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III. ABSTRACT 

The actin cytoskeleton is essential in yeast and is composed of actin 

and numerous actin binding proteins. One actin binding protein, encoded 

by SACS, is the yeast homolog of human fimbrin, an actin bundling 

protein [1]. Sac6 protein is not essential for viability but is involved in 

many cytoskeletal functions. One common phenotype cytoskeletal 

mutants, including the sac6A, have is a defect in sporuiation. Although 

this phenotvpe has been known for some time, the function of the actin 

cytoskeleton during sporuiation is completely unknown. 

[n order to determine the role of Sac6 protein and the actin 

cytoskeleton for sporuiation, I accomplished the following; 1. I identified 

the terminal arrest point of the sacbA during sporuiation as being 

immediatelv prior to spore wall formation, 2. By analyzing other mutants, 

I established that a primary function for the cytoskeleton during 

sporuiation is for endocytosis, and 3. I identified an endocytic pathway in 

v^egetative cells having different requirements for the actin cytoskeleton 

than the classical endocytic pathway. 

The events occurring during sporuiation have been characterized. 

By using a number of different assays, I determined that the sacbA arrests 

late in the sporuiation pathway. Different arrest points were seen 

depending on strain background used. However, in the SKI background, a 

function for Sac6 protein in spore wall formation was identified. 

By e.xamining other mutations defective for sporuiation, I identified 

slaZA and chcl-521 as having sporuiation defects similar to the sac6A. 5LA2 
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encodes a cytoskeletal protein that has roles in endocytosis and C H C l  

encodes the clathrin heavy chain that has roles in membrane trafficking, 

including endocytosis [2-4]. Actin and Sac6 protein are also required for 

endocytosis [5]. These data led to the model that a function of the actin 

cvtoskeleton during sporulation is for endocytosis. 

An allelic series of actin mutations had previously been analyzed for 

ability to undergo receptor-mediated endocytosis [6]. This data was 

compared with the sporulation ability of the actin mutations and a strong 

correlation was identified between these two phenotypes. I determined 

that endocytosis does occur throughout sporulation and that the sac6A has 

defects in endocytosis during sporulation. 

In order to better understand the role of endocytosis during 

sporulation, I analyzed the endocytosis of Ste6 protein. The half-life of this 

protein is known to be controlled by the endocytic machinery and it is 

endocytosed constitutively [7]. The data obtained from this assay (although 

not informative with regards to sporulation) suggests that Ste6 protein has 

different requirements for the actin cytoskeleton than receptor-mediated 

endocytosis. All endocytosis appears to require the actin cytoskeleton, 

however this may be the first demonstration that multiple actin-dependent 

endocytosis pathways may exist in yeast. 
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IV. INTRODUCTION 

The focus of this work is the analysis of the actin cytoskeleton during 

the process of sporulation in the yeast Saccharomyces cerevisiae. The 

introduction that follows in divided into two distinct sections to provide a 

basic foundation of the concepts that will be addressed in the body of the 

thesis. The first section describes the actin cytoskeleton, a primary element 

of mv work. In this section, I detail the biochemical properties of achn, 

describe actin structures found in yeast, point out the conservation of the 

cytoskeleton throughout evolution, describe some of the actin binding 

proteins of particular importance, and discuss some of the functions 

known to be carried out bv the actin cvtoskeleton. The second section 

describes the process of sporulation, the other focus of this work. In this 

section 1 give an overview to sporulation. Since much of the thesis in 

devoted to characterizing mutants during sporulation, the stages of 

sporulation are discussed in detail. 

THE ACTIN CYTOSKELETON 

Actin was originally identified in skeletal muscle as the main 

component of thin filaments found in the l-band. Since its initial 

discovery, actin has been identified and found to be highly conserved 

throughout eukarvotic evolution [8]. Monomeric or G-actin is capable of 

self-assemblv into 7nm filaments in vitro [SJ. Filamentous, F-actin, 

comprises the structural component of the actin cytoskeleton in vivo. 
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F-actin is a polar structure and each end has different biochemical 

properties. Demonstration of actin polarity is most easily visuaUzed by 

decorating a filament with the SI myosin head fragment [91- The SI 

fragments of myosin do not extend from a filament in a perpendicular 

fashion, but are skewed in one direction. The directionality of Si 

decoration gives the filament the an arrow-like appearance, leading to the 

ends of F-actin to be termed the barbed and pointed ends. The barbed and 

pointed ends are more commonly referred to as the + and - ends, 

respectively. 

The crvstal structure of actin has been determined [10]. Actin is a 

globular protein that can be divided into a large and small domain, 

although the size differences are slight between the two domains. These 

two domains can be further divided into two subdomains, subdomains 1 

and 2 make up the small domain and subdomains 3 and 4 the large 

domain (Figure 4-1) [11]. A divalent cation and ATP binding site lies in a 

cleft formed between the two major domains. These components are 

important for proper folding and actin function [12|. In a filament, 

subdomains 3 and 4 are buried within the filament whereas subdomains 1 

and 2 are more exposed to the solvent [12]. Therefore, mutations that fall 

in subdomains 1 and 2 tend to affect interactions with actin binding 

proteins, while mutations falling in subdomains 3 and 4 primarily affect 

actin-actin interactions. 
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III 

IV II 

Figure 4-1. 

Ribbon structure of the actin monomer. Shown are the four sub-domains 
and the ATP binding site. The cleft for ATP binding lies between the large 
and small domains. In a filament, much of subdomains 3 and 4 are buried 
within the filament whereas much of subdomains 1 and 2 are exposed to the 
solvent. 

ACTIN IN SACCHAROMYCES CEREVISIAE 

In the yeast Saccharomyces cerevisiae, F-actin is found in two 

distinct structures, cortical patches and cables [13]. These structures are 

known to be composed of F-actin because they can be labeled with 

phalloidin, a fungal toxin that binds specifically to F-actin and not G-actin 
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[14]. Cortical patches are found adjacent to the plasma membrane of cells 

whereas cables appear to be positioned throughout the cytoplasm [15, 161-

Often the cables appear to follow the curve of the cell membrane, 

suggesting cables may be partially associated with the plasma membrane. 

Evidence suggests both cortical patches and cables are composed of 

bundles of filaments as opposed to single filaments. The yeast homolog of 

mammalian fimbrin, an actin crosslinking protein first identified in the 

microvilli of intestinal cells, localizes to both cortical patches and cables. 

Because the bundling protein fimbrin (described also as Sac6 protein) is 

found at cables and cortical patches, it seems likely that these structures are 

composed of bundled filaments oriented in the same direction, similar to 

actin in microvilli. 

The actin cvtoskeleton has been examined by electron microscopy. 

This analysis revealed that cortical patches appear to be rings or coils of 

actin filaments surrounding a finger-like invagination of plasma 

membrane [17]. These structures are known to be cortical patches because 

two actin binding proteins, Abpl and cofilin that localize to the cortical 

patch by fluorescent microscopy, localize to these sites by electron 

microscopy. Actin cables can be seen by electron microscopy and often 

appear to end at the cortical patch, specifically at the tip of the invagination. 

THE ACTIN CVTOSKELETON IS HIGHLY CONSERVED 

Actin is found throughout eukaryotes. The degree of conservation 

found through evolution is striking. Actin in Saccharomyces cerevisiae is 

encoded by a single essential gene ACTl [18, 19]. Comparison of yeast actin 
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to human cytoplasmic iS-actin reveals that these two proteins are 89% 

identical and 96% similar [18]. Rescue of an actl mutation by a chicken 

actin gene demonstrated these two proteins are functional homologs [20]. 

This was one of the first examples of phenotypic rescue in yeast by a 

homologous higher eukaryotic gene. 

A great deal of homology exists between the proteins that interact 

with actin of yeast and higher eukaryotes as well. Many proteins that bind 

to actin have been identified and their respective activities have been 

characterized in mammalian systems [21]. These activities include 

monomer binding, filament stabilization, capping of filaments, filament 

severing, bundling and crosslinking of filaments, and motor activities. 

Many of these activities are also found in Saccharomyces [22]. 

Numerous classes of myosins have been identified in higher 

eukaryotes which are categorized by the tail structure of the myosin 

molecule. Saccharomyces has three classes of myosins, the conventional 

myosin encoded by the non-essential MYOl gene, type I myosins encoded 

by the redundant MY03 and MY05 genes, and unconventional mini-

myosins encoded by the essential MY02 and non-essential MY04 genes 

[23][14-17]. Mutations in these gene products have different effects on the 

cell, which is probably a reflection of the different functions that the 

myosins carry out. 

Profilin was originally characterized as a G-actin sequestering protein 

that now appears to be involved in stimulating filament growth and is 

conserved in yeast. It is encoded by a single gene, PFYl, loss of which 

confers severe growth defects [24]. Profilin appears to be regulated by PIP2. 
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Profiiin binding to PIP2 serves two functions: it prevents hydrolysis of PIP2 

by phospholipase C, PLC, and inhibits interaction of profiiin with G-actin 

[25]. PIP2 hvdrolvsis by PLC vields the secondary messengers diacylglyceride, 

DAG, and inositol 3, 4, 5, tri-phosphate, IP3. Therefore profiiin serves as an 

intermediate in two signaling responses; by binding G-actin, PIP2 is exposed 

to PLC for induction of downstream events; further, profiiin binding to 

actin serves to allow rearrangement of the actin cytoskeleton in response to 

external stimuli. 

Tropomvosin stabilizes microfilaments and tropomyosin activity is 

essential in veast [26, 27]. It is encoded by two partially redundant genes, 

TPMl and TPM2 [26, 28]. TP Ml appears to encode the more significant 

tropomvosin during vegetative growth, as deletion of TPMl from the 

genome conveys a variety of growth defects [28, 29]. By 

immunofluoresence, tropomvosin is the only protein identified so far that 

interacts specificallv with cables and not cortical patches [28]. Tropomyosin 

in muscle cells regulates the interaction of myosin with actin [27]. This role 

mav be conserved in veast as well. Mutations in TPMl have numerous 

phenotvpes in common with a mutation in MY02 suggesting that these 

two proteins mav be involved in the same processes [29, 30]. 

A B P l  encodes an actin binding protein with an SH3 domain that 

localizes to the cortical patches. Deletion of the ABPl gene does not confer 

anv phenotypes on the cell during vegetative growth [3]. Abpl protein has 

roles in endocytosis and signaling [31, 32]; however these functions are 

carried out bv other proteins in the absence of Abpl protein. 
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Actin filament bundling activity is carried out by the product of the 

SACS gene encoding the yeast homolog of human fimbrin [Ij. Sac6 protein 

localizes to both cables and cortical patches, and is the only bundling 

protein known in veast [13]. 

Sac6 PROTEIN IN YEAST 

Because a sac6 mutation is the focus of Chapter 5, a detailed 

discussion of this protein is included. The SAC5 gene was identified 

concomitantlv in yeast by a genetic screen and biochemically on an actin 

affinity column [33|. Genetically, SACS was identified as a dominant 

suppressor of a temperature-sensitive actin allele, actl-3 [341. It was 

established that sacS mutations act as allele specific suppressors, being able 

to allow growth at restrictive temperature of some actin alleles but not 

others [34]. Further, certain alleles of sacb that are capable of suppressing a 

temperature-sensitive actl mutant, are themselves temperature sensitive 

in a wild-tvpe actin background [34]. This has become the classic case of 

reciprocal suppression. 

Sac6 protein has a mass of 67kD. It is composed of an EF-Hand-like 

domain, followed by two tandem actin binding domains, ABDl and ABD2. 

Although the EF-Hand in L-fimbrin can bind calcium [35], the EF-Hand of 

Sac6 protein is lacking kev residues for calcium binding and presumably 

does not bind calcium [1]. Sac6 protein is not required for viability, but 

deletion of SACS from the genome does confer a variety of phenotypes [1, 

36]. These phenotypes include temperature-sensitive growth, sensitivity to 

hypertonic media, an aberrant actin cvtoskeleton (delocalized cortical 
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patches and a lack of cables), and morphological abnormalities (rounder 

cells of more heterogeneous size than wild-type). 

FUNCTIONS OF THE ACTIN CYTOSKELETON 

The goal of my work is to identify functions of the actin cytoskeleton 

during sporulation. A description of some of the best characterized 

functions of the actin cytoskeleton is included. These functions are 

discussed in Chapters 6-9, therefore an overview is provided. 

Saccharomyces cerevisiae is a budding yeast. Unlike other 

organisms and cell types which grow in size and divide in the middle, 

Saccharomyces grows by generating a bud to which most if not all growth is 

directed. After the bud grows to sufficient size and nuclear segregation has 

occurred, cytokinesis generates two cells, the mother whose size has not 

changed and the daughter. Therefore, Saccharomyces grows in a polarized 

fashion. Polarized growth is one of the best described functions of the actin 

cytoskeleton. 

The actin cytoskeleton undergoes dramatic changes in localization 

during the cell cycle (Figure 4-2). In short, cortical patches are randomly 

distributed over the surface of the cell and cables are randomly distributed 

through the cell during Gl or in resting cells. Prior to bud formation but 

after START, cortical patches become localized and cables are oriented 

toward the incipent bud site. After bud formation and during bud growth, 

cortical patches are localized almost exclusively within the bud and cables 

are oriented along the mother-bud axis. Once the bud has reached its 

mature size in G2, the cortical patches become randomly distributed 
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between the mother and bud. Finally, during cytokinesis the cortical 

patches become localized at the neck. Therefore actin localizes to regions of 

active growth. 

B D 

H 

Figure 4-2. 

Cartoon representation of F-actin localization during the cell cycle. (A.) A G1 
or resting cell, with randomly oriented cortical patches and cables. Shortly 
after START, (B.) the cables orient towards the incipent bud site where the 
cortical patches form a ring. Following bud emergence (C.) and during early 
bud growth (D.), cortical patches are localized at the tip of the growing bud. 
After a strain dependent amount of bud growth, (E.) cortical patches are found 
randomly distributed through the bud. Cortical patches then undergo a 
complete randomization late in the mitotic cycle (F.) being found in both 
mother and bud. (G.) Finally, concomitant with cytokinesis a subset of 
cortical patches localize to the neck of both mother and bud. Following 
septation and scission the cortical patches and cables are randomly distributed 
through the cells. Cables are found oriented along the mother-bud axis 
throughout most of the cell cycle (B.-G.). 

Following bud formation virtually all growth becomes localized to 

the bud. However, growth within the bud is spatially regulated. Initially 

growth is localized to the tip of the growing bud. After a strain-dependent 

period of tip-localized growth, growth becomes dispersed evenly through 
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the bud. This initial apical growth followed by isotropic growth causes 

yeast ceils to be ellipsoidal in shape. F-actin cortical patch localization 

matches the behavior of the apical to isotropic switch. 

Further demonstration of the role for the actin cytoskeleton in 

polarized growth is seen bv analysis of cvtoskeletal mutants. Numerous 

cytoskeletal mutants confer morphological abnormalities on the cell, 

including cells that are more spherical in shape and heterogeneous in size. 

Analysis of the cytoskeleton in these mutants with phalloidin 

demonstrates cortical patches (normally localized to regions of active 

growth) are found randomly distributed throughout both mother cells and 

buds. If cortical patches are serving as the markers for growth, then the 

random distribution of cortical patches found in mutant actin strains 

explains both round cell morphology and differences in cell size. In 

mutants with random localization of cortical patches, buds would not have 

an apical growth phase and therefore would be round due to continuous 

isotropic growth. Also, growth is not specific to the bud and continues in 

the mother cell as well, therefore, mother cells continue to grow, 

presumably becoming larger with each successive cell cycle. 

