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The actin cytoskeleton is a protein complex composed of actin 

and actin-associated proteins that regulate actin assembly and 

function. Actin function is required for a variety of cellular 

processes including locomotion, secretion, endocytosis and 

organelle movement. Although actin function is implicated in these 

processes we have yet to determine whether actin is a direct 

participant or simply required for general cell health. The work 

presented here examines actin's requirement during osmoregulation 

and endocytosis in Saccharomyces cerevisiae. 

Analysis of the phenotypes exhibited in a collection of isogenic 

actin mutants reveals correlations between the phenotypes of 

sporulation, endocytosis and salt sensitivity. We propose a causal 

relationship and demonstrate actin mutants may be salt sensitive 

because salt inhibits endocytosis, exacerbating endocytosis defects 

caused by mutant actin. Mapping the salt sensitive and endocytosis 

defective alleles on the atomic structure of actin reveals that the 

actin-Sac6p interaction is crucial for salt resistance and efficient 

endocytosis. Furthermore, our studies indicate that decreased 



14 

endocytosis rates in NaCl act independently of clathrin and the high-

osmolarity glycerol (HOG) signal transduction pathway. 

We quantitatively examined whether actin directly participates 

in the trafficking of plasma membrane proteins by examining 

defects in cells treated with the actin inhibitor Latrunculin-A (Lat-A). 

By measuring protein degradation, we demonstrate that actin 

disruption results in turnover defects of both the receptor, Ste2p 

and the non-receptor, Ste6p. However, actin disruption more 

severely alters receptor degradation. We suggest that actin plays a 

direct role in Ste2p turnover and an indirect role in Ste6p turnover. 

We further quantitatively compared actin's contribution to 

constitutive versus receptor-mediated turnover by analyzing Ste2p 

degradation in the presence or absence of a-factor and determined 

that actin disruption more severely affected Ste2p turnover in the 

absence of ligand. 

Using electron microscopy, we examined the interactions 

between actin and two actin-bundling proteins, fimbrin and Efla. 

We analyzed the ability of mutant actins to form filaments and 

assayed which alleles exhibited defective Sac6p interactions. 



Our analysis of the interactions 

mutant and wild-type actin and 

suppression between actin and 

and bundling activity. 

15 

between different combinations of 

Sac6p demonstrate that the in vivo 

Sac6p occurs by restoring binding 
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CHAPTER ONE: INTRODUCTION 

Introduction to the Actin Cytoskeleton: 

Actin 

Actin is an abundant and conserved protein found in most 

eukaryotic cells. Actin can exist in either a monomeric or 

filamentous form. Filamentous actin (F-actin) is constructed 

through the polymerization of many globular actin subunits (G-

actin) into a helical arrangement. The three-dimensional crystal 

structure of the actin molecule has been solved and the protein is 

composed of a pair of peanut-like domains divided by an ATP and 

cation-binding site (Kabsch et al., 1990). One domain is slightly 

larger than the other. The small domain consists of subdomains 1 

and 2 with mutations in this region affecting the ability of actin 

binding proteins to interact with actin. The larger domain consists 

of subdomains 3 and 4 with mutations in this region affecting the 

ability of actin monomers to interact with each other. Actin 

filaments have intrinsic polarity as the two ends of each actin 

filament have different polymerization rates; the faster growing end 
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is called the plus-end and the slower growing end is called the 

minus-end. 

In Saccharomyces cerevisiae, actin is encoded by a single gene, 

ACTl (Ng and Abelson, 1980; Shortle et al., 1982). Comparison of 

the yeast actin sequence with mammalian actin indicates that these 

sequences are 89% identical at the amino acid level. Although 

numerous approaches exist for studying actin in yeast, the majority 

of research has utilized genetic methods. Notably, the existence of a 

single actin gene allows for rapid analysis of actin function through 

genetic replacement of wild-type actin with mutant actin alleles. 

Actin mutants 

The isolation or creation of conditional actin mutant alleles 

was crucial to discovering the functions of actin, as actin is essential 

for cell viability. To date, a large collection of actin mutations exist. 

The first actin mutants were created by chemical mutagenesis, but 

the majority were generated through "charged-to-alanine" scanning 

mutagenesis (Shortle et al., 1984; Dunn and Shortle, 1990; Wertman 

et al., 1992). There are many phenotypes associated with these 
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actin mutants, providing evidence that actin function is required for 

many cellular processes. These phenotypes will be discussed in 

detail later. Interestingly, none of these mutants completely 

eliminate polymerized actin structures, as evidenced by the fact that 

all actin mutant strains contain rhodamine-phalloidin stained actin 

patches. 

Actin binding proteins 

The stability and assembly state of actin is modulated by the 

presence of numerous actin-binding proteins. Depending on which 

actin-binding proteins are present, actin filaments exist in either a 

rigid structure or are extremely dynamic and flexible. Different 

proteins bind to either monomeric or filamentous actin and are 

responsible for such activities as capping, cross-linking, severing, 

bundling, strengthening, and sequestering. Many of these proteins 

have been demonstrated to bind to overlapping and/or distinct 

regions of the actin molecule. 

The identification of actin-binding proteins in yeast has been 

extremely successful due to the genetic tractability of this organism. 
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Genetic screens utilizing suppression or enhancement of conditional 

actin mutant alleles have led to the identification of numerous actin-

associated proteins. Among those identified were proteins that were 

suppressors of actin (encoded by SACl-7), proteins that suppressed 

the salt sensitive phenotype of actin (reversion of actl high-

osmolarity sensitivity suppressors encoded by RAH 1-3), and 

proteins that failed to complement actin (actin noncomplementing 

gene products encoded by ANCl-4). Besides genetic methods, 

biochemical purification and molecular techniques have identified 

additional actin-binding proteins, including the actin-bundling 

protein (SAC6), the actin-binding protein (ABPl), the myosin 

proteins (MYOl-5), profilin (PFYl), and the tropomyosin proteins 

(TPMl-l) (Drubin et al., 1988; Sweeney et al., 1991, Haarer et al., 

1994; Goodson and Spudich, 1995; Drees et al., 1995). These actin-

associated proteins identified in yeast alter the structure and 

function of actin and have highly conserved sequence similarity to 

mammalian homologs, suggesting that the basic mechanisms of 

actin function are likely conserved as well. 
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Yeast fimbrin {SAC6) 

One of the actin binding proteins, fimbrin, encoded by the 

SAC6 gene, is the focus of Chapter Two. Sac6p is an actin-bundling 

protein identified genetically through suppression of the 

temperature sensitive phenotype of an act 1-3 mutation and 

biochemically through binding to an F-actin affinity column (Adams 

and Botstein, 1989; Drubin et al., 1988). Subsequent genetic 

analyses revealed that, not only do sac6 mutations suppress actl 

mutations, but that actl mutations in turn suppress sac6 mutations. 

This genetic phenomenon was described as reciprocal suppression 

and this reciprocal feature strongly suggests that these two proteins 

directly interact (Adams and Botstein, 1989). Further analysis 

revealed that only a subset of actin alleles were capable o f 

suppressing the sac6 temperature sensitive phenotype, indicating 

that suppression was allele-restricted, evidence further supporting 

the notion of direct interaction. 

The sequence of SAC6 shows 40% identity to human plastin 

and chicken fimbrin at the amino acid level (Adams et al., 1991). 

Sac6p and the higher eukaryotic homologs co-localize with actio 
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and bundle actin filaments (Adams et al., 1991; Bretscher, 1981; 

Glenney et al,, 1981). This family of proteins contain a head region 

composed of an EF-Hand-like domain and a core domain composed 

of two tandem actin-binding domains (Adams et al., 1991; de 

Arruda et al., 1990). Sac6p is not essential for cell viability, 

however cells lacking Sac6p exhibit a variety of phenotypes similar 

to those observed in actin mutants (Adams et al., 1991; Brower et 

al., 1995). 

Allele-specific and reciprocal suppression 

The allele-specificity and reciprocal nature of suppression 

between sac6 and actin alleles indicated that these two proteins 

most likely interact directly with each other. Allele-specific 

suppression is a distinctive and highly valued feature of suppression 

because it indicates that suppression does not occur through by

passing the requirement for the wild-type protein. 

The mechanism underlying the genetic suppression observed 

between actin and sac6 alleles has been a focus of our laboratory. 

The original hypothesis explaining the genetic suppression observed 
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between actin and sac6 alleles was through the classical "lock and 

key" model. This model suggests that suppression of a mutation in 

protein X occurs through the restoration of a defective interaction 

with protein Y. The restoration would occur by mutating residues in 

protein Y that restore the contact site of the original mutation in 

protein X. We have tested this model by examining the in-vitro 

interactions of various combinations of wild-type and mutant actin 

and sac6 proteins. Our results, as described in Chapter Two and 

Appendix A and B, determined that a large number of actin mutant 

proteins have a reduced affinity for wild-type Sac6p resulting in a 

weak interaction between the two proteins causing a temperature-

sensitive phenotype (i.e., a growth defect at 37° C). We demonstrate 

that sac6 mutations suppress these actin mutations by producing a 

mutant Sac6p that has a generally increased affinity for mutant actin 

thus compensating for the weak interaction between mutant actin 

and wild-type Sac6p. This mutation also results in an increased 

affinity for wild-type actin, resulting in an interaction that is too 

strong, that leads to a temperature-sensitive phenotype. 
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The "increased affinity" model, as opposed to the "lock and 

key" model, may be a more common mechanism of suppression, as 

mutations that increase the affinity of a protein at any number of 

residues can occur more frequently than restoring residues that 

interact with the original mutation. These results also indicate that 

protein-protein interactions are not necessarily optimized for 

maximal strength but instead for appropriate strength. Our data 

provide an explanation for the observed reciprocal suppression 

between actin and sac6 mutant alleles and provides a new paradigm 

for the suppression observed between other interacting proteins. 

Localization of yeast actin 

In Saccharomyces cerevisiae, actin localizes to two distinct 

structures: patches found concentrated at areas of active cell 

growth and cables oriented along the mother-daughter axis (Adams 

and Pringle, 1984; Kilmartin and Adams, 1984; Karpova et al. 1998). 

Extremely sensitive microscopic techniques have confirmed that 

both actin patches and cables are cortical in nature with patches 

observed to be attached to either the sides or ends of actin cables 
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(Mulholland et al., 1994; Amberg, 1998). Cortical patches are 

highly dynamic structures as demonstrated through motility studies 

of fusion proteins between green fluorescent protein (GFP) and 

actin-binding proteins. GFP-labeled actin patches move rapidly 

within the cell at rates of 1 pm per second and dramatically 

rearrange in an asymmetrical fashion during the process of cell 

division and mating (Doyle and Botstein, 1996; Waddle et al., 1996; 

Kilmartin and Adams, 1984; Gehrung and Snyder, 1990). The 

localization of actin to the cell cortex and its association with 

plasma membrane has led to the suggestion that cortical patches 

represent sites of secretion or endocytosis (Mulholland et al., 

1994). 

Actin disrupting drugs 

Drugs that alter the dynamics of actin polymerization in vivo 

can yield important information about actin's role in specific 

processes in which an activity can be measured. Drugs have been 

identified that dramatically alter the actin cytoskeleton by either 

stabilizing or destabilizing actin filaments. A class of mushroom 
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toxins, called phalloidins, act by binding to the sides of actin 

filaments preventing depolymerization. Although many studies have 

used the stabilizing effect of phalloidins to study actin function in 

vivo, some cells, including yeast, are impermeable to this toxin 

(Wehland et al., 1980; Joos and Giquand, 1987). A new cell 

permeable drug identified from sponge, called Jasplakinolide, also 

induces filament polymerization and acts through binding to the 

same region of actin monomers as phalloidin (Bubb et al., 1994; 

Senderowicz et al., 1995). Interestingly, drugs that stabilize actin 

filaments have been shown to provide promise as antiproliferative 

drugs in tumorigenic cells (Senderowicz et al., 1995). 

Fungal cytochalasins destabilize actin filaments through 

actively capping the plus-end and preventing monomer addition. 

This action results in the rapid depolymerization of dynamic actin 

filaments. These drugs have successfully been used to examine the 

role of actin in many processes in mammalian cells but fails to 

penetrate the cell in the budding yeast, Saccharomyces cerevisiae. 

Recently, a new membrane permeable drug was identified that 

successfully altered the organization of actin in Saccharomyces 
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cerevisiae. This drug, Latruncuiin-A (Lat-A), also purified from 

sponge, prevents actin polymerization by directly binding to and 

thereby sequestering G-actin monomers (Ayscough et al., 1997). 

Analyzing actin function in yeast utilizing Lat-A will b e 

extremely useful considering that treatment of yeast cells with 

Latrunculin-A results in the complete elimination of polymerized 

actin structures, a phenotype that distinguishes the disruption of 

actin by Lat-A from that of conditional actin mutants. In addition, 

the further characterization of actin function through Lat-A studies 

can be used to either confirm direct defects originally observed in 

conditional actin mutants or reveal indirect effects resulting from 

consequences of long-term growth with defective actin at nominally 

permissive temperatures. 

In Chapter Four, I describe Lat-A studies examining actin's 

requirement in the intracellular trafficking of the pheromone 

receptor, Ste2p and the a-factor transporter, Ste6p. I demonstrate 

actin mutants have more severe effects on Ste6p turnover than Lat-A 

treatment suggesting that a substantial amount of actin's role in 

Ste6p turnover may be an indirect consequence of defects in general 



27 

cellular dysfunction. I also demonstrate that Ste2p degradation is 

more dramatically altered by Lat-A treatment than Ste6p 

degradation suggesting that these two proteins may utilize actin 

differently. 

Functions of actin in yeast 

Most of our knowledge about actin function in yeast has been 

derived from the analysis of phenotypes associated with mutations 

in either actin and/or actin-binding proteins. The phenotypes 

associated with actin cytoskeletal mutants include defects in; growth 

at high and low temperatures, growth under high osmotic pressure, 

sporulation, nuclear migration and segregation, mating projection 

formation, maintenance of spindle orientation, mitochondrial 

organization, bud-site selection, vacuole inheritance, secretion, and 

endocytosis (Novick and Botstein, 1985; Wertman et al., 1992; 

Brower et al., 1995; Davis et al., 1999; Drubin et al., 1993; Read et 

al., 1992; Palmer et al., 1992; Hill et al., 1996). Three of these 

phenotypes, salt sensitivity, sporulation and endocytosis, are 
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pertinent to the data presented in this dissertation and will be 

discussed in more detail. 

Osmotic regulation: Yeast are capable of surviving high 

external osmolarity because cells can respond by accumulating 

intracellular glycerol, resulting in an increased internal osmolarity 

that counterbalances the external osmolarity (Blomberg and Adler, 

1989). This response is carried out through the activation of the 

high-osmolarity glycerol (HOG) signal transduction pathway 

(Brewster et al., 1993). The existence of this pathway indicates that 

yeast cells can sense and adapt to high osmotic conditions. The 

mechanisms governing osmoregulation are important to understand 

because genes required for this process are essential for cell 

viability under conditions of osmotic stress. 

One of the most common phenotypes associated with 

mutations in actin, actin-binding proteins and proteins that alter 

actin organization is their inability to grow on conditions of high 

osmolarity (Novick and Botstein, 1985; Chowdhury et al., 1992). 

Mutations in ACTl, SAC6, ENDS, END4, ENDS, RVS161, RVS167, 

MY03MY05, ARP2, CAP2 and PFK/result in cells that are salt sensitive 
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(Novick and Botstein, 1985; Chowdhury et al., 1992; Wertman et al., 

1992; Benedetti et al., 1994; Munn et al., 1995; Crouzet et al., 1991; 

Desfarges et al., 1993; Bauer et al., 1993; Goodson et al., 1996; 

Moreau et al., 1997; Amatruda and Cooper, 1992; Haarer et al., 

1990; Haarer et al., 1996). Although the salt sensitive phenotype is 

routinely examined in cytoskeletal mutants there is no explanation 

as to why these mutants fail to grow under conditions of high 

osmolarity. Chowdhury et al. (1992) state that actl-l mutants 

properly accumulate glycerol under high osmotic conditions 

suggesting that actin function is not required to transduce the signal 

via the HOG pathway and that accumulating glycerol is not sufficient 

for salt resistance. 

Another model proposed by Mulholland et al. (1994) based on 

the localization of actin to invaginations of the plasma membrane 

suggests that the formation of these actin-containing structures 

reduces the cell's turgor pressure and allows for the deposition of 

new cell wall material at these sites. Actin mutants defective in the 

formation of these structures would consequently have 
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compromised cell walls leading to hypersensitivity under high 

osmotic conditions. 

In Chapter Three, I have proposed an alternative model for the 

salt-sensitivity of actin cytoskeletal mutants. My model was 

conceived from data described in mammalian cell systems 

demonstrating that cells incubated in hypertonic conditions have 

decreased rates of endocytosis (Daukas and Zigmond, 1985; Heuser and 

Anderson, 1989; Carpentier et al., 1989). If endocytosis in yeast cells is 

similarly decreased under hypertonic conditions, I propose that 

actin mutants already defective in endocytosis would display 

exacerbated defects and become compromised for growth. 

Sporulation: Sporulation is the process by which a yeast 

diploid cell regenerates four haploid cells by the process of meiosis 

and encapsulates individual nuclei into spores. Mutations in genes 

encoding either actin or actin-associated proteins result in cells that 

are incapable of sporulating under starvation conditions. Mutations 

in ACTl, MY02, TPMl, SACl, SAC2, SAC3, SAC6, and SAC7 fail to 

sporulate (Brower et al., 1995; Johnston et al., 1991; Liu and 

Bretscher, 1989; Liu and Bretscher, 1992; Novick et al., 1989; Davis, 
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1998). The requirement for the actin cytoskeleton during 

sporulation is often overlooked and is far from understood. 

However, data from our lab analyzing the sporulation defect in 

sac6A cells has demonstrated that these cells fail to form spore 

walls (Davis, 1998). Therefore, actin function may be required for 

the deposition of components necessary for the formation of and/or 

encapsulation of spore coats. 

Endocytosis: Another striking phenotype of actin 

cytoskeletal mutants that will be discussed in greater detail is their 

inability to internalize the pheromone, a-factor (Kubler and 

Riezman, 1993). Mutations in ACTl, SAC6, END3, END4/SLA2, ENDS, 

RVS161, RVS167, MY02MY05, ARP2, SLAL and CMDl display 

defects in a-factor internalization (Kubler and Riezman, 1993; 

Benedetti et al., 1994; Munn et al., 1995; Bauer et al., 1993; 

Goodson et al., 1996; Moreau et al., 1997; Kubler et al., 1994). The 

underlying reason for actin's requirement at the internalization step 

of endocytosis remains unknown, but several models propose that 

actin function may be needed to provide the mechanical force 
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during either the formation of endocytic invaginations or for the 

pinching off of endocytic vesicles. 

Relationships among the phenotypes associated with actin 

mutant alleles. 

Although numerous studies have utilized conditional actin 

mutants to investigate actin's function, the phenotypes associated 

with these alleles have never been directly compared with each 

other to determine whether specific phenotypes are correlated. 

These comparisons have not been made because the actin mutant 

alleles were derived from a non-isogenic diploid parent and are 

therefore only congenic. Therefore, phenotypic variation between 

the alleles could result from genetic background differences rather 

then the actin mutation. In Chapter Three, we describe the creation 

of an isogenic collection of actin mutant alleles. We characterized 

these actl alleles for their ability to sporulate, internalize a-factor 

and grow on NaCl-containing media. Our comparisons of all three 

phenotypes in pairwise combinations demonstrate strong 

correlations between the phenotypes of salt sensitivity and 
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endocytosis, salt sensitivity and sporulation, and sporulation and 

endocytosis. The existence of strong correlations suggests these 

phenotypes may be causally related or are a consequence of a single 

underlying process that requires actin function. We have addressed 

the mechanistic relationship between the defects in endocytosis and 

salt sensitivity of actl alleles by determining whether high salt 

conditions alter endocytosis rates. We show cells incubated in high 

salt have decreased internalization rates and that actl mutants in 

high salt have exacerbated internalization rates possibly explaining 

the salt sensitive phenotype. 
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Introduction to Endocytosis: 

Constitutive and receptor-mediated endocytosis 

Endocytosis is the mechanism by which ceils internalize 

extracellular nutrients, proteins residing at the plasma membrane 

and plasma membrane lipids. Extracellular nutrients are 

internalized by a non-regulated pathway of internalization referred 

to as fluid-phase or constitutive endocytosis. Non-receptor proteins 

localized to the plasma membrane are also taken up by this 

constitutive pathway. Receptor proteins can be internalized by 

either the constitutive pathway in the absence of ligand or by the 

receptor-mediated pathway in the presence of ligand. 

Constitutive endocytosis has been measured by following the 

internalization of fluorescent, fluid-phase markers such as lucifer 

yellow or by following the fate of radioactively labeled cell surface 

proteins or receptors (in the absence of ligand) in degradation 

assays (Riezman, 1985; Davis et al., 1993). Receptor-mediated 

endocytosis has been examined by following the fate of radioactively 

labeled ligand in internalization assays or receptor (in the presence 
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of ligand) in degradation assays (Chvatchko et al., 1986; Jenness 

and Spatrick, 1986; Dulic et al., 1991). 

Pathways and mechanisms of endocytosis 

There are various mechanisms by which cells internalize 

proteins from the plasma membrane. The best described 

mechanism is a receptor-mediated process known as clathrin-

mediated endocytosis (Schmid, 1997). Clathrin is a coat protein 

composed of both heavy and light chains that assemble into a 

triskelion-like structure at the plasma membrane. There are four 

adaptin subunits which form an adaptor complex that associates 

with clathrin coats (Robinson, 1994). These adapter complexes are 

responsible for recruiting proteins into clathrin-coated pits through 

their interaction with the cytoplasmic tails of proteins to be 

internalized (Trowbridge et al,, 1993). After coated-pit formation 

and invagination, vesicles form through constriction of the neck 

region and subsequent detachment from the plasma membrane. 

The assembly of the clathrin-adaptor complexes at the plasma 

membrane is presumed to be the driving force for coated pit 
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formation and invagination. Constriction and detachment require 

dynamin, a GTPase that is proposed to assemble around the neck of 

coated-pit invaginations after binding OTP (Damke et al., 1994; 

Hinshaw and Schmid, 1995). OTP hydrolysis by dynamin is thought 

to signal the constriction of the ring assembly and facilitate vesicle 

detachment (Warnock and Schmid, 1996). 

There are other mechanisms by which plasma membrane 

proteins and fluid become internalized that are independent of 

clathrin function. The first evidence suggesting the existence of a 

clathrin-independent pathway was revealed in studies examining 

endocytosis in the absence of clathrin. These experiments 

demonstrated that specific fluid-phase markers were internalized in 

the absence of clathrin function (Doxsey et al., 1987). Although 

alternative pathways have been identified, we have yet to determine 

the molecular mechanisms underlying these clathrin-independent 

pathways. One type of clathrin-independent internalization is 

through non-clathrin, coated-pit structures called caveolae, 

containing the integral membrane protein caveolin and high 

concentrations of sphingolipids and cholesterol (Rothberg et al., 
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1992; Parton, 1996). Although the exact mechanism of 

internalization of macromolecules through caveolae remains 

controversial these structures are known to be responsible for 

internalizing cholera toxin B, horseradish peroxidase and simian 

virus 40 (Tran et al., 1987; Parton et al., 1994; Stang et al., 1997). 

Mechanisms of endocytosis in yeast 

As is the case in mammalian cells, yeast internalizes proteins 

through clathrin-dependent and -independent mechanisms. Clathrin 

function was demonstrated to be important but not essential for 

internalization in yeast, as strains lacking clathrin exhibit a 50% 

reduction in their ability to internaUze the a-factor, the ligand for a-

factor receptor, or the a-factor receptor, Ste3p (Payne et al., 1988; 

Tan et al., 1993). These data demonstrate that a clathrin-

independent mechanism for endocytosis exists because endocytosis 

occurs in the absence of clathrin. Homologues of the adaptor 

complex subunits have been identified in yeast through homology 

searches using the manmialian sequence data (Phan et al., 1994; Rad 

et al., 1995). The function of these adaptor subunits has been 
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examined by deleting their corresponding genes, APLl, APL2, and 

ASP2. Strains lucking APLl, APL2 or APS2 Ml to exhibit defects in a-

factor internalization (Phan et al., 1994; Rad et al., 1995). 

Furthermore, strains deleted for multiple adaptor subunits did not 

exhibit endocytosis defects or phenotypes associated with clathrin 

deficient strains (Huang et al., 1999). There are several dynamin-

like proteins in yeast, encoded by the genes, VPSl, DNMl and MGMl 

(Munn and Riezman, 1994; Gammie et al., 1995, Nothwehr et al., 

1995, Guan et al., 1993). However, unlike in mammalian cells, 

these proteins appear not to be required for the constriction and 

detachment of plasma membrane invaginations, but instead play a 

role downstream from internalization (Munn and Riezman, 1994, 

Gammie et al., 1995; Nothwehr et al., 1995). 

Markers used to follow endocytosis in yeast 

There is a growing collection of plasma membrane proteins in 

yeast known to undergo internalization from the plasma membrane 

and subsequent delivery to the yeast vacuole for degradation. These 

proteins include the pheromone receptors, Ste2p and SteSp, that are 



39 

internalized by either constitutive or receptor-mediated endocytosis 

(Konopka et al., 1988; Reneke et al., 1988; Davis et al., 1993). 

Other proteins that are internalized solely by constitutive 

endocytosis include the a-factor transporter, Ste6p, and the multi

drug resistance protein, Pdr5p (Berkower et al., 1994; Rolling and 

Hollenberg, 1994; Egner et al., 1995). Further, there are proteins 

that are endocytosed under certain environmental stresses which 

include the general amino acid permease, Gaplp, the uracil 

permease, Fur4p, the maltose permease, Mallp and the inositol 

permease, Itrlp (Hein et al., 1995; Volland et al„ 1994; Riballo et 

al., 1995; Lai et al., 1995). 

Slow versus fast turnover of plasma membrane proteins 

Studies examining the turnover of plasma membrane proteins 

in yeast demonstrate the existence of plasma membrane proteins 

that are either stable or rapidly turned over (Berkower et al., 1994; 

Egner and Kuchler, 1996; Roth et al., 1998). The plasma membrane 

ATPase, Pmalp, is an example of a stable cell surface protein that 

has a half-life of greater than 5 hours (Benito et al., 1991; Berkower 



40 

et al., 1994). In contrast, the pheromone receptors Ste2p and 

Ste3p, as well as the transporter proteins, Ste6p and Pdr5p are 

rapidly turned over with half-lives of less than an hour (Schandel 

and Jenness, 1994; Jenness et al., 1997; Roth et al., 1998; Berkower 

et al., 1994; Egner and Kuchler, 1996). These differences in 

turnover rates suggest that cell surface proteins might contain 

sequence elements that either target them for rapid turnover o r 

prevent them from being internalized. Studies examining the rapid 

turnover of Ste2p, Ste3p, Ste6p and Pdr5p, determined that these 

proteins contain internalization sequences that require 

ubiquitination (Hicke and Riezman, 1996; Hicke et al., 1998; Roth 

and Davis, 1996; Kolling and Hollenberg, 1994; Loayza and 

Michaelis, 1998; Egner and Kuchler, 1996). For example, studies 

examining Ste2p demonstrated that covalent attachment of 

ubiquitin to the lysyl residues within the C-terminal cytoplasmic tail 

of Ste2p signals endocytic uptake and subsequent delivery to the 

vacuole for degradation (Hicke and Riezman, 1996). Ubiquitination 

is proposed to be responsible for the rapid turnover rates as the 

stable cell surface protein, Pmalp, was found not to be 
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ubiquitinated (Egner and Kuchler, 1996), In fact, when these 

internalization sequences are transplaced into the stable Pmalp, the 

protein becomes ubiquitinated and metabolically unstable (KoIIing 

and Hollenberg, 1994; Roth et al., 1998). 

Genetic studies deleting the enzymes responsible for 

ubiquitination result in a prolonged protein half-life demonstrating 

that ubiquitination is important for endocytosis (Kolling and 

Hollenberg, 1994; Hicke and Riezman, 1996; Roth and Davis, 1996). 

The ubiquitination of plasma membrane proteins not only stimulates 

internalization but targets proteins to the vacuole for degradation 

(Hicke and Riezman, 1996; Roth and Davis, 1996), Ubiquitination 

of plasma membrane proteins appears to be a common mechanism 

for stimulating internalization of metabolically unstable proteins 

and targeting their delivery to the vacuole for degradation. 

Constitutive versus receptor-mediated endocytosis 

Studies examining the sequence elements within the 

pheromone receptors reveal there may be mechanistic differences 

between constitutive and receptor-mediated endocytosis. Removal 
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or mutagenesis of the Ste2p internalization sequence blocks the 

constitutive internalization of the receptor but fails to alter ligand-

mediated internalization (Konopka et al., 1988; Rohrer et al., 1993; 

Schandel and Jenness, 1994; Hicke et al., 1998), Changing three 

serines to alanines within the sequence element of Ste2p creates a 

receptor that is compromised for internalization in the absence of 

a-factor but is completely competent for internalization in the 

presence of a-factor (Hicke et al., 1998). This mutant receptor fails 

to become phosphorylated, a modification shown to be required for 

proper ubiquitination (Hicke et al., 1998). Similarly, a truncated 

version of the a-factor receptor, Ste3A365p, fails to undergo 

constitutive endocytosis, however upon addition of a-factor ligand, 

is internalized (Davis et al., 1993; Tan et al., 1996). Considering 

these mutant receptor proteins undergo receptor-mediated but not 

constitutive endocytosis demonstrates that the addition of ligand 

might overcome the requirement for a constitutive internalization 

signal. 
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Vacuole versus proteasome degradation systems 

The final stages of endocytosis require the delivery of plasma 

membrane proteins or solutes to the vacuole where degradation 

occurs. Numerous studies have shown that the turnover of plasma 

membranes requires the action of proteases contained within the 

vacuolar or lysosomal compartment (Berkower et al., 1994; Rolling 

and Hollenberg, 1994; Davis et al., 1993; Hicke and Riezman, 1996; 

Roth and Davis, 1996). The observation that plasma membrane 

proteins were ubiquitinated suggested that degradation might also 

be dependent on the cytosolic, ubiquitin-proteasome degradation 

pathway (Hochstrasser, 1996). Genetic studies deleting components 

of the ubiquitin-proteasome system demonstrated that Ste2p and 

Ste3p degradation did not require ubiquitin-proteasome degradation 

(Loayza and Michaelis, 1998; Hicke and Riezman, 1996). However, 

studies examining the role of ubiquitin-proteasome degradation in 

the turnover of Ste6p, demonstrated that proteolysis was dependent 

on both the chymotryptic activity of the proteasome and vacuolar 

proteases (Loayza and Michaelis, 1998). These data suggest that 
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Ste6p may be degraded on the vacuolar membrane by a dual 

degradative mechanism. 

The localization of Ste2p versus Ste6p is consistent with these 

degradation studies, in that cytoplasmically tagged Ste2-GFP protein 

accumulates in the vacuole lumen whereas Ste6p localizes to the 

vacuolar membrane (Stefan and Blumer, 1999; Odorizzi et al., 1998; 

Rolling and Losko, 1997). These data indicate that the degradation 

of Ste6p is different from Ste2p and Ste3p suggesting that other 

trafficking steps may require different components. 

