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ABSTRACT 

The actin cytoskeleton has been implicated the 

structural and mechanical properties of the cytoplasmic 

matrix. Actin and a nxomber of actin associated proteins work 

in concert to carry out the various fxanctions of the actin 

cytoskeleton. However, it is unclear how actin associated 

proteins function in conjimction with actin in vivo. I used 

Saccharomyces cerevisiae to investigate the actin 

c y t o s k e l e t o n ( 1 ,  2 ,  3 )  .  

Sac6 protein (Sac6p) is an actin bundling protein that 

consists of a head domain and two homologous actin binding 

domains (ABDs)(4). Despite their homology, evidence exists 

that there are functional differences between the ABDs. To 

explore these differences I asked if either ABD could 

fxinction in place of the other by creating chimeric proteins 

with different combinations of the ABDs. When tested for 

fxinction in vivo, these chimeric proteins are unable to 

coiT5)lement the teirperature and osmotic sensitivity of the 

sac6 null. This suggested that the ABDs of Sac6p are 

functionally distinct. 

To explore what functional differences exist between the 

ABDs of Sac6p, I made several truncations of Sac6p: a C-

terminal deletion of Sac6p that retain the head and the first 

ABD (N410), and two different N-terminal deletions that 

contain only the second ABD (C386 & C397). Overexpression of 
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N410 gave rise to a different organization of the actin 

cytoskeleton than did C386 or C397. This suggested that the 

ABDs/actin interactions are different. 

To determine whether the differences observed between 

the ABDs is the result of their interaction with actin, a 

method was developed to use allele specific suppression of 

the overexpression phenotype to define the region of 

interaction between the ABDs and actin. I tested full length 

Sac6p, N410, C386, and C397. The regions of actin implicated 

by suppression of the Sac6p overexpression and by allele 

specific suppression of sac6 mutants were similar. This 

similarity supports the validity of these two methods in 

mapping the regions of interaction between two proteins. 

Overexpression of N410 was suppressed by different actin 

mutations than overexpression of C386 or C397 suggesting that 

differences exist between the Sac6p actin binding domains in 

their interaction with actin. 
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CHAPTER I: INTRODUCTION 

Actin 

The focus of rny work is to iinderstand the actin 

cytoskeleton. The actin cytoskeleton is essential to the 

eukaryotic cell for it is required in a wide range of 

cellular processes. These include processes maintaining 

cell polarity, protein secretion, endocytosis, cell 

division, mitochondrial segregation and motility (5, 6, 7) . 

The actin cytoskeleton consists of a network of actin and 

the actin associated proteins such as myosin (an actin 

motor) , profilin (binds monomeric actin) , fimbrin (an actin 

filament bundling protein) , and spectrin (an actin cross 

linking protein) to name just a few (2) . 

Actin forms the backbone of the actin cytoskeleton that 

the actin associated proteins bind to in order to carry out 

their various functions. It is to increase our 

understanding of the interaction between actin and the actin 

associated proteins that led us to undertake the studies 

described in the following chapters. To understand these 

interactions between actin and actin associated proteins we 

need to study actin and the central role it plays in forming 

the actin cytoskeleton. 

Actin is a 47 kDa protein. The 3-dimensional structure 

of actin has been solved by X-ray crystalography and 

consists of four subdomains and a nucleotide binding domain 



(Figure 1-1) (8). Actin exists in two states, monomeric, or 

G-actin, and filamentous, or F-actin. The transition from 

G-actin to F-actin requires monovalent or divalent cations 

and ATP. ATP is then bo\ind by G-actin in exchange for ADP. 

Then the ATP is hydrolyzed to ADP during filament formation 

and remains bound to the actin filament. When a filament 

disassembles actin disassociates from the end of the 

filament to become G-actin once more (9). 

To form the actin cytoskeleton the actin filaments are 

bundled and cross linked by actin associated proteins to 

form actin cables and gels. The actin cables and gels are 

then bound by additional actin associated proteins which 

connect the cytoskeleton to the cell membrane. Motor 

proteins also bind to the actin cables and move vesicles 

along them. Together these proteins all combine to make up 

the actin cytoskeleton (9). 

The stability of the network composed of actin and the 

actin associated proteins is regulated by other key actin 

associated proteins. The actin filament is stabilized by 

proteins which bind to the end of filaments or along the 

actin filaments. Destablizing effects are mediated by 

severing proteins which bind actin filaments. The stability 

of the actin cytoskeleton is further regulated by actin 

binding proteins that bind not to F-actin but to G-actin. 

The G-actin binding proteins regulate the monomeric actin 
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pools and the nucleation of new actin filaments. There are 

also niimerous other actin associated proteins whose effects 

on actin are not xinderstood. The actin cytoskeleton is 

therefore a large protein complex conposed of multiple 

proteins interacting with actin (10). These interactions 

are very dynamic, when the actin cytoskeleton reorganizes 

during the cell cycle, these interactions must also 

reorganize (2). 

Actin localization 

Actin and the actin associated proteins combine to form 

a dynamic actin cytoskeleton. In yeast the actin 

cytoskeleton's organization changes according to the cell 

cycle (Figure 1.2). During the cell cycle the actin is seen 

in two main structures, cables and cortical patches. At G1 

the patches are evenly distributed across the surface of the 

mother cell. As the cell initiates a new round of division, 

actin is then polarized with the cables now directed toward 

the incipient bud site and the cortical patches of actin 

localize there. As the bud grows, the cables remain 

directed into the bud and the cortical actin patches are 

localized to the bud. At cytokinesis, actin localization 

changes to a ring aroxind the neck of the bud. Finally, 

after cytokinesis the cortical patches of actin are 

distributed throughout the mother and daughter cells (11, 

12) . 
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The actin cytoskeleton also reorgeinizes in response to 

stress. This may involve changes in tenperature, osmolarity, 

or expression of actin associated proteins. This suggests 

that the actin cytoskeleton organizes and reorganizes to 

meet the demands of the cell and it is thought that the 

actin associated proteins dictate the organization of the 

actin cytoskeleton. 

Actin mutants: 

One approach to understanding the actin cytoskeleton is 

to study actin itself and the regions or domains involved in 

its various cellular functions. To carry out such studies 

both in vivo and in vitro, appropriate mutations in the 

yeast gene encoding actin {ACTl) have either been isolated 

genetically or constructed through site-directed 

mutagenesis. A siibgroup of the actin mutations were 

analyzed in these studies. The isolation of these actin 

mutants is discussed below. 

The two original actin mutations {actl-3 and actl~2) 

were constructed by in vitro mutagenesis followed by gene 

replacement and they lie near each other in subdomain 2 

(13) . An additional mutation [actl-4) was subsequently 

isolated in a similar fashion and lies in sxibdomain 4 

(Figure 1.1) (14). Additional alleles of the actin gene 

were then constructed through site directed mutagenesis. In 
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particular, scanning charged-to-alanine mutagenesis was used 

to create substitutions for those residues exposed on the 

actin surface which might be inportant for protein-protein 

interactions and not perturb protein folding {actl-101 

through actl-136) (15). Finally, mutations in the actin gene 

were isolated as the result of several genetic screens. 

Four alleles were isolated as suppressors of sac6 

terrperature sensitive (Ts") mutations {actl-7, actl-8, actl-

9, and actl-10) (16) and two as suppressors of the lethal 

overexpression of Sac6p {actl-25b (17) and actl-6-25 (18)). 

Subsets of these mutants have been analyzed for defects 

in binding to actin associated proteins, actin organization, 

bud-site selection, secretion, endocytosis, mitochondrial 

organization, nuclear segregation, sporu-lation, binding to 

phalloidin, and sensitivity to temperature, high osmolarity, 

and the actin inhibitor latrunculin-A (5, 6, 7, 15, 19, 20). 

The alleles that have been analyzed to the greatest degree 

are the original mutations actl-2, actl-3 and actl-4 in 

conjunction with the mutations generated by alanine 

scanning, actl-101 through actl-136 (Table 1.1). 

Interaction between actin binding proteins and actin: 

The interactions between actin and the proteins that 

bind to it have been studied previously (21-36). The actin 

binding domains of the actin associated proteins have been 

characterized for homology in their amino acid sequence and 
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shown to be similar between the spectrin superfamily of 

actin associated proteins. This family includes spectrin, 

alpha-actinin, filamin, dystrophin, and fimbrin (21). The 

spectrin family is characterized by a conserved actin 

binding domain which contains -250-300 amino acids and is 

found at the amino terminus of each protein. The spectrin 

family members also share a generalized function of cross-

linking actin filaments. Members also are responsible for 

linking the actin filaments to other proteins such as 

membrane glycoproteins and cytoplasmic proteins which 

connects the actin cytoskeleton to the membrane and as well 

as to cell signaling molecules(21). The primary function of 

cross-linking actin filaments requires, at minimum, two 

actin binding domains. Most of the spectrin family members 

achieve this through dimerization; however one member, 

fimbrin, contains two actin binding domains per protein 

monomer (21). 

Mapping Domains required for interaction 

The region on actin where the actin binding domains 

interact has been characterized for many actin binding 

proteins. In vitro studies have been conducted with the 

spectrin family members: alpha actinin (22, 23, 24), filamin 

(25, 26) and fimbrin (27), plus other actin binding proteins 

such as myosin(28, 29, 30, 31) , troporryosin (32) , 

nebulin(33), fragmin(34), profilin(35, 36) , and scruin(37). 
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These studies, summarized below, define a common region of 

actin where they all appear to interact. 

Alpha-actinin is a dimeric protein which cross links 

actin filaments. It's interaction with actin has been 

studied via cryoelectron microscopy, chemical cross-linking, 

and con̂ etition assays with both peptides and antibodies. 

These studies all implicated residues 1-12, 112-125 and 360-

372 which lie in subdomains 1. Cryo-electron microscopy 

studies also suggested the involvement of subdomain 2 of 

actin in binding alpha-actinin (Figure 1.3) (22, 23, 24). 

Filamin's interaction with actin was analyzed with 

competition assays utilizing both peptides and antibodies. 

The conserved residues 105-120 and 360-372, in subdomain 1 

of actin, were implicated in the filamin/actin interactions 

(Figure 1.3) (25, 26). 

Fimbrin is an actin-bundling protein that contains two 

tandem actin binding domains. In vitro studies using 

cryoelectron microscopy of the N-terminal 375 amino acids of 

fimbrin (N375), which comprise the head domain and the first 

actin binding domain. This study implicated actin residues 

43-100 of subdomain 2 of one actin monomer and 146-148, and 

350-355 of STibdomain 1 of a second actin monomer, along the 

helix, as making contacts with N375 (Figure 1-3)(27). 

Nebulin's and fragmin's interaction with actin all also 

implicate similar N-terminal and C-terminal residues (33, 
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34) . This is despite the fact that they have very different 

actin binding motifs from the actin binding domain shared by 

the spectrin family of actin binding proteins (Figure 1.3). 

Profilin binds to monomeric actin and regulates its 

polymerization into filaments. The interaction of profilin 

with actin has been elucidated through crystallization 

studies of an actin/profilin complex. These studies 

implicated subdomains 1 and 3 in profilin binding, with 21 

residues each from actin and profilin contributing to the 

binding (35) . It supports the previous findings that 

residues 375 and 354 play an important role in the 

interaction (36) (Figure 1.3). 

Myosin is the motor of the actin cytoskeleton. It binds 

to actin filaments and it's interaction with actin has been 

studied through a combination of xray-crystallography, fiber 

diffraction, chemical crosslinking and electron microscopy. 

The primary contacts that myosin makes are on the outer face 

of actin subdomains 1 and 3. There are also the suggestion 

of minor contacts with the outer domain of the adjacent 

monomer (Figure 1.3) (28, 29, 30, 31). 

Tropomyosin binds along actin filaments and is thought 

to stabilize them. Tropomyosin's interaction with actin 

filaments has been explored using electron microscopy and 

image analysis. Skeletal muscle tropomyosin binds to either 
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subdomains 1 and 3 or the "inner face" of actin (figure 1.3) 

(24, 32). 

Gelsolin is a calcium regulated actin severing protein. 

It is organized into six repeats, designated Sl-6. It has 

several different actin binding sites that interact with 

both the actin monomer and filament. The monomer binding 

sites are located in SI and S4-6 and contact subdomains 1 

and 3 of actin. The filament binding domain is in S2-3 of 

gelsolin and binds to subdomains 1 and 3 (Figure 1.3) (38, 

39) . 

Scruin is a 102-kD protein isolated from the acrosomal 

process of Limulus sperm. It contains two homologous actin 

binding domains and cross-links actin filaments into a 

highly organized bundle. The two actin-binding domains of 

scruin , despite their apparent homology, bind to two 

different regions on actin. One domain of scruin binds to 

the outer face of subdomain 1 and at the junction between 

subdomains 3 and 4. The other actin binding domain of 

scruin contacts the back face of subdomains 1 and 2 (Ficfure 

1.3) (37) . 

The regions of actin that are involved in binding to 

actin associated proteins appear from the studies summarized 

above to implicate siibdomain 1 as being important for the 

binding of most of the actin associated proteins with either 

subdomains 2 or 3 also playing a major role (Figure 1.2) . 
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It would seem likely that not only do the proteins that have 

homologous actin binding domains have the potential to 

conpete in binding to actin but that members of different 

families of actin associated proteins may also compete. For 

exanple, based on the similarity in the region of actin 

tropomyosin, alpha-actinin and ir̂ osin of interact with we 

would predict that they would compete for binding to actin. 

Studies have shown that tropomyosin does compete with alpha-

actinin for binding to actin, though myosin does not (24) . 

The similarity in the regions of actin bound by these 

various proteins in vitro and the homology between family 

members leads us to ask whether these represent the in vivo 

binding sites and could a given actin binding domain of one 

protein replace that of another and retain functionality. 

This functional equivalence has been demonstrated with 

gelsolin. A hybrid protein was constructed of the gelsolin 

SI domain and the alpha-actinin actin binding domain. The 

gelsolin/alpha-actinin hybrid had severing activity that was 

coiiiparable to the corresponding gelsolin Sl-3 fragment (40) . 

Based on the homology between the spectrin class of 

actin binding domains and the similarity in the region of 

actin where they interact, perhaps any one of the actin 

binding domains is able to replace another. Sac6p has two 

homologous actin binding domains (4) and is a good candidate 

for testing the functional similarities between these actin 
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binding domains. In Chapter III, I describe a study where 

I have replaced each of the Sac6p actin binding domains with 

the other and asked if the resulting chimeric proteins are 

able to replace Sac6p in the cell. 

Yeast Fiinbrin, Sac6p 

Prior studies identified the SACS gene product (Sac6p) 

as a critical actin binding protein. sac6 alleles were 

isolated genetically as dominant suppressors of the 

temperature sensitivity of the actl-3 mutation, and 

biochemically by affinity chromatography on F-actin columns 

(41) . Some alleles of sac6 also were Ts" in an ACTl genetic 

background. This indicated that the suppression between 

actl and sac6 was reciprocal and suggested that it resulted 

from compensating changes in physically interacting 

proteins. Sequence analysis of the SACS gene showed it to 

be a homologue of the actin bxindling protein fimbrin and 

contains two actin binding domains (42). Fimbrin was 

originally isolated as an actin bundling protein from 

chicken microvillie and known in humans as plastin (43). 

Biochemical analysis of Sac6p demonstrated the ability of 

Sac6p to bxindle actin filaments (42) . Presumably this 

occurs through its two homologous actin binding domains. 

This bundling activity was further analyzed biochemically 

using combinations of wildtype or mutant actins and Sac6p 

(16) . 
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The bundling studies, using wildtype or mutant actins 

and Sac6p, showed that the actin mutations that are 

suppressed by sac6 mutations decrease the affinity of actin 

for Sac6p, and that the corresponding sac6 mutations that 

suppress the actin mutations restore the interaction by 

increasing the affinity of Sac6p for actin (16). 

Furthermore, mutations in either of the two Sac6p actin 

binding domains were able to restore this interaction and 

suppress the growth defect of the actin mutants (44). This 

result suggested that the two Sac6p actin binding domains 

are equivalent. However, there were differences in the 

ability of the various mutations in the Sac6p actin binding 

domains to suppress the sporulation defect of actin mutants. 

Furthermore, the sac6 mutations {sac6-5 and sac6-2) are 

highly Ts" and lie in the region of the gene that encodes 

the first actin binding domain (44). sac6-5 and sac6-2 also 

have an affinity for actin that is greater than wildtype 

(45) . This finding suggests that the amoxint of Sac6p bound 

to actin is critical for proper functioning of the actin 

cytoskeleton and that mutations in either actin binding 

domain of Sac6p can restore the interaction of Sac6p and 

mutant actins to approach wildtype levels. 