The actin cytoskeleton has a function in golgi-^plasma membrane 

secretion. This is demonstrated by the accumulation of secretory vesicles 

in actl, tpml, or mi/o2 mutants [29, 301. The nattire of the secretion defect is 

unclear because detailed analyses on the kinetics of secretion were done for 

myo2-66, the myosin mutant that accumulates secretory vesicles, and did 

not identify defects in the secretion of numerous proteins [37]. 
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The actin cvtoskeleton is required for endocvtosis. Mutations in actl 

and sac6 were the first cvtoskeletal proteins to show defects in endocvtosis 

[5]. Using a radio-labeled ligand and a fluorescent dye, the actin 

cvtoskeleton was shown to be important for both receptor-mediated and 

constitutive endocvtosis [51. In these mutants, endocvtosis is blocked at the 

internalization step. Further analvses have defined numerous cvtoskeletal 

proteins required for endocvtosis, including actin, Sac6, Sla2, calmodulin, 

and tvpe I myosins [2, 5, 38-40]. Mumerous genes have been identified in 

screens for endocvtic mutants specific for the internalization step [2, 41, 421-

The mutations identified often cause defects in the structure of the 

cytoskeleton, as determined bv immunofluoresence [2, 41-43], providing 

further evidence that the actin cytoskeleton is intimately required for 

internalization of endocytic vesicles. 

Finally, manv mutants affecting the actin cytoskeleton have defects 

in sporulation (Table 4-1). However this phenotype has been largely 

ignored. SACS was identified in a genetic screen for dominant suppressors 

of the temperature-sensitive actl-3 [34]. The homozygous actl-3 strain 

sporulates poorlv, <1% [36]. The dominant sacb alleles that were 

characterized not onlv suppressed the temperature-sensitive phenotype of 

actl-3 but also the sporulation defect. 
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Cytoskeletal Mutations Reference 
actl-3 37 

m\jol-66 31 
sac 7 A 117 

t p m l A  29, 30 
sad A 84 
sac3 84 
sacZ 84 

Table 4-1. 

Mutations affecting the actin cytoskeleton that have been reported to have 
sporulation defects. ACTl, MY 02, and TPMl encode for stuctural 
components of the actin cytoskeleton. SACl, SAC2, SAC3, and SAC7 show 
genetic interactions with the actin cytoskeleton but have not been shown to 
interact with the cytoskeleton directly. 



SPORULATION IN SACCHAROMYCES CEREVISIAE 

Sporulation in Saccharomyces cerevisiae includes the process of 

meiosis followed bv the encapsulation of the four haploid nuclei into spore 

coats. This is an ordered pathway of which many steps have been 

determined. Entrv into the sporulation pathway is tightly regulated and 

only occurs under starvation conditions in a particular cell type. If the 

criteria for sporulation are met, a cell enters the sporulation pathway 

(Figure 4-3). In short, ceils initiate the sporulation pathway by turning on a 

cascade of genes that regulate the sporulation pathway at the 

transcriptional level. Following initiation, DNA svnthesis takes place 

followed bv two hallmarks of meiosis, meiotic recombination and 

svnaptonemal complex formation. Following a prolonged G2 phase, cells 

then undergo two subsequent meiotic divisions, MI and MIL Mil follows 

MI without the intervening Gl, S, or G2 phases seen in mitotic cell cycles. 

Following MIL the haploid nuclei are encapsulated within a complex spore 

coat that is resistant to environmental stresses. Following incubation in 

rich media, the spores will germinate and resume a mitotic life-style. 



Initiation 
DNA 

Synthesis Recombination 
P 

SC Formation 

Meiosis I 

Meiosis II 

Figure 4-3. 

General order of events of sporulation. Wild-tvpe cells will follow this order 
of events, however it is possible to uncouple these processes by mutations 
demonstrating these events are not completelv dependent. 

INITIATION OF SPORULATION 

In Saccharomyces, sporulation occurs in response to both extra

cellul a r  a n d  i n t r a c e l l u l a r  s i g n a l s .  O n l y  d i p l o i d s  h e t e r o z y g o u s  a t  t h e  M A T  

locus are competent for sporulation in an otherwise wild-type background. 

This is an attribute of the al-a2 repressor, that is only expressed in strains 

harboring both alleles of the MAT locus. This repressor allows sporulation 

because it represses a repressor of sporulation, RMEl [44, 45]. Rmel protein 

in turn represses an activator of sporulation, IMEl [46, 47]. Therefore, a 

diploid heterozvgous at the MAT locus expresses al-a2, does not express 

RMEl, and therefore can express IMEl (Figure 4-4). [MEl is also controlled 
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by nutritional, extracellular, cues. In some naturally occurring populations 

o f  y e a s t ,  R M E l  i s  m u t a n t ,  t h u s  a l l o w i n g  d i p l o i d s  h o m o z y g o u s  a t  t h e  M A T  

locus to sporulate. 

al-a2 -

Starvation 

Figure 4-4. 

Regulation of entry into sporulation pathway. Ime2 is under the control of 
both mating type and starvational cues. Starvation, for a fermentable carbon 
source and anitrogen source, appears to postivitely regulate Imel whereas 
mating tvpe regulation is a cascade of negative regulators. Imel and Ime2 
both induce early meiotic gene expression, however the pattern of induction 
is not completely overlapping. Ime2 is specific for activating middle-late gene 
expression as well as repressing Imel. 

Besides control from the M A T  locus, sporulation is controlled by 

starvation signals. Both starvation for fermentable carbon sources and 

nutrients (generally nitrogen) are required for efficient sporulation [48]. 

Unlike regulation from the MAT locus, carbon source regulation is less 

well understood. The cAMP signaling pathway, under the control of Ras 

in yeast, is involved in carbon source repression of sporulation (Figure 4-5) 

[49, 50]. By ectopically adjusting cAMP-dependent kinase activity, through 

mutations of genes in the pathway, the cAMP-dependent kinase can be 

made constitutively active or inactive [51-53]. In the case of constitutive 

Rmel 

Middle-Late Gene 
Expression 

Early Meiotic Genes 
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activity, cells display pleiotropic effects including an inability to sporulate. 

When the kinase is impaired (complete loss of activity is lethal) cells can 

sporulate in rich medium. In the case of the impaired kinase, cells grow 

vegetatively until carbon source levels drop, and then they sporulate. 

Therefore, there is either a second carbon source sensing pathway or the 

kinase retains enough activity to be partially controlled by carbon source 

levels. 

Glucose 

Plasma Membrane 

ATP Adenvlvl Cvclase Ras 
Cdc25 

cAMP 

Bcvl Bcvl cAMP 

Tpk Tpk 

Figure 4-5. 

Ras signaling cascade in yeast. In the presence of high concentrations of 
glucose, Cdc25 is stimulated to activate Ras. Ras in turn stimulates adenylyl 
cyclase causing the formation of cAMP. cAMP is then able to interact with the 
cAMP-dependent kinase repressor, Bcyl. cAMP binding to Bcyl frees the 
cAMP-dependent kinase, Tpk which then stimulates cell cycle progression. In 
the absence of glucose the pathway is off allowing for cell cycle arrest or 
sporulation. 
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Sporulation is also controiled by nutrient starvation. Generally this 

is done in the laboratory bv limiting the cells for nitrogen, however 

phosphate, sulfate, and limiting certain nucleotides or amino acids also 

stimulates sporulation [48, 54j. It is unclear how nitrogen starvation is 

r e l a v e d  t o  t h e  c e l l ,  b u t  t h r e e  g e n e s  t h a t  s t i m u l a t e  s p o r u l a t i o n ,  S i V I £ 3 ,  M C K l ,  

and RlMl, do not appear to be involved in the MAT locus or glucose 

sensing pathways [55-57], These genes are candidates for nutrient sensors. 

Starvation conditions have been thought to be important for 

sporulation because spores, the end product of sporulation, are more 

resistant to environmental stresses than vegetative cells. Therefore the 

onset of starvation would serve as a signal that harsher environmental 

conditions are imminent. Another model that is more in tune with the 

evolutionary rationale for meiosis in other organisms has been proposed 

[58]. In this case, the main advantage of sporulation would be generation of 

new allelic combinations. Because sporulation takes at least 10 hours in 

the fastest sporulating strains, this process would only initiate under 

conditions that limit growth. If sporulation occurred in rich media, non-

sporulating cells would undergo approximately seven generations in the 

time it takes a cell to sporulate under optimal conditions. This would 

increase the non-sporulating population approximately 100-fold over the 

sporulating population. 

The net effect of heterozygosity at the M A T  locus, nutrient 

starvation, and the absence of a fermentable carbon source is induction of 

IMEl. IMEl encodes a positive regulator of sporulation [46, 47]. It is not a 

sporulation-specific message, as it is found at low levels in vegetative cells 
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and is induced by other forms of stress including heat shock [591. However, 

IMEl is essential for sporulation[47, 60]. IMEl in turn, causes the induction 

of earlv sporulation specific genes, one of which is IMEl (Figure 4-4) [59, 60]. 

IME2 is only expressed during sporulation and has four main functions; it 

induces expression of itself [61], it represses IMEl expression [59], it is 

required for induction of early meiotic genes [60, 61], and it is required for 

the expression of middle and late meiotic genes [62]. Imel and Ime2 

proteins turn on many of the same early meiotic genes, however this is not 

simplv a case of Imel protein-^[me2 protein—nearly meiotic genes. The 

evidence for this is two-fold. First, Imel protein expresses early meiotic 

genes, albeit more slowlv, in a strain harboring a deletion of IMEl, and at 

least one gene, REC114, is activated by Imel protein and not Ime2 protein 

[60, 63]. Therefore, Imel and Ime2 protein also activate early meiotic gene 

expression independently. 

Once the meiotic pathway is initiated, that is I M E l  expression has 

taken place, a cell is not committed to finishing the meiotic pathway. In 

wild-type cells, commitment to complete sporulation occurs approximately 

at pachytene [58]. However, certain mutations allow a cell that has 

undergone both meiotic divisions but has not encapsulated the nuclei into 

spores to grow vegetativelv [64]. Using a temperature-sensitive IMEl allele, 

it was demonstrated that Imel protein is required for sporulation 

progression until commitment [65]. 

DNA SYNTHESIS, RECOMBINATION, AND THE SYNAPTONEMAL 

COMPLEX 



32 

A hallmark of sporulation is a modified cell cycle, specifically a cell 

undergoes Gl—>S-^a prolonged G2—>M—»and M without the intervening S 

and G2 phases. DNA synthesis during meiosis is essentially identical to 

DNA synthesis during a mitotic cycle although there are some sporulation 

specific proteins required for DNA synthesis [58]. There is a report that 

during meiosis, DNA synthesis takes much longer than during mitotic 

synthesis, however some caveats have been suggested that makes the data 

questionable [66]. 

During the first meiotic prophase, recombination and synaptonemal 

complex formation occurs. These two events are specific to sporulation 

and are evolutionarily conserved throughout meiotic cycles. 

Recombination can occur during mitotic growth, however the mitotic rate 

of recombination is much less than that seen during meiosis. The rate of 

meiotic recombination in Saccharomijces cerevisiae is approximately 10^-

10"^ fold greater than mitotic recombination. Recombination is initiated by 

formation of a double strand break (DSB), followed by incision from the 5' 

end leaving a single stranded 3' overhang [58, 67, 68]. This single stranded 

end is then competent for strand invasion leading to crossover and/or 

gene conversion events. Numerous genes have been identified that are 

i n v o l v e d  i n  D S B  f o r m a t i o n  a n d  r e s e c t i o n  o f  t h e  5 ' s t r a n d ,  i n c l u d i n g  S P O l l ,  

DMCl, and RAD50 [69-71]. 

As described above, a sporulating wild-type cell is not committed to 

spore formation until pachytene. Pachytene occurs late in meiotic 

prophase. Therefore, cells that have initiated meiotic recombination can 

still divide vegetatively. This ability has proven useful in determining 
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where sporulation defective mutants arrest. A number of biosynthetic 

genes contain hot-spots for recombination, including ARG4, CY53, and 

HIS4 [71, 72J. Using heteroalleles of these genes that cause auxotrophy, 

recombination can be scored by analyzing the increase in prototrophic 

recombinants upon shift to rich media during sporulation. This has been 

done for numerous sporulation defective mutants. Certain recombination 

mutants do not show increases in recombination [71], however other 

recombination mutants do increase meiotic recombination [70, 73]. These 

latter mutants invariably act late in the recombination process and give rise 

to spores that are inviable due to aneuploidy caused by the recombination 

defect. In these mutants, it appears that meiotic recombination is initiated 

normally, but upon shift to rich media the mitotic recombination 

machinery finishes the process. 

Recombination is essential for meiosis in order to prevent non

disjunction [58]. Crossover events, because of recombination, lead to 

chiasmata formation that covalently attach the chromosomal homologs. 

This allows the homologs to be properly aligned at metaphase I. In the 

absence of chiasmata, homologs are not aligned and during anaphase I 

improper chromosome segregation, non-disjunction, occurs. In wild-type 

cells following proper alignment, chiasmata are resolved completing 

recombination and allowing the free homologs to segregate to opposite 

poles at anaphase I. 

Synaptonemal complex (SC) formation occurs concomitant with 

recombination initiation [74]. The synaptonemal complex is a 

proteinacious structure that forms on and condenses chromosomes. The 
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paired homologs are bound down their length by axial or lateral elements 

that are separated bv a lOOnm central region [75]. Although the similarity 

between the veast SC and the SC of higher eukarvotes is high, there is one 

notable difference. Axial elements are completely formed on the homologs 

prior to pairing and completion of the SC in many organisms. In yeast 

however, pairing between homologs appears to begin prior to 

condensation bv the axial elements [581- Further, axial elements are not 

completelv formed prior to SC formation. In other words, axial elements 

are formed at different rates along the chromosome and once a region of 

the chromosome is condensed bv the axial elements SC formation finishes 

in that region despite other regions of the chromosome not yet having 

axial elements. Despite these differences, like higher eukaryotes, yeast 

chromosomes become completely condensed into SC, prior to diplotene. 

MI, Mil, AND SPORE FORMATION 

Following resolution of chiasmata, chromosomal segregation occurs 

with two successive meiotic divisions. The first meiotic division, the 

reductional division, is unique to meiosis in that homologs segregate to 

opposite poles. This is in marked contrast to mitosis in which sister 

chromatids segregate to opposite poles. The second meiotic division, the 

equational division, is similar to a mitotic division. The meiotic divisions 

in Saccliaromyces cerevisiae are different from the meiotic divisions of 

higher eukarvotes in that nuclear division does not occur. Following Mil, 

four distinct chromosomal sets are found within the same nuclear 

envelop. Nuclear division occurs concomitant with spore formation. 
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Following the meiotic divisions, the four spindle pole bodies 

become modified. This modification is seen by electron microscopy and 

acts as the initiation site for prospore wall synthesis [76]. Growth by 

cytoplasmic vesicle fusion of the incipent prospore wall progresses from 

the spindle pole bodies and encompasses the haploid nuclei in a double 

membrane. The membrane that will form the spore wall appears to 

originate from the endoplasmic reticulum [76J. However, this is inferred 

from electron microscopic data and has not been demonstrated in vivo. 

Components of the spore wall are then deposited between the layers of the 

double membrane [77]. 

The complete spore wall consists of three distinct layers. The first 

and most internal layer resembles the vegetative wall and is composed 

primarily of glucans and mannans [78]. The middle layer is made of 

chitosan, a chitin derivative [78], and the final and outermost layer in 

composed of di-tyrosine residues [79]. The middle and outermost layers are 

responsible for the resistance of spores to environmental stresses. 

Completion of the spore wall is not required for viable progeny [58]. It 

appears that the layers of the spore wall function to increase the resistance 

of the progeny to environmental stresses. Formation of the spore wall 

a p p e a r s  t o  b e  u n d e r  t h e  c o n t r o l  o f  a  M A P  k i n a s e  c a s c a d e .  S M K l  a n d  S P S l  

encode homologs of MAP kinases [80, 81]. Although other members of the 

MAP kinase cascade have not been identified, Spsl protein controls the 

expression of the genes involved in construction of the spore wall [80]. 