In Chapter Four, I examine whether actin is required 

differentially in the trafficking of Ste2p versus Ste6p using the actin 

inhibitor, Lat-A. I demonstrate that actin function is more critical 

for Ste2p degradation than Ste6p degradation supporting the 

concept there are mechanistic differences between the trafficking of 

receptor and non-receptor proteins. 

Actin's role in endocytosis in mammalian systems 

In mammalian cells, the actin cytoskeleton has been 

implicated in a variety of stages during the process of endocytosis. 
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Actin function is required for initial internalization from the plasma 

membrane (Sandvig and van Deurs, 1990; Gottlieb et al., 1993; 

Jackman et al., 1994; Durrbach et al., 1996; and Shurety, 1996), as 

well as subsequent transport from the plasma membrane to the 

lysosome (Durrbach et al., 1996) including the fusion of the 

endosome with the lysosome (van Deurs et al., 1995). Although 

studies have implicated actin in multiple stages of endocytosis, 

actin's role remains uncertain. For example, results obtained from 

disrupting actin not only vary due to cell-type differences but also 

depend on the marker used to examine endocytosis. In rat 

peritoneal macrophages, the fluid-phase internalization of '-^I-

labelled poly(vinylpyrrolidone) and colloidal [''®Au] gold, but not 

horseradish peroxidase (HRP), required actin function (Pratten and 

Lloyd, 1979; Piasek and Thyberg, 1980). Similarly, in Vero cells, the 

clathrin-mediated internalization of ricin and the fluid-phase 

internalization of ['^^C] sucrose and lucifer yellow required actin 

function whereas the clathrin-mediated internalization of 

transferrin did not (Sandvig and Van Deurs, 1990). In both 

polarized MDCK cells and Caco-2 cells, actin function was required 
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for both clathrin-dependent and -independent pathways of 

endocytosis but solely at the apical domain (Gottlieb et al., 1993; 

Jackman et al., 1994). 

Actin's role in endocytosis in yeast 

As described previously, the actin cytoskeleton is required for 

the internalization step of endocytosis. Studies have shown that 

both the internalization of fluid-phase markers, such as lucifer 

yellow, and receptor ligands, such as a-factor, were prevented from 

becoming internalized in actin mutants (Kubler and Riezman, 1993). 

Therefore, at the simplest level, actin appears to play a general role 

in the internalization process. In addition, mutants lacking proteins 

that interact with or regulate the actin cytoskeleton have defects in 

the internalization of a-factor. These include mutants defective in 

the following genes: SAC6, ENDS, SLA2/END4, END5/VRP1, 

RVS161/END6, RVS167, COFl, CMDl, PANl, ARP2 and MY05 (Kubler 

and Riezman, 1993; Benedetti et al., 1994; Raths et al., 1993; Munn 

et al., 1995; Lappalainen and Drubin, 1997; Kubler et al., 1994; Tang 

et al., 1997; Moreau et al., 1997; Geli and Riezman, 1996). 
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However, there exist components of the actin cytoskeleton that, 

when deleted or mutated, fail to have defects in a-factor 

internalization. These include mutations in ABPl, an actin binding 

protein, and MY02, a myosin type V protein (Kubler and Riezman, 

1993; Kubler et al., 1994). 

The localization of actin to invaginations of the plasma 

membrane was intriguing because this structural localization 

suggested that actin might be necessary for the formation o r 

scission of these invaginations that could be endocytic in nature 

(Mulholland et al., 1994). The fact that actin cytoskeletal 

components required for endocytosis also localized to these finger

like invaginations supported the hypothesis that these structures 

might be sites of endocytosis. However, subsequent studies 

examining the localization of the a-factor receptor, Ste2p, indicated 

that Ste2p failed to localize to these regions (Mulholland et al., 

1999). The conclusion from these studies were that actin's role in 

endocytosis might not be achieved directly through the cortical 

actin patches as hypothesized but may occur through less defined 

cortical actin structures or through an indirect mechanism. 
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SUMMARY 

The actin cytoskeleton is required for a diverse set of cellular 

processes. Although we are beginning to determine what processes 

require actin, future studies need to determine whether actin 

directly participates in these processes or whether these defects 

represent actin's requirement for general cell health. Specifically, 

what is the molecular mechanisms underlying actin's requirement? 

Is actin function required for the formation and/or scission of 

endocytic invaginations of the plasma membrane? If so, will the 

mechanism by which the formation or scission occurs be analogous 

to the mechanisms underlying muscle contraction? In contrast, will 

actin's requirement in endocytosis turn out to be an indirect 

consequence of altering the structural features of the cell o r 

disrupting other functional activities? 

The characterization of actin alleles defective in the 

internalization step of endocytosis will help further elucidate a 

mechanism of action. Specifically, the mapping of actin mutant 

alleles that are defective in endocytosis on the atomic structure of 

actin could implicate a specific function carried out by an actin-
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binding protein that interacts with those sites on actin. To this end, 

further studies that define which actin mutant alleles are defective 

in interacting with known actin-binding proteins need to be 

pursued. Once regions of actin are identified, that implicate a 

specific actin-binding proteins, molecular models defining actin's 

role in endocytosis, based on the ascribed function of these actin-

binding proteins, can be proposed and tested. 

The work presented here describes our analysis of the role of 

actin in osmoregulation and endocytosis in Saccharomyces 

cerevisiae. We quantitatively examined the degree to which a 

collection of isogenic actin mutants internalized a-factor and 

compared these endocytosis rates with the ability of these strains to 

grow on conditions of high external osmolarity. We demonstrate 

the severity of these phenotypes are strongly correlated, suggesting 

a causal relationship. Mapping of the actin alleles exhibiting the 

most severe phenotypes implicates the interaction site between 

actin and Sac6p as being critical for the ability of cells to efficiently 

internalize a-factor and grow on high salt. 
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CHAPTER TWO: ANALYSIS OF ACTIN BUNDLING ACTIVITY IN 

SACCHAROMYCES CEREVISIAE USING ELECTRON MICROSCOPY. 

STATEMENT BY AUTHOR 

This chapter consists of my contribution to the research 

articles published in The Journal of Cell Biology (126:413-422), 

Genetics (147:1635-1642) and to a paper in preparation by Dr. Kim 

Kandl. The research described in these articles was the product of a 

collaborative effort by many people in the Adams laboratory. 

My specific contributions to the Honts et al. (1994) article 

were to: 1) determine whether actin mutations, identified through 

suppression of sac6 mutations, had altered residues that cluster to a 

specific region of the actin crystal structure and 2) to use electron 

microscopy to analyze whether these actin mutant alleles could 

form filaments and address whether these filaments could be 

bundled by Sac6p. The rest of the data presented in this article 

were provided primarily by Jerry Honts (biochemical analysis of the 

actin:fimbrin interaction), with the help of Tanya Sandrock and 

Sharon Brower. 
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My specific contribution to the Sandrock, O'Dell and Adams 

(1997) article was to examine the bundling activity between 

different combinations of wild-type and mutant actin and Sac6 

proteins using electron microscopy. I demonstrated that the cross-

linking activity observed during the biochemical co-sedimentation 

assays between mutant actin and mutant Sac6p resulted from 

restored bundling activity. In my analysis, I adapted a unique 

method of negative staining previously used for high resolution 

analysis of antibodies and viruses. This technique significantly 

improved the resolution of actin filaments and allowed for a very 

detailed analysis of bundling activity. Tanya Sandrock provided the 

rest of the data presented in this article (biochemical analysis of the 

actinifimbrin interaction). 

My specific contribution to the Kandl et al. (in preparation) 

article was to examine the bundling activity between wild-type actin 

and the translation factor Efla using electron microscopy. 

Biochemical co-sedimentation assays measuring cross-linking 

activity performed by Kim Kandl indicated that Efla probably cross-

linked actin filaments. However, there was an uncertainty because 
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very little Efla co-sedimented with actin, even though the actin 

population clearly shifted from the supernatant to the pellet. 

Therefore, electron microscopy was carried out to confirm that Efla 

was bundling actin filaments. My analysis determined that Efla 

bundles actin filaments and these bundles are different from those 

induced by Sac6p. 
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RESULTS 

(i) HONTS ET AL. (1994) 

Isolation and sequencing of actl mutations that show 

suppression with sac6 mutations 

To determine whether actin mutants that are suppressed by 

sac6 mutations contain alterations in residues that map to a discrete 

region of the actin crystal structure, I identified residues that were 

altered in act I-8 and act 1-9 using the cycle sequencing method. As 

shown in Table 2, Appendix A, the mutation identified in the act 1-8 

allele was histidine 88 to tyrosine and the mutation identified in the 

act 1-9 allele was aspartic acid 56 to an alanine. 

Localization of actin mutations in a model of actin 

After identifying the residues altered in act I-8 and act 1-9, I 

mapped the localization of these residues, along with those altered 

in act 1-1 and act 1-2, on the atomic structure of actin. As seen in 

Figure 1, Appendix A, these four residues map in close proximity to 

one another in subdomains 1 and 2. The clustering of residues to 

this small region of actin supports the supposition that mutations in 
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actin capable of suppressing sac6 mutations identify the Sac6p-

binding domain on actin. 

Determination of the ability of act l  mutations to form 

f i l aments  

To investigate whether mutant actin filaments were defective 

in their interaction with Sac6p I visualized filaments directly using 

electron microscopy. Mutant actin were first purified from seven 

actin mutant strains and subsequently assayed for their ability to 

polymerize into filaments. Solutions containing I |iM actin were 

transferred onto copper grids and negatively stained with uranyl 

acetate. Six mutant actins (actl-2, actl-7, actl-8, actl-10, act 1-120 

and act 1-125) formed filaments that appeared indistinguishable 

from wild-type actin filaments (see Figure 1, this chapter and Figure 

3, Appendix A for actl-7\ Figure 4, this chapter and Figure 3, 

Appendix B for actl-120\ data not shown for actl-2, actl-8, act 1-10 

and actl-125). Interestingly, unlike wild-type filaments, actl-9 

filaments self-assembled into bundle-like aggregates (see Figure 1, 

this chapter and Figure 3, Appendix A). These results demonstrate 
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that all seven mutant actins are competent to polymerize into 

filaments. 

Analysis of the bundling activity between wild-type Sac6p 

and actl mutant filaments 

We next examined the ability of mutant actins to interact and 

form bundles with wild-type Sac6p. To determine bundling activity, 

mixtures of wild-type Sac6p and mutant actin were subjected to low-

speed sedimentation cross-linking assays in addition to examination 

by electron microscopy. I analyzed cross-linking by electron 

microscopy because the biochemical cross-linking assays cannot 

distinguish between bundling and non-specific aggregation of 

filaments. Using electron microscopy, bundles of actin can clearly 

be distinguished from aggregates as bundles are arranged in parallel 

arrays whereas filaments in aggregates are arranged in a disorderly 

fashion. Reactions containing wild-type Sac6p at 0.3 pM mixed with 

mutant actin at 3 pM were placed onto copper grids and negatively 

stained. Many of the mutant actins {actl-2, actl-8, actl-9^ and 

act I-10) formed bundles with wild-type Sac6p that were 
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indistinguishable from wild-type actin filaments (see Figure 1, this 

chapter and Figure 3, Appendix A, for act 1-9; data not shown for 

actl-8, actI-9 and actl-10). In contrast, three actin mutants, actl-

7, actl-120, and actl-125, produced actin filaments that were 

defective for bundling with wild-type Sac6p (see Figure 1, this 

chapter and Figure 3, Appendix A for act 1-7; Figure 4, this chapter 

and Figure 3, Appendix B for actl-120; data not shown for actl-

125). These results were consistent with the biochemical analyses 

presented in Figure 2, Appendix A and Figure 3, Appendix B, showing 

that several of the mutant actins are indeed defective in their ability 

to interact with Sac6p. 
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Figure 1. Electron microscopy of actin filaments in the 

absence and presence of Sac6p. 

Samples of the bundling assays were examined by negative 

staining using electron microscopy. The reaction conditions are 

described in Materials and Methods. (A and B) Wild-type actin 

filaments in the absence (A) and in the presence (B) of Sac6p. (C 

and D) actl-7 actin filaments in the absence (C) and in the presence 

(D) of Sac6p. (E and F) actl-9 actin filaments in the absence (E) and 

in the presence (F) of Sac6p. 
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(ii) FROM SANDROCK, O'DELL and ADAMS (1997) 

Application of a single-layer carbon staining technique t o 

examine filaments and bundling activity 

In order to examine bundling activity in greater detail, I 

exploited a negative staining and preparation technique more 

appropriate to visualizing single actin filaments. Application of a 

single carbon layer technique has previously been used to study the 

fine structural detail of enzymes, ribosomes and viruses (Valentine 

et al., 1968). This technique is described in Figure 2 and is 

significantly different from the traditional drop method in which 

samples are placed directly onto plastic-coated grids. Besides the 

advantages of using a thinner surface to view the sample, the carbon 

floating technique prevents the accumulation of excessive sample 

consequently allowing better examination. To our knowledge, these 

experiments represent the first time that cytoskeletal filaments have 

been examined by this procedure. As shown in Figure 3, this 

technique provides much higher resolution and is superior to the 

traditional method performed by others and in Honts et al. (1994). 
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Figure 2. Single carbon layer technique for negative 

s ta in ing .  

(A). A single carbon layer is coated onto cleaved mica. The 

carbon-coated mica was placed in the sample and the carbon was 

allowed to partially float off the mica. (B). The carbon was lifted 

back up onto the mica with the sample now being sandwiched in-

between the carbon and mica. (C). The carbon-coated sample was 

transferred and partially floated off onto the surface of 2% uranyl 

acetate. (D). The carbon-coated sample was lifted back onto the 

mica, floated off completely into sterile water and collected onto a 

300-mesh grid. 
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Figure 3. Electron microscopy of wild-type actin filaments 

in  the  absence  (A)  and  presence  (B)  o f  w i ld - type  Sac6p  

using the single-layer carbon technique. 

(A) The resolution of single filaments is much improved using 

this technique (compare with Figure la and b) (B) The actin/Sac6p 

bundles form two visually distinct structures: a tighter, more dense 

bundle and a looser bundle of dispersed filaments. 

I 
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Analysis of the bundling activity between mutant Sac6p and 

actl mutant filaments 

To determine whether mutant actin filaments restored bundle 

formation in combination with mutant Sac6p, we examined the 

bundling activity by both biochemical cross-linking experiments and 

electron microscopy. Specifically, I analyzed the bundling activity 

between act 1-120 filaments and Sac6-5p or Sac6-19p using negative 

staining and electron microscopy. Both assays demonstrated that 

both Sac6-5p and Sac6-19p bundle act 1-120 filaments (see Figure 4, 

this chapter and Figure 3, Appendix B). Furthermore, the bundles 

formed between actl-120 filaments and Sac6-19p appear more 

similar to wild-type than the bundles formed between actl-120 

filaments and Sac6-5p. Finally, the appearance of single filaments in 

the background of bundles in samples containing actl-120 filaments 

and Sac6-5p is consistent with the biochemical cross-linking assays, 

demonstrating the preciseness of these methods (see Figure 4F, this 

chapter and Figure 3F, Appendix B). These in vitro studies reveal 

that the increased affinities of mutant Sac6p for mutant actin results 

in restored bundling activity mimicking the in vivo suppression. 
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Figure 4. Bundling activity of various combinations o f 

wild-type and mutant actin and Sac6p visualized b y 

electron microscopy. 

(A-D) Wild-type actin filaments in the presence of (A) wild-

type Sac6p, (B) Sac6-5p, (C) Sac6-19p or in the absence (D) of 

Sac6p. (E-Hj act 1-120 filaments in the presence of (E) wild-type 

Sac6p, (F) Sac6-5p, (G) Sac6-I9p or in the absence (H) of Sac6p. 

Bar, 1 jiM 
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Analysis of the bundling activity between mutant Sac6p and 

wild-type actin 

The restored bundling activity described above could result 

either from mutations that restore interactions at the original 

residues altered in the actin mutant or through generating novel 

interactions. To distinguish between these possibilities, we 

examined the strength of the interactions between wild-type actin 

and mutant Sac6p. To probe the strength of this interaction, NaCl 

was added to the reactions to increase the stringency for the 

interaction between wild-type Sac6p and actin. From the 

biochemical binding assays, Tanya Sandrock demonstrated that the 

mutant Sac6p, Sac6-5p and Sac6-I9p, have a greater affinity for 

wild-type actin than wild-type Sac6p (see figure 2, Appendix B). 

To determine whether this increased binding affinity resulted 

in an effect on bundling activity, I examined bundle formation by 

electron microscopy. As seen in Figure 4, this chapter and Figure 3, 

Appendix B, mutant Sac6-5p and Sac6-19p are capable of forming 

bundles with wild-type actin. Further, the higher resolution of the 

single layer carbon technique allowed us to determine that the 
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bundles formed between mutant Sac6p and wild-type actin are 

indeed tighter than those formed between mutant actin and mutant 

Sac6p. This result confirms that the higher affinity of mutant Sac6p 

for wild-type actin results in tighter bundles, data that could not 

have been determined by co-sedimentation assays. 

(iii) KANDL et al. (in preparation) 

The Actia:Efla Interaction 

Efla is a translation factor required for the efficient 

elongation of polypeptide chains during translation (Slobin, 1980). 

Although a considerable amount of work has been done to 

understand the role of EFla during translation, little is known about 

the possible involvement of Efla in other cellular activities. One 

such activity is the binding and cross-linking of actin filaments. 

Efla has been demonstrated to interact with actin in a number of 

different organisms, including Dictyostelium, mouse, rabbit and 

carrot cells (Yang et al., 1990; Condeelis, 1995; Shestakova et al., 

1991; Yang et al., 1993). Despite our knowledge of this actin:EFla 

interaction, established through both in vitro biochemical assays 
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and in vivo co-localization studies, the functional significance of this 

interaction remains largely unknown. We have decided to address 

this issue by exploiting genetics in Saccharomyces cerevisiae. 

Toward this end, we first needed to demonstrate that Efla from 

yeast binds to and cross-links actin filaments. 

Analysis of the bundling activity between Efla and actin 

To examine whether yeast Efla binds and bundles actin 

filaments, Efla and actin were purified, combined and assayed by 

co-sedimentation assays and electron microscopy. The initial 

interpretations of the co-sedimentation assays were debatable 

because although actin was clearly pelleting only in the presence of 

Efla, very little Efla was detected in the pellet. To determine if the 

actin sedimentation resulted from bundle formation, we examined 

the bundling activity by negative staining and electron microscopy. 

As shown in Figure 5, in the absence of Efla, actin filaments remain 

unbundled whereas in the presence of Efla, actin filaments form 

highly structured bundles. These Efla bundle networks are much 

larger than those induced by Sac6p and appear to have a unique 
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honeycomb-like pattern. These results verify that Efla-dependent 

actin sedimentation is a consequence of bundling activity and 

suggests that the failure to detect large amounts of Efla might be 

because relatively little Efla is incorporated into the actin bundle 

perhaps due to the geometry of the Efla-actin bundles. 
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Figure 5. Electron microscopy of actin filaments in the 

absence  (A)  and  presence  (B)  o f  E f la .  

In the absence (A) of Efla, actin filaments are unbundled. In 

the presence (B) of Efla, actin filaments form large, honeycomb like 

bundles. 
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MATERIALS AND METHODS 

Isolation and sequencing of act !  mutations 

Genomic DNA was prepared from strains carrying mutations in 

actin (actl-7, actl-8, actl-9 and actl-10). The mutant actin genes 

were isolated by PCR (Perkin-Elmer Cetus kit, Perkin-Elmer Cetus 

Instruments, Norwalk, CT) and sequenced directly using a DNA cycle 

sequencing system (GIBCO BRL, Gaithersburg, MD). 

Electron Microscopy 

The electron microscopy described in Honts et al. (1994) used 

the traditional drop method of preparation. Prior to centrifugation, 

samples of the mixtures prepared for low-spin cross-linking assays 

were placed directly onto plastic grids coated with carbon. These 

samples were allowed to sit for five minutes and then removed by 

careful wicking. Samples were negatively stained by placing grids 

onto a drop of 2% uranyl acetate for 10 minutes. After rinsing twice 

in sterile water, grids were air dried and subsequently viewed using 

a JEOL lOOcx microscope at 80 kV. The identity of each sample 
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remained unknown to the observer until each sample had been 

scored as bundled or unbundled. 

The electron microscopy described in Sandrock, O'Dell and 

Adams (1997) were performed as described in Honts et al. (1994) 

with two exceptions: (1) a single carbon layer technique was used 

for negative staining (Valentine et al., 1968) and (2) samples were 

stained in a solution containing 2% uranyl acetate, 0.125 M NaCl, 

22.5 mM Hepes, pH 7.5, I mM MgCK, and 2 mM EGTA. 

The electron microscopy performed for Kandl et al. (in 

preparation) were carried out as described in Sandrock, O'Dell and 

Adams (1997) except that samples were stained solely in 2% uranyl 

acetate. 
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SUMMARY 

Our large collection of mutations in both actin and sac6, 

combined with our knowledge of the genetic interactions, provide 

an excellent system to examine whether genetic observations reveal 

information about biochemical interactions. As described in Honts 

et al. (1994), we have defined the Sac6p binding site on actin 

through the identification and positioning, on the three-dimensional 

actin structure, of the mutations in actin that suppress sac6 

mutations. These actin mutations cluster to a discrete region of 

actin composed of subdomains I and II. In addition, as predicted, we 

demonstrate that some actin alleles have a reduced affinity for 

Sac6p in vitro and result in reduced bundling activity as shown by 

electron microscopy. These results demonstrate the potential value 

of using genetic suppression to identify the likely binding site 

between two interacting proteins. 

To further understand the genetics of reciprocal suppression 

at the biochemical level, we examined the in vitro interactions 

between different combinations of wild-type and mutant actin and 

Sac6 proteins. In Sandrock, O'Dell and Adams (1997), we 
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demonstrate that mutant Sac6p binds more tightly to actin than 

does wild-type Sac6p. We show that the increased affinity of mutant 

Sac6p for actin compensates for the weak interaction in the actin 

mutant, resulting in genetic suppression and restored bundling 

activity when the two proteins are combined. Interestingly, the 

increased affinity of mutant Sac6p when combined with wild-type 

actin results in an interaction that is too strong. If the interaction 

between the two interacting proteins is too strong, this could be just 

as detrimental as an interaction that is too weak, which explains the 

reciprocal nature of the actin-Sac6p interaction. These results have 

greater implications for understanding the dynamics of the actin 

cytoskeleton and provide insight into the mechanism of genetic 

suppression. 

Finally, we have confirmed that yeast Efla bundles actin 

filaments as observed in other organisms. Our co-sedimentation 

studies demonstrate that less Efla may be required to bundle actin 

than Sac6p, as very little Efla co-sediments with actin. Electron 

microscopy demonstrated that the co-sedimentation observed in 

our biochemical assays was indeed the result of bundling activity 
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and the visualized bundles of actin displayed a novel filamentous 

network. The EFIa-actin bundles appear to have a honeycomb-like 

structure that may indicate that EFla crosslinks actin filaments at an 

angle of approximately 135°. However, a more detailed examination 

of these bundles at higher magnification is required to determine 

the exact shape and angles. The existence of these unique bundled 

networks suggests that, as in mammalian cells, yeast may also have 

several highly ordered and organized networks of actin filaments. 

Unfortunately, we have not been able to detect differences in actin 

structures by fluorescence microscopy and actin filaments in yeast 

are rarely observed in thin-sections of yeast cells visualized by 

transmission electron microscopy. 
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CHAPTER THREE: AN ISOGENIC COLLECTION OF ACTIN 

MUTANTS IN SACCHAROMYCES CEREVISIAE REVEALS 

CORRELATED DEFECTS IN ENDOCYTOSIS, SPORULATION AND 

SALT SENISTIVITY. 

STATEMENT BY AUTHOR 

Most of the work presented in this chapter was performed by 

myself. However, specific contributions were made by other 

individuals in the Adams laboratory. Kurt Toenjes and Sharon 

Brower created the isogenic collection of actin mutant alleles. Dana 

provided most of the sporulation data and Sharon Brower 

determined the growth rates of the actin mutants. 

SUMMARY 

We have generated an isogenic collection of actin mutants, 

which we have used to compare the degree to which different actin 

alleles are defective in sporulation, endocytosis and growth on NaCl-

containing media. We demonstrate that these three phenotypes are 

highly correlated. We examined the correlation between receptor-

mediated endocytosis and hypersensitivity to NaCl further, and 
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propose that the correlation is causal. In particular, we tested the 

hypothesis that actin mutants are unable to grow on salt because salt 

inhibits endocytosis, and thus exacerbates a defect in endocytosis 

that is caused by mutant actin. We show that shifting wild-type cells 

to high salt reduces the rate of a-factor internalization. In addition, 

we demonstrate that actin cytoskeletal mutants already defective in 

endocytosis have exacerbated defects in this process after shift to 

high salt conditions, perhaps explaining their hypersensitivity to 

growth on NaCl. Clathrin has been identified as the target of high salt 

inhibition in mammalian cells. However, we present evidence that in 

yeast, high salt inhibits endocytosis even in strains lacking clathrin, 

suggesting NaCl reduces endocytosis by a clathrin-independent 

mechanism. Finally, our experiments demonstrate that inhibition of 

endocytosis after shift to NaCl does not require the HOG signal 

transduction pathway. These studies demonstrate that shifting cells 

to high salt decreases endocytosis, and that this response is 

independent of clathrin and the HOG pathway. In addition, the salt 

sensitivity of strains harboring actin mutations may be at least 

partially attributed to their defect in endocytosis. 
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INTRODUCTION 

Actin is a highly abundant, conserved, protein found in 

essentially all eukaryotic cells. The functions of the actin 

cytoskeleton are numerous and complex and depend upon the 

particular cell type being examined. For example, in muscle cells, 

actin filaments are a key component required for the generation of 

muscle contraction whereas in non-muscle cells, actin filaments are 

required for processes such as cytokinesis and organelle movement. 

In Saccharomyces cerevisiae, actin is encoded by a single gene, 

ACTl (Ng and Abelson, 1980; Shortle et al., 1982). Comparison of the 

yeast actin sequence with mammalian actin indicates that these 

sequences are 89% identical at the amino acid level. The atomic 

structure of vertebrate actin has been solved (Kabsch et al., 1990), 

and because of the similarity between yeast and vertebrate actin 

sequences, it is likely that yeast actin has a very similar structure. A 

large collection of actin mutations exist and these display a diverse 

combination of phenotypes, including defects in actin organization, 

polarized growth, endocytosis, secretion, sporulation, growth under 

hypertonic conditions, budding pattern, mitochondrial organization. 
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vacuolar inheritance and nuclear segregation (Novick and Botstein, 

1985; Wertman et al., 1992; Drubin et al., 1993; Kubler and Riezman, 

1993; Brower et al., 1995; Hill et al., 1996; Shortle et al. 1984; Dunn 

and Shortle, 1990; Adams and Botstein, 1989; Cook et al., 1992; 

Wertman et al., 1992). 

We sought to further characterize three common phenotypes of 

actin cytoskeletal mutants; the inability to sporulate, endocytose a-

factor, and grow on high NaCl-containing media. We chose to 

compare these particular phenotypes because we observed that, of 

the numerous phenotypes described in the literature these three are 

frequently found together (Table 1). This observation led us to infer 

that they may be causally related. However, this relationship is 

complicated by background variability. We therefore created a 

collection of isogenic actin mutant strains in order to compare the 

degree to which these alleles are defective and to establish whether 

these phenotypes are correlated with each other. We demonstrated 

t h e  e x i s t e n c e  o f  a  s t r o n g  c o r r e l a t i o n  b e t w e e n  t h e s e  p h e n o t y p e s ,  a n d  

examined the mechanism underlying the relationship between two of 

these phenotypes: the defect in endocytosis and the inability of cells 
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to grow under conditions of high salt. 
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TABLE 1 

Comparisons of the previously described phenotypes of actin cytoskeletal 
mutants. 

Mutant Endocytosis Growth on Sporulation Ref. Ref. Ref. 
Strain (1) NaCl (2) (3) (1) (2) (3) 
actl - - - 14 1,2,3,4 21 
sac6 - - - 14 5 21,26 
sla2/end4 - - - 4,28 4 
ends - - - 15 15 
endStorpl - - ND 4 4 
end6lrvsl61 - - - 4 6,7 
rvsl67 - - - 4,8,25 8,25 25 
arp2 - - ND 9 9 
myo3myo5 - - ND 19,29 19 
slal +/- +/- ND 15 20 
panl - ND ND 24,27 
cofl - ND ND 25 
cap! ND - ND 5,17 
cmdl - ND ND 16 
pfy'^ + - ND 4,10 10,11 
tpml + ND - 4,12 12,23 
tpml ND + ND 18 
smyl ND + ND 13 
myol ND - ND 30 
myo2 + + - 16 13 22 
myoS + + ND 19 19 
myo5 - + ND 19 19 
abpl + + + 14 20 

ND, not determined 
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RESULTS 

Creation of an isogenic collection of actin mutants. 

Previously, a large collection of act I mutant alleles was 

generated by alanine-scanning mutagenesis (Wertman et al., 1992). 

These alleles were placed in a diploid strain that was generated from 

two congenic haploid strains, and haploid segregants carrying the 

various act I mutations were isolated (Wertman et al., 1992). 

However, because the haploid parents were not isogenic, it was 

difficult to be certain that differences in phenotype between the 

various actl alleles were due to the actin mutations rather than 

genetic background effects. Moreover, actin alleles generated in 

other studies (e.g., Shortle et al., 1984; Adams and Botstein, 1989; 

Cook et al., 1992) were in still yet other genetic backgrounds. 

Therefore, it has been difficult to compare the various phenotypes 

amongst the alleles because of genetic background differences. We 

therefore generated a set of actl mutant alleles in a single strain 

background, and further characterized the mutant phenotypes (Table 

2). 