In vivo studies have been carried out on the 

Sac6p/actin interaction. Mutations in actl have been assayed 

for their ability to be suppressed by mutations in sac6 
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(16). In addition these actin mutations have been analyzed 

for phenotypes similar to the sac6 null mutation and for 

disrupting two-hybrid interactions between actin and Sac6p 

(46, 47) . These studies have inplicated subdomains 1 and 2 

of actin as being involved in the in vivo interactions 

between these two proteins. Specifically a cluster of actin 

residues 32-99/100 were inplicated by the above studies. 

Binding and bundling studies carried out in conjunction with 

the above mutational analysis also supported that mutations 

in actin residues 32-99/100 effect the actin Sac6p 

interaction (Figure 1.2)(16, 47). 

Sandrock (1996) investigated whether the overexpression 

of Sac6p would have any negative effect on the growth of 

yeast (17). She found that the overexpression of Sac6p 

inhibited the growth of yeast cells and was ultimately 

lethal. The lethality resulting from Sac6p overexpression 

could be suppressed by actin alleles such as actl-3 or actl-

25b (17). We used the lethality that results from Sac6p 

overexpression to develop an in vivo method for studying the 

interaction between actin and Sac6p using the actin mutants 

discussed above. 

Allele Specific Suppression 

The in vitro studies of the interaction between actin 

and actin associated proteins have suggested that the actin 
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associated proteins interact with sxabdoitiains 1 and 2 of 

actin. In vivo methods are needed to further xinderstand how 

all these different actin binding proteins interact v/ith the 

same region on actin. I have developed an in vivo method 

for determining the region of interaction between two 

proteins. This method utilizes mutations in actin, the 

lethality that results from Sac6p overexpression, and the 

finding that actin mutants suppress that lethality in an 

allele-specific manner. The finding that the suppression is 

allele-specific allows us to use this method for defining 

regions of interaction (41). Allele-specific suppression is 

observed between genes that encode interacting proteins and 

is characterized by a mutation in one gene that suppresses 

only a subset of mutant alleles in a second gene. This can 

occur through compensatory changes in two interacting 

proteins that restore their interactions to a more wildtype 

level. The classic exaitple of this phenomenon is from 

suppressors of phage P22 mutations (48) . The mechanism for 

suppression can be a "lock and key" model, which is seen 

with protein-DNA complexes, or in protein dimerization, 

where it is the fit and orientation of the binding sites 

that is restored (41) . Another model for this is the 

"increased affinity" model, where the mutations restore the 

interaction to wildtype levels by creating new contacts 

between the two proteins or molecules (45) . Examples of 
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this are sxiinrnarized in the thesis of Tanya Sandrock (17) . 

Sandrock et.al. demonstrate that allele specific suppression 

between Sac6p and actin occurs by this mechanism (45) . 

High copy suppression can also exhibit allele 

specificity. This occurs when a mutation in the gene 

encoding protein X decreases the affinity of that protein 

for protein Z. This decreased interaction leads to an 

observable phenotype. If protein Z's expression is 

increased over wildtype levels, then there is more protein Z 

to interact with protein X and therefore a corresponding 

increase in a ZX coitplex. For example, a mutation in CDC34 

(which encodes the xibiquitin conjugating enzyme) has a cell 

cycle defect which is suppressed by increased expression of 

ubiquitin. Subsequent biochemical analysis of the cdc34 

mutation showed that it had a decreased affinity for 

ubiquitin and suggested that the nature of the suppression 

was due to increased levels of ubiquitin leading to more 

ubiquitin being bound by cdc34 (49). 

Allele specific, reciprocal suppression constitutes an 

even more exacting standard for the interaction between 

Sac6p and actin mutants. Reciprocal suppression occurs when 

two mutations have phenotypes but each of their individual 

phenotypes is suppressed when both mutations are present. 

One example of this is with actin and SACS. sac6 was 

isolated as a dominant suppressor of the Ts" actl-3 
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mutation. Subsequent analysis showed that sac6-2 mutation 

alone is Ts". Therefore in an actl-3 sac6-2 mutant the 

actl-3 suppresses the Ts" phenotype of sac6-2 and the sac6-2 

mutation suppresses the actl-3 mutation (41). This 

indicates that each of the two mutations compensates for the 

change in the other in a precise manner and suggests that 

the two proteins interact. Subsequent biochemical analysis 

revealed that not only did the two proteins bind to each 

other, but that the actl-3 mutation decreased the binding of 

Sac6p to actin, the sac6-2 mutation increased the binding of 

Sac6p to actin; therefore, the combination of the two 

mutations restored to near wildtype levels the binding of 

Sac6p to actin (45). 

Reciprocal allele specific suppression is a good 

indication of direct interactions between two proteins. 

However, it is possible to envision a scenario where the 

two proteins interact indirectly and yet show reciprocal 

suppression. This type of suppression could occur in a 

signaling pathway where one mutation hyper activates the 

pathway and another mutation affecting a protein acting at a 

different point reduces the signal back to wildtype levels. 

Overexpression: 

The organization of the actin cytoskeleton depends not 

only on the presence of its associated proteins but also on 
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the amount of them present in the cell. Many of the 

proteins that make up the actin cytoskeleton are dosage 

sensitive. The overexpression of either actin, Sac6p and 

Abplp (an actin binding protein) is lethal (50). In 

addition overexpression of either Cap2p and Caplp (51), 

Myo4p (myosin) , Myo2p (myosin) (52) , or ActSp (actin 

related protein) (53) gives rise to defects in cell 

morphology. These phenotypes can be suppressed by 

overexpressing a second protein. For example, the lethality 

that results from the overexpression of actin can be 

suppressed by overexpressing either profilin or Anc2p (a 

subunit of a chaperonin)(54, 55). 

The lethality of Sac6p overexpression can be suppressed 

by a mutation in actin (45) . Overexpression of Sac6p 

increases the amount of Sac6p in the cell which should 

increase the amount of Sac6p bound to actin in the cell 

(17). In vitro analysis demonstrates that the sac6-2 

mutation also increases the interaction between Sac6p and 

actin. Furthermore, the suppression of sac6-2 by mutations 

in actin is reciprocal and allele-specific (45). Therefore, 

mutations in actin which suppress the sac6-2 mutation by 

decreasing the interaction between Sac6p and actin to 

approximately wildtype levels may also suppress the 

lethality of Sac6p overexpression by reducing the amount of 

Sac6p bound to actin to wildtype levels. Furthermore, the 
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suppression of Sac6p overexpression by mutations in actin 

may also be allele specific and reciprocal. In Chapter IV 

we report the development of a method which uses the 

reciprocal and allele-specific suppression of the lethality 

of Sac6p overexpression to map regions of interaction 

between Sac6p, the Sac6p actin binding domains and actin. 
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Figure 1.1 Model of the actin monomer. Actin 

mutations are highlighted in yellow and labeled. To 

aid in orientation I have also labeled the actin 

subdomains in brackets and the amino and carboxy 

termini. 
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Figure 1.2 Cartoon of the yeast cell cycle demonstrating 

the changes that occur in the polarity and organization of 

the actin cytoskeleton. 
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Figure 1.3 Modeling of the amino acids of actin that have 

tested positive for involvement in the interactions of actin 

with: A) alpha-actinin, B) fimbrin, C) myosin, D) 

tropomyosin, E) filamin, F) fragmin, G) nebulin, H) 

gelsolin, I) profilin, J) scruin. Residues that have been 

determined to be involved in the interactions of the 

respective actin associated proteins with actin are 

highlighted in blue and red. Blue represents binding to one 

actin protein in the actin filament and red represents 

binding to a second actin protein adjacent to the first. 

Arrows point to general regions of interaction. Modeling of 

the coordinates for rabbit muscle actin was performed using 

with a Power Macintosh mnning RasMac Molecular Graphics 

Macintosh version 2.6. 
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Fiqure 1.3 continued 
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Table 1.1: Table of the actin mutations used in the studies 

contained in this manuscript. (1) isolated by random 

mutagenesis of actin (13). (2) isolated as a suppressor of 

sac6 point mutations(16). (3) isolated in a screen for 

suppressors of the lethal overexpression of Sac6p(17)(Sharon 

Brower, unpublished). (4) isolated by charged to alanine 

scanning (15) . 
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actl- amino acid isolated Haploid 
replacement by Ts"^ or Ts~ 

2 A58T 1 -

3 P32L 1 -

4 E259V 1 -

7 K61N 2 -

8 H88Y 2 -

9 D56A 2 -

10 T89I 2 + 

25b G48V 3 -

101 D363A,E364A 4 -

102 K359A,E3eiA 4 + 

103 E3 34A,R335A,K336A 4 lethal 
104 K315A,E316 4 + 

105 E311A,R312A 4 -

106 R290A,K291A,E292A 4 lethal 
107 D286A,D288A 4 lethal 
108 R256A,E259A 4 -

109 E253A,R254A 4 lethal 
110 E237A,K238A 4 lethal 
111 D222A,E224A,E226A 4 -

112 K213A,E214A,K215A 4 -

113 R210A,D211A 4 -

114 E205A,R206A,E207A 4 lethal 
115 E195A,R196A 4 + 

116 D187A,K191A 4 + 

117 R183A,D184A 4 + 

118 D154A,D157A 4 lethal 
119 R116A.E117A,K118A 4 -

120 E99A,E100A 4 -

121 E83A,K84A 4 -

122 D80A,D81A 4 -

123 R68A,E72A 4 + 

124 D56A,E57A 4 -

125 K50A,D51A 4 -

126 K326A,K328A 4 lethal 
127 E270A,D275A 4 lethal 
128 E241A,D244A 4 lethal 
129 R177A,D179A 4 -

130 E93A,R95A 4 lethal 
131 K61A,R62A 4 lethal 
132 R37A,R39A 4 -

133 D24A,D25A 4 -

134 DllA 4 lethal 
135 E4A 4 + 

136 D2A 4 -
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CHAPTER IX: MATERIALS & METHODS 

Yeast strains and Media: The yeast strains used in this 

study are listed in Appendix C. Media for yeast growth and 

sporulation and the methods for mating sporulation and 

tetrad dissection are described in Sherman et. al. (56). 

Growth on plates was determined by placing cell cultures 

onto plates using a 32 prong inoculator. Yeast 

transformation was by the lithium acetate method. Isolation 

of genomic DNA was by a modification of the method of Struhl 

(57) . 

Enzymes: Unless otherwise noted, all enzymes and 

nucleotides used for cloning and PGR were from Boehringer 

Mannheim. Cloned pfu + exonuclease was purchased from 

Stratagene. 

Oligonucleotides: Oligonucleotides used for PGR were as 

follows: AA0119 and AA0120 for amplification of actin 

sequences; KTOl, KT02, KT03, and AA069 for the generation 

of an Sphl site just 3' of the stop codon of SACS; AA017 and 

KT04 for the generation of a fragment containing the N-

terminal 410 amino acids of Sac6p (N410); KT020 and KT03 for 

generation of a fragment containing the G-terminal 386 amino 

acids of Sac6p (G386); KT021 and KT03 for generation of a 
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fragment containing the C-terminal 397 amino acids of Sac6p 

{C397); AA039, KT08, KT04, KT07, and KT09 to generate H+1+1; 

AA039, KT06, KTOl and KT05 were used to create the H+2 

fusion required for H+2+2 and H+2+1; AA039, KTOll, KTOlO, 

and KTOl were used to generate H+2+2; AA039, KTOll, KTOlO, 

and KTOl were used to generate H+2+1. The primer sequences 

are listed below. The number to the left of the 

oligonucleotide sequence refers to the 5' nucleotide in the 

sequence, and that to the right refers to the 3' nucleotide 

(the A of the first methionine ATG in SACS being nucleotide 

#1, and the A of the stop codon TGA being nucleotide #2040) . 

The locations and orientation of the oligonucleotides in 

relation to the SAC6 gene are shown in Figure 2-1 

AA017: 119 (gctctagaagcggtgtcc) 136; 

AA039: -25 (gccctaaggagtacacc) -9; 

AA069: 957 (gcaatttttgaggttgcc); 

AA0119: -56 (atttttcacgcttactgc) -39; 

AA0120; 1448? (ggaccactttcgtcgtat) 1465? 

KTOl: 2058 (cgaaagttgtttgcatgctcatttgttc) 2031; 

KT02: 2031 (gaacaaatgagcatgcaaacaactttcg) 2058; 

KT03: 2429 (ccatctggatccgggtgcaatt) 2408; 

KT04: 1341 (ttgttgtttgcatgctcaaccttcggcgtcaaattcttc) 1321; 

KT05: 527 (attgatggtatgtgtagtacctgtttg) 501; 

KT06: 1342 (gagagagaggcaagagtctttacc) 1365; 

KT07: 1341 (accttcggcgtcaaattcttc) 1321; 
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KT08: 528 (gaagaagaaagacgtgaatttact) 552; 

KTOlO: 1267 (ttcaatacacatcctggattagagcc) 1292; 

KTOll: 2022 (taacgaagcgataaaagtaat) 2002; 

KT020: 1267 (ccggggatccatgttcaatacacatcctggattagagcc) 1292; 

KT021: 1297 (ggatggatccctatgcaggaagaggaaaagcctg) 1315; 

Construction of SAC6 deletions and chimerics: PGR 

with the exo+ pfu DNA polymerase (Stratagene) of AAB117 

containing SACS was used for the following cloning unless 

stated otherwise. The ligation products were transformed 

into DH5 alpha using a modification of the Hannohan 

Procedure. All cloned PGR derivatives were verified by 

restriction digest and then sequenced to verify that no 

mutations had been introduced and that the fusion junctions 

were correct. An exanple of the cloning strategy is shown 

in Figure 2-2 for the creation of H+1+1 . 

To facilitate the cloning a Sphl site was introduced 5' 

of the stop codon of SACS utilizing the primer set of KT02 

and KT03 (AAB364). KT02 and KT03 were used to PGR 399 

nucleotides which included the last 7 nucleotides of coding 

sequence and 392 nucleotides of 3' untranslated region from 

the stop codon onward and the primer set of AA069 and KTOl 

was used to PGR a 1102 nucleotide fragment including 1081 

nucleotides of sequence 5' of the stop codon and 21 

nucleotides of the 3' untranslated region. These two 



40 

fragments were cut with Sail, Sphl, and BamHl and ligated in 

a three way ligation to AAB157 cut with Sail and BamHl using 

T4 DNA ligase. 

N410 (KTBl) was created by utilizing the primer set of 

AA039 and KT04. AA039 and KT04 were used to PGR 1367 

nucleotides which included the first 410 amino acids of 

Sac6p, an intron, and 25 nucleotides of 5* untranslated 

sequence. The KT04 primer included a stop codon and Sphl 

site. This was digested with Xbal and Sphl and ligated to 

AAB364 digested with Xhal and Sphl. 

G386 (KTB2) was created by utilizing the primer set of 

KT020 and KT03. KT020 and KT03 were used to PGR 1163 bases 

which included the last 257 amino acids of Sac6p plus 392 

nucleotides of the 3' untranslated region including the stop 

codon and a BamHl site. This was digested with BamHl and 

ligated to pRP23 digested with BamHl. 

G397 (KTB3) was created by utilizing the primer set of 

KT021 and KT03. KT021 and KT03 were used to PGR 1133 bases 

which included the last 247 amino acids of Sac6p plus 392 

nucleotides of the 3' untranslated region and contained the 

stop codon and a BamHl site. This was digested with BamHl 

and ligated to pRP23 digested with BamHl. 

H+1+1 (KTB4) was created by utilizing the primers 

AA039, KT07, KT08, and KT04 (Figure 2-1). AA039 and KT07 

were used to PGR 1367 nucleotides which included the first 
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410 amino acids of SACS, an intron, and 25 nucleotides of 5' 

untranslated sequence. The primer set of KT08 and KT04 was 

used to PGR a 813 nucleotide fragment containing 271 amino 

acids of Sac6p, a stop codon and a Sphl site. These two 

fragments were cut with Xbal, Sphl, and BamHl and ligated in 

a three way ligation to AAB364 cut with Xbal and BamHl using 

T4 DNA ligase. 

The first step in creating H+2+2 and H+2+1 was to fuse 

the Head domain to ABD2 (KTB7) . H+2 was created by 

utilizing the primers AA039, KT05, KT06, and KTOl. AA039 and 

KT05 were used to PGR 553 nucleotides which included the 

first 138 amino acids of SAC6, an intron, and 25 nucleotides 

of 5' untranslated sequence. The primer set of KT06 and 

KTOl was used to PGR a 717 nucleotide fragment containing 

239 amino acids of Sac6p, a stop codon and a Sphl site. 

These two fragments were cut with Xbal, Sphl, and BamHl and 

ligated in a three way ligation to AAB364 cut with Xbal and 

BamHl using T4 DNA ligase. 