Following completion of the spore wall, spores are stable for extended 

periods of time in starvation. Upon return to permissive growth 
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conditions, degradation of the spore wall occurs allowing growth and 

reentry into the mitotic growth cycle. 
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V. TERMINAL ARREST POINT OF sac6A DURING SPORULATION 

INTRODUCTION 

Mutations affecting components of the actin cytoskeleton often cause 

a defect in the ability of cells to sporulate. However, the role of the actin 

cytoskeleton during sporulation is completely unknown. Yeast cells 

lacking Sac6 protein, by deletion of SACS from the genome, do not form 

spores when incubated in media that stimulates the sporulation pathway 

([82] and Table 5-1). To establish what role(s) Sac6 protein plays during 

sporulation, a sacSA mutant was analyzed for its ability to undergo specific 

events during sporulation. The sacbA mutant was analyzed for the ability 

to enter the sporulation pathway, to initiate meiotic recombination, and to 

undergo the meiotic divisions. 

Background Genotype % Sporulation 
S288c Wild-type 30±5 
S288C sacSA 0±0 
SKI Wild-type 71±14.0 
SKI sac6A 1±2 

Table 5-1. 

% Sporulation of wild-type, IGY7 and AAY2062, and s a c S A ,  IGY8 and 
AAY2063, in the S288c, IGY8 and IGY7, and SKI, AAY2062 and AAY2063, 
backgrounds. Cells were grown to stationary phase in YPD, washed with 
ddH20, and resuspended in sporulation media. Sporulation was scored after 
3 days incubation at 30°C for S288c cells and 2 days at 30°C for SKI cells. At 
least 100 cells were counted for each experiment. 
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The sac6A mutation was chosen for analysis during sporulation for 

several reasons. First, the sacSA mutation confers a more penetrant 

sporulation defect than do other cytoskeletal mutants [36, 83]. Second, by 

studying the deletion, a null phenotype is being analyzed; in contrast, the 

actl alleles are likely to be hypomorphs for function. Finally, Sac6 protein 

is known to directly interact with actin [33], unlike other proteins that may 

interact with the cytoskeleton in an indirect manner [83]. 

For these studies two distinct strain backgrounds were used, the 

S288c and SKI backgrounds. The SKI background sporulates more 

efficiently and synchronously than the S288c background and is commonly 

used for sporulation studies [84]. The S288c background was used because it 

is the most common strain background. Further, the affect of cytoskeleton 

mutations on v^egetative processes is being studied in the S2S8c isogenic 

background. Therefore a direct comparison can be made between the 

vegetative assays and sporulation assays. Because sporulation ability differs 

between the S288c and SKI backgrounds, the sacbA mutation was generated 

in both strain backgrounds and analyzed for sporulation. I show that there 

is a strain dependent arrest point for the sacbS mutant. In the S28Sc 

background, cells harboring the sacbA mutation initiate the sporulation 

pathway and meiotic recombination but fail to undergo the meiotic 

d i v i s i o n s  o r  s p o r e  w a l l  f o r m a t i o n .  I n  t h e  S K I  b a c k g r o u n d ,  t h e  s a c b A  

mutation confers a defect in spore wall formation, but the cells are able to 

undergo initiation of the sporulation pathvv^ay, meiotic recombination, and 

the meiotic divisions. Finally, I demonstrate a marked drop in viability of 

sac6A cells during sporulation in the SKI background. 
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RESULTS 

THE sac6d IN THE S2S8c AND SKI BACKGROUNDS REVEALS 

DIFFERENT ARREST POINTS DURING SPORULATION 

The gene encoding the actin bundling protein Sac6 was deleted by 

homologous recombination in both S288c and SKI backgrounds. 

Homozygous sac6A diploids were generated in both backgrounds and 

assayed for sporulation ability. The sacbA mutation confers a strong 

sporulation defect in both strain backgrounds as determined by light 

microscopy (Table 5-1). The sporulation defect is more severe in the S28Sc 

background, «1% sporulatton, than the SKI background, approximately 

1% sporulation. 

To determine which sporulation events occur in a sacbA strain, cells 

were first assayed for the ability to undergo the meiotic divisions, MI and 

MIL Wild-type cells early in sporulation and during most stages of 

vegetative growth contain a single nucleus. Chromosomal segregation 

during MI and Mil leads to the appearance of two and four nuclei, 

respectively. Technically, following the meiotic divisions there is only a 

single nucleus because the nuclear membrane does not physically separate 

the haploid chromosomal sets until spore formation [58]. This is in 

contrast to the meiotic divisions of higher eukaryotic cells which undergo a 

complete nuclear division following MI and MIL The chromosomal sets 

can be visualized using the fluorescent DNA binding dye DAPI. 

Following incubation in either 1 or 2% KAc for 24-48 hours, 

approximately 30% and 70% of S288c and SKI wild-type cells have 
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undergone both meiotic divisions and completed spore formation (Table 5-

1). An isogenic strain in the S288c background containing the sac6A 

mutation does not undergo either meiotic division, as revealed by the 

presence of a single DAPI staining focus within the cells (Figure 5-1). A 

small percentage, <5%, of binucleates exist in the sacSA population, 

however this population exists prior to and remains constant throughout 

incubation in sporulation media. Therefore, these binucleates are not the 

product of a meiotic division but represent ceils that did not properly 

segregate DNA to a daughter cell in the previous cell division [85]. 

sac6A cells in the SKI background are capable of undergoing both 

meiotic divisions (Figure 5-1 and 5-2). 4% of the sac6A cells are binucleate 

prior to and during the first four hours following shift to sporulation 

media, similar to the snc6A in the S288c background. The sacbA binucleate 

population is not significantly different from wild-type which also shows a 

small percentage (-2%) of binucleates at time 0 and 2 hours following shift 

to sporulation media. 



Figure 5-1. 

DAPI stained cells following incubation in sporulation acedia at 30°C ot 
S288c strains for 48 hours (A.) and (B.) and SKI strains for 8 hours (C.) 
and (D.). Wild-type cells IGY7 (A.) and AAY2062 (C.) have undergone 
both meiotic divisions. sflcbA cells IGY8 (B.) and AAY2063 (D.) have not 
undergone the nneiotic divisions in the S288c background but have in the 
SKI background. Arrows point out sac6A ceils that have aberrant DNA 
structures. 
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Figure 5-2. 

Analysis of ti^e meiotic divisions in wild-type, AAY2062, (• and •) and sncbA, 

AAY2063, (A and 0) ceils in the SKI background. Cells were grown to 
saturation in YPD, washed 2x in ddH20, resuspended in sporulation media, 
and incubated at 30°C. At 2 hour intervals during sporulation an aliquot of 
cells was fixed in 2 volumes 100% ethanol, pelleted, and resuspended in 

0.5fj.g/fi.l DAPI. % Binucleate (• and A) and % Tetranucleate (• and 0) was 
determined using a tluorescense microscope. At least 100 cells were counted 
for each sample. 

The meiotic divisions do not occur in sacbA cells as efficiently as 

wild-type cells in the SKI background. After 24 hours incubation in 

sporulation medium, 53% of wild-type cells have completed MIL 

However, only 24% of cells harboring the sac6A mutation have completed 

MIL 
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The DNA in a subset of s a c b d  cells in both S288c and SKI 

backgrounds becomes aberrant after 24-48 hours incubation in sporuiation 

medium (Figure 5-1). There are often more than four DAPI staining bodies 

in the cell and the DNA staining bodies are often of different sizes 

suggesting either a defect in segregation or DNA degradation. It is 

unknown whether the aberrant DNA structures seen are a reflection of a 

defect prior to or concomitant with MI and Mil or a result of having 

unencapsulated nuclei within the cell for extended periods of time. 

These data reveal a striking difference between the strain 

backgrounds of cells harboring the sacbA mutation during sporuiation. In 

the S288c background, the sacbA mutation blocks sporuiation prior to the 

first meiotic division. In the SKI background, the snc6A causes arrest 

following Mil and prior to spore wall formation. However, there is a 

requirement for Sac6 protein prior to Mil in the SKI background as 

revealed bv the decreased percentage of cells that complete the meiotic 

divisions compared to wild-type. 

sacSA STRAINS INITIATE THE SPORULATION PATHWAY 

The results obtained by analyzing the DNA morphology of the sncdA 

in the S288c and SKI backgrounds revealed different terminal arrest points 

during sporuiation. Since the 5ac6d in the S288c background arrests with a 

single nucleus, it is unclear whether these cells enter the sporuiation 

pathway. Prior to the first meiotic division, cells are mononucleate; 

however this is also true for cells in stationary phase and during most of 

the vegetative ceil cycle. 
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Entry into the sporulation pathway is marked by the expression of 

the sporulation specific gene IME2 [59]. In order to determine whether the 

sac6A in the S288c background blocks entry into the sporulation pathway, 

t h e  i n d u c t i o n  o f  I M E 2  w a s  d e t e r m i n e d  b y  N o r t h e r n  a n a l y s i s .  I M E Z  

expression was also examined in the SKI background. The sac6A in the 

SKI background arrests after the second meiotic division, and therefore has 

clearly entered the sporulation pathway. However, the reduced fraction of 

sac6A cells that complete the meiotic divisions compared to wild-type may 

reflect an earlier defect. For instance, since IME2 expression is essential for 

sporulation, if fewer sac6A cells express IMEZ than wild-type, then fewer 

sacSA cells should complete the meiotic divisions compared to wild-type. 

RNA was purified from sporulating wild-type and sac6A culti.ires of 

both S288c and SKI backgrounds and analyzed by Northern blotting. 

Figure 5-3 shows that sac6A cells in both backgrounds express IME2 when 

incubated in sporulation media. This result demonstrates that in the S2S8c 

background sacbA cells initiate the sporulation pathway. Therefore, in the 

S288c strain background sac6A cells are arrested after initiation but prior to 

the first meiotic division. 
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Figure 5-3. 

I M E 2  expression in SKI (A.) and S288c (B.) wild-type, IGY7 and AAY2062, and 
sac6A, IGYS and AAY2063, cells during sporulation. Cells were grown to 
saturation in YPD, washed with ddH20, and resuspended in sporvilation media. 
At 2 hour intervals, 2x10^ cells were pelleted ar\d stored at -80°C. RNA was 
purified, rtui on 1.2% formaldehyde-agarose gels, transferred to nitrocellulose, 
and probed with a random-primed IME2 probe. 
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Cells containing the sacbA mutation in the S288c background express 

more IME2 than wild-tvpe cells (Figure 5-4). Analysis of IME2 expression 

from 3 independent sporulations shows wild-type cells have peak 

induction of 1340±530 fold over cells prior to shift into sporulation 

medium. A strain carrying the sacbA mutation shows a peak induction of 

5770±2920 fold over non-sporulating cells. On average there is 

approximately four-fold more IME2 expression in sacbA cells than wild-

type cells. It is unknown whether in a given sacbA cell there is four-fold 

more IME2 expression or whether in a given sacbA population there are 

four-fold more cells that induce IME2 expression compared to wild-type. 
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Figure 5-4. 

Fold Induction of I M E 2  during sporulation for (A.) wild-type, IGY7 and (B.) 
sac6A, IGY8, strains in the S288c background. Cells were grown to stationary 
phase in YPD, washed with ddH20, and resuspended in sporulation media. 
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At 2 hour intervals during sporulation, 2x10^ cells were harvested by 
centrifugation and frozen at -80°C. RNA was purified, run on 1.2% 
formaldehvde-agarose gels, transferred to nitrocellulose, and detected with a 
random-primed IME2 probe. Using a betascope, fold induction was 
determined (after correcting for loading using a probe to pC/4) by dividing the 
amount of IME2 at anv time point by the amount of IME2 at time 0. Note the 
different scale on the Y-axes. Shown are the results from three separate 
experiments. 

The timing of initiation is similar between wild-type and s a c 6 A  

strains in the S288c background (Figure 5-4). Between 2 and 6 hours 

following shift to sporulation media, wild-tvpe cells show a nominal 

increase in IME2 expression. Between 6 and 12 hours a dramatic increase 

in [ME2 expression is seen. This shift continues until peak expression is 

reached, between 8 and 14 hours depending on experiment. Following 

peak expression, IME2 expression decreases. The sacbA shows very similar 

kinetics of [ME2 expression. 

I M E 2  expression in the SKI background has a different kinetic 

profile from that in the S288c background (Figure 5-5). Wild-type and sacbA 

cells in the SKI background show a constant increase in IME2 expression 

following shift to sporulation media until peak expression after S to 10 

hours. This is in contrast to S288c cells that show a lag of approximately 6 

hours prior to marked increase in IME2 expression. Similar to the S288c 

background, IME2 levels drop following peak expession. These results 

suggest that the sac6A mutation appears to have no affect on entry into 

sporulation in the SKI background as judged by IME2 expression. 
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Figure 5-5. 

Fold induction of IM.E2 in the SKI background. Wiidtype, AAY2062, (• and 
•) and sac6A, AAY2063, (0 and A) cells were grown to stationary phase in YPD, 
washed with ddH20, and resuspended in sporulation media. At 2 hour 
intervals during sporulation 2x10^ cells were harvested by centrifugation and 
frozen at -80°C. RNA was purified, run on 1.2% formaldehyde-agarose gels, 
transferred to nitrocellulose, and detected with a random-primed IME2 probe. 
Using a betascope, fold induction was determined (after correcting for loading 
using a probe to pC/4) by dividing the amount of IME2 at any time point by 
the amount of IME2 at time 0. Note the different scales on the y-axes 

represent independent experiments, left axis for (• and 0) while right axis for 

(• and A). 

RECOMBINATION INITIATION IS WILD-TYPE IN sac6A STRAINS 

A hallmark process of sporulation is meiotic recombination. The 

rate of recombination during sporulation is approximately 10^-10"^ fold 

higher than mitotic rates of recombination [86]. Using heteroalleles of a 
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given gene and the fact that sporulating cells can revert to vegetative 

growth prior to the first meiotic division [58], it is possible to determine 

whether or not a strain has initiated meiotic recombination. For example, 

meiotic recombination can be assayed in a cell harboring heteroalleles that 

cause an auxotrophy by looking for reversion to prototrophy following 

exposure to conditions that stimulate sporulation. Also, since initiation of 

recombination occurs prior to commitment, a mutant that is defective for 

completion of the sporulation pathway can be assayed for meiotic 

recombination by shifting the cells from sporulation medium to rich 

medium [58]. Following a shift to rich medium, cells that have initiated 

recombination will complete recombination and divide vegetatively. 

Therefore, recombination serves as a marker for events occurring after 

initiation of sporulation and prior to MI. 

Wild-t\pe and sac6A strains of both S288c and SKI backgrounds were 

assaved for recombination. In the S288c background sacbA cells arrest after 

initiation of the meiotic program but prior to the first meiotic division. .A.s 

meiotic recombination occurs within this interval, this assay will further 

define the arrest point. Mutants exist that uncouple recombination from 

the meiotic divisions. Therefore, although sac6A cells in the SKI 

background undergo the meiotic divisions, it is possible that a defect in 

recombination exists. 

The strains used for this study harbor heteroalleles of cirg4:, either of 

which cause an arginine auxotrophy. Recombination events occurring 

between the heteroalleles can create a wild-type copy of ARG4, which can 

be assayed by growth on media lacking arginine (Figure 5-6). Following 
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incubation in sporulation nnedium, 1x10^ cells were taken and spotted on 

medium lacking arginine. Using this assay the sacbA mutants in both 

strain backgrounds initiate meiotic recombination (Figure 5-7). In the SKI 

background, vvild-tvpe and sacbA ceils initiate meiotic recombination 

between 3 and 4 hours following shift to sporulation media. In the S288c 

background, both wild-type and sacbA cells initiate recombination by 6 

hours following shift to sporulation. Papilli seen at early time points, 

including time 0, represent mitotic recombinants. 

f- arg4-NspI ARG4 W/ 
Recombination 

It arg4-BglII -n arg4-NspI,BtlII I HI 

Figure 5-6. 

