 2 (FH2) domain, Formin homology 1 (FH1) domain, Rho GTPase-

binding domain (GBD), Diaphanous inhibitory domain (DID), and Diaphanous auto-regulatory 

domain (DAD) (Evangelista et al., 2003; Wallar and Alberts, 2003) (Fig. 1.5). The FH2 domain 

is the most highly conserved domain. It is both necessary and sufficient for actin filament 

formation 

(Evangelista et al., 

2002; Evangelista et 

al., 2003; Sagot et 

al., 2002b). The FH2 

domain interacts with 

the barbed end of 

actin filaments, promotes filament nucleation, and remains associated with the barbed end of the 

filament as it elongates. Specifically, this domain contains two F-actin binding sites and forms a 

head-to-tail donut-shaped homodimer that encircles the barbed end of the actin filament and acts 

as a “leaky cap” which protects the barbed end from capping while still allowing filament 

elongation (Moseley et al., 2004; Zigmond et al., 2003). Crystallography data further confirms 

Figure 1.5. Domain organization of Bni1 and Bnr1. Adapted from 
(Moseley and Goode, 2006). 
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this model, as the FH2 dimer is flexible and allows formins to stair-step on the barbed end of an 

elongating actin filament (Xu et al., 2004).  

 

The formin FH2 domain competes with capping protein for binding to the barbed end of F-actin 

(Moseley et al., 2004). Capping protein has a higher affinity for the barbed end as compared to 

the FH2 domain. However, in areas of high formin concentration, formins bind preferentially to 

the barbed end of nucleated and elongating F-actin. Therefore, not only is the FH2 domain 

actively responsible for actin filament nucleation, it also acts to inhibit binding of capping 

protein to nucleated and elongating filaments.  

 

Actin polymerization is a function of both nucleation and elongation – formins affect both.  

Nucleation can be tested via the pyrene actin assay, whereas elongation can be tested with total 

internal reflection fluorescence microscopy (TIRF). The rate of elongation is influenced by 

interactions of the FH1 domain with profilin-bound actin. Profilin, a highly conserved actin 

monomer binding protein, has two binding surfaces: one that binds actin monomers, and another 

that binds polyproline motifs in the formin FH1 domain (Lu and Pollard, 2001; Wolven et al., 

2000). Binding of profilin and its bound actin to the FH1 formin domain results in recruitment of 

free G-actin monomers into the elongating filament, which increases the rate of actin 

polymerization (Evangelista et al., 1997; Imamura et al., 1997).  

 

A. Formin Function in Actin Cable Assembly 

In budding yeast, there are two formin isoforms: Bni1p and Bnr1p. Bni1p localizes to the bud tip 

for most of the cell division cycle and at the bud neck immediately before cytokinesis (Fig. 1.6). 
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Bnr1p localizes statically to the bud neck. In addition, these proteins have an essential function 

in the establishment and maintenance of actin cables. Specifically, deletion of both formins is 

lethal, but single gene deletions are viable (Imamura et al., 1997; Pruyne et al., 2004).  

Moreover, conditional loss of 

function of both yeast formins 

results in actin cable 

disassembly and cell death 

(Ozaki-Kuroda et al., 2001; 

Vallen et al., 2000). These 

findings indicate that formin-

dependent actin polymerization 

is required for the establishment 

and maintenance of actin cables, 

which in turn, is essential for 

yeast cell growth and viability.    

 

B. Differential activities and regulation of yeast formins 

My studies support a role for a previously uncharacterized Ras protein, Rar1p, as a negative 

regulator of actin cables.   Specifically, I found that deletion of RAR1 results in an increase in the 

number of actin cables and reduced sensitivity of actin cables to treatment with low levels of Lat-

A.  Moreover, I found that the increase in actin cables observed in rar1∆ cells requires Bni1p but 

not Bnr1p. Thus, Rar1p is an isoform-specific negative regulator of formins. Here, I describe 

Figure 1.6. Bni1-GFP and Bnr1-GFP expressed from a 
high-copy plasmid. Bni1p localizes to the bud neck early 
in the cell cycle and the bud neck for cytokinesis. Bnr1p 
statically localizes to the bud neck. Adapted from (Pruyne 
et al., 2004). 
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mechanisms for regulation of formins, and differences in Bni1p and Bnr1p, which may provide a 

basis for understanding isoform-specific regulation of yeast formins by Rar1p. 

 

C. Yeast formin proteins are not functionally redundant 

Although one of the yeast formins can compensate for the loss of the other, Bni1p and Bnr1p 

have distinct biochemical activities. While profilin binds to the FH1 domains of Bni1p and 

Bnr1p, Bni1p has three profilin binding sites, while Bnr1p has only two (Moseley and Goode, 

2006). In addition, purified Bnr1 can bundle actin filaments in vitro and has 10- to 15- fold more 

potent actin assembly compared to purified Bni1p.  Moreover, Bnr1 can protect the barbed ends 

of actin filaments from the activity of capping protein at lower concentrations than Bni1, 

indicating that Bnr1p has an increased affinity for barbed ends (Moseley and Goode, 2005).  

 

Bni1p and Bnr1p also localize to different places within the yeast cell. Bni1p is dynamic, and 

displays linear retrograde movement (Buttery et al., 2007). It localizes to the bud tip during bud 

emergence and to the bud neck upon cytokinesis (Kohno et al., 1996) (Fig 1.6). In contrast, 

Bnr1p remains statically localized to the bud neck (Fig 1.6) (Buttery et al., 2007; Evangelista et 

al., 2002; Pruyne et al., 2004; Sagot et al., 2002b). Bnr1p localization depends on bud neck-

localized septins, GTP-binding proteins which function in cytokinesis (Kikyo et al., 1999). 

Recent work has revealed localization domains in Bnr1p that form stable associations with 

septins at the bud neck (Gao et al., 2010). Interestingly, deletion of Bnr1p causes Bni1p to 

localize both to the bud neck as well as the bud tip (Pruyne et al., 2004). Given the differential 

localization of Bni1p and Bnr1p, it is likely that they function in assembly and retrograde flow of 

distinct subsets of actin cables.  That is, Bni1p may play a predominant role in the assembly and 
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dynamics of actin cables that form in the bud tip, while Bnr1p may play a predominant role in 

actin cables that form at the bud neck. 

 

D. Rho protein regulation of formin proteins 

Rho GTPases are molecular switches that alternate between the GTP-bound active state and the 

GDP-bound inactive state. These small, monomeric GTPases number over 60 in mammals, and 

fall into five groups: Ras, Rho, Rab, Arf and Ran (Etienne-Manneville and Hall, 2002). The C-

terminal DAD domain of formins binds to their N-terminal DID, which hinders access to the 

FH1 and FH2 domains, resulting in the inhibition of their actin assembly activity (Li and Higgs, 

2003; Watanabe et al., 1999).  This autoinhibition can be relieved by Rho GTPase binding to the 

GBD domain. The N-terminal GBD domain interacts with active GTP-bound Rho GTPases 

(Evangelista et al., 1997) (Imamura et al., 1997; Kohno et al., 1996). Rho GTPase binding to the 

GBD domain relieves the autoinhibition by the DAD domain, and subsequently activates the 

formin (Alberts, 2001; Watanabe et al., 1999). This finding was first characterized in the 

mammalian formin homologue, mDia1 (Watanabe et al., 1999), and consensus DAD domains 

were later found in other organisms (Alberts, 2001). It is presumed that orthologous DAD 

domains present in formin family proteins also confer autoinhibition. 

 

In budding yeast, regulation is controlled by distinct Rho signaling pathways acting on Bni1p 

and Bnr1p at various cell stages and in response to external cell stress (Dong et al., 2003). In 

order for proper formin activation and recruitment to their sites of action, Rho proteins must first 

be locally activated by signals (e.g., chemoattractants, mating pheromones, growth factors) 
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(Heasman and Ridley, 2008). Activated Rho-GTPases can then bind to the GBD of formins to 

release the autoinhibition of DID-DAD interactions (Rose et al., 2005).  

 

Cdc42p is the canonical Rho GTPase responsible for actin patch and actin cable polarization in 

budding yeast. Early studies revealed that Cdc42p promotes the formation of actin containing 

finger-like membrane extensions in filopodia (Nobes and Hall, 1995). In budding yeast, Cdc42p 

is recruited to the plasma membrane, where it interacts with Bni1p. Cdc42p is not required for 

formin-mediated actin assembly, since in its absence, actin cables assemble. However, actin 

cables are not properly organized in CDC42 mutants (Dong et al., 2003; Moseley and Goode, 

2005; Pruyne and Bretscher, 2000). These findings indicate that Cdc42 may be required for 

proper formin localization (Ozaki-Kuroda et al., 2001).  

 

Four Rho family proteins in yeast (Cdc42p, and Rho1, 3 and 4p) activate Bni1p and/or Bnr1p 

(Evangelista et al., 1997; Kohno et al., 1996; Ozaki-Kuroda et al., 2001; Pruyne et al., 2004). 

Cdc42 controls actin assembly upon bud formation. Rho3 and Rho4 control actin assembly 

during bud development.  Finally, Rho1p controls actin assembly during periods of cell stress 

(Moseley and Goode, 2006). All four Rho proteins interact with Bni1p (Dong et al., 2003; 

Evangelista et al., 1997; Kohno et al., 1996). In contrast, Bnr1p only interacts with Rho4p 

(Imamura et al., 1997).  

 

E.  Other mechanisms for formin regulation in yeast 
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Recent work indicates that Bni1p activity and localization are regulated by phosphorylation. 

Interestingly, this mechanism of regulation appears to be formin isoform specific. Specifically, 

Bni1p purified from yeast is phosphorylated, while purified Bnr1p is not phosphorylated 

(Moseley and Goode, 2005). Prk1 (p53-regulating kinase 1), a Ser/Thr protein kinase required 

for the proper organization and function of the cytoskeleton, phosphorylates Bni1p in vitro. This 

phosphorylation releases Bni1 from autoinhibition, resulting in actin assembly (Wang et al., 

2009). In addition, Fus3p (Ser/Thr protein kinase) phosphorylation is required for Bni1p 

activation and localization (Matheos et al., 2004).  

 

Non-Rho family proteins also interact with formin proteins. In budding yeast, Bud6p (polarity 

factor bud site selection protein 6) binds to actin monomers and the DAD domain of Bni1p. 

Binding of Bud6p and its associated F-actin to Bni1p increases the actin polymerization activity 

of Bni1p 15-fold (Chesarone et al., 2009b; Moseley and Goode, 2005). Given the similarity to 

profilin effects on formin, it is possible that Bud6p stimulates formin function in actin 

polymerization by recruiting actin to the site of polymerization. In this model, the DAD domain 

has two functions: one in autoinhibitoin, and another in actin recruitment to Bni1p. Interestingly, 

this regulatory mechanism also appears to be formin isoform specific: Bud6p does not interact 

with Bnr1p (Delgehyr et al., 2008).  

 

Finally, Bud14p is negative regulator of Bnr1p but not Bni1p.  Previous studies revealed that 

deletion of BUD14 results in formation of abnormally long buds and that the lethality associated 

with deletion of BUD14 is exacerbated by bni1Δ (Cullen and Sprague, 2002).   Recent studies 

indicate that Bud14p inhibits Bnr1p by displacing the Bnr1-FH2 domain from barbed filament 
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ends (Chesarone et al., 2009b). Deletion of Bud14p resulted in fewer actin cables which are 

abnormally long and bent (Chesarone et al., 2009b). Bud14p is the only known negative 

regulator of formins in budding yeast, which acts exclusively on Bnr1p. 

 

Additional questions still remain. Are additional negative formin regulators present in budding 

yeast? Are these regulators isoform specific for either Bni1p or Bnr1p? What effects do these 

regulators have on actin cable structure, abundance, and dynamics? My thesis work aims to 

address these questions in Chapter III. 

 

5. Retrograde Flow – A Highly Conserved Process  

In migrating neuronal growth cones and epithelial cells, actin is assembled at the leading edge by 

the Arp2/3 complex (Pollard and Borisy, 2003). Here the rapid, yet controlled assembly and 

disassembly of actin filaments is responsible for movement: 1) protrusion of actin-rich structures 

in front of cells, 2) attachment of the actin cytoskeleton across the plasma membrane, and 3) 

traction to draw forward the bulk of the trailing cytoplasm.  

 

When I began my thesis work, preliminary evidence from our laboratory indicated that 

retrograde actin flow may be conserved in yeast.  Specifically, Yang and Pon (2002) found that 

actin cables undergo assembly and elongation movement from the bud tip towards the tip of the 

mother cell distal to the bud. Moreover, they showed that actin cable elongation occurred by a 

mechanism that is similar to elongation of cortical actin networks and bundles in animal cells: 
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incorporation of newly polymerized actin and actin-associated proteins into actin cables at the 

cell cortex. They referred to this process as retrograde actin cable flow. 

 

Studies in our laboratory and others also revealed a role for retrograde actin flow in intracellular 

movement in yeast and animal cells. Our lab found that retrograde actin cable flow drives 

retrograde movement of endosomes and mitochondria (Fehrenbacher et al., 2004; Huckaba et al., 

2004). Work from the Gunderson laboratory revealed that nuclei and their associated 

microtubule organizing centers undergo rearward movement away for the leading edge of motile 

fibroblast during wound healing, and that this process is driven by retrograde actin cable flow 

(Gomes et al., 2005). Thus, available evidence indicated that retrograde actin cable flow in yeast 

and actin network flow in animal support have a similar function in retrograde cargo transport. 

 

Figure 1.7. Role of type II myosin and tropomyosin in retrograde actin flow in 
budding yeast and motile animal cells. Adapted from (Kovar, 2007). 
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While actin dynamics and functional consequences of retrograde actin cable and network flow 

were observed to be similar in yeast and animal cells, it was not clear whether a mechanism for 

force generation during retrograde actin flow in animal cells, which does not rely on actin 

polymerization, is conserved in yeast. Inhibition of the Arp2/3 complex in the leading edge of 

motile cells inhibits, but does not stop, retrograde actin flow. This suggests the force of actin 

polymerization and assembly provide the push for retrograde actin cable flow, and that forces 

other than actin polymerization also contribute to this process (Schaefer et al., 2002). Further 

conformation came from stationary sea urchin coelomocytes. Here, actin filaments assemble at 

the cell edge, centripetal flow is observed, yet actin filament length is preserved (Henson et al., 

1999). These findings indicate that retrograde flow is a highly conserved, inherent property of  

actin cables and is a distinct, yet related, process to cell motility. It also implies that other cellular 

factors other than treadmilling alone contribute to retrograde flow.  

 

Myosin and tropomyosin have been previously implicated in retrograde flow. In neuronal growth 

cones of the sea slug Aplysia, retrograde actin flow occurs by actin-filament assembly at the 

leading edge coupled with interior myosin II contraction (Lin et al., 1996). Similarly, inhibition 

of myosin II in neuronal growth cones has been shown to inhibit retrograde flow (Lin et al., 

1996; Medeiros et al., 2006). One model implies that myosin II motor activity pulls on the actin 

network. Tropomyosin also contributes to retrograde flow in migrating epithelial cells, as 

overexpression of tropomyosin inhibits functional lamellipodium formation. Inhibition of 

tropomyosin may affect retrograde flow by enhancing myosin II activity; however, the 

mechanism underlying tropomyosin function in this process is not known (Gupton et al., 

2005)(Fig. 1.7). 
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My thesis work shows that type II myosin localizes to the bud neck, and that myosin II motor 

function is required for rearward actin flow of cables emanating from the bud neck (Chapter II). 