H+2+2 (KTB5) was created by utilizing the primers 

AA039, KTOll, KTOlO, and KTOl. AA039 and KT05 were used to 

PGR 1233 nucleotides of H+2 from KTB7 which included the 377 

amino acids of H+2, an intron, and 25 nucleotides of 5' 

untranslated sequence. The primer set of KTOlO and KTOl was 

used to PGR a 792 nucleotide fragment containing 257 amino 

acids of Sac6p, a stop codon and a Sphl site. These two 
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fragments were cut with Xbal, Sphl, and BamHl and ligated in 

a three way ligation to AAB364 cut with Xbal and BamHl using 

T4 DNA ligase. 

H+2+1 {KTB6) was created by utilizing the primers 

AA039, KTOll, KTOlO, KT07, KT08, and KT04. AA039 and KT05 

were used to PGR 1233 nucleotides of H+2 from KTB7 which 

included the 377 amino acids of H+2, an intron, and 25 

nucleotides of 5' untranslated sequence. The primer set of 

KT08 and KT04 was used to PGR a 813 nucleotide fragment 

containing 271 amino acids of Sac6p, a stop codon and a Sphl 

site. The primer set of KTOlO and KT07 was used to PGR a 75 

nucleotide fragment containing 25 amino acids of Sac6p. 

These three fragments were cut with Xbal, Sphl, and BamHl 

and ligated in a two step. First the 813 nucleotide 

fragment containing 271 amino acids of Sacop, a stop codon 

and a Sphl site was ligated to the 75 nucleotide fragment 

and the ligation product reamplified using KTOlO and KT04. 

Then this 888 nucleotide fragment was ligated in a three way 

ligation to the 1233 nucleotides fragment of H+2 and AAB364 

cut with Xbal and BamHl using T4 DNA ligase. 

Construction of actin mutants in an isogenic 

background: The mutants in actin alleles numbered 101-13 5 

(Table 1.1) were created according to Wertman et al (15). 

Briefly, to integrate alleles actl-101 through actl-136 the 
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strain IGY123 was transformed with a 4kb fragment carrying 

the actl-x gene linked to the selectable marker HIS3. Most 

of the nucleotide changes that give rise to these mutations 

alter restriction sites in the actin gene. Therefore the 

presence of the correct mutations in the transformants was 

verified using PGR and the appropriate restriction enzymes. 

Subsequent DNA sequencing provided additional assurance that 

the correct mutation and only that mutation was present. 

Next, standard yeast genetics was used to demonstrate that a 

single insertion of the actl-x::HIS3 allele was present at 

the actin locus. 

actl alleles 2 through 25b (Table 1.1) were first 

recovered from the genome via PGR with exo+ pfu DNA 

polymerase and the primer set of AA0119 and AA0120. These 

were cut with Bsml and Xhol and then cloned into pUC119 

containing the 4kb EcoRl actin fragment (see plasmids in 

Appendix G: 1-1-H-l; 2-1-H-2; 3-1-H-3; 4-1-H-l; 5-1-H-l; 6-

1-H-l; 7-1-H-l; 1944-2; and 6-25-1). The presence of the 

correct mutation in the cloned PGR product was verified 

through DNA sequencing. The Ikb BamHl fragment of AAB4 

containing HISS was inserted into the Bell site of the actl-

X alleles. These mutations were then introduced into 

IGY123 according to the same procedures used for the actl 

alleles 101 through 136. 
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Detection of proteins by Immunoblottlng: SDS-PAGE 

followed by western Blotting was used to verify that the 

relative protein levels of Sac6p, the chimeric proteins and 

the Sac6p tiriincations in the cell. We grew AAY1046 

containing AAB364 at 30°C to a cell density of 5x10̂  

cells/ml in synthetic complete media lacking uracil and 

containing 2% raffinose as the carbon source. The cultures 

were induced for four hours by adding galactose to a final 

concentration of 0%, 0.0025%, 0.005%, 0.01%, 0.025%, and 

0.05%. 10 mis of culture was then removed and cell pelleted 

at 3000 rpm in a table top centrifuge. The cell pellet was 

resuspended in 50{ils of sample buffer, an equal volume of 

glass beads was added, the sample was boiled for three 

minutes and then vortexed for one minute. An additional 

SÔ ils of sample buffer was added and the boiling and 

vortexing was repeated. Next the samples was centrifuged in 

a microfuge at 14000 rpm for 1 minute and the supernatant 

transferred to a new tube. Between 5-20)0.1 were analyzed by 

SDS-PAGE depending on relative total protein concentration 

established by evenly loaded coomassie strained 

polyacrylamide gels digitized on a color scanner and 

analyzed by N.I.H. image. Rabbit polyclonal antibodies to 

Sac6p was used for Western blotting as described in Sandrock 

(1996) . 
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Analysis o£ the lethality o£ overexpression: IGY12 3 

and AAY1048 were transformed with the appropriate plasmid 

and plated onto synthetic complete media lacking uracil 

containing 2% Dextrose. At least two independent 

transformants were then patched on to synthetic complete 

media lacking uracil containing 2% Raffinose. After 5 days 

the Transformants were struck to single colonies on 

synthetic complete media lacking uracil containing 2% 

raffinose at 23°. After 3-4 days cell suspensions were 

spotted onto synthetic complete media lacking uracil and 

containing either 2% Gal or 2% Raffinose plus 0%, 0.05%, 

0.025%, 0.01%, 0.005%, 0.0025%, or 0.001% Galactose and 

grown at 23°C, 30°C. After three days the plates were 

scored for growth. 

Complementation of sacSA phenotypes: Strains AAY 1046 

and 1048 were transformed with KTB4, KTB5, KTB6, pAAB364, or 

pRP23 and plated onto synthetic complete media lacking 

uracil and containing 2% Dextrose. The transformants were 

then patched on to synthetic conplete media lacking uracil 

and containing 2% Raffinose. After 3 days cell suspensions 

of two independent transformants were spotted onto synthetic 

complete media lacking uracil and containing either 2% Gal 

or 2% Raffinose plus 0%, 0.05%, 0.025%, 0.01%, 0.005%, 

0.0025%, or 0.001% Galactose plus either 0 rtiM NaCl or 500mM 



46 

NaCl and grown at 23°C, 30°C, or 37°C. After three days the 

plates were scored for growth. 

Suppression of sac6-2i Suppression of the growth defect 

of sac6-2 was established using the isogenic strains 

containing the different actl alleles created above. A 

actl-x/actl-3 SAC6/sac6-2 diploid was generated by mating 

THY99 to the IGY strains 47-122 which are MATa. The 

resulting diploid strains actl-x::HISS/actl-3 SAC6/sac6-2 

were then sporulated in 1% KAc, 21 tetrads dissected on 

plates containing YEPD media and the segregants tested for 

growth on synthetic complete media lacking histidine and 

containing dextrose at 23°C or on YEPD at 23°C or 37°C. 

After 3 days the plates were scored for growth. Segregation 

patterns were analyzed as described in chapter 4. 

Reciprocal suppression of actl-x: 

IGY strains 47-122 which are MATa and contain actl-x 

were transformed with pAAB364 or pRP23 and plated onto 

synthetic complete media lacking uracil and containing 2% 

Dextrose. The transformants were then patched on to 

synthetic corrplete media lacking uracil and containing 2% 

Raffinose. After 3 days cell suspensions of the 

transformants were spotted onto synthetic complete media 

lacking uracil and containing either 2% Gal or 2% Raffinose 
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plus 0%, 0.05%, 0.025%, 0.01%, 0.005%, 0.0025%, or 0.001% 

Galactose and grown at 23°C or 37°C. After three days the 

plates were scored for growth. 

Suppression of actl-6-25i A haploid actl-6-25 strain 

with a centromere containing pGall: :SAC6 LEU2 plasmid was 

transfoimed with centromere; URA3 containing plasmids 

carrying either Sac6p, C386, C397, N410, or no insert (NI) 

iinder control of the Gall promoter. The transformants were 

plated on synthetic complete media lacking uracil and 

leucine and containing galactose at 23°C. Transformants 

containing the Sac6p, C386, C397, and no insert (NI) 

plasmids were isolated. Transformants containing N410 were 

not obtained. For each plasmid ten transformants were grown 

on media containing leucine and galactose but lacking uracil 

that allowed the loss of the pGall: :SAC6 LEU2 plasmid but 

maintained the Sac6p C386, C397, or NI plasmids. Isolates 

from each transformant were plated them on synthetic 

coitplete media lacking leucine and containing galactose and 

uracil or on synthetic complete media lacking leucine and 

uracil and containing galactose at 23°C. Plates were scored 

for growth after 3 days 

Fluorescence microscopy; AAY1046 with URA3 containing 

plasmids carrying either Sac6p, C386, C397, N410, or no 
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insert (Nl)were grown at 30°C to a cell density of 5x10® 

cells/ml in synthetic complete media lacking uracil and 

containing 2% raffinose. The cultures were induced for four 

hours by adding galactose to a final concentration of 2% for 

4 hours. The cells were fixed with formaldehyde for one 

hour, washed and stained with rhodamine-phalloidin (58) . 

Synthetic Lethal Mutant Isolation (Screen 1) : 

The first screen utilized the ADE3 color sectoring 

assay developed by Alan Bender et.al. with selection against 

the URA3 gene. A stationary culture of AAY1030 containing 

AAB133 diluted and approximately 2000 cells plated on 

synthetic complete media. The cells were then mutagenized 

with 15J of UV (which was applied to the plates with their 

lids removed) to 10% viability. Following the UV exposure 

the plates are incubated in the dark at 30C for 2 days. Red 

colonies that lacked white sectors were streaked for single 

colonies on synthetic complete media. The red colonies that 

failed to sector on the retest were spotted onto plates 

containing 5-Flouro-urotic acid (5-FOA) to select against 

the URA3 gene on AAB133. Colonies that failed to grow on 

the 5-FOA plates were tested for the presence of a single 

nuclear mutation giving rise to the synthetic lethal 

phenotype. 
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Synthetic Lethal Mutant Isolation (Screen 2): 

The second screen used AAY which contained a sac6::HIS3 

disruption created by exchanging the LEU2 on the sac6: :LEU2 

disruption plasmid with HIS3 and verified by southern 

analysis. The strain was also contained ura3, lys2, leu2 

and a centromeric plasmid with URA3, LYS2, and SACS genes. 

This strain was transformed with the Micheal Snyder library 

and plated onto synthetic coitplete media lacking uracil and 

leucine. Transformants were patched onto synthetic complete 

media lacking leucine growth for several days. They were 

then replica plated to 5-FOA plates and alpha-aminoadipic 

acid plates and grown for several more days. Transformants 

that could not grow on both the 5-FOA plates and alpha-

aminoadipic acid plates were struck to singles from the 

master plate and tested for whether the synthetic lethal 

phenotype segregated with the LEU2 insertion. 
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Figure 2.1. Locations on a SACS containing plasmid 

(pAABll?) (44) of restriction sites and 

oligonucleotides used in this study. A 4-Kb SACl-BamHl 

insert containing the SACS gene is shown. The START 

and STOP codons are marked as well as the actin binding 

domains (ABDl and ABD2) which are to scale. The 

restriction sites shown are unique to the vector. The 

positions of the 3' end of the oligonucleotides (AAO: 

69 and 39; KTO: 1,2,3,4,5,6,7,8,10,11, 20, and 21) are 

indicated by the tip of the arrows. Sequence of the 

oligonucleotides is contained in the material and 

methods. 
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Figure 2.2. A exaitple of the construction of H+1+1. A 4-Kb 

SACl-Bairai insert containing the SAC6 gene is shovm. The 

Head domain and the actin binding domains (ABDl and ABD2) 

are depicted. The restriction sites shown are unique to the 

vector and 4-Kb SACl-BairtEl fragment. Sequence of the 

oligonucleotides is contained in the material and methods 

and their exact position relative to the SAC6 start and stop 

codons is shown in Figure 2.1. 
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Figure 2.2 continued 
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CHAPTER III: FUNCTIONAL ANALYSIS OF THE SAC 6 ACTIN 

BINDING DOMAINS 

INTRODUCTION 

The actin cytoskeleton consists of actin and a nxomber 

of actin associated proteins. One large class of actin 

binding proteins is the spectrin super family, whose members 

all share similar actin binding domains(21). The 

orchestration of the interaction of this class of proteins 

with actin is complex for all appear to interact with a 

similar region of actin (see Chapter I) . Various in vitro 

studies involving filamin(25, 26), alpha actinin(22, 23, 

24), and fimbrin(27) support this hypothesis. These studies 

involve competition assays using peptides or antibodies 

specific to known epitopes, chemical cross-linking, and 

cryoelectron microscopy. Sxibdomains 1 and 2 of actin have 

been implicated as the binding site for the spectrin class 

of proteins. Similar studies with other classes of actin 

binding proteins have also pointed to similar regions of 

actin as their sites of interaction (see Chapter I) . This 

suggests that the actin binding domains of these proteins 

are all functioning in a similar manner and that the 

coordination of their interaction with actin is handled 

elsewhere in the proteins. We chose to use yeast fimbrin 



{Sac6p) to explore any fxinctional differences between 

homologous actin binding domains. 

Sac6p is an actin binding protein that contains two 

adjacent actin binding domains. These domains share 

approximately 29% identity in amino acid sequence with each 

other and with the other members of the spectrin class of 

proteins(42). Sac6p was isolated in yeast by a combination 

of genetics and biochemistry. Mutations in sac6 were 

isolated as dominant suppressors of a temperature sensitive, 

sporulation defective, actin mutation, actl-3{41). The 

original suppressor mutations all mapped to the first actin 

binding domain of Sac6p. Subsequent analysis identified two 

mutations in the second actin binding domain. One mutation 

was a dominant suppressor of the Ts" but could not suppress 

the spoirulation defect of actl-3. The other mutation was a 

recessive suppressor of only the Ts" of actl-3(44). The 

only difference between the suppression of these mutations 

was that the mutations in the second domain were not 

dominant suppressors of the actin mutant sporulation defect. 

The finding that mutations in either domain could suppress 

the same actin mutants supports the idea that these two 

actin binding domains could be binding to a similar region 

of actin. Therefore, we tested this apparent fxmctional 

similarity of the two Sac6p actin binding domains by 

creating chimeric proteins that consist of different 



combinations of the two actin binding domains. 
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RESULTS 

The goal of these experiments was to test whether the 

two actin binding domains of Sac6p are fxanctionally 

equivalent. This question was addressed by constructing 

chimeric proteins consisting of different combinations of 

the two actin binding domains of SACS. These chimeric 

proteins were then tested for their ability to complement 

the teirperature and osmotic sensitivities of a sac6 null 

strain. 

Determination of fusion junctions: The first step in 

constructing the chimeric proteins was to identify the 

boxindaries of each actin binding domain. I used the 

homology between the actin binding domains of Sac6p to 

establish the position of the fusion junctions. I reasoned 

that any changes to these actin binding domains were likely 

to be conserved. Therefore, I fused one actin binding 

domain to the other at the end of one actin binding domain 

and the beginning of the other (Figure 3.1). However, this 

fusion junction lies outside the region of the fimbrin actin 

binding domain for which there is a 3D structure (59) The 

fusion of the two actin binding domains in a unconserved 

region would more likely result in changes in the 

orientation or spacing of the two domains or in an 

iitproperly folded protein. The chimeric proteins (Figure 
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3.2) were then constjructed using P.C.R., cloned into an 

expression vector containing the Gall promoter and 

sequenced. 

Verification of expression of the correct size 

proteins: To verify that proteins of the correct size were 

being made, each of the chimeric proteins was analyzed via a 

Western blot using polyclonal Sac6p antibodies. Expression 

was induced by a shift from raffinose to galactose media and 

total cell protein was isolated (Figure 3.3) A predominant 

band of the predicted size was detected for each protein 

except for C397, which contains only the second actin 

binding domain. C397 is either making too little protein to 

be detected, the C397 protein is highly unstable, or C397 

protein is not recognized by the Sac6p polyclonal antibody. 

If the first hypothesis were true, the amount of the C397p 

must be significantly less than the amount of the endogenous 

Sac6p. However, I present data below which indicates that 

C397 protein levels are sufficient to produce a dominant 

lethal phenotypes when expressed from the Gall promoter. I 

favor the second hypothesis and suggest that the polyclonal 

antibody strongly recognizes the head domain of Sac6p and 

possibly the first actin binding domain. A chimeric protein 

consisting of the head domain from Sac6p and the second 
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act in binding domain of Sac6p give rise to a predominant 

band of the predicted size. 