Cartoon of the arg-i heteroalleles and the approximate position of the 
mutations. During sporulation, recombination allows crossing over to occur 
generating a wild-type ARG4 gene. Pictured are the products for a recipricol 
cross-over event, however gene conversions could also generate a wild-type 
ARG4 gene. 

The rate of meiotic recombination was quantitated in the SKI 

background. The SKI background was chosen as it undergoes sporulation 

more synchronously than the S288c background. Following shift to 

sporulation media, 1x10^"^ cells were taken (cell number depends on the time 
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point and specific experiment, for example more cells need to plated prior to 

onset of meiotic recombination to obtain accurate results) and plated on 

media lacking arginine to determine the rate of meiotic recombination 

(Figure 5-S). Further, approximately 5x10^ cells were plated on rich media to 

determine the viability of the cells at each time point to normalize the 

recombination rate for variations in viability. 

A. 

Hours in Sporulation Media 

0 8 24 

WT 

sac6A 

«.v; %. •seeo* 

B. Hours in Sporulation Media 

4 6 8 10 12 

WT 

sac6A 

Figure 5-7. 

Recombination in SKI (A.) AAY2062 and AAY2063 and S288c (B.) IGYll and 
IGY13, wild-type (IGYll and AAY2062) and sac6A (IGY13 and AAY2063) strains. 
Cells were grown to saturation in YPD, washed with ddH20, resuspended in 
sporulation media, and incubated at 30°C. As various time points, an aliquot of 
cells was removed and spotted onto SC-arg plates. Plates were incubated 4 days 
at 30°C prior to photography. 
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Figure 5-8. 

Recombination at ARG4 is similar in (A.) wild-type, AAY2062, and (B.) sacbA, 
AAY2063, strains in the SKI background. Cells were grown to stationary 
phase in YPD, washed with ddHiO, and resuspended in sporulation media. 
At 2 hour intervals, IxlO^-^ (see text) samples were taken and plated on SC-arg 
plates. % Arg+ Recombinants was determined bv dividing the number of 
Arg+ colonies that grew after 4 days at 30°C by the number of cells plated. 
These numbers were then corrected for the viability of the sample (see Figure 
5-9). Shown are the results of five independent experiments. 

Wild-tvpe cells have a mitotic recombination rate of reversion to 

Arg+ of 0.001-0.03°o, as seen at time 0 (Figure 5-8). Between 2-6 hours in 

sporulation there is up to a 1000 fold increase in the rate of Arg+ reversion 

in wild-tvpe cells. The recombination rate plateaus betu'een 6-8 hours 

incubation in sporulation media, with little increase in recombinants over 

the next 16-40 hours. Similar results are seen for the sacbA. This 

experiment demonstrates that the sacbA mutation allows the initiation of 

meiotic recombination at the same time as wild-type cells. However, the 

final level of recombination mav be reduced up to 10 fold from wild-type. 

In two recombination experiments with the sacbA mutant, a drop in 

the % Arg+ Recombinants is seen after 8 hours in sporulation media and 

remains constant throughout. There are two possibilities to explain the 

reduction in recombinants between 6 and 8 hours. The 6 hour time point 

may represent the high end of standard error between time points or the 

reduced level of recombinants at 8 hours and beyond may reflect error due 

to the decrease in viability seen after incubation in sporulation media (see 

Figure 5-9). 
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The quantitative recombination assay led to the identification of a 

loss of viability during sporulation conferred by the sac6A mutation (Figure 

5-9) in the SKI background. Viability is determined by shifting 5-10x10^ 

cells from sporulation media to rich, YEPD, plates and allowing overnight 

growth. Microcolonies are then counted the following day using a 

dissection scope. Viable microcolonies have hundreds of cells whereas 

dead microcolonies have not divided or have divided a few times. In the 

case of the sac6A >92% of dead microcolonies consist of single ceils or a cell 

that divided once. For wild-tvpe cells, >84% of microcolonies scored as 

dead consisted of one or two cells (data not shown). 

100 

1 0 -

0 1—I—I—I—I—I—I—1—1—I—I—I—I—I—I—I—r—I—I—[• 
0 10 15 20 25 

Hours in Sporulation Media 
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Figure 5-9. 

sac6A cells rapidly lose viability during incubation in sporulation media. 

Wildtype, AAY2062, {*),sac6A, AAY2063, (0), and pepiA, AAY2064, (•) cells 
were grown to stationary phase in YPD, washed with ddH20, and 
resuspended in sporulation media. At 2 hour intervals -5x10^ cells were 
shifted to YPD plates and allowed to grow overnight. Viability was 
determined by counting at least 500 microcolonies using a dissection 
microscope. Note: pep4A error bars are stippled and the pep4A 24 hour time 
point represents a single experiment. 

There is marked variation between starting viabilities from one 

experiment to the next. For the data presented in (Figure 5-9), the starting 

viabilities of wild-type are 77%, 88%, 97, and 97% and for the sac6A, starting 

viabilities are 41%, 81%, 57%, and 52%. Because of the differences in 

starting viabilities, the data are presented as the percent viability compared 

to the viability prior to sporulation. Regardless of starting viability, the 

sac6A mutant continuously loses viability to approximately 15% of the 

starting viable population until 8 to 10 hours in sporulation media. 

Between 6 and 10 hours in sporulation media there is a slight decrease in 

viability in wild-type cells, 83-88% starting viability. However, after 24 

hours and the completion of sporulation, viability is 93%. A transient 

decrease in plating efficiency has been reported for wild-type cells that have 

entered the sporulation pathway and has been termed a "precommitment" 

phase [84]. 

It is possible that the lethality seen for the sac6A is due to prolonged 

incubation in KAc in the absense of sporulation. This does not appear to be 

the case as a pep4A mutation in the SKI background, that confers a 
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complete block to sporulation (see Chapter VI), behaves like wild-type for 

viability (Figure 5-9). 
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DISCUSSION 

In order to establish a possible function(s) for Sac6 protein and 

presumably the actin cytoskeleton during sporulation, the terminal arrest 

phenotype for the sac6A mutant was determined. The terminal arrest 

phenotype was characterized in two different strain backgrounds, leading to 

the discovery that the sacSA mutation causes different arrest points in the 

two strain backgrounds. 

In the S288c background, the sacSA mutant causes arrest immediately 

prior to MI (Figures 5-1 and 5-8), undergoing both initiation of meiosis 

(Figure 5-4) and recombination (Figure 5-8) similar to wild-type cells. Once 

meiotic recombination is initiated, it can be completed using the mitotic 

recombination machinery which becomes available during a "return to 

growth" experiment like the one descibed above (shown in Figure 5-8). 

Therefore, it is formally possible that the actin cytoskeleton plays a role in a 

late step of recombination. Regardless, the sac6A mutation in the S28Sc 

background causes arrest prior to the first meiotic division, presumably 

during prophase I. 

In the SKI background, the sac6A has a different terminal phenotype, 

arresting after the meiotic divisions but prior to spore wall formation 

(Figures 5-1). However, phenotypes are manifest prior to this point. First, 

there is a loss in viability seen soon after shift to sporulation medium 

(Figure 5-9). The loss in viability does not correlate with the meiotic 

divisions as there is a significant drop in viability by 4 hours which is 
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approximately 2 hours prior to the onset of the first meiotic division 

(Figure 5-2). 

Both wild-tvpe and sac6A cells in the SKI background initiate 

efficient IME2 expression faster than wild-tvpe and sacbd cells in the S288c 

background (Figures 5-4 and 5-5). Wild-type and sacbA SKI cells begin 

efficient expression of [ME2 approximately 2 hours after shift to 

sporulation medium and reach maximal expression by 8-10 hours (Figure 

5-5). In the S288c background [ME2 expression begins 2-4 hours after shift 

to sporulation media, however efficient induction of IME2 does not begin 

until after 6 hours in sporulation media with maximal expression 

occurring 8-14 hours after shift to sporulation media. Cells in the SKI 

background sporulate more svnchoronously than cells in the S288c 

background. Since IMEI is a critical regulator of entry into sporulation, the 

difference in IME2 expression may explain the difference in sporulation 

synchrony between the S288c and SKI backgrounds. 

Mutations that cause different terminal arrest points during 

sporulation in different strain backgrounds have been reported. Two such 

mutations, dincl and zipl, are in genes encoding components of the 

recombinatton machinery and synaptonemai complex respectively [70, 87]. 

dmcl causes a delay prior to MI in a poorly defined background and arrest 

prior to MI in the SKI strain background [58], whereas the zipl A mutation 

causes arrest in prophase in one background and completes sporulation in 

the SKI background [88]. The sacSA mutation is not acting in a manner 

similar to dmcl or zipl, as these mutations allow spore formation to occur 
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in the cells that proceed beyond prophase I. The sacbA, in contrast, inhibits 

spore wall formation. 

Checkpoint controls have been shown to function during 

recombination in the SKI background [891- Mutations in the mitotic 

checkpoint genes, radl7, radl-i, or mecl have slight to no effect on spore 

formation however spore viabil i ty is  reduced.  In combination with dmcl 

the checkpoint mutants allow progression through both meiotic divisions 

with similar kinetics to wild-tvpe cells but fail to encapsulate the nuclei 

into spores [89]. Therefore, dmcl checkpoint double mutants behave 

similar to the sac6A in the SKI background. However, it is unlikely that 

the sacbA is acting in a similar fashion as these double mutants. First, the 

sacSA has a phenotvpe prior to the known function of dmcl or the 

checkpoint proteins, namely a loss in viability within 2 hours after shift to 

sporulation media. Further, in order for the SrtcbJ mutation to behave in 

the manner of the dmcl checkpoint gene double mutant, Sac6 protein 

must be involved in recombination as well as having a checkpoint 

function. I think this is very unlikely and believe these mutations have 

similar arrest phenotvpes coincidentally. 

These results demonstrate that Sac6 protein is playing at least two 

distinct roles during sporulation. First, in the SKI background Sac6 protein 

is required for a function(s) to maintain viability after shift to conditions 

that stimulate sporulation. This function does not appear to be involved 

in the initiation of the sporulation pathway as [ME2 expression is normal. 

Further, initiation of recombination is not affected. Therefore, it seems 

more likely that Sac6 protein is playing an accessory role during 
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sporulation. In other words, Sac6 protein is not directly involved in 

known earlv sporulation-specific processes, but may be carrying out 

vegetative role(s) that become essential during sporulation. 

A second function to be identified in the SKI background is a role for 

Sac6 protein in formation of the spore wall. This is identified by the arrest 

phenotype occurring after the meiotic divisions. Support for this model 

comes from the fact that vegetative late secretion compor\ents are required 

for the formation of spore walls [901. Evidence exists suggesting the actin 

cvtoskeleton mav be involved in late steps of secretion during vegetative 

growth [29, 30, 91], providing a plausible connection between the actin 

cytoskeleton and spore wall formation. However, it can be argued that 

arrest prior to spore wall formation is due to the accumulation of cellular 

damage that causes arrest at this point independent of spore wall 

formation. This would be similar to the dmcl checkpont deficient mutant, 

however this does not appear to be the case (see Chapter VI). 

The sacbA in the S2S8c background causes arrest prior to the first 

meiotic division and after initiation of recombination, presumably during 

prophase I. It is unclear whether this arrest point is caused by a third Sac6 

protein function not seen in the SKI background or is a different 

manifestation of one of the SKI defects. For example, the S288c 

background mav be more sensitive to the early defect seen in the SKI 

background which causes cells in the S288c background to arrest prior to 

the meiotic divisions. Viabilitv during sporulation has not been analyzed 

in the S288c background. This experiment would provide evidence 

supporting or eliminating this model. 
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METHODS & MATERIALS 

STRAINS 

Table 5-2 lists the genotypes ot the strains used in this section. 

AAY2062 was made bv mating AAY2060 and AAY2061 by 

micromanipulation. The sac6::LEUl mutations was generated bv 

transplacement with DNA from AAB123 and confirmed by Southern blot. 

IGY6 is the resulting sac6::LELl2 from IGY4 and AAY2063 was the 

sac6::LEU2 derived from AAY2062. The diploids IGY8 and IGY7 were 

g e n e r a t e d  b v  t r a n s f o r m i n g  I G Y 6  a n d  I G Y 4  w i t h  A A B 1 6 6 ,  a  L I R A 3  C E N  

vector containing the HO gene. AAY2064 is described in Chapter VI. 

Strain Genotype Background 
IGY6 MATa ade2 ura3-52 leu2-3,112 lvs2-801 his3A200 sac6:;LElj'2 S288C 
[GY4 MATa ade2 ura3-52 Ieu2-3,112 lvs2-801 his3A200 S288C 
IGY8 MATa ade2 ijra3-S2 !eu2-3.112 Ivs2-801 hi.s3A2nO .sac6::LEU2 

MATa ade2 ura3-52 Ieu2-3,ll2 lvs2-801 his3A200 sac6::LEU2 
S288c 

IGY7 VlATa ade2 ura3-^2 Ieu2-3.112 lvs2-801 his3A200 
MATa ade2 ura3-52 leu2-3,112 lvs2-801 his3A200 

S288c 

AAY2060 MAT ura3-52 Ieu2-3,H2 arg4I S K I  
.AAY2061 •MAT ura3-52 leu2-3,112 arg4 S K I  
AAY2062 MATa ura3-52 Ieu2-3.I12 arg:4-N'sp[ 

VIATa ura3-52 Ieu2-3,I12 arg4-BglII 
S K I  

AAY2063 MATa ura3-52 leu2-3,112 sac6::LEU2 arg4-MspI 
MATa ura3-52 leu2-3,112 sac6::LE[J2 arg4-BglII 

S K I  

AAY2064 MATa ura3-52 leu2-3.112 arg4-!\'spl pep4:;LEU2 
MATa ura3-52 Ieu2-3,I12 arg4-BgIII pep4::LEU2 

S K I  

IGYll MATa ade2 Lira3-32 Ieu2-3.112 lvs2-801 his3A200 arg4-Msp[ 
MATa ade2 ura3-52 leu2-3,112 lvs2-80l his3A200 arg4-BglII 

S288C 

[GY13 MATa ade2 nra3-=:2 Ipu2-3.1 12 ivs2-8ni his3/V2nO sar6::LEi;2 
MATa ade2 ura3-52 leu2-3,112 lys2-801 his3A200 sac6::LEU2 

arg4-N'§pl 
arg4-BglII 

S288c 

Table 5-2. 
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GROWTH AND SPORULATIONS 

Strains were grown and sporulated using standard techniques [92]. 

Sporulations were done in either 1% or 2% KAc plus the auxotrophic 

requirements for the ceils (Table 5-2). IGY8 and IGY7 were not 

supplemented with histidine, as histidine can inhibit sporulation by 

serving as a nitrogen source. 

GENERATION OF arg4-nspl  AND arg4-BgIlI  IN THE S288C 

BACKGROUND 

The arg4 alleles were amplified from the SKI background using the 

PGR and integrated into the S288c background.  To amplify the argi-NspI 

mutation primers AA0113, 5'-CCGGAATTCGGTTAGTGATTGGCAGAAT-

C G G G - 3 '  a n d  A A 0 1 1 4 ,  5 ' -

CCGGGATCCGAGACCATCTAATAGGTTGTGCCC-3', were used to 

amplify arg4-Nspl from genomic DNA purified from AAY2060, a parent of 

AAY2062 containing arg4-NspI. Primers AAOlll, 5'-

CCGGGATCCGTGTCATGGCCATTTGCTTCAG-3', and AA0112, 5'-

CCGGAATTCGAGCGAGTATTCGATTGC-3' ,  were used to amplify arg4-

Bglll from AAY2061 genomic DNA, the other AAY2062 parent. The PGR 

generates bands of 743 and 698bp for arg4-NspI and arg4-BgllI respectively. 

The PGR fragments were digested with EcoRl and BamHl and cloned into 

YIp5.  These plasmids were digested with Sad to target  arg4-Nspl  and Nliel  

to target arg4-Bglll integration to the ARG4 locus. Transformants were 

selected on SG-ura. The plasmid sequence and repeated ARG4 DNA was 

deleted bv plating transformants on 5-FOA. iirg4 mutants were screened for 
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inability to grow on SC-arg and confirmed by crossing to arg4-Nspl  and 

arg4-BgIII tester strains and assaying reversion to prototrophy following 

recombination. 