Two tropomyosin isoforms localize to actin cables in budding yeast, but unlike epithelial cells, 

one of the isoforms (Tpm2p) negatively regulates retrograde actin flow by reducing myosin II’s 

affinity for actin (Huckaba et al., 2006). These results support the notion that yeast is a good 

model system in which to study retrograde actin flow and to discover novel regulators of this 

process.
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ABSTRACT 
 

 

Retrograde flow of cortical actin networks and bundles is essential for cell motility and 

retrograde intracellular movement, and for the formation and maintenance of microvilli, 

stereocilia, and filopodia. Actin cables, F-actin bundles that serve as tracks for anterograde and 

retrograde cargo movement in budding yeast, undergo retrograde flow that is driven partly by 

actin polymerization and assembly. We find that the actin cable retrograde flow rate is reduced 

by deletion or delocalization of the type II myosin Myo1p, and by deletion or conditional 

mutation of the Myo1p motor domain. Deletion of the tropomyosin isoform Tpm2p, but not the 

Tpm1p isoform, increases the rate of actin cable retrograde flow. Pretreatment of F-actin with 

Tpm2p, but not Tpm1p, inhibits Myo1p binding to F-actin and Myo1p-dependent F-actin 

gliding.  These data support novel, opposing roles of Myo1p and Tpm2p in regulating retrograde 

actin flow in budding yeast and an isoform-specific function of Tpm1p in promoting actin cable 

function in myosin-driven anterograde cargo transport.   
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INTRODUCTION 

 

Retrograde, or centripetal, flow was originally identified as the net transport of surface receptors 

and the underlying actin cytoskeleton from the cell cortex towards the center of the cell (Bray, 

1970; Yamada and Wessells, 1973). This process has been studied extensively in motile cells 

including neuronal growth cones, cultured fibroblasts, and fish keratocytes (Forscher and Smith, 

1988; Heath, 1983; Theriot and Mitchison, 1991), where it is required for the generation of 

traction forces on the substratum for cell movement and necessary for the maintenance of 

polarized, directional growth. Retrograde actin flow also occurs in non-motile cells such as sea 

urchin coelomocytes (Henson et al., 1999). In both motile and non-motile cells, retrograde flow 

occurs as a result of two forces: the “push” of actin polymerization caused by addition of G-actin 

at the barbed ends of elongating actin filaments at the cell cortex, and the “pull” of myosin 

molecules further back in the network.  Numerous studies, including those using inhibitors for 

myosin or myosin light chain kinase, have implicated conventional, type II myosin in retrograde 

actin flow (Brown and Bridgman, 2003; Gupton et al., 2002; Jurado et al., 2005; Lin et al., 1996; 

Medeiros et al., 2006).  Other studies have also implicated tropomyosin in the regulation of actin 

flow, through the isoform-specific regulation of both the length of the actin network and the rate 

of retrograde flow (Gupton et al., 2005).  

 

Retrograde actin flow, similar to that observed in cortical actin networks in motile and non-

motile cells, also occurs in polarized actin bundles within microvilli, filopodia, and stereocilia 

(reviewed in (Lin et al., 2005)). In each of these cortical protrusions, actin bundles elongate by 

the addition of new material to the tip of the bundle, which comprises F-actin barbed ends and a 
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“tip complex” detected by ultrastructural analysis (Mallavarapu and Mitchison, 1999; Schneider 

et al., 2002; Tyska and Mooseker, 2002). Imaging of actin dynamics revealed that addition of 

material to the tip of actin bundles results in retrograde, or centripetal, flow of F-actin within the 

bundle from the tip towards the base of the bundle (Rzadzinska et al., 2004).  

 

Several lines of evidence indicate that actin cables in budding yeast are conserved structures, 

which exhibit retrograde flow.  Actin cables are parallel bundles of F-actin that align along the 

mother-bud axis and contain cross-linking and stabilizing proteins including fimbrin (Sac6p), 

Abp140p, and two tropomyosin isoforms (Tpm1p and Tpm2p) (Adams and Pringle, 1984; 

Amberg, 1998; Asakura et al., 1998; Drees et al., 1995; Drubin et al., 1988; Hermann et al., 

1997; Liu and Bretscher, 1989; Pruyne et al., 1998; Singer and Shaw, 2003). Actin cables are 

required for the localization of vacuoles, secretory vesicles, mitochondria, late-Golgi 

components, spindle alignment elements, and ASH1 mRNA to the developing bud (Hill et al., 

1996; Lazzarino et al., 1994; Liu and Bretscher, 1989; Pruyne et al., 1998; Rossanese et al., 

2001; Schott et al., 2002; Simon et al., 1997; Takizawa et al., 1997). With the exception of 

mitochondria, which use Arp2/3-complex-mediated actin polymerization for anterograde 

movement (Boldogh et al., 2001), all of the other particles which rely on actin cables for 

distribution require type V myosin for localization in the bud.  In the case of secretory vesicles 

and spindle-alignment elements, bud-directed movement is linear and occurs at a velocity that is 

directly proportional to the length of the type V myosin lever arm (Hwang et al., 2003; Schott et 

al., 2002). Thus, there is evidence that actin cables serve as tracks for myosin-driven, bud-

directed particle movement. Moreover, since type V myosins are barbed-end directed motors, it 

is likely that actin cables, like actin bundles in other eukaryotes, consist of actin filaments that 
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are physically or functionally polarized with their barbed end oriented towards their assembly 

site in the bud.  

 

Recent studies indicate that actin cables undergo retrograde flow. Previously, we showed that 

actin cables are labeled in living cells using an Abp140p-GFP fusion protein (Yang and Pon, 

2002).  Time-lapse imaging of Abp140p-GFP revealed that actin cables are dynamic structures 

that assemble in the bud and bud neck and exhibit assembly-dependent retrograde flow away 

from assembly sites along the mother-bud axis. Fluorescence loss in photobleaching (FLIP) 

experiments and analysis of the movement of fiduciary marks of Abp140p-GFP on motile actin 

cables revealed that insertion of material at the tip of the cable located within the bud results in 

retrograde movement of the entire cable toward the mother cell.  Consistent with these findings, 

other laboratories showed that the yeast formins, Bni1p and Bnr1p, are required for actin cable 

stability, have the capacity to stimulate actin polymerization, and localize to the sites of actin 

cable assembly detected using Abp140p-GFP (Dong et al., 2003; Evangelista et al., 2002; 

Imamura et al., 1997; Kohno et al., 1996; Sagot et al., 2002a; Sagot et al., 2002b).   

 

Our previous results also showed that actin cable movement could be mediated by assembly-

independent mechanisms. Specifically, we found that fixed-length fragments of actin cables, 

produced by treatment with low levels of the actin monomer sequestering factor Latrunculin A, 

move along the cell cortex. This movement did not depend on actin cable assembly, and 

occurred parallel to the long axis of the actin cable (Yang and Pon, 2002).  These findings raised 

the possibility that myosin molecules that are anchored to the cortex could provide a pulling 

force for actin cable retrograde flow. Saccharomyces cerevisiae has five myosin genes: two type 
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I myosin genes (MYO3 and MYO5), one type II myosin gene (MYO1), and two type V myosin 

genes (MYO2 and MYO4) (Goodson et al., 1996; Goodson and Spudich, 1995; Haarer et al., 

1994; Johnston et al., 1991; Watts et al., 1987).  Type I myosins localize to actin patches (actin-

coated endosomes) where they contribute to the control of actin organization, endocytosis, and 

activation of the actin nucleation activity of the Arp2/3 complex (Evangelista et al., 2000; 

Goodson et al., 1996; Grosshans et al., 2006; Idrissi et al., 2002; Lechler et al., 2000).  The type 

II myosin of yeast localizes to the bud neck, and has been implicated in cytokinesis (Bi et al., 

1998; Lippincott and Li, 1998; Vallen et al., 2000).  Finally, type V myosins are motors for bud-

directed cargo movement along actin cables, and accumulate in the bud tip (Hwang et al., 2003; 

Lillie and Brown, 1994; Schott et al., 2002). Here, we studied the role of yeast myosins in actin 

cable dynamics. 

 

Here, we report novel roles for a type II myosin (Myo1p) in retrograde actin cable flow in 

budding yeast. Our findings indicate that retrograde actin flow is conserved from yeast to 

humans, and raise the possibility that budding yeast may be useful as a model system for 

studying this fundamental process.  
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MATERIALS AND METHODS 

 
Yeast strains and plasmids  

Yeast strains used in this study are listed in Table 2.1.  With the exception of the myo3∆ myo5∆ 

strain, which is in the W303 genetic background, all strains used are S288C.  

Table 2.1: Yeast strains used in this study. 
Strain Genotype Reference 
YCY006 MATα can1-100 ade2-1 his3-11  leu2-3,112 ura3-1 trp1-1 

ABP140::GFP::KanMX6 
Yang and 
Pon  2001 

YCY009 MATa can1-100  ade2-1  his3-11   leu2-3,112  ura3-1  trp1-1  
myo3∆::HIS3  myo5∆::TRP1  ABP140::GFP::KanMX6 

this study 

YCY010 MATa  leu2-3,112  his3-200  ura3-52  myo2-66::HIS3  
myo4∆::URA3  ABP140::GFP::KanMX6 

this study 

YCY027 MATα his3∆ leu2∆  met15∆  ura3∆  ABP140::GFP::KanMX6 Huckaba et 
al. 2004 

THY114-2d MATα his3∆  leu2∆  met15∆  lys2∆  ura3∆  
mdm20∆::KanMX6  ABP140::GFP::KanMX6 

this study 

THY118 MATα his3∆  leu2∆  met15∆  ura3∆  tpm1∆::KanMX6  
ABP140::GFP::HIS3 

this study 

THY119 MATα a his3∆  leu2∆  met15∆  ura3∆  tpm2∆::KanMX6  
ABP140::GFP::HIS3 

this study 

THY120 MATα leu2-3,112  ura3-52  ade1-101  myo1∆::URA3  
ABP140::GFP::KanMX6 

this study 

THY158 MATα his3∆  leu2∆  met15∆  ura3∆  MYO1::GFP::HIS3 this study 
THY159 MATα his3∆  leu2∆  met15∆  ura3∆  MYO1::GFP::HIS3  

pTH12 (MYO1-tail)::URA3 
this study 

THY160 MATα his3∆  leu2∆  met15∆  ura3∆  
ABP140::GFP::KanMX6  pTH12 (pGal-MYO1-tail)::URA3 

this study 

THY192 MATα his3∆  leu2∆  met15∆  ura3∆  ABP140::GFP::kanMX  
pTH15 (myo1-66::GFP)::URA3 

this study 

THY193 MATα his3∆  leu2∆  met15∆  ura3∆  ABP140::GFP::kanMX  
pTH15 (myo1-66::GFP)::URA3  myo1∆::HIS3 

this study 

THY194 MATα his3∆  leu2∆  met15∆  ura3∆  p846 (MYO1-
GFP)::URA3 

this study 

THY195 MATα his3∆  leu2∆  met15∆  ura3∆  pTH14 (myo1-
66)::URA3 

this study 

THY196 MATα his3∆  leu2∆  met15∆  ura3∆  tpm2∆::kanMX  pEH002 
(GAL-TPM1)::URA3 

this study 

THY197 MATα his3∆  leu2∆  met15∆  ura3∆  tpm1∆::kanMX  pEH006 
(GAL-TPM2)::URA3 

this study 

VSY21 MATa   leu2-3,112  his3-200  ura3-52  myo2-66::HIS3  
myo4∆::URA3 

Simon et al.  
1995 

HA31-9c MATa  can1-100  ade2-1  his3-11   leu2-3,112  ura3-1  trp1-1  
myo3∆::HIS3  myo5∆::TRP1 

Goodson et 
al.  1996 

BN4 MATα leu2-3,112  ura3-52  ade1-101  myo1∆::URA3 Negron et 
al.  1996 
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BY4741 MATα his3∆  leu2∆  met15∆  ura3∆ Open 
Biosystems 

RG7224 MATα his3∆  leu2∆  met15∆  ura3∆  tpm1∆::KanMX6 Open 
Biosystems 

RG2297 MATα his3∆  leu2∆  met15∆  ura3∆  tpm2∆::KanMX6 Open 
Biosystems 

RG11767 MATα his3∆  leu2∆  lys2∆  ura3∆  mdm20∆::KanMX6 Open 
Biosystems 

TLY002 MATα his3∆  leu2∆  met15∆  ura3∆  ABP140::GFP::kanMX 
pTL02 (MYO1::GFP)::LEU2 

this study 

TLY003 MATα his3∆  leu2∆  met15∆  ura3∆  ABP140::GFP::kanMX 
pTL03 (MYO1-Tail::GFP)::LEU2 

this study 

 

We do not detect any significant difference in the rate of retrograde actin cable flow in wild-type 

W303 strains compared to that in S288C strains (data not shown).   Yeast cell growth and 

manipulations were carried out according to established protocols (Sherman, 2002).  To visualize 

actin cables in living cells, the C-terminus of Abp140p was tagged with GFP (S65T) using PCR-

based insertion of the GFP gene (Longtine et al., 1998) into the chromosomal copy of ABP140, 

as described previously (Yang and Pon, 2002).  The cassette used to insert GFP into the ABP140 

gene of wild-type and myosin mutant cells was amplified from pFA6a:GFP (S65T):HIS3 with 

the following primers: forward 5’AAATATTGATAGTAACAATG-

CACAGAGTAAAATTTTCAGTCGGATCCCCGGGTTATTAA-3’, and  reverse 5’AAAGG-

ATATAAAGTCTTCCAAATTTTTAAAAAAAAGTTCGGAATTCGAGCTCGTTAAAC-3’. 

Amplified DNA was transformed into the strains of interest, and cells that had integrated the 

GFP cassette into the ABP140 gene were selected by their ability to grow on synthetic media 

lacking histidine. 

 

The strain containing a deletion in the MDM20 gene and a GFP tag on Abp140p (THY114-2d) 

was constructed by mating a haploid mdm20∆ cell (RG11767) with a wild-type cell expressing 
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Abp140p-GFP (YCY027).  The resulting diploids were sporulated in medium containing 1% 

KOAc + 0.025% glucose, and haploids produced from the diploids were selected using a visual 

screen for GFP-labeled actin cables and PCR to verify deletion of the gene of interest.  

 

Plasmid pTH12 is a two-micron plasmid that encodes the 868 C-terminal amino acids of Myo1p 

under the control of the GAL1-10 promoter (similar to that described in (Tolliday et al., 2003)).  

For the construction, DNA encoding the tail region of MYO1 was amplified from wild-type yeast 

genomic DNA using the following forward and reverse primers, respectively: (5’-

TCAGGATCCTGACATAAAATTGGTCACTTTAGA-3’) and (5’-AGTTAAAAGCTT

 

TTAA- 

CTGAAAATTTTACTCTGTGCATT-3’) The forward primer contains a BamHI restriction site, 

and the reverse primer contains a HindIII restriction site.  The product was purified and ligated 

into the BamHI and HindIII sites of the plasmid pGAL68.  The resulting vector contains an in-

frame ATG from codon 1060 of MYO1 downstream of the GAL1 promoter.  Induction of Myo1p 

tail overexpression was performed by shifting cells from synthetic media supplemented with 

raffinose into synthetic media containing both raffinose and galactose. 

Plasmid pTH14 is a CEN-based plasmid that contains the MYO1 promoter within 555 bases of 

the upstream UTR of the gene followed by a GFP (S65T)-tagged MYO1 gene that carries an 

E528K mutation (myo1-66). To construct this plasmid, site-directed mutagenesis was performed 

on the plasmid p846 using the QuickChange Site-Directed Mutagenesis Kit (Strategene, 

Rockford IL), a PCR-based method for mutagenesis.  Primers were designed to mutate glutamate 

528 to a lysine by a single nucleotide substitution (GAAAAA).  After PCR amplification, the 
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mutated fragment was cleaved using AgeI and BclI and reinserted into p846.  This new plasmid 

was sequenced to confirm the presence of the mutation.  