TABLE 2 

Yeast strains used in this study" 
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Strain Genotype 
IGY2 MATa. his3AZ00 leii2-3,112 lys2::HIS3 tira3-52 ade2 
IGY4 his3A200 leu2-3,112 lys2-801 ura3-52 sac6::LEU2 ade2 
IGY6 MATa his3A200 leii2-3,112 lys2-801 iira3-52 ade2 
IGY43 MATa barlA::LYS2 iira3-52 leii2-3,112 his3A200 lys2-801, ade2 
[GY44 MATa sac6::LEU2 barlA::LYS2 iira3-52 his3A200, lys2::HIS3 ade2 
IGY45 MATa chcl-521 his3A200 ura3-52 leii2-3,112 lys2-801 barlA::LYS2 ade2 
IGY48 MATa actl-101::HIS3 barlA::LYS2 his3A200 iira3-52 lys2-801 leii2-3,112 

ade2 
IGY50 MATa actl-105::HIS3 barlA::LYS2 his3A200 ura3-52 Iys2-8Q1 leu2-3,112 

ade2 
IGY52 MATa actl-119::HIS3 barlA::LYS2 his3A200 ura3-52 lys2-801 leu2-3,112 

ade2 
IGY53 MATa actl-120::HIS3 barlA::LYS2 his3A200 tira3-52 Iys2-8Q1 leu2-3,112 

ade2 
IGY55 MATa actl-124::HIS3 barlA::LYS2 his3A200 iira3-52 lys2-801 leii2-3,112 

ade2 
IGY57 MATa actl-122::HIS3 barl±:LYS2 his3A200 iira3-52 lys2-801 leii2-3,112 

ade2 
IGY62 MATa actl-125::HIS3 barlA:LYS2 his3A200 ura3-52 lys2-801 leu2-3,112 

ade2 
IGY63 MATa actl-129::HIS3 barlA::LYS2 his3A200 ura3-52 lys2-801 leu2-3,112 

ade2 
IGY87 MATa actl-25b::HIS3 barlA::LYS2 his3A200 ura3-52 lys2-801 leii2-3,112 

ade2 
IGY89 MATa actl-3::HIS3 barlA::LYS2 his3A200 iira3-52 lys2-801 leii2-3,112 

ade2 
IGY97 MATa actl-117::HIS3 barlA:LYS2 his3A200 ura3-52 lys2-801 lett2-3,112 

ade2 
IGY99 MATa actl-135::HlS3 barlA::LYS2 his3A200 ura3-52 lys2-801 leti2-3,112 

ade2 
IGYIOI MATa actl-104::HIS3 barlA::LYS2 his3A200 ura3-52 lys2-801 leii2-3,112 

ade2 
IGY107 MATa actl-113::HIS3 barlA::LYS2 his3A200 iira3-52 lys2-801 leii2-3,112 

ade2 
IGY109 MATa actl-lll::HlS3 barlA::LYS2 his3A200 ura3-52 lys2-801 leii2-3,112 

ade2 
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IGY119 MATa actl-4::HIS3 barlA:LYS2 his3A200 iira3-52 lys2-801 leii2-3,112 
ade2 

IGY123 jviATa /MATa barU::LYS2/barU::LYS2 his3A200/his3A200 ura3-
52/iira3-52 lys2-801Ays2-801 leii2-3,112/leii2-3,112 ade2/ade2 

IGY149 /MATa actl-135::HIS3/actl-135::HIS3, barlA::LYS2/barlA::LYS2, 
his3A200/his3A200, ura3-52/ura3-52, Iys2-801/lys2-801, leii2-3,112/leii2-3, 
112, ade2/ade2 

IGY150 /MATa actl-113::HlS3/actl-l 13::HIS3, barU::LYS2/barlA:LYS2, 
his3A200/his3d200, ura3-52/iira3-52, Iys2-801/lys2-801, leii2-3,112/leii2-3, 
112, ade2/ade2 

IGY151 ;viATa /MATaactl-117::HlS3/actl-117::HlS3, barlA::LYS2/barU::LYS2, 
his3A200/his3A200, ura3-52/ura3-52, lys2-80lAys2-801, leii2-3,112/leii2-3, 
112, ade2/ade2 

IGY153 /MATa ACTl/ACTl, barU::LYS2/barU::LYS2, 
his3A200/his3A200, ura3-52/ura3-52, Iys2-801/lys2-801, leu2-3,112Aeu2-3, 
112, ade2/ade2 

IGY154 /MATa actl-101::HIS3/actl-101::HIS3, barU::LYS2/barlA::LYS2, 
his3A200/his3A200, iira3-52/tira3-52, lys2-801Ays2-801, leii2-3,112Aeu2-3, 
112, ade2/ade2 

IGY155 i^Ya /MATaactl-105::HIS3/actl-105::HIS3, barlA::LYS2A)arlA::LYS2, 
his3A200Aiis3A200, ura3-52/iira3-52, lys2-801Ays2-801, leu2-3,112Aeii2-3, 
112, ade2/ade2 

IGY156 j^j^Ya /MATa actl-119::HIS3/actl-119::HIS3, barlA::LYS2AjarlA:LYS2, 
his3A200Aiis3A200, ura3-52/ura3-52, lys2-801Ays2-801, leii2-3,112Aeii2-3, 
112, ade2/ade2 

IGY157 ^fa /MATa actl-120::HIS3/actl-120::HIS3, barlA::LYS2A}arlA::LYS2, 
his3A200Aiis3A200, ura3-52/tira3-52, lys2-801Ays2-801, leii2-3,112Aeti2-3, 
112, ade2/ade2 

IGY158 /MATa actl-122::HIS3/actl-122::HIS3, barlA::LYS2A}arlA:LYS2, 
his3A200Atis3A200, iira3-52/iira3'52, hjs2-801Ays2-801, leu2-3,112Aeii2-3, 
112,ade2/ade2 

IGY159 /MATa actl-125::HIS3/actl-125::HIS3, barlA:LYS2A}arlA:LYS2, 
his3A200/his3A200, iira3-52/ura3-52, lys2-801Ays2-801, leu2-3,112Aeu2-3, 
112, ade2/ade2 

IGY160 /MATa actl-129::HIS3/actl-129::HlS3, barlA:LYS2A}arlA:LYS2, 
his3A200Aiis3A200, iira3-52/iira3'52, Iys2-801/lys2-801, leii2-3,112Aeti2-3, 
112, ade2/ade2 

IGY161 /MATaactl-124::HIS3/actl-124::HIS3, barlA::LYS2A}arlA:LYS2, 
his3A200/his3A200, ura3-52/iira3-52, Iys2-801/lys2-801, leti2-3,112Aeti2-3, 
112, ade2/ade2 
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IGY162 ^73 /MATa actl-104::HIS3/actl-104::HIS3, barlA:LYS2/barlA-:LYS2, 
his3AZ00/his3/M00, iira3-52/iira3-52, lys2-801Ays2-801, leii2-3,112Aeu2-3, 
112, ade2/ade2 

IGY189 MATA barlA::LYS2 iira3-52 leu2-3,112 his3A100 lys2-801, ade2, 
trplA:LIRA3 

IGY191 barlA:LYS2 iira3-52 leu2-3,112 his3A200 lys2-801, ade2 
IGY193 /MATa.actl-3::HIS3/actl-3::HIS3, barU::LYS2/barlA:LYS2, 

his3A200/his3A200, ura3-52/ura3-52, lys2-801Al/s2-801, leii2-3,112/leu2-3, 
112, ade2/ade2 

IGY194 MATa barl±:LYS2 iira3-52 leii2-3,112 his3^00 lys2-801, ade2, 
trplA::URA3, hoglAr.TRPl 

IGY196 MATa/ MATa his3A200/his3A200 leu2-3,112Aeii2-3,112 ura3-52/iira3-
52 ade2/ade2 lys2::HIS3/lys2-801 SAC6+/sac6::LEU2 

GPY60.1 /g„2-3,112 iira3-52 his4-519 trpl prbl gal2 pep4::URA3 
GPY70.1 MATa chcl-A10::LEU2, leu2, ura3, ade2, his6, metl, prcbl, sstl 

" All strains are Gar. All IGY strains are isogenic, that is, they differ in only the 
markers indicated. The parent strain is DBY4975 which has the S288C 
background. 
IGY2 was derived from a MATa strain of IGY6 created by HO transformation 
and subsequently disrupted at lys2-801 with the disruption construct, lys2::HIS3. 
IGY4 was derived from IGY6 by disrupting SACS with pAAB123 as described 
previously (Adams et al., 1991). 
IGY43 was a segregant of IGY196 made heterozygous for barlA::LYS2/BARl. 
IGY44 was a sac6A::LEU2, lys2::HIS3 segregant of IGY196 that was subsequently 
crossed to IGY43 to obtain a segregant with the markers shown. 
IGY45, IGY48-119, IGY189 and IGY194 were created as described in the 
METHODS section. 
IGY123 was derived from mating IGY43 to IGY191. 
IGY149-162 were created through transforming IGY48-119 with pAAB166 
(HO URA3 CEN). 
IGY196 was derived from mating IGY2 to IGY4. 
GPY strains provided by Greg Payne (University of California, Los Angeles). 
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As described in the Introduction, we noticed that many strains 

harboring mutations in actin or actin-associated proteins are 

defective in sporulation, endocytosis, and growth under hypertonic 

conditions (Table 1). To test the strength of this correlation, we 

examined our large isogenic collection of actin mutant alleles for 

their abilities to endocytose a-factor, sporulate, and for their growth-

sensitivities to a wide range of NaCl concentrations. We then used 

the data to determine the extent to which the various phenotypes 

are correlated. 

Characterization of the ability of actin mutants to sporulate. 

The original characterization of the actin alleles, act 1-1 and 

actl-2, revealed that these mutant strains fail to sporulate (Novick 

and Botstein, 1985). We have now examined the sporulation ability 

of our isogenic collection of actin mutants. As seen in Table 3, actin 

mutants display a wide range in their ability to sporulate at 23° C. 
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TABLE 3 

Sporulation abilities of isogenic actin mutants". 

Strain % Sporulation'' 
23°C 

Wild-type 43 
actl-135 47 
actl-117 45 
actl-104 43 
actl-101 38 
actl-4 34" 

actl-105 28 
actl-119 26 
actl-129 18 
actl-113 16 
actl-3 16 

actl-124 13 
actl-122 12 
actl-125 8 
actl-120 6 
actl-20 4 
actl-111 1" 

" Percent sporulation was determined after two to three days incubation at 23° C. 
Approximately 200 cells were counted for each strain. 
Sporulation was determined independently from the other actl mutants and % 

sporulation was calculated relative to given wild-type %. 
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Characterization of the salt sensitivity of actin mutants. 

A large collection of actin mutants were originally 

characterized by Wertman et al. (1992) for their ability to grow on 

900 mM NaCl between 14° C and 37° C. We wished to extend this 

analysis by determining the salt concentration at which the various 

actin mutants were inhibited for growth at 25° C. The ability of the 

mutants to grow on rich media in the presence of NaCl was assayed 

by replica plating suspensions of cells onto YPD plates containing 0 -

900 mM NaCl. Growth profiles were developed for each actin mutant 

at 25° C (Table 4). Clearly, the mutants exhibit wide variation in the 

salt concentrations at which they can grow. 
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TABLE 4 

Growth of wild-type and isogenic actin mutant strains on YFD containing 
increasing concentrations of NaCl at 25° C. 

Strain 0 300 400 500 600 700 800 900 1000 
mM mM mM mM mM mM mM mM mM 

Wild-t)^e + + + + + + + + + 

actl-104 + + + + + + + + + 

actl-m + + + + + + + + + 

actl-135 + + + + + + + + + 

actl-101 + + + + + + + + + 

actl-4 + + + + + + + +/- -

actl-105 + + + + + + + +/-" _b 

actl-113 + + + + + + + +/- + /-

actl-111 +/- +/- +/- +/- +/- +/- +/- -/+" -/+" 

actl-119 + + + + + + - - -

actl-m + + + + + + - - -

actl-129 + + + + + - - - -

actl-3 + + + + + - - - -

actl-20 + + + - - - - - -

actl-120 + + - - - - - - -

actl-125 + + - - - - - - -

actl-122 + - - - - - - - -

" Haploid strains were spotted on YPD plates containing 0-1000 niM NaCl and 
scored for growth after four days at 25° C, A minus indicates failure to grow at 
that NaCl concentration whereas a plus indicates growth at the given NaCl 
concentration. 
'' These strains had some variability in growth of independent colonies. 
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Characterization of the ability of actin mutants to 

endocytose a-factor. 

Previous studies determined that act 1-1 and act I-2 mutants 

were defective in the internalization of a-factor (Kubler and Riezman, 

1993). Consequently, we have examined our collection of isogenic 

actin alleles for their ability to internalize radioactively labeled a-

factor. Several of the actin mutants have a temperature-sensitive 

growth defect; therefore, we measured uptake of a-factor at both 25° 

C and 37° C (Table 5). After temperature shift, a-factor 

internalization was followed for up to one hour. However, to obtain 

quantitative information as to the defect exhibited by each mutant, 

we calculated the initial rate of a-factor uptake/minute, from 5 to 1 5 

minutes (see METHODS). The initial internalization rates for each 

mutant relative to wild-type at 25° C and 37° C are summarized in 

Table 5. The actin mutants exhibited a wide range in their ability to 

endocytose a-factor at these two temperatures. At 37° C, the initial 

rates vary from 142% to 12% that of wild-type. At 25° C, the 

permissive temperature for the temperature-sensitive alleles, the 

initial rates vary from 108% to 19% that of wild-type. For almost all 
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the mutants showing an endocytosis defect at 37° C, the rate of 

uptake at 25° C is greater than that at 37° C, indicating these mutants 

have a temperature-sensitive endocytosis defect. These defects in a-

factor uptake result from the inability of actl mutants to internalize 

a-factor and not from their  inabil i ty to bind a-factor,  as al l  actl  

mutants bind approximately the same amount of a-factor as wild-

type cells (data not shown). 
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TABLE 5 

Internalization of a-factor at 25° C and 37° C by wild-type and various 
actl mutant alleles. 

Strain Internalization Internalization Salt sensitivity % Sporulation Doubling 
25" C 37° C 25= C" 23° C Time 22° O 

Wild-type 100 100 + 43 2.75 
actl-104 108 142 + 43 2.90 
acn-135 106 88 + 47 2.95 
actl-lOl 103 77 + 38 330 
actl-105 96 42 IM 28 5.50 
actl-117 94 106 + 45 2.80 
actl'124 94 65 800 mM 13 3.35 
actl-U9 92 16 800 mM 26 3.45 
actl-111 86 53 IM 1 6.50 
actl-3 78 33 700 mM 16 4.45 

actl-129 71 30 700 mM 18 3.05 
actl-m 62 39 + 16 330 
actl-ZO 59 30 500 mM 4 3.10 

actl-UO 44 17 400 mM 6 335 
actl-4 23 12 IM 34 3.15 

actl'125 19 15 400 mM 8 4.45 
actl-m 19 25 300 mM 12 2.70 

" The % a-factor Internalized relative to wild-type was derived by obtaining the % uptake/min 
between 5 and 15 minutes of a given strain divided by the % uptake/min of wild-type cells. 
'' Concentration of NaCl that the mutant fails to grow on. 
" Doubling time is in hours. 
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Correlation between defects of actin mutants in 

endocytosis, ability to grow on NaCl, and sporulation. 

We have compared the degree to which actin alleles can 

sporulate, grow on NaCl containing media and endocytose a-factor. 

As seen in Table 5, actin mutants with decreased endocytosis rates 

are mostly defective in growth on high NaCl concentrations and have 

decreased sporulation, whereas actin mutants with wild-type rales of 

endocytosis grow well on high NaCl conditions and sporulate well. 

To determine the extent of the correlation between these 

phenotypes, we created scatterplots comparing each of the 

phenotypes pairwise, including a bestfit line for each plot (Figure I). 

From these graphs there appears to be a correlation between salt 

sensitivity and sporulation, salt sensitivity and internalization at 

either 25° C or 37° C, and sporulation and internalization at 37° C 

The correlation coefficients and probability values for each of the 

three pairwise combinations were calculated (Table 6). The 

internalization phenotypes at 25° C and 37° C correlated the best 

with a probability value of 9.3 X 10"^ followed by the phenotypes of 

salt sensitivity and sporulation and salt sensitivity and 
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internalization at 25° C with probability values of 1.1 X 10'^ and 1.4 X 

10'^, respectively. These latter probability values are highly 

significant,  but  are lower because of a  single actin al lele,  act 1-4.  

As seen in Table 5 and Figure lb, the act 1-4 mutation is a 

striking exception to the observed correlations. In particular, the 

actl-4 mutant allele causes a strong defect in endocytosis, but is only 

mildly sensitive to growth on conditions of high NaCl and sporulates 

reasonably well. Significantly, however, the actl-4 mutant is more 

sensitive for growth on high NaCl conditions and is more sporulation 

defective than those actin mutant alleles that internalized a-factor at 

wild-type levels. Given our strong correlation between the analyzed 

phenotypes we tested whether actl-4 mutants have an 

osmoremedial phenotype i.e., whether NaCl treatment suppresses the 

defects associated with the actl-4 mutant allele, thus resulting in the 

ability to grow on conditions of high NaCl. Thus, we examined the 

ability of actl-4 mutant cells to internalize a-factor in the presence 

and absence of NaCl. Analysis of a-factor uptake in actl-4 mutant 

cells treated with NaCl revealed that actl-4 mutants remain 

endocytosis-defective in the presence of 600 mM NaCl (data not 
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shown). As the endocytosis defect observed in the absence of NaCl is 

not suppressed by NaCl, the act 1-4 mutant is not osmoremedial. 
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Figure 1. Scatterplots of the pairwise comparisons of salt 

sensitivity, sporuiation, and a-factor internalization. 

Scatterplots of A) sporuiation and salt sensitivity, B) salt 

sensitivity and a-factor internalization at 25° C and C) sporuiation 

and a-factor internalization at 25° C. 
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TABLE 6 

Correlation coefficients" (r) for correlations between phenotypes associated 
with actin mutant alleles. 

Pairwise combination Correlation coefficients (r) p-value 
Salt sensitivity - Sporulatlon 0.721 0.00109" 
Salt sensitivity - Growth rates 0.008 0.97599 
Salt sensitivity - Endocytosis 25° C 0.711 0.00138" 
Salt sensitivity - Endocytosis 37° C 0.657 0.00416" 
Endocytosis 25° C - Growth rates 0.040 0.87885 
Endocytosis 25° C - Sporulation 0.550 0.02217 
Endocytosis 25° C - Endocytosis 37° C 0.728 0.00093" 
Endocytosis 37° C - Growth rates 0.264 0.30588 
Endocytosis 37° C - Sporulation 0.693 0.00204" 
Sporulation - Growth rates 0.454 0.06716 

" The Pearson product-moment correlation coefficients were calculated by using 
the "CORREL" function of the Microsoft Excel software package. Critical values 
for probability (p) were determined using a t-test for significance. For all 
comparisons the sample size was equal to 17 and the degrees of freedom were 
15. 
^ Those p values with greater than 99% confidence 
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Growth rates of actin mutants. 

To determine whether the observed correlations are specific, 

or merely reflect the degree to which the actin mutations cause a 

growth defect, we measured the growth rates for each of the mutants 

(Table 7). As shown in Table 6 and the scatterplots in Figure 2, 

comparisons between each of three phenotypes and doubling times 

indicate no correlation at the chosen 99% confidence level. 

Furthermore, the correlation between defects in sporulation, 

endocytosis,  and growth on salt  is  specific,  as one mutant {act  1-122) 

is salt-sensitive, sporulation defective and endocytosis defective has 

a doubling time close to that of wild-type (Table 5). Conversely, one 

mutant {act 1 -105) has a very slow doubling time but grows well on 

NaCl, endocytoses a-factor well at 25° C and sporulates reasonably 

well (Table 5). These data suggest that the significant correlations 

among salt sensitivity, sporulation and endocytosis are not merely a 

result of general growth defects. 
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TABLE 7 

Growth rates of isogenic actin mutants". 

Strain 
Doubling Time 

2rc 
Wild-type 2.75 
actl-122 2.70 
actl-117 2.80 
{ictl-104 2.90 
actl-135 2.95 
actl-129 3.05 
actl-20 3.10 
actl-4 3.15 

actl-101 3.30 
actl-113 3.30 
actl-124 3.35 
actl-119 3.45 
actl-120 3.55 
actl-3 4.45 

actl-125 4.45 
actl-105 5.50 
actl-111 6.50 

" Growth rates were determined by obtaining density reading using a Klett 
meter. Density readings were taken every hour for seven hours. Doubling times 
are measured in hours and are the average of two experiments. 
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Figure 2. Scatterplots comparing the growth rates of actin 

mutants with salt sensitivity and a-factor internalization. 

Scatterplots of A) doubling times and salt sensitivity, B) 

doubling times and a-factor internalization at 25° C. 
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Localization of tlie most defective alleles to the Sac6p-

binding site 

The availability of an atomic structure of actin (Kabsch et al., 

1990) allows us to map actin alleles with similar phenotypes to 

determine if the defective residues cluster to a small region of actin 

and imply they constitute a binding site for a specific actin binding 

protein. The four actin mutant alleles displaying the most severe 

defects in sporulation, a-factor internalization and growth on high 

NaCl-containing media are actl-122,  actl-125,  actl-120 and actl-20.  

These alleles map to the small domain of the actin crystal structure, a 

region known to be important for Sac6p binding (Honts et al., 1994; 

Sandrock et al., 1999). Consistent with this finding is that sac6A cells 

also exhibit severe defects in sporulation (Brower et al., 1995), a-

factor internalization (Kubler and Riezman, 1993) and growth on 

conditions of high NaCl (our unpublished data). Indeed, previous 

biochemical cross-linking data indicate that actl-125, actI-120 and 

actl-20 are each defective in their interaction with Sac6p (Honts et 

al., 1994; Holtzman et al., 1994; Sandrock et al., 1999). The 

correlation of the localization of actin residues to the Sac6p-binding 
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site and the defective phenotypes suggested that efficient 

internalization of a-factor, sporulation and growth on conditions of 

high NaCl require bundled actin filaments induced by Sac6p. 

Analysis of the underlying basis of these correlations. 

To analyze the biological significance of these correlations, we 

focused on the correlation between salt sensitivity and endocytosis. 

Experiments carried out in mammalian cell systems have 

demonstrated that incubating cells in high external osmolarity 

decreases endocytosis (Daukas and Zigmond, 1985; Heuser and 

Anderson, 1989; Carpentier et al., 1989). We therefore proposed that 

the failure of actin cytoskeletal mutants (which already have an 

endocytosis defect) to grow under hypertonic conditions may be a 

consequence of an exacerbated defect in endocytosis that is 

insufficient for growth. 

The relationship between salt sensitivity and endocytosis. 

The observation that actin mutants defective in endocytosis are 

unable to grow under hypertonic salt conditions suggests the 
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possibility the two phenotypes may be causally related. Mammalian 

cells grown in hypertonic conditions have decreased rates of 

endocytosis (Daukas and Zigmond, 1985; Heuser and Anderson, 1989; 

Carpentier et al., 1989), so if this is also true in yeast, the additive 

effects of actin mutations and salt may result in a rate of endocytosis 

that is too low to sustain growth. To test this idea, we first asked 

whether, as in mammalian cells, NaCl incubation results in decreased 

rates of endocytosis in yeast. The uptake of [^^S]-labeled a-factor 

was measured in wild-type cells shifted to media containing 600 mM 

NaCl. As seen in Figure 3A, NaCl decreases the internalization rale. 

This result is probably due to general effects of osmotic pressure in 

that decreased internalization rates are not specific to NaCl treatment 

as 1 M sorbitol also causes a similar effect (Figure 3A). Further 

experiments examining a-factor uptake in the presence of increasing 

concentrations of NaCl (300 mM, 600 mM, 900 mM) demonstrates a 

direct proportionality, that is endocytosis rates decrease with 

increasing salt concentrations (data not shown). 

This apparent reduction in the ability of wild-type cells to 

internalize a-factor in hypertonic conditions could result from a 
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reduction in the affinity of a-factor for its receptor. However, 

binding experiments demonstrated that a-factor binds equally well 

to cells in binding buffer containing no NaCl, 600 mM NaCl or 1.8 M 

sorbitol (Figure 3B). Furthermore, shifting cells to 600 mM NaCl after 

initial binding of a-factor does not alter the amount of a-factor 

bound to the cells (Figure 3C). As the binding of a-factor to cells is 

not altered by hypertonic incubation, the observed defect must be 

due to an inability to endocytose a-factor. 
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Figure 3. (A) Internalization of [^^S] a-factor in wild-type 

(IGY43) cells under normal conditions, or after shift to 600 

mM NaCl or 1 M sorbitol at 25°C. 

IGY43 cells containing bound a-factor were transferred to 

media  lacking  or  conta in ing  NaCl  or  sorbi to l  a t  4°  C.  Immedia te ly  

af ter  t ransfer ,  samples  were  incubated  a t  25°  C for  5  minutes ,  a f te r  

which 2% glucose was added to initiate a-factor internalization. At 

each t ime poin t ,  a  sample  was  removed and the  percent  a - fac tor  

in terna l ized  re la t ive  to  the  amount  of  a - fac tor  bound was  

determined as  descr ibed  in  METHODS.  (B)  and (C)  Bar  graphs  

represent ing  the  percent  a - fac tor  bound to  wi ld- type  ce l l s  whi le  

incubating in the absence or presence of 600 mM NaCl or 1.8M 

sorbitol (B) or after shifting cells with bound a-factor to 600 mM 

NaCl or 1.8M sorbitol (C). 
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Shifting actin mutant cells to NaCl exacerbates endocytosis 

defects. 

To test whether actin cytoskeletal mutants might be 

hypersensitive to growth on NaCl because salt exacerbates their 

existing endocytosis defects, we examined the ability of two mutants 

to internalize a-factor in the presence or absence of 600 mM NaCl. 

We chose to examine an actin mutant allele {actI-20) that exhibited 

an intermediate defect in a-factor internalization at 25° C, in order to 

be able to detect a NaCl effect on endocytosis. We included sac6A 

cells because those actin alleles with the most severe phenotypes 

were defective in binding Sac6p (Honts et al., 1994; Holtzman et al., 

1994; Sandrock et al., 1999). As shown in Figure 4, both actl-20 and 

sac6A cells shifted to NaCl have reduced endocytosis rates relative to 

the same cells in the absence of NaCl. This finding suggests that 

these mutants may be unable to grow under hypertonic conditions 

because of the additive effects of the salt and the mutations on their 

rates of endocytosis. In addition, considering sac6A cells are still 

vulnerable to the effects of salt, the Sac6p is not the sole target of 

high salt inhibition in wild-type cells. 
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Figure 4. Internalization of [^^S]-labeled a-factor in A) 

actJ-20 (IGY87) and B) sac6A (IGY44), ceils in the absence 

of (solid lines) or after shift to 600 mM (dashed lines) NaCl 

at 25° C. 

IGY44 and [GY87 cells were incubated in binding buffer for one 

hour at 4° C to allow a-factor binding. Unbound a-factor was 

removed and a-factor-bound cells were transferred to buffer 

containing 0 mM or 600 mM NaCl at 4° C. Immediately following 

transfer, samples were divided into separate tubes for each time 

point and incubated at 25° C After 5 minutes, internalization was 

initiated by addition of 2% dextrose. The amount of a-factor 

internalized relative to a-factor bound at each time point was 

determined as described in the METHODS. 
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The effect of NaCl on a-factor internalization in strains 

lacking or mutant in clathrin. 

In mammalian cells, NaCl blocks endocytosis through inhibition 

of clathrin function (Heuser and Anderson, 1989; Hansen et al., 

1993). If the reduction in endocytosis seen in yeast under 

hypertonic conditions is similarly due to inhibition of clathrin, wild-

type and clathrin mutant cells shifted to salt conditions should 

exhibit similar rates of endocytosis. To test this prediction, we used 

wild-type and mutant strains that were isogenic except for a 

mutation at the CHCl (clathrin heavy chain) gene. The temperature-

sensitive chc 1-521 mutation has been characterized for the ability to 

endocytose a-factor and behaves like the chclA at 37° C and like 

wild-type at 25° C (Tan et al.,  1993). Uptake of [^^S]-labeIed a-factor 

was measured in both wild-type and chc 1-521 cells at both 25° C 

and 37° C; before or after a shift to 600 mM NaCl (Figure 5A and B). 

At 25° C(the permissive temperature for chcl-521 mutant cells), in 

the absence of salt, the rate of endocytosis is similar for both wild-

type and chcl-521 mutant cells, indicating that clathrin is fully 

functional at this temperature (Figure 5A). At 25° C, in the presence 
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of NaCl, wild-type and chcl-521 mutant cells undergo endocytosis at 

reduced rates, as expected (Figure 5A). At 37° C (the restrictive 

temperature for the chcl-521 mutant), in the absence of NaCl, the 

endocytosis rate of the mutant cells is approximately 50% that of 

wild-type, as described previously (Tan et al., 1993; Figure 5B). 

However, at 37° C, in the presence of NaCl, the endocytosis rate of the 

mutant is further diminished to the level seen in wild-type under 

these conditions (Figure 5B). This finding suggests that either (i) the 

mutant clathrin is partially functional at 37° C in the absence of salt, 

or (ii) salt inhibition does not occur through disruption of clathrin 

function. 

To distinguish between these possibilities, we used a clathrin 

deletion strain to examine a-factor internalization rates in the 

presence and absence of NaCl. We first attempted to create a strain 

that would be isogenic to our other strains, but the chclA disruptants 

were extremely sick and difficult to maintain. We therefore used a 

non-isogenic chclA strain (GPY70.1) for these studies. As seen in 

Figure 5C, clathrin null cells in the absence of NaCl have a n 

approximately two-fold reduction in a-factor uptake, as described 
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previously (Tan et al., 1993). In the presence of 600 mM NaCl, the 

internalization rates of chclA cells are further reduced. These data 

indicate that although NaCl may affect clathrin function to some 

degree, there is another target of NaCl that reduces the 

internalization rates of a-factor. 
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Figure 5. Internalization of [^®S]-Iabeled a-factor in wild-

t y p e  ( I G Y 4 3 ) ,  c h c l - 5 2 1  m u t a n t  c e l l s  ( I G Y 4 5 )  a n d  c h c l A  

cells (GPY70.1) at 25° C (A and C) or 37° C (B) with (+) or 

without (-) a shift to 600 mM NaCl. 

IGY43, IGY45 and GPY70.1 were allowed to bind a-factor for 1 

hour at 4° C. Unbound a-factor was removed and cells were 

transferred to buffer containing 0 mM or 600 mM NaCl at 4° C 

Samples were then divided into two sets, one set being incubated at 

25° Cand the other set at 37° C After 5 minutes, 2% glucose was 

added to initiate internalization of a-factor. At the time points 

indicated on the graph, samples were removed and the amount of a-

factor internalized relative to the amount of a-factor bound was 

determined as described in METHODS. 
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FM4-64 internalization in wild-type cells shifted to 

conditions of high NaCl. 

The finding that NaCl incubation reduces a-factor 

internalization by a clathrin-dependent mechanism prompted us to 

examine whether NaCl treatment reduces internalization rates in 

other endocytic pathways that are clathrin-independent. We 

followed the internalization of the lipophilic dye, FM4-64, a marker 

previously shown to be internalized in the absence of clathrin, to 

determine if constitutive endocytosis was also reduced by NaCl 

treatment. Wild-type cells incubated in FM4-64 internalize and 

localize the fluorescent dye to the vacuolar membrane (Vida and 

Emr, 1995). We examined the ability of wild-type cells to internalize 

FM4-64 after shift to media containing 600 mM NaCl. Wild-type 

cells incubated in either the absence or presence of NaCl internalize 

FM4-64 to their vacuolar membranes as seen in Figure 6. After 1 5 

minutes, wild-type cells under either condition exhibit punctate 

fluorescent endocytic intermediates. This finding indicates that FM4-

64 internalization is not severely altered by the presence of 600 mM 

NaCl and demonstrates that salt treatment preferentially reduces 
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receptor-mediated internalization of a-factor. Interestingly, 

however, the vacuoles have an altered appearance as illustrated 180 

minutes after shift to room temperature. The vacuoles in most of the 

cells incubated in NaCl display multiple, smaller vacuoles (Figure 6D) 

indicating that not only do cells shrink in overall size due to 

hypertonic conditions but that organelles size is also affected. 
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Figure 6. Internalization of FM4-64 in wild-type cells in 

the absence (A and B) or presence (C and D) of 600 mM 

NaCl. 