NORTHERN ANALYSIS 

At the indicated times during sporulation cells were harvested and 

RNA purified as described previously [93]. 10|ig of RNA was run in a 1.2% 

formaldehyde-agarose gel. Gels were stained in ethidium bromide for 

photography and destained in H2O. RNA was transferred from the gel to 

nitrocellulose and crosslinked by autocrosslinking in the Stratalinker. 

IME2 probes were made by random-primed labeling of AAB333 and pC/4 

loading control probes from AAB331. Quantification of IME2 RNA was 

done using the betascope. 

RECOMBINATION AND VIABILITY DETERMINATION 

Recombination was assayed by shifting cells to SC-arg at various 

time points during sporulation. Plates were incubated at 30°C for 3-4 days 

and scored. Viability was determined by shifting ~5xl0-' cells at various 

time points during sporulation to YPD plates. Cells were spread using a 

glass pipet and allowed to grow overnight at 23°C. The following day 

viability was determined by counting microcolonies using a dissection 

scope. Plates that could not be counted immediately were stored at 4°C to 

inhibit growth. 
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DAPI STAINING 

To stain DNA, cells at various points during sporulation were taken 

and fixed in 2 volumes 100% ethanol for 30 minutes. Fixed cells were 

stored at 4°C. Cells were pelleted and the supernatant removed. Cells were 

resuspended in an aliquot of 0.5ng/|xl DAPI and scored on a fluorescent 

microscope. 
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VI. CHARACTERIZATION OF OTHER MUTANTS DURING 

SPORULATION 

INTRODUCTION 

I have shown that the Sac6 protein and presumably the actin 

cytoskeleton as a whole is required for multiple points during sporulation, 

including maintenence of viability, progression through the meiotic 

divisions, and spore wall formation. The focus of this chapter is to 

elucidate why the actin cytoskeleton is required for sporulation. The actin 

cytoskeleton is required for many processes that occur in a yeast cell, 

including secretion, endocytosis, stress response, translation, organelle 

inheritence, and polarity [13]. The sporulation phenotypes seen for cells 

harboring the sacSA mutation could be due to defects in one or more of 

these processes. 

I have determined that during sporulation the actin cytoskeleton is 

required for at least three functions. However, it is not known how the 

actin cytoskeleton carries out these functions nor how directly the 

cytoskeleton is involved in these functions. There are a number of 

methods that can be used to identify these functions, for example 

suppressor analysis. I attempted to identify overexpression suppressors of 

the sacSA sporulation phenotype using a 2\x library and determined with 

>95% certainty that there are no yeast proteins that when overexpressed 

suppress the lack of Sac6 protein during sporulation. Therefore I have 
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utilized other methods to determine what the requirements are for the 

acHn cytoskeleton during sporulation. 

One wav to determine what role(s) the actin cytoskeleton plays is to 

identify other mutations that cause the same phenotype during 

sporulation as the sncbA. These mutations are expected to be involved in 

the same process as the cvtoskeleton. Once these processes are identified, 

the involvement of the actin cvtoskeleton in these processes can be 

analyzed directly. The SKI strain background was used for this analysis 

because the arrest point of the sacbA during sporulation is fairly novel. 

Few mutations, including those affecting spore wall formation, cause arrest 

prior to spore wall formation, but after the meiotic divisions [58]. 

I have determined that Sac6 protein is required at multiple points 

during sporulation. It is not vet clear whether the defects caused by the 

sacbA mutation late in sporulation represent multiple functions for Sac6 

protein or are a result of a single defect occuring early in sporulation that is 

pleiotropic. Furthermore, actin is known to be required for sporulation 

[36], however it is not known what points during sporulation require actin. 

For example, although Sac6 protein is required throughout sporulation for 

maintenance of viability, it is possible that this function is independent of 

actin. Also, there may be requirements for the actin cytoskeleton during 

sporulation that do not require Sac6 protein. 

In this chapter 1 establish that actin is essential for sporulation from 

initiation of recombination until the completion of spore wall formation. 1 

also identify two mutat ions,  slalA and chcl-521,  that  behave l ike the sacbA 
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during sporulation. The proteins encoded by the wild-type copies of these 

genes are required for the initial step of endocytosis. 
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RESULTS 

ACTIN IS REQUIRED THROUGHOUT SPORULATIOM 

In order to identify processes that require the actin cvtoskeleton 

during sporuiation, the timing of actin function was determined. This 

assay was done using the F-actin depolymerizing drug latrunculin-A 

(LatA).  LatA causes the rapid and reversible depolymerizat ion of F-act in in 

vivo [94]. The function of LatA is known to be actin-specific, as phenotypes 

caused bv addition of LatA can be suppressed by specific actin mutations 

[941- Wild-t\'pe SKI cells were shifted to sporuiation media and at 2 hour 

intervals LatA was added and sporuiation allowed to progress. Addition of 

LatA at any point following shift to sporuiation media inhibits the ability 

of wild-type cells to form spores (Figure 6-1). The few sporulated cells seen 

8 hours in sporuiation prior to LatA addition are cells that have completed 

spore formation prior to LatA addition. 
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Figure 6-1. 

LatA inhibits sporulahon of wild-tvpe cells. AAY2062 cells were grown to 
stationary phase in YPD, washed with ddHiO, and resuspended in 
sporulation media. At each time point indicated 1/100th volume of lOO^iM 
LatA in DMSO was added to 3x10^ cells in sporulation media and incubated at 
30°C overnight. At least 200 cells were counted to determine "o Sporulation. 
Addition of LatA after 2, 4, or 6 hours in sporulation media results in 0"o 

sporulation. This experiment has been repeated with identical results except 
the no LatA control only gave rise to 25% sporulation. 

This result demonstrates that LatA causes a block late in sporulahon, 

however it is possible that LatA causes blocks at other points during 

sporulation. In order to test this model, wild-type SKI cells were assayed 

for the ability to initiate recombination and undergo the meiotic divisions 

in the presence of LatA. Addition of LatA prior to initiation of 

recombination prevents recombination (Figure 6-2). Furthermore, 

addition of LatA prior to either meiotic division prevents progression 
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through that division (Table 6-1). After 6 hours incubation in sporulation 

media, wild-type cells have begun the meiotic divisions (11% MI and 9°o 

Mil) and by 8 hours manv ceils have completed Mil (38%). Addition of 

LatA after 4 hours incubation in sporulation media prevents the initation 

of MI even after 24 hours in sporulation media. After the onset of MI and 

Mil, by 6 and 8 hours in sporulation media respectively, LatA addition 

inhibits progression through both MI and N'lII. This is demonstrated by the 

fact that the number of cells that have completed MI or Mil after overnight 

incubation in LatA is virtually identical to the number of cells that have 

completed MI or Mil at the time of LatA addition. These results suggest 

that the actin cytoskeleton is essential for sporulation from initation of 

recombination through spore wall formation. 

A. 0 2 4 6 

B. 0 2 4 

+ LatA 

Figure 6-2. 

LatA inhibits initiation of meiotic recombination in the SKI background. Wild-
type AAY2062 cells were grown to saturation in YPD, washed with ddH20, and 
resuspended in spon.ilation media. (A.) at the times indicated, 5x10"^ cells were 
taken from the spomlation media and spotted onto SC-arg plates and grown 3 
days at 30°C. (B.) at the times indicated, 1/100th volume lOOjiM LatA in DMSO 
was added to the spomlation media and cells allowed to continue sporulation at 
30°C. After 6 hours incubation in sporulation media, 1x10^ cells were pelleted, 
washed with ddH20, and resuspended in -lOjil ddH20. 5|il was then spotted 
onto SC-arg and the cells allowed to grow 3 days at 23°C. 
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- LatA + LatA 

Hours in O/ 0 % Tetra °''o % Tetra
Sporulation Binucleate nucleate Binucleate nucleate 

Media after 24hrs after 24hrs 

4 4 2 2 0 
6 11 9 18 4 
8 12 38 17 33 
24 4 74 NA NA 

Table 6-1. 

LatA inhibits the meiotic divisions in wild-type, AAY2062, SKI cells. Cells 
were grown to stationary phase in YPD, washed with ddH20, and 
resuspended in sporulation media. At the times indicated, 1x10^ cells were 
fixed, washed, and resuspended in 0.5jxg/ml DAPI. At least 100 cells were 
counted on the fluorescence microscope to determine % Binucleate (no LatA) 
and % Tetranucleate (no LatA). Further, at each time point 1/100th volume 
of 100|J.M LatA in DMSO was added to 2x10^ cells in sporulation media and 
incubated at 30°C overnight. After 24 hours in sporulation media 1x10*^ cells 
were fixed, washed, and resuspended in 0.5|j.g/ml DAPI. Muclear 
morphology was determined as above. NA; not applicable. 
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actl  alleles resistant to LatA exist in the S288c isogenic background. 

To deternnine whether the sporulation defect conferred by LatA was 

attributable to the effect LatA has on the actin cytoskeleton, isogenic wild-

type and actl alleles were sporulated in the presence and absence of LatA 

(Table 6-2). Wild-type cells without LatA give rise to 35% multinucleated 

cells all of which are encapsulated in spore walls after incubating 4 days at 

23°C. In the presence of LatA, no wild-type cells have formed spore walls 

and only 2% of the population are multinucleate. All the multinucleate 

wild-type cells in the presence of LatA are binucleate. The actl-117 mutant 

in the absence of LatA yields 33% multinucleate cells all of which are 

encapsulated in spore walls. In the presence of LatA 15% of actl-117 cells 

are multinucleate and encapsulated in spore walls. This result 

demonstrates that actl-117 suppresses the LatA-induced sporulation defect 

seen in wild-type ceils. Suppression is not complete as actl-117 cells in the 

presence of  LatA have a 50% reduction in sporulat ion abil i ty from actl-117 

cells in the absence of LatA. Furthermore, there appears to be a spore wall 

defect in actl-117 cells that do sporulate in the presence of LatA. By phase 

contrast microscopy 1%, of the cells are scored as having spore walls. Using 

the fluorescent microscope 12% of the actl-117 cells show spore walls. This 

result suggests the spore walls are not completely wild-type. Furthermore, 

since only the outermost layers of the spore wall are refractile (easily 

visualized by light microscopy) [80, 95], it seems likely that the spores 

formed in the actl-117 mutant in the presence of LatA are defective for 

these layers. 



73 

- LatA 

Wild-type actl-117 

+ LatA 

Wild-type actl-117 

% sporulation 
% Multinucleate 

Fl. % Spo. 

34 29 
35±3 33 
34±2 30 

0±0 1 
2±2 15 
0±0 12 

Table 6-2. 

LatA inhibition of wild-tvpe [GY153 sporulation in the S288c background is 
partially suppressed bv the actl-117 IGY151 mutation. Cells were grown to 
stationary phase in YPD, washed with ddH20, resuspended in sporulation 
media, and incubated at 23°C. 1/100th volumes of 100|j.M LatA in DMSO was 
added to wild-type and actl-117 following resuspension in sporulation media. 
After 4 davs incubation at 23°C 2x10^ cells were fixed in 2 volumes 100% 
ethanol, pelleted, and resuspended in 0.5iig/ii\ DAPI. Sporulation was either 
determined using a phase-contrast or fluorescence (Fl.) microscope. % 
Multinucleate was determined using the fluorescence microscope. At least 
100 cells were counted for each experiment. 

ABPl IS DISPENSABLE FOR SPORULATION 

In order to identify possible functions requiring the actin 

cvtoskeleton during sporulation, a number of mutations were generated 

and characterized for their terminal arrest points during sporulation. 

Mutants that have sporulation phenotypes similar to the sacbA may do so 

because they are defective for the same process as the sacbA. After 

identifying a potential process, the role of the actin cytoskeleton in that 

process can be analyzed directly. The mutations chosen were: pep4A, a 

mutant lacking most vacuolar hydrolases [96]; rlio^, a strain lacking 

mitochondrial DNA and therefore unable to grow on non-fermentable 

carbon sources; nbplA, a mutant defective in an actin binding protein that 

appears to have functions in the internalization step of endocytosis and 
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signalling [31, 32]; slalA,  a mutant defective in a cytoskeletal protein 

required for the internalization step of endocytosis [2, 3]; and chcl-521, a 

mutant defective in clathrin heavy chain, which is required for golgi 

protein retention and endocvtosis and may be involved in secretion and 

vacuolar transport [23, 97, 981. rfio°, and abplA mutations have all 

been reported to confer sporulation defects [32, 84, 96]. Further, the chclA 

mutant is reported to be sporulation defective, however CHCl is essential 

in the SKI strain background. 

The above mutations were originally isolated in non-isogenic 

backgrounds. As sporulation is sensitive to numerous genetic factors, 

these mutations were integrated into the isogenic SKI background and 

assayed for sporulation ability. All of the mutations confer defects in 

sporulation ability except abplA which is able to form spores at wild-type 

levels in the SKI background (Table 6-3). Since the abplA forms spores at a 

level  s imilar  to wild-type,  i t  was not  analyzed further .  The rl io° and pep4A 

mutations confer virtually complete blocks to sporulation, in fact a 

sporulated cel l  has never been seen in the rho° mutant .  The slalA 

mutation confers a strong sporulation defect. Because the slalA confers a 

vegetative growth defect at all temperatures, the most permissive 

temperature, 23°Q, was used for growth and sporulation. Sporulation at 

either 23°C or 30°C does not affect the final sporulation level of wild-type 

or sac6A cells, hov^^ever the clicl-521 mutation is affected by temperature 

(Table 6-3) .  At  23°C chcl-521 sporulates l ike wild-type,  but  at  30°C the chcl-

521 mutation confers a strong sporulation defect (10-fold decrease). The 

chcl-521 mutation is temperature-sensitive for function, therefore this 
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result is not surprising. These results demonstrate that the pep4A, rho^,  

slalA, and chcl-521 mutations all confer sporulation defects in the SKI 

background. 

% Sporulation 
23°C 30°C 

WT 72±18 71±14 
sac6A 3±3 1±1 
slaZA 6±8 ND 
rho° 0±0 0±0 

pep4A 1±0 0±1 
chcl-521 77±12 6±4 

abplA ND 66±17 

Table 6-3. 

% Sporulation of strains carrying different mutations in the SKI background. 
Cells were grown to stationary phase in YPD, washed with ddH20, and 
resuspended in sporulation media. Sporulation was scored after >24 hour 
incubation at the appropriate temperature. Data represent numerous 
independent experiments in which at least 100 hundred cells were counted. 
ND: not determined. Strains used for this assay are AAY2062 wild-type, 
AAY2063 sac6A, AAY2067 slalA, AAY2065 rho°, AAY2064 pep4A, AAY2068 
chcl-521,  and AAY2066 abplA.  

ARREST POINT OF OTHER MUTATIONS 

Additional analysis of the sporulation defective mutants was done 

by DAPI staining in order to determine whether the meiotic divisions had 

taken place. The rlio° mutant arrests with a single nucleus unable to 

undergo either MI or Mil (Table 6-4). The pep4A mutant also shows poor 

progression through the meiotic  divisions.  However,  the slaZA and chcl-

521 mutations allow progression through the meiotic divisions at wild-

type levels. After 24 hours of incubation in sporulation media, 

approximately 70% of wild-type cells have multiple nuclei (4% binucleates 
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and 67% tetranucleates) all of which are encapsulated in spore walls. The 

slalA mutation is able to complete the meiotic divisions as well as wild-

type, having approximately 10% binucleate and 62% tetranucleate cells. 

Similarly, the chcl-511 mutation yields 16% binucleate and 61% 

tetranucleate following 24 hour incubation in sporulation media at 30°C 

(restrictive temperature). Although the slalA and chcl-521 mutations 

allow wild-type progression through the meiotic division, these mutants 

do not efficiently encapsulate the nuclei into spore coats (see Table 6-3). 