Induction o£ SAC6 from the Gall promoter at different 

concentrations of galactose: Overexpression of Sac6p 

has been shown to be lethal. If the chimeric proteins are 

fiinctionally similar to Sac6p, then I need to modulate the 

level of the expression of the chimeric proteins in order to 

see con̂ lementation rather than overexpression. Therefore, 

the genes that encode them were placed under the control of 

the Gall promoter. The amount of expression from this 

promoter can be modulated by changing the levels of 

galactose in the medium. Increasing galactose 

concentrations from 0.001%-0.05% in the presence of 2% 

raffinose has been reported to produce to a corresponding 

linear change in expression (Biruce Futcher, personal 

communication) . To verify this observation in our system, 

we expressed Sac6p from the Gall promoter for four hours and 

checked the amount of Sac6p by Western blot analysis of 

total cellular protein. As shown in Figure 3.4 , as the 

level of galactose increased there was a corresponding 

increase in the amoxmt of Sac6p detected. The ability to 

modulate the level of expression from the galactose promoter 

enabled me to vary the expression of the chimeric constructs 
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to determine whether the chimerics were able to coiî lement 

the cytoskeletal defects of a sac6 null. 

Growth defect resulting from the overexpression of 

the chimeric proteins: The galactose concentrations 

that would give rise to viable levels of expression of Sac6p 

and the chimerics were determined. The phenotypes that 

resulted from overexpression of the chimerics were compared 

to phenotype of Sac6p overexpression to explore the 

differences between these chimerics and Sac6p. The range of 

galactose on which stains were able to grow was sxibsequently 

used to determine whether the chimeric proteins and Sac6p 

could complement the sac6 null phenotypes. At 23°, AAY1046 

containing the vector control grew on media at all 

concentrations of galactose tested. AAY1046 containing SACS, 

H+2+2, and H+2+1 all grew at 0.0025% galactose but not at 

levels greater 0.005% galactose, H+1+1 grew on 2% raffinose 

but not at 0.0025% galactose. t-Fimbrin grew on all 

concentrations of galactose (Figure 3.5A). The lethality of 

the overexpression of SACS is in agreement with what was 

seen in the studies by Tanya Sandrock but at much lower 

levels than she tested ((17)) . The lethality of the 

overexpression of the chimeric proteins could be for many 

reasons. However, evidence presented later suggests that 
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the lethality resulting from the overexpression of the 

chimerics is mediated through binding to actin. 

Can Sac6p expressed under the control of the Gall 

promoter complement the defects of the sac6 null?: 

Before I sought to determine whether the chimerics could 

complement the sac6 null that is temperature and salt 

sensitive, I asked whether SacSp expressed from the 

pGall: SAC6 construct could complement a sac6 null. As shown 

in Figure 3.5B,C, pGall:SAC6 is able to complement the 

teirperature sensitive phenotype and fully complement the 

salt sensitive phenotype of the sac6 null from 0% galactose 

to 0.005% galactose. This result shows that I can express 

SacSp at a fimctional level from the Gall promoter even 

though overexpression is lethal. 

Can the chimerics suppress the defects of the sa.c6 

null?: I sought to determine whether the chimeric proteins 

could complement a sac6 null at reduced expression from the 

Gall-10 promoter. A sac6 null strain (AAY1046) carrying the 

chimerics iinder control of the Gall-10 promoter, t-fimbrin 

imder the same promoter, or a vector control {pRP23) were 

spotted onto different media containing a range of galactose 

concentrations from 0%-0.05% galactose in the presence of 2% 

raffinose and also onto 2% galactose. t-fimbrin was added 



to determine whether a protein homologous to Sac6p could 

coxtplement under these conditions As can be seen in Figure 

3.5B,C other than Sac6p, only t-fimbrin is able to 

complement either the terrperature sensitive or the osmotic 

sensitive phenotypes of the sac6 null. The chimerics are 

all unable to complement the sac6 null at any level of 

expression. 

Truncations of Sac6p have different phenotypes 

depending on which domains are deleted: The inability 

of the chimerics to corrplement the sac6 null suggest that 

the two actin binding domains of Sac6p are not fxmctionally 

equivalent. To examine the differences between the two 

domains more directly we created three different constructs. 

In one of these constructs (N410) we deleted the second 

actin binding domain thus leaving only the head (H) and the 

first actin binding domain (ABDl). In a second construct 

{C386) we deleted the Head and ABDl thus leaving only 386 

amino acids of the second actin binding domain. In the third 

construct (C397) we deleted the Head and ABDl (at a slightly 

different position) thus leaving 397 amino acids of the 

second actin binding domain. These constructs were 

transformed into a wildtype strain and spotted onto 

different media contain 0%-2% galactose. N410, C386, and 

C397 were lethal on plates containing 0.01% or greater 

concentrations of galactose (Figure 3.7). 
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Organization of the cytoskeleton in the presence of 

excess Sac6p or the chimerics: The inability of the 

chimeric proteins to complement the sac6 null could be the 

result of a defect in their ability to bind to actin. As a 

first experiment to determine if the chimerics or the 

tnmcations are binding to actin, I stained the actin 

cytoskeleton in cells expressing these chimeric proteins 

with rhodamine labeled phalloidin and then examined the 

stained cells via fluorescence microscopy (Figure 3.6). The 

wildtype cells plus the vector control has a polarized actin 

cytoskeleton with cortical patches localized to the bud and 

cables which were also oriented into the bud. Wildtype 

strains overexpressing either SACS, H+1+1, or N410 were 

characterized by delocalized patches in large cells with no 

visible cables and <5% had actin bars. 

The results above suggest that the overexpression of 

SACS or H+1+1 from the Gall promoter is depolarizing the 

actin cytoskeleton. This cytoskeletal defect resembles that 

of the sacS null. H+2+1, H+2+2, C386 or C396 overexpression 

gave rise to a thick network of actin filaments marked by 

the absence of visible actin cables and cortical patches. 

The perturbence of the actin cytoskeleton by overexpression 

of the chimeric proteins suggests that the growth defect 

results from compromising the integrity of the actin 

cytoskeleton. However, it is also possible that it is 
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merely the non-specific overexpression of a protein that is 

the problem. Genetic studies described later support the 

first hypothesis. The similarity between the 

overexpression phenotypes of Sac6p, the chimerics, and the 

deletions suggests that the lethality resulting from 

overexpression of either Sac6p or these chimerics is due to 

excess binding to actin filaments, not excess bundling of 

actin filaments. In addition, the difference in the 

organization of the cytoskeleton observed between N410 and 

C397 suggests that the two Sac6p actin binding domains are 

functionally different. The difference between the two 

actin binding domains is further supported when actin 

alleles were screened for their ability to suppress the 

lethality of the overexpression of N410 or C386 (Chapter 

IV) . 

DISCUSSION: We tested whether the two actin binding 

domains of Sac6p are functionally equivalent. Chimeric 

proteins were created that consisted of different 

combinations or deletions of the Sac6p actin binding 

domains. These proteins were all shown to be the expected 

size (except for C386 and C397 which could not be detected). 

They were similar to Sac6p, in that they were lethal and 

disrupted the actin cytoskeleton when overexpressed. 

However, the chimerics consisting of two actin binding 
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domains were xinable to conplement either the temperature or 

osmotic sensitivity of a sac6 null. The lack of 

coinplementation could be the result of improper folding of 

the protein product or improper orientation of the two 

domains relative to each other as a result of the fusion 

jxinctions. Alternatively, it could reflect functional 

differences between the two actin binding domains. The 

difference in the organization of the actin cytoskeleton 

observed with Sac6p, H+1+1 and N410 from H+2+2, H+2+1, C386 

and C397 supports a difference between the Sac6p actin 

binding domains. 

The constructs that had deletions either the second 

actin binding domain (N410) or the head and first actin 

binding domain (C286 and C397) had different organizations 

of their actin cytoskeleton. A wildtype strain 

overexpressing N410 was characterized by delocalized patches 

in large cells with no visible cables and <5% had actin 

bars. C386 or C396 overexpression in a wildtype strain gave 

rise to a thick network of actin filaments marked by the 

absence of visible actin cables and cortical patches. This 

suggests that the interaction of each Sac6p actin binding 

domain with actin is different from that of the other. The 

apparent difference in the interaction of each domain with 

actin may explain why the chimeric Sac6p constiructs failed 
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to coirplement the Ts~ and osmotic sensitivity of a sac6 

null. 

The lethality of overexpression of the head and first 

actin binding domain deletions is suppressed by different 

actin alleles. The amount of the first actin binding domain 

deleted varied by only 10 amino acids between the two 

truncations (Chapter IV). Therefore the short stretch of 

about 30 amino acids that separates the two domains does 

appear to influence the interaction of ABD2 with actin in 

these constructs. This shows how sensitive proteins are to 

the positions of fusion jionctions in artificial constructs 

and could also explain why the chimeric Sac6 constructs 

failed to complement the sac6 null. There is no easy way to 

test the folding of the chimeric proteins so the possibility 

of misfolding has not been ruled out. 

The Sac6p actin binding domains are more similar in 

amino acid sequence to the corresponding domain of human 

fimbrin than they are to each other(43). The regions of 

homology have been modeled using the coordinates for crystal 

structure of the first actin binding domain of human 

fimbrin(59). Interestingly, the residues that have 

previously been implicated in being inportant for binding to 

actin are mostly buried. This suggests that the stretches 

of highly conserved residues within the spectrin type actin 

binding domain are not directly interacting with actin. 



Instead they may be inportant for the overall fold of the 

domain and for the orientation of the two siibdomains (5 9) . 

This also suggests that the residues within the actin 

binding domain that responsible for interacting directly 

with actin do not fall into clearly conserved domains. 

Therefore, these two actin binding domains very likely 

interact with actin with different affinities and perhaps at 

slightly different sites. 

We wanted to look more closely at the differences 

between the Sac6p actin binding domains in binding to actin. 

A technique was developed for mapping the region of genetic 

interaction between actin and the individual actin binding 

domains of Sac6p. In Chapter IV we report that different 

actin mutations are required to suppress the lethality 

resulting from over expression of N410, C386 or C397. 
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Figure 3.1 Cartoon of the creation of H+1+1, H+2+2, and 

H+2+1. Shaded areas represent conserved regions of the 

actin binding domains. The X represents the fusion point in 

the creation of the chimerics. 
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Figure 3.1 continued 
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Figure 3.2: Cartoon of wildtype Sac6p and the chimeric 

constructs used in these studies. 
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Figure 3.3: A Western blot probed with cinti-Sac6p and 

visualized with ECL. The gel was loaded with total 

protein extracts from sac6 null strains expressing the 

appropriate chimeric gene under control of the GALl 

promoter [ SAC6 (AAB364), H+1+1 (KTB4), H+2+2 (KTB5), 

H+2+1 (KTB6), N410 (KTBl), (C386 (KTB2)]. No band is 

seen in the leine containing the construct of the Sac6p 

second actin binding domain (C397). As yet we have been 

unsuccessful in getting that deletion product to be 

recognized by our polyclonal antibody. The expected 

sizes of Sac6p (67kd) and N410 (43kd) are mcurked. 

H+l+2 H+2+2 C397 

SAC6 H+1+1 N410 
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Figure 3.4: (A) Western blot probed with cmti-Sac6p and 

visualized with ECL showing the expression of Sac6p from 

the GALl promoter after 4 hours of induction in increasing 

concentrations of galactose with the presence of 2% 

raffinose. Lanes are loaded with total protein extracts 

from sac6 null strains (AAY1046) expressing the SACS gene 

under control of the GALl promoter (AAB364) at different 

levels of galactose. (B) The loading of the samples was 

equilibrated based on both cell number eind on a duplicate 

Coomassie stained gel which is shown below. 

sac6nuil fpGalI::SAC6 1 

%gal 2 I 0 0.0025 0.005 0.01 0.025 0.05 
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Figure 3.5: Growth of haploid sac6 null strains carrying 

plasmids with the chimerics under control of the Gall 

promoter. Uniform suspensions of cells were spotted onto 

the surface of synthetic corr̂ jlete media lacking uracil and 

containing different concentrations of galactose. (A) The 

lethality of overexpression at 23'C is judged by conparing 

the sac6 null strains transformed with SAC6 (AAB364) , H+1+1 

(KTB4), H+2+2 (KTB5), H+2+1 (KTB6), t-fimbrin to the 

vector control. Two different transformants were tested for 

each construct and the experiment was repeated. (B) 

Coirplementation of the temperature sensitivity of the sac6 

null is determined on the plates incubated at 37'C. (C) 

Complementation of the salt sensitivity of the sac6 null is 

determined on the plates containing 500mM NaCl and inci±)ated 

at 23'C. All plates were incubated for 4 days. 



Figure 3.5 continued [galactose] 
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Figure 3.6: Growth of wildtype IGy43 carrying 

plasmids with the chimerics under control of the Gall 

promoter. Uniform suspensions of cells were spotted 

onto the surface of synthetic con5)lete media lacking 

uracil 2md containing different concentrations of 

galactose in the presence of 2% raffinose. The 

lethality of overexpression at 23°C is judged by 

comparing the IGy43 transformed with vector (pRP23), 

Gall:SAC6 (AAB364), Gall;N410 (KTBl), Gall:C386 (KTB2), 

and GaIl;C397 (KTB3). All plates were incubated for 4 

days at 23"C. 
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Figure 3.7: The actin cytoskeleton of wildtype strains 

{AAY1048) transformed with (A) vector (pRP23) , (B) 

Gall:SAC6 (AAB364), (C) GaIl:N410 (KTBl), (D) GaIl:C386 

(KTB2) have been stained for actin using rhodamine labeled 

phalloidin. In (A) you can see the wildtype plus vector 

control has a polarized actin cytoskeleton with cortical 

patches localized to the bud and cables which were also 

oriented into the bud. Wildtype strains overexpressing 

either SACS (B) or N410 (C) are characterized by 

delocalized patches in large cells with no visible cables 

and <5% had actin bars. C386 (D) overexpression gave rise 

to a thick network of actin filaments marked by the absence 

of visible actin cables and cortical patches. 



Figure 3.7 continued 
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CHAPTER IV: USE OF SAC6P OVEREXPRESSION TO MAP SITE 

OF INTERACTION WITH ACTIN. 

INTRODUCTION 

The model organism S. cerevisiae has been used to 

develop a niimber of in vivo methods to determine the 

interactions that are necessary for proper function of 

proteins. These methods include allele-specific suppression 

(16), synthetic lethal analysis (47), and the two-hybrid 

system (46) (Chapter 1). These methods have been used in 

yeast to help elucidate the binding of fimbrin, one of the 

members of the spectrin class of actin binding proteins, to 

actin. 

Genetic and biochemical analyses have shown that actin 

and fimbrin interact directly. Mutations in either fimbrin 

or actin will suppress mutations in the other in an allele-

specific manner(41). The mutations in actin that suppress 

tenperature sensitive mutations in fimbrin all map to 

subdomains 1 and 2 on the actin monomer (16) . The two-hybrid 

system utilizing fimbrin and mutations in actin(46), and an 

analysis of the synthetic lethal interactions between a sac6 

deletion (47) and actin mutants have also pointed to similar 

regions of actin as being inportant for the in vivo 

interactions with Sac6p (Table 4.1). 
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There are limitations to allele-specific suppression, 

synthetic lethal analysis, and the two-hybrid system. Honts 

el. al. used suppressor analysis to analyze which Ts" actin 

mutants could be suppressed by sac6 alleles(16). This 

restricted the study to the clearly Ts" actin mutants which 

represent a subset of the actin alleles (16). The two-

hybrid analysis was able to test all of the alanine scanning 

mutants; however, many mutants that interrupted the 

Sac6p/actin two hybrid interaction mapped to the regions of 

actin implicated in actin/actin interactions (46). These 

probably perturb Sac6p interaction with actin by 

interrupting the formation of an actin filament, which Sac6p 

is thought to require for binding to actin. The two-hybrid 

study also assays the interactions between actin and Sac6p 

in a somewhat artificial context (the nucleus) (46). In 

addition, the fusion of an extra domain, such as the DNA 

binding domain, could weaken the interaction by either 

changing the folding of actin or partially blocking the 

region of actin boxind by Sac6p. This would artificially 

expand the nximber of mutations that disrupt the interaction 

between actin and Sac6p. 

The use of the synthetic lethal relationships to map 

sites of interaction identified two actin alleles that have 

been in̂ )licated in being irtportant for Sac6p/actin 

interaction in several other studies. There were also a 
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niomber of genetic interactions that were difficult to 

interpret and only a sxibset of the actin alleles involved in 

the actin and Sac6p interaction were identified by this 

method (47). 