Wild-type cells (IGY43) were grown overnight at 25° C in YH) 

media. Approximately 1 X 10^ cells were harvested and 

resuspended in cold YPD media and incubated on ice. FM4-64 was 

added to cells and allowed to bind for 30 minutes on ice. Cells were 

centrifuged and washed 2 times with cold YPD media and then 

resuspended in 0 mM NaCl YPD media (A and B) or 600 mM NaCl YH) 

media (C and D). FM4-64 internalization was examined by viewing 

fluorescence internalization following shift to room temperature after 

15 minutes (A and C) and after 180 minutes (B and D). 
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The HOG signal transduction pathway is not required to 

reduce endocytosis rates in the presence of NaCl. 

The HOG signal transduction pathway is required for cells to 

properly respond to high external osmolarity. To determine whether 

the observed decrease in endocytosis after shift to NaCl is a triggered 

by the HOG pathway (e.g., to prevent internalization of toxic solutes), 

we asked whether the HOG signal transduction pathway was 

necessary for the reduction in endocytosis observed in the presence 

of 600 mM NaCl. We deleted the HOGl gene encoding the primary 

MAP kinase from our strains, and examined the endocytosis rates in 

wild-type and hog IA cells after shifting cells to NaCl. As shown in 

Figure 7, wild-type and hoglA cells internalize a-factor at similar 

rates in the absence of NaCl, indicating that hog IA cells are not 

endocytosis defective. Likewise, after shift to NaCl, wild-type and 

hoglA cells have similar (reduced) rates of endocytosis, indicating 

that a reduction in the rate of endocytosis does not require HOGl and 

hence the HOG signal transduction and effector pathways. 
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Figure 7. Internalization of [^^S]-labeled a-factor in wild-

t y p e  ( I G Y 4 3 )  a n d  h o g l A  c e l l s  ( I G Y 1 9 4 )  a t  2 5 °  C  i n  t h e  

absence (-) or presence (+) of 600 mM NaCl. 

IGY43 and IGY196 with bound a-factor were transferred to 

buffer containing 0 mM or 600 mM NaCl at 4° C. Samples were 

divided into tubes for each time point and then incubated at 25° C 

After 5 minutes, a-factor internalization was initiated by addition of 

2% glucose. At each time point, the amount of a-factor internalized 

relative to the amount of a-factor bound was determined as 

described in the METHODS. 
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DISCUSSION 

Correlation between salt sensitivity, sporulation and 

receptor-mediated endocytosis. 

We analyzed an allelic series of actin mutants for defects in 

endocytosis, growth on high salt, and sporulation, and in particular to 

determine whether defects in one process were associated with 

defects in the other processes. To eliminate genetic background 

effects, we generated a set of actl mutant alleles in an isogenic strain 

background. Using this set of mutants, we determined that there is 

wide variation in the ability of the actin mutants to sporulate, 

internalize a-factor and to grow on high concentrations of NaCl, and 

that there is a strong correlation (>99% confidence level) between 

each of the three pairwise combinations. Furthermore, we have 

measured the growth rates of actl mutant alleles and found no 

correlation (at the 99% confidence level) between the sickest actin 

alleles and those actin alleles exhibiting the most severe defects in 

sporulation, endocytosis and growth on conditions of high NaCl. This 

indicates that the defects we measured are not a non-specific 
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consequence of compromised growth. 

Included within this strong correlation however are several 

actin mutations that are outliers and require consideration. The 

act 1-4 and act 1-113 mutants demonstrate that the phenotypes of 

salt sensitivity and internalization can be separated, whereas the 

act 1-111 mutation demonstrates that the sporulation defect can be 

separated from salt sensitivity. Therefore, although these 

phenotypes are usually coincident, the model suggesting that defects 

in one process causes the other defects is too simplistic. Instead, it 

may be the efficient regulation of the actin cytoskeleton, i.e., the 

interaction between actin and actln-associated proteins, that is 

critical for all three processes. Further analysis of the differences 

exhibited by the actin mutants which separate the phenotypes will 

lead to a better understanding of what function of actin is required 

for salt resistance, sporulation and endocytosis. 

We believe that performing these experiments in an isogenic 

collection of actin mutants was valuable. We compared the salt 

sensitivity of our isogenic actin mutants with that of the congenic 

actin mutants described in Wertman et al. (1992). We found 
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differences between our results and theirs, as our act 1-3, act 1-124 

and actl-125 strains fail to grow on 900 mM NaCl, whereas the 

congenic strains of Wertman et al. were able to grow at this NaCl 

concentration. We also detected differences in restrictive 

temperatures for some of the actl alleles (data not shown). Based on 

these observations, we confirm the importance of using isogenic 

strains to examine physiological processes. 

The salt sensitive, endocytosis and sporulation defects map 

to the Sac6p-binding site. 

Our finding that actin mutations showing the most severe 

defects in endocytosis, sporulation and the ability to grow on 

conditions of high salt cluster to the small domain of actin suggest 

that this region of actin is likely important for efficient endocytosis, 

sporulation and salt resistant growth. This small domain of actin has 

previously been shown to interact with the actin-binding protein, 

Sac6p. We suggest that this interaction between actin and Sac6p is 

the critical parameter underlying these phenotypes. In agreement 

with this possibility is the fact that the actin mutations that fail to 



129 

correlate map to regions far away from the actin;Sac6p interaction 

site. 

Underlying basis for the correlation between salt 

sensitivity and the internalization step of endocytosis. 

We conducted experiments to explore further the correlation 

between salt sensitivity and the internalization step of endocytosis. 

In mammalian cells, incubation in hypertonic media results in 

varying defects in endocytosis (Daukas and Zigmond, 1985; He user 

and Anderson, 1989; Carpentier et al., 1989). In polymorphonuclear 

leukocytes (PMNs), hypertonic conditions were shown to selectively 

decrease receptor-mediated internalization of the chemotactic 

peptide f-NleLeuPhe without affecting the fluid-phase endocytosis of 

sucrose (Daukas and Zigmond, 1985). In contrast, studies in 

human fibroblasts showed that incubation in hypertonic media 

reduced not only clathrin-dependent receptor-mediated 

internalization of low-density lipoprotein (LDL) receptor, but also 

reduced fluid-phase internalization of horseradish peroxidase 

(Heuser and Anderson, 1989). Similarly, Carpentier et al. (1989) 
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showed that hypertonic media reduced the clathrin-independent 

internalization of cholera toxin, in addition to the clathrin-dependent 

internalization of alpha 2-macroglobulin and horseradish peroxidase. 

These studies indicate that hypertonic media affects the 

internalization step of endocytosis non-specifically in some cell types, 

and more specifically in others. 

We determined that yeast cells shifted to high salt conditions 

have reduced rates of a-factor internalization. This effect appears 

specific to receptor-mediated internalization as wild-type cells 

internalize the fluorescent, constitutive membrane marker, FM4-64, 

at similar rates in either the absence or presence of NaCl. However, 

there remains a possibility that NaCl incubation do affect FM4-64 

uptake but at a level we cannot detect. We suggest that the reduced 

rates of endocytosis caused by shift to conditions of high NaCl 

preferentially affects certain pathways of internalization in yeast as 

described for polymorphonuclear leukocytes (Daukas and Zigmond, 

1985). 
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A clathrin-independent mechanism of inhibiting 

endocytosis in yeast. 

In mammalian cells, it has been suggested that decreased 

endocytosis rates in hypertonic media occurs through blocking 

clathrin function (Heuser and Anderson, 1989; Hansen et al., 1993). 

Quick-freeze/deep-etch electron microscopic examination of the 

inner membrane of fibroblasts indicates that hypertonic treatment of 

cells results in a loss of clathrin-coated pits from the plasma 

membrane and abnormal clathrin polymerization in the cytosol 

(Heuser and Anderson, 1989). Similarly, studies using 

immunofluorescence and immuno-gold electron microscopy 

confirmed the disappearance of clathrin lattices and coated pits from 

the plasma membrane after incubation of cells in hypertonic media 

(Hansen et al., 1993). These ultrastructural studies suggest that 

clathrin is a direct target of hypertonic inhibition. 

We addressed whether NaCl inhibition of clathrin function is 

the underlying mechanism behind reduced internalization rates in 

yeast. Our examination of a-factor internalization in strains lacking 

clathrin in the presence of NaCl indicates that NaCl treatment can 
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reduce internalization rates in cells lacking clathrin. These data 

demonstrate that although clathrin function may be affected by NaCl 

incubation, clathrin-independent targets of NaCl exist as suggested in 

human fibroblast studies showing that clathrin-independent 

pathways of endocytosis were also affected by salt treatment. 

Reduced internalization rates in NaCl are not triggered b y 

the HOG signal transduction pathway. 

The HOG signal transduction pathway is required for yeast cells 

to respond to high external osmolarity (Brewster et al., 1993). This 

pathway leads to the induction of genes responsible for increasing 

the production and retention of glycerol, as well as the repositioning 

of actin patches and cables following osmotic stress (Brewster and 

Gustin, 1994). We postulated that the HOG pathway might also be 

required to down-regulate endocytosis rates under osmotic stress, 

e.g., to prevent entry of substantial amounts of toxic solutes. We 

examined whether the decrease in a-factor internalization after shift 

to NaCl requires the HOG pathway by deleting the MAP kinase, HOGl. 

hoglA and wild-type strains shifted to high NaCl conditions had 



133 

similar rates of a-factor internalization, indicating that the HOG signal 

transduction cascade does not trigger events leading to reduced rates 

of internalization under osmotic stress. 

Actio mutants could be hypersensitive to high external 

o s m o l a r i t y  b e c a u s e  o f  e x a c e r b a t e d  e n d o c y t o s i s  d e f e c t s  

under these conditions. 

The inability of cells to grow on conditions of high NaCl has 

been observed frequently in cytoskeletal mutants, but there has yet 

to be an explanation for why these mutants are salt sensitive. One 

possible explanation might be that the actin cytoskeleton is required 

to transduce the HOG signal transduction cascade. Mutations in 

components of this HOG kinase cascade result in cells which are also 

salt sensitive. However, Chowdhury et al. (1992) reported that actl-

1 mutants and wild-type cells accumulate similar levels of glycerol 

under hypertonic conditions, the normal response of cells triggered 

by the HOG transduction pathway. These data suggest that actin 

function is not required to accumulate intracellular glycerol and that 

act 1-1 mutants are salt sensitive for another reason. 
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Our results indicate that conditions of high NaCl reduce 

endocytosis rates in wild-type, actl mutants and sac6A mutants. We 

proposed a model explaining the salt sensitive phenotype of actin 

cytoskeletal mutants. Specifically, we suggest actin mutants already 

defective in endocytosis due to the actin mutation are more severely 

compromised under conditions of high NaCl resulting in levels of 

endocytosis that are insufficient for sustaining growth under these 

conditions. In support of this model, we demonstrate that actin 

cytoskeletal mutants have exacerbated defects in endocytosis upon 

shift to high NaCl conditions. However, we cannot solely explain the 

salt sensitivity as a consequence of low levels of endocytosis because 

actl-4 mutants can grow well on high salt but yet are quite defective 

in endocytosis. Consequently, we now propose that the ability to 

grow on conditions of high NaCl may be regulated through the proper 

interactions between actin and Sac6p, an interaction that is most 

likely critical for efficient internalization as well. 

Interestingly, the association between hypersensitivity to NaCl 

and reduced endocytosis in actin cytoskeletal mutants is not unique 

to Saccharomyces cerevisiae. In Dictyostelium discoideum, deletions 
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in the genes encoding the actin binding proteins a-actinin and 

gelation factor, resulted in cells that were defective in phagocytosis 

and hypersensitive to osmotic stress (Rivero et al., 1996). 

Furthermore, the conventional myosin in Dictyostelium is required 

for the osmotic response, and is phosphorylated and relocalized 

following osmotic stress and myosin II mutants are hypersensitive to 

osmotic stress (Kuwayama et al., 1996). These studies indicate that 

the actin cytoskeleton plays a fundamental role under conditions of 

osmotic stress and understanding the molecular mechanisms 

underlying actin's function in yeast will most likely apply to higher 

eukaryotes. 
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MATERIALS AND METHODS 

Construction of a set of isogenic yeast strains. 

The yeast strains used in these experiments are listed in Table 

2 and are all isogenic with the exception of the indicated markers 

and the strains, GPY60.1 and GPY70.1, that were kindly provided by 

Dr. Greg Payne (University of California, Los Angeles). Strain IGY6 

(DBY4975) was first transformed with an HO plasmid (pAAB166), 

and an isogenic MATa strain was obtained. The lys2-801 allele from 

this MATa strain was replaced with lys2::HlS3 (REF) to create IGY2. 

IGY196 was derived from mating IGY2 and IGY4. The barlA deletion 

was introduced into IGY background so that a-factor internalization 

assays could be carried out in the absence of the a-factor protease. 

The barI::LYS2 mutation was introduced into IGY196 by 

transformation with pEK3 linearized with EcoRI to target integration 

at the BARl locus. EcoVCL digestion removes a fragment containing 

the BARl locus disrupted with LYS2. Lys+ transformants were 

selected, sporulated and dissected. LYS2 segregated 2:2 as expected, 

and barlA::LYS2 segregants were subjected to a barlA barrier assay 
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(Sprague, 1991). One segregant (IGY43) that showed the Bar" 

phenotype was chosen and will hereafter be described as the wild-

type strain. 

Clathrin (chcl-521) mutant: To create an isogenic clathrin 

mutant strain, IGY196 was transformed with the disruption construct 

Ylpchcl-52lAC\a. linearized with Xbal to target integration at the 

CHCl locus (described in Tan et al., 1993). Multiple Ura+ 

transformants were selected, sporulated, and tetrads were dissected. 

In each case, Ura+ segregated 2:2 and temperature-sensitivity 

segregated 3:1, 4:0, 2:2 as expected for two temperature-sensitive 

mutations {chcl-521 ::URA3 and sac6::LEU2). Creation of a stable 

chcl-521 allele was achieved by plating individual Ura+ Leu" 

seg regan t s  on to  5 -FOA to  se l ec t  fo r  l oop-ou t  o f  one  copy  o f  t he  

c la th r in  gene .  5 -FOA res i s t an t  co lon ies  were  se l ec t ed  and  t e s t ed  fo r  

t empera tu re  sens i t iv i ty  a t  37°  C  to  iden t i fy  s t r a ins  r e t a in ing  t he  

chcl-521 allele. The presence of the chcl-521 allele was confirmed 

by  ampl i f i ca t ion  o f  t he  genomic  DNA reg ion  o f  c l a th r in  and  

sequencing the area of DNA that should contain the mutation, chcl-

521 mutant strains were then crossed to IGY43 to obtain segregants 
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that contain both the chcl-521 and barlA::LYS2 mutations (IGY45). 

hogl mutant: To create an isogenic hoglA strain, the TRPl 

gene was first deleted from IGY43 using pTUlO linearized with Xhol 

and EcoRI as described (Cross, 1997), generating IGY189. The HOGl 

gene was then deleted from IGY189 by transformation with pJBlD 

(Gustin lab), generating IGY194. Briefly, pJBlD was digested with 

Clal and Seal to generate a transplacement at the HOGl locus. 

Multiple Trp^ transformants were selected and tested for salt 

sensitivity on YPD containing 900 mM NaCl. Genomic DNA was 

isolated from salt sensitive transformants and confirmation of the 

hogl A was determined by PGR amplification of the DNA region 

flanking HOGl and sequencing into the TRPI marker. 

actl mutants: The IGY strains with numbers from 48-63 were 

derived from strain IGY123 using mutant actin plasmids as described 

previously (Wertman et al. 1992). The IGY strains with numbers 

from 87-119 were obtained by first recovering the various actl 

mutations from the genomes of appropriate strains on a 1504 bp 

fragment (from 56 bp 5' of the coding sequence to 29 bp 3' of the 

coding sequence of actin) via PGR with exo+ pfu DNA polymerase, 
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using the primer set AA0119 (5' -56ATTTTTCACGCTTACTGC-39 3') and 

AA0120 (5' 1465ACATAAACATACGCGCAC1448 3'). The fragments 

were cut with Xhol and Bsml (which cut within the coding region at 

nucleotides 72 and 1249, respectively) and cloned into pAAB508 

{i.e., pUC119 containing the 4kb EcoRl actin fragment from pAAB62 

(Botstein lab) inserted at the EcoRI site) cut with Xhol and Bsml in 

the coding region of ACTl. This manipulation simply replaced wild-

type actin sequence, from Xhol to Bsml, with the same stretch from 

various mutants. The presence of the mutation was verified through 

DNA sequencing of one strand. Plasmids were then transformed into 

the dam" bacterial strain GM48 (AAB352), Plasmid isolated from 

this strain was cut with Bell (293 bp 3' of the mutant actin genes), 

and a 1 kB BamUl fragment containing HISS from pAAB4 (YCp404; 

Ma et al.), was inserted. The mutant actin genes were then 

introduced into IGY123 as above. In each case, the presence of the 

mutation was verified by isolating genomic DNA, amplifying the 

coding region of the mutant actin genes by PGR with oligonucleotides 

AA0119 and AA0120, and then sequencing one strand. 
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Yeast Growth and Media. 

Growth of yeast was performed as described previously 

(Sherman et al., 1974). Hypersensitivity to NaCl was determined by 

monitoring growth of ceils on YPD media containing 0-900 mM NaCl 

at 25° C. Growth was determined by replica-plating suspensions of 

cells using a 32-point inoculator. Sporulations were performed in 

either 1% or 2% potassium acetate plus the addition of any 

auxotrophic requirements. 

Purification of [^^S]-labeled a-factor, binding and 

internalization assays. 

[^^S]-labeled a-factor was prepared and purified as described 

previously using strain GPY60.1 overexpressing a-factor from the 

2|i plasmid pDA6300 (MFal,STE13 LEU2) (Dulic et al., 1991; Tan et 

al., 1993), The binding and internalization assays were performed as 

described previously (Tan et al., 1993), with the following changes. 

In the experiments measuring a-factor internalization under 

hypertonic conditions, binding buffer containing 600 mM NaCl or 1 M 

sorbitol were used to resuspend the cells after the removal of 
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unbound a-factor. Experiments were performed two to three times 

with each strain. Typical data are shown in Figure 3. Quantitation of 

the rate of endocytosis for each strain was obtained by determining 

the percent uptake per minute between five and fifteen minutes 

after the initiation of uptake. These values were then divided by the 

percent uptake per minute calculated for wild-type cells to obtain a 

value relative to wild-type. 

Determination of Growth Rates. 

Individual colonies were selected and grown overnight in YPD 

to a density of approximately 5 X 10^ cells/ml at 23° C. 100 ml 

cultures were inoculated with an appropriate amount of cells to yield 

a starting density of 1 X 10^ to 1 X 10^ cells/ml. Cell density 

readings were determined using a Klett meter (Klett MFG. Co., New 

York) and were taken just after inoculation and every hour 

afterwards for 7 hours. Density readings for each strain were plotted 

on semi-log graph paper the doubling times were calculated from the 

linear regions of the graph. 
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CHAPTER FOUR: ANALYSIS OF THE ROLE OF ACTIN IN THE 

TRAFFICKING OF STE2p and STE6p IN SACCHAROMYCES 

CEREVISIAE 

SUMMARY 

Components of the actin cytoskeleton play important roles in 

the endocytic process. The underlying mechanism of action, 

however, remains unknown. Although actin and several actin-

associated proteins are required for constitutive and receptor-

mediated endocytosis, no quantitative comparisons of actin's 

contribution to the trafficking of proteins has been examined. Taking 

advantage of the rapid onset of actin depolymerization caused by 

Lat-A, we have investigated the requirement for actin in the 

internalization and trafficking of plasma membrane components. We 

demonstrate that an intact actin cytoskeleton is essential for the 

internalization of FM4-64 and a-factor. Furthermore, protein 

turnover assays following the fate of either Ste6p or Ste2p reveal 

that actin is required for the efficient degradation of these proteins 

under both constitutive and ligand-mediated circumstances. 

Analysis of the ability of actin mutants to degrade Ste6p revealed 
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that some actin mutants exhibit more severe defects than Lat-A 

disruption, which is known to completely eliminate actin structures. 

Therefore, actin may not play a direct role in the trafficking of Ste6p. 

Additionally, comparisons of Ste2p turnover in the absence or 

presence of a-factor have shown that Lat-A treatment more severely 

affects turnover of the receptor in the absence of a-factor. Finally, 

we observed significant degradation of Ste2p in the presence of a-

factor, even though Ste2p accumulates at the plasma membrane. 

Therefore, we propose that Ste2p is degraded at the plasma 

membrane in the presence of Lat-A. 
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INTRODUCTION 

The internalization of extracellular components or 

macromolecules residing at the plasma membrane is a fundamental 

process occurring in all eukaryotic cells. This internalization step is 

the first trafficking step in the endocytic pathway and is followed by 

the delivery of endocytosed material to the degradative 

compartment via endosomal intermediates. Cells require endocytosis 

to respond to external signals through the internalization of receptor 

molecules, for remodeling their plasma membranes and for the 

uptake of essential micronutrients. 

Studies in mammalian cells demonstrate there are multiple 

mechanisms by which cells can internalize macromolecules, plasma 

membrane, and extracellular components. Large particles and 

microorganisms become internalized through phagocytosis, a process 

occurring mostly in specialized cell-types. The internalization of 

small amounts of extracellular fluid and macromolecules occurs by 

micropinocytosis, a process that is divided into constitutive and 

receptor-mediated endocytosis. Micronutrients are internalized by 
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fluid-phase endocytosis, a constitutive, non-specific pathway. 

Plasma membrane proteins are internalized through a constitutive 

pathway whereas receptor proteins are internalized though either a 

constitutive or receptor-mediated pathway depending on whether or 

not ligand is present. 

In Saccharomyces cerevisiae, both constitutive and receptor-

mediated endocytosis have been studied genetically, and numerous 

proteins required for the initial internalization step and for 

subsequent trafficking to the vacuole have been identified (Riezman, 

1996). Receptor-mediated endocytosis can be followed through the 

internalization of mating pheromone, or the pheromone receptors 

Ste2p and Ste3p, in the presence of ligand (Jenness et al., 1983; 

Schandel and Jenness, 1994; Davis et al., 1993). Newly synthesized 

receptors are delivered to the plasma membrane through the 

classical secretory pathway and are subsequently internalized in 

either a ligand or non-ligand mediated process. They then transit 

through two distinct endosomal compartments to the vacuole 

(Jenness and Spatrick, 1986; Riezman, 1983). Upon arrival in the 
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vacuole, receptor proteins are degraded by vacuolar hydrolases 

(Singer and Riezman, 1990). 

Constitutive endocytosis can be followed through (i) the 

internalization of fluorescent dyes, such as lucifer yellow (LY) or 

FM4-64 (Riezman, 1985; Vida and Emr, 1995); (ii) the trafficking of 

plasma membrane proteins {e.g., transporter proteins; Lai et al., 

1995; Volland et al., 1994; Galan et al., 1996; Riballo et al., 1995; 

Medintz et al., 1996; Chiang et al., 1996; Hein et al., 1995; Berkower 

et al., 1994; Kolling and Hollenberg, 1994); or (iii) the trafficking of 

pheromone receptors in the absence of ligand (Schandel and Jenness, 

1994; Davis et al., 1993). The internalization and degradation of non

receptor membrane proteins in yeast is thought to occur through the 

same constitutive pathway as the pheromone receptors. However, 

there is evidence suggesting that there are also differences. In 

particular, the pheromone receptors, Ste2p and Ste3p, are degraded 

by a different mechanism than the plasma membrane protein, Ste6p, 

following internalization from the plasma membrane. Thus, the 

degradation of Ste2p and Ste3p requires only vacuolar hydrolases 

whereas Ste6p requires both vacuolar hydrolases and proteasome 
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activity (Hicke and Riezman, 1996; Roth and Davis, 1996; Roth et al., 

1998; Loayza and Michaelis, 1998). The fact that the degradation of 

these proteins is different suggests other trafficking steps may 

require different components. 

The mechanisms governing constitutive and receptor-mediated 

endocytosis are similar in that both require protein ubiquitination to 

trigger internalization and subsequent delivery to the vacuole for 

degradation (Hicke and Riezman, 1996; Hicke et al., 1998; Roth and 

Davis, 1996; Kolling and Hollenberg, 1996; Loayza and Michaelis; 

1998; Egner and Kuchler, 1996). However, there is also growing 

evidence suggesting there are mechanistic differences between these 

two modes of endocytosis. Cell surface proteins that are rapidly 

turned over, like Ste2p and Ste3p, contain sequence elements within 

their cytoplasmic domains required for efficient internalization 

(Hicke et al,, 1998; Roth and Davis, 1996). Mutagenesis of these 

internalization signals can selectively block constitutive endocytosis 

but not ligand-mediated endocytosis (Konopka et al., 1988; Rohrer et 

al., 1993; Schandel and Jenness, 1994; Hicke et al., 1998; Davis et al., 

1993; and Tan et al., 1996). In the case of Ste3p, there are two 
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sequence elements that map to distinct regions of the cytoplasmic 

domain that selectively influence constitutive or receptor-mediated 

endocytosis (Davis et al., 1993; Tan et al., 1996). The existence of cis-

acting sequences that preferentially affect the two modes of 

endocytosis suggests there are unique components for different 

types of endocytosis. In support of this idea, deletion of AKRl, the 

gene encoding an ankyrin repeat motif-containing protein, identified 

through a two-hybrid interaction with Ste3p, preferentially affects 

constitutive turnover of the Ste3 receptor (Givens and Sprague, 

1997). 

Actin has been implicated in both constitutive and receptor-

mediated endocytosis in yeast and mammalian cells (Kubler and 

Riezman, 1993; Ayscough et al., 1997; Penalver et al., 1996; Sandvig 

and van Deurs, 1990; Gottlieb et al., 1993; Lamaze et al. 1997). 

However, it is not clear what the relative contribution of actin is to 

these two modes of endocytosis. In mammalian cells, actin function 

is required for initial internalization from the plasma membrane and 

subsequent delivery to the degradative compartment (Sandvig and 

van Deurs, 1990; Gottlieb et al., 1993; Jackman et al., 1994; Durrbach 
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et al., 1996; Lamaze et al., 1997; Shurety, 1996; van Deurs et al., 

1995). However, in yeast and mammalian cells, the mechanism of 

action and the extent to which actin function is required for different 

modes of trafficking remains to be determined. In particular, actin's 

requirement in endocytosis remains unclear because the results from 

actin disruption experiments vary depending on what endocytosis 

marker is followed and in what cell type endocytosis is examined. 

For example, in rat macrophages, actin function is required for the 

fluid-phase internalization of '"^I-labeled poly(vinylpyrrolidone) and 

1 9S 
Au gold, but not horseradish peroxidase (HRP) (Pratten and Lloyd, 

1979; Piasek and Thyberg, 1980). Further, actin is required for both 

clathrin-dependent and -independent endocytosis in MDCKand Caco-

2 cells whereas actin is only required for clathrin-independent 

endocytosis in A431 cells (Sandvig and Van Deurs, 1990; Gottlieb et 

al., 1993; Jackman et al., 1994). Considering the complexity of 

mammalian cell systems, analysis of actin's requirement for 

endocytosis in Saccharomyces cerevisiae could provide knowledge 

that would help further elucidate the role of the actin cytoskeleton in 

different pathways of endocytosis. 
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We have addressed whether actin functioa is an essential 

component required for constitutive and receptor-mediated 

internalization and trafficking of plasma membrane components. 

Specifically, we investigated whether actin is essential for 

constitutive endocytosis by quantitatively comparing the constitutive 

turnover of two proteins, Ste6p and Ste2p. Furthermore, we 

quantitatively examined actin's requirement in the constitutive and 

receptor-mediated turnover of the pheromone receptor, Ste2p. Our 

studies utilize the actin inhibitor Latrunculin-A (Lat-A), a drug that 

more directly assess the role of actin as Lat-A treated cells exhibit 

more severe defects in actin organization than any conditional actin 

cytoskeletal mutant (Ayscough et al., 1997). Through our analysis, 

we determine that actin is not essential for the constitutive turnover 

of either Ste6p or Ste2p, however elimination of actin filaments more 

significantly alters Ste2p turnover. We also show that several actl 

mutants have more severe defects in Ste6p turnover than wild-type 

cells treated with Lat-A, indicating that actin is required for this 

process but that the defects are most likely indirect. We 

demonstrate that actin is required for both the constitutive and 
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receptor-mediated turnover of Ste2p, and that the Lat-A associated 

defects revealed are more severe in the absence of ligand. Actin 

function plays an essential role in the internalization of the 

fluorescent dye FM4-64 and a-factor ligand, two markers that 

directly measure the internalization step of endocytosis. These 

results illustrate the complexity of actin's role in internalization and 

protein trafficking and emphasize important differences in the 

analyses of actin function using actin disrupting drugs and actl 

mutant alleles. 
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RESULTS 

The actin cytoskeleton has been shown to be required for both 

constitutive and receptor-mediated endocytosis (Kubler and Riezman, 

1993; Asycough et al., 1997; Chapter 3, Table 1). Although actin is 

known to play a role in these two modes of endocytosis, studies 

examining whether actin is essential have not been performed. We 

quantitatively determined whether actin function is required 

differently in the constitutive turnover of Ste6p versus Ste2p. 

Further, we quantitatively compared the degree to which actin is 

required for constitutive versus receptor-mediated turnover by 

examining both the constitutive and ligand-mediated turnover of 

Ste2p (i.e. in the absence and presence of a-factor). First, however, 

we describe studies examining actin's requirement for the 

constitutive internalization of FM4-64, 

Latrunculin-A blocks FM4-64 internalization. 

Previous studies have revealed a role for actin in constitutive 

endocytosis by examining the accumulation of the fluid-phase 
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marker, Lucifer Yellow (LY) in the vacuole. In actl mutant cells, the 

accumulation of LY in the vacuole was found to be substantially 

reduced (Kubler and Riezman, 1993), and in wild-type cells treated 

with the actin inhibitor, Lat-A, accumulation of LY was found to be 

eliminated (Ayscough et al., 1997). Furthermore, two yeast mutants, 

ends and end4, known to encode genes that regulate the actin 

cytoskeleton failed to accumulate LY in their vacuoles (Raths et al., 

1993). Although, these studies demonstrate actin plays an important 

role in LY internalization, experiments following the internalization 

of another fluorescent dye FM4-64, suggested that internalization of 

this dye may occur by an actin-independent mechanism (Vida and 

Emr, 1995). In particular, these studies revealed that FM4-64 

internalization was indistinguishable in endS, end4 and wild-type 

cells. We therefore wanted to address directly the role of actin in 

FM4-64 internalization. 