These results demonstrate that the pepiA and rho° mutations cause arrest 

in sporulation prior to the first meiotic division whereas the slaZA and 

chcl-521 mutations cause arrest prior to spore wall formation. 

0 hours 0 hours 24 hours 24 hours 
% Biucleate o/ /o % Binucleate 

Tetranucleate Tetranucleate 

Wild-tvpe 1±1 0±0 4±0 67±3 
sac6A 3±2 1±1 12±4 18±2 
pep4A 1±1 0±0 8±7 3±5 
rho° 0±0 0±0 0±0 0±0 
sla2A 2±0 1±1 10±1 62±5 

chcl-521 ND ND 16+10 61±12 

Table 6-4. 

rho°,  AAY2065, and pepiA,  AAY2064, cells do not undergo the meiotic 
division like wild-type, AAY2062. However, the meiotic divisions MI and 
Mil  reach wild-type levels  in both slalA,  AAY2067,  and chcl-521,  AAY2068,  
mutants and proceed in the sacSA AAY2063. Cells were grown to stationary 
phase in YPD, washed with ddH20, and resuspended in sporulation media. 

Prior to and after 24 hours in sporulation media, 1x10^ cells were fixed with 2 
volumes 100% EtOH, pelleted, and resuspended in O.Sjiig/ml DAPI. At least 
100 cells were counted using a fluorescence microscope for each sample. All 
strains were grown and sporulated at 30°C except the sla2A which was grown 
and sporulated at 23°C. 
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Northern analysis was done to determine whether the pep4A or rho° 

mutant could initiate the sporulation cascade. Both wild-type and the 

sacbA mutant express IME2 (Figure 5-3). The rho° mutant does not express 

/M£2 (Fig^lre 6-3). RNA is present in the gel as demonstrated by probing 

the blot  with pC/4,  a  loading control  [99].  The pep4A does not  express IME2 

(Figure 6-4 compare with Figures 5-4 and 5-5). These results clearly 

demonstrate that the rho° and pep4A mutations do not initiate the 

sporulation cascade. 

A. 

IME2 

B. 

IME2 

pC/4 

Figure 6-3. 

Wild-type cells, AAY2062, (A.) express IME2 and rho° cells, AAY2065, (B.) do not 
express [ME2 during sporulation. Cells were grown to saturation in YPD, 
washed with ddH20, resuspended in sporulation media, and incubated at 30°C. 
At the times indicated an aliquot of cells was taken and RNA was purified. 
RNA was run in 1.2% formaldehyde-agarose gels and transferred to 
nitrocellulose. The blots were probed for IM.E2, stripped, and probed for pC/4, 
a loading control. Wild-type is included to demonstrate the probe for IME2 was 
functional. 

Hrs. in Spomlation Media 

0 2 4 6 8 10 12 24 
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Figure 6-4. 

pep4A cells do not induce meiotic expression of IME2. Wild-type AAY2062 

(•) ,  sac6A AAY2063 (0), and pep4A AAY2064 (• and A) cells were grown to 
stationary phase in YPD, washed with ddH20, and resuspended in 
sporuiation media. At 2 hour intervals during sporuiation 2x10® cells were 
harvested by centrifugation and frozen at -80°C. RNA was purified, run on 
1.2% formaldehyde-agarose gels, transferred to nitrocellulose, and detected 
with a random-primed IME2 probe. Fold induction was determined (after 
correct ing for  loading using a probe to pC/4) by dividing the amount of  IME2 
at a given time point by the amount of IME2 at time 0. 

The ability to initiate recombination was assayed by "return to 

growth" experiments (Figure 6-5). Wild-type cells show onset of 

recombination by four hours in sporuiation media. However, neither the 

pep4A nor the rho° mutant induce meiotic recombination at ARG4. The 

s[a2A and chcl-521 mutations do initiate recombination. Based on the 

IME2 results and the DAPI staining data, these recombination results were 



expected. This demonstrates that these mutations are not disrupting the 

order of events in the sporulation pathway. 

79 

Hrs. in Sporulation Media 

0 2 4 6 8 24 

WT 

slalA 

pep4A 

rho° 

chcl-521 

Figure 6-5. 

Initiation of meiotic recombination occurs in slalA,  AAY2067, and chcl-521,  
AAY2068, mutant cells, but not pqj4A, AAY2064, or rho°, AAY2065, cells. Cells 
were grown to saturation in YPD, washed with ddH20, resuspended in 
sporulation media, and incubated at 30°C, except for sla2A which was incubated 
at 23°C. At the times indicated 5x10"^ cells were spotted onto SC-arg plates. 
Plates were incubated at 30°C (23°C for sla2A) for four days prior to photography. 
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Finally, these mutations were assayed for viability following 

incubation in sporulation media. Unlike the sacbA mutation, neither the 

pep4A nor the rho^ mutant lose viability during exposure to sporulation 

media (Figure 6-6). Both chcl-Sll and the slalA mutant lose viability 

during sporulation. 

100 

90 

80 

^ 70 

60 
> 
> 5  5 0 -

40 
— 

^ 30 

20 

10 

0 
0 5 10 15 20 25 30 

Hours in Sporulation Media 

Figure 6-6. 

The pep4A and rho "  mutants do not lose viability whereas the sacbd,  s lalA,  
and chcl-521 mutants do lose following incubation in sporulation media. 

Wild-type AAY2062 {^) ,sac6A AAY2063 {•) ,  rho° AAY2065 (A),  pep4A 

AAY2064 (0), chcl-521 AAY2068 (*), and sla2A AAY2067 (V) cells were grown 
to stationary phase in YPD, washed with ddH^O, and resuspended in 
sporulation media. In most cases viablity was determined by shifting -SxlO^ 
cells to YPD plates and allowing cells to grow overnight. The following day at 
least 500 microcolonies of the wild-type, pep4A, sac6A, and sla2A strains (200 
for  the chcl-521 strain)  were counted using a dissect ion microscope.  The rho^ 
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mutant was assayed bv placing 50 cells at each time point on a YPD plate using 
the dissection microscope and allowing the cells to grow into colonies. 
Viability was determined by dividing the number of colonies that grew by 50. 
All rho^ and slaZA data points and the pep4A 24 hour time point represent 
single data sets. Error bars for the pep4A mutant are stippled. 
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DISCUSSION 

The primary objective of these experiments was to identify processes 

during sporulation that require the actin cytoskeleton. This was done by 

determining the timing of actin function and by identifying other mutants 

with sporulation phenotypes similar to the sac6A. Candidate processes 

identified using these techniques would then be analyzed further. 

Determination of the points during sporulation that require the 

actin cytoskeleton was done using the actin depolymerizing drug LatA. 

Addition of LatA at any point during sporulation causes a complete block 

in sporulation (Figure 6-1). This result demonstrates that the actin 

cytoskeleton is required for a late event during sporulation. However, I 

have shown that addition of LatA inhibits the initiation of meiotic 

recombination and the meiotic divisions demonstrating cytoskeletal 

requirements prior to spore wall formation. 

The sac6A in the SKI background arrests after the second meiotic 

division and prior to spore wall formation (Figure 5-1), however two 

phenotypes are apparent prior to spore wall formation, specifically a loss of 

viability (Figure 5-9) and a decrease in the number of cells that complete 

the meiotic divisions (Figure 5-1). One model suggests that the sacSA arrest 

point is a consequence of these initial phenotypes. However based on the 

LatA results, I believe this model is incorrect. After 8 hours in sporulation 

media >30% of wild-type cells have completed Mil (Figure 5-1) but only 5% 

of wild-type cells have formed spore walls (data not shown). Addition of 

LatA at this point completely abolishes further spore wall formation (Table 
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6-1). I think these results support the model that the arrest point caused by 

the sacSA in the SKI background is due to a cytoskeletal function in spore 

wall formation that is independent of the initial phenotvpes. Further, the 

LatA results support the conclusion, based on the sacSA sporulation 

phenotvpes, that there are multiple roles for the actin cytoskeleton during 

sporulation. 

In the S288c background LatA also causes a complete block in 

sporulation.  This  defect  is  part ial ly rescued by an nctl  point  mutant ,  actl-

117, that is reported to be resistant to LatA (Table 6-2). actl-117 cells that 

complete sporulation have spore walls that are not retractile but are visible 

by fluorescence microscopy. This result can be interpreted in two ways; 

either LatA is causing actin independent phenotvpes during sporulation or 

actl-117 is not completely suppressing LatA. Based on the following 

observations, I favor the latter model. LatA acts to depolymerize F-actin 

and actl-117 allows filament formation in the presence of LatA [94} 

However, filaments formed by actl-117 monomers are not as stable as wild-

type filaments. Therefore, the presence of LatA may exacerbate a defect 

conferred by actl-117 sufficiently to cause the defect seen in spore wall 

formation. This would also suggest that spore wall formation is especially 

sensitive to perturbations in the actin cytoskeleton, since LatA does not 

affect the growth rate of actl-117 [94]. Fiowever, no data exist to rule out the 

model that LatA has actin-independent affects during sporulation. 

The second method used to establish possible roles for the actin 

cytoskeleton during sporulation was to identify other mutations that have 

sporulat ion phenotypes similar  to the sacbA (Table 6-5) .  The pep-iA 
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mutation and thie rlio^ mutant cause arrest earlier in the sporulation 

pathway than the sac6S. The r/?o ^ mutant is not able to utilize non-

fermentable carbon soures such as acetate, therefore I predicted this mutant 

would not proceed far if at all into the sporulation pathway. The fact that 

the pep4A mutation arrests prior to initiation is somewhat surprising. 

PEP4 encodes a vacuolar protease that is involved in the maturation of 

other vacuolar degradative enzymes [96J. Therefore, the pep4A mutation 

creates a vacuole that is inefficient at degradation. RNA and protein 

turnover are essential for sporulation as sporulating cells do not synthesize 

nucleotides or amino acids de novo [84]. It has long been known that the 

vacuole is required for sporulation, presumably for this degradation. The 

fact that pep4A do not express IME2 suggests that the cells may require 

protein and/or RNA degradation in order to express IMEl. Another 

possibility is, the cell can determine its vacuolar capacity and, sensing an 

abnormality, does not initiate the sporulation cascade. 

slalA and chcl-521 cause sporulation phenotypes similar to the sacbA 

(Table 6-5). Specificallv, these mutations initate recombination and 

undergo the meiotic divisions prior to arrest. This suggests these proteins 

are required for spore wall formation. Furthermore, the slalA and the 

chcl-521 mutations cause a loss of viability during sporulation similar to 

the sac6A. However, there are differences between these mutations and the 

sac6A. sla2A and chcl-521 progress through the meiotic divisions as well as 

wild-type. This is in contrast to the sac6A which shows a 2.5 fold reduction 

in completion of the meiotic divisions. Although the chcl-521 mutant 

loses viability during sporulation, it is not as dramatic as the sacbA. It is 
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unclear from the data if the slaZA loses viabilitv like the sacb^ or the clicl-

321 mutant. 

IME2 ARG4 
Recomb 

MI and 
VIII 

Spore 
Wall 

Viability 

Wild-tvpe + + + + + 

sacbA + H- + / - - -
pep4A - - - - +  

rho  ̂  - - - - +  

sla2A ND + +  - -
chcl-521 ND +  +  - -

Table 6-5. 

Summary of sporuiation assavs obtained for vvild-tvpe and mutants in the 
SKI background. See Chapter 5 and Chapter 6 for details. ND not 
determined. 

sacbA, s lnlA,  and did-521 have all been shown to have defects in the 

internalization step of endocvtosis [2, 4, 5]. Therefore, based on the 

similarity betw^een the sporuiation phenotvpes of the sacbA, slaZA, and 

chcl-521 I propose the following model: endocvtosis occurs during and is 

essential for sporuiation and one reason cvtoskeletal mutants are defective 

for sporuiation is because they are defective in endocvtosis. This model is 

the focus of studv in the next section. 
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METHODS & MATERIALS 

STRAINS 

(Table 6-6) lists the strain used in this study. All mutations are 

either isogenic in the SKI or S288c backgrounds. 

S t r a i n  Genotvpe Background 
AAY2062 VIATa iira3-52 leu2-3.112 arg4-M!i;pI S K I  

.VIATa ura3-52 Ieu2-3,1I2 arg4-BglII 
AAY2063 MATa Lira3-^2 lpii2-3.] 12 sarfi:;I.EIJ2 arg4-Msp[ S K I  

VIATa ura3-52 Ieu2-3,112 sac6::LEU2 arg4-BgiII 
AAY2065 MATa ura3-=i2 leu2-3.112 arg4-\'spl rho' S K I  

MATa ura3-52 Ieu2-3,U2 arg4-BglII rho" 
AAY2064 MATa ura3-^2 Ieu2-3.112 arg4-Nsp[ pep4::LE[;2 S K I  

MATa ura3-52 Ieu2-3,1I2 arg4-BglII pep4::LEU2 
AAY2066 MATa ura3-52 leii2-3.112 arg4-NspI abpl::(jRA3 S K I  

MATa ura3-52 Ieu2-3,112 arg4-BglII abpl::L'RA3 
AAY2067 MATa ura3-52 leu2-3.112 arg4-N'spI sla2::URA3 S K I  

MATa ura3-52 Ieu2-3,ll2 arg4-BglI[ sla2:;(JRA3 
AAY2068 MATa ura3-52 leu2-3.t 12 arg4-iVsp[ chcl-i21 S K I  

MATa ura3-52 leu2-3,112 arg4-BglII chcl-521 

Table 6-6. 

Strains used for Chapter VI. 

GENERATION OF pep4A, s lalA,  abplA,  rho' ,  AND chcl-521 

pep4::LELl2 was generated by transplacement of BamHl digested 

AAB372 into AAY2062. The heterozygous diploids were sporulated and 

dissected for genetic characterization and confirmation of the mutation. To 

establish the presence of pep4::LEU2, haploid progeny were assayed for CPY 

activity using an overlay assay [92]. 
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The sla2::U.RA3 and abpl::URA3 were generated by transplacement 

of a wild-tvpe copv in AAY2062. This was done as described previously 

[100]. Confirmation of the transformants was done by Southern blot. 

The rho^ mutation was generated bv growing AAY2Q62 in SD+Arg, 

Ura, and Leu containing 25|ig/ml ethidium bromide. Following 

saturation, cells were diluted into fresh SD+Arg, Lira, and Leu containing 

25[j.g/ml ethidium bromide. Following saturation, cells were struck for 

singles on YPD. Single colonies were then tested for growth on three 

different non-fermentable carbon sources. All 28 colonies tested failed to 

grow on all non-fermentable carbon sources. Some of these putative rho^ 

colonies were then stained with DAPI and examined on the fluorescent 

microscope for the presence of mitochondrial DNA. All tested rho ̂  strains 

failed to show the presence of mitochondrial DNA. 

To generate the cJicl-521 mutation, AAY2062 was transformed with 

Xbal digested AAB405, a chcl-521 LIRA3 hemi-zapper. Transformants were 

selected on SC-ura at 30°C. Transformants were plated onto 5-FOA plates 

to select against LIRA3. FOA resistant colonies were sporulated and shown 

to segregate temperature-sensitivity 2:2. These segregants were then shown 

to contain the chcl~521 mutation by PCR amplification and sequencing. 

In all cases excepting the rho^ mutant, diploids were generated by 

mating segregants. 