Actin alleles are known to suppress the lethality of 

Sac6p overexpression(17), this likely occurs by reducing the 

level of Sac6p/actin interaction The actl mutants allele-

specific suppression of Sac6p overexpression is used to 

determine the region of genetic interaction between SAC6 and 

actin. This region of SACS and actin interaction is then 

corrroared to the regions determined in the studies discussed 

above and own study of actin alleles suppression of sac6-

2. Finally, the allele specific suppression of the 

overexpression of SACS deletion products is used to 

determine the region of interaction of each of the Sac6p 

actin binding domains with actin. 

RESULTS 

The goal of these experiments is to dete2nnine the 

region of actin that interacts with each of the actin 

binding domains of Sac6p. First, a collection of isogenic 

strains containing different actin mutations are tested for 

suppression of the lethality of Sac6p overexpression. Next, 

the actin mutations tested are mapped onto the 3D actin 

monomer to determine the region of genetic interaction 
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between SACS and actin. This region of interaction is 

compared to the region of interaction determined by-

analyzing the same collection of actin mutations for 

suppression of sac6-2. Finally, suppression of the 

lethality due to overexpression of SACS proteins containing 

just a single actin binding domain is used to determine the 

region of interaction for the individual Sac6p actin binding 

domains with actin. 

Actin mutations are tested for suppression of the 

lethality of Sac6p overexpression. 

Two new actl alleles were isolated previously as 

suppressors of the lethality of Sac5p overexpression. These 

two actin mutations change amino acids that lie close to 

each other in the actin model(17)(Sharon Brower, 

unpublished). The proximity of these two mutations to each 

other led us to propose that the suppression of the 

lethality of SACS overexpression could be used to map the 

interaction between actin and SACS. To pursue this, I 

developed a series of isogenic strains that contained the 

actin mutations generated by Wertman et.al(15), as well as 

several additional actin alleles. The isogenic strains were 

required to eliminate background genetic variability between 

strains carrying different actl alleles. With the isogenic 

strain collection the only difference in genetic background 
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is the actin allele that the strains carry. I then 

transformed these strains with the pGall :SAC6 vector and the 

control plasmid and tested for growth xuader conditions in 

which SACS is overexpressed. Figure 4.1 and Table 4.1 

siiininarize the actin alleles that were capable of suppressing 

the overexpression lethality of Sac6p. With the exception 

of a.ct-129, actl-113, actl-115, and a.ctl-116, all of the 

mutations map to the region of actin implicated in binding 

to Sac6p (Figure 4.2) by the studies discussed above. 

Alleles actl-120 and actl-125 have previously been shown to 

be defective in binding to Sac6p in vitro, act-129, actl-

113, actl-115, and actl-116 were previously determined not 

to interfere directly with Sac6p binding to actin. They map 

to the region on actin that has been inplicated in 

actin/actin interactions by two-hybrid analysis and in actin 

filament models and therefore it may be the decreased 

stability of the actin filament that is responsible for 

these mutations suppressing the lethality of Sac6p 

overexpression. 

Similar acti alleles suppress the overexpression o£ 

Sac6p and the Ts~ phenotype o£ sac€-2 

The temperature sensitivity of sac6-2 and the lethality 

of Sac6p overexpression may both be caused by an increase in 

Sac6p binding to actin. Suppression of the temperature 
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sensitivity of sac6-2 and the lethality of Sac6p 

overexpression by actin mutations may result from a 

corresponding decrease in actin binding to Sac6p. sac6-2 is 

a Ts" allele of SACS that was shown to encode a protein that 

binds to actin with a greater affinity than does wildtype 

Sac6p(45). A likely outcome of this increased affinity for 

actin is an excess of mutant Sac6p/actin cortplex. The 

overexpression of Sac6p also should result in an excess of 

Sac6p/actin complex. Therefore, actin mutations that 

decrease the binding of Sac6p to actin should suppress both 

the Ts" phenotype of sac6-2 and the lethality of Sac6p 

overexpression. 

I sought to determine whether the actin mutations that 

suppress the Ts" phenotype of sac6-2 and the lethality of 

Sac6p overexpression map to the same region of actin. 

Several, but not all, of the actin mutations characterized 

in the overexpression studies had previously been analyzed 

for suppression by sac6 alleles(16). The remaining actl 

alleles used in the overexpression study were therefore 

tested for suppression of the Ts" defect of sac6-2. This was 

acconplished by crossing the SACS actl-x: :HIS3 strains to a 

sac6-2 actl-3 strain. The resulting diploid strains actl-

x::HIS3/actl-3 SACS/sacS-2 were then sporulated, dissected 

and the segregants tested for growth on media lacking 

histidine and for temperature sensitivity. 
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Two classes of actl-x alleles were used. Those that 

are Ts"̂  and those that are Ts". If the actl-x allele is Ts"̂  

and suppresses sac6-2 then the actl-3 sac6-2, actl-x::HISS 

sac6-2, and actl-x::HISS SACS segregants would be Ts"̂  and 

the actl-S SACS segregant would be Ts" (Table 4.2A) This 

would lead to a segregation pattern in which the parental 

ditypes (PDs) are 4"̂ :0", non parental ditypes (NPDs) are 

2"̂ :2" and tetratypes (T) are 3 + :l~ (Table 4.2B) . If the 

actl-x allele is Ts"̂  but fails to suppress sacS-2 then the 

actl-3 sac6-2 and actl-x: :HISS SACS segregants would be Ts"̂  

and the actl-3 SACS and actl-x::HISS sacS-2 segregants Ts" 

(Table 4.2A). This would lead to a segregation pattern in 

which the PDs are 4"̂ :0~, NPDs are 0"̂ :4" and T are 2"̂ : 2" (Table 

4.2B). 

If the actl-x allele is Ts" and suppresses sacS-2 then 

the actl-S sac6-2 and actl-x::HISS sacS-2 segregants would 

be Ts"̂  and the actl-3 SACS and actl-x::HISS SACS segregants 

Ts~ (Table 4.2A). This would lead to a segregation pattern 

in which the PDs are 2"̂ : 2", NPDs are 2"̂ : 2" and T are 2"̂ :2-

(Table 4.2B) . If the actl-x allele is Ts" but fails to 

suppress sacS-2 then the actl-3 sac6-2 segregant would be 

Ts"^ and the actl-3 SACS, actl-x::HISS SACS and actl-x::HISS 

sacS-2 segregants Ts". This would lead to a segregation 

pattern in which the PDs are 2+:2", NPDs are 0'̂ :4- and T are 

1̂ :3- (Table 4.2B). 
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Random spore analysis of the tetrad data was also used 

to help determine whether the actl-x alleles suppress sac6-2 

by allowing consideration of only the actl-x: :HIS3 spores 

that are His"̂ . This is especially helpful when there are a 

nxjmber of tetrads with dead spores. If the actl-x allele is 

Ts"̂  and suppress sac6-2 then the ratio of Ts'̂ T̂s" of the His"̂  

spores is l+:0" (Table 4.2C). If the actl-x allele is Ts"̂  

and fails to suppress sac6-2 then the ratio of Ts"̂ *Ts" of the 

His"̂  spores is l"̂ :!" (Table 4.2C) . If the actl-x allele is 

Ts" and suppresses sac6-2 then the ratio of Ts'̂ T̂s" of the 

His"̂  spores is 1+:1- (Table 4.2C). If the actl-x allele is 

Ts" and fails to suppress sac6-2 then the ratio of Ts'̂ T̂s" of 

the His"̂  spores is 0"̂ :1" (Table 4.2C). 

In analyzing the Ts phenotype of the segregants there 

are two genetic events that may skew the data. The first is 

that spontaneous suppressors of the Ts" phenotype of sac6-2 

occur at a very high frequency. The high incidence of 

spontaneous suppressors of sac6-2 will lead to an excess of 

Ts"̂  spores. The second genetic event is gene conversion at 

either the ACTl or SACS loci. Both of these genetic events 

give rise to segregation patterns that are different than 

predicted. However, whether an actl-x allele suppresses 

sac6-2 can still be determined. Below is an analysis of 

which actl-x alleles suppress sac6-2. The data on which 
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this analysis is based is presented in Tables 4.3 and 4.4. 

The conclusions are siaiiimarized in Table 4.5 

a.ctl-104, actl-113, actl-115, actl-116 and actl-121 are 

Ts"̂  actin alleles that have Ts+:Ts" ratios more closely 

resembling though for nonsuppression than for suppression 

(Table 4.3A). In particular, 1) the largest category is 

2:2, 2) tetrads containing >2 Ts" spores are never expected 

in the case of suppression and they cannot be generated by 

single gene conversion events. In addition, there are >9 

His"̂  spores that are Ts" (Table 4.4A) which is also 

consistent with nonsuppression. However, the presence of 

Ts'̂ rTs" ratios of S'̂ rl" and the extra Ts"̂  spores is consistent 

with the high frequency of spontaneous suppression of sac6-

2 .  

actl-117 is a Ts"̂  actin allele that has only 4 four 

spore tetrads and all these tetrads have a Ts'̂ rTs" ratio of 

4'̂ :0" (Table 4.3A). This is all consistent with this allele 

suppressing sac6-2 (Table 4.2B and 4.2C). In addition, all 

His"̂  spores are Ts"̂  (Table 4.4). However, half of the His"̂  

segregants are dead. From this I conclude that the since the 

actl-117 SACS spores are viable and Ts"^, the actl-117 sac6-2 

spore must be dead. Therefore, actl-117 fails to suppress 

sac6-2 and instead actl-117 appears to be synthetically 

lethal with sac6-2. 
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actl-135 is a Ts"̂  actin allele that has Ts'̂ rTs" ratios 

more closely resembling though for suppression than for 

nonsuppression (Table 4.3A). In particular, 1) the largest 

category is , 2) there are no tetrads containing >2 Ts" 

spores which is expected in the case of suppression. (Table 

4.3A) . In addition, 36 of the 39 His"̂  spores are Ts"̂  (Table 

4.4). This is all consistent with this allele suppressing 

sac6-2 (Table 4.2B and 4.2C). However gene conversion must 

be used to explain the 3 His"̂  spores that are Ts". The extra 

Ts"̂  spores is consistent with the high frequency of 

spontaneous suppression of sac6-2. 

actl-101, actl-111, actl-119, and actl-133 are Ts" 

actin alleles that have very few tetrads with four viable 

spores and all these tetrads have a Ts"̂ :Ts" ratio of 2"̂ :2" 

(Table 4.3A) . The random spore analysis is consistent with 

nonsuppression, all His"̂  spores are Ts~ with the exception of 

actl-119 where there are 2 His"̂  spores that are Ts"̂  (Table 

4.4) . The two His'̂  Ts"̂  spores in the case actl-119 is 

explained by the high frequency of spontaneous suppression 

of sac6-2. 

actl-122 is a Ts" actin allele that have Ts"̂ :Ts" ratios 

more closely resembling though for nonsuppression than for 

suppression (Table 4.3A). In particular, 1) the largest 

category is l+:3", 2) tetrads containing >2 Ts" spores are 

never expected in the case of suppression. In addition. 
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there are only 9 His"̂  spores that are Ts"̂  and 28 His"̂  spores 

that are Ts" (Table 4.4) . This is also consistent with this 

allele failing to suppress sac6-2 (Table 4.2B and 4.2C). 

However, the presence of 9 His"̂  Ts"̂  spores is consistent with 

the high frequency of spontaneous suppression of sac6-2. 

actl-25B and actl-124 are Ts" actin alleles have Ts'̂ rTs" 

ratios more closely resembling though for suppression than 

for nonsuppression (Table 4.3A). In particular, 1) the 

largest category is 2"̂ : 2" , 2) there is only one tetrad 

containing >2 Ts" spores which is expected in the case of 

suppression.(Table 4.3A). In addition, 23 or 24 of the 37 

His"̂  spores are Ts+ (Table 4.4). This is also consistent 

with these alleles suppressing sac6-2 (Table 4.2B and 4.2C). 

However for actl-25B, gene conversion must be used to 

explain the 1 tetrad that is I'̂ iS". The extra His"̂  Ts"̂  

spores are consistent with the high frequency of spontaneous 

suppression of sac6-2. 

Several actin alleles had been tested previously. 

actl-2, actl-3, actl-7, actl-8, actl-9, actl-10, actl-120, 

and actl-125 have previously shown suppression with sac6 

alleles, actl-105, actl-108, actl-112, actl-119, actl-132, 

and actl-133 have previously failed to show suppression with 

sac6 alleles (16)(Table 4.1). 

I mapped the actl alleles that suppress the lethal 

overexpression of Sac6p onto the 3-dimensional (3D) crystal 
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structure for the actin monomer. In addition, I mapped the 

acti alleles that suppress the Ts" phenotype of sac6-2 onto 

the 3D actin model. Conparisons were then made between the 

two maps (Figure 4.2) . The regions of interaction between 

SACS and actin overlap to a great extent with each other 

which supports the notion that both of these two methods are 

valid ways to map regions of interaction between two 

proteins (Table 4.1 and Figure 4.2). 

Suppression of the domaitis of Sac6p by actin mutants. 

To determine whether the two actin binding domains 

of Sac6p bind to the same or different regions of actin, I 

wished to analyze them separately. Since N410, C386, or 

C397 had a lethal phenotype when overexpressed individually, 

I could use the suppression of the lethality of 

overexpression to identify a region of interaction for each 

of the single actin binding domains and then compare them. 

I used the three deletions of Sac6p N410, C386, and C397 in 

this analysis. The panel of actin mutants described above 

was assayed for its ability to suppress the lethal phenotype 

of the overexpression of N410, C386, and C397. As shown in 

Figure 4.1 and Table 4.5, N410, C386, and C397 are 

suppressed by different actin mutations, but in the region 

of actin implicated by the binding of full-length Sac6p. 

These results are considered further in the Discussion. 
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Suppression of Sac6p overexpression by a.ctl-125 is 

reciprocal. 

Recently it has been demonstrated (45) that the 

mechanism for the suppression of actl mutants by sac6 

mutants occurs by restoring the Sac6p/actin interaction to 

(presumably) wildtype levels. This predicts that if the Ts" 

phenotype depends solely on the Sac6p/actin interaction then 

not only should actl mutants suppress the overexpression of 

SACS but the overexpression of SACS should suppress the 

phenotypes of actl mutants. This was tested by asking if 

Sac6p overexpression could suppress the ten̂ erature 

sensitive phenotypes of all of the Ts" actin alleles. Of 

the alleles tested, only actl-125 was able to grow at 37°, 

and then only with maximal expression of Sac6p on media 

containing 2% galactose (Figure 4.3). The other alleles 

tested (see Table 4.6) failed to grow at 37° at all 

concentrations of galactose. 

Suppression of the overexpression of Sac6p and C397 

by a.ctl-6-25 is reciprocal. 

actl-S-25 is an allele of actin that not only 

suppresses the lethal overexpression of Sac6p but requires 

overexpression of Sac6p for viability (Sharon Brower, 

xinpublished) . SacSp is known both to bind and bundle actin 



filaments. Since sinply binding to actin by a single Sac6p 

actin binding domain alters the actin cytoskeleton (see 

Chapter III) either bimdling of actin filaments or binding 

to actin filaments could suppress the growth defect of actl-

6-25. 

To determine whether Sac6p binding to or bundling of 

actin filaments was required, I tested whether N410, C386, 

or C397 could suppress the lethal phenotype of actl-6-25. A 

haploid actl-6-25 strain with a centromere containing 

pGall::SAC6 LEU2 plasmid was transformed with a centromere; 

URA3 containing plasmids carrying either Sac6p, C386, C397, 

N410, or no insert (NI) xinder control of the Gall promoter 

on synthetic complete media lacking uracil and leucine but 

containing galactose. Transformants containing the Sac6p, 

C386, C397, and no insert (NI) plasmids were isolated. 

Transformants containing N410 were not obtained suggesting 

that actl-6-25 is unable to suppress the overexpression of 

N410. Ten transformants were grown on media containing 

leucine and galactose but lacking uracil that allowed the 

loss of the pGall::SAC6 LEU2 plasmid but maintained the 

Sac6p C386, C397, or NI plasmids. Isolates from each 

transformant were then tested to see if they had lost the 

pGall::SAC6 LEU2 plasmid during mitotic growth by plating 

them on synthetic complete media lacking leucine and 

containing galactose and uracil. Strains transformed with 
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Sac6p and C386 could lose the pGall::SAC6 LEU2 plasmid while 

strains transformed with the NI or C397 could not. More 

experiments are underway to verify that the pGall::SAC6 

expression is indeed absent in these strains. However 

initial conclusions are that actl-6-25 is able to suppress 

the lethal overexpression of C397, C386, and Sac6p. Sac6p 

and C386 are able to suppress the vegetative growth defect 

of actl-6-25 (Table 4.7 ). This result suggests that it is 

binding of the second actin binding domain that is required 

by actl-6-25 for mitotic growth. 

DISCUSSION. 