To determine whether actin is essential for FM4-64 

internalization, we examined the uptake of FM4-64 in wild-type cells 

treated with the actin inhibitor, Lat-A. Latrunculin-A was previously 

shown to depolymerize the actin cytoskeleton in vivo through 
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sequestration of actin monomers, resulting in the rapid elimination of 

all actin cables and patches (Ayscough et al., 1997). Wild-type cells 

were incubated in FM4-64 at 0° C and subsequently treated with 200 

|iM Lat-A or DMSO as a control. After 5 minutes, cells were removed 

from ice and immediately examined by fluorescence. At 0 minutes, 

wild-type cells exhibit FM4-64 staining at their plasma membranes 

(Figure lA). Cells were shifted to room temperature to allow FM4-64 

internalization and were subsequently examined after 15 minutes 

and 24 hours. As shown in Figure lA, DMSO treated wild-type cells 

internalize FM4-64, as evidenced by the presence of punctate FM4-

64 staining whereas Lat-A treated wild-type cells retain FM4-64 at 

the plasma membrane after 15 minutes. After overnight incubation, 

DMSO treated wild-type cells have accumulated FM4-64 in the 

vacuole, whereas most of the Lat-A treated wild-type cells still 

retain FM4-64 at their plasma membranes (Figure lA), 

To determine if the Lat-A effect on FM4-64 internalization was 

actin-specific, FM4-64 internalization was analyzed in actl-117 cells 

in the presence and absence of Lat-A. This actin mutant allele has 

previously been shown to behave like a wild-type allele except that 
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it is resistant to the effects of Lat-A, allowing assessment of the 

specificity of Lat-A treatment (Ayscough et al., 1997). After 15 

minutes in the absence of Lat-A, act 1-117 cells internalize FM4-64, 

as evidenced by the presence of punctate structures. However, actl-

117 cells retain more FM4-64 staining at their plasma membranes 

than do wild-type cells (Figure lA and B). This result suggests that 

act 1-117 cells are slightly defective in FM4-64 internalization in the 

absence of Lat-A. However, after 15 minutes in Lat-A, act 1-117 cells 

look the same as DMSO treated act 1-117 cells, indicating resistance to 

Lat-A. Likewise, after overnight incubation, both DMSO and Lat-A 

treated act 1-117 cells exhibit vacuolar staining of FM4-64 as seen in 

wild-type cells (Figure lA and B). These data indicate that act 1-117 

cells can internalize FM4-64 and that the Lat-A effect seen in wild-

type cells is specific to disrupting actin. Thus, actin function is 

essential for FM4-64 internalization. 



156 

Figure 1. FM4-64 staining in wild-type (A) and a c t l - 1 1 7  

mutant (B) cells treated with Latrunculin-A. 

ACT1+(IGY43) and actl-117 (IGY97) cells were grown in YTO 

media at 25° C and placed at 0° C for 30 minutes in the presence of 

FM4-64. Cells were harvested and fresh ice-cold YPD media was 

added containing either 200 |iM Lat-A or DMSO as a control. Samples 

were immediately examined at 0° C (0 minutes) to examine initial 

FM4-64 localization. Samples were shifted to room temperature and 

after incubation for 15 minutes or overnight, fluorescence was 

examined. 
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The effect of Latrunculin-A on Ste6p degradation. 

To quantitatively measure the contribution of actin during 

constitutive endocytosis, we analyzed the turnover of the a-factor 

transporter, Ste6p. Ste6p has previously been shown to localize to 

the plasma membrane, transit the normal pathway of endocytosis, 

and be constitutively turned over (Berkower et al., 1994; Rolling and 

Hollenberg, 1994). We chose Ste6p because previous studies 

analyzing the actin-binding protein, Sac6p, have implicated actin 

function in the trafficking of Ste6p (Berkower et al., 1994; Loayza 

and Michaelis, 1998), yet no direct examination of actin's role has 

been conducted. To address the role of actin in Ste6p turnover, we 

examined the kinetics of Ste6p degradation kinetics in wild-type 

cells treated with Lat-A. In these assays, a turnover defect could be 

detected by a prolonged protein half-life relative to wild-type. 

Ste6p degradation was examined in wild-type cells incubated 

at both 25° C and 37° C by pulse-chase analysis. In the absence of 

Lat-A, Ste6p is rapidly turned over in wild-type cells with a half-life 

of 35 minutes at 25° C (Figure 2A) or 20 minutes at 37° C (Figure 2B), 

half-lives very similar to those previously published (Berkower et 
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al., 1994). In the presence of 200 |iM Lat-A, Ste6p turnover is 

reduced by 2.3 fold at 25° Cand 1.5 fold at 37° C (Figure 2A and B), 

es tab l i sh ing  tha t  ac t in  func t ion  i s  impor tan t ,  bu t  no t  essen t ia l ,  fo r  

Ste6p degradation. 

To determine whether this stabilization of Ste6p in the 

presence  of  La t -A i s  due  to  spec i f ic  d i s rup t ion  of  the  ac t in  

cytoskeleton, Ste6p degradation was examined in actl-117 cells in 

the absence or presence of Lat-A. As expected, in the absence of 

Lat -A,  act l -117  ce l l s  degrade  S te6p  wi th  the  same k ine t ics  as  wi ld-

type cells; the half-lives are 34 minutes at 25° C (Figure 2A) and 2 0 

minutes at 37° C (Figure 2B). These results indicate that actl-117 

cells are not defective for Ste6p turnover. Unexpectedly, actl-117 

cells treated with Lat-A have reduced rates of Ste6p degradation at 

both  25°  C  and  37°  C  (1 .7  fo ld  and  2  fo ld ,  respec t ive ly ;  F igure  2A and  

B) .  This  degree  of  S te6p  s tab i l i za t ion  in  act l -117  ce l l s  t rea ted  wi th  

Lat-A is similar to the effect seen in Lat-A treated wild-type cells. 

This observation suggests that either (i) Lat-A has a non-specific 

effect on Ste6p degradation, and that actin does not play a role in 

Ste6p  turnover ;  o r  ( i i )  act l -117  ce l l s  a re  no t  La t -A res i s tan t  under  
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the conditions of this assay, and that actin is required but not 

essential for Ste6p turnover. These two possibilities are hard to 

distinguish, but in either case, the data suggest that at the very least, 

ac t in  i s  no t  abso lu te ly  requi red ,  and  may even  be  comple te ly  

d i spensable  for  the  cons t i tu t ive  tu rnover  of  S te6p .  Given  the  da ta  

f rom Loayza  and  Michae l i s  (1998)  demons t ra t ing  tha t  sac6  mutant  

ce l l s  accumula te  S te6p  a t  the  p lasma membrane ,  we  favor  the  idea  

that actin is required, but not essential, for Ste6p turnover. 
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Figure 2. Ste6p degradation in wild-type and a c t l - l l ?  

ceils treated with Latrunculin-A. 

Kinetics of Ste2p degradation in wild-type (square) or act 1-117 

ce l l s  (c i rc le )  t rea ted  wi th  La t -A (ha tched  l ines )  o r  wi th  DMSO car r ie r  

control (solid lines) at 25° C (A) or 37° C (B). (C) Quantitation of 

S te6p  degrada t ion  normal ized  to  wi ld- type  ra tes  in  ce l l s  t rea ted  wi th  

Lat -A (ha tched  bars )  o r  wi th  DMSO car r ie r  cont ro l  ( so l id  bars )  a t  25°  

or  37°  C .  ACT1+ ( IGY197)  and  act  1 -117  ( IGY202)  s t ra ins  were  g rown 

overnight at 25° C and were pre-incubated at either 25° C or 37° C 

for 15 minutes. Cells were then treated with either 200 |iM Lat-A or 

DMSO a lone  as  a  cont ro l  fo r  5  minutes .  Samples  were  labe led  wi th  

35S Trans-label for 10 minutes and then chased with excess cold 

methionine and cysteine. Aliquots were removed at 0, 15, 30, 6 0 

and  90  minutes  fo l lowing  the  chase .  S te6p  was  immunoprec ip i ta ted  

a t  each  t ime  poin t  and  ana lyzed  by  SDS-PAGE and  quant i ta ted .  The  

amount of Ste6p present at each time point was determined by 

Phoshorlmager (Molecular Dynamics) and divided by the amount of 

S te6p  a t  zero  minutes  to  es tab l i sh  re la t ive  percen tages .  Data  f rom 

multiple experiments were compiled and the average percentage of 
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Ste6p remaining at each time point was calculated. This average 

percent  o f  S te6p  remain ing  was  p lo t ted  on  a  log  y-ax is  versus  the  

t ime af te r  the  chase  on  a  l inear  x-ax is .  An exponent ia l  curve  was  f i t  

to  the  da ta  us ing  a  f ixed  in te rcep t  o f  100  and  ha l f - l ives  were  

de te rmined  by  subs t i tu t ing  the  log  of  50% as  the  y  va lue  in  the  

equa t ion  for  the  l ine  and  so lv ing  for  x .  The  ca lcu la ted  ha l f - l ives  a re  

shown. The data presented in A and B represent the average of 3 to 

7 experiments for wild-type cells and 2 to 4 experiments for actl-

117 cells. 
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Ste6p turnover is reduced in actin mutants. 

To further examine the importance of actin function in Ste6p 

turnover, we examined the degradation of Ste6p in a collection of six 

d i f fe ren t  i sogenic  ac t in  mutan ts .  The  use  of  muta t ions  c i rcumvents  

the  cavea t  tha t  we  may be  looking  a t  e f fec t s  o f  d rug  t rea tment  

media ted  through  means  o ther  than  ac t in .  As  many of  the  ac t in  

mutan ts  used  have  a  tempera ture-sens i t ive  growth  defec t ,  the  

experiments were performed after a shift to 37° C. As illustrated in 

Figure 3, the actin mutants exhibited a wide range in ability to 

degrade Ste6p, but three of them (actl-llO, actl-3, and actl-125) 

showed defec t s  in  S te6p  degrada t ion  even  more  dramat ic  than  those  

seen in wild-type cells treated with Lat-A. For example, act 1-120 

ce l l s  degrade  S te6p  4 .3  fo ld  s lower  than  wi ld- type  ce l l s ,  whereas  

Lat -A t rea ted  wi ld- type  ce l l s  degrade  S te6p  1 .5  fo ld  s lower  than  

wild-type cells. This finding supports the conclusion from the Lat-A 

s tud ies  tha t  ac t in  has  a  ro le  in  S te6  tu rnover .  Given  tha t  La t -A 

t rea tment  resu l t s  in  the  comple te  e l imina t ion  of  a l l  po lymer ized  ac t in  

structures, it was surprising that actl mutants were more defective 

in Ste6p turnover than wild-type cells treated with Lat-A. However, 
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as considered further in the Discussion, the Lat-A studies alter actin 

in  ce l l s  tha t  a re  o therwise  wi ld- type  whereas  the  act l  mutant  

s tud ies  ana lyze  ce l l s  tha t  may  have  defec t ive  ac t in  even  a t  nomina l ly  

"permissive" temperatures, potentially resulting in defects due to 

long-term growth with defective actin. 
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Figure 3. Kinetics of Ste6p degradation in wild-type, ac t  I  

mutants, and Lat-A treated wild-type cells at 37° C. 

Strains (IGY197-IGY204) were grown overnight at 25° C and 

subjected to the same assay as described in Figure 2 except cells 

were shifted to 37° C for 15 minutes after which degradation was 

followed. The data were collected as described in Figure 2 and the 

calculated half-lives are shown. 
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Constitutive turnover of Ste2p is blocked in the presence of 

Latrunculin-A. 

The finding that actin is important but not essential for Ste6p 

turnover led us to examine whether actin was essential for the 

constitutive turnover of a second protein, the a-factor receptor, 

Ste2p. To determine the extent to which actin function is required 

for the constitutive turnover of Ste2p {i.e., in the absence of ligand), 

we examined the kinetics of Ste2p degradation in the absence of a-

factor, in the presence and absence of Lat-A. In the absence of Lat-A 

treatment, wild-type cells degrade Ste2p with a half-life of 61 

minutes at 25° C, whereas wild-type cells treated with 200 |iM Lat-

A, degrade Sle2p with a half-life of 239 minutes at 25° C (Figure 4A). 

This degree of Ste2p stabilization in the presence of Lat-A 

demonstrates that Lat-A blocks Ste2p degradation. 

To determine whether Ste2p stabilization in the presence of 

Lat-A was caused by specific disruption of actin, we examined the 

kinetics of Ste2p degradation in act I-117 cells in the presence or 

absence of Lat-A. As expected, in the absence of drug treatment, 

actl-117 cells degrade Ste2p to approximately the same extent as 
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wild-type cells demonstrating that act 1-117 cells are not defective in 

Ste2p turnover (Figure 4A). In contrast, Ste2p degradation was 

stabilized in act 1-117 cells treated with Lat-A approximately 1.3 fold 

over untreated act 1-117 cells (Figure 4A). As in the case of Ste6p, 

these data suggest that Lat-A has either a non-specific effect on 

Ste2p degradation or that act 1-117 cells are not completely resistant 

to Lat-A as assayed by Ste2p turnover. However, the stabilization of 

Ste2p in wild-type cells treated with Lat-A is more severe than in 

actl-117 cells, indicating that a substantial portion of the observed 

defect can be attributed to disrupting actin (Figure 4A). These 

studies demonstrate that actin plays a fundamental role in the 

constitutive turnover of Ste2p. The Lat-A stabilization of Ste2p is 

two-fold greater than the Lat-A stabilization of Ste6p at 25° C (Table 

2) suggesting actin may be more important for the turnover of Ste2p 

than Ste6p. 
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Figure 4. Ste2p degradation in wild-type and ac t  1 -117  cells 

at 25° C in the absence (A) or presence (B) of a-factor. 

ACTl*  (IGY206; squares) and act  1-117  (IBY207; circles) strains 

were grown overnight at 25° C and treated with either 200 jiM Lat-A 

(dashed lines) or DMSO (solid lines) as a control for 5 minutes. 

Samples were labeled with Trans-label for 10 minutes followed 

by a chase with excess cold methionine and cysteine. Concomitant 

with the chase, a-factor was added to half the samples to a final 

concentration of approximately 2 X 10"^ M (Sigma). Aliquots were 

removed at 0, 15, 30, 60 and 90 minutes following the chase, Ste2p 

was immunoprecipitated at each time point and analyzed by SDS-

PAGE and quantitated. Quantitation of the data was performed as 

described for Ste6p degradation assays (Figure 2 legend). The 

calculated half-lives are given. The data for wild-type cells 

represent the average of six to nine experiments and for actl-117, 

two to four experiments. 
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Latrunculin-A blocks the internalization of the Ste2-GFP 

protein at the plasma membrane. 

In the experiments described above we analyzed the role of 

actin in the constitutive turnover of two plasma membrane proteins. 

Although we demonstrated actin function is important for the 

turnover of these proteins, turnover involves numerous steps 

including the synthesis of protein, transit to the cell surface, 

internalization from the plasma membrane, and delivery via 

endocytic compartments to the vacuole for degradation. As 

described earlier, internalization assays following the fate of the 

ligand a-factor implicated actin function at the level of the plasma 

membrane. To determine whether actin functions at the level of the 

plasma membrane in the constitutive turnover of the receptor Ste2p 

(i.e., in the absence of ligand), we examined the localization of a 

fusion protein composed of 5T'£2 fused to GFP (Odorizzi et al., 1998) 

in the presence of Lat-A. Previous studies demonstrated that the 

Ste2-GFP fusion protein transiently localizes to the plasma 

membrane, endocytic vesicles, and endosomal compartments of wild-

type cells. In addition, wild-type cells accumulate the Ste2-GFP 
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fusion protein in the lumen of the vacuole (Odorizzi et al., 1998; 

Stefan and Blumer, 1999). If, as suggested by a-factor uptake 

assays, actin is required at the internalization step, the Ste2-GFP 

fusion protein should accumulate at the plasma membrane after Lat-

A treatment. Wild-type cells treated with 200 jiM Lat-A in DMSO for 

15 minutes appear very similar to wild-type cells treated with DMSO 

however the Lat-A treated cells accumulate more Ste2-GFP at their 

plasma membranes (Figure 5A and B). After 90 minutes, control-

treated cells retain the same localization of Ste2-GFP as the 15 

minute time point, whereas Lat-A treated cells accumulate 

essentially all Ste2-GFP at their plasma membranes (Figure 5C and 

D). This effect is specific to disrupting actin, as actl-117 cells treated 

with Lat-A do not accumulate the Ste2-GFP fusion protein at the 

plasma membrane but instead accumulate the Ste2-GFP fusion 

protein at the vacuole (data not shown). Consequently, this 

experiment demonstrates that Lat-A treatment blocks Ste2p 

turnover al the level of the plasma membrane. This result is 

consistent with the immunofluorescence studies of Ste6p localization 

in sac6A cells (Loayza and Michaelis, 1998) as well as the FM4-64 
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and LY internalization assays in wild-type cells treated with Lat-A 

(Figure I; Asycough et al., 1997). Thus, the major role for actin in 

constitutive turnover appears to be internalization, although our 

experiments do not rule out a role for actin in other steps of Ste2p 

and Ste6p trafficking. 
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Figure 5. Ste2-GFP protein localization in wild-type cells 

treated with DMSO or Latrunculin-A. 

Wild-type cells (IGY209) were grown overnight in complete 

media lacking adenine and tryptophan at 25° C. Exponentially 

growing cells were centrifuged and resuspended in fresh media at a 

concentration of 1 X 10^ cells/ml. Cultures were treated with either 

DMSO (A and C) or Lat-A (B and D) at a final concentration of 200 

fiM. GFP fluorescence was examined after 15 minutes (A and B) or 

90 minutes (C and D) following DMSO or Lat-A treatment. 
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Ligand-mediated turnover of Ste2p in the presence of 

Latrunculin-A. 

To quantitatively compare constitutive and receptor-mediated 

endocytosis we have also examined the ligand-mediated turnover of 

Ste2p (i.e., in the presence of ligand). To compare the effect of Lat-A 

on ligand-mediated turnover of Ste2p to that of the constitutive 

turnover of Ste2p, we have examined Ste2p degradation in wild-type 

cells treated with 200 |iM Lat-A in the presence of 2 |iM a-factor. 

Consistent with the fact that a-factor treatment stimulates 

endocytosis, wild-type cells in the presence of a-factor degrade 

Ste2p at a rate faster than cells in the absence of a-factor, as 

demonstrated by a half-life of 37 minutes at 25° C (Figure 4B). The 

addition of Lat-A to a-factor treated wild-type cells reduces Ste2p 

degradation by 2.3 fold over a-factor treated control cells (Figure 4B; 

Table 2). This result demonstrates that Lat-A treatment reduces the 

rate of Ste2p turnover in the presence of a-factor. 

To determine if this Lat-A stabilization was a direct 

consequence of actin disruption, Ste2p degradation was measured in 

a-factor treated actl-117 cells in the presence or absence of Lat-A. 
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In the absence of drug treatment, a-factor treated act 1-117 cells 

degrades Ste2p to a similar extent as wild-type cells (Figure 4B). In 

the presence of Lat-A, Ste2p degradation was stabilized 

approximately 1.2 fold over a-factor treated act 1-117 control cells 

(Figure 4B). As seen in the previous turnover experiments, these 

results indicate that Lat-A might have a non-specific effect on 

ligand-mediated turnover of Ste2p or that act 1-117 cells are not 

completely resistant to the effects of Lat-A. Nonetheless, the Lat-A 

stabilization of Ste2p degradation in a-factor treated wild-type cells 

is more severe than that of a-factor treated actl-117 cells indicating 

actin plays an important role in the ligand-mediated turnover of 

Ste2p. 

We wanted to determine at what step during Ste2p trafficking 

was blocked by Lat-A treatment during ligand-mediated turnover, 

particularly because these experiments indicated there was more 

degradation of the receptor in the presence than absence of a-factor. 

We addressed this issue by examining the localization of the Ste2-

GFP fusion protein in a-factor treated wild-type cells in the presence 

or absence of Lat-A (Figure 6). Wild-type cells treated with DMSO 
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and 2 |iM a-factor for 15 minutes localize the Ste2-GFP protein at the 

plasma membrane, in endocytic intermediates and at the vacuole 

(Figure 6A). However, wild-type cells treated with 200 )iM Lat-A 

and 2 jiM a-faclor for 15 minutes are accumulating Ste2-GFP protein 

primarily at the plasma membrane (Figure 6B). After 90 minutes, 

the localization of the Ste2-GFP fusion protein remains unchanged in 

the DMSO control cells whereas Lat-A treated cells retain most of the 

Ste2-GFP protein at the plasma membranes and have lost vacuolar 

fluorescence (compare Figure 6C with 6D). After 120 minutes, wild-

type cells exhibit polarized localization of Ste2-GFP whereas in the 

Lat-A treated cells do not (compare Figure 6E with 6F). These data 

indicate that the Lat-A stabilization of Ste2p degradation in the 

presence of a-factor results from a block at the level of the plasma 

membrane, supporting the idea that actin is required for the 

internalization step of endocytosis. Furthermore, these data suggest 

that the degradation of Ste2p observed in the presence of a-factor 

occurs through either i) transport of a population of Ste2p to the 

vacuole without transit to the plasma membrane or ii) degradation of 

Ste2p at the plasma membrane. 
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Interestingly, the fluorescent Ste2-GFP punctate structures 

observed in the presence of a-factor appeared much larger then 

those in the absence of a-factor, perhaps due to the clustering of 

ligand-receptor complexes (compare 6A with 5A). In addition to the 

failure of Lat-A treated cells to polarize Ste2-GFP protein, these cells 

also do not form mating projections (data not shown). These data are 

consistent with previously published reports (Asycough et al., 1998). 

Therefore, in the absence of filamentous actin, the Ste2-GFP fusion 

protein accumulates at the plasma membrane in a non-polarized 

manner. 
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Figure 6. Ste2-GFP protein localization in a-factor treated 

wild-type cells incubated in DMSO or Latrunculin-A. 

Wild-type cells (IGY209) were grown overnight in complete 

media lacking adenine and tryptophan at 25° C. Exponentially 

growing cells were centrifuged and resuspended in fresh media at a 

concentration of I X 10^ cells/ml. a-factor was added to cultures at a 

concentration of 2 |iM. Subsequently, either DMSO (A, C and E) or 

Lat-A (B, D and F) was added to a-factor treated cells at a final 

concentration of 200 |iM. GFP fluorescence was examined after 15 

minutes (A and B), 90 minutes (C and D) and 120 minutes (E and F) 

following DMSO or Lat-A treatment. 
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An intact actin cytoskeieton is essential for a-factor 

internalization. 

As mentioned earlier, previous experiments with actl alleles 

demonstrated that actin plays a fundamental role in ligand-mediated 

internalization of radioactively labeled a-factor (Kubler and Riezman, 

1993; Chapter Two, Table 5). In particular, very little residual 

internalization of a-factor was observed in several actl mutants. 

However, our Ste2p turnover experiments following the fate of the 

a-factor receptor in the presence of a-factor, indicate that a 

significant amount of the receptor is still degraded in Lat-A. We 

therefore examined internalization of radioactively labeled a-factor 

in wild-type cells treated with Lat-A, to compare the Lat-A effect 

with the defects observed in actin mutant alleles. Recall our 

experiments examining Ste6p turnover revealed more severe defects 

in actin mutants than in Lat-A treated wild-type cells (Figure 3). As 

shown in Figure 7, addition of 200 |iM Lat-A to wild-type cells with 

bound a-factor, completely blocks the internalization of a-factor. 

This block cannot be attributed to a defect in binding ligand, as cells 
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treated with Lat-A bind the same amount of a-factor as untreated 

cells (data not shown). 

To determine whether Lat-A inhibits internalization by 

specifically disrupting the actin cytoskeleton, a-factor uptake was 

measured in act 1-117 cells in the presence or absence of Lat-A. As 

expected, in the absence of Lat-A, act 1-117 cells endocytose a-factor 

at a rate very similar to wild-type cells, 4.1% uptake/minute 

compared to 4.6% uptake/minute, demonstrating no significant 

defect in endocytosis (Figure 7). More importantly, act 1-117 cells 

endocytosis a-factor at a similar rate in the presence or absence of 

Lat-A (4.0% uptake/minute compared with 4.1% uptake/minute; 

Figure 7). This result demonstrates that the defect in a-factor 

uptake in wild-type cells is not due to a non-specific effect of Lat-A 

treatment, but rather occurs through a direct disruption of the actin 

cytoskeleton. Furthermore, this experiment indicates that Lat-A has 

a more severe effect on a-factor uptake than any actl mutants 

previously analyzed for a-factor internalization (Kubler and Riezman, 

1993; Chapter 3, Table 5). This result is in contrast to that observed 

for Ste6p turnover and will be considered further in the Discussion. 
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Figure 7. a-factor internalization in wild-type and ac t l - 117  

cells treated with (+) or without (-) Lat-A. 

ACT1+(IGY43) and actl-117 (IGY97) cells were incubated for 

one hour at 0° C with radioactively labeled a-factor to allow binding. 

Excess label was removed and fresh buffer containing 200 (iM Lat-A 

(dashed bars) or lacking Lat-A (solid bars) was added to samples and 

allowed to incubate on ice for 5 minutes. Samples were shifted to 

25° C for 5 minutes after which glucose was added to initiate 

internalization. Samples were shifted to 25° C for 5 minutes after 

which glucose was added to initiate internalization. Initial aliquots 

were removed for each su^ain at 0 minutes and placed in cold, pH 6.2 

buffer to determine total bound a-factor and cold pH 1.1 buffer to 

determine background internalization. During the time course at 25° 

C, aliquots were removed at 5, 15, 30 and 60 minutes and placed in 

cold pH 1.1 buffer. Samples for each time point were filtered and 

counted by scintillation (Scintillation Counter, Beckman). Results 

were determined by establishing the percent of a-factor internalized 

(the ratio of pHLl/pH6.2 counts). The internalization rate was 
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determined by calculating the difference in internalization between 

the 0 and 15 or 0 and 60 minutes and dividing by 15 or 60 minutes, 

respectively (uptake/min). These internalization rates were 

normalized to wild-type for each experiment by dividing by the 

wild-type rate. These data represent the average of two to four 

measurements. 
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DISCUSSION 

Actin's role in FM4-64 internalization. 

Previous experiments examining the end3 and end4 mutants, 

which are defective in the regulation of the actin cytoskeleton, show 

that these cells internalize the lipophilic dye FM4-64 (Vida and Emr, 

1995). These experiments suggested that FM4-64 internalization 

might be an actin-independent process. Our data, however, 

demonstrate that Lat-A treatment blocks the internalization of FM4-

64 indicating that actin plays an important role in FM4-64 uptake. 

This finding indicates that End3p and End4p are either (i) not 

required for FM4-64 internalization or (ii) could contribute to actin's 

role, but at undetectable levels, and therefore are not essential. 

These data are contrary to experiments examining a-factor 

internalization as end4A cells exhibited a complete block in a-factor 

internalization similar to the effect we observed in wild-type cells 

treated with Lat-A (Wesp et al., 1997). Likewise, studies examining 

the constitutive turnover of Ste6p in end3 and end4 mutants 

demonstrated a requirement for these genes in efficient Ste6p 
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degradation (Berkower et al., 1994). These experiments suggest that 

End3p and End4p may be components of the actin cytoskeleton that 

are preferentially required for different modes of endocytosis. 

Analysis of the use of a c t l - l l ?  cells in determining Lat-A 

spec i f i c i ty .  

Our experiments examining the turnover of either Ste6p or 

Ste2p in actl-117 cells in the presence of Lat-A revealed a 

measurable stabilization in protein turnover (Table 2). This result 

could either mean that (i) Lat-A has a non-specific effect on protein 

turnover or (ii) the actin filaments in actl-117 cells are not 

completely resistant to the effects of Lat-A in turnover assays. We 

favor the latter possibility for two reasons. First, previous studies 

have revealed a role for components of the actin cytoskeleton in both 

Ste6p and Ste2p trafficking (Berkower et al., 1994; Loayza and 

Michaelis, 1998; Kubler and Reizman, 1993; Raths et al., 1993; 

Benedetti et al., 1994, Wesp et aL, 1997; Wendland et al., 1998). 

Second, in some cases actl-117 cells exhibit defects in processes in 

the absence of Lat-A, consequently the actl-117 filaments could be 
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more sensitive to Lat-A in some assays. For example, purified actl-

117 filaments were not as competent as wild-type actin to form 

filaments (40% versus >90%; Asycough et al., 1997) and act 1-117 

cells were shown to be slightly defective in our FM4-64 

Internalization experiments. However, we cannot exclude the 

possibility that Lat-A treatment may non-specifically alter protein 

turnover, a finding that should be considered in future Lat-A studies. 

Actin's role in the constitutive turnover of Ste6p versus 

Ste2p .  

We have quantitatively measured the constitutive turnover of 

Ste6p versus Ste2p in the presence of the actin inhibitor, Lat-A. 

Treatment of wild-type cells with Lat-A reduced both Ste6p and 

Ste2p degradation; Ste6p turnover was reduced by 2.3 fold whereas 

Ste2p turnover was reduced by 4 fold (Table 2). This difference in 

severity could indicate that these proteins require actin differently, 

that is, either mechanistically or requiring different levels of actin. 

Alternatively, the Ste6p turnover assays could be less sensitive due 

to (i) the overexpression Ste6p, but not Ste2p (see METHODS), 
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possibly resulting in the delivery of Ste6p to the vacuole, without 

transiting the plasma membrane or (ii) the accumulation of Ste6p at 

the plasma membrane, possibly resulting in vacuolar-independent 

degradation (e.g. through the action of the ubiquitin-proteasomal 

system). We do not favor these possibilities as similar Ste6p 

localization patterns were observed in cells overexpressing Ste6p or 

expressing Ste6p from a CEN plasmid. In addition, end4 mutants that 

accumulate Ste6p at the plasma membrane appear to completely 

block Ste6p degradation (Kuchler et al., 1993; Berkower et al., 1994). 

Given the differences we observed in the trafficking of Ste6p and 

Ste2p in acti mutants versus Lat-A treatment, we support the notion 

that actin is required differently or to a lesser degree for the 

turnover of Ste6p than Ste2p. 
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TABLE 2 

Comparisons of the half-lives of Ste6p and Ste2p turnover in wild-type 
and actl-117 cells in the presence and absence of Lat-A at 25° C. 

Wild-type actl-n? 

- Lat-A +Lat-A -Lat-A +Lat-A 

Ste6p 35 77 34 58 

Ste2p 61 239 68 86 

Ste2p + 
a-factor 

37 86 43 53 

•* Half-lives are given in minutes. 
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Actin's role in the constitutive versus ligand-mediated 

turnover of Ste2p. 

A simple explanation for actin's greater role in the trafficking 

of Ste2p is that actin might play a unique role in the internalization 

of receptor proteins. For example, actin could be required for 

efficient receptor clustering. We have tested whether actin function 

is required differently in the processes of constitutive and receptor-

mediated trafficking by examining the differences in protein 

turnover in Lat-A treated cells in both the presence and absence of 

a-factor. We demonstrate that actin function is required for both the 

constitutive and ligand-mediated turnover of Ste2p as Lat-A 

treatment stabilized Ste2p degradation. Surprisingly, however, in 

the presence of Lat-A, a-factor treated cells exhibited significantly 

more degradation than cells in the absence of a-factor. These data 

are similar to those from Hicke and Riezman (1996), that reveal 

s i g n i f i c a n t  d e g r a d a t i o n  o f  S t e 2 p  i n  t h e  p r e s e n c e  o f  a - f a c t o r  i n  e n d 4  

mutant cells. These observations suggest that in the presence of a-

factor either (i) a significant amount of Ste2p is delivered to the 

vacuole without transiting the plasma membrane or (ii) there exists a 



194 

novel degradation mechanism at the plasma membrane. We favor 

the latter possibility due to the observation that the degradation of 

the copper transporter, Ctrlp, has been suggested to occur at the 

plasma membrane in the absence of endocytosis (Ooi et al., 1996). I n 

low levels of copper, Ctrlp, can be internalized in an END3 and END4-

dependent manner. However, in the presence of high levels of 

copper, Ctrlp is rapidly turned over, but degradation does not 

require ENDS, END4, CHCl or PEP4. These results provide strong 

evidence that the degradation of Ctrlp occurs at the plasma 

membrane. Further, studies in mammalian cells have demonstrated 

that proteolysis at the plasma membrane plays an important role in 

the down-regulation of plasma membrane proteins (Bazil and 

Strominger, 1993; Kahn et al., 1994). Our results demonstrating that 

the Ste2p receptor undergoes substantial degradation in the presence 

but not absence of a-factor suggests this ligand-dependent 

degradation might be a mechanism by which cells down-regulate 

their response to a-factor. 
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a-factor uptake versus ligand-mediated Ste2p turnover. 