 

Plasmids pTL2 and pTL3 are centromere-based plasmids that contain full-length MYO1 and the 

MYO1 tail (amino acids 842-1928) under control of the MYO1 promoter. These plasmids were 

produced from pGFP-MYO1 and pGFP-MYO1-Tail, which were generously provided by M. 

Lord and T. Pollard (Lord et al., 2005).  To allow for transformation into strains of interest, the 

TRP1 marker on pGFP-MYO1 and pGFP-MYO1-Tail was replaced with LEU2.  To do so, the 

TRP1 marker was excised from pGFP-MYO1 and pGFP-MYO1-Tail by digestion with PvuI. 

The LEU2 marker, which was amplified from pRS415, was then inserted into the plasmid at the 

PvuI site.  

 

Microscopy and image analysis  

For time-lapse fluorescence imaging of Abp140p-GFP, cells were grown in synthetic complete 

(SC) or lactate medium (Yang and Pon, 2002) until early log phase at 25˚C.  3 µl of cell 

suspension was applied to a microscope slide and covered with a cover slip.  Microscopy was 

carried out using a Nikon E600 microscope equipped with a Plan Apo ×100/1.4 N.A. objective 

and a cooled charge-coupled device camera (Orca-ER, Hamamatsu, Bridgewater, NJ). 

Illumination with a 100W mercury arc lamp was controlled with a shutter (Uniblitz D122, 

Vincent Associates, Rochester, NY). The temperature of the objective lens was controlled using 

an objective heater (Bioptechs, Butler, PA).  Images were collected and analyzed using Openlab 

3.0.8 software (Improvision, Lexington, MA) and ImageJ 1.28 (public domain), respectively.  

The exposure time and time interval between successive image acquisitions were 400 msec and 
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~500 msec, respectively. The total imaging time for the time-lapse imaging was 20 sec. For 

determination of the velocity of elongating actin cables, the change in position of fluorescent 

fiduciary marks on elongating cables was measured as a function of time, as described 

previously (Yang and Pon, 2002).   

 

Time-lapse imaging of fluorescently-labeled actin filaments in actin gliding assays was 

performed as described above. The exposure time and time interval between successive image 

acquisitions were 400 msec and 500 msec, respectively. The total imaging time for the time- 

lapse imaging was 50 sec. For determination of the velocity of microfilament gliding, the change 

in position of the tips of gliding actin filaments was measured as a function of time, as described 

previously (Yang and Pon, 2002).  

 

For analysis of the localization of GFP-tagged wild-type and myo1-66 mutant proteins, 25 z-

sections were obtained at 0.2 µm intervals through the entire cell.  Z-sectioning for 3-D imaging 

was carried out using a piezoelectric focus motor mounted on the objective lens of the 

microscope (Polytech PI, Auburn, MA).  Out-of-focus light was removed by digital 

deconvolution, and each series of deconvolved images was projected and rendered with Volocity 

software (Improvision Inc, Coventry, UK).  

 

Preparation of yeast cell lysate 

For purification of actin and the GFP-tagged wild-type and mutant Myo1p proteins from yeast, 

cells were grown to mid-log phase, concentrated by centrifugation (1,500 x g for 10 min), and 
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suspended in cell lysate buffer (25 mM imidazole-HCl, pH 7.4; 25 mM KCl; 4 mM MgCl2; 200 

µM ATP; 2 mM DTT; 1 mM EGTA; 1 mM PMSF; and a protease inhibitor cocktail described 

previously (Lazzarino et al., 1994)).  The cell suspension was then added drop-wise into liquid 

nitrogen.  The resulting frozen pellets were ground in a liquid nitrogen-cooled coffee grinder for 

5-10 sec and the ground powder was stored at –80˚C.  The ground powder was thawed at 4˚C 

and clarified by centrifugation at 1,500 x g for 4 min at 4˚C.  The pellet was discarded and the 

supernatant was used in as whole cell lysate as described below. 

 

For quantitation of the steady state level of Myo1p and myo1-66p, cells were grown to mid-log 

phase (OD600 = 0.7) in 10 ml of SC-ura liquid medium.  Cells were concentrated by 

centrifugation, washed with distilled water, and resuspended in 300 µl lysis buffer (50 mM 

imidazole, pH 7.4, 1% triton X-100, 2 mM PMSF, and protein inhibitor cocktails 1 and 2).  1 ml 

of 0.5 mm glass beads (Biospec Products, Inc., Bartlesville, OK) were washed in lysis buffer and 

added to the cell suspension.  The mixture was vortexed vigorously for 6 min at 4°C.  Thereafter, 

200 µl of the lysate was removed and mixed with 66.6 µl of 4X SDS sample buffer.  The mixture 

was incubated at 100°C for 3-4 min. Proteins in the solubilized lysate were analyzed by SDS-

PAGE, followed by Western blots.  

 

Microfilament Gliding Assays 

Construction of nitrocellulose-coated flow chambers:  Ethanol-washed coverslips were coated 

with 0.5% nitrocellulose and allowed to air-dry. The coverslip was then applied onto a 

microscope slide with the coated side facing down, using double-stick tape as adherent spacers. 

The resultant flow chamber volume was ~30 µl. 
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Immobilization of GFP-tagged type II myosin in the flow chamber

 

:  Protein A (0.5 mg/ml) in 

TBS was added to the flow chamber and allowed to incubate for 30 min at RT.  Unbound protein 

A was removed by three washes with TBS.  Anti-GFP antibody (50 µg/ml) (Roche, Indianapolis, 

IN) was then added to the flow chamber and allowed to incubate for 30 min at RT.  Unbound 

antibody was then removed as described above.  To prevent non-specific binding, 5 mg/ml BSA 

in TBS was added, and after a 30-min incubation at RT, unbound material was removed by two 

washes with TBS and two washes with cell lysate buffer.  Finally, cell lysate from THY158 

(wild-type cells expressing C-terminally GFP-tagged Myo1p) was added to the flow chamber 

and incubated for 2-4 hours at 4°C.  Unbound material was removed by two washes with motility 

buffer (25 mM imidazole HCl, pH 7.4; 25 mM KCl; 4 mM MgCl2; 1 mM EGTA; 600 mM 

sorbitol; 9.35 U/ml glucose oxidase; 3.6 µg/ml catalase; 3 mg/ml glucose; 1 mM PMSF; 10 mM 

DTT; and protease inhibitor cocktail described above) supplemented with 4 mg/ml BSA, 

followed by two washes in BSA-free motility buffer.   

Pre-treatment with unlabeled F-actin

 

:  To block all rigor-binding sites of immobilized type II 

myosin, unlabeled phalloidin-stabilized yeast actin filaments (25 µg/ml in motility buffer) were 

added to the flow chamber, and allowed to incubate for 2 min at 4°C.  Unbound material was 

then removed by two washes with motility buffer supplemented with ATP (10 µM) and an ATP 

regenerating system (10 mM creatine phosphate and 100 µg/ml creatine phosphokinase).  

Unbound material was removed by three washes with motility buffer.   
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Visualization of microfilament gliding

 

:  Yeast F-actin that was fluorescently labeled and 

stabilized with rhodamine phalloidin was suspended in ATP-free motility buffer to a final 

concentration of 10 µg/ml.  This solution was added to the flow chamber containing immobilized 

type II myosin.  After incubation at RT for 2 min, unbound material was removed by two washes 

with motility buffer. The microscope slide flow chamber was placed on the stage of an 

epifluorescence microscope (see above). Motility buffer containing ATP and an ATP 

regenerating system was added and microfilament gliding was monitored by time-lapse 

fluorescence imaging as described above. 

Myosin-Actin Binding Assays 

Goat anti-mouse IgG magnetic beads (New England Biolabs, Ipswich, MA) (10 µl per reaction) 

were washed three times with sterile-filtered TBS, pH 8.0, and incubated with 5 µg of mouse 

anti-GFP IgGs (Roche, Indianapolis, IN) for 1 hr at 4˚C.  Beads were washed two times in 

sterile-filtered TBS, two times in lysate buffer, and then incubated with 100 µl of either 1 mg/ml 

BSA, lysate from cells expressing GFP-tagged Myo1p or lysate from cells expressing GFP-

tagged myo1-66p for 2 hr at 4˚C.  Beads were washed twice in lysate buffer and twice with 

motility buffer to remove unbound material.  Phalloidin-stabilized yeast F-actin was then added 

at the concentrations indicated in the presence of 1 mM ATP or ADP, pH 7.4.  After incubation 

at 4̊ C for 90 sec, beads were separated from the supernatant.  Bound material (beads) and 

unbound material were solubilized in SDS sample buffer and subjected to PAGE and Western 

blot analysis using antibodies that recognized GFP and actin.  Quantitative densitometry was 

performed to assess the fraction of actin that was bound to myosin or released to the supernatant. 
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RESULTS 

 

Role for type II myosin (Myo1p) in retrograde actin cable flow  

In wild-type cells, actin cables extend from the bud tip or bud neck along the mother-bud axis.  

In yeast bearing deletions in the type I myosins, actin cables do not align along the mother-bud 

axis and are less robust than those observed in wild-type cells; however, actin cables are present 

in these cells.  To analyze the rate of retrograde actin cable flow, we monitored as a function of 

time the change in position of either the tips of Abp140p-GFP-labeled actin cables, or of 

fiduciary marks of Abp140p-GFP on actin cables (Fig. 2.1A).  The velocity of retrograde actin 

cable flow in various myosin mutants and their corresponding wild-type controls are shown 

(Table 2.2).  Since the velocity of retrograde actin cable flow was similar in all wild-type stains 

analyzed at 23°C and 37°C (0.36 – 0.38 µm/sec), the velocity of actin cable movement in various 

myosin mutants was compared to the mean velocity of all wild-type strains evaluated (Fig. 

2.1B).  

 

The retrograde flow rate of actin cables in strains bearing a deletion in the two type I myosins of 

yeast (myo3∆ myo5∆) was not significantly different from rates observed in corresponding wild-

type cells at 23°C.  Since the type V myosin gene MYO2 is essential, we studied the effect of loss 

of type V myosin function using a yeast strain bearing a temperature-sensitive mutation in the 

MYO2 gene and a deletion in MYO4, the other, non-essential type V myosin gene. We found that 

the rate of retrograde actin cable flow in this strain (myo2-66 myo4∆ ) was similar to that 

observed in wild-type cells upon incubation at permissive (23°C) or restrictive (37°C) 

temperatures. In contrast, in the strain lacking the type II myosin (myo1∆), the rate of retrograde 
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actin cable flow of 0.19 µm/sec was significantly lower than that observed in the wild-type 

control (p < 0.01).  These findings indicate that type II myosin of budding yeast is required for 

normal rates of retrograde actin cable flow. 

 

Figure 2.1.  Type II myosin is necessary for normal rates of actin cable retrograde flow.  
Wild-type and mutant strains were grown in selective media at RT to early-log phase.  For all 
mutants other than myo2-66 myo4∆, time-lapse imaging was performed at RT. For temperature-
sensitive myo2-66 myo4∆ mutants, strains were grown at RT, then shifted to 37˚C for 30 min 
prior to imaging. Imaging of Abp140p-GFP-labeled actin cables in a single, cortical focal plane 
was carried out as described in Materials and Methods. A) Still-frame images of a time-lapse 
series of Abp140p-GFP-labeled actin cables in myo1∆  (THY120) (top row) and the 
corresponding wild-type strain (YCY027) (bottom row).  Arrowheads point to fiduciary marks, 
or regions of increased actin content in the actin cable, at t = 0 of image analysis. B) Average 
rates of retrograde flow of Abp140p-GFP-labeled actin cables in wild-type cells (YCY027), a 
type I myosin mutant (myo3∆ myo5∆) (YCY009), and a type II myosin mutant (myo1∆) 
(THY120) at RT, as well as a type V myosin mutant (myo2-66 myo4∆) (YCY010) at 37̊C.  
Rates of movement were determined as described in Materials and Methods. Error bars represent 
standard deviation; n > 20 for each strain.  Asterisk indicates statistically different rates, p < 
0.01. The size bar indicates 2 µm.  

 

Table 2.2: Velocities of retrograde actin cable flow in myosin mutants and the 
corresponding wild type strains. 

Strain Genotype Retrograde actin cable 
flow rate (µm/sec) 

23°C 37°C 
S288C wild type 
for myo1∆ and 
myo2-66 myo4∆ 
(YCY027) 

MATα his3∆  leu2∆  met15∆  ura3∆  
ABP140::GFP::KanMX6 

0.38 ± 0.08 0.38 ± 
0.08 



35 
 

W303 wild type 
for myo3∆ myo5∆ 
(YCY006) 

MATα can1-100 ade2-1 his3-11  leu2-
3,112 ura3-1 trp1-1 
ABP140::GFP::KanMX6 

0.36 ± 0.1 Nd 

myo1∆ (THY120) MATα   leu2-3,112  ura3-52  ade1-101  
myo1∆::URA3  ABP140::GFP::KanMX6 

0.19 ± 0.07 Nd 

myo2-66 myo4∆ 
(VSY21)  

MATa   leu2-3,112  his3-200  ura3-52  
myo2-66::HIS3  myo4∆::URA3 

0.40 ± 0.06 0.38 ± 
0.08 

myo3∆ myo5∆ 
(YCY009)  

MATa can1-100  ade2-1  his3-11   leu2-
3,112  ura3-1  trp1-1  myo3∆::HIS3  
myo5∆::TRP1  ABP140::GFP::KanMX6 

0.29 ± 0.06 Nd 

 
 

Type II myosin localizes to the bud neck from the time of commitment to a round of cell division 

(G1) to the end of the cell division cycle.  We tested whether this localization of type II myosin is 

critical for retrograde actin cable flow by taking advantage of the finding that overexpression of 

the tail of type II myosin acts in a dominant-negative fashion and causes delocalization of the 

endogenous, full-length protein from the bud neck (Tolliday et al., 2003).  This work indicates 

that localization of type II myosin at the bud neck is important for its function in retrograde actin 

cable flow. 

 

The motor domain of type II myosin is required for its function in retrograde actin cable 

flow 

Two approaches were taken in our study of the role of the myosin motor in retrograde actin cable 

flow.  The first approach was based on recent findings that the Myo1p tail supports cytokinesis 

when expressed in lieu of full-length Myo1p, and at a level similar to that of endogenous, wild-

type Myo1p (Lord et al., 2005).  The Myo1p tail and full-length Myo1p was expressed in myo1∆ 

cells using the plasmids constructed by Lord et al. (2005), and retrograde actin cable flow was 

examined in these cells using Abp140p-GFP. Full-length Myo1p and the Myo1p tail localize to 
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the bud neck, as previously reported. The velocity of retrograde actin cable flow observed upon 

expression of full-length, plasmid-borne Myo1p (0.419 µm/s, n=32) was similar to that observed 

in yeast expressing endogenous, wild-type MYO1. In contrast, expression of the Myo1p tail alone 

resulted in a reduced rate of retrograde actin cable flow (0.227 µm/s, n=33) that was similar to 

that observed in untransformed myo1∆ cells and in myo1∆ cells that were transformed with the 

vector used for Myo1p and Myo1p tail expression.  Thus, the motor domain of MYO1 is required 

for normal rates of retrograde actin cable flow. 