ACTIN INHIBITION WITH LatA DURING SPORULATION 

LatA actin inhibition was done during sporulation. Cells were 

grown to saturation in YPD, washed with ddH20, and resuspended in 
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sporulation media. After 2, 4, 6, and 8 hours during sporulation, 300|il 

aliquots were taken into a 10ml test tube to which 3|il of 100fj.M LatA was 

added. Samples were vortexed and incubated at 30°C. Recombination was 

assayed at each time point bv spotting 5[il cells on SC-arg. This was done 

for the 2 and 4 hour + LatA samples after 6 total hours in sporulation 

media (with and without LatA). After 8 hours in sporulation media 100|.d 

of cells from the 2, 4, and 6 hour + LatA samples as well as the 8 hour -

LatA sample were fixed in 200|j,l 100% ethanol. Fixed cells were stained 

with DAPI and the nuclear phenotype determined by fluorescence 

microscopy. 
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VII. ENDOCYTOSIS AND SPORULATION 

INTRODUCTION 

Evidence presented in the previous chapter suggests that the actin 

cvtoskeleton may be required for sporulation because of its role in 

endocytosis. Three mutations, sac6A, slalA, and chcl-521, are all 

sporulation-defecti\'e and give rise to the same arrest point during 

sporulation. Also, thev share a loss in viability that is manifest prior to the 

terminal arrest phenotvpe. Because these mutations confer similar 

phenotypes during sporulation, it seems likely that these gene products are 

involved in the same process during sporulation. 

Sac6 protein, clathrin, and Sla2 protein are required for the 

internalization step of endocytosis. The sacbA mutation has been shown 

directly to inhibit the internalization step of endocytosis [5]. slal is an actin 

binding protein that was identified in a screen for endocytic mutants and 

has been shown to be required for the internalization step of endocytosis 

[2]. Finally, clathrin is involved in multiple membrane trafficking steps 

including the internalization step of endocytosis [4, 98]. Since clathrin does 

not appear to interact with the actin cvtoskeleton, the fact that it arrests 

prior to spore wall formation similar to the sac6A and slalA mutations 

argues that endocytosis is required for spore wall formation or other events 

occuring at this time. 

Using lucifer vellow, a soluble fluorescent dye, and uptake of radio-

labelled a-factor, it has been demonstrated that both fluid-phase and 
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receptor-mediated endocytosis require the actin cytoskeleton in yeast [5, 94]. 

The mechanism for the actin cytoskeleton requirement for endocytosis has 

not been established, however electron microscopic analysis correlates the 

sites of endocytosis with the plasma membrane invaginations thought to 

be associated with actin cortical patches [17], 

These observations lead to the following model: endocytosis is 

required for sporulation and therefore the actin cytoskeleton is required for 

sporulation because of its role in endocytosis. There are numerous roles 

endocytosis could play during sporulation; for example, uptake of factors 

from the media may require endocytosis, or membrane rearrangements 

that occur during sporulation may require the endocytic machinery [101]. 

However, the process of endocytosis has not been analyzed during 

sporulation. Using FM4-64 a marker for fluid phase endocytosis I 

demonstrate that endocytosis occurs throughout sporulation. I also show 

that efficient endocytosis requires Sac6 protein confirming results 

published for vegetative growth. 

Since endocytosis does occur during sporulation, I set out to 

determine how well endocvtosis and sporulation defects correlate using an 

allelic series of actl alleles. I demonstrate that mutations in achn affect 

sporulation and, with Johanna O'Dell's unpublished data, demonstrate a 

strong correlation between receptor-mediated endocytosis and sporulation. 

Using a marker for constitutive endocytosis, Ste6 protein, I show that Ste6 

protein half-life is not correlated with either sporulation or receptor-

mediated endocytosis. Although caveats exist to the Ste6 experiments, the 
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preliminary data suggest that there are at least two pathways of endocytosis 

each with different cytoskeletal requirements. 
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RESULTS 

ENDOCYTOSIS OCCURS DURING SPORULATION 

The actl ,  sac6, s lal ,  and chcl mutants are all defective in sporulation. 

Furthermore, the fact that the sacbA, slalA, and chcl-521 mutants have 

similar phenotypes during sporulation (see Chapters 5 and 6) suggest a 

correlation exists between endocytosis and sporulation. However, 

endocytosis has not been shown to occur during sporulation. FM4-64, a 

lipophilic fluorescent dve, is taken up by the endocytic pathway during 

v^egetative growth [102j. FM4-64 intercalates into the plasma membrane, is 

taken up into endocytic vesicles, and reaches the vacuolar membrane in a 

time-, temperature-, and energy-dependent manner [102]. Once FM4-64 

reaches the vacuolar membrane, this membrane becomes stably labeled. 

Endocvtosis was assayed during sporulation by addition of FM4-64 to wild-

type and sacbA cells at various points during sporulation. FM4-64 is 

endocvtosed throughout sporulation in wild-type cells (Table 7-1), 

including time points when the sporulation cascade is being induced (2 

hours) and when the meiotic divisions are occurring (7 hours). Following 

spore wall formation, the spore coats become brightly stained. This is true 

if FA^I4-64 is added after spore wall formation or if FM4-64 is added prior to 

spore wall formation and first localized to the vacuolar membrane. This 

suggests either FM4-64 relocalizes to the spore wall, or the vacuolar 

membrane is associated with the spore wall. 
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Hours in 
Sporulation 

Media 

Wild-type 

Minutes to Minutes to 
Clear PM Vacuole 

sacSA 

Minutes to Minutes to 
Clear PM Vacuole 

0 <30 <15 >200 <30 
1 ND <20 ND <25 
2 <20 <20 >300 <45 
4 <30 <30 >300 <30 
7 <30 <25 >200 <30 

Table 7-1. 

Uptake of FM4-64 occurs throughout sporulation in the SKI background. 
Wild-type AAY2062 and sac6A AAY2063 cells were grown to stationary phase 
in YPD, washed with ddH20, resuspended in sporulation media, and 
incubated at 30°C. At the times indicated 1/100th volumes of FM4-64 was 
added and cells incubated for 15 minutes at 30°C. Cells were pelleted, 
resuspended in an equal volume of fresh sporulation media lacking FM4-64, 
and incubated at 30°C. Samples were analyzed with the fluorescence 
microscope until spore formation. 

sac6A cells also take up FM4-64 and stain the vacuole during 

sporulation, however the staining intensity is less in the sac6A than wild-

type. Although the sac6A shows a slight increase in the time taken to 

localize to the vacuole, the time taken for FM4-64 to completely clear the 

plama membrane is an order of magnitude greater than wild-type (Table 7-

1). These results demonstrate that Sac6 protein is required for efficient 

endocytosis during sporulation. 

After approximately 8 hours incubation in sporulation media wild-

type cells develop a novel vacuolar phenotype (Figure 7-1). The vacuole 

undergoes a dramatic membrane rearrangement. This vacuolar phenotype 

has been analyzed in detail and is a vacuolar rearrangement and not 



simply a new localization of FM4-64 [103]. The sacSA does not undergo this 

change in vacuolar morphology-
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Figure 7-1. 

FM4-64 staining of wild-type cell reveals a novel vacuolar morphology late in 
sporulation. Wild-type, AAY2062, cells were grown to saturation in YPD, 
washed with ddH20, resuspended in sporulation media containing 1/100th 
volume of lOOjiM FM4-64, and incubated at 30°C. Cells were photographed after 
approximately 8 hours incubation. The plasma membrane is visible because 
FM4-64 was in the sporulation medium throughout incubation. Cells that show 
vacuolar membrane surrounding the presumptive spore are labeled with arrows. 
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ACTIN MUTATIONS CAUSE SPORULATION DEFECTS 

Since endocytosis occurs during sporulation, I next wanted to 

establish how well sporulation and endocytosis defects correlate using an 

allelic series of actin mutations. If the actin cytoskeleton is required during 

sporulation for endocytosis, then actin mutations that impair endocytosis 

should adversely affect sporulation. Furthermore, the severity of the 

phenotypes should be similar (a strong defect in endocytosis should 

correlate with a strong sporulation defect). Numerous actin mutations 

exist, however these alleles are found in multiple genetic backgrounds that 

are not isogenic [104-107]. Since background differences can dramatically 

affect sporulation ability, the actin mutations were integrated into both the 

S288c and SKI backgrounds to generate isogenic strains. The actin 

mutations were integrated into both backgrounds because the sac6A yields 

different phenotypes in the two backgrounds (see Chapter 5); therefore it is 

possible to use the two backgrounds as a basis for comparison. The actin 

mutations in the S288c background are being analyzed in detail for other 

phenotypes, including endocytosis, osmosensitivity, and genetic 

interaction with sac6 mutations. Therefore, a direct comparison between 

the sporulation defect and these phenotypes caused by the actin mutations 

can be done in an isogenic manner. 

In order to determine the effects of actin alleles on sporulation, the 

actin alleles were integrated in place of wild-type ACTl and homozygous 

diploids generated (see Methods & Materials). These diploids were then 

sporulated to determine which alleles conferred sporulation defects. 
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Analysis of actin alleles in the SKI and S288c backgrounds 

demonstrates that mutations in actin confer sporulation defects of varying 

magnitude (Figures 7-2 & 7-3).  In the SKI background (Figure 7-2),  actl-120 

has the most severe sporulation defect  (>95% reduction),  actl-124, -119, 

-133, and -129 have an intermediate sporulation defect (55-75% reduction), 

and actl-122, -101, and -102 sporulate at wild-type levels, approximately 

70%. Alleles of actl cause sporulation defects in the S288c background as 

well (Figure 7-3). Of nineteen actl alleles tested, six alleles yield wild-type 

sporulation, actl-105 and -115 have a slight decrease in sporulation (-15% 

reduction), actl-129, -113, -3, -124, and -222 have more severe sporulation 

defects (60-70% reduction), and nctl-125, -120, -S, and -25b have the strongest 

sporulation defects (85-100% reduction), actl-119 is grouped with the 

alleles having slight phenotypes {actl-105 and -115), however this allele 

gives variable levels of sporulation and may fall with either wild-type 

alleles or the alleles causing a severe effect on sporulation. 
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Figure 7-2. 

% Sporulation of wild-type AAY2062, sac6A AAY2063, and actl  alleles 
AAY2069, 2070, 2071, 2072, 2073, 2074, 2075, and 2076 in the SKI background. 
Cells were grown to stationary phase in YPD, washed with ddH20, and 
resuspended in sporulation media. Sporulation was scored after 2-3 days 
incubation at 23°C. At least 200 cells were counted for each experiment. 
Wild-type and sac6A samples are included for comparison and were not done 
concomitant with the actl samples. 

The severity of the sporulation defect conferred by an actin allele is 

similar in the two backgrounds. In both backgrounds, actl-101 does not 

significantly affect sporulation levels, actl-129, -119, and -124 reduce 

sporulation to -50% the wild-type rate, and actl-120 is the most defective of 

the alleles tested in both backgrounds.  The notable exception is actl-122 

which does not affect sporulation levels in the SKI background but has a 

60-70% reduction in sporulation compared to wild-type in the S2SSc 

background. It is unknown why actl-122 causes a sporulation defect in the 
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S288c but not the SKI backgrounds; however identical mutations have 

been reported to have different sporulation phenotypes in different 

backgrounds [58,88]. 
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Figure 7-3. 

% Sporulation of wild-type IGY153 and acil  alleles IGY149, 150, 151, 152, 154, 
155, 156, 157, 158, 159, 160, 161, and 162 in the S288c background. Cells were 
grown to stationary phase in YPD, washed with ddH20, and resuspended in 
sporulation media. Sporulation was scored after 2-3 days incubation at 23°C. 
At least 200 cells were counted for each experiment. Note: y-axis is different 
from Figure 7-2. 

SPORULATION AND ENDOCYTOSIS DEFECTS CORRELATE IN ACTIN 

MUTANTS 

Mutant actin alleles in the S288c backgroimd have been analyzed for 

their role in receptor-mediated endocytosis [6]. a-factor is the phermone 

secreted by MATa cells to stimulate mating activity in MATa cells. This is 
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accomplished by a-factor binding to the a-factor receptor on MATa cells. 

Binding of a-factor to the a-factor receptor stimulates heterotrimeric G-

proteins that then turn on the mating cascade. Upon stimulation by the 

ligand, a-factor receptor is rapidly endocvtosed. The rate of endocytosis can 

be determined by addition of radio-labeled a-factor to cells expressing the a-

factor receptor and following the uptake of the radio-labeled pheromone. 

a-factor bound to the a-factor receptor can be released into the media by 

low pH washes; however once a-factor is internalized bv endocytosis, it is 

protected from low pH wash conditions. Bv determining the amount of a-

factor protected versus time, the rate of internalization can be determined. 

Because the strains used to obtain sporulation data in the S288c 

background are isogenic to the strains used to determine the rate of 

receptor-mediated endocytosis, I compared these two phenotypes to 

determine whether or not a correlation existed. The % sporulation of 

fifteen actl alleles was plotted against the rate of endocytosis during 

vegetative growth as determined by Johanna O'Dell (Figure 7-4 and Table 

7-5). The remaining four actl alleles that were analyzed for sporulation 

ability have not been assayed for receptor-mediated endocytosis. The data 

(Figure 7-4) demonstrate a strong correlation between receptor-mediated 

endocytosis ability and sporulation ability. Regardless of whether receptor-

mediated endocytosis is assayed at or 37°C, the probability that the 

correlation with sporulation ability is due to chance is P<0.001. 
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Figure 7-4. 

Sporulation ability correlates with receptor mediated endocytosis ability 
caused bv actl alleles in the S288c background. Isogenic actl strains assayed for 
sporulation ability at 23°C (see Figure 7-3.) and receptor mediated endocytosis 
at (A.) 25°C and (B.) 37°C. Plotting these sets of data in tandem reveals a 
strong correlation between the two phenotypes R=0.781 and R=:0.S37 for (A.) 
and (B.) respectively. The probability that the correlation between these two 
phenotypes is due to chance is P<0.001. 

CONSTITUTIVE AND RECEPTOR MEDIATED ENDOCYTOSIS 

I have demonstrated that endocytosis occurs throughout sporulation 

using FM4-64. Further, using data for receptor-mediated endocytosis 

obtained by Johanna O'Dell, I have established a strong correlation between 

defects is  sporulation and receptor-mediated endocytosis caused by actl  

mutations. However, the data for receptor-mediated endocytosis were 

obtained in haploid strains during vegetative growth. An attempt was 
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therefore made to determine the rate of endocytosis occurring during 

sporulation. I chose to assay the endocytosis rate of Ste6 protein. This 

protein was chosen because it requires the endocytic machinery for 

endocytosis, it is a plasma membrane protein with a short half-life, and it is 

constitutivelv endocytosed [7]. Therefore, a comparison can be made 

between receptor-mediated endocvtosis and a constitutively endocytosed 

protein. 

STE6 is a haploid specific gene [108]. In order to express Ste6 protein 

during sporulation (diploid cells), it was put under control of the inducible 

GALl promoter. The GALl promoter requires activation as well as 

alleviation of negative regulation in order to function. Negative 

regulation is controlled by glucose, therefore incubation in sporulation 

media (acetate) alleviates the negative regulation. In order to activate 

expression, the gal80::LEU2 mutation was introduced. This mutation 

alleviates the need for positive regulation by galactose[109]. Therefore, 

upon shift to sporulation media, 2% acetate, the GALl promoter is 

activated. This system has been used successfully to express genes during 

sporulation [46]. This assay was attempted in the SKI background because a 

greater percentage of cells sporulate than in the S288c background. The 

Ste6 protein used for these assays is tagged with the hemagglutinin (HA) 

epitope to allow immunoprecipitation. 

Although the gal80::LEU2 mutation does not affect sporulation, the 

presence of the GALl driven STE6-HA gene inhibits sporulation (Table 7-

2). This result establishes that this assay could not be used during 
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sporulation. However, because the system was established and much 

preliminary work has been done to analyze the mechanism of Ste6 protein 

degradation, the rate of endocytosis was determined using diploid cells 

growing vegetatively instead of sporulating. Diploid cells were chosen 

over haploid, because 1 felt this was a better representation of a sporulating 

cell. Since sporulation conditions could not be used, these assays were 

done in the S2S8c background to allow direct comparison with the receptor-

mediated endocytosis data. 

Strain % Sporulation 
Wild-type 45% 

galSOA 44% 
galSOA PGal-STE6-HA 4% 

Table 7-2. 