We report here the identification of actin mutations 

that will suppress the lethality resulting from the 

overexpression of SAC6, N410, and C386. By modeling the 

location of these actl mutations and conparing it to the 

regions on actin previously implicated in Sac6p binding we 

establish a novel technique to identify sites of interaction 

between proteins, and identify likely sites of interaction 

of each of the two actin binding domains of Sac6p. 

The method. 

The study of the interaction between Sac6p and actin is 

developing into a model system for the development and 

understanding of in vivo techniques for determining the 

interaction between two different proteins. Three methods 
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have been used in yeast to help elucidate the binding of 

fimbrin to actin; allele specific suppression(16), 

synthetic lethal analysis between different deletions of 

actin binding proteins and actl mutants(47), and two-hybrid 

analysis between actin binding proteins and actl 

mutations(46). All three methods identified mutations in 

actin that mapped to one region of actin as being important 

for Sac6p binding (Figure 4.4 and Table 4.5). 

I have developed a fourth method which has certain 

technical advantages over the other three methods. My 

method identifies actl mutations that suppress the lethality 

due to overexpression of either SAC6, N410, C386 or C397. 

When the amino acids changed by the actl mutations are 

identified in the structure of the actin monomer, the region 

they all map to overlaps with the region established in the 

previous studies (Figure 4.4). I have also expanded the 

allele-specific suppression of sac6 mutants by actl mutants 

described previously (Honts) in order to more closely 

cortpare these two methods. I foijnd that not only do the two 

methods identify similar alleles, which map to similar 

regions on the actin monomer, but they are both capable of 

identifying alleles that show reciprocal suppression which 

is considered strong evidence for direct interaction. This 

similarity between the two methods of identifying genetic 

relationship via suppressor analysis and thereby 



establishing genetic evidence for the direct interaction 

between two protein in vivo gives us confidence in this new 

method. The further agreement with the conclusions of the 

2-hybrid analysis and the synthetic lethal analysis adds 

further credence. 

The major technical advantage this method offers is the 

ease of overexpressing a gene and determining the resulting 

phenotype. Then, either a genetic screen can be undertaken 

which in the case of SACS yielded several new actin alleles 

(Sandrock et.al. in preparation) or an analysis of a known 

interaction can be carried out similar to that presented 

here. If mutations in the target gene are not readily 

available, they could be easily created via mutagenic PGR 

and screened for their ability to suppress the phenotype 

resulting from overexpression. In addition this method can 

be used for analyzing functional domains; however, one 

should be careful in defining domain boundaries, as 

demonstrated by the different results seen with the C386 and 

C397 constructs which differed by only 10 amino acids. 

There are different regions of interaction between 

each o£ the Sac6 actin binding domains site(s) and 

actin. 

The differences seen in the suppression of the 

overexpression of N410, C386, and C397 supports the previous 

findings that the Sac6p actin binding domains are different. 
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The difference in their interaction with actin could be 

through different binding regions on actin, through 

different affinities for actin, or both. Furthermore, when 

the actin mutations that suppressed Sac6p, N410, C386, and 

C397 are mapped onto the actin monomer, the mutations that 

suppress N410 lie in subdomain 2 of actin and most of the 

mutations that suppress C397 lie in subdomain 1. Most of 

the mutations that suppress Sac6p map to both sxibdomains 1 

and 2 (see Figure 4.2). Additionally the region of actin 

implicated by the N410 studies overlaps nicely with the 

region iitplicated from the sac6-2 { a mutation in the first 

Sac6p actin binding domain) suppressor studies. This leads 

me to conclude that the Sac6p actin binding domains interact 

with overlapping but different regions of actin. 

The lethality resulting from the overexpression o£ 

SacSp, N410, C386, or C397 . 

Excess Sac6p results in changes in the actin 

cytoskeleton and is detrimental to the cell. One model to 

explain the toxicity of overexpression of Sac6p or the Sac6p 

trxmcations is that the excess binding of Sac6p makes the 

actin cytoskeleton ultra stable and thereby limits it's 

ability to reorganize. In support of this model, it has 

been shown in vitro that Sac6p bundling of actin filaments 

increases the stability of these filaments(60). However, 

the toxicity of excess Sac6p appears not to be a defect in 
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excessive bundling of actin filament. Three different 

trxoncations of Sac6p which only possess a single actin 

binding domain are also toxic and change the conformation of 

the actin cytoskeleton. Therefore Sac6p binding to actin 

filaments must be toxic 

Two models to explain why the excess binding of Sac6p 

to actin could be toxic are the competition model and the 

conformation model. The competition model proposes that 

Sac6p and other actin binding proteins compete for binding 

to a similar region of actin. The excess binding of Sac6p 

to actin would then limit the binding of other essential 

cytoskeletal proteins to actin. Limiting the binding of 

these actin associated proteins would then prove detrimental 

to the cell. The competition model is supported by the 

observation that many actin binding proteins seem to bind to 

a region of actin that is similar to the region of actin 

bound by Sac6p (Figure 1.2). 

The conformation model proposes that a conformational 

change of the actin filament occurs upon binding to actin by 

an actin binding domain. This conformational change in the 

actin filament would alter actin filament stability changing 

the binding site of other actin associated proteins. 

Cryoelectron microscopy studies of actin filaments have 

shown that a conformational change in the actin filament 
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results from the binding of a fimbrin actin binding 

domain(27). 

Summary. 

Using suppression of overexpression to map regions of 

interaction only requires that there is a phenotype that 

results from overexpression of the protein of interest. In 

addition, it enables the analysis of deletion products whose 

binding profile is of interest. I exploited the lethal 

phenotype that arises when SACS is overexpressed and several 

chimeric constructs of the SACS in order to further define 

the binding site of the Sac6p on actin with most of the 

allele mapping to subdomain 2 (Figure 4.4) and determined 

that the individual domains of Sac6p are both binding to 

overlapping but different regions on actin and are not 

suppressed by the same actl alleles. 
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Figure 4.1. Growth of haploid SAC6 actl-x strains carrying 

overexpression plasmids containing: (A) vector pRP23, (B) 

SAC6 (AAB364) , (C) N410 (KTBl) , (D) C386 (KTB2), or (E) C397 

(KTB3). Two transformants were tested for each construct 

and the entire experiment was performed twice. Uniform 

suspensions of cells were spotted onto the surface of 

synthetic complete media lacking uracil and containing 2% 

galactose. All plates were incubated at 23°C for 4 days. 
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Figure 4.1 continued 

Allele 
A B C 0 E 

I I I I I 

act1-2 — 

act1-3 — 

act1-4 — 

actl-7 — 

actl-8 — 

actl-9 — 

actl-10 — 

act1-25b — 

act1-101 — 

actl-102 — 

acti-104 — 

acti -105 — 

acti-111 — 

actl-l13 — 

acti-115 — 
acti-116 — 

acti-117 — 

acti-119 — 

acti-120 — 

acti-121 — 

actl-122 — 

acti-123 — 

acti-124 — 

actl-125 — 
actl-129 — 

acti-133 — 

acti-135 — 
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Figure 4.2. Models of the actin monomer with residues 

highlighted in blue that suppress the overexpression of (A) 

SAC6, (B) N410, (C) C386, (D) C397, and the Ts- phenotype 

of sac6-2 (E). The residues that are highlighted in yellow 

fail to suppress the overexpression of the respective 

protein or sac6-2. 
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Fiqure 4.2 continued 

115 

116 f 
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6-25 

125 
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Figure 4.3. Growth resulting from the reciprocal 

suppression of the actl-125 Ts" phenotype and the 

lethality of Sac6p overexpression in wildtype (IGY43). 

Isogenic strains were used that carried either wildtype 

actin or actl-125 and a plasmid with either a SACS 

insert (AAB364) or no insert (pRP23). Uniform 

suspensions of cells were spotted onto the surface of 

synthetic complete media lacking uracil and containing 2% 

raffinose or 2% galactose. The plates were incubated for 

3 days at 37® and 4 days at 23° respectively. 

23° 37° 
y \  y \ 

Raf Gal Raf Gal 

>4Cn vector — 

ACT1SAC6 — 

actl-125 vector — 

actl-125 SAC6 — 

I 
B§ll 
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Figure 4.4. Modeling of the actin mutations that have 

been tested for involvement in the Sac6p/actin interactions 

by (A) suppression of SACS overexpression , (B) allele-

specific suppression of sac6-2{16) , (C) 2-hybrid(61) , and 

(D) synthetic lethal analysis(47) . Subdomains are numbered 

in each comer of the "front view" of the actin monomer in 

(A) . Residues that have been determined to be involved in 

the Sac6p/actin interaction are highlighted in blue. 

Residues that were not seen to be involved are highlighted 

in yellow. Modeling was performed with a Power Macintosh 

running RasMac Molecular Graphics Macintosh version 2.6. 
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Figure 4.4 continued 
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Table 4.1. Summary of the actin alleles studied by (A) 

suppression of Sac6p overexpression , (B) allele-specific 

suppression(16), (C)2-hybrid interaction(61), and (D) 

synthetic lethal analysis(47). (+) identifies the actl 

alleles determined in the study to disrupt Sac6p interaction 

with actin. (-) identifies the actl alleles determined in 

the study that did not disrupt Sac6p's interaction with 

actin. Gaps were not determined. In many cases actin 

mutants could not be tested because it was lethal in that 

strain background. 
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Table 4.1 continued 

actl- amino acid 
replacement 

A B C D 

2 A58T + + 

3 P32L + + + 

4 E259V -

7 K61N + + 

8 H88Y + + 
9 D56A + + 

10 T89I + + 

25 G48V + + 

101 D363A,E364A - - + -

102 K359A,E361A + + -

103 E334A,R335A,K336A -

104 K315A,E316A - - -

105 E311A,R312A - - - -

106 R290A,K291A,E292A -

107 D286A,D288A -

108 R256A,E259A - - -

109 E253A,R254A -

110 E237A,K238A -

111 D222A,E224A,E226A - - -

112 K213A,E214A,K215A - -

113 R210A,D211A - - - -

114 E205A,R206A,E207A -

115 E195A,R196A - - - -

116 D187A,K191A - - - -

117 R183A,D184A - - - -

118 D154A,D157A -

119 R116A,E117A,K118A - - - -

120 E99A,ElOOA + + + + 

121 E83A,K84A - - + -

122 D80A,D81A - - -

123 R68A,E72A - + -

124 D56A,E57A + + - -

125 K50A,D51A + + + -

126 K326A,K328A -

127 E270A,D275A -

128 E241A,D238A -

129 R177A,D179A + - - -

130 E93A,R95A -

131 K61A,R62A + 

132 R37A,R39A - -

133 D24A,D25A - - - -

134 DllA -

135 E4A - + - -

136 D2A _ -
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Table 4.2 Predictions of the phenotypes (A) and segregation 

patterns in the tetrad analysis (B) and random spore 

analysis (C) of the segregants from the actl-x::HISS/actl-3 

SAC6/sac6-2 diploid. 
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Table 4.2 continued 

(A) 

actl-x: :HIS3 actl-x: :HIS3 

Ts+ Ts" 

genotype sup. no sup. sup. no sup. 

actl-3 sac6-2 + + + + 

actl-3 SACS _ - _ -

actl-x: :HIS3 sac6-2 + - + -

actl-x::HIS3 SACS + + - -

actl-x PD 

Ts'̂ T̂s" 

NPD T 

Ts* sup. 4̂ :0- 2+:2- 3 + :l-

Ts-*- no sup. + o
 

I 0̂ :4- 2+:2-

Ts" sup. 2+:2- 2+:2- 2+:2-

Ts" no sup. 2+:2- 1 + o 1-̂ :3-

(C) 

His"̂  spores 

actl-x Ts+:Ts" 

Ts"̂  sup. 1:0 

Ts'̂  no sup. 1:1 

Ts" sup. 1:1 

Ts" no sup. 0:1 
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Table 4.3 Tetrad data from crosses of isogenic SACS actl-

x::HIS3 strains containing different actin alleles to a 

sac6-2 actl-3 strain (THY99). Only tetrads with 4 viable 

spores were analyzed. The niimbers represent the number of 

tetrads tested that had the appropriate ratio of Ts"̂  

spores :Ts-. Highlighted in bold are the actin mutants that 

suppressed the sac6-2 Ts" phenotype (see text) . 
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Table 4-3 continued 

A) Ts"̂  alleles 

actl-y I 4-^:0- 3-^:1- 2-^:2- 1-^:3- 0-^:4-
113 3 4 6 1 1 

115 1 1 9 2 2 

116 1 12 2 

117 4 

121 12 3 1 

135 4 9 5 

104 2 1 

B) Ts" alleles 

actl-x\ A*:0- 3-^:1- 2-^:2- 1-^:3" 0-^:4-
25B 4 14 1 

101 2 

111 

119 1 

122 7 7 3 

124 5 11 

129 2 6 5 1 

133 3 
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Table 4.4 Crosses of isogenic SACS actl-x::HIS3 strains 

containing different actin alleles to a sac6-2 actl-3 strain 

(THY99). The numbers represent the spores from each cross 

that had the appropriate phenotype regardless of their 

corresponding tetrad (see text). 

A) Ts'̂  alleles 

actl- HIS"^ HIS"^live: 
spores HlS'^dead 
Ts'^:Ts~ 

113 26:9 35:4 

115 18:16 34:3 

116 21:16 37:3 

117 19:0 19:22 

121 13:11 24:13 

135 36:3 39:2 

104 13:11 24:18 

B) Ts" alleles 

2 5b 24:13 37:1 

101 0:18 18:24 

111 0:6 6:30 

119 2 :16 18:21 

122 9:28 37:3 

124 23 : 14 37:3 

129 11:21 32:6 

133 0:18 18:24 
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Table 4.5: Sxammary of the ability of the different isogenic 

actin mutants to suppress the Ts" phenotype of sac6-2 or the 

lethal phenotype resulting from the overexpression of Sac6p, 

N410, C386, or C397. (+) represents suppression. (-) 

represents the failure to suppress. {*) represent the 

results of a plasmid shuffle experiment for the actl-6-25 

mutation which requires the overexpression of Sac6p for 

viability. Gaps were not determined. Suppression of the 

overexpression was determined in two separate trial with two 

different isolates tested in each trial. 

actl- 1 sac6-2 1 Gall:SACS \ N410 1 1 C386 1 1 C397 
2 + + - - -

3 + + - -

4 - - - - -

7 + + + - + 

8 -r + - -

9 + + + - -

10 + + - - -

25b + + + - -

6--25 + * 
+ * 

101 - - - - -

102 + /- - - + 

104 - - - - -

111 - - - - -

113 - + - - -

115 - + /- - - + 

116 - + /- - - -

117 - - - - + 

119 - - - - + 

120 + + - - + 

121 - + /- - - + 

122 - - - - -

123 - - - -

124 + + /- + - -

125 + + - - + 

129 - + - - + 

133 - - + - -

135 + - - - + 
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Table 4.6 Sxjitimary of different isogenic Ts" actin mutants 

tested for reciprocal suppression of the actin allele's Ts" 

phenotype and the lethal phenotype resulting from the 

overexpression of Sac6p. 

actl-x sup. Sac6p sup. actl-x Ts" 

overexpression phenotype 

2 + -

3 + -

4 - -

7 + -

8 + -

9 + -

111 - -

119 - -

120 + -

122 - -

124 + -

125 + + 

129 + -
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Table 4.7 A actl-6-25 strain was transformed with URA3 

containing plasmids carrying either Sac6p, C386, C397, N410, 

or no insert (NI) xonder control of the Gall promoter on 

synthetic complete media lacking uracil and leucine but 

containing galactose. Ten transformants were grown on media 

containing leucine and galactose but lacking uracil that 

allowed the loss of the pGall::SAC6 LEU2 plasmid but 

maintained the Sac6p C386, C397, or NI plasmids. Isolates 

from each transformant were then tested to see if they had 

lost the pGall::SACS LEU2 plasmid during mitotic growth by 

plating them on synthetic conplete media lacking leucine and 

containing galactose and uracil. The experiment has been 

repeated for the plasmids containing Sac6p, C397, and NI 

plasmids. (+) designates that transformants were isolated. 

(-) designates that no transformants were isolated. 

URA3 plasmid Transformants # Ura"̂  Lys"̂  # Ura"̂  Lys~ 

containing isolated colonies colonies 

isolated isolated 

no insert + 20 0 

SAC6 + 0 32 

C397 + 32 0 

C386 + 9 23 

N410 - 0 0 
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CHAPTER V: SUMMARY 

The actin cytoskeleton plays a role in a wide range of 

cellular processes in S. cerevisiae such as the 

establishment of cellular polarity, secretion, endocytosis, 

and sporulation (3) . It is made up of a network of actin 

filaments and actin associated proteins. I have elucidated 

the interaction between the two actin binding domains (ABDs) 

of Sac6p with actin(2). 