 

As a second approach to study the role for the type II myosin motor activity in retrograde actin 

cable flow, we constructed a mutant that carries a single amino acid substitution in the Myo1p 

motor domain, which inhibits the ATP sensitive actin binding activity of the protein.  The site 

was chosen for mutagenesis based on the observation that the corresponding mutation in the 

essential type V myosin of budding yeast, the myo2-66 mutation, produces a temperature-

dependent loss of cell viability (Johnston et al., 1991). The myo2-66 mutation is a substitution of 

lysine for glutamic acid 511 (Lillie and Brown, 1994), a residue conserved in all yeast myosin 

proteins (Fig. 2.2A) that corresponds to Glu527 in chicken skeletal muscle myosin and Glu528 in 

yeast  type II myosin. X-ray crystallography of chicken skeletal muscle myosin mapped this 

residue to the actin-binding face of the lower 50 kD component of the motor domain, and 

showed that this glutamic acid forms a salt bridge with Lys486, another highly conserved residue 

in the motor domain (Rayment et al., 1993).  
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To generate the mutant, the type II myosin gene (MYO1), which was tagged with GFP at its C-

terminus, was inserted into a low-copy (CEN) plasmid under control of the endogenous type II 

myosin promoter. Glu528 was than replaced with Lys in the plasmid-borne, MYO1 GFP-tagged 

gene. We refer to the mutated gene as myo1-66 to indicate that it shares the same mutation as 

myo2-66. The GFP-tagged myo1-66 mutant was expressed in lieu of wild-type myosin II, i.e., in 

a yeast strain bearing a deletion in the MYO1 gene (pmyo1-66 myo1∆ ). Using Western blots 

probed with anti-GFP antibody, we found that the steady state level of myo1-66p was 70% of the 

wild-type type II myosin level upon growth at permissive temperature (23°C) or after incubation 

at restrictive temperature for 30 min (Fig. 2.2C). Moreover, myo1-66 cells exhibited elevated 

levels of multi-budded cells; the level of multibudded cells in these cultures increased upon 

incubation at 37°C (unpublished data). Nonetheless, the myo1-66 mutant protein localized 

normally to the bud neck throughout the cell cycle (Fig. 2.2B). Moreover, the growth rate of 

these myo1-66 cells at 23°C was similar to that observed for the corresponding wild-type strain 

at 23°C. Finally, myo1-66 cells did not show temperature-dependent lethality, as expected, since 

type II myosin is not essential in the yeast genetic background used for these studies.  

 

Figure 2.2.  Construction and expression of 
the myo1-66 mutant.  A)  Sequence 
alignment of the five Saccharomyces 
cerevisiae myosin genes shows absolute 
conservation of a glutamate in the ATP-
binding pocket of the motor domain.  B)  
myo1∆ cells expressing plasmid-borne, GFP-
tagged wild-type (THY194) or myo1-66 
mutant (THY195) type II myosin were grown 
at RT in selective media to mid-log phase and 
then incubated at either RT or 37°C for 30 
min.  Optical Z-series imaging was 
performed and the resulting images were 
subjected to digital deconvolution.  Images 
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shown are 2D projections of 3D stacks, and are representative of the larger cell population. Cell 
outlines are shown in white.  The size bar indicates 2 µm. GFP-tagged myo1-66p localizes to the 
bud neck, similar to wild-type Myo1p-GFP after incubation at RT or 37°C. C) myo1∆ cells 
expressing plasmid-borne, GFP-tagged wild-type (THY194) or myo1-66 mutant (THY195) type 
II myosin were grown at RT in selective media to mid-log phase and then incubated either at RT 
or 37°C for 30 min. Whole cell lysates were evaluated by SDS-PAGE and Western blot analysis 
using antibodies specific for GFP, to detect tagged myosin proteins, and hexokinase (Hxk1p), the 
load control. myo1-66p-GFP is expressed at a slightly reduced level relative to wild-type Myo1p-
GFP.  Short-term incubation at 37°C had no obvious effect on the steady-state level of either 
Myo1p or myo1-66p. 
 

The effect of the myo2-66 mutation on the mechanochemical properties of type V myosin of 

yeast is not known. Therefore, we evaluated the rigor-binding activity of wild-type Myo1p and 

mutant myo1-66p to actin (Fig. 2.3A). Wild-type myosin was immobilized on magnetic beads 

and incubated with yeast F-actin in the presence of ATP or ADP.  In the presence of ATP, F-

actin did not bind to wild-type type II myosin.  However, in the presence of ADP, there was a 

significant increase in the amount of F-actin binding.  Thus, we concluded that type II myosin 

exhibits ATP-sensitive actin binding activity. Mutant myo1-66 protein also exhibited ATP-

sensitive actin binding activity under these experimental conditions.  However, actin binding 

activity of the mutant myo1-66 protein was significantly lower than that observed in the wild-

type protein (Fig. 2.3A).  This decrease in actin binding to mutant type II myosin was evident at 

all concentrations of actin tested (Fig. 2.3B).  Since wild-type protein lost activity after short-

term incubation at elevated temperatures, we could not test whether the myo1-66 mutation 

confers temperature-dependent loss of actin binding activity in vitro.  Nonetheless, our results 

indicate that substitution of Glu528 with Lys in the actin-binding site of the type II myosin motor 

domain reduces the ATP sensitive actin-binding activity of the protein.  
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Figure 2.3.  myo1-66p binds actin less 
effectively than wild-type Myo1p. Rigor-
binding assays for GFP-tagged wild-type 
Myo1p and myo1-66p were performed by 
incubating myosin-bound magnetic beads 
with various concentrations of actin for 90 
sec in the presence of 1 mM ATP or ADP at 
4°C, as described in Materials and Methods.  
BSA coated beads were used as a control for 
non-specific actin binding.  Magnetic bead 
fraction (B) and unbound fraction (U) were 
solubilized in SDS sample buffer. Equal 
volumes of solubilized samples were 
subjected to PAGE and Western blot 
analysis using antibodies specific for GFP 
and actin.  A) Western blots showing bound 
and unbound fractions from a representative 
rigor-binding assay carried out using 10 µM 
actin. Asterisks indicate IgG used to tether 
myosin to the beads.  B) Quantitation by 
densitometric analysis of Western blots 
showing the amount of actin bound to 
immobilized wild-type or mutant type II 

myosin after incubation with 0.5 – 2 µM actin.  
 

Given a clear understanding of the effect of the myo1-66 mutation on the type II myosin motor 

domain, we examined the retrograde flow rates of Abp140p-GFP-labeled actin cables in the 

myo1-66 mutant relative to the wild-type (Fig. 2.4A-B).  At 23°C, the rate of retrograde actin 

cable flow in yeast expressing the myo1-66 mutant was similar to that observed in yeast 

expressing wild-type myosin II protein (Fig. 2.4B). Thus, the mutant protein supports normal 

rates of retrograde flow at reduced temperatures despite the fact that it is present at lower levels 

compared to wild-type cells.  The rate of retrograde actin cable flow in wild-type cells was not 

affected by incubation at 37°C.  In contrast, the rate of actin cable retrograde flow is significantly 

reduced in yeast expressing the myo1-66 mutant at 37°C. (Fig. 2.4A-B). However, the rate of 
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retrograde actin cable flow observed in the myo1-66 mutant at restrictive temperatures is similar 

to that observed in yeast bearing a deletion in MYO1 and in yeast expressing the Myo1p tail at 

wild-type levels in lieu of full-length Myo1p (Fig. 2.4B). Thus, the myo1-66 mutant exhibits 

temperature-dependent reduction in the rate of retrograde actin cable flow.  These data suggest 

that normal rates of actin cable retrograde flow require a functional type II myosin motor 

domain. 

 

Additional work examined in vitro microfilament sliding, and showed that type II myosin of 

budding yeast has motor activity on actin. Using purified tropomyosins, our lab also showed that 

Tpm2p, but not Tpm1p, inhibited the binding of actin filaments to type II myosin of budding 

yeast.   

 

Figure 2.4.  Normal rates of actin cable 
retrograde flow require the actin binding 
activity of type II myosin.  The retrograde 
flow rate of Abp140p-labeled actin cables 
was examined in cells expressing wild-type 
MYO1 (YCY027) or myo1-66p (THY193) 
as the sole copy of type II myosin.  Imaging 
was carried out as described for Figure 1. A) 
Average rates of retrograde flow of 
Abp140p-GFP-labeled actin cables in wild-
type cells and myo1-66 mutant at RT and 
37˚C, and myo1∆ cells that express full-
length Myo1p (TLY002) or the Myo1p tail 
(TLY003) from low-copy, centromere-based  
plasmids (pTL2 and pTL3) under control of 
the MYO1 promoter.  Rates of movement 
were determined as described in Materials 

and Methods. At 37°C, there is a significant reduction in the rate of actin cable retrograde flow in 
myo1-66 cells compared to corresponding wild-type cells (p < 0.05). The rate of retrograde actin 
cable flow in the myo1-66 cell at restrictive temperatures is similar to that of the myo1∆ cell 
expressing Myo1p tail. Error bars represent standard deviation; n > 20 for each strain. B) Still-
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frame images of a time-lapse series of Abp140p-GFP-labeled actin cables in the myo1-66 mutant 
at 23° (top row) and 37°C (lower row). Arrowheads point to a Abp140p-GFP fiduciary mark on 
an actin cable undergoing retrograde flow. Arrows point to the position of the fiduciary mark at t 
= 0 of image analysis. The size bar indicates 2 µm. 
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DISCUSSION 

 

Retrograde actin flow occurs in cortical actin networks in both motile and non-motile cells, as 

well as in actin bundles in apical protrusions including microvilli, filopodia, and stereocilia. 

Several studies support a role for type II myosin and a tropomyosin in this process.  First, both 

proteins localize to the lamella, an actin network that is proximal to the lamellipodium and 

exhibits retrograde flow in migrating cells (Ponti et al., 2004). Second, retrograde flow of actin 

lamella and of actin bundles in neuronal filopodia is perturbed by BDM and blebbistatin, agents 

that inhibit type II myosin ATPase activity (Gupton et al., 2005; Lin et al., 1996; Medeiros et al., 

2006; Ponti et al., 2004; Salmon et al., 2002; Waterman-Storer and Salmon, 1997). Third, 

microinjection of skeletal muscle tropomyosin, but not endogenous tropomyosin, into PtK1 cells 

produces an altered rate of retrograde actin flow (Gupton et al., 2005).  

 

Although type II myosins and specific tropomyosin isoforms have been implicated in retrograde 

actin flow in animal cells, there was no evidence for a role of these proteins in actin cable 

dynamics in budding yeast. Moreover, the precise function of tropomyosin in retrograde actin 

flow in animal cells has been unclear. Here, we provide evidence that type II myosin and a 

specific tropomyosin contribute to the retrograde flow of actin cables in budding yeast. Our 

findings are consistent with a role for type II myosin in providing a pulling force on actin cables 

as they undergo retrograde flow.  Our findings also indicate that type II myosin and Tpm2p may 

have antagonistic effects during retrograde actin cable flow. Tpm2p may exert its isoform-

specific negative regulatory effect by inhibiting the binding of type II myosin with F-actin within 

actin cables.  These findings indicate that retrograde actin flow is conserved from yeast to animal 
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cells, and extend our understanding of the mechanism of action of type II myosin and 

tropomyosin in this process. 

 

A new role for type II myosin in budding yeast 

Although type II myosin has been implicated in cytokinesis in many cell types, the precise role 

of this protein in budding yeast remains enigmatic. Type II myosin is present at the bud neck 

during contractile ring closure (Bi et al., 1998; Lippincott and Li, 1998).  However, localization 

studies have revealed that this type II myosin protein behaves differently as compared to other 

actomyosin ring components.  Specifically, actin and other resident contractile ring components 

localize to the bud neck at the G2/M transition in the cell cycle (Bi et al., 1998; Tolliday et al., 

2001; Vallen et al., 2000).  In contrast, Myo1p localizes to the bud neck earlier in the cell cycle, 

during G1 phase immediately after commitment to a round of cell division.  In addition, recent 

data suggests that the motor domain of type II myosin may not be required for cytokinesis in 

budding yeast.  Specifically, Lord et al. have showed that budding yeast expressing the type II 

myosin tail in lieu of the wild-type protein exhibit relatively normal cytokinesis, with relatively 

little change in the rate of actin ring constriction and disassembly at the bud neck (Lord et al., 

2005).   

 

We find that deletion or mislocalization of type II myosin results in a reduction in the rate of 

retrograde actin cable flow.  These observations indicate that localization of the protein at the 

bud neck is critical for its function in retrograde actin cable flow.  Moreover, since retrograde 

actin cable flow occurs from the time of commitment to cell division until the end of cytokinesis 
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in budding yeast, these observations explain why type II myosin localizes earlier to the bud neck 

during G1  M stages in the cell cycle, well before the actomyosin ring is assembled.  

 

We also find that deletion or mutation of the type II myosin motor domain produces a decrease 

in the rate of retrograde actin cable flow that is similar to that observed upon deletion or 

mislocalization of full-length type II myosin. These observations indicate that type II myosin 

may exert a pulling force on actin cables as they move through the bud neck, a known 

“bottleneck” for intracellular transport in budding yeast.  Additionally, since actin cables can 

assemble at the bud neck, type II myosin may pull newly assembled segments of actin cable 

away from the assembly site, providing greater access to the end of actin cables for the assembly 

machinery to continue cable assembly and elongation.   

 

Moreover, we found that Tpm2p, but not Tpm1p, inhibits the binding of type II myosin to F-

actin and microfilament gliding in vitro. Therefore our evidence supports a model whereby 

Tpm2p exerts isoform-specific inhibition of retrograde actin cable flow by inhibiting the binding 

of type II myosin to F-actin present in dynamic actin cables.  

 

The functions of retrograde flow  

Since actin cables undergo retrograde flow, the track for anterograde movement is itself moving 

in the direction opposite that of transport. As a result, cargos that use actin cables as tracks are 

“swimming upstream” and must overcome the opposing force of retrograde actin cable flow. The 

rate of secretory vesicle movement driven by the essential type V myosin Myo2p (∼3 µm/sec) is 



45 
 

an order of magnitude higher than the rate of retrograde actin cable flow (Schott et al., 2002). In 

this case, retrograde actin cable flow may not have any significant effect on anterograde 

transport. In contrast, the rates of Arp2/3 complex-driven anterograde mitochondrial movement 

(0.3 µm/sec) and of type V myosin (Myo4p)-driven mRNA movement (0.03 µm/sec) are 

significantly lower (Beach et al., 1999; Fehrenbacher et al., 2004).  In these cases, retrograde 

actin cable flow may have a significant effect on anterograde transport. In the case of 

mitochondria, we have proposed that actin cable dynamics favor bud-directed transport and 

therefore would also favor inheritance of organelles that can harness the most robust anterograde 

force-generating machinery, i.e., inheritance of the “fittest” mitochondria (Boldogh et al., 2005). 

Thus, retrograde actin cable flow can affect the rate and efficacy of anterograde transport. 

 

Work from this laboratory and others revealed a second function for retrograde actin flow:  

driving retrograde movement. Retrograde flow of actin networks in the leading edge of motile 

cells can drive movement of surface receptors and tubulin (Bray, 1970; Salmon et al., 2002; 

Waterman-Storer and Salmon, 1997).  Retrograde actin flow has also been shown to drive 

movement of the nucleus, which results in reorientation and polarization of the MTOC in 

migrating cells (Gomes et al., 2005). In budding yeast, mitochondria and actin patches bind to 

actin cables undergoing retrograde flow and use actin cables as “conveyor belts” for retrograde 

movement (Fehrenbacher et al., 2004; Huckaba et al., 2004).  Indeed, since genes encoding 

pointed-end directed myosins have not been identified in the yeast genome, retrograde actin flow 

may be the primary force for actin-dependent retrograde movement in this cell type.  Thus, 

retrograde actin flow can drive retrograde movement in yeast and other eukaryotic cell types.  
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Equally important, the organization and dynamics of actin cables in budding yeast allow for 

bidirectional movement using a single, polarized cytoskeletal structure.   