The observation that Lat-A treatment did not completely block 

Ste2p turnover in the presence of a-factor was a surprise, as the data 

collected for a-factor uptake assays suggested actin was absolutely 

essential for ligand-mediated endocytosis. This discrepancy could 

result from the differences in the activities being measured for each 

assay. The a-factor uptake assay directly measures internalization 

from the plasma membrane whereas the Ste2p turnover experiments 

indirectly measure internalization through assaying receptor 

degradation. Degradation of Ste2p occurs in the vacuole and the 

primary route by which wild-type Ste2p receptors arrive at the 

vacuole is through the initial delivery of the receptor to the plasma 

membrane followed by subsequent internalization and transport to 

the vacuole. However, as described earlier, it is possible that 

degradation could occur through either (i) Ste2p being delivered 

directly to the vacuole without transiting the plasma membrane, or 

(ii) Ste2p being degraded at the plasma membrane in a vacuolar-

independent manner. In either of these cases, Lat-A treatment 

would not completely block Ste2p degradation but would still block 
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the interaalization of Ste2p and hence a-factor uptake at the plasma 

membrane. Therefore, actin function is absolutely required for a-

factor uptake at the plasma membrane but not absolutely required 

for receptor degradation. 

Actin mutants can have more severe defects in Ste6p 

turnover than wild-type cells treated with Lat-A. 

To further investigate actin's requirement in Ste6p turnover, 

we examined the turnover of Ste6p in an isogenic collection of six 

actin mutants. These experiments demonstrated that actin function 

is indeed required for the efficient turnover of Ste6p, as three actin 

mutants, actl-120, actl-3 and actl-125 were 1.5 to 2.8 fold more 

defective in Ste6p turnover than Lat-A treated wild-type cells. 

These findings, that actin mutants are more dramatically defective in 

Ste6p turnover than wild-type cells treated with Lat-A, is initially 

surprising, as treatment with Lat-A causes a more complete loss of 

actin structures than do any of the actl mutations examined. 

However, it seems likely that the conditional actin mutants may have 

defective actin even at the nominally "permissive" temperature; 
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mutants therefore may show long-term defects on certain processes, 

such as the establishment of membrane structures or the localization 

of proteins required for efficient protein trafficking. Cells treated 

with Lat-A, on the other hand, have normal actin until the time of 

drug addition, and are then examined just 15-105 minutes later; 

thus, effects requiring long term disruption of actin may not be 

detected. These results indicate that, although actin is important for 

efficient Ste6p turnover, most likely at the level of internalization, 

actin function may not directly participate in the endocytic process 

but instead alter other actin-based processes, which results in slowed 

protein turnover. 

Lat-A treatment affects a-factor internalization more 

severely than mutations in actin. 

In direct contrast to the Ste6p turnover assays, wild-type cells 

treated with Lat-A have more severe defects in the internalization of 

a-factor  than act  I  mutants  examined previously (Kubler  and 

Riezman, 1993). This difference cannot be attributed to differences 

in genet ic  background,  as  a-factor  internal izat ion assays carr ied out  
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in actl mutants in an isogenic background also internalize a-factor 

better than wild-type cells treated with Lat-A (see Chapter 3, Table 

5). Based on these differences and those detected in the protein 

turnover assays, we suggest that Ste2p is more dependent on actin 

function for trafficking that Ste6p. 
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MATERULS AND METHODS 

Yeast strains, Plasmids and Media 

The yeast strains used in these experiments are listed in Table 

I and are  a l l  isogenic  except  a t  the loci  indicated.  Wild- type and act in  

mutants were transformed with three plasmids: i) pSM785 (Loayza 

and Michaeiis, 1998) containing an HA epitope-tagged version of 

STE6 under the galactose promoter (gift from Susan Michaeiis) to 

examine the turnover of Ste6p, ii) pMD53 (Konopka) containing an 

3XHA epitope-tagged version of STE2 under its own promoter (gift 

from James Konopka) to examine the turnover of Ste2p, or iii) pSTEl-

GFP (Odorizzi  e t  a l . ,  1998)  containing GFP fused a t  the C-terminal  end 

of  STE2 under  i ts  own promoter  (gif t  f rom Scot t  Emr) .  Growth and 

transformation of  yeast  were preformed as  descr ibed previously 

(Sherman et al, 1974), 
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TABLE I 

Yeast strains used in this study 

Strain Genot3^e Source 
IGY43 MATa barlAr.LYSZ iira3-5Z leuZ-3, IIZ his3AZ00 

lysZ-801, adeZ 
IGY53 MATa actl-120r.HlS3 barlAr.LYSZ his3A200 ura3-5Z 

lysZ-801 leiiZ-3, IIZ adeZ 
rGY57 MATa actl-lZZr.HIS3 barlArLYSZ his3AZ00 iira3-5Z 

lysZ-801 leuZ-3, IIZ adeZ 
IGY62 MATa actl-lZ5r.HlS3 barlAr.LYSZ his3A200 iira3-5Z 

lysZ-801 leuZ-3, IIZ adeZ 
IGY89 MATa actl-3r.HIS3 barlArLYSZ his3AZ00 iira3-5Z 

lysZ-801 leii2-3, IIZ adeZ 
IGY97 MATiactl-117rHlS3 barlAr.LYSZ his3AZ00 ura3-5Z 

lys2-801 leiiZ-3, IIZ adeZ 
IGY99 MATa actl-135rHIS3 barlA::LYSZ his3AZ00 ura3-5Z 

lysZ-801 leuZ-3, IIZ adeZ 
IGY107 MATa actl-113r.HlS3 barlArLYSZ his3A200 ura3-5Z 

lysZ-801 leiiZ-3, 112 adeZ 
IGY197 MATa barlAr.LYS2 ura3-52 leii2-3, 112 his3A200 

lys2-80h ade2 [pSM785] 
IGY198 MATa actl-120r.HIS3 barlAr.LYS2 his3A200 ura3-52 

lys2-801 leu2-3,112 ade2 [pSM785I 
IGY199 MATa actl-122.:HlS3 barlAr.LYS2 his3A200 ura3-52 

lys2-801 leiiZ-3, IIZ adeZ [pSM785] 
IGY200 MATa actl-lZ5.:HIS3 barlAr.LYSZ his3A200 ura3-52 

lys2-801 leiiZ-3,112 ade2 [pSM785I 
IGY201 MATa actl-3r.HIS3 barlAr.LYS2 his3A200 ura3-52 

lys2-801 leii2-3,112 ade2 [pSM7851 
IGY202 MATa actl-117rHIS3 barlAr.LYS2 his3A200 iira3-52 

lys2-801 leii2-3,112 ade2 [pSM7851 
IGY203 MATa actl-135.:HlS3 barlAr.LYS2 his3A200 ura3-52 

lys2-801 leu2-3,112 ade2 [pSM7851 
IGY204 MATa actl-113rHIS3 barlAr.LYS2 his3A200 ura3-52 

lys2-801 leu2-3,112 ade2 [pSM785] 
IGY206 MATa barlAr.LYS2 ura3-52 leii2-3, 112 his3A200 

lys2-801, ade2 [pMD53] 
IGY207 MATa actl-117r.HIS3 barl±:LYS2 his3A200 ura3-52 

lys2-801 leu2-3,112 ade2 [pMD53] 
IGY209 MATa barlA::LYS2 ura3-52 leu2-3, 112 his3A200 

lys2-80t ade2 [pSTEZ-GFP] 

O'Dell et al, 
1999 
O'Dell et al, 
1999 
O'Dell et al, 
1999 
O'Dell et aL, 
1999 
O'Dell et al., 
1999 
O'Dell et aL, 
1999 
O'Dell et aL, 
1999 
O'Dell et aL, 
1999 
This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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IGY210 MATaactl-117::HIS3 barU::LYS2 his3A200 ura3-52 This study 
lys2-801 leii2-3,112 adel [pSTE2-GFP] [pRS412] 

IGY43-107 are created as described in Chapter 3. 
IGY197-204 were created by trar\sforming IGY43, IGY53, IGY57, IGY62, IGY89, 
IGY97, IGY99, and IGY107 with pSM785 (Loayza and MichaeUs, 1998). 
IGY206 and 207 were created by transforming IGY43 and IGY97 with pMD53 
(Konopka Lab). 
IGY209 and IGY210 were created by transforming IGY43 and IGY97 with 
pSTE2-GFP (Odorizzi et al., 1998) and pRS412 {CEN ADE2). 
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Fluorescence microscopy 

For the FM4-64 internalization assays, cells were stained with 

the FM4-64 and examined as previously described (Vida and Emr, 

1995). Briefly, cells were grown in YPD media at 25° C overnight to 

an OD600 of 0.8-1. Cells were concentrated to approximately 2 0 

OD600 in fresh YPD media and lul of FM4-64 (16 mM FM4-64 in 

DMSO) was added. Cells were incubated with shaking at 0° C for 3 0 

minutes to allow binding. Cells were harvested at 700 X g for 3 

minutes at 4° C and resuspended in an equal amount of fresh cold 

YPD. For the Lat-A studies, 200 |iM Lat-A was added to cells 

incubat ing on ice  and al lowed to  act  for  5  minutes .  Cel ls  were 

removed and mounted onto s l ides  before  and af ter  addi t ion of  e i ther  

Lat-A or  DMSO as a  control .  Fluorescence images were acquired 

using a Zeiss Axioskop with a cooled CCD camera. 

For the STE2-GFP fusion protein localization studies, wild-type 

cells containing pSTE2-GFP (Odorizzi et al., 1998) and pRS412 (CEN 

ADE2) were grown overnight  a t  25® C in SC-trp-ade media  plus  

glucose to  a  densi ty  of  1  X 10^ cel ls /ml .  Cel ls  were harvested and 

resuspended in fresh SC-trp-ade media containing either 200 |iM 
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Lat-A in DMSOor DMSO alone. After 15 and 90 minutes incubation, 

GFP fluorescence was examined. For the a-factor experiment, 2 ^iM 

a-factor was added following 15 minutes of Lat-A treatment and GFP 

fluorescence was examined immediately and after 90 minutes. GFP 

fluorescence was visualized using a Zeiss Axioskop with a lOOX oil 

immersion object ive and images were recorded using T-MAX 400 

film (Kodak). 

Pulse-Chase labeling and immunoprecipitations of Ste6 and 

Ste2 proteins 

The Ste6p labeling and immunoprecipitations were carried out 

as previously described (Loayza and Michaelis, 1998). Briefly, cells 

containing pSM785 {CEN URA3 pGAL::STE6:: l iA C-term) (Loayza and 

Michael is ,  1998)  were grown to s ta t ionary phase in  SC-ura media  

with glucose. Cells were diluted to a density of 2-4 XIO^ cells/ml in 

fresh SC-ura_met-cys media  with galactose and al lowed to  grow for  

2-3 more generations at 25° C. Cells were harvested (1.9 X 10® cells 

total  for  5  t ime points)  and resuspended in  2.5 ml  fresh SC-ura-met-

cys media with galactose.  Cel ls  were t ransferred to  a  shaking water  
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bath at the appropriate temperature, either 25° C or 37° C, for 15 

minutes. Cells were pulsed with 375-500 jiCi [^^S] Trans-label (NEN) 

for 10 minutes at either 25° C or 37° C followed by a chase with 50X 

excess  cold methionine and cysteine.  Immediately,  0 .5  ml  was 

removed for the zero minute time point, placed into 2X stop mix (40 

mM Cysteine, 40 mM Methionine, 20 mM NaN3, 500 jig/ml BSA), 

vortexed,  centr i fuged and the pel le t  f rozen at  -80° C.  This  procedure 

was carried out at 15, 30, 60 and 90 minutes following the chase. 

To immunoprecipitate Ste6::HA protein, cells were lysed and all 

protein isolated by TCA precipi ta t ion.  After  incubat ion a t  37° C for  

30 minutes, protein samples were incubated in dilution buffer (1% 

Tri ton X-100,  150 mM NaCl,  5  mM EDTA, 50 mM Tris .Cl  7 .5)  for  one 

hour ,  and the lysate  c leared twice.  The monoclonal  HA ant ibody 

12CA5 was added to a final dilution of 1:1500 and allowed to 

incubate overnight. Protein-A sepharose beads CL-4B (Pharmacia 

Biotech)  were added for  a t  least  1 .5  hours ,  af ter  which,  the immuno-

complexes were washed 4X with Wash Buffer-A (0.1 % Triton X-IOO, 

0.02% SDS, 150 mM NaQ, 50 mM Tris .Cl  7 .5) .  Next ,  the  

immunoprecipitated proteins were eluted in Final Wash Buffer (150 
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mM NaCl, 50 mM Tris.Cl 7.5, 5 mM EDTA). Samples were run on 8% 

acrylamide gels ,  dr ied and exposed overnight  on a  phosphoimager  

screen (Molecular Dynamics, MD). 

To inmiunoprecipitate Ste2::HA protein, cells containing pMD53 

{CEN URA3 pSTE2::3XHA) (Konopka Lab)  were grown as  descr ibed 

above and immunoprecipi ta ted by the same procedure with the  

following exceptions. The bound sepharose beads were washed 5X 

with modified Ripa Buffer (150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% 

SDS, 1% Tri ton X-lOO, 50 mM Tris .Cl  8 .0)  and eluted in  8M Urea 

Buffer  (8  M Urea,  2% SDS, IM Tris .Cl  6 .8) .  Immunoprecipi ta ted 

proteins  were run on 10% acrylamide gels ,  dr ied and exposed 

overnight on a phosphorimager screen. 

For the Lat-A studies, 200 |iM Lat-A was added prior to the 

pulse-chase regimen and incubated for 5 minutes. As a control, 

DMSG, the carr ier  for  Lat-A,  was added to  samples  not  t reated with 

Lat-A.  Experiments  were performed two or  three t imes with each 

strain.  Quant i ta t ion of  the rate  of  degradat ion for  each s t ra in  was 

determined by plot t ing the natural  log of  the amount  of  intact  

protein remaining at  each t ime point  and determining a  rate  constant  
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from the slope of a best fit line. These values were normalized to 

wild-type by dividing by the wild-type value. 

Purification, binding and internalization of [^^S]-iabeied a-

f a c t o r  

[35S]-labeled a-factor was prepared and purified as described 

previously using s t ra in  GPY60.1 overexpressing a-factor  f rom the 

2 | i -based-plasmid pDA6300 {MFal STE13 LEU2) (Dulic  et  al . ,  1991;  

Tan et  al . ,  1993) .  The binding and internal izat ion assays were 

performed as  descr ibed previously (Tan et  al . ,  1993) .  For  the  

Latruncul in-A experiment ,  Lat-A was added to  cel ls  a t  a  f inal  

concentrat ion of  200 | iM, af ter  binding a-factor  a t  0°  C.  Cel ls  were 

incubated for at least five minutes at 0° Cand then shifted to 25° C 

After  a  f ive-minute  incubat ion,  glucose was added to  ini t ia te  

internal izat ion.  Internal izat ion was measured relat ive to  the amount  

of a-factor bound at 5, 15, 30 and 60 minutes following glucose 

addition. These data represent the average of two experiments. 
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Actin Mutations that Show Suppression with Fimbrin Mutations Identify a 
Likely Fimbrin-binding Site on Actin 
Jerry E. Honts, Tanya S. Sandrock, Sharon M. Brower, Johanna L. O'Dell, and Alison E. M. Adams 
Department of Molecular and Cellular Biology, Life Sciences South, University of Arizona, "Hicson, Arizona 85721 

Abstract. Actin interacts with a large number of 
different proteins that modulate its assembly and medi
ate its functions. One such protein is die yeast actin-
binding protein Sac6p, which is homologous to ver
tebrate fimbrin (Ada ,̂ A. E. M., D. Botstein, and 
D. G. Drubin. 1991. Nature (Land.). 354:404-408.). 
Sac6p was originally identified bodi genetically 
(Adams, A. E. M., and D. Botstein. 1989. Genetics. 
121:675-683.) by dominant, reciprocal suppression of 
a temperature-sensitive yeast actin mutation {actl-1), 
as well as biochemically (Drubin, D. G., K. G. 
Miller, and D. Botstein. 1988. J. Cell Biol. 107: 
2551-2561.). To identify the region on actin that 
interacts with Sac6p, we have analyzed eight dififerent 

acti mutations that show suppression with sac6 mu
tant alleles, and have asked whether (a) these muta
tions occur in a small defined region on the crystal 
structure of actin; and (b) the mutant actins are defec
tive in their interaction with Sac6p in vitro. Sequence 
analysis indicates that all of these mutations change 
residues that cluster in the small domain of the actin 
crystal strucmre, suggesting that this region is an im
portant part of the Sac6p-binding domain. Biochemi
cal analysis reveals defects in the ability of several of 
the mutant actins to bind Sac6p, and a reduction in 
Sac6p-induced cross-linking of mutant actin filaments. 
Together, these observations identify a likely site of in
teraction of fimbrin on actin. 

THE actin cytoskeleton is a fundamental component of 
eukaryotic cells, with widely divergent roles within 
individual cells and among diffisrent cell types. For ex

ample, even within a single cell, actin may be important in 
cell locomotion, the intracellular movement of organelles, 
the strucniral integrity of the cell, and cytokinesis. For some 
of its functions, actin is found as a stable array of filaments, 
whereas for others, it is present in a highly dynamic state. 
Actin can exist in the cell as either monomers or filaments, 
and die filaments themselves can vary enormously in both 
length and degree of cross-linking. Such difierent assembly 
states and the changes between them must be very dghtly 
controlled both temporally and spatially, but the mechanisms 
by which these processes are both mediated and regulated re
main poorly understood. 

A large number of proteins that can aSect the assembly 
state of actin in vitro have been identified, and it is likely that 
many of these also affect the assembly state and distritwtion 
of actin in vivo. Many of these proteins have been well char
acterized biochemic^y, but in general, it has been difficult 
to determine which of the various biochemical activities 
have biological significance, what die roles of these proteins 
are in the cell, and how the various proteins fiinction to
gether in vivo. We and others have applied genetic methods 
to this problem. In particular, we have used yeast as a system 

Address ill concspoDdence to Alison E. M. Adims. Dcputmentof Molec
ular and Cellular Biolocy, Life Sciences Sculfa, Univcnity of Arizona, 1\ic-
son, AZ 85721. 

to identify actin-binding proteins both genetically and bio
chemically, make mutations in the genes encoding these pro
teins, and then study the effixts of these mutations both in 
vivo and in vitro. 

One such actin-binding protein is the yeast homolog of the 
actin-filament cross-linking protein fimbrin (Adams et al., 
1991), which is encoded by the SAC6 gene. SAC6 was origi
nally identified both biochemically on actin affinity columns 
(Drubin etal., 1988; Adams etal., 1989), as well as geneti
cally by dominant, aUele-specific suppression of the tempera-
nue-sensitive (1^)' actl-3 mutation (Adams and Botstein, 
1989). Further genetic analysis showed that suppression is 
reciprocal i.e., that not only do die sac6 mutations suppress 
the actl-3 mutation, but also actl mutations suppress tem
perature-sensitive sac6 mutant alleles. The observation of 
allele-specific and reciprocal suppression between various 
actl and sac6 mutations (Adams and Botstein, 1989) pro
vides strong genetic evidence for a physical interaction be
tween actin and the SAC6 protein, Sac .̂ Indeed, die piq^i-
cal association a[ Sac6p widi actin has been demonstrated 
by its abili  ̂to bind to an F-actin affinity column (Drubin 
et al., 1988), its abiliQr to bundle actin filaments in vitro 
(Adams et al., 1991), and by its colocalization with actin in 
vivo (Drubin et al., 1988). The deduced sequence of Sac6p, 
which indicates it is a member of the fimbrin fiunily of actin-
bundling proteins (Adams et al., 1991), provides fiinher sup-

1. AbbmiatioH used in this paper, "h, temperature sensitive. 
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port for the notion that Sac6p is a bona fide actin-binding 
protein. 

To fully understand the interaction between actin and 
Sac6p, it is necessary to identify the sites on actin that bind 
Sac6p. This analysis is greatly Militated by the &ct that the 
crystal structure of actin has been solved (Kabsch et al., 
1^). We expected that mutations in actin that suppress (or 
are suppressed l^) mutations in SAC6 might d^ne the 
Sac6p-binding site of actin, and in particular (a) would all 
change residues that lie in a discrete physical locus in the 
three-dimensional structure of actin; and \b) would interfere 
directly with Sac6p-actin binding, and hence Sac6p-induced 
cross-Unking of actin filaments in vitro. We have therefore 
examined eight different actl mutations that show suppres
sion with sac6 mutations. We show that all of these muta
tions change residues that lie in a small region of the actin 
sur&ce, and that some of these mutations result in defects in 
the binding of Sac6p to (and the subsequent Sac6p-induced 
cross-linking of) actin filaments. These results therefore 
define a likely binding site for Sac6p on actin, and have im
portant implications for understanding the interaction be
tween actin and Sac6p. 

Materials and Methods 

Yeast Strains and Media 
The yeast strains used in iliis study are listed in Ikble I. Media for yeast 
growth were as described previously (Sherman et at.. 1974), except that in 
the growth of yeast cultures for actin preparation, the nMdia yeast extraa-
Bacto-peptide contained 4% dextrose. 

Chemicab 
DNase I from bovine pancreas (grade •) and ATP (crystallized disodium 

Table /. Yeast Strains Used in This Study 
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salt, special quakty) were obtained from Boehringer Mannheim Biochemi-
cals (Tfidianapolis, IN). DTT (molecular biology grade), formamide, and 
protease inhibitors were obtained from Sigma Chemical Co. (St. Louis, 
MO). The formamide was deionized by use of a mixed bed resin (AD SOl-
X8; Bio Rad Laboratories, Richmond, CA) and stored in aliquots at -70°C. 

Isolation and Sequencing of acd Mutations 
Four actl mutations (aal-7, aalS, aaI-9, and actJ-IO) that had been 
identified as suppressors of ujc6-6 or sac6-7 (Adams and Boistein, 1989) 
were isolated from strains DBY3236, DBY3244, DBY3254, and OBY5241. 
resp̂ vely dUle I)- Genomic DNA was isolated from these strains by a 
modification ofthe method of Struhletal. (1979), the actin genes were am
plified by PCR (Perkin-Elmer Cetus kit, Fterkin-Elmer Cetus Instruments, 
Norwalk, CD, and the PCR products were then sequenced direcUy using 
a double-stranded DNA cycle sequencing system (catalogue no. 8I96SA; 
GIBCO BRL, Gaithetsburg, MD) according to the manu&cturer's instruc
tions, except that r̂ 'P-labeled ATP (catalogue no. NEG302H; New En
gland Nuclear. Boston, MA) was used instead of y-'̂ P-Iabeled ATP. For 
each mutation, the entire coding region of the actin gene was sequenced to 
ensure that the mutations identified were the only changes in the sequence 
and, thus, were responsible for the phenotypes. 

Localizing the actl Mutations on the Structural 
Model Actin 
The crystal structure of rabbit muscle actin in a 1:1 complex with DNAse 
I was described by Kabsch et al. (1990). Recently, a refined structure of the 
actin filament has been described by Lorenz et al. (1993), and the atomic 
coordinates of the F-actin monomer were Idndly made available to us by 
M. Lorenz (Max-Planck Institut fiir Medizinische Farschung Abteilung 
Biophysik, Heidelberg, Germany). These latter coordinates were used to 
display the actin models shown in Fig. 1. Images of the actin monomer were 
generated using an IRIS Indigo XZ 4000 workstation (SUicon Graphics 
Computer Systems, Mountain View, CA) using the Viewer module of the 
Insight n program (Biosym Technologies, San Diego, CA). Since the pri
mary sequences of rabbit muscle and yeast actins are 87% identical and 
92% similar overall, it is likely dut the ihreeslimensional structures of 
these mm proteins will prove to be nearly identical (Chothia and Lesk. 
1986). All of the residues affixted by the mutations dê bed in this snidy 
are identical between these two molecules, and diey lie in a region of the 

Strain Genocype Source/reference 

AAY1021* 
AAYIllI* 
AAY1115* 
AAY1643J 
AAY1644i 
AAY1645* 
AAY1646I 
B15628I 

DBY877 
DBYS236 
DBYS24I 
DBYS244 
DBY3254 
1CWY3611 

KWY3761 

MATa act I-3 tub2-20l sac6-2 uraJ 
MATa aaI-3 sac6'S fds4-619 
MATa aaI-3 sac6-15 his4-619 
MATa actl-2 sac6-2 his4 
MATa actl-7 uraS 
MATa actl-8 leu2 
MATa actl-9 
MATa/MATa ura3/ura3 trpl/+ 

his3/hii3 pep4::HIS3/ptp4::HlS3 
prbl/prbl canl/cani leu2/-¥Gal' 

MATa his4 
MATa sac&6 aal-7 ura3-52 
MATa socM actl-lO ura3'S2 
MATa sacM aal-8 ura3-52 
MATa sac6-7 actl-9 ura3-52 
MATa aal-i20::HIS3 can! ade4 

his3 leu2 uraS t\ib2-20l ay I? 
MATa aal-l25::HIS3 ami ade2 

his3 leu2 ura3 tub2-20l 

This study 
This study 
This study 
This study 
This study 
This study 
This study 

Jones (1991) 
Adams and Boistein (1989) 
Adams and Botstein (1989) 
Adams and Boistein (1989) 
Adams and Boistein (1989) 
Adams and Boistein (1989) 

Ken Wertman 

Ken Wertman 

* These strains are legregams ftom the original diploid aal-3/aal-3 iac6/+ revertams described in Adams and Botstein (1989). 
t AAYI643 wu a Ts'4- (thetefote sac6'2)JVB2* (dierefbte assumed to carry the tightly linked actt-2 mutatioa) segregant obtained from a cross of AAYt021 
to OBY1991 (MATa aal-2 rVB2* his4-6l9i Adams and Botstein, 1989). 
i AAYI644, AAY164S, and AAY1646 are Ts legregams derived from crosses of DBY2QS9 or DBY20M (Adams and Botstein, 1989) to DBYS236. DBYS244. 
and DBY32S4 (Adams and Boistein, 1989). respectively. 
I BJS628 was obtained fnim die Yeast Genetics Stock Center (Donner Laboiatoiy, University of California at Berkeley). These strains were obtained from K. 
Wertman (Selectide Corp., Oro Valley, AZ). 
1 The act/ alleles in these strains are described in Weitman et ai. (1992). 
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Figure I. Location in a model of rabbit muscle actin of residues corresponding to those changed by the yeast actl suppressor mutations. 
A model of the rabbit muscle actin molecule was disphyed from the atomic coordinates of the rabbit muscle actin as determined by Lorenz 
et al. (1993). (̂ 4) A space-filling model of the actio molecule (excluding die hydrogen atoms) is shown in approximately the same orientation 
as seen in Fig. 1 in the original actin crystal structure paper (Holmes et al., 1990). The residues corresponding to the mutadons in yeast 
actin that suppress or are suppressed Iqr sac6 mutant alleles are indicated in black. The residues that correspond to peptides implicated 
by other studies (Mimura and Asano. 1987; L«ban et al., 1990, 1993; Levine et al., 1992; M ĵean et al., 1992; Fabbrizio et al., 1993) 
as binding to the conserved actin binding domain referred to in the text (see Discussion) are shaded grey (actin residues 1-12, 83-125, 
and 350-37S). (B) The actin molecule after a rotation of 90* from the orientation shown in Fig. 1 i4. (O A ribbon diagram of yeast actin 
in (he same orientadon as in Fig. 1 A. The amino acids aflected tqr the suppressor mutations listed in liible D are represented as stick 
figures projecting from a ribbon describing the course of the polypeptide chî . The positions of the amino and carboxy termini of actin 
are also indicated (A  ̂and C, respectively). (D) Subdomains 1 and 2 (referred to in tte text) of the actin monomer are shaded white and 
dark grey, respectively. These two subdomains constitute the "small domain* of actin (see bbsch et al., 1985). The suppressor muutions 
a r e  s h a d e d  b l a c k  a s  i n  F i g .  1  A.  

actin molecule that is highly conserved. The amino acid residues changed 
by the suppressor mutatiQas «e highlighted in black in Fig. 1. 

Biochemical Purification of Yiast Actin 
Yeast actin wu purified from unins AAn021, AAY1643, AAn644. 
AAn645, AAyi64«̂  DBYST?, DBYS24I. KWY36I, and KWY376 (lUile 
D by DNase I affinity chrematography essentially as described by boa et 

al. (1992). but incoiponting modifications described by Cook and Ruben-
stein (19%) and the additioiiai changes noted below. OMils of the purifica
tion «rill be piDvided by the authon upon iei|uest. 

Subsequent to elution fiom the DNase I column, tctin was eluted fiom 
a column (DE-S2); Whannan Chemical Separation Inc., Clifton, MI) as de
scribed by Cook and Rubensiein (1992), exccpt that the elution used a step 
gradieot̂ GolumnbuilbrconiainingSOl 100̂  200t and 300 mMKD instead 
of a single 300-niM step. In most puri&atioas, the majorî  of the actin 
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eluced with 200 mM KCl, and only this fraction wu processed further. 
However. In the case of the aal-120 strain (E99A. ElOQA), most of the actin 
eluted at 100 mM KCl. 
The actin-enriched fractions from the DE-S2 elution were dialyzed at 

room temperature for several hows against 2i) liters of F-actin buffer (SO 
mM Hepes-iC, pH 7.S. 50 mM KCl, a2 mM ATP. a2 mM CaCh, 5 mM 
M g C h ,  a n d  O . S m M  D I D  t o  r e d u c e  t h e  c o n c e n t r a t i o n  o f  K C l  t o > n M .  
This step appeared to ensure the maximal recovery of the actin filaments, 
especially in the case of some of the mutant actins, which appeared to as
semble poorly In elevated salt concentrations. 