I have analyzed the two ABDs of Sac6p for their ability 

to function in the absence of the other and for the region on 

actin where they interact. My finding supports the model 

that despite their homology, there exists fxanctional 

differences between the Sac6p ABDs. To explore these 

differences I have created chimeric proteins which consist of 

different combinations and deletions of the Sac6p actin 

binding domains. When tested for function in vivo, these 

chimeric proteins were unable to conplement the sa.c6 null' s 

growth defects. Next, I explored whether the differences 

seen between the two domains are the result of different 

actin binding characteristics. A method was developed to use 

allele specific suppression of the lethality of Sac6p 

overe3<pression to define the region of interaction between 

the Sac6p's ABDs and actin. The region identified for each 

of the two individual domains and Sac6p were overlapping but 

not identical. Furthermore, the chimerics consisting of the 
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second actin binding domain of Sac6p had different patterns 

depending on the amount of the Sac6p that was deleted. 

The region of actin that was iitplicated for interacting 

with the first actin binding domain of Sac6p was different 

from that of the second actin binding domain. This agrees 

with the differences seen between the two Sac6p actin binding 

domains(44). This finding that different mutations were 

required to suppress the overexpression of either of these 

two actin binding domains and the different effects 

overexpression of each domain had on the actin cytoskeleton 

leads us to suggest two possible explanations. The first 

explanation is that the regions of interaction overlap, but 

the first actin binding domain interacts more with subdomain 

2 of actin and the second actin binding domain interacts more 

with sxibdomain 1 of actin. In addition, the interaction 

between the first actin binding domain and actin may have a 

different affinity than the interaction of the second actin 

binding domain and actin. This could be tested biochemically 

by determining the affinity of each of the single actin 

binding domains for actin and through competition assays or 

through cryoelectron microscopy using purified proteins and 

actin filaments. The second explanation is that the 

deletions have taken the actin binding domains out of their 

normal context. This leads to improper folding of the 

domains and affects either their ability to bind to actin or 
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their stability. We know based on the different results 

obtained between the C386 and C397 second actin binding 

domain constructs that a 10 amino acid difference in the 

deletion greatly changed the outcome of the suppression 

studies. Therefore we cannot discount this possibilities. 

However, the suppression for either the C386 or the C397 

constructs was still allele specific. The actin allele that 

suppressed C386 was among though alleles that suppress C397. 

In addition, C386 reciprocally suppressed actl-6-25. I also 

found that neither of the Sac6p actin binding domains were 

able to function in place of the other and they could not be 

switched around in a construct that contained both domains 

with their positions reversed. Furthermore, the N410 

construct gave rise to a different organization of the actin 

cytoskeleton than the C386 or C397 constructs did. 

Therefore, I conclude that the most likely explanation for my 

findings is that the two actin binding domains of Sac6p 

interact differently with actin in an overlapping but 

distinct region. It is also possible that the difference 

between the domains is in their binding affinity for actin 

but that remains to be shown 

I have also developed a new method which uses allele 

specific suppression of phenotypes resulting from 

overexpression to define the region of interaction between 

two proteins. I compared this method with the results from 
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allele specific suppression of a sac6 allele. Similar 

regions of interaction were indicated by the Sac6p 

overe3<pression studies and allele specific suppression of a 

sac6 mutant. In addition, these studies clearly 

distinguished between the Sac6p actin binding domains. 

Almost all of the previous studies have only strengthen the 

similarities between them. This supports the use of either 

of this method in determining and distinguishing the region 

interaction between two proteins. 
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APPENDIX A: SYNTHETIC LETHAL ANALYSIS OF THE sac 6 

null. 

INTRODUCTION 

The actin cytoskeleton has been implicated in motility, 

as well as in the structural and mechanical properties of 

the cytoplasmic matrix. Actin and a number of actin 

associated proteins interact to form the actin 

cytoskeleton(10). These components are thought to work in 

concert to carry out the various functions of the actin 

cytoskeleton but it is currently unclear how many actin 

associated proteins there are, and how the previously 

identified, actin associated proteins interact with the 

actin cytoskeleton in vivo. We chose to use the yeast S. 

cerevisiae, which is amenable to biochemical, cytological 

and genetic studies, to identify additional conponents and 

increase our understanding of the actin cytoskeleton. 

The value of S. cerevisiae in such studies has been 

demonstrated in the case of SACS. It was originally 

identified through both a genetic screen, which asked for 

dominant suppressors of an actin mutation actl-1 and by 

purifying actin-binding proteins via actin-affinity 

chromatography(4). The further genetic characterization of 

SAC6 showed that the suppression was allele-specific and 

reciprocal [actl mutations could also suppress sac6 
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inutations) (41) . DNA sequence analysis of SACS showed that it 

is similar to fimbrin (an actin bundling protein isolated 

from chicken) and contains two conserved actin-binding 

domains(42). Through biochemistry it was demonstrated that 

the Sac6p bundles actin filaments in vitro and cytological 

studies have shown the Sac6p to be associated with both the 

actin biandles and the actin cortical patches in vivo (42) 

The SACS gene is not essential except at either high (37°C) 

or low (11°C) teitperatures and there is also a dramatic 

decrease in the number of actin bundles in vivo at all 

tertperatures (42) . The questions then arise as to what the 

roles of SACS and the actin bundles are in the cell and what 

other actin associated proteins might be involved in 

fulfilling those roles. 

The finding that the sacS null {sacS: :LEU2) is viable 

suggested that there may be other proteins whose functions 

are redundant to those of SAC6{A2) . Indeed ABP1(62) , 

CAPl{62) , CAP2(62), SLA2{63) and AWC1(64) are exanples of 

such proteins. For when a sacS null is combined with nulls 

of any of these genes the double mutants are either not 

viable or very sick. Each of the nulls on its own is at 

worst moderately Ts~. Therefore mutations in SACS are said 

to be "synthetically lethal" with those in either ABPl (an 

actin associated protein that is localized to the cortical 

patches), CAPl and CAP2 ( proteins that are thought to form 
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a heterodixner and cap actin filaments) (65), SLA2 ( a gene 

isolated by Doug Holtzman et al. utilizing a synthetic 

lethal screen with ABPl) (63) or ANCl { which was isolated by 

David Drubins lab as a non-con̂ lementor of an actin 

mutation)(64). 

Since mutations in five of the known actin associated 

proteins isolated in yeast are synthetically lethal with 

SAC5 there are probably additional genes that have not been 

identified that will also be synthetically lethal with SACS. 

Synthetic lethal screens have been carried out successfully 

to isolate interesting mutants that require known 

cytoskeletal proteins for viability. 

Holtzman and Drubin carried out a synthetic lethal 

screen using an ahplA{63). After screening 25000 EMS 

mutagenized colonies they isolated 24 mutants that 

segregated as a single nuclear mutation. Complementation 

analysis of the remaining 22 mutants identified 3 

complementation groups with multiple alleles in each group. 

One of the complementation groups was identified as carrying 

mutations in SACS. The other two groups represented two 

novel genes, SLAl and SLA2. SLAl has three SH3 domains and 

is required for proper organization of the cortical actin 

cytoskeleton. Sla2p C-terminus has a 200 amino acid region 

with homology to the C-terminus of talin. SLA2 is in turn 

synthetically lethal with SACS{63) . Siibsequent analysis of 
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Sla2p has supported it involvement with the actin 

cytoskeleton and endocytosis (5) . 

Synthetic lethal analysis was also carried out with the 

cap2(capl) null (66) using the method of Bender and 

Pringle(67). 117000 EMS treated colonies were screened for 

non sectoring red colonies. Only 6 mutants were isolated 

that segregated as a single nuclear mutation being required 

for the synthetic lethal phenotype. One of these was sac6-

69(66) . The other two are slcl and slc2. slcl turned out to 

be novel alleles of actin(66). SLC2 is the mannoprotein 

synthesis gene MNNIO which encodes a protein with sequence 

similarity to galactosyl transferase(68). 

Both of the above screens identified proteins that are 

associated with the actin cytoskeleton. Sla2p is a protein 

whose significance in the role of actin during endocytosis 

is just beginning to be understood(5) . Sac6p and actin's 

role in the fxmctioning of the cytoskeleton has been long 

studied and their isolation in these screens supports the 

validity of this approach. The roles of Sla2p and Slalp are 

not yet understood with respect to the actin cytoskeleton 

but work is continuing on them and they may yet give us 

additional insight. 

By identifying additional cytoskeletal genes we hoped 

to accomplish several things. First, to be better able to 

determine the role of SACS in the cell by determining what 
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these essential, rediindant functions are; secondly we would 

be able to analyze the new genes to find more about the 

various conponents of the actin cytoskeleton, and finally we 

would be able to begin to differentiate between the many 

models for synthetic lethality and understand just what the 

basis of this synthetic lethality is with respect to the 

actin cytoskeleton. This would all ultimately contribute to 

achieving the overall goal of understanding the role that 

the actin cytoskeleton plays in the yeast S. cerevisiae. 

Therefore, we sought to identify and characterize mutations 

that synthetically lethal with the sac6 null. 

RESULTS (Screen 1) 

Isolation of the mutants: The screen for synthetic 

lethals involves isolating mutations that are lethal in a 

sac6 null background. This is done by supplying SAC6 on a 

plasmid to cortplement the sac6 null mutation. This strain 

does not require the SACS plasmid at tenperatures permissive 

for the null mutation so under non selective conditions the 

plasmid can be lost. If a synthetic lethal mutation occurs 

then the cell will require the plasmid for growth and the 

cells that lose the plasmid will die. The sac6 null strain 

AAY1030 was first mutagenized by applying U.V. to 

approximately 1000 cells on a plate such that only 10% of 

the cells remained viable. This assures that mutant colonies 



123 

that arise on the different plates will be independent 

isolates. The inability of the cell to lose the plasmid is 

first detected by a color sectoring screen (developed by 

Alan Bender et al.(67)) that utilizes the adenine pathway. 

Cells that have the plasmid are red. Those cells that have 

lost the plasmid will be white. The colonies that arise from 

cells (genotype sac6: :LEU2 ade2 ade3 ura3 lys2) that can 

lose plasmid AAB135 (which has the ADE3, URA3 and SACS 

genes) will be red with white sectors. The colonies that 

arise from cells that now require plasmid AAB135 will be 

solid red. The red colony could be a result of the strain 

genotype now being ADE3-̂  following a gene conversion event 

at the ADE3 locus. 

Integration o£ the plasmid or gene conversion o£ the 

ADE3 fimd XJRA3 loci: We verified the requirement of the 

plasmid for growth by plating the cells on media containing 

5-fluorourotic acid which kills C7RA3"*" cells. The cells that 

have the AAB135 plasmid (which has the ADE3, URA3 and SAC6 

genes) will die as a result of the URA3 gene on the plasmid 

and those cells that lose the plasmid will die as a result 

of the synthetic lethal mutation that is no longer 

conplemented by the SACS on the plasmid. This eliminates the 

possibility of multiple plasmids lowering the plasmid loss 

rate or a gene conversion event that replaces the mutant 

ade3 genomic copy with that of the wild type ADE3 on the 
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plasmid. The mutants that were sectoring-niinus and 5-FOA-

sensitive were analyzed further. 

Do the synthetic lethal mutemts reciuire SAC6i The 

next step was to determine if the synthetic lethal mutants 

required SACS on the plasmid or if the plasmid requirement 

is for some other gene on the plasmid. An additional 

concern was that gene conversion events that change the 

genotype from ade3 to ADE3'*' and ura3 to URA3'*' will also give 

a false positive to this point. These possibilities were 

distinguished by transforming the putative synthetic lethals 

with another plasmid that contained only the genes for SAC6 

and LYS2. Then we spotted them on plates that contained 5-

FOA and lacked lysine, which selected against AAB135 (which 

has the ADE3, URA3 and SACS genes) and for the SACS LYS2 

plasmid, the synthetic lethal mutants that required SACS 

would grow and the rest would die. To verify that the 

strains that survived the 5-FOA test still required the SACS 

gene product they were plated on a-aminoadipic acid media 

which selects against the SACS LYS2 plasmid. Having lost the 

AAB135 plasmid during the 5-FOA test , if the synthetic 

lethal mutants lost the SACS LYS2 plasmid they would die on 

a-aitdnoadipic acid plates due to the synthetic lethality but 

if they did not lose the SACS LYS2 plasmid they died as a 

result of the a-aminoadipic acid media. 34 mutants passed 
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the criteria to this point and were considered to be 

synthetic lethals of the sac6 null. 

Single Nuclear Mutation: To determine if the synthetic 

lethal mutations are single, nuclear mutations, the mutants 

were crossed back to their parents (genotype sac6::LEU2 ade2 

ade3 ura3 trpl) to create a diploid that was 

sac6: :LEU2/sac6: :LEU2 ade2/ade2 ade3/ade3 ura3/ura3 

trpl/TRPl LYS2/lys2 and heterozygous for the synthetic 

lethal mutation(s). If the synthetic lethal phenotype 

segregates 2:2 after sporulation and tetrad dissection, then 

a single mutation was responsible for the synthetic 

lethality. Any other ratio meant that there were multiple 

mutations required for or resulting in the synthetic lethal 

phenotype. 11 of the 34 mutants segregated as if their 

synthetic lethal phenotype was the result of a single 

nuclear mutation. 

Domineuit or recessive: We analyzed the diploids created 

for the single gene test that were sac6: :LEU2/sac6: :LEU2 and 

heterozygous for the synthetic lethal mutation(s) to see if 

they still required the SACS plasmid. If the diploid retains 

a synthetic lethal phenotype then the mutants are dominant. 

If the diploids could lose the SAC6 plasmid then they were 

recessive. All 11 of the synthetic lethal mutants were able 
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to lose the SACS plasmid when heterozygous and were 

recessive. 

Con^leznentation test: We sought to determine the number 

of genes that were represented by the synthetic lethal 

mutations that we had isolated. The synthetic lethal 

mutants were to crossed to each other. The resulting 

diploids were assayed for their ability to lose the SACS 

plasmid. Complementation of the synthetic-lethal phenotype 

and loss of the SACS plasmid would indicate that the 

mutations were probably in different genes. Failure to 

complement suggested the mutations were probably in the same 

gene. Three different attempts were made to establish 

conplementation groups of the mutations that had been 

isolated. None of the results from the corr̂ l̂ementation 

tests were clear enough to aid in establishing the number of 

genes represented by this group of synthetic lethal 

mutations. Therefore we sought to identify the number of 

genes that had been identified through linkage analysis, 

Backcrosses: Due to the level of mutagenesis used in the 

isolation of these mutants and the difficulties in 

conducting the complementation tests, we decided to 

backcross these synthetic lethal mutants to their parent 

strain. This would help eliminate any background mutations 



127 

that were slightly contributing to the requirement for SACS 

by the synthetic lethal mutations. To our surprise and my 

dismay, we found that the synthetic lethal phenotype of only 

4 of the synthetic lethal mutants remained constant, slm34, 

slm48, slml02, and slmlOS. The synthetic lethal phenotype 

of the rest of the mutants weakened progressively as they 

were backcrossed until it was to faint to be of interest. 

Linkage Analysis: Linkage analysis was carried out with 

the 4 remaining mutants. We used the diploids homozygous 

for the sac6 null and heterozygous for two different mutant 

alleles. These had been created during the coirplementation 

testing. These diploids were sporulated and dissected. If 

the two genes were linked we expected then the all the 

progeny would require the SACS plasmid if present or be 

dead. If the two synthetic lethal mutations were not linked 

then we would see viable spores that either could lose the 

SACS plasmid or that were viable even though they did not 

receive it. Only the synthetic lethal mutants {slm) 48 and 

34 gave rise to progeny that was either inviable or required 

the plasmid for growth. The other two mutants, slml02 and 

slmlOS appeared to be mutations in imlinked genes. 

Independent Phenotypes: The slms were analyzed further 

to determine if they had any independent phenotypes such as 
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ts, cs, or osmotically sensitivity. They were all able to 

grow in a similar manner to their parents strains under 

various temperatures and concentration of salt. It was 

therefore concluded that they had no obvious growth defect 

under these conditions that would facilitate their cloning. 

Cloning of the mutations: I used plasmids that encoded 

the genes known to be synthetically lethal with SAC6 in 

order to identify whether the synthetic lethal mutations we 

had isolated were in genes known to be synthetically lethal 

with the sac6 null. Plasmids containing ABPl, CAPl, CAP2, 

and SLA2 were transformed into slm48, slm34, and slmlOS. 