PGal-STE6-HA confers a sporulation defect. Cells were grown to stationary 
phase in SC-ura (uracil was added to wild-type and galSOA strains), washed 
with ddH20, and resuspended in sporulation media. Sporulation was scored 
after 2 days incubation at 30°C. At least 100 cells were counted. Wild-type 
sporulation is reduced approximately two fold by growing in synthetic media 
versus rich (YPD) media. 

Eleven actl  strains and a wild-type strain were transformed with a 

plasmid harboring a Gal driven STE6 gene and grown in galactose to 

stimulate expression of STE6. The gal80::LEU2 mutation does not exist in 

this strain background, therefore induction only occurs in the presence of 

galactose. Strains were pulsed with radio-labeled cysteine and methionine 

for 15 minutes and chased for 90 minutes. During the 90 minute chase, 

samples were taken and total protein purified by TCA precipitation. Ste6 

protein was purified from total protein by immunoprecipitation against an 
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HA tag that had been inserted at the C-terminus of the protein. 

Immunoprecipitated protein was run on 8% acrylamide gels and the 

amount of labeled Ste6 protein determined by exposing the gels on a 

phosphoimager. From this assay it is possible to determine the half-life of 

Ste6 protein which is a direct indicator of the rate of endocytosis and 

trafficking to the vacuole. 

Wild-type cells yield a half-life for Ste6 protein of 20 minutes at 25"C 

and 13 minutes at 37°C (Figure 7-5). Although this experiment has only 

been done once, these values are in agreement with published data [7, 110). 

actl mutations affect the half-life of Ste6 protein (Figure 7-5 and Table 7-3). 

actl-113, -129, and -124 show half-lives similar to wild-type at 25^C, 

demonstrating that  not all  actin mutations affect  endocytosis at  25°C. actl-

120, -135, -122, and -123 have a 2-3 fold increase in half-life, actl-117 and 

-119 have intermediate defects in Ste6 protein half-life at 25'C. 
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Figure 7-5. 

Cells were grown to actl  alleles cause defects in degradation of Ste6-HA. 
saturation in SC-met,-cvs,-ura,-leu 2"o Gal then allowed to divide 2-3 times 
in fresh SC-met,-cys,-ura,-Ieu 2% Gal. Cells were washed with ddH20, 
resuspended in fresh SC-met,-cvs,-ura,-leu 2% Gal, pulsed 15 minutes with 
^^S-Trans label, and chased 90 minutes with 50x excess cold Cys and Met. 
At 0, 15, 30, 60, and 90 minutes chase 1x10^ cells were taken, protein 
purified, and Ste6-HA immunoprecipitated. Purified protein was run on 
acrvlaminde gels, dried, and exposed on the phosphoimager. Gels are 
ordered from top to bottom bv increasing Ste6 half-life. 
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Ste6 Half-life 
(minutes) 

25°C 37°C 

Wild-tvpe 20 13 
-loi  ND 100 
-113 17 49 
-117 32±6.4 34 
-119 34±2.1 39 
-120 61 NJD 
-122 52 25 
-123 46 56 
-124 26 ND 
-125 ND 24 
-129 24±8.5 ND 
-135 68 ND 

Table 7-3. 

Half-life of Ste6 protein in various actl  strains at 25°C or 37°C. Strains 
harboring AAB565 were grown to saturation in SC-met-cys-ura Gal. Cells 

were diluted to 3x10^ cells/ml in fresh SC-met-cys-ura Gal and grown 2-4 
generations at 25°C. Cells were washed and incubated at either 25°C or 37°C 
for 15 minutes. Cells were then pulsed with 35S-Trans label for 15 minutes 
and chased for 90 minutes with 50x excess cold Met and Cys at 25°C or 37°C. 
Total protein was purified by TCA precipitation and Ste6 protein 
immunoprecipitated. Purified Ste6 was run on 8% acrylamide gels and half-
life determined using the phosphoimager. 

Because many actl  mutations are temperature sensitive for growth, 

it is possible that these alleles are endocytosis proficient at 25°C but 

endocytosis defective at 37°C. Therefore, the half-life of Ste6 protein was 

determined at 37°C (Table 7-3). actl-113 shows a temperature sensitive 

endocytosis phenotype. At 25°C actl-113 endocytosis at a rate similar to 

wild-type yet  has a severe defect  at  37°C, ~4 fold increase in half-l ife,  actl-

101 has the most severe defect seen with a half-life of 100 minutes (~8 fold 
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increase in half-life), however this allele has not been tested at 25°C. actl-

117, -119, and -123 have defects at  25°C that  are exacerbated at  37°C. actl-122 

is the only allele tested that has a similar defect, approximately two fold, at 

25°C and 37°C. 

The sporulation phenotype caused by the actl  alleles was plotted 

against the Ste6 half-life data to determine if a correlation exists (Table 7-5 

and Figure 7-6). While defects in uptake of a-factor and sporulation are 

correlated (Figure 7-4), defects in Ste6-HA protein turnover and 

sporulation are not at either 25°C or 37°C P>G.5, (Figure 7-6 A and B). 

Futhermore, no significant correlation is seen between Ste6 half-life and 

receptor-mediated endocytosis of a-factor at either 25°C or 37°C, P<0.5 and 

P>0.5 respectively (Figure 7-6 C and D). 
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Figure 7-6. 

Ste6 protein half-lives do not correlate with either % sporulation or receptor-
mediated endocytosis in actl mutants. Ste6 half-life is plotted against % 
sporulation (A.) and (B.) and receptor-mediated endocytosis (C.) and (D.)- Ste6 
half-life is determined at both 23°C (A.) and (C.) and 37°C (B.) and (D.). 25°C 
receptor-mediated endocytosis data is compared with 25°C Ste6 data (C.) and 
37°C receptor-mediated endocytosis data is compared with 37°C Ste6 half-life 
data (D.). 
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DISCUSSION 

Mutations in actin, Sac6 protein, Sla2 protein, and clathrin affect the 

internalization step of endocvtosis and I have shown cause defects in the 

ability of cells to sporulate [2, 4, 5]. From these results, I predicted that the 

actin cvtoskeleton is required during sporulation for endocvtosis. 

To test this hypothesis I first asked whether endocytosis occurs 

during sporulation. Using FM4-64, a fluorescent marker for endocytosis, I 

have established that endocytosis does in fact occur throughout 

sporulation. Further, the sac6A shows a kinetic defect in the uptake of 

FM4-64 throughout sporulation, demonstrating that efficient endocytosis 

during sporulation requires the actin cytoskeleton. 

One prediction made by the above model is, cytoskeletal mutations 

that affect endocytosis should affect sporulation in a similar manner. For 

example, a mutation that causes a severe defect in endocytosis should cause 

a severe defect in sporulation. However, the contrary is not necessarily 

true. The actin cvtoskeleton plays multiple roles during sporulation (see 

Chapter 5), therefore it is possible that some of these roles are not based on 

the endocytic function of the actin cytoskeleton. A comparison was made 

between the sporulation ability of actin alleles with the data for receptor-

mediated endocytosis obtained by Johanna O'Dell. These results support 

the hypothesis that sporulation defects seen for cytoskeletal mutants are 

due to defects in endocytosis. 

Because the crystal structure of actin is known, it is possible to map 

the alleles that cause sporulation defects onto the actin molecule and 



109 

identify regions of actin required for sporulation. This was done for the 21 

actin alleles tested for sporulation in the S288c and SKI backgrounds 

(Figure 7-7). Not surprisingly, alleles conferring sporulation defects lie 

throughout the actin molecule. The actin cytoskeleton requires the 

binding of numerous proteins for function that interact with different 

regions of actin, for example myosin interacts with subdomain I whereas 

Sac6 protein interacts with regions of subdomains I and II. Therefore, the 

fact that many regions of actin are required for wild-type sporulation 

demonstrates that actin and many associated proteins are necessary for 

sporulation. 

The effect of actl  mutations on Ste6 protein half-life was determined 

to quantitate endocytic rates using a different marker than a-factor. 

Surprisingly Ste6 half-life does not correlate with either sporulation ability 

or the rate of receptor-mediated endocytosis. However, there are caveats 

that must be pointed out before analysis of the data. First, most of the Ste6 

half-life data represent single experiments, therefore the standard 

deviation is unknown. This caveat is tempered by the fact that eleven 

actin alleles have been analyzed and I would argue that since numeous 

alleles have been tested it is doubtful a correlation exists. Further, samples 

that have been repeated do not show large v^ariation. Based on these 

arguments, it seems likely that the absence of a correlation between Ste6 

half-life and either sporulation or receptor-mediated endocytosis is correct. 
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Figure 7-7. 

Sporulation phenotypes of actl  alleles mapped onto the actin crystal 
structure (see Figures 7-2 and 7-3). Sporulation proficient alleles are in 
blue, sporulation defective alleles are in red, and nctl-122 which has a 
strain dependent sporulation phenotype is in green. 
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The more important caveat to consider is the difference between the 

experiments to determine Ste6 half-life and rate of receptor-mediated 

endocvtosis. First, determination of Ste6 half-life was done using diploid 

cells, whereas the receptor-mediated endocvtosis assays were done in 

haploid cells. There are no reported differences between endocvtosis in 

haploid or diploid cells, but I expect the experiments have not been done to 

test this possibilitv. Another difference is, the receptor-mediated 

endocvtosis experiments assav only the internalization of a-factor. Radio-

labelled a-factor is bound to the receptors on the surface of the cell and 

endocytic rate is determined by following the amount of a-factor that is 

protected from low pH washes versus time. This means once a-factor is 

internalized it is protected. The half-life experiments measure the 

turnover of Ste6 protein. Therefore, not only must Ste6 protein be 

internalized, it must be transported to the vacuole and degraded. If there is 

a cvtoskeletal requirement for delivery of endocytic vesicles to the vacuole, 

then certain actl alleles may not be affecting internalization but transport 

to the vacuole, act 1-2 and actl-3 have been shown to be defective for the 

internalization step but not for downstream steps (transport to the vacuole) 

of endocvtosis [5], however other actl alleles may act differently. 

Furthermore, if a defect in the secretion pathwav exists then the half-life of 

Ste6 protein may be affected. Since the assay is a pulse-chase assay, Ste6 

protein must be efficientlv transported through the secretory pathway. A 

potential role for the actin cytoskeleton has been described in golgi-plasma 

membrane transport [29, 30, 91]. If newlv synthesized, and therefore 

labeled, Ste6 protein accumulates in the golgi because of a defect in 
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transport to the plasma membrane, then the half-life will be increased. 

These caveats are currently being addressed by Johanna O'Dell who is 

studying the role of the actin cytoskeleton in endocytosis in greater detail. 

The difference between Ste6 protein half-life and receptor-mediated 

endocytosis can not be completely ignored based on the above caveats[92J. 

The above caveats raise questions regarding actl alleles that affect Ste6 half-

life but not receptor-mediated endocytosis. However, 1 have also identified 

actl alleles that affect receptor-mediated endocytosis and do not 

dramatically affect Ste6 half-life. For example, actl-119 and -125 which 

have a slight increase in Ste6 half-life at 37°C are the most defective alleles 

for receptor-mediated endocytosis at 37°C. I doubt a defect in secretion is 

contributing to Ste6 half-life in the actl mutants. Binding controls done for 

receptor-mediated endocytosis assays demonstrate that  regardless of actl  

allele a constant amount of a-factor is bound to the cell [6]. Therefore, the 

number of receptors must be constant between the actl strains assuming a-

factor is rate limiting. If a defect in secretion exists, then since the ct-factor 

receptor has a short half-life the number of receptors at the cell surface 

should be affected [111]. Finally, a defect in golgi-plasma membrane 

secretion has been observed in actl mutants [91]. This is demonstrated by 

the accumulation of invertase, a secreted protein, in the actl mutants in a 

post-golgi compartment following shift to inductive media. Flowever, a 

decrease in secreted invertase is not observed in these actl mutants. This 

led to a model that there is a kinetic defect in late steps of secretion in 

certain actl mutants, however studies using the myo2-66 mutation, a 

mutation thought to affect secretion [30], do not demonstrate any kinetic 
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differences in the secretion of a multitvide of markers [37]. Addition of the 

actin depolynnerizing drug LatA, causes cells to remain unbudded, 

however the cell volume increases demonstrating that secretion is still 

occuring [94]. 

I think the most likely although preliminary conclusion is, there are 

different pathways by which endocytosis occurs in the cell. The actin 

cytoskeleton is essential for endocytosis, however the different pathways of 

endocytosis may have different cytoskeletal requirements. Regardless of 

whether the effect of actl mutations on Ste6 half-life results is due to a 

novel endocytic pathway, a secretion defect, a vacuolar transport defect, or 

another unknown problem, the data clearly show that sporulation and 

receptor-mediated endocytosis are strongly correlated whereas Ste6 half-life 

and sporulation are not. 
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METHODS & MATERIALS 

STRAINS 

Table 7-4 lists the strains used for this section. 

Strain Genotype Background 

AAY2062 

AAY2063 

AAY2069 

AAY2070 

AAY2071 

AAY2072 

AAY2073 

AAY2074 

AAY2075 

IGY149 

IGY150 

IGY151 

IGY152 

IGY153 

MATa ura3-52 leu2-3.112 arg4-Nsp[ 
MATa ura3-52 Ieu2-3,I12 arg4-Bgni 
iVlATa iira3-52 leu2-3,112 sac6::LEU2 arg4-NJspI 
MATa ura3-52 leu2-3,112 sac6::LELJ2 arg4-BgllI 
MATa iira3-52 Ieii2-3.112 his3::LfRA3 actl-lOI his3::Lj'RA3 
VIATa ura3-52 leu2-3,112 his3::URA3 actl-101 his3::URA3 
MATa ura3-52 leu2-3.112 arg4-tMspI his3::URA3 actl-122 
MATa ura3 
MATa iira3 

-52 leu2 
52 leu2 

-3,112 arg4 
3.112 arg4-

Bglll his3::U'RA3 actl-122 
NIspI his3::LfRA3 actl-120 

MATa ura3-52 leu2-3,112 arg4-BgIII his3::URA3 actl-120 
MATa ura3-52 Ieu2-3.II2 arg4-Nfspf his3::LfRA3 actl-129 
MATa ura3 
MATa ura3 

-52 leu2 
52 leu2 

-3,112 arg4 
3.112 arg4-

Bglll his3::URA3 actl-129 
Nspl hi.s3::lJRA3 actl-102 

MATa ura3-52 Ieu2-3,1I2 arg4-Bgl[[ his3::L;RA3 actl-102 
MATa ura3-52 leu2-3.112 his3::URA3 actl-124 his3::L-RA3 
MATa ura3-52 Ieu2-3,112 his3::LiRA3 actl-124 his3::URA3 
MATa ura3-52 leu2-3.112 his3::LJRA3 actI-133 his3::LJRA3 
MATa ura3-52 leu2-3,112 his3::URA3 actl-133 his3::L)RA3 
MATa ade2 iira3-52 leii2-3.112 Ivs2-80I his3A2Q0 barl::LYS2 
MATa ade2 ura3-52 Ieu2-3,I12 Iys2-80I his3A200 barI::LYS2 

actl-135::HI53 
actl-135::HIS3 
MATa ade2 Lira3-=i2 leii2-3.112 Ivs2-80I his3A200 barl::LYS2 
MATa ade2 ura3-52 Ieu2-3,1I2 lys2-80l his3A200 barl;;LYS2 

acH-113::HlS3 
actl-113::HIS3 
MATa ade2 ura3-52 leii2-3.112 lvs2-801 his3A200 barl::LYS2 
MATa ade2 ura3-52 leu2-3,112 Iys2-80I his3A200 barl:;LYS2 

acH-117::HIS3 
actl-117:;HIS3 
MATa ade2 ura3-52 leii2-3.112 lvs2-801 his3A200 barl::LYS2 
MATa ade2 ura3-52 Ieu2-3,ll2 [ys2-801 his3A200 barI::LYS2 

acH-123::H[S3 
actl-123::HIS3 
MATa ade