 

Finally, our finding that Tpm2p can regulate the rate of type II myosin-driven retrograde actin 

cable flow raises the question of why regulating retrograde flow rates would benefit the cell. A 

two-fold increase in the rate of actin cable retrograde flow would have a significant impact on 

the rate of anterograde transport of mitochondria and mRNA.  Thus, regulation of retrograde 

actin cable flow can affect mitochondrial inheritance and mRNA localization. Regulation of 

retrograde flow rates in budding yeast may also affect retrograde movement of mitochondria 

during inheritance as well as retrograde movement of endosomes and their subsequent fusion 

with the sorting compartment. Indeed, our preliminary evidence indicates that the rate of 

retrograde endosome movement is reduced in yeast bearing mutations that inhibit retrograde 

actin cable flow. Studies designed to further evaluate the physiological role of altering the rate of 

actin cable retrograde flow are ongoing. 
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ABSTRACT 

 

In yeast, actin cables are essential for cargo movement and cell growth and are selectively 

destabilized by treatment with low levels of Latrunculin-A (Lat-A). We identified 18 gene 

deletions that reduce yeast sensitivity to the growth-inhibiting effects of low doses of Lat-A from 

the 4,848 strains in the yeast ORF Deletion Collection. Deletion of thirteen of these genes results 

in increased actin cable content, and eight genes represent uncharacterized open reading frames 

(ORFs) or encode proteins with no known function or activity. One uncharacterized ORF 

(YHR022c) encodes a Ras-like protein, which we have termed RAR1 (Ras-like actin cable 

regulator). We find that this protein localizes to the cytosol. Deletion of RAR1 or expression of a 

constitutively active formin (BNI1) produces similar phenotypes: increased actin cable content ± 

Lat-A, increased retrograde actin cable flow rates, and resistance to Lat-A inhibition of growth. 

The elevated actin cable content observed upon deletion of RAR1 depends upon Bni1p, but does 

not require the other formin, Bnr1p. Our data support the hypothesis that Rar1p is a Ras-like 

negative regulator of actin cables that acts upstream of Bni1p. 
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INTRODUCTION 

 

Bundles of F-actin are integral part of many cellular structures including filopodia, microvilli, 

and sterocilia, where they provide structural support, and a foundation for intracellular 

movement of cargos. In the yeast, Saccharomyces cerevisiae, actin bundles, also called actin 

cables, align along the mother-bud axis and are essential for transporting cellular constituents 

during establishment and maintenance of cell polarity.  These actin cables contain actin-binding 

proteins and exhibit actin dynamics that are conserved in lower and higher eukaryotes. They also 

utilize conserved mechanisms in transport of cellular constituents during establishment and 

maintenance of cell polarity. 

 

Actin cables assemble both at the bud tip and the bud neck. Formin proteins (Bni1p and Bnr1p) 

localize to sites of actin cable assembly and stimulate actin polymerization at those sites. They 

are regulated by Ras superfamily proteins including the Ras protein, Rsr1p, (which activates 

Cdc42), Rho GTPases (Cdc42p, Rho1p, Rho3p, and Rho4p), and polarity factors including 

Bud6p and Bud14p (Chesarone et al., 2009a; Dong et al., 2003; Evangelista et al., 2002; 

Imamura et al., 1997; Kohno et al., 1996; Moseley and Goode, 2005; Ozaki-Kuroda et al., 2001; 

Pruyne et al., 2004; Sagot et al., 2002b). Newly polymerized actin filaments are organized into 

bundles by the bundling proteins fimbrin (Sac6p) and Abp140p (Adams et al., 1991; Asakura et 

al., 1998), and are stabilized by a tropomyosin isoform, Tpm1p (Drees et al., 1995; Pruyne et al., 

1998). Tpm2p, the other tropomyosin isoform of yeast, regulates actin cable dynamics, as 

described below.  
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The essential function of actin cables is to mediate cargo transport during polarized growth and 

cell division in budding yeast. Actin cables have been implicated as the tracks for anterograde, 

bud-directed, movement of cargos including mitochondria, secretory vesicles, cortical ER, 

peroxisomes, vacuoles, mRNAs, and spindle alignment elements (Bobola et al., 1996; Boldogh 

et al., 2001; Fehrenbacher et al., 2004; Hill et al., 1996; Hwang et al., 2003; Lazzarino et al., 

1994; Pruyne et al., 1998; Rossanese et al., 2001; Schott et al., 2002; Sheltzer and Rose, 2009). 

Arp2/3 complex-mediated actin polymerization drives anterograde mitochondrial movement 

along actin cables (Boldogh et al., 2001), while type V myosins have been implicated as the 

motor for anterograde movement of other cargos (Pruyne et al., 2004). 

 

Actin cables also drive retrograde transport of cellular cargos from the bud toward the mother 

cell (Fehrenbacher et al., 2004; Huckaba et al., 2004). This movement is driven by retrograde 

flow of actin cables, a conserved process whereby actin cables undergo movement from the bud 

toward the mother cell. Retrograde actin cable flow is driven, in part, by formins and assembly-

mediated translocation of the elongating actin cable away from the bud (Yang and Pon, 2002). 

During this process, newly polymerized F-actin and resident actin cable proteins incorporate into 

the end of actin cables at their site of assembly resulting in elongation and retrograde movement 

of actin cables. In addition, Myo1p, the type II myosin of yeast that localizes to the bud neck, 

provides pushing forces for retrograde actin cable flow. Binding of Myo1p to actin cables is 

regulated by Tpm2p (Huckaba et al., 2006). In mammalian cells, retrograde actin flow provides 

the pushing force for retrograde movement of specific cargos (e.g., nuclei, ErbB1 receptors) 

(Gomes et al., 2005; Lidke et al., 2005).  In yeast, retrograde actin cable flow drives movement 
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of mitochondria, endosomes, and oxidatively damaged protein aggregates from the bud toward 

the mother cell (Fehrenbacher et al., 2004; Huckaba et al., 2004; Liu et al., 2010). 

 

Although the yeast formin proteins have some overlapping genetic interactions, they have 

distinct activities and regulatory mechanisms. Bni1p and Bnr1p localize to different cellular 

regions and exhibit different mutant phenotypes (Kamei et al., 1998; Kikyo et al., 1999; Liu et 

al., 2010; Ozaki-Kuroda et al., 2001; Pruyne et al., 2004; Vallen et al., 2000). They also have 

different activities: Bnr1p has both 10-fold higher actin nucleation activity compared to Bni1p 

and F-actin bundling activity in vitro (Moseley and Goode, 2005). Moreover, although both 

proteins contain conserved regulatory domains, the diaphanous inhibitory domain (DID), the 

diaphanous auto-regulatory domain (DAD), and the Rho-binding domain (RBD) (Evangelista et 

al., 2003; Wallar and Alberts, 2003), they are differentially regulated. The polarity factor 

Bud6p/Aip3p can bind to and activate Bni1p and not Bnr1p (Moseley and Goode, 2005). Recent 

studies also indicate that Bud14p, a protein that contributes to actin cable architecture and 

function, displaces Bnr1p, and not Bni1p, from the barbed end of actin (Chesarone et al., 2009a). 

Finally, Rho proteins regulate Bni1p and Bnr1p differently. Cdc42 controls actin assembly 

during bud formation, which is regulated by a Ras protein, Rsr1p, that localizes to the bud tip 

(Berzat and Hall, 2010). Rho3 and Rho4 control actin assembly during bud development, while 

Rho1p does so during periods of cell stress (Moseley and Goode, 2006). All four Rho proteins 

interact with Bni1p (Dong et al., 2003; Evangelista et al., 1997; Kohno et al., 1996). In contrast, 

Bnr1p only interacts with Rho4p (Imamura et al., 1997). 
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Here, we describe results from a screen designed to identify non-essential genes that, when 

deleted, reduces the sensitivity of yeast to the growth-inhibiting effect of Latrunculin-A (Lat-A).  

Lat-A binds to and inhibits polymerization of G-actin (Morton et al., 2000), but does not increase 

the off-rate of G-actin from F-actin (Coue et al., 1987). Treatment with high levels of this agent 

results in rapid disassembly of all F-actin containing structures in yeast and other cell types 

(Ayscough et al., 1997; Spector et al., 1983). Conversely, treatment of yeast with low levels of 

Lat-A destabilizes actin cables without noticeably affecting actin patches, the other major F-

actin-containing structure in budding yeast, and inhibits cell growth (Ayscough et al., 1997). Our 

studies identify a role for previously uncharacterized open reading frames, including a novel 

Ras-like protein, as negative regulators of actin cables in yeast, and support novel roles for 

known genes in regulating actin cables. 
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MATERIALS AND METHODS 

 

Yeast strains and plasmids  

Yeast strains used in this study are listed in Table 3.1. The Yeast MATa Deletion Collection 

(Open Biosystems, Huntsville, AL) was used.  All strains used are derived from the yeast strain 

S288C. Yeast cell growth and manipulations were carried out according to established protocols 

(Sherman).  Plasmids pYD125 and pYD128 were generously provided by D. Pruyne and A. 

Bretscher (Dong et al., 2003) and transformed into YCY027 (Yang and Pon, 2002). We refer to 

TLY005 and TLY008 as BNI1-CA and BNR1-CA, respectively. JLY001 and JLY002 were 

generated by transforming plasmids pEH002 and pEH006 containing TPM1 and TPM2 under 

control of an upstream Gal promoter (Huckaba et al., 2006) into BY4741.  

 

Table 3.1: Yeast strains used in this study. 
 

Strain  Genotype  Source 

BY4741 MATa his3Δ leu2Δ met15Δ ura3Δ 
Research 
Genetics 

RG2318 MATa his3Δ leu2Δ lys2Δ ura3Δ bnr1::KanMX4 
Research 
Genetics 

RG1173 MATa his3Δ leu2Δ lys2Δ ura3Δ bni1::KanMX4 
Research 
Genetics 

RG985 MATa his3Δ leu2Δ lys2Δ ura3Δ YHR022c::KanMX4 
Research 
Genetics 

YCY027   MATα his3Δ leu2Δ met15Δ ura3Δ ABP140::GFP::KanMX6 
Huckaba et 
al., 2004 

TLY005 
MATα his3Δ leu2Δ met15Δ ura3Δ ABP140::GFP::KanMX6 
pYD125 (BNI1ΔRBD-myc)::HIS3 this study 

TLY008 
MATα his3Δ leu2Δ met15Δ ura3Δ ABP140::GFP::KanMX6 
pYD128 (BNR1ΔRBD)::LEU2 this study 

RG7224 MATa his3Δ leu2Δ lys2Δ ura3Δ tpm1::KanMX4 
Research 
Genetics 

RG2297 MATa his3Δ leu2Δ lys2Δ ura3Δ tpm2::KanMX4 
Research 
Genetics 

JLY001  MATa his3Δ leu2Δ met15Δ ura3Δ pEH002 (GAL- this study 
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TPM1)::URA3 

JLY002  
MATa his3Δ leu2Δ met15Δ ura3Δ pEH006 (GAL-
TPM2)::URA3 this study 

TLY009 
MATa his3Δ leu2Δ lys2Δ ura3Δ bnr1::KanMX4 
YHR022c::HIS3 this study 

TLY010 
MATa his3Δ leu2Δ lys2Δ ura3Δ bni1::KanMX4 
YHR022c::HIS3 this study 

TLY011 
 
MATa his3Δ leu2Δ met15Δ ura3Δ YHR022c::GFP::LEU2 this study 

YSC1070-
663154 

MATa/ MATα leu2-Δ98cry1R/leu2-Δ98CRY1 ade2-101/ 
ade2-101 HIS3/ his3-Δ200 ura3-52/ura3-52 caniR/CAN1 
lys2-801/lys2-801 CYH2/cyh2R trp1-1/TRP1 Cir0] carrying 
pGAL-cre (amp,ori, CEN, LEU2) YHR022c::3x-HA::URA3 

Open 
Biosystems 

 

RAR1 was deleted in BY471 and BY4742 using the following primers to pFA6a-HIS3:  

F1: 5’-GTCTTTTTTTCTTTTAATTATACCGTATTAGGTCAAACGCTCGGATCCCCGGG-

TTAATTAA-3’ R1: 5’-GAGGCGAATTCTCCAGCGGATACATCTTGATTATAAACCCG- 

AATTCGAGCTCGTTTAAAC-3’. Double deletion strains bni1∆ rar1∆ and bnr1∆ rar1∆ were 

made by crossing the single formin deletions from the Deletion Collection with rar1∆. The 

resulting diploids were sporulated and haploid yeast bearing mutations of interest were isolated 

by growth on media that selects for markers in the deleted genes of interest (Table 3.1).          

PCR using primers F1: 5’-GACGGAACAATGAATGCTGC-3’ and R1: 5’-

GAGTAGTTGTTACTGAATGGC-3’ were used to confirm that RAR1 was deleted in bni1∆ 

rar1∆ and bnr1∆ rar1∆ strains. 

 

The chromosomal copy of RAR1 was tagged at the N-terminus by GFP using the following 

primers to the POM43 plasmid (Gauss et al., 2005): F1: 5’-TTTTGTCTTTTTTT-

CTTTTAATTATACCGTATTAGGTCAAACGCTATGTGCAGGTCGACAACCCTTAAT-3’ 

and R1 5’TCTTGGGATTGACGCAAGGCTTGCGCCGTATGATAAGCGAACACTGCGG-
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CCGCATAGGCCACT-3’. A yeast strain expressing endogenous RAR1 that is tagged 56 

residues from its N-terminus with three copies of the HA epitope was purchased from Open 

Biosystems (Huntsville, AL). Deconvolution of wide-field z-series of GFP or HA-tagged Rar1p 

was carried out using Volocity Restoration software, as described below (Volocity, Perkin-

Elmer, Waltham, MA).  

 

Screen identifies deletion mutants that confer resistance to the growth inhibiting effects of 

Lat-A 

Actin cables are essential for yeast cell growth and are selectively destabilized by low 

concentrations of Lat-A (Fig. S3.1). We therefore examined the effect of deletion of all of the 

non-essential yeast genes from the Yeast Deletion Collection on growth in 10 µM Lat-A. Visual 

inspection revealed that 206 out of 4,848 deletion strains screened (4.2%), showed detectable 

growth in rich, glucose-based media (YPD) containing 10 µM Lat-A. 

 

As a secondary screen, the growth curve for each of these strains in the presence or absence of 

10 µM Lat-A was measured using an automated plate reader (Bioscreen C; Oy Growth Curves 

AB, Finland). Each strain was grown to mid-log phase in YPD and diluted to an OD600 of 0.07 

(0.90 x 106 cells/ml). 10 µl of each of the diluted strains was added to each well containing 290 

µl YPD and 10 µM Lat-A or YPD and an equivalent amount of Lat-A diluent (DMSO) in a 100-

well plate. Cells were propagated at 24°C and optical density measurements (OD600) were made 

every 20 min for 65 hrs. Each strain was plated in duplicate and the growth curves averaged. 

Untreated wild-type cells undergo logarithmic growth and enter late log phase at a maximum 

density of OD600 = 1.75 within 25 hrs of growth.  Wild-type cells that are incubated with 10 µM 
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Lat-A are viable, and undergo log phase growth. However, they do enter late log phase during 

the 65 hrs of analysis. (Fig. S3.1A). 

 

Maximum growth rate (slope) was defined as the greatest change in OD over a 240 min interval 

in 65 hrs. Growth rates were estimated using linear regression. Mutants of interest (hits) were 

identified as strains that showed elevated growth rates (i.e., steeper slopes) compared to wild-

type cells in the presence of Lat-A. Eighteen of the 206 strains exhibited elevated growth rates 

compared to wild-type cells upon challenge with Lat-A (Fig. S3.2, Table 3.2). In the absence of 

Lat-A, all of the mutants analyzed had growth rates that are comparable to or less than that 

observed in wild-type cells (Fig. S3.2). Thus, the resistance to Lat-A induced growth inhibition 

observed in the deletion mutants is not due to a change in basal growth rate. 