Finally, the F-actin was pelleted, depolymerized by dialysis (against S 
mM Hepes-K", pH TS. 0.2 mM ATP. 0.2 mM CaCh. aS mM OTT, plus 
protease Inhibiton at final concentrations of 1 ng ml~' for cl̂ mostatin, 
pepstatin, leupeptin, antipain, and 1 mM for PMSF), and the resulting 
G-actin solution was clarified essentially as described previously. The su
pernatant was lecovered, and a Bradford's dye binding assay (BioRad 
Laboratories) was used to estimate the protein concentration. If the protein 
concentration was MS mg ml~', the clarified G-actin solution was rapidly 
frozen as small aliquots (30-S0 m1) in liquid nitrogen and stored at -70°C 
until used in the binding and cross-linking assagrs described below. Clarified 
dialysates with protein concentrations <(X5 mg ml~' usually indicated a 
&iluie to purify actin, and they were not processed further. 
There were no obvious contaminating proteins or proteolytic fragments, 

as judged by SDS gel electrophoresis «the loadings (1.6 /ig of actin) used 
for binding and cross-linking assays (Fig. 2). When greater amounts of actin 
were loaded OlO ̂g/lane), sever̂  Unt bands could be seen below the sin
gle major band at 43 kD. We presume, based on previous experiments, that 
these bands are products of proteolytic degradation of actin. 

Biochemical Purification ofSac6p 
Sac6p was purified from strain BJS628 (Able 1) containing a plasmid ex
pressing Sâ  from the GAU-IO promoter. The details of this purification 

will be presented in a separate publication (Sandrock. T.. and A. Adams, 
manuscript in preparation). Briefly, the cell lysate was fractionated by 
DEAE chromatogiiptay, ammonium sul&te precipitation, and hydroxy lapa-
tite chromatogriphy to yield fractions highly enriched in SaciSp. Elution 
from the hydroxylâ te column yielded two overlapping peaks, the first of 
which was used in all experiments described in this paper. Preliminary 
results suggest Sac6p from the second peak discriminates less well between 
wild-type and mutant actins in die binding and cross-linking assays. The 
nature of the bmchemical diflerence between the protein in the two peaks 
is currently under active investigation. 

Actin Filament Binding and Cross-linking Assays 
The concentnuians of purified actin and Sic6p were estimated by using the 
Bradford dye binding assay, widi gamma globulin at a known concentration 
serving as the protein standard. Binding and cross-linking assays were set 
up as lOO-ftl reactions with actia at 3 ̂ M and Sac6p at 0.3 iM, a molar 
ratio that had been shown by electron microscopy to produce actin bundles 
with wild-type yeast actin and Sac6p (Adams et al., 1991). 

Immediately before use, frozen aliquots of G-actin were rapidly thawed 
and clarified by centrifiigation at 7QjOOO rpm (190X)00 g) for 30 min at 4°C 
In a TLA-I(X) rotor (Beckman Instruments, Palo Alto, CA) to remove in
soluble aggregates. Purified Sac6p, which had been diluted in depolynner-
ization bufler, was clarified in the same manner before use. The clarified 
protein solutions were kept on ice and were promptly used in the assays de
scribed below. 

Binding assays were performed by adding actin to freshly made depoly-
merization bufl̂  (with the protease inhibitors), followed by the addition of 
Sac6p. Finally, polymerization was initiated by the addition of 20 x poly-
nterization bû  (4S0 mM Hepes-K̂ . pH 7.S, 20 mM EGTA. 500 mM 
KCl, and 80 mM MgCl]), and the mixture was gently pipened up and 
down. These mixtures were then Incubated at 22°C for 90 min. After this 
dme, a 25-iil sample wis withdrawn finm the mixture, and mixed with an 

A wild-type 
+ - + 

B actl-2, A58T 
+ - + 

C actl-7, K61N 
+ - + 

D actl-8, H88Y 
+ - + 

-F 

-A 

S P S P S P S P  

HS LS 
S P S P S P S P  

HS LS 

S P S P S P S P  

HS LS 

S P S P S P S P  

HS LS 

Eactl-9, D56A 
+ - + 

F actl-lO, TB9I 
+ - + 

Gaen-m, IC50A,D51A H Satfp alone 
• + - + -

S P S P S P S P  S P S P 

-F 

-A 

S P S P S P S P  
HS LS HS LS HS LS 

S P S P 

HS LS 

Figure 2. Actin-binding and cioss-linking assays for wild-type and mutant actins paired wiili wild-type Sac6p. SDS-MGE of supemaiants 
(5) or pellets (P) obtained by high speed (HS) or low speed (LS) centrifugation of wild-type or mutant actins polymerized in the presence 
(+) or absence (-) of Sac6p, as dncrib  ̂in Medwds. The positions of yeast actin (̂ 4) and yeast fimbrin (F) protein bands in the gets 
are indicated. The proteins were resolved in a 10% SDS-poiyacrylamide gel and stained with Coomassie blue R-25Q. The data are represen
tative of at least two separate experiments. 

The ioumal of Cell Biolo0, Volume 126, I9M 416 



equal volimie of 2x gel sainple buffer. Tbe naiuie (remainiag 7S /il) wu 
tiieo cenirifiiged at 1901000f in aTLA-lOO rotor ai22*C lbr30iiiiii. Under 
tliexcaiidilioiu. almost all wild-type actin sedimemi, whether or not Sac6p 
is ptesent(Fig. 2). However, under nonpolymerizing condftioas, essentially 
no actio sedimems (not shown). After cenmfiiiatian, a 25-id sample of die 
supemaiam was withdrawn fiom die meniscus and mixed widi an equal vol
ume of 2x gel sample bulfer. Tbe remainder of die supeniatatt was caic' 
fiiUy remowed and discawted, and the remaining pellet (usually not visible) 
wassolubilizedwidi 150 (il of Ix gel sample buflisr. Thus, die total mixtuie, 
the high speed supematant, and the high speed pellet were all solubilized 
in gel sample buffer at die same relative concentration. Tlie pioiein samples 
weie boiled fi>r S min, separated by SDS-RAGE (2S id sample/lane), and 
dien stained widi Coomassie blue. 
The cross-linking assays were performed in a similar manner, except that 

die mixtures were centrifiiged in a TLA-100 rotor at 124X)0 rpm (6^000 g) 
for 15 min at 22*C instead of 19(U)00 f for 30 min at 22*C This degree 
of centrifiigatian wu sufficient to pellet almost all wild-type actin and 
Sac6p, when die two were mixed in tto assay, but it was insufficient to sedi-
ment nwa wild-type actin in the absence of Sac6p (Fig. 2). These assays 
do not distinguish between cross-linked filaments and nonspecific ag
gregates, but because the actin is found in the low speed pellet in the pres
ence (but not tbe absence) of Sac(p (Fig. 2), we piesume it is present u 
cross-linked filaments. In each experiment, control experimena widiout die 
addition of SadSp were conducted in paiallel to assess die self-aggregation 
ability of actin filaments. 
These experiments were perfonned at 22°C, radier dun at 37°C (die re

strictive temperature of most of the act/ mutants) because our preliminary 
observuicns indicated that even wild-type actin was poorly cnMS-linked fey 
Sac6p at STC. The use of 22°C for diw experiments is validated by die 
foa diat some of die (ut/mutants grow poorly (and dius ham defective ac
tin) even at 22°C and all of die act/ mutant actins analyzed biochemically 
in diis study can suppress die sac6 temperature-sensitive defects (and duis 
show altered intetactioas widi mutant Sac6p) at diis tempeianue Cbble n, 
legend). 

Electron MicrtKcopy 
Samples ptepwed in die cross-linking assays described above were also used 
for electron microscopy. Aliquots were removed fiom die mixtures before 
centriAigation, and dî  were immediately negatively stained widi 2% ura-
nyl acetate. Using a JEOL lOOcx or Hitachi 500 microscope, wild-type mu-
tam filaments were scored by an observer unaware of dieir identity for abil
ity to be bundled in die piesence or absence of Sac6p. 

Results 

The goal of these experiments was to test the hypothesis that 
actl mutatioiis that suppress or are suppressed fay sac6 muta-
tions identify the S^p-binding (tomain on actin. Tvw) 
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predictions of this hypodiesis were: (a) that the aal muta
tions would &11 into a small region of the actin molecule, the 
likely Sac6p-binding site; and (b) that biochemical experi
ments with actin and Sac6p would reveal a direct defixt in 
the interaction between these two proteins. Experiments 
were therefore conducted to test these predictions. 

Ident̂ ation of Additional actl Mutations that Show 
Su îession with sac6 Mutants 
We wished to analyze as large a collection as possible of act! 
mutations that suppress or can be suppressed by sac6 mutant 
alleles. We already had at hand six aal alleles {actl-2, actl-
3, actl-7, actl-8, actl-9, and actl-lO; see Table H) that sup
pressed sac6 mutations, but to further increase the pool, we 
examined a set of eight temperanire-sensitive actl mutations 
generated by alanine-scanning mutagenesis (Wertman et al.. 
1992). These eight mutations were chosen from the larger 
collection of such mutants as those that showed the tightest 
temperanire-sensitive growth defects at restrictive tempera-
nire, as well as reasonably good growth at permissive tem
perature (Wertman et al., 1992). 

We first tested whether any of the eight actl mutations 
could be suppressed by any one of seven different sac6 mu
tant alleles isolated previously as dominant suppressors of 
actl-3. Thus, temperature-sensitive um3 strains carrying 
actl-105, actl-108, actl-112, actl-119, actl-120, actl-125, actl-
132, or actl-133 (Wertman et al., 1992) were transformed 
with centromere-containing plasmid carrying the selectable 
marker URA3 and either wild-type SACS or one of the sup
pressor mutations sac6-4, sac6-5, sac6-7, sac6-14, sac6-l5, 
sac6-17, or sac6-19. Ura'  ̂ transformants were selected and 
tested for temperature sensitivity. Two actl alleles were 
found to be suppressed by at least some sac6alleles: actl-120 
was consistently and strongly suppressed by aU seven sac6 
alleles tested, and actl-125 was consistently (though less 
strongly) suppressed by plasmids carrying sac6-4, sac6-5, or 
sac6-15. Interestingly, even the centromere-containing plas
mid carrying wild-t  ̂SAC6 showed some suppression of 
actl-125, suggesting the defect in actl-125 is caused by re
duced a^9 for Sac6p, and can also be suppressed by in
creased levels of wild-type Sac6 protein. None of the other 
actl mutants were consistently suppressed by any of the sac6 

Table II. Temperame Sensitivity and Sequence Changes of actl Mutations' 

aal SACe^ Residue 
aa/ allele Ts- or Tŝ  changed Subdonaint Reference 

" aaI-2 Ts- A58T 2 Shoitle et al. (1984) 
aal-3 Ts- P32L 1 Shoftle et al. (1984) 
aal-7 Ti- icaiN 2 Adams and Botsiein (1989) 
actl-8 Ts- H88Y 1 Adams and Botstein (1989) 
aal-9 Ts- DS6AI 2 Adams and Botstein (1989) 
actl-lO Ts* T89I 1 Adams and Botstein (1989) 
aal-120 Ts- E99A,E100A 1 Wertman et ai. (1992) 
aaI-125 Ti- K30A,DSIA 2 Wertman et al. (1992) 

The aa/ mutant alleles listed all suppress soctf muMioos. and in all caaea where dK aa/ miuatiaa is Ts in a SAC6* geaciic background (see table above), ihey 
are also suppressed by sae6 mutant alleles. 
* The ifnycranire-scnsmve ptaenotypes and Miqmncti of aa/-2, aa/-3, aa/-/M, and aa/-/2S have been repotted previously (Shonle et al.. 1984; Weitman 
et al.. 1992). The phenotypea of die aa/-?, aa/-4, aa/-9, and aa/-/0 mutants were described previously (Adams and Botsiein. 1989); die sequences of diese 
latter four mutaiions were ikttrminart in this nidy (see text). 
t Subdomains refer n die nomenclature of Kabach et al. (IM). 
f The wq̂ ciice of aa/-9 (DS6A) reveals diat dds mutation is very similsr to dial of aat-/24 (l}S6A, ES7A), desciibed by Wenman et al. (1992). The suppiessi-
bility of aa/-/24 by sae6 mutations has not been teasd. 
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Figure 3. Hecmm miaoscopy of actin filaments in the absence and presence of Sac6p. Samples of the bundling assays were examined 
by negative stuning using electron micioscopy. The reaction conditions are described in Materials and Methods. (A and B) Wild-type 
actin filaments in the absem (i4) and in the presence (A) of Sac<Sp. Most of the actin filaments appear to be found in bundles in the presence 
of Sac6p. (C and D) actI-7 actin filaments in the absem (C) and presence (D) of Sac6p. acU-7 filaments are clearly defective in the forma
tion ofbundles whoi compared to wild-type actin; instead, many single filaments are visi1)le. (£ and F)<ici/-9 actin filaments in the absence 
(£)andpresence(F)ofSac6p. Bundle-like aggregates of aci/-9 filaments are observed even in the absence of Sacfip, but the bundles seen 
in the presence of Sac6p appear more similar to wild type. 
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alleles tested, and th  ̂were not studied further. (It should 
be noted that if ai  ̂of the sac6 mutations were recessive sup
pressors of these acti alleles, however, th  ̂would not haw 
shown suppression in this analysis.) This analysis therefore 
succeeded in identifying two actl alleles (actI-120 and actl-
125) that can be suppressed sac6 mutant alleles on 
plasmids. 

Tetrad analysis was used to ensure that the observed sup
pression of actl-120 and actl-125 by sac6 mutant alleles oc
curred not only when the foctf mutations were present on 
plasmids, but also when they were in the genome. Thus, in 
crosses between KWY361 {actl-120 SAC&) and AAY1115 
(actl-3 sac6-l5), and between KWY376 iactl-125 SAC&) 
and AAYllll {actl-3 s<ic6>5), temperature sensitivity segre
gated 2:2, confirming that actl-120 is suppressed by sac&15, 
and actl-125 is suppressed by sac6-5 (data not shown). For 
the purposes of this study, we were interested in identifying 
actl mutations that could be suppressed by at least one 5ac6 
allele, rather than in identifying the spcctrum of sac6 muta
tions that could or could not suppress the various actl alleles. 
Lack of suppression is less meaningful than suppression it
self because it is likely that suppression depends greatly on 
the nature of the mutational chwge and, therefore, that many 
possible amino acid substitutions at a particular residue wiU 
not cause suppression. Therefore, as actl-120 and actl-125 
can both be suppressed by at least one sac6 mutant allele, 
these mutations were add  ̂to the collection of mutants to 
be analyzed further, giving a total of eight (Table II). 

Isolation and Sequencing of actl Mutations 
Four of the eight actl mutations that suppress or are sup
pressed by sac6 mutant alleles (i.e., actl-2, actl-3, actl-120, 
and actl-125) had already been sequenced (Shortle et al., 
1984; Wertman et al., 19^); the changes are listed in Ikble 
n. The remaining four mutations (actl-Z actlS, actl-9, or 
actl'lO) had not yet been sequenced, and were therefore 
isolated and analyzed. Genomic DNA was prepared firom 
strains carrying these mutations (Materials and Methods), 
the mutant actin genes were amplified by PCR, and the actl 
mutations were identified by sequencing. In each of these 
four cases, the mutations identified (Ikble II) were shown 
to be the only changes in the entire actl sequence (see 
Materials and Methods), and thus were responsible for the 
suppression phenotype. 

Location qfActin Mutations in a Model of Actin 
The eight actl mutations that show suppression with sac6 al
leles are found widely distributed in the primary structure 
of actin, from residues 32-99/100 (l̂ le 0)- If these actl 
mutations occur in the Sac6p-binding domain on actin, we 
predict that in the duee-dimensional structure of actin the 
mutations might occur in a small region, rather than be scat
tered over the surfitce of the molecule. Because of the highly 
conserved nature of actin (see Materials and Methods), it is 
possible to identify the relative positions of the affected 
residues in the three-dimensional structure of either the rab> 
bit or yeast actin molecules with a high d^ree of confidence. 
The molecular model of rabbit actin was used for Fig. 1. 
Strikingly, the eight actin mutations in liible II all change 
residues in one region of the "^mall domain" (Kabsch et al., 
1985) of actin. According to the nomenclature of Kabsch et 

214 
al. (1990), the small domain is comprised of subdomain 1 
(residues 1-32, 70-144, and 338-375) and subdomain 2 
(residues 33-69) (see Fig. 1D). It can t:« seen in Fig. I that 
all of these mutations are relatively near to one another, and 
they localize either to subdomain 2 or to the part of subdo
main 1 adjacent to subdomain 2 (Fig. 1 D). This clustering 
of mutant residues suggests that Sac6p bi  ̂to this region 
of die actin molecule; consistent with this idea, most muta
tions that are not suppressed by sac6 mutations are located 
elsewhere in the molecule (not shown). 

Biochetnical Analysis of Wild-type and Mutant 
Actin and Sac6p 
The finding that all the actin mutations that show suppression 
with sac6 mutations alter residues in a relatively small re
gion of the actin crystal structure suggested that this region 
of actin forms at least part of the Sac6p-binding domain. This 
led to the strong prediction that the mutant actins would be 
defective in their interactions with Sac6p, under conditions 
in which these were the only two proteins present. We there
fore tested the ability of wild-type Sac6p to bind to and 
cross-link actin filaments in vitro, using purified Sac6p and 
actin. 

Since both the Sac6p-binding and Sac6p-induced cross-
linking assays depend  ̂on the abilify of the mutant actins 
to polymerize, it was first necessary to show that polymer
ization was not grossly affected by the changes. Indeed, all 
of the mutant actins were able to undergo polymerization, 
as judged increases in viscosity, ability to sediment during 
hi  ̂speed centrifiigation (Fig. 2), and electron microscopy 
of mutant filaments (e.g.. Fig. 3). It was therefore possible 
to analyze all of the mutant actins in the Sac6p-binding and 
Sac6p-induced cross-linking experiments described below. 

Binding of Sac6p to actin filaments was assessed by mixing 
actin and Sac6p, initiating the assembly of actin filaments, 
and recovering the filaments (either individual or cross-
linked) by high speed centrifijgation (see Materials and 
Methods). Samples of the mix before centrifiigation (not 
shown), the supernatant after centrifiigation, and the result
ing pellet were solubilized for SDS-PAGE. The samples 
were adjusted to the same relative concentrations and sepa
rated in gels (Fig. 2). Defective binding of Sac6p to mutant 
actin would be expected to result in an increase in the amount 
of Sac6p remaining in the supernatant. 

Cross-linking of actin filaments by Sac6p was tested simi
larly, except that cross-linked actin filaments, which sedi
ment more rapidly than individual actin filaments, were re
covered by low speed rather than high speed centrifiigation. 
Under these conations, the majority of individual filaments 
do not sediment (see below). Defective cross-linking of mu
tant actin by Sac6p would be expected to result in increased 
levels of both actin and Sac6p in the supernatant from the 
low speed centrifiigation. 

When wild-type actin was used in these experiments, al
most all the actin and Sac6p was recovered in the high speed 
pellet (Fig. 2 A), indicating that actin was present as in-
dividud wai/or cross-linked filaments to which Sac6p was 
bound. Since essentially all the actin and Sac  ̂was found 
in the low speed pellet also (Fig. 2 A), most of the actin in 
the assembly mix must be present as cross-linked structures, 
rather than individual filaments. This result is in contrast to 
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what is found in the absence of Sac6p, when essentiaUy all 
the actin remains in the low speed supernatant. 

When the various mutant actins were used in these assays, 
in each case, most of the actin was again found in the high 
speed pellet, and thus, like wild-type, was polymerization 
competent, as mentioned above. However, the amount of 
Sac6p that sedimented with the mutant actins varied. For ex
ample, in the case of actl-125, nearly all the Sac6p remained 
in Ae supernatant (Fig. 2 G), indicating diat these filaments 
were drastically reduced in their ability to bind to Sac6p. In 
addition, most of these actl-125 filaments were not sedi
mented by low speed centrifiigation (Fig. 2 G), and thus 
were substantially less cross-linked than wild type. Similar 
defects in binding of Sac6p and ability to be cross-linked 
were observed for actl-120 (Holtzman et al., 1994; our un
published results). In the case of actl-7, atmut half of the 
Sac6p remained in the high speed supernatant (Fig. 2 C), in
dicating that these actin filaments did not bind Sac6p as well 
as did wild type. In addition, these actl-7 filaments were not 
well sedimented by low speed centrifiigation (Fig. 2 C), and 
thus were not as extensively cross-linked as wild type. Con
sistent with these data, relative to wild type, actl-7 and actl-
125 actin filaments arc defective in the formation of bundles 
as judged by electron microscopy (e.g.. Fig. 3, A and D). 

Less extreme defects in binding and crosslinking activities 
of Sac6p were observed in experiments with actl-2, actl-8, 
and actl-10 filaments (Fig. 2, B, D, and F). For example, in 
the case of actl-8 (Fig. 2 D), most of the Sac6p was found 
in the high sp  ̂pellet with the actin, indicating little or no 
defect in the binding of Sac6p to this mutant actin. Further
more, most actin and Sac6p were also found in the low speed 
pellet, suggesting the mutant filaments were primarily cross-
linked. 

Interestingly, we could not assess the ability of actl-9 actin 
filaments to be cross-linked because these mutant filaments 
were observed to undergo self-aggregation in the absence of 
Sac6p (Fig. 2 £), a result that was confirmed by electron mi
croscopic observations of actl-9 filaments in Ae absence of 
Sac6p (Fig. 3 £). 

Unlike the mutant actins described above, actl-3 actin 
showed variable degrees of defects in ability to be cross-
linked by Sac6p in several different experiments (not shown), 
with the results ranging between those seen with actI-2 and 
actl-7 actins (Fig. 2, S and C, respectively). 

Discussion 
We report here the identification of a likely fimbrin-binding 
site on actin. This identification is based on two lines of evi
dence. First, eight out of eight actin mutations that show sup
pression with mutant alleles of yeast fimbrin (Sac6p) all clus
ter in one region of the "^mall domain" oi actin (Fig. 1D). 
Second, several of these acti mutations have a direct eflea 
on the interaction of actin with Sac6p in vitro. 

Location ofacU Mutant Residues 
in the Actin Structure 
The actI mutations dut show suppression with sac6 mutant 
alleles all lie between residues 32 and lOOt and thqr cluster 
in the small domain of actin (Fig. 1 D). This concentration 
cf mutant residues in the thiee-dimenskHud structure sug-
geso that this region actin is likely to be an important part 
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of the Sac6p-binding site. Genetic studies of Holtzman et al. 
(1994) involving an analysis of ^thetic-lethal interactions 
support this notion. Consistent with this possibility, this re
gion is readily accessible in the filament model (Holmes et 
al.. 1990; Milligan et al., 1990; Lorenz et al., 1993), and 
most of the actI mutations that fiil to show suppression with 
sac6 mutant alleles are located elsewhere in the molecule 
(not shown). It should be noted, however, that the actl sup
pressor mutations described in this study all show suppres
sion with sac6 alleles that were originally isolated as sup
pressors of actt-3. Our results therefore do not rule out the 
possibility that Sac6p also binds to odier sites on actin. It 
might be possible, for example, to isolate a class of sac6 mu
tations that show suppression with actl mutations that 
change residues elsewtere on the surfece of actin. However, 
in the ^nthetic-lethal analysis of Holtzman et al. (1994), 
^^20 other actl mutations (that change residues all over the 
surfece of actin) fiuled to show genetic interactions indica
tive of another Sac6p-binding site. 

Defitctive Interactions of Mutant Actins with Sac6p 

The hypothesis that the actl mutations analyzed in this study 
identify die Sac6p-binding domain on actin is also supported 
by the finding that several of the mutant actins examined are 
defective in their interactions with wild-type Sac6p in vitro. 
In particular, actl-7, actl-120, and actl-125 actins show clear 
defixts in their binding to (and subsequent cross-linking by) 
Sac6p, suggesting that the altered residues in the mutant pro
teins disrupt the normal interactions that occur between actin 
and Sac6p. For example, certain residues on actin and Sac6p 
may noni^y interact with each other, but can be prevented 
ftom doing so by mutations that directly change these partic
ular residues. The actins most defective for binding to and 
cross-linking by Sac6p (flctl-7, actl-120, and actl-125) all in
volve mutations that result in the substitution of polar or non-
polar residues for the charged residues of the wild-type form 
Clkble n). This may imply that the actin-Sac6p interaction 
has an important electrostatic component. 

Alternatively, the mutations may have more indirect ef
fects, such as by causing local chuges in die structure of 
the actin molecule in die region of the binding site. The 
actl-2 mutation, for example, may have such an effect be
cause it changes a residue diat is believed to be buried in die 
actin molecule. The formal possibility that die mutations 
cause more global defects (e.g., in foldbig) in the whole actin 
monomer seems unlikely because the mutant actins are nor
mal by several odier criteria, including (a) ability to bind to 
other monomers in polymerization (as judged by die forma
tion of a viscous solution upon addition ̂  polymerization 
buflfer and subsequent pelleting (Fig. 2), as well as by elec
tron microscopy of mutant actin filraents (e.g.. Fig. 3); {b) 
ability to bind to DNAse I in die initial stages of die purifica
tion (see Materials and Mediods); and (c) at least in die case 
of a^-120, the mutant protein is still able to bind to cofilin 
(Holtzman et al., 1994). It dierefore seems likely that die 
actl suppressor mutations identify a Sac6p-bindi  ̂site on 
die sur  ̂of actin. 

Comparison of Defects of Mutant Actin Fttaments in 
BbkBngto(andCross-Unlcingl9)Sac6p 
Sacfip contains a tandem pur of imperfect repeats, both of 
which are homologous to die actin binding domains of sev
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eral other actio binding proteins (Maisudaini, 1991). Sac6p 
is presumably like other monomeric fimbrins (Bretscher, 
1981; Glenney et al., 1981), which are assumed to use both 
actin-binding domains to cross-link adjacent actin filaments. 

It is not known whether each of the actin-binding domains 
in fimbrin bind to the same or difierent sites on actin 
monomers in adjacent filaments. The homology between 
these domains suggests that they might interact with actin in 
a similar w .̂ However, there are precedents fiir structurally 
homologous domains binding to di&rent sites on actin. For 
example, the two homologous domains of the actin-bundling 
protein scruin are observed to bind to diftrent subdomains 
of actin (Owen and DeRosier, 1993; Schmid et al., 1994). 

Our data do not provide us with information as to whether 
the two actin-binding domains of Sac6p bind to the same or 
diflerent sites on actin because we do not know how many 
Sac6p molecules are required to form an actin bundle, 
whether the interactions between actin and die two Sac6p 
domains are independent, or whether the two actin-binding 
domains are equivalent. I^r example, the finding that cross-
linking is more defective that binding to Sac6p (e.g., for 
actl-7, and actl-l25\ see Fig. 2) could be explain  ̂by either 
model, i.e., that the two actin-binding domains bind to the 
same site or that they bind to diflerent sites on actin. 

Comparison of the Putative Binding Sites on Actin far 
Fimbrin and Elated Actin-binding Proteins 
Sac6p is a member of a group of actin cross-linking proteins 
including a-actinin, /3-spectrin, filamin, dystrophin, fimbrin, 
and actin gelatin &ctor that share a homologous 27-kD actin-
binding domain (Matsudaira, 1991). It might therefore be ex
pected that these proteins would all bind to the same region 
on actin. The fimbnns (including yeast Sac6p) and closely 
related plastins possess a tandem repeat of this conserved 
actin-binding domain, but before this study, no information 
was available concerning the binding site for these proteins 
on the actin molecule. There have, however, been extensive 
studies of the binding site on actin for a-actinin, filamin, and 
dystrophin, each of which has a single conserved 27-kD 
actin-binding domain (Mimura and Asano, 1987; Lebart et 
al., 1990, 1993; Levine et al., 1992; Mdjean et al., 1992; 
Fabbrizio et al., 1993). All of the peptide segments of actin 
implicated in binding to the conserved actin-binding domain 
in diese snidies are found within subdomain 1, and th  ̂are 
shown highlighted in gray in Fig. 1, /4 and 5. These segments 
comprise residues 1-12 (NHi-terminus of actin), residues 
83-125, and residues 3SO-37S (COOH terminus of actin) 
(Mimura and Asano, 1987; Lebartetal., 1990,1993; Levine 
et al., 1992; M^jean et al., 1992; Fabbrizio et al., 1993). 
However, diere is little evidence for an interaction of the con
served actin-binding domain with actin in the regions en
compassed by the suppressor mutations. In particular, only 
three (acdS, actl-IO, and acd-llO, at residues 88, 89, and 
99/10(X respectively) of the eight suppressor mutations lie in 
any of the regions d^ed biochemically, die other five caus
ing changes between residues 32 and 61 of actin. 

It might seem firom diese comparisons that although 
a-actin, filamin, dystrophin, and fii^rin share a conserved 
actin-binding d(Mn  ̂by sequence comparisons, they do not 
all bind to die same region on actin. As mentioned above, 
there are precedents for homologous domains not binding to 
the same sites on actin. However, it is also possible that tfa  ̂
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proteins all bind to die same region on actin, and diat two 
fundamentally diftrent approaches have identified different 
regions of actin diat bind to the conserved actin-binding do
main. In diis case, it would be expected diat biochemical ex
periments with actin and fimbrin, similar to those conducted 
for die odier proteins and actin, would identify die same sites 
of interaction. It m  ̂be, for example, diat many mutations 
in die region identified biochemically would be lethal, and 
dius not identified as suppressors, cir perhaps die residues 
identified by suppressor aiudysis interact more weakly widi 
die conserved actin-binding domain dian do diose identified 
biochemically, so that in biochemical experiments, die 
weaker interaction is not detected. Consistent widi diis no
tion, a dirombic fragment of actin (residues 40-113), which 
contains most of die region identified genetically, hu been 
found to be bound by filamin, albeit about two orders of mag
nitude mote weakly than other peptides derived finm subdo
main 1 (M^jean et al., 1992). Of course, it may also be that 
die observed lower affinity of filamin for die actin thrombic 
peptide results from die inability of diis peptide to refold af
ter purification (M^jean et al., 1992), that it has a different 
structure, or that die weak binding is not physiologically 
relevant. 

Evidence in &vor of die notion diat die conserved actin-
binding domain binds to die sites on actin identified both ge
netically (diis study and Holtzman et al., 1994) and bio
chemically (the previous studies described above) comes 
from die work of McGough et al. (1994). In diat snidy, an 
image reconstruction of the actin-binding domain of cr-acti-
nin bound to filamentous actin is reported, and it presents 
evidence diat the sites identified by both die biochemical and 
genetic approaches m  ̂bodi be relevant (McGough et al., 
1994). Their analysis indicates diat die actin-binding domain 
of o-actinin is centered around subdomain 2 and makes con
tacts with subdomain 1 of the same actin monomer, as well 
as subdomain 1 of the adjacent actin monomer along die 
long-pitch strand (McGou  ̂et al., 1994). Similar multido-
main interactions have been observed for odier actin-binding 
proteins. For example, die myosin subfragment 1 has been 
modeled as making contacts not only with subdomain 1. but 
also with subdomain 2 of actin (R^ment et al., 1993). 