The resulting transformants were assayed for their ability 

to lose the SAC6 plasmid. slm48 was coiiplemented by SLA2, 

slm 106, was complemented by SLA2 and CAPl, and slm 102 was 

not complemented by any of these genes (Table 5.2). The 

complementation of slm48 by SLA2 was verified by linkage 

analysis and subsequently the mutation given to David 

Drubin's lab who originally isolated this gene. They 

confiioned that this mutation did indeed lie in SLA2 (David 

Drxibin, unpiablished) . The other two mutants were not 

followed further for they had no independent phenotypes to 

facilitate cloning. 

RESULTS (Screen 2) 
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It was decided to attempt to isolate additional synthetic 

lethal mutations through a novel genetic screen that we 

hoped would overcome the problems encountered in the one 

described above. This screen involved isolating mutations 

created by transforming it with a yeast genomic library that 

contained random insertions of a mini-Tn3 : :L£I72 transposon 

containing lacZ- coding sequences(69). When yeast is 

transformed with this library, the resulting transformants 

now have insertions of the mini-Tn3: : LEU2 transposon at 

random locations throughout their genome. The site of 

insertion is dictated by the yeast genomic DNA fragments in 

the library. Most of these insertions lead to loss of 

function nrutations (69) . Some of these loss of function 

mutations may be synthetically lethal with the sac6 null. 

The mutation can then be followed by tracking the 

segregation of the LEU2 gene which make genetic analysis of 

these mutants much easier that was possible in the previous 

screen. The crosses to determine whether the synthetic 

lethal phenotype is the result of the mini-Tn3 : : I/EC72 

insertion and subsequent linkage analysis can be carried out 

in a SACS genetic backgroiind. Cloning is also facilitated 

by the mini-Tn3 : :LEC72 insertion (59) . 

Isolation on mutants: KTY623 and 624 were transformed 

with the mini-Tn3 : :L£C72 transposon library. 15000 

transformants were patched to Synthetic media lacking 
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leucine. The ability of the mutants containing the mini-

Tn3::LEU2 transposon (rautx::lacZ ::LEU2) to lose AAB311 

(SACS URA3, LYS2 plasmid) was first detected by replica 

plating the cells onto media containing 5-fluoroorotic acid 

(5-FOA) which kills URA3'̂  cells. AAB311 was used in this 

screen to overcome problems encountered in the previous 

screen involving the determination of the degree of the 

color sectoring in colonies. The cells that have AAB311 

plasmid will die as a result of the URA3 gene on the plasmid 

and those cells that lose the plasmid will die as a result 

of the synthetic lethal mutation that is no longer 

complemented by the SACS on the plasmid. The requirement 

for the SACS plasmid is confirmed by a similar test using 

alpha-aminoadipic acid which kills LYS2 cells. 38 

mutx::IacZ ::LEU2 mutations that required the AAB311 plasmid 

in a sac6 null genetic backgroxind were isolated 

Do the slms require SACS: We verified that the 

matx.:: lacZ: :LEU2 mutations are single insertions that 

require SACS in a sacS null background and eliminated the 

possibility of multiple mutations or gene conversion events 

being responsible for the inhibition their growth on 5-FOA 

and alpha-aminoadipic acid. These possibilities were 

distinguished by mating the sacS::HIS3 null, mutxiilacZ 

::LEU2 double mutants to a wt strain, allowing the strain 
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to lose the AAB311 plasmid, sporulating the resulting 

diploid and dissecting the tetrads. If the sac6: :HIS3 null, 

mutx::lacZ : :LEU2 doxable mutants were dead then none of the 

viable spores would be both and LEU2'̂  and one fourth of 

the spores should be dead. If there is only a single 

insertion of the mini-Tn3: :L£U2 transposon the LEU2 should 

be segregating 2:2. None of the mutants isolated were 

linked to the mutx::lacZ::LEU2 insertions. 

DISCUSSION 

We used two different approaches to try to isolate 

single nuclear mutations that were synthetically lethal with 

a sac6 null. These were a variation on the color sectoring 

screen used by Alan Bender (67) and a novel approach 

utilizing the Snyder insertion library(69). Three mutants 

were isolated from the screen using the color sectoring 

assay. One of them was cloned and proved to be a novel 

allele of SLA2. The other two were the result of single 

nuclear mutations but were not pursued further for they had 

no independent phenotypes that would facilitate cloning 

them. 

The first synthetic lethal screen was successful in 

isolating a novel allele of the actin associated protein 

Sla2p. Sla2p had been previously isolated from a synthetic 

lethal screen in a abpl null background and as a mutant 

defective in endocytosis(63) . The sla2 null is tenperature 
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sensitive in addition to being defective in endocytosis (5) . 

The allele we isolated was not teir̂ jeratures sensitive and 

lacked the C-terminal 100 amino acids of Sla2p (David 

Drubin, unpxiblished) . Therefore the allele we isolated is 

not a null and strains lacking Sac6p require that 100 amino 

acid stretch. David Drubin's lab is characterizing this 

mutant further. 

The second synthetic lethal screen was not successful 

in isolating any new mutants. This was a novel approach to 

identifying synthetic lethal mutations. It utilized the 

Micheal Snyder insertion library to create mutations tagged 

with a transposon containing lacZ and LEU2 {69) . This 

library has been used successfully to identified genes 

involved in cell surface assembly by screening cells for 

altered sensitivity to calcofluor white (70). It was not 

successful here for all the mutations isolated were not 

linked to the transposon inserted. This inplies that there 

is a either a large number of mutations that are 

synthetically lethal with the sac6 null or that the region 

they lie in is hypermutable. This results in a high nxomber 

of mutations to sort through that are not tagged with LEU2. 

The finding that the mutations were untagged mitigated the 

advantages of using the Micheal Snyder library and therefore 

we did not continue to analyze these mutants. 
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The synthetic lethal screens were not pursued further 

to isolate additional mutants. This was due to the 

difficulties we had in analyzing the mutants isolated. We 

foiind the synthetic lethal phenotype often required two or 

more mutations. The difficulty in analyzing the mutants was 

a result of the failure of sac6 null strains to sporulate, 

the observation that expression of SACS on a high copy 

plasmid inhibited growth and an apparent ease of 

establishing the synthetic lethal phenotype in these 

strains. The spoliation defect of diploid strains 

homozygous for the sac6 null prohibited a more standard 

analysis of the segregation of heterozygous synthetic lethal 

mutations in a homozygous sac6 null background. Instead we 

had to cover the sac6 null with a lov/ copy, centromeric 

plasmid carrying the SAC6 gene. Following sporulation and 

dissection of the resulting spore, the segregation pattern 

of the synthetic lethal mutations was difficult to follow. 

This was due to decreased spore viability resulting from 

either the level of mutagenesis or from the mutations that 

were conferring the requirement for the SACS plasmid. Given 

the number of false synthetic lethal mutations that we had 

to wade through, the above difficulties made further 

screens lanappealing. 

Other screens have been successful in isolating 

synthetic lethal mutants using cytoskeletal genes. The 
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synthetic lethal screens carried out by Doug Hotzman with 

ABPl{63) and Tatiana Karpova with CAP2/CAP1{66) had the 

advantage of a lack of sporulation defects and the use of 

high copy plasmids the case of CAP2/CAP1. Both screens also 

isolated mutations in SACS. The ease of genetic analysis 

provided by the sporulation of the respective nulls in each 

of the screens allowed the analysis of more putative mutants 

in the tests for single nuclear mutations and the clarity of 

their conplementation test also facilitated grouping the 

mutations that they isolated. An additional advantage of 

Doug Holtzman's screen over our was that they initiated it 

prior to us. This resulted in their prior claim to the 

initial study of SLA2. 

The genes that other labs have identified to be 

synthetically lethal with the sac6 null are not actin 

bxindling proteins as the redundant function model for 

explaining synthetic lethal relationships would predict(62). 

The simplest interpretation of this model suggests that the 

reason behind the synthetic lethal relationship would be 

that bundling actin filaments is essential to the cell and 

that the proteins that are synthetically lethal with the 

sac6 null bundle filament in Sac6p absence(62). Instead 

these proteins cap actin filaments (65) or are involved in 

the actin cytoskeleton's role in endocytosis(5). Therefore 

a more liberal interpretation of the redimdant function 
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model is required. Instead of bundling being the function 

that is redundant, we need to consider the effect bundling 

might have on the actin cytoskeleton. Bxmdling is thought 

to stabilize filaments. If a threshold of stability is 

required for viability and Sac6p contributes to it, then if 

you deleted multiple genes involved in stabilizing filaments 

the double mutant would be inviable. The relationship 

between the actin capping dimer and Sac6p appears to be just 

that. Both proteins have been shown biochemically to 

stabilize actin networks(68). 

As the result of the above findings we conclude that: 

the essential, redxondant functions are between Sac6p and the 

genes synthetically lethal with it may be in stabilizing the 

actin cytoskeleton.; secondly we were unable to identify any 

new genes do to technical difficulties and the disadvantage 

of a later start with these studies, and finally we suggest 

that in differentiating between the many models for 

synthetic lethality you must keep in mind not only the 

immediate fimction of that particular protein ie. bxandling 

actin, but also how that fimction fits into the greater 

scheme of things ie. the stability of the cytoskeleton. 
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Table A.l: Summary of Screens 

Colonies synthetic single recessive survived 
screened lethal nuclear backcross 

mutants mutation 

14000 34 11 11 4 

2 15000 38 0 
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Table A. 2: Linkage Groups and the ability of various genes 

to complement the synthetic lethal phenotype of the slms 

when ABPl, CAPl, CAP2, SLA2, or SAC6 are expressed from 

plasmids 

slm Linkage 

group 

ABPl CAPl CAP2 SLA2 SACS 

34 I no no yes 

48 I no no no yes yes 

102 II no no no no yes 

106 III no yes no yes yes 
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APPENDIX B: YEAST STRAINS USED IN THIS STUDY 

Strain Genotype Source 

AAY1017 MAT alpha, hisl 

AAY1018 MAT a, hisl 

AAY1029 MAT alpha, sac6::LEU2, ade2, ade3, leu2, this 
ura3, lys2, his3 study 

AAY1030 MAT a, sac6::LEU2, ade2, ade3, leu2, ura3, this 
trpl, his3 study 

AAY1046 MAT alpha, sac6::LEU2, his3, leu2, lys2, ura3 (42) 

AAY1048 MATa, SAC6, his3, leu2, lys2, ura3 (42) 

IGY43 M A T a ,  b a r l A : : L Y S 2 ,  u r a 3 - 5 2 ,  l e u 2 - 3 , 1 1 2 ,  this 
ade2, his3-A200, lys2-801 study 

IGY47 MAT alpha , actl-101 :HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY48 M A T a  ,  a c t l - 1 0 1  : H I S 3 b a r l A : :  L Y S 2 ,  u r a 3 - 5 2 ,  this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY49 MAT alpha , actl-105:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 
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IGY50 MAT a , actl-105:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, h±s3-A200, lys2-801 study 

IGY51 MAT alpha , actl-119:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY52 MAT a , actl-119:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ada2, h±s3-A200, lys2-801 study 

IGY53 MAT a , actl-120:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY54 MAT alpha , actl-120:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY55 MAT a , actl-124 :HIS3barlA::LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY56 MAT alpha , actl-124 :HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY57 MAT a , actl-122:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY58 MAT alpha , actl-122:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY59 MAT a , actl-121 :HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY60 MAT alpha , actl-121 :HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY61 MAT alpha , actl-125:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 
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IGY62 MAT a , actl-125:HIS3harlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY63 MAT a , actl-129 :HIS3barlA: :LYS2, xira3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY64 MAT alpha , actl-129:HIS3barlA::LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY85 MAT a , actl-8 :HIS3harlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY86 MAT alpha , actl-8:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY87 MAT a , actl-25B:HIS3harlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY88 MAT alpha , actl-25B:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY89 MAT a , actl-3 :HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY9G MAT alpha , actl-3 :HIS3harlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY91 MAT a , actl-9:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY92 MAT alpha , actl-9:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY93 MAT a , actl-10:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 
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IGY94 MAT alpha , actl-10:HIS3harlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY95 MAT a , actl-133 :HIS3harlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY96 MAT alpha , actl-133 :HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY97 MAT a , actl-117:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY98 MAT alpha , actl-117:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY99 MAT a , actl-135:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGYIOO MA.T alpha , actl-135:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGYlOl MAT a , actl-104 :HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY102 MAT alpha , actl-104:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY103 MAT a , actl-116:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY104 MAT alpha , actl-116:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY105 MAT a , actl-6-25:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 
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IGY106 MAT alpha. , actl-6-25:HIS3barlA: :LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY107 MAT a , actl-113 :HIS3harlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY108 MAT alpha , actl-113:HIS3harlA::LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY109 MAT a , actl-lll:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, h±s3-A200, lys2-801 study 

IGYllO MAT alpha , actl-lll:HIS3barlA::LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGYlll MAT a , actl-115:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY112 MAT alpha , actl-115:HIS3barlA::LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY113 MAT alpha , actl-123:HIS3barlA::LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY114 MAT a , actl-123 :HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY115 MAT a , actl-2:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY116 MAT alpha , actl-2 :HXS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY117 MAT a , actl-7:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 
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IGY118 MAT alpha , actl-7:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY119 MAT a , actl-4:HIS3harlA: :LYS2, ura3-52, 
leu2-3,112, ade2, his3-A200, lys2-801 

this 
study 

IGY120 MAT alpha , actl-4 :HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY121 MAT a , actl-102:HIS3barlA: :LYS2, ura3-52, this 
leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY122 MAT alpha , actl-102:HIS3barlA::LYS2, ura3- this 
52, leu2-3,112, ade2, his3-A200, lys2-801 study 

IGY123 MAT a/alpha, ACTl/ACTl, this 
barlA: :LYS2/barlA: :LYS2, ura3-52/ura3-52, study 
leu2-3,112/leu2-3,112, ade2/ade2, his3-
A200/his3-A200, Iys2-801/lys2-801 

THY99 MAT alpha, sac6-2, act1-3, ura3, his3 Dana 
Davis 
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APPENDIX C: PLASHIDS USED IN THIS STUDY 
Plasmid alias Yeast Genes Source 

pRP23 

KTBl 

KTB2 

KTB3 

KTB4 

KTB5 

KTB6 

KTB7 

AAB4 

AAB74 

AAB117 

AAB135 

AAB157 

AAB164 

AAB207 

AAB230 

AAB231 

AAB311 

Gall,10:pl, URA3, CEN 

Gall:N410, URA3, CEN 

Gall:C386, URA3, CEN 

Gall:C397, UEA3, CEN 

Gall:H+l+l, URA3, CEN 

Gall:H+2+2, URA3, CEN 

Gall: H+2+1, URA3, CEN 

Gall:H+2, URA3, CEN 

HIS3, CEN 

ABPl, LYS2, CEN 

SACS, URA3, CEN 

SAC6, ADE3, URA3, CEN 

Gal1:SAC6, URA3, CEN 

SACS, LYS2, CEN 

SLA2, URA3, CEN 

CAPl, URA3, CEN 

CAP2, LYS2, CEN 

SACS, LYS2, URA3, CEN 

(15J 

This Study 

This Study 

This Study 

This Study 

This Study 

This Study 

This Study 

(71) 

David 
Drub in 

(42) 

David 
Drubin 

(17) 

This Study 

David 
Dnibin 

John 
Cooper 

John 
Cooper 

This Study 
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AAB364 Gall:SACS, URA3, CEN This Study 

AAB386 actl-101::HIS3 (15) 

AAB388 actl-119::HIS3 (15) 

AAB391 actl-121::HIS3 (15) 

AAB393 actl-122::HIS3 (15) 

AAB394 actl-124::HIS3 (15) 

AAB436 actl-117::HIS3 (15) 

AAB437 actl-120::HIS3 (15) 

AAB438 actl-123::HIS3 (15) 

AAB439 actl-125::HIS3 (15) 

AAB440 actl-129::HIS3 (15) 

AAB442 actl-133::HIS3 (15) 

AAB443 actl-135::HIS3 (15) 

AAB450 actl-102::HIS3 (15) 

AAB451 actl-104::HIS3 (15) 

AAB452 actl-105::HIS3 (15) 

AAB454 actl-111::HIS3 (15) 

AAB455 actl-113::HIS3 (15) 

AAB456 actl-115::HIS3 (15) 

AAB457 actl-116::HIS3 (15) 



1-1-H-l 

2-1-H-2 

3-1-H-3 

4-1-H-l 

5-1-H-l 

6-1-H-l 

7-1-H-l 

1944-2 

6-25-1 

act1-3::HIS3 

actl-4::HIS3 

act1-2::HIS3 

act1-7::HIS3 

actl-8::HIS3 

act1-9::HIS3 

actl-10::HIS3 

actl-25B::HIS3 

actl-6-25::HIS3 

146 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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