 

Analysis of actin cable content and retrograde flow rates 

We modified a procedure for visualizing actin cables in fixed cells using rhodamine-phalloidin to 

increase the efficiency of actin cable staining. Using this method, we detect actin cables in >98% 

of the stained cells (Fig. S3.1B).  Cells were grown in synthetic complete (SC) or lactate medium 

(Yang and Pon, 2002) at 24̊C to mid -log phase, fixed by adding formaldehyde to a final 

concentration of 3.7% v/v to the medium, and incubated for 50 min at 24°C. The fixed cells were 

washed 3 times with wash solution (1M KPi pH 7.5, 2.5M KCl) and once with PBT (PBS, 0.1% 

Triton-X100, 0.1% BSA, 0.01% NaN3).  Cells were collected by centrifugation at 16,000 x g for 

30 sec. The pellet was resuspended in PBT and incubated with 66.7 units/ml rhodamine-

phalloidin (Invitrogen, Carlsbad, CA) for 35 min at 24°C in the dark. Cells were concentrated by 

centrifugation at 16,000 x g for 30 sec, washed 2 times with PBS, and resuspended in PBS and 
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mounting medium (10 mg/ml p-phenylenediamine in PBS, pH 9, diluted 1:10 in glycerol) 

(Pringle et al., 1991). 

 

Microscopy was carried out using a Nikon E600 microscope equipped with a Plan Apo ×100/1.4 

N.A. objective and a cooled charge-coupled device camera (Orca-ER, Hamamatsu, Bridgewater, 

NJ). Illumination with a 100W mercury arc lamp was controlled with a shutter (Uniblitz D122, 

Vincent Associates, Rochester, NY). Images were collected and analyzed using Openlab 4.04 

software (Improvision, Waltham, MA) and Image 1.39 (public domain), respectively.  The 

exposure time and time interval between successive image acquisitions was 175 msec. The total 

imaging time for the time-lapse imaging was 10 sec. 

 

To determine the effects of Lat-A on actin cable content, cells grown to mid-log phase overnight 

at 24°C in YPD were incubated in 10 μM Lat-A for 5 min. After incubation in Lat-A, cells were 

fixed and stained with rhodamine-phalloidin as described above. 25 z-sections were obtained at 

0.2 µm intervals through the entire cell using a piezoelectric focus motor mounted on the 

objective lens of the microscope (Polytech PI, Auburn, MA). ImageJ was used to remove out-of-

focus light and to produce a maximum intensity projection. For quantitation, analysis was 

restricted to actin cables that extend from the bud neck into the mother cell. 

 

For analysis of retrograde actin cable flow rates, cells expressing ABP140 that was tagged at its 

chromosomal locus with GFP were grown in synthetic complete (SC) or lactate medium until 

early log phase at 25˚C (Yang and Pon, 2002).  3 µl of cell suspension was applied to a 
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microscope slide and covered with a cover slip.  Microscopy was carried out as described above. 

The exposure time and time interval between successive image acquisitions were 400 msec and 

~500 msec, respectively. The total imaging time for the time-lapse imaging was 20 sec. For 

determination of the velocity of elongating actin cables, the change in position of fluorescent 

fiduciary marks on elongating cables was measured as a function of time, as described 

previously (Yang and Pon, 2002). 

 

Statistical analysis 

Comparison of actin cable content between wild-type and experimental strains were conducted 

using analysis of variance (ANOVA) from the SPSS statistical package (SPSS, Inc, Chicago, 

IL). To correct for multiple testing error, the Games-Howell procedure was used to assess 

significance. 

 

Sequence Analysis 

The Protein Families Database (Pfam; http://pfam.sanger.ac.uk/) was used to search for 

conserved protein domains among uncharacterized yeast genes identified in the screen. 

Sequences from families with high homology to yeast proteins were downloaded and aligned in 

using ClustalW (http://www.ebi.ac.uk/Tools/clustalw2). Sequence alignments and sequence 

identity statistics were obtained using Geneious software and BlastP (Drummond AJ, 2009). 

Gene domains were determined from the NCBI Gene database. Needleman-Wunsch protein 

alignments were used to determine homology. Molecular Evolutionary Genetics Analysis 

(MEGA) software v.4.0 (Tamura et al., 2007) was used to analyze gene sequence alignments, 

determine evolutionary distances, and generate a phylogenetic tree to assess gene homology.  
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RESULTS 

 

Deletion mutants that exhibit reduced sensitivity to 10 µM Lat-A have more actin cables: 

Actin cables are essential for yeast cell growth and are selectively destabilized by low 

concentrations of Lat-A (Fig. S3.1). In order to identify genes that affect actin cable stability 

and/or assembly, we studied the effect of deletion of all of the non-essential yeast genes on 

growth in 10 µM Lat-A. Eighteen deletion strains exhibited growth rates in the presence of low 

levels of Lat-A that are greater than that observed in wild-type cells (Fig. S3.2; Table 3.2).  Actin 

patches are enriched in the bud, and actin cables align along the mother-bud axis in wild-type 

cells and in deletion strains with reduced Lat-A sensitivity.  Thus, the deletions had no obvious 

effect on polarity of actin patches or cables (Fig. 3.1A). However, thirteen of the eighteen strains 

analyzed (72%) exhibited a significant increase in actin cable number. No strains exhibited less 

actin cables than wild-type cells (Table 3.2, Fig. 3.1B). Although the majority of the deletion 

mutants exhibited more actin cables, there was no correlation between the growth rate in the 

presence of Lat-A and actin cable content. Therefore, actin cable number in the deletion mutants 

is not solely responsible for the reduced sensitivity to the growth-inhibiting effects of Lat-A. 

 

 

 

 

 

 



60 
 

Fig. 3.1: Actin cable morphology and 
abundance in deletion mutants with reduced 
sensitivity to the growth-inhibiting effects of 10 
µM Lat-A. A) Cells were fixed and stained with 
rhodamine-phalloidin. Projections of wide-field z-
series are shown. All of the deletion mutants 
contain polarized actin patches and actin cables. 
72% of the deletion mutants have higher levels of 
actin cables compared to wild-type cells. B) 
Quantitation of the average number of actin 
cables per cell was carried out as described in 
Materials and Methods. n > 100 

 

Deletion of a previously uncharacterized Ras-

like protein results in increased actin cable 

abundance and reduced sensitivity to 10 µM 

Lat-A: 50% of the genes uncovered in the screen 

have known cellular functions. These genes play a 

direct role in membrane trafficking, translation, 

RNA decay, DNA repair, central metabolism or 

mitochondrial quality control and therefore may 

have indirect effects on actin cables (Fig. S3.3). 

44% of the deletions that cause reduced 

sensitivity to Lat-A lie in ORFs that are 

previously uncharacterized or that encode proteins 

with no known biological function or activity 

(Table 3.2; Fig. S3.3). Moreover, one gene, 

SWF1, has been implicated in regulation of the 

actin cytoskeleton and polarized secretion (Dighe 

and Kozminski, 2008). 

 

 

YHR022c was chosen for further characterization 
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because it encodes a 29 kD protein that has sequence homology to the Ras protein family (Pfam 

family PF00071; e-value 4.6 e -12).  We generated a hierarchical tree, which illustrates the 

relatedness of YHR022c and the Ras superfamily of proteins (Fig. 3.2C). Bootstrapping values 

indicate that YHR022c is most closely related to the yeast Ran, Rab and Ras subfamily of 

proteins. A Blastp search revealed that YHR022c has the highest similarity with seven Ras and 

Rab subfamily proteins: Ras1 (p = 1 e -5), Ras2 (p = 8 e -7), Rsr1 (p = 3 e -4), Sec4p (p = 4 e -4), 

Vps21p (p = 5 e -5), Ypt1p ( p = 5 e -4), and Ypt7p ( p 4 e -5). These proteins also exhibit a high 

percent of pairwise homology: Ras1 (29%), Ras2 (26%), Rsr1 (28%), Sec4p (37%), Vps21p 

(34%), Ypt1p (33%), and Ypt7p (34%) (Fig. 3.2A). All amino acid sequence identities and 

homologies are in conserved regions of the yeast Ras proteins including the N-terminal GTP 

binding domain (G1), Switch I and II domains (G2 and G3, domains that undergo a 

conformational change in response to GTP binding and hydrolysis and regulate Ras protein 

interactions with downstream effectors) and in other conserved regions (G4 and G5) (Fig. 3.2A) 

(Dever et al., 1987; Matsui and Toh-e, 1992; Paduch et al., 2001). In light of this, and our 

findings that deletion of YHR022c increases actin cable content and reduces sensitivity to the 

growth-inhibiting effects on Lat-A, we will refer to this gene as Ras-like actin cable regulator, 

RAR1. 

 

Rar1p localizes to the cytosol: Many Ras family proteins are subject to posttranslational 

modifications at the C-terminus. The C-terminal cysteine is a site for farnesylation or 

geranylgeranylation and is important for membrane binding (Matsui and Toh-e, 1992). This 

cysteine is not present in Rar1p, which suggests that Rar1p does not localize to the plasma 

membrane (Fig. 3.2A). 



62 
 

 



63 
 

Fig. 3.2: Comparison of the sequence of Rar1p and yeast Ras superfamily proteins. A) 
Consensus alignment of Rar1 and yeast Ras and Rab proteins. Black = 100% similar. Dark grey 
= 80-100% similar. Light grey = 60-80% similar. White = < 60% similar. The conserved regions 
in the GTP binding domain (blue arrows), Switch 1 and 2 domains (red and purple arrows, 
respectively), G4-G5 sequences (green and orange arrows, respectively) are shown.  The 
conserved cysteine that is a site of post-translational lipid modification in some Ras superfamily 
proteins is marked with a light blue box. B) Sequence comparison of Rar1p and yeast Ras and 
Rab proteins in regions that are conserved in Ras superfamily proteins. C) Phylogenic analysis of 
Ras superfamily of proteins. Bootstrapping values were calculated using Molecular Evolutionary 
Genetics Analysis (MEGA) software v.4.0. 

 

Table 3.2: Characteristics of gene deletions identified in this screen 
 

strain  

Growth 
rate in 10 
µM  Lat-
Aa  

actin cable content 

function of gene productc number 
per cell significanceb 

bro1∆ 2.9 5.32 - 

class E vacuolar protein sorting (VPS) 
factor; coordinates deubiquitination in 
the multivesicular body (MVB) 
pathway  

swf1∆ 2.7 5.91 +++ palmitoyltransferase; regulates actin 
cytoskeleton and polarized secretion 

ski8∆ 2.6 4.90 - 
Ski complex component; mediates 3'-
5' RNA degradation by the 
cytoplasmic exosome 

RPL34A∆ 2.1 6.13 +++ protein component of the large (60S) 
ribosomal subunit 

YDR134c∆ 2.1 5.60 - Pseudogene 
YKL075c∆ 1.6 6.03 +++ Uncharacterized ORF 
YHR022c∆ 1.6 5.69 +++ Uncharacterized ORF 

idh1∆ 1.5 5.84 +++ subunit of mitochondrial NAD(+)-
dependent isocitrate dehydrogenase 

far10∆ 1.5 5.26 - 
required for recovery from 
pheromone-induced cell cycle arrest; 
activity unknown 

ixr1∆ 1.4 6.36 +++ DNA binding protein, no known 
function 

lsm6∆ 1.4 5.70 +++ subunit of a cytoplasmic Lsm1 
complex involved in mRNA decay 

sno4∆ 1.4 5.69 +++ no known function 

dit1∆ 1.3 5.65 ++ required for spore wall maturation; 
activity unknown 
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msh6∆ 1.2 5.91 +++ required for DNA mismatch repair; 
activity unknown 

aro1∆ 1.2 5.53 - aromatic amino acid biosynthetic 
enzyme 

afg3∆ 1.04 5.87 +++ 

component of the mitochondrial inner 
membrane m-AAA protease; mediates 
degradation of misfolded or 
misassembled proteins 

rgp1∆ 1.03 6.16 +++ subunit of a Golgi membrane 
nucleotide exchange factor  

     
a: fold increase compared to wild-type cells 
b: difference compared to wild-type cells. + = p < 0.05; ++ = p < 0.01; +++ = p < 0.001" 
c: based on the Saccharomyces Genome Database 

 
 

To test this hypothesis, we studied the localization of RAR1 that is tagged at its chromosomal 

locus with the HA epitope or with GFP. Tagging the Ras superfamily protein, Cdc42, at its N-

terminus does not compromise its function and allows for localization of Cdc42 protein in living 

cells (Richman et al., 2002). Therefore, we tagged Rar1p at its N-terminus with GFP or 56 

residues from its N-terminus with HA. Cells expressing GFP-Rar1p and HA-Rar1p exhibited 

normal actin cable polarity and abundance (data not shown). Thus, the insert has no obvious 

effect on Rar1p function. Both GFP-Rar1p and HA-Rar1p localize to the cytosol where they 

appear to be uniformly distributed (Fig. 3.3). The cytosolic localization of tagged Rar1p is 

observed in unbudded cells, and in yeast bearing small, medium and large buds.  Therefore, there 

is no obvious change in Rar1p localization as a function of cell cycle progression. 

 

Fig. 3.3: Rar1p is a cytosolic protein. Maximum 
projections of the localization of Rar1p that is 
tagged at its N-terminus with the HA epitope or 
GFP. HA-Rar1p was detected by indirect 
immunofluorescence in fixed cells and GFP-Rar1p 
was detected in living yeast cells. Bar: 1 µm.  
Arrows point to buds. 
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Deletion of RAR1 and expression of constitutively active Bni1p produce similar 

phenotypes:  To determine if the target for Rar1p regulation of actin cables is a known actin 

cable-associated protein, we compared the phenotype of rar1∆ cells with cells that bear a 

deletion in, or hyperactivation of, actin cable assembly or stability factors. To examine assembly, 

we focused on yeast that bear a deletion in the formins BNI1 or BNR1 or express constitutively 

active forms of Bni1p and Bnr1p. To examine stability, we studied yeast that lack or over-

express tropomyosin proteins (Tpm1p and Tpm2p) (Fig. 3.4) (Table S3.1). We examined four 

phenotypes: 1) growth rates upon challenge with low levels of Lat-A, 2) actin cable abundance, 

3) retrograde actin cable flow rates, and 4) actin cable stability upon challenge with low levels of 

Lat-A. 

 

Deletion or overexpression of the yeast tropomyosins produces phenotypes that are distinct from 

those observed in rar1∆ cells. Deletion of TPM1 or TPM2 decreased or had no effect on actin 

cable abundance, respectively. Conversely, overexpression of TPM1 or TPM2 resulted in an 

increase in actin cable abundance. tpm1∆ mutants exhibit reduced growth rates compared to 

wild-type cells, as reported previously (Huckaba et al., 2006).  However, deletion or 

overexpression of TPM1 or TPM2 had no obvious effect on growth rates in media containing 10 

µM Lat-A under the conditions used. These findings indicate that tropomyosins are not the 

targets for Rar1p function in actin cable regulation. 
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Fig. 3.4: Analysis of actin cable morphology, abundance, and cell growth rates of yeast 
bearing mutations in actin cable assembly and/or stability genes.   A) Visualization of actin 
cables in yeast bearing mutations in actin cable assembly and/or stability genes (left) and growth 
rates of cells in the presence or absence of Lat-A (right). Cells were fixed and stained with 
rhodamine-phalloidin. Growth curves of mutants (black) and wild-type cells (grey) in the 
absence (-) and presence (+) of 10 µM Lat-A were determined as for Fig. 1. TPM1-OE and 
TPM2-OE were induced in YPD Gal/Raff media and compared to wild-type cells grown under 
similar conditions. Data shown are averages obtained from three independent experiments. B) 
Quantitation of actin cable content in yeast bearing mutations in actin cable assembly and/or 
stability genes was carried out as for Fig. 1. Dashed lines show actin cable content in wild-type 
cells. Error bars are 95% confidence intervals of the mean.  n >100. (See Table S3.1) 
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Analysis of cells bearing a deletion or constitutive activation of the formins revealed similar 

phenotypes in rar1∆ cells and cells that express constitutively active BNI1. Specifically, we find 

that deletion of BNR1 resulted in a modest increase in actin cable content but had no effect on 

growth rates in Lat-A. In contrast, bni1∆ cells exhibited wild-type actin cable abundance but 

reduced sensitivity to the growth inhibiting effects of low levels of Lat-A (Fig. 3.4). Actin cable 

abundance in cells expressing constitutively active Bni1p (BNI1-CA) or Bnr1p (BNR1-CA) is 

25.0% and 18.2% greater than in wild-type cells, respectively. However, expression of BNI1-CA 

but not BNR1-CA, results in increased growth rates in Lat-A compared to wild-type cells. Thus, 

rar1∆ and BNI-CA cells both exhibit increased actin cable abundance and increased growth rates 

in Lat-A as compared to wild-type cells. This analysis also confirmed findings that 1) actin cable 

content alone is not a determinant for growth rates upon Lat-A challenge, and 2) Bni1p and 

Bnr1p have different effects on actin cable abundance and function. 