In summary, our results and diose of Holtzman et al. 
(1994) identify a likely binding site on actin for yeast 
fimbrin. By comparison to die stnicmral analysis of die 
actin-bindi  ̂domain of a-actinin by McGough etal. (1994), 
it would seem reasonable to expect that fimbrin, a-actinin, 
and the odier actin cross-linking proteins diat share die con
served actin-binding domain m  ̂all bind to die same region 
of actin. However, even if diese different proteins do share 
a common actin binding site, it remains to be seen whedier 
dwre are additional contacts diat serve to differentiate die in
teraction of diese proteins with actin. In support of diis no
tion, it has been noted diat diere are diftrences between 
a-actinin and filamin in die ionic strengdi dependence of 
dieir binding to actin, implying die existence of additional 
contacts diat diflerentiate die two complexes (Lebart et al.. 
1993, 1994). 
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ABSTRACT 
Yeast Rmbrin is encoded'by the SAC6 gene, mutations of which suppress temperature-sensitive muta

tions in the actin gene (ACT/). To examine the mechanism of suppression, we have conducted a 
biochemical analysis of the interaction between various combinations of wild-type and mutant actin and 
Sac6 proteins. Previously, we showed that actin mutations that are suppressed by sacS mutations encode 
proteins with a reduced affinity for wild-type Sac6p. In the present study, we have found that mutant 
Sac6 proteins bind more tighdy to mutant acun than does wild-type Sac6p, and thus compensate for 
weakened interactions caused by the mutant actin. Remarkably, we have also found that mutant Sac6 
proteins bind more tighdy to wild-type actin than does wild-type Sac6p. This result indicates that suppres
sion does not occur through the restoration of the original contact site, but rather through the formation 
of a novel contact site. This finding argues against suppression occurring through a "lock-and-key" 
mechanism and suggests a mechanism involving more global increases in afiinity between the two 
proteins. We propose that the most common kind of suppressors involving interacting proteins will 
likely occur through this less specific mechanism. 

ALLELE-SPECIFIC suppression has been used ex
tensively as a genedc tool for the identificadon 

and analysis of physical interacdons involving RNA, 
DNA, and protein (HARTMAN and ROTH 1973; NELSON 
and SAUER 1985; BETZ 1987; ADAMS et oL 1989; PARKER 
1989; MORTIN 1990; OERTEL-BUCHHETT et aL 1992; PHI-
ziCKSf and FIELDS 1995). A widely held view of the mech
anism by which allele-specific suppression occurs in
vokes the "lock-and-key" model, in which the original 
contact is restored (e.g., ADAMS et aL 1989; MORTIN 
1990; PHiziCKVand FIELDS 1995). In the case of RNA-
RNA interacdons, where interactions can be restored 
by mutations that allow compensatory changes in base-
pairing, this mechanism of suppression is clearly appli
cable (HARTMAN and ROTH 1973; PARKER 1989). HOW^ 
ever, in the case of protein-protein interacdons, the 
basis of suppression and applicability of the lock-and-
key model has not been tested. We have analyzed the 
interacdon between two yeast proteins, acdn and an 
acdn-binding protein Sac6p, mutations of which can 
suppress each others' defects (ADAMS and BOTSTEIN 
1989; ADAMS et al. 1989). 

SACS, which encodes the yeast homologue of the 
acdn-filament bundling protein fimbrin (ADAMS et aL 
1991), was previously idendfied both genedcally, by 
dominant allele-specific suppression of a temperatiu'e-
sensidve (Ts) acdn mutadon (ADAMS and BOTSTEIN 
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1989), as well as biochemically, on actin-aflinity col
umns (DRUBIN et al. 1988). Previously, we showed that 
suppressible acun mutadons change residues in the 
likely Sac6p-binding domain of acdn, and result in a 
reduced affinity of mutant acdn for wild-type Sac6p in 
vitro (HONTS et aL 1994). We therefore predicted that 
mutations in Sac6p that genetically suppress these acdn 
mutations act by restoring the associadon between the 
two mutant proteins (BROWER et aL 1995). To test this 
idea, we purified wild-type and mutant actin and Sac6 
proteins, and asked whether mutant Sac6 protein has 
a higher afiinity for mutant acdn than does wild-type 
Sac6 protein. As predicted, we found that for two differ
ent alleles, the suppressor protein has an increased 
affinity for mutant acdn. 

The increased afiinity of mutant Sac6 protein for mu
tant acdn could occur by either restoradon of the origi
nal contact site (lock-and-key mechanism) or formation 
of a novel contact site. Previous genetic results sug
gested the latter, as any one acdn mutation could be 
suppressed by any of a number of sac6 alleles, and any 
one sac6 allele could suppress several different acdn 
alleles (ADAMS and BOTSTEIN 1989; HONTS et aL 1994; 
BROWER et aL 1995). To disdnguish between these possi-
bilides biochemically, we reasoned that a new contact 
site might also result in an increased affinity of mutant 
Sac6 protein for wild-type acdn. We therefore tested 
the interacdon between mutant Sac6 proteins and wild-
type actin and found that, as predicted, an interacdon 
even stronger than the wild-type acdn-Sac6p interaction 
occurred. Our results therefore show that sm6 muta
tions suppress actin mutadons by compensadng for a 
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decreased affinity between the two proteins and indi
cate that the increased affinity occurs through the for-
madon of novel contact sites rather than through resto-
radon of the original contact sites. These findings are 
important in providing a clear example of the molecu
lar basis of suppression, as well as in identifying muta-
dons that result in cytoskeletal interactions that are 
stronger than wild type. 

MATERIALS AND METHODS 

Yeaat strains: Yeast strain AAY1918 [MAT^ sac6::LEU2 ura3 
trpi lm2 his3 pep4::HIS3 pibl canl Gal^, containing plasmid 
pAAB415 (see below)] was derived from the protease-defi-
cient strain BJ5463 (Yeast Genedcs Stock Center) by precise 
replacement of SAC6 with LEU2, as described previously (AD-
•AMS et aL 1991), followed by transformadon with pAAlB415. 
Strains AAY1916 and AAY1917 are idendcal to AA^9I8, ex
cept the plasmids contained in these strains carry sac6-5 
(pAAB414) and sac6-l9 (pAAB413), respectively, instead of 
wild-type SACS (pAAfi415). 

Plasniids: pAAB415 (2^ pGALI-SAC6 URA3) was gener
ated by inserting an EccRl-BamHl fragment (containing 
pCALISACff) into the EccKl-BaniHl site of pRS426 (StKORSKi 
and HIETER 1989), as described previously (SANDROCK 1996) 
Briefly, the pGALlSACS insert is the result of fijsing (i) an 
EcaRl-Xbtd fragment containing an EroRI site (derived from 
an oligonucleotide) followed by the 3' end of SACS (25 bp 
5' of the Stan codon to the Xbtd site within the coding se
quence). This fragment was previously obtained by PCR of a 
SAC6 cDNA (ADAMS a oL 1991) and therefore lacks the in-
tron. This fragment was fused to (ii) an Xbtd-BamHl fragment 
containing the 3' end of SACS (from the same Xbtd site as 
above to a BamHl site engineered adjacent to the Ned site 
1245 bp 3' of the S^C6stop codon). 

Plasmids pAAB413 and pAAB414 were derived from 
pAAB415 by first cutting pAA^15 at the Kfrrd and EcM. sites 
to remove a segment of the polylinker, including Cled. The 
ends were then filled and ligated (regenerating the EcM 
site). Sequences of wild-type &iCtffrom the internal CUd site 
to the downstream fiamHI site (adjacent to the Ncal site as 
described above) were then replaced with corresponding se
quences of mutant sac6, containing either sac6-5 (generating 
pAAB414) or sac6-l9 (generating pAAB413). These mutant 
sequences were previously obtained by gap-repair and have 
been described (BROWER et oL 1995). 

Purificatioa of wild-iype and mutant Sac6p: Wild-type 
Sac6p was purified from a protease-defident yeast strain 
AAY19I8, essentially as described for 1-plastin (SHIBATA et oL 
1993). Cells were grown at ~30° with 2% rafiinose as the 
carbon-source, in synthetic medium lacking uracil, to ~9 X 
10^ cells/ml. Galactose was added to 1% to induce expression 
of SACS and the culture was incubated for 4-6 hr. Cells were 
collected by centrifiigation, washed, and resuspended 1:1 in 
cold wash buffer (10 mM Tris pH 8.0, 5 mM NaCl, I mM 
EGTA, 1 mM EDTA). An equal volume of 50% glycerol was 
added, and the cells were quickly frozen in liquid nitrogen 
and stored at -70®. When needed, the cells were thawed, 
pelleted, and resuspended to —50 ml in lysis buffer (10 mM 
Tris pH 8.0,0.2% NP40,5 mM NaO, 1 mM EGTA). Cells were 
lysed and clarified essentially as described for actin purifica
tion (HONTS et aL 1994). llie high speed supernatant was 
then passed through a 0.2 m ^ter and applied to a DEAE 
Sepharose CLr€B (Sigma) column equilibrated with 10 tnM 
Tris pH 8.0, 5 mM NaG. The column was then washed with 
10 column volumes of 20 mM BisTris pH 63, 50 mM NaQ. 

Protein was eluted in a linear NaCI gradient (50-400 mM) in 
20 mM Bis-Tris pH 6.5. Sac6p-containing fractions [monitored 
by dot blots with anti-Sac6p antibodes (DRUBIN et aL 1988) 
and SDS-PAGE] were pooled and adjusted to 1 mM DTT, 0.2 
m.M EGTA, 0.5 mM EDTA. Dry ammonium sulfate was added 
to a final concentration of 65%. The precipitated proteins 
were collected by centrifiigation (15 tnin at 10,000 rpm in an 
SS.34 rotor) and resuspended in 3 mi of 5 mM NaP04 pH 
7.0. Protein was passed through a Econo-Pac lODG desalting 
column (BioRad cat. no. 732-2010) equilibrated with 5 m.M 
NaP04 pH 7.0 (according to the manufacturer's instructions). 
Protein was then applied to a hydroxylapatite Bio-Gel HT 
column (BioRad cat. no. 130-0150) and eluted with 5-300 
mM NaP04 buffer pH 7.0. Sac6p eluted as two separate peaks 
[HAl (Figure 1, lane 4), and HA2 (Figure I, lane5)], individ
ual fractions of which were stored frozen (-80°) in 25% glyc
erol. N-terminal protein sequencing indicated that Sac6p in 
HA2 is intact, but in HAl was lacking the first 10 amino 
acids (not shown). Sac6p from HA2 was therefore used for 
all experiments described in this article. 

Purification of mutant Sac6-5p and Sac6-I9p was as for 
wild-type Sac6p, except that the mutant proteins were purified 
from strains AAY1916 and .•\AY19I7, respectively, which are 
identical to AAY1918, except the plasmids contained in these 
strains cany sac6-5 and sacS-I?, respectively, instead of wild-
type SACS'. 

Puiificadon of actin: Wild-type and mutant acuns were pu
rified as described previously (HONTS et al. 1994), except 
DEAE Sepharose CL-6B (Sigma) column was used instead of 
the OE52 column. 

Binding assays of wild-type and mutant actin and Sac6p: 
Binding experiments were performed as described previously 
(HONTS et aL 1994) with the following modifications: (I) 0.4 
/iM Sac6p and 3 /iM actin were used, (2) variable concentra
tions of NaCl were used for the binding assays (see RESLXTS 
and Figure 2), and (3) to improve solubility of Sac6p following 
thawing, HA2 fractions were pooled and passed through a 2 
H filter. Using Centricon 30 tubes (Amicon, product 4208), 
the fractions were then concentrated and buffer exchanged 
into 5 mM Hepes pH 7.5, 5 mM /d-mercaptoethanol, 100 mM 
NaG, 1 mM EGTA, 0.01% Na Azide, 0.1 mM PMSF. 

Cross4lnking assays of wild-type and mutant actin and 
Sac6p: Cross-linking assays employing low-speed centrifuga-
tion and SDSPAGE were performed as described previously 
(HONTS et aL 1994), except the concentration of MaCl in the 
actin-Sac6p mucture was 0.125 M, the concentration of Sac6p 
was 0.4 ^M, the concentration of actin was 3 ;iM, and centrifu-
gation was in a TLA-100 rotor at 18,000 rpm for 15 min at 
22°. Samples of the mixtures before centrifugation were pre
pared for electron microscopy as described previouslv 
(HONTS et aL 1994) except that carbon<oated samples were 
obtained as described previously (V.ALE.VTINE et aL 1968), and 
samples were stained in a solution containing 2% uranyl ace
tate, 0.125 M NaCl, 22.5 mM Hepes pH 7.5, 1 mM MgCl.>, and 
2 mM EGTA. Stained, carbon<oated samples were collected 
on 300-mesh grids and viewed using aJEOL lOOcx microscope 
at 80 kV. 

N-tenninal protdn sequencing: This was performed at the 
University of Arizona Biotechnology Core Facility, using an 
Applied Biosystems 477A Protein/Peptide Sequencer (Ed-
man chemistry) interfaced with a I20A HPLC (C-18 PTH, 
reverse-phase chromatography) analyzer to determine phe-
nylthiohydantoin (PTH) amino acids. 

RESULTS 

Numerous studies have employed suppressor analysis 
to identify physically interacting proteins, but very few. 
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FtcuRE I.—E>urificauon of Sac6p. SDSpolyacrylamide gel 
electrophoresis (10%), visualized by Coomassie staining, of 
fracuons obtained after successive purification steps: (1) high
speed centrifugation, (2) ion exchange chromatography, (3) 
ammonium sulfate precipitation, (4 and 5) hydroxyapadte 
chromatography. Sac6p eluted as two separate peaks from 
the hydroxyapadte column, HAl (lane 4) and HA2 (lane 5). 
Arrowhead marks posiuon of Sac6p. 

if any, studies have identified the molecular basis for 
this phenomenon. We chose to analyze the molecular 
basis of the actin-Sac6p interacdon, to determine 
whether sac6 mutadons that suppress temperature-sen-
sidve acdn mutauons do so by (1) increasing the affinity 
of Sac6p for acun and (2) restoring the original interac
don or by generating novel contact sites. 

Purificatioa of wild-type and mutant Sac6p: To con
duct these experiments, it was first necessary to develop 
a method for large-scale puriflcadon of Sac6p. [Meth
ods to purify yeast actin were already well established 
(see HONTS et aL 1994)]. Previously, Sac6p had been 
purified on F-acdn affinity columns, but this method 
yielded only microgram quanddes of purified protein 
(DRUBIN et aL 1988). In addidon, the method relied on 
the ability of Sac6p to bind to, and be released from, 
actin, so it was likely it would not be useful for the 
purificadon of mutant Sac6p that had either lower or 
higher affinity for acdn. We therefore devised a method 
that yields up to 80 mg of wild-type or mutant Sac6p 
(>95% pure) from ~24 liters of culture (see MATERIALS 
AND METHODS and Figure 1). 

Choice of attl and sac6 mutadons for the analy
sis: Mutant proteins for this analysis were chosen as 
follows; for acdn, the acti-i20 mutadon (E99A, ElOOA; 
WERTMAN et aL 1992) was selected as it alters a residue in 
the Sac6p-binding site of actin (HOLTZ.MAN et aL 1994; 
HONTS et aL 1994), the mutant protein has a reduced 
affinity for wild-type Sac6p in vitro (HOLTZ.MAN et aL 
1994; HONTS et aL 1994), and actl-120 is suppressed by 
sac6 mutations in vivo (HONTS et aL 1994; SANDROCK 
1996). For Sac6p, two mutations, sac6-5 (D264Y) and 
sac6-l9 (A383E) were selected (BROWER et aL 1995). 
These mutations both suppress actl-120 (HONTS et aL 
1994; SANDROCK 1996), though they have different phe-
notypes in an ACT I* genetic background (ADAMS and 
BOTSTTEIN 1989; BROWER et aL 1995; discussed below). 
Analysis of the Actl-120, Sac6-5, and Sac6-19 mutant 
proteins therefore allowed us to test whether the sac6-
5 and sac6-19 alleles suppress actl-120 through restora
tion of the Sac6p-actin interaction. 

Assays used to measure interactioiis between wild-
type and mutant actin and Sac6p: The interactions be
tween various combinations of wild-type and mutant 
actin and Sac6 proteins were tested by binding and 
bundling assays, as described previously (HONTS et aL 
1994). Binding oi SdLc6  ̂ to actin filaments was assessed 
by mixing purified actin and Sac6p, initiating the assem
bly of actin filaments, and recovering the filaments by 
high-speed centrifugation. Under these conditions, po
lymerized actin with bound Sac6p sediments, whereas 
G-actin and unbound Sac6p remain in the supernatant 
(Figure 2). To probe the strength of the interaction, 
binding assays were conducted at various concentra
tions of salt. Bundling of actin filaments by Sac6p was 
assessed similarly, except that cross-linked actin fila
ments, which sediment more rapidly than individual 
filaments, were recovered by low-speed rather than 
high-speed centrifugation. In addition, bundling was 
assayed by electron microscopy of the mixtures before 
centrifugation to visualize bundles vs. individual fila
ments of acdn (HONTS et aL 1994). In the absence of 
Sac6p, the majority of either wild-type or mutant actin 
remains in the low-speed supernatant and is present as 
individual filaments as viewed electron microscopically 
(Figure 3, D and H). In the presence of wild-type 
Sac6'^p, almost all the wild-type actin and Sac6*p is 
recovered in the low speed pellet, indicative of bundles 
of actin filaments cross-linked by Sac6*p; electron mi
croscopy confirms the predominance of bundles rather 
than individual filaments (Figure 3A). 

sac6 mutadons genetically suppress the aetl-120 mu
tant aUele by restoring the interaction between mutant 
actin and Sac6p: In the first experiments, binding 
assays were conducted using 0.125 M salt. As reported 
previously (HOLTZMAN et aL 1994; HONTS et aL 1994), 
we found that wild-type acdn filaments bind to wild-
type SacS'^p, as most actin and SacS"*" protein is found 
in the high-speed pellet (Figure 2A). In contrast, ActI-



1638 T. M. Sandrock. J. L. O'Deil and A. E. Vf. Adams 222 

Sac6'''p Sac6-5p Sac6'19p NoSac6 

0.125 0.5 IJ) 0.125 0.5 1.0 0.125 0.5 1.0 0.125 0.5 1.0 
s p s p s p « p « P » P s p s p s p s p s p s p 

> 

A 

— 
B c D 

£> — - . —. — - -

Aca-120p  ̂ ^ ^ ^  Aca-120p  ̂

F a H 

J> 

No Actlp ̂  

. ... I 

• — — 

J K 

FIGURE 2.—Binding assays of various combinations of wild-type and mutant actin and Sac6p, at 0.125, 0.5, or L.O M NIaCl. 
SDS-PAGE analysis (10%), visualized by Coomassie staining, of supernatant (s) and pellet (p) from high-speed centrifugation 
(HONTS et aL 1994), following polymerization of actin (Actlp) in the presence or absence of Sac6p. The positions of Sac6p 
(hollow arrowheads) and Actlp (solid arrowheads) are indicated. 

120 mutant actin filaments are defective in binding to 
wild-type Sac6^p (HOLTZMAN et al. 1994; HONTS et aL 
1994), because although most mutant actin is found in 
the high-speed pellet, most SacG"^ protein is found in 
the supernatant (HOLTZMAN et aL 1994; Figure 2E). To 
test whether the sac6 mutations genetically suppress the 
actl mutant alleles by restoring the interaction between 
mutant actin and Sac6p, we examined the biochemical 
interacdons between ActI-120 acdn and Sac6-5 or Sac6-
19 mutant proteins. In each case, the mutant Sac6 pro
teins were found to associate with mutant Actl-I20p: 
unlike with wild-type SacB'^p, most mutant Sac6p and 
acdn was found in the high-speed pellet (compare Fig
ure 2, E with F and G). This level of interaction is similar 
to that seen between wild-type acdn and Sac6 proteins 
(Figure 2A) and reflects the in vivo suppression seen 
between act 1-120 and sac6-5 or sac6-l9 (HONTS et aL 
1994; SANDROCK 1996). 

As Sac6p is an acdn-filament bundling protein, a 
funcuonal test of the associauon of mutant Sac6p and 
mutant acdn was whether the two mutant proteins 
could restore formation of bundles of actin filaments 
in vitro. Two assays for bundling indicated that Actl-
120p can form extensive bundles in the presence of 
either mutant Sac6-5p or Sac6-19p, but not wild-type 
Sac6'^p. First, in the presence of mutant Sac6p, most of 
the Actl-120 mutant actin and Sac6p was found in the 
low-speed pellet (Figure 3, F and G), suggestive of bun
dles rather than individual filaments (comparable to 
those seen with wild-type actin and Sac6^p; Figure 3A). 

This was in contrast to what was seen in the presence 
of mutant Actl-120p and wild-type Sac6'p: most of the 
Actl-I20p and Sac6'"p was found in the low-speed super
natant (Figure 3E), indicative of individual filaments 
rather than bundles (comparable to the result obtained 
in the absence of Sac6p; Figure 3H). The second assay 
for bundling, electron microscopy, confirmed that most 
mutant Actl-120 filaments were bundled in the pres
ence of mutant Sac6-5p or Sac6-19p, but not wild-type 
SacS'^p (Figure 3, E-G). Together, our results show 
that the restoration of binding to and bundling of Actl-
120 mutant actin filaments by Sac6-3 or Sac6-19 mutant 
proteins mimics the suppression seen between these 
actl and sac6 mutations in vivo. Thus, these results sug
gest that genetic suppression is the result of an increase 
in binding affinities between the two mutant proteins 
in vivo. 

The sac6'5 and sac6'I9 maudons create novel sites 
of interaction with actin: Two genetic observations pre
viously suggested that rather than restore the original 
interaction by a lock-and-key mechanism, the sac6 sup
pressors may create a novel contact First, several differ
ent actin mutations that affect residues throughout the 
Sac6p-binding domain of actin could be suppressed by 
any one sac6 mutation; and second, any one actin muta
tion could be suppressed by several different sac6 muta
tions (HONTS et aL 1994; BROWTER et al. 1995). Both of 
these observations suggest that there are multiple ways 
to correct a defective interaction, and therefore argue 
that novel contacts must be involved. To test whether 
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FIGURE 3.—Cross-linking of various combinations of wild-type and mutant actin and Sac6p, assayed by SDS-PAGE. visualized 
by Coomassie staining, of supematants and pellets after loŵ peed centrifugauon (left of each panel), and by electron microscopy 
of the mixture before centiifugation (right of each panel). Portions of a single reaction mixture were used for both analyses. 
The position of Sac6p (hollow arrowheads) and Actlp (solid arrowheads) in the supernatant (s) and pellet (p) are shown. Bar, 
1 /im. 

the sac6 suppressor mutations do indeed create novel 
contacts, as suggested by our genetic data, or restore 
the original contact, as predicted by the lock-and-key 
model, we examined the interactions between wild-type 
actin and mutant Sac6-5p or Sac6>19p. We predicted 
that if the sac6 suppressors act by generating novel con
tacts between Sac6p and mutant actin, the Sac&5 and 

Sac6-19 mutant proteins should also bind more tightly 
to wild-type actin than does wild-type Sac6p. To test 
this pre^ction, binding assays employing high-speed 
centi^gation were conducted as before. However, to 
detect interactions even stronger than the wild-type in
teraction, it was first necessary to identify conditions 
under which binding of wild-type Sac6p to actin was 



1640 T. M. Sandrock, J. L. O'Dell and A. E. M. Adams 224 

weakened in vitro. Increased concencradons of >raCI, 
from 0.125 to 1.0 M, weakened the wild-type acdn-Sac6p 
interacdon, as shown by increased levels of Sac6*p in 
the supernatant (Figure 2A). This finding enabled us 
to test whether the mutant Sac6-3 and Sac6-19 proteins 
bind more dghdy to wild-type actin than does wild-type 
Sac6p; as shown in Figure 2, A-C, we found that they 
do. Thus, at a salt concentration of either 0.3 or 1 vi 
NaCI, more mutant than wild-type Sac6p is found in 
the high-speed pellet. These findings indicate that the 
mutant Sac6 proteins have a higher affinity for wild-
type acdn than does wild-type Sac6p, and support the 
idea that the increased interacdon between mutant ac-
un and Sac6p occurs through novel contacts. By gener
ating a new sice of interacdon, any one suppressor 
thereby overcomes weakened interacdons caused by 
any one of a number of act J alleles (BROVVER et al. 1995). 

A vety high affinity of Sac6p for acdn results in a 
growth defect: As mendoned earlier, sac6-5 and sac6-l 9 
mutants have different phenotypes in an ACTT genedc 
background. In particular, ACTI* iac6-Z 9 strains have 
a strong growth defect, whereas ACTV sac6-5 strains 
do not (ADA.MS and BOTSTEIN 1989; BROWERSM/. 1995). 
Previously, the growth defect of sac6-I9was interpreted 
in light of the lock-and-key model (ADA.MS et al. 1989; 
ADA.V{S and BOTSTEIN 1989), i.e., as being due to failure 
of the mutant Sac6-I9p to interact with wild-type actin, 
and led to the prediction that Sac&-19 mutant protein 
would bind less dghdy to wild-type actin than does wild-
type Sac6p. The finding here that Sac6-5 and Sac6-19 
mutant proteins have a higher aifinixy for wild-type actin 
than does wild-type Sac6p, however, suggested that the 
in mvo defect seen in ACTT sac6-19 strains might be 
due to an interaction between Sac6-19p and wild-type 
actin that is too strong, rather than one thac is too weak. 
.As ACrr sac6-5 strains are not similarly defective in 
vivo, we predicted that Sac6-3p might therefore bind 
less tightly to wild-type actin than does Sac6-19p. To 
test this idea, we compared the relative strengths of the 
interactions of these mutant Sac6 proteins with wild-
type actin. .As shown in Figure 2, B and C, we found 
that Sac6-19p does indeed have a greater affinity than 
Sac6-5p for actin, because at 1.0 .vi salt most Sac6-19, 
but not Sac6-5, protein remains bound to wild-type actin 
and is found in the high-speed pellet. Thus, the large 
increase in affinity of Sac6-19 for wild-type actin ex
plains the growth defect of ACTV sac6'l9 mutant 
strains. 

DISCUSSION 

In this study, we have analyzed the molecular basis 
for the suppression seen between various actl and sac6 
mutations. In particular, we have used biochemistry to 
probe the strengths of the interactions between various 
combinations of wild-type and mutant actin and Sac6 
proteins. We have found that sac6 suppressor mutations 

increase the affinity of Sac6 protein for mutant actin, 
and thus compensate for a defective interaction caused 
by various actin mutations, and also increase the affinity 
of Sac6 protein for wild-type actin, and thus result in 
an interaction that is even stronger than the wild-type 
Sac6p-actin inceraction. The implications of these re
sults for other suppressor studies, and for protein-pro-
tein interactions in general, are discussed. 

AUele-specific suppression: SACS was originally 
identified genetically through the isolation of suppres
sors of the Ts growth defect of the act 1-3 mutation (AD-

•WIS AND BOTSTEIN 1989). The finding that sac6 muta
tions suppress both the actl-l and act 1-3, but not the 
actl-4, mutant alleles led to the conclusion that suppres
sion was allele-specific (ADAMS and BOTSTEI.N 1989). 
Further analysis revealed that any one actin mutation 
can be suppressed by any one of several different sac6 
alleles, and any one sac6 mutation can suppress several 
different actl alleles (HONTS et al. 1994). .Although 
there is clearly some degree of allele-specificity in the 
suppression (not all actl alleles are suppressed), the 
fact that any one actl allele can be suppressed by any 
one of several different sac6 alleles, and any one sac6 
allele can suppress any one of several actl alleles, indi
cates there is also a degree of nonspecificity. We there
fore prefer the term allele-restricted suppression to de
scribe this phenomenon. 

.Allele-specific suppression is often taken as evidence 
of protein-protein interactions: conversely non-allele-
specific suppression is usually taken as evidence of by
pass suppression. As shown in this study, mutations that 
show allele-restricted suppression may also identify 
physically interacting proteins. 

The mechanism of suppression: The finding that 
sac6 mutations result in an increased affinity of Sac6 
protein for mutant actin indicates that suppression oc
curs through restoration of a defective interaction be
tween mutant actin and wild-type Sac6p. However, the 
finding that sac6 mutations also cause an increased af
finity for wild-type actin demonstrates that suppression 
occurs through the generation of novel contact sites 
(Figure 4). Such sites increase the strength of the inter
action between actin and Sac6p in a way that is less 
specific than that predicted by the lock-and-key model. 
TTiis more global type of suppression has not been de
scribed for protein-protein suppressors but has been 
seen in studies of operator-repressor interactions {e.g.. 
NELSON and SAUER 1985; BETZ 1987; OERTEL-BUCHHEIT 

et aL 1992), in which repressor mutations that can sup
press operator mutations do so through binding more 
dghdy to DNA in general. Similarly, this type of suppres
sion has been seen in RNA-RNA interactions. For exam
ple, LESSER and GUTHRIE showed that a mutation at the 
5' splice site of an intron can be suppressed by U6 
snRNA mutations that extend the complementarity be
tween the splice site and 116 (LESSER and GUTHRIE 

1993). It is likely that the most common kind of suppres-

I 
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FIGURE 4.—Model of the mechanism of alleleipeciiic suppression between actin and Sac6p. Actin is indicated with smaller 
patterned box, and Sac6p is indicated with larger patterned box. Broken bars represent lack of contact at potential sites; full-
length bars represent actual contact. The loss or addition of fiilMength ban represent the reduction or increase in aHinity 
between acdn and Sac6p. 

sons between interacting proteins will be ones that in
crease the affinity between proteins in this manner, as 
(1) the target size for such suppressors is likely to be 
much greater than that for suppresson acting through 
the more specific lock-and-key mechanism and (2) for 
biological hinction, the interaction between any two 
proteins is probably not maximal, making it likely that 
for most combinations of interacting proteins, there 
will be many different ways of increasing the strength 
of the interaction. 

Recently, the crystal structure for the N-terminal ac-
tin-binding domain of human T-Rmbrin has been 
solved (GOLDSMITH et aL 1997). As yeast Sac6p and hu
man T-fimbrin are 44% identical to each other (ADAMS 

et aL 1991), it is likely that the structure of the yeast 
protein will prove to be very similar. GOLDSMITH et aL 
have shown that the sac6 suppressor mutations change 
residues predicted to lie in internal regions of the pro
tein, and thus likely cause suppression by altering the 
conformation of the protein, either by exposing novel 
residues or by altering the orientation of existing sur
face residues. These findings are in agreement with our 
genetic and biochemical studies that show suppression 
occurs through the generation of novel contacts. 

The importance of an interaction that is neither too 
strong nor too weak: The finding that Sac6-3p and 
Sac6-19p both have a greater afBnicy for actin than does 
wild-tvpe Sac6p indicates the wild-type actin-Sac6p inter
action is not maximal. Comparison of the interactions 
betv\-een actin and Sac6-3p or Sac6-19p indicates that 
Sac6-I9p has an even greater affinity for actin than does 
Sac6-5p. The very strong interaction between Sac6-19p 
and actin is presumably responsible for the poor growth 
phenotype of sac&l9 ACTI* cells seen in i/tuo (ADAMS 

and BOTSTEIN 1989); that is, interactions that are too 
strong are probably as detrimental as interactions that 
are too weak. It is likely, for example, that improper 
interacuons that arise during bundle formation 
(WACHSSTOCK et oL 1993) may not easily be corrected 
if individual interactions are too strong. Moreover, the 
dynamic nature of the cytoskeleton, which is necessary 
for reorganization of the qtoskeleton, makes it likely 
that actin-filament bundle formadon is reversible. Thus, 

the optimal interaction between actin and Sac6p is 
probably not necessarily the strongest. These results 
have important implicadons for understanding the dy
namics and funcuoning of the cytoskeleton. 
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