 

Given the similarity between rar1∆ and BNI1-CA and the established role of formin-mediated 

actin cable assembly in driving retrograde actin cable flow, we measured retrograde actin cable 

flow rates in wild-type, BNI-CA, BNR-CA and rar1∆ strains. We inserted GFP into the 

chromosomal locus of ABP140, a gene that encodes an actin bundling protein that localizes to 

actin cables, and monitored actin cable dynamics by time-lapse microscopy (Yang and Pon, 

2002). In wild-type cells, the velocity of retrograde actin cable flow is 0.25 µm/sec. As expected, 

the velocity of retrograde actin cable flow in yeast that express BNI1-CA or BNR1-CA, 0.36 and 

0.46 and µm/sec respectively, is significantly higher than that observed in wild-type cells (p < 

0.05) (Fig. 3.5A). The velocity of retrograde actin cable flow in rar1∆ cells, 0.33 µm/sec, is also 

significantly higher than that observed in wild-type cells (p<0.005). 
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Finally, we studied the effect of treatment with Lat-A on actin cable stability.  Treatment with 10 

µM Lat-A for 10 min resulted in a loss of all detectable actin cables in wild-type cells and in 

BNR1-CA cells.  In contrast, rar1∆ and BNI1-CA cells both exhibited an increase in actin cable 

content compared to wild-type cells after Lat-A treatment (Fig. 3.5B). This study reveals 

additional phenotypic similarities between rar1∆ and BNI1-CA: both strains produce more actin 

cables when challenged with low levels of Lat-A. 

 

Overall, the only yeast strain examined that phenocopies the RAR1 deletion mutant is one that 

expresses constitutively active Bni1p. In both rar1∆ and BNI-CA strains, we observe 1) reduced 

sensitivity to the growth inhibiting effects of low doses of Lat-A, 2) increased actin cable 

abundance, 3) increased velocities of retrograde actin cable flow, and 4) increased stability of 

actin cables upon incubation with low doses of Lat-A. Interestingly, constitutive activation of the 

other formin protein in yeast, Bnr1p, does not phenocopy the deletion of RAR1 or constitutive 

activation of Bni1p. These findings suggest that Rar1p 

may act as a negative regulator of actin cables through 

Bni1p but not Bnr1p. 

Fig. 3.5: Analysis of actin cable stability and 
retrograde flow rates in rar1∆ and formin mutants.  
A) Retrograde actin cable flow rates in formin or Rar1p 
mutants. Wild-type and mutant strains were grown in 
selective media to early log phase at RT. Imaging of 
Abp140p-GFP-labeled actin cables in a single, cortical 
focal plane was carried out as described in Materials and 
Methods. Error bars represent standard error of the 
mean. n > 100. rar1∆, BNI1-CA, and BNR1-CA strains 
all have significantly higher velocities of retrograde 
actin cable flow compared to wild-type cells (p<0.01). 
B) Actin cable abundance in formin mutants in the 
presence and absence of 10 µM Lat-A. Cells were 
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grown to mid-log phase, fixed and strained with rhodamine-phalloidin as for Fig. 3.1. The 
histogram shows the percentage of cells that contain detectable actin cables after treatment in the 
absence (black) or presence (grey) of 10 µM Lat-A. n > 100.  

 

 

Rar1p is a negative regulator of actin cables that acts upstream of Bni1p and not Bnr1p: A 

recent paper reports a negative genetic interaction between Rar1p and Bni1p (Vizeacoumar et al., 

2010). We confirmed the findings that bni1∆ rar1∆ mutants exhibit defects in spindle alignment 

that are more severe than that observed in either single mutant (data not shown). Moreover, we 

observe that rar1∆ bni1∆ double deletion strains exhibit lower growth rates compared to either 

single mutant (Fig. 3.6A). Since spindle misalignment results in a delay in cell cycle progression 

at anaphase, we confirm previous findings that Rar1p and Bni1p are also in parallel pathways 

that affect cell growth through effects on spindle alignment. 

 

Fig. 3.6. Rar1p function in actin cable 
abundance and Lat-A resistance requires 
Bni1p.  A) Growth rates of wild-type cells, 
bni1∆, rar1∆ and bni1∆ rar1∆ cells, 
determined as for Fig. S3.2.  B) Quantitation of 
the average number of actin cables per cell was 
carried out as for Fig. 3.1. n > 100. Error bars 
are standard error of the mean.  
 
 
 
 
Here, we focused on whether Rar1p and Bni1p 

are in a common, formin isoform-specific 

pathway that affects actin cables in addition to 

their function in spindle alignment. To do so, 
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we tested whether Rar1p acts upstream of Bni1p, but not Bnr1p, in control of actin cable 

abundance and assembly. If Rar1p acts upstream of Bni1p, then elevated actin cables observed 

upon deletion of RAR1 should require BNI1 and the phenotype of rar1∆ bni1∆ cells should be 

similar to that of bni1∆ cells. Moreover, if Bnr1p is not a downstream target for Rar1p, then the 

phenotype of a rar1∆ bnr1∆ cell should be distinct from that observed in a bnr1∆ cells. Our 

epistasis studies confirmed these predictions. Actin cable content in the rar1∆ bnr1∆ mutant is 

greater than that observed in the bnr1∆ mutant (p < 0.01) and similar to that observed in the 

rar1∆ mutant. In contrast, actin cable content in the rar1∆ bni1∆ mutant is similar to that 

observed in bni1∆ and wild-type cells (Fig. 3.6B). These findings indicate that the increase in 

actin cable content observed in rar1∆ cells requires Bni1p and not Bnr1p, which supports the 

model that Rar1p is a negative isoform-specific regulator of Bni1p function in actin cable 

assembly.  
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DISCUSSION 

 

We carried out a genome-wide screen for yeast deletion mutations that exhibit higher growth 

rates compared to wild-type cells under conditions that perturb actin cables without affecting the 

other major F-actin containing structure in yeast. We identified eighteen yeast deletion mutants 

that exhibit increased growth rates compared to wild-type cells when challenged with low levels 

of Lat-A. 72% of these strains exhibited an increase in actin cable abundance, consistent with the 

notion that a majority of these deletion mutations specifically affect actin cables. Genes 

highlighted in this screen do not cluster in any one specific class of activity or function. 

However, 22% of the genes of interest encode previously uncharacterized ORFs. 

 

Our efforts focused on the gene, YHR022c.  The protein encoded by YHR022c shows homology 

to the Ras protein superfamily. It shows the highest level of identity with Ras and Rab proteins 

and exhibits homology with these proteins in regions that are hallmarks of Ras superfamily 

proteins: the N-terminal GTP binding domain, Switch I and II domains, as well as G4 and G5 

sequences. Deletion of YHR022c results in an increase in actin cable abundance, stability and 

retrograde flow rates. Thus, the protein encoded by YHR022c is a negative regulator of actin 

cables. Accordingly, we refer to this gene as Ras-like regulator of actin cable 1, RAR1. 

 

Rar1p localizes to the cytosol. This cytosolic localization of Rar1p is consistent with the finding 

that Rar1p does not contain the conserved C-terminal cysteine that is the site of lipid 

modification and lipid dependent membrane targeting.  Moreover, we find that the only strain 
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examined that phenocopies the RAR1 deletion strain is one that expresses constitutively active 

Bni1p (BNI-CA). In both rar1∆ and BNI-CA cells, we observe an increase in actin cable content 

± Lat-A treatment, increased retrograde actin cable flow rates, and reduced sensitivity to the 

growth in inhibiting effects of low levels of Lat-A. Moreover, we find that Rar1p regulation of 

actin cable assembly, stability and retrograde flow requires Bni1p but not Bnr1p. Thus, we 

obtained evidence that Rar1p is a negative regulator of actin cables and a negative, isoform-

specific regulator of the formin Bni1p. 

 

Rar1p and Bni1p also have negative genetic interactions in their function in spindle alignment 

(Vizeacoumar et al., 2010). We confirmed this interaction. To reconcile the findings that Rar1p 

acts upstream of Bni1p in actin cable assembly, but in parallel pathways with Bni1p in spindle 

alignment, we propose that Bni1p and Rar1p regulate both actin cable abundance and spindle 

alignment in yeast, but do so by different mechanisms. In yeast, spindle alignment is controlled 

by two pathways: one is dependent upon actin cables and Bni1p, and the other is dependent upon 

dynein (Heil-Chapdelaine et al., 2000).  Therefore, it is possible that Rar1p impacts on both 

pathways. Alternatively, the mammalian formin protein mDia has direct effects on the formation 

and orientation of stable microtubules in the leading edge of motile cells that are independent of 

its function in actin dynamics (Bartolini et al., 2008).  Thus, it is possible that Bni1p affects 

spindle alignment by mechanisms that are independent of its function in control of actin cables. 

 

Interestingly, we also find that increasing actin cable content, by tropomyosin overexpression, 

does not suppress the growth inhibiting effects of low levels of Lat-A.  Thus, actin cable content 

alone is not a determinant for Lat-A resistance.  Consistent with this, there is no correlation 
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between actin cable abundance and growth rates in the gene deletion strains that exhibit reduced 

growth inhibition by Lat-A. Moreover, increasing actin cable abundance and assembly by 

constitutive activation of BNR1 does not suppress the growth inhibiting effects of low levels of 

Lat-A. However, we only detect reduced sensitivity to Lat-A challenge in rar1∆ and BNI-CA 

cells which exhibit increases in both actin cable content and assembly. 

 

These findings confirm the observation that tropomyosins have different roles in actin cable 

function compared to formins. They also indicate that Bni1p-derived actin cables are 

functionally distinct from Bnr1p-derived actin cables. The basis for this difference in Bni1p- and 

Bnr1p-derived actin cables is yet to be determined. However, Bni1p localizes to the bud tip 

while Bnr1p localizes to the bud neck.  Moreover, membrane deposition at the bud tip depends 

on actin cables, is essential for apical bud growth, and contributes to isotropic bud growth. Thus, 

it is possible that the majority of the actin cables that assemble and extend from the bud tip are 

Bni1p-derived and the function of these cables in delivery of membrane to the bud tip is critical 

for bud growth when actin cable levels are reduced. 

 

The mechanism underlying Rar1p function as a negative regulator of Bni1p also remains to be 

determined. Since Rar1p localizes to the cytosol, and Bni1p is activated in the bud tip, it is 

possible that Rar1p functions to prevent activation of Bni1p at sites other than the bud tip.  Rar1p 

effects on Bni1p may be direct or indirect.  Since Bni1p binds to and is activated in the bud tip 

by the Rho subfamily of Ras proteins, Rar1p may interact directly with Bni1p. Alternatively, as a 

member of the Ras superfamily of proteins, Rar1p may be part of a signal transduction cascade 

upstream of Bni1p. Ongoing studies are designed to test these hypotheses. 
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Overall, our studies identified a new Ras family protein in yeast.  We obtained evidence for a 

role of Rar1p as an isoform-specific, negative regulator of formins and of actin cable assembly. 

To our knowledge, this is the first evidence that a member of the Ras superfamily protein is a 

negative regulator of a formin and of the actin cytoskeleton. We also obtained additional 

evidence that the yeast formins are functionally distinct and are regulated by different 

mechanisms. Finally, seven of the genes identified in our screen exhibit a phenotype similar to 

that observed in rar1∆ and BNI1-CA cells and are uncharacterized ORFs or encode proteins with 

no known biological function or activity. This raises the possibility that these genes negatively 

regulate Bni1p, either directly or indirectly.  Future studies may reveal the mechanism of 

regulation of Bni1p by these genes and by Rar1p.  
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SUPPORTING INFORMATION 

 

 Fig. S3.1: 10 µM Lat-A destabilizes actin cables, 

but not actin patches. A) Growth curves of wild-

type yeast incubated in different concentrations of 

Lat-A. Cell growth was analyzed as for Fig. 3.1. 

Growth curve measurements show increased 

sensitivity to the growth inhibiting effect of Lat-A as 

concentration increases. 10 µM Lat-A was chosen for 

further experiments due to its intermediate effect on 

growth rate (indicated by asterisks). B) Morphology 

of actin cables and patches after incubation in the 

presence or absence of 10 µM Lat-A. WT cells were 

added to YPD and an equivalent amount of Lat-A 

diluent DMSO (left) or YPD and 10 µM Lat-A 

(right). Yeast cells were fixed and stained for F-actin 

using rhodamine-phalloidin. In the absence of Lat-A 

(left), actin patches, punctate F-actin containing 

structures, are polarized and enriched in the bud (white arrowhead). Actin cables (white arrow) 

lie along the mother-bud axis. Actin cables are present in the bud; however, the fluorescence 

intensity of the actin patches is much brighter, which precludes visualization of cables in this 

region.  WT cells treated with 10 µM Lat-A (right) show polarized actin patches, but much fewer 

actin cables. Size bar: 2 µm. C) Actin cable number per cell as a function of time incubated in 10 
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µM Lat-A. The greatest reduction in cable number was seen after 10 min. From 10-20 min the 

number of actin cables per cell remained constant. Error bars are standard error of the mean; n > 

100 for each time point. Significance was assessed using two-tailed t-test with unequal variance. 

(p < 0.01) Statistically significant differences are indicated by asterisks. 

 

 
Fig. S3.2: Growth rates of wild-type cells 

and deletion mutants in medium 

containing 10 µM Lat-A.  Cell growth was 

analyzed as for Fig. S3.1. Representative 

strains are shown.  
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Fig. S3.3. GO annotation of genes identified in this screen. A) Molecular function.  B) 

Localization. C) Process. Yeast GO SLIM terms were identified using SGD Gene Ontology Slim 

Mapper. http://www.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl. Pie charts were generated 

in MS Excel. 

http://www.yeastgenome.org/cgi-bin/GO/goSlimMapper.pl�
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Table S3.1: Actin cable content in yeast bearing mutations in actin cable assembly or  

stability proteins 

 

 

 

 

 

Strain  
Actin Cable Content 

Number 
Per Cell Significancea 

bni1∆ 4.48 ++* 
BNI1-CA 5.95 +++ 
bnr1∆ 5.50 - 
BNR1-CA 6.29 +++ 
tpm1∆ 3.33 +++* 
TPM1-OE 8.32 +++ 
tpm2 ∆ 5.32 - 
TPM2-OE 6.60 +++ 
 
 
a: difference compared to wild-type cells 
+: p<0.05 
++: p<0.01 
+++: p<0.001 
*: strains with fewer actin cables compared to wild-type 
cells 
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CHAPTER IV 

 

 

 

 

 

 

 

DISCUSSION 
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1. Roles of Type II Myosin and Tropomyosin in Retrograde Flow 

Previous studies revealed that retrograde flow of newly-assembled actin bundles and networks is 

driven by the “push” of actin polymerization and assembly and also by the “pull” of type II 

myosin (Mallavarapu and Mitchison, 1999); (Gupton et al., 2002; Lin et al., 1996); (Jurado et al., 

2005); (Medeiros et al., 2006). Tropomyosin has also been previously implicated in regulation of 

myosin-function in this process (Gupton et al., 2005). In yeast, there is one type II myosin, 

Myo1p, and two tropomyosins, Tpm1p and Tpm2p. Myo1p localizes to the actomyosin ring in 

the bud neck and generates force for contractile ring closure during cytokinesis. Tpm1p and 

Tpm2p localize to actin cables. Much was known about the actin stabilizing activity of Tpm1, 

but not about Tpm2. It was known that both tropomyosins must perform an essential function, 

yet were not functionally interchangeable due to examination of the differences in mutant 

phenotypes. However, the function of Tpm2p was not known (Drees et al., 1995).  

 

My studies revealed that Myo1p provides the pulling force for retrograde actin cable flow, and 

that Tpm2p regulates binding of Myo1p to actin cables during this process. These observations 

are significant for several reasons. First, they revealed a function for Tpm2p and a novel function 

for Myo1p in budding yeast. Second, unlike other type II myosins, which are recruited to the 

contractile ring shortly before contractile ring closure, Myo1p is recruited to the bud neck during 

G1 stage of the yeast cell division cycle. Our finding, that Myo1p at the bud neck provides the 

pulling force for retrograde actin cable flow, explains why Myo1p localizes at the bud neck 

throughout the cell division cycle (Tolliday et al., 2001; Tolliday et al., 2003). 
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2. Mechanisms of Myo1p Function in Retrograde Actin Cable Flow 

One of the key unanswered questions regarding Myo1p in yeast is how a single motor molecule 

can exert forces in two directions.  To drive retrograde actin cable flow, which occurs during G1 

to M phases, it exerts force along the mother bud axis. However during contractile ring closure, 

it exerts force perpendicular to the mother bud axis.  Recent studies on septins, filamentous 

structures that localize to the bud neck and are required for contractile ring assembly and septum 

formation, may shed light on this question.  

Septins had been previously shown to 

transition from a non-dynamic 

hourglass-shaped assembly into two 

separate rings at the onset of 

cytokinesis (Fig. 4.1). Using 

polarized fluorescence microscopy 

and a GFP reported for septin 

organization, Vrabiois et al., (2006) 

found that early in the cell cycle, septin filaments are in the hourglass-shaped assembly and are 

parallel to the mother-bud axis. However, prior to cytokinesis, septin filaments rotate 90° in the 

membrane plane and form rings that span the bud neck (Vrabioiu and Mitchison, 2006).   

 

Septins serve as a scaffold for assembly of the actomyosin ring.  Specifically, early studies 

indicate that: 1) Myo1p ring formation at the bud neck depends on the septins, 2) preexisting 

Myo1p rings are stable when F-actin is depolymerized and is therefore not dependent upon actin, 

and 3) the F-actin ring forms within the Myo1p ring at the end of anaphase (Bi et al., 1998). This 

Figure. 4.1. Organization of septin filaments. 
G1- M phase (left) and during cytokinesis (right) 
in budding yeast. Adapted from (Vrabioiu and 
Mitchison, 2006). 
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Figure 4.2. Model for Rar1p 
function as an upstream negative 
regulator of Bni1p. Rar1p activity 
is specific to Bni1p and 
independent of Bnr1p  

raises the possibility that the septins control Myo1p organization during the entire cell cycle, and 

that septin-dependent changes in Myo1p organization contribute to Myo1p function in retrograde 

actin cable flow and cytokinesis. In this model, early in the cell cycle from G1 phase to late 

metaphase within M-phase, Myo1p undergoes septin-dependent alignment along the mother-bud 

axis. As a result, it is positioned to generate pulling forces on actin cables from the bud tip 

toward the mother cell. In late metaphase, rotation of septins triggers a rotation of Myo1p and 

assembly of Myo1p into the contractile ring, which positions Myo1p for force generation during 

cytokinesis.  Future studies are needed to test this model. 

 

3. Mechanism of Rar1p regulation of Bni1p 

My studies revealed that a previously uncharacterized 

Ras family protein is a negative regulator of Bni1p and 

not Bnr1p (Fig. 4.2).  Yet to be determined is the 

mechanism of action of Rar1p in inhibition of Bni1p 

and how these effects are formin isoform specific.   

 

We find that Rar1p has many of the canonical 

sequences that are characteristic of Ras proteins 

including N-terminal GTP binding domain (G1), Switch I and II domains (G2 and G3, domains 

that undergo a conformational change in response to GTP binding and hydrolysis and regulate 

Ras protein interactions with downstream effectors) and in other conserved regions (G4 and G5).  

However, Rar1p does not contain the plasma membrane-targeting CAAX box.  Consistent with 

this, we find that the protein localizes to the cytosol.  Moreover, previous studies have revealed 
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that Rho proteins can bind directly with formins in yeast and other cell types, and that Rho 

interaction with formins can result in conformational changes in formins that relieves 

autoinhibitoin, and promotes formin-stimulated actin polymerization.  In addition, studies in 

yeast revealed that Bni1p and Bnr1p are differentially regulated by Rho proteins. While all four 

Rho proteins (Cdc42, Rho1, Rho3 and Rho4) in yeast can interact with Bni1p, Bnr1p only 

interacts with Rho4p. Finally, other studies revealed that Bni1p is a dynamic protein that 

undergoes cell cycle linked changes in intracellular localization and intracellular motility, 

whereas Bnr1p localizes to only one site in wild-type yeasts (the bud neck) and does not exhibit 

any obvious intracellular motility.  

 

On basis of these observations, we propose that Rar1p prevents Bni1p from being activated in 

the cytosol, which in turn, promotes activation of the protein at sites of polarity establishment 

and maintenance at the plasma membrane of the bud tip and of the bud neck.  We propose that 

this regulation is critical during late stages of the yeast cell division cycle, when Bni1p moves 

through the cytosol as it relocalizes from the bud tip to the bud neck.  However, since Bni1p is 

presumably synthesized in the cytosol and recruited from the cytosol to the bud tip, it is possible 

that the regulation is critical throughout the yeast cell division cycle.   

 

We propose that Rar1p acts as a negative regulator of cytosolic Bni1p by preventing activating 

Rho proteins (Cdc42, Rho1, Rho3 and Rho4) from binding to the Rho GTPase-binding domain 

(GBD) in Bni1p when it is in the cytosol. Further, we propose that the isoform-specific effects of 

Rar1p reflect differences the localization and structural organization of Bni1p as compared to 

Bnr1p. Since Bnr1p localizes exclusively to the bud neck in wild-type cells, there may not be a 
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needed to prevent Bnr1p from being activated in the cytosol.  Finally, regulation may be specific 

for Bni1p because Rar1p, like other Rho G-proteins, may bind to the GBD of Bni1p and not 

Bnr1p.  

 

This raises several questions that test the model and can be addressed by established methods. 

Does Rar1p bind directly to Bni1p but not to Bnr1p? Does Rar1p bind to the GBD domain of 

Bni1p and not Bnr1p?  Does binding of Rar1p to Bni1p relieve the autoinhibition of the actin 

polymerization activity of Bni1p? Does Rar1p act as a competitive inhibitor to prevent binding 

of Rho proteins to Bni1p, and to prevent Rho-protein stimulation of Bni1p activity in actin 

polymerization?   

 

This model also raises questions about Rar1p. Does Rar1p have GTP binding and hydrolysis 

activity?  Does Rar1p interact with GEFs and GAPs?  Does the nucleotide bound state of Rar1p 

affect its ability to bind to Bni1p?  Does Rar1p function as a negative regulator of Bni1p during 

the entire cell cycle or only at late stages in the cell cycle, when Bni1p relocalizes from the bud 

tip to the bud neck? 

 

Finally, there are questions about the generality of this mechanism. Do similar regulatory 

mechanisms exist in other eukaryotes? 

 

4. Other Genes Identified in the Screen for Actin Cable Modulators 

Swf1p interacts with the Rho-GTPase Cdc42 and localizes to actin cables and patches in budding 

yeast. Deletion of SWF1 results in misorganization of the actin cytoskeleton, decreased stability 
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of F-actin in vivo, increased vesicle accumulation in the bud, and impaired exocytosis. Swf1p has 

palmitoyltransferase activity, however, this activity is not required for its function in actin 

organization (Dighe and Kozminski, 2008). While the mechanism of action of Swf1p in actin 

cable stability and organization are not known, the fact that a gene identified in our screen was 

also independently identified as an actin cable modulator further validates our screen, and 

encourages us to further characterize other identified genes.  

 

Most of the genes identified in the screen do not merit immediate study.  Three of the deletion 

mutations identified in the screen, ski8∆, far10∆ and bro1∆, have no obvious effect on actin 

cable abundance.  In addition, some of the genes identified in the screen have been implicated in 

protein trafficking (BRO1 and RGP1) or multidrug resistance (YKL075c) and may therefore 

have effects on Lat-A uptake and/or degradation in the vacuole. Finally, many of the genes 

identified in the screen have direct roles in cellular metabolism and may affect actin cables 

through effects on cell fitness. These genes have been implicated in mitochondrial function 

(AFG3, IDH1 and ARO1), protein synthesis (RPL3 and LSM6), and DNA binding or repair 

(MSH6 and IXR1).  

 

RAR1 is the most promising candidate identified in the screen. All of the other genes that offer 

promise are previously uncharacterized. YDR134c is a pseudogene.  However, the protein 

encoded by this gene has physical interactions with protein kinases including two palmitoylated 

plasma membrane protein kinases.  Therefore, it is clear that YDR134c is a gene that may 

function in signaling mechanisms that impact on actin cable organization and/or function.  The 

other genes of interest have no known function but have been implicated in cell wall integrity 
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and the response to cellular stress (DIT1 and SNO4). The cell wall integrity signaling pathway is 

controlled by Rho1 and is responsible for modulating changes to the cell wall during through the 

cell cycle and in response to cell wall stress. This signaling pathway acts through direct control 

of processes including polarization of the actin cytoskeleton. Therefore, it is possible that DIT1 

and/or SNO1 are contribute to regulation of actin cable organization and/or function in response 

to signal transduction from the cell wall integrity pathway. 

 

5. Mechanisms of Actin Cable Length Control 

In wild-type yeast cells, actin cables elongate to span the entire length of the mother cell and 

bud. In contrast, yeast bearing mutations that stabilize F-actin have longer actin cables that 

elongate beyond the length of the budding yeast cell and loop around themselves in the mother 

cell (Chesarone et al., 2009a; Liu and Bretscher, 1989). Thus, actin cable length appears to be 

controlled to insure that the track for cargo movement is not longer than the maximum distance 

that the cargos must travel. This seemingly precise mechanism of actin cable length regulation 

can be controlled at the level of actin cable assembly and/or disassembly. However, the 

regulation of these two activities as they pertain to actin cable length control is still undefined.  It 

is known that actin cables assemble at sites of polarized growth in the bud tip and neck and 

undergo retrograde flow; however, very little is known concerning the interplay between actin 

cable assembly and disassembly. 

 

There are two working models to describe actin cable length regulation – one highlighting the 

role of actin cable assembly and the other, disassembly. According to one disassembly model, 

there is a disassembly factor(s) that either localizes to or is selectively activated in the distal tip 
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of the mother cell. Since Bud8p, a protein that is required for bud site selection localizes to the 

mother cell in budding yeast (Schenkman et al., 2002), it is possible that other proteins, including 

those that contribute to actin cable disassembly, also localize to that site.  Indeed, we find that 

actin cables undergoing retrograde flow recoil when they make contact with the mother cell tip.  

This raises the possibility that physical contact between an actin cable and the tip of the mother 

cell can trigger site-specific actin cable disassembly.  

 

According to an alternative model, the “assembly-dependent disassembly gradient” model, 

instability of F-actin within actin bundles or networks determines the rate of bundle or network 

disassembly. Since retrograde flow of actin bundles and networks is driven in part by actin 

polymerization and insertion of new F-actin and actin-binding proteins into elongating actin 

cables, more stable, newly polymerized F-actin is enriched near the site of assembly at the cell 

cortex, and older, less stable F-actin is enriched in the other end of actin bundles or networks.  

As a result, there is a gradient of old end disassembly in which disassembly is greatest away 

from the assembly site, and length of the bundle or network is proportional to the rate of 

assembly of newly polymerized F-actin into actin bundles or networks.  

 

Further evidence for this assembly-dependent “disassembly gradient” model can be seen by 

using the actin monomer-sequestering drug Lat-A, which inhibits actin polymerization but does 

not affect rates of F-actin disassembly (Ayscough et al., 1997). Since Lat-A treatment resulted in 

loss of actin cables after 60 sec, two inferences can be made: first, maintenance of actin cables 

requires actin polymerization, and second, actin filaments within actin cables undergo rapid 

depolymerization. Moseley and Goode (2006) calculated that a 4-µm long actin filament in a 
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cable would maintain most of its length after 60 sec of treatment in Lat-A as opposed to the 

complete loss of actin cable staining which was seen. They estimated that each actin subunit 

contributed 2.77 nm to filament length, so a 4µm long filament contained 1,500 subunits.  Using 

the dissociation rates for rabbit skeletal muscle ADP-actin (7.2 s-1 for the barbed end, 0.27 s-1 

for the pointed end) and ATP-actin (1.4 s-1 for the barbed end, 0.8 s-1 for the pointed end) 

(Pollard, 1986), a 4-µm filament which is 1,500 subunits long would lose ~450 subunits in 1 

minute if comprised of only ADP-actin or 130 subunits if only ATP-actin. In either example, a 

majority of the actin filament remains based on these calculations. In reality, however, the 

filament depolymerizes in one minute, indicating that: 1) the filament length must be shorter than 

1 µM, and 2) depolymerization must be rapid at the pointed end (Moseley and Goode, 2006).   

 

Findings from my thesis may contribute to our understanding of mechanisms underlying 

regulation of actin cable length. In studies designed to confirm that Rar1p is a negative regulator 

of Bni1p and not Bnr1p, I tested the effect of overexpression of RAR1 in yeast bearing deletions 

in either Bni1p or Bnr1p. I found that long-term (8-24 hr) overexpression of RAR1 resulted in an 

increase in cell length and width.  Equally important, I found that this effect was observed only 

in cells that contain Bni1p: overexpression of RAR1 resulted in an increase in cell size in wild-

type cells (which express BNI1 and BNR1) and in bnr1∆ cells (which express BNI1) but not in 

bni1∆ cells (which express BNR1).  Our interpretation of these results is that overexpression of a 

negative regulator of Bni1p resulted in compensatory mechanisms that not only maintained actin 

cables, but also increased actin cable length and cell size. It is possible that the compensatory 

mechanisms affected actin cable stability. However, since formins function in actin cable 

assembly, we favor the model whereby the observed increase in actin cable length is due to 
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effects on the assembly machinery. Further studies, including analysis of the actin 

polymerization activity of Bni1p, actin cable assembly rates, and actin cable length, dynamics 

and function in polarized cargo transport, need to be performed to further characterize the effect 

of long-term RAR1 overexpression on Bni1p.  However, if confirmed, these results would 

support the assembly-dependent disassembly gradient model of actin cable length control.  

 

There is evidence that actin assembly rates are regulated during elongation of filopodium tips 

(Mallavarapu and Mitchison, 1999). In this study, the authors measured both the cytoskeleton 

assembly rate (the change in distance between the filopodium tip and a fiduciary mark on an 

actin bundle as a function of time) and retrograde flow rate (the change in position of the mark 

with respect to the substrate as a function of time) along the vector defined by the filopodium. 

Variations in filopodium motility could be attributed to differences in the rates of actin 

cytoskeleton assembly while the retrograde flow rate was relatively constant. These data indicate 

that rates of actin assembly can change in actin structures undergoing retrograde flow.  Yet to be 

determined is whether the lengths of structures change as a function of assembly rates.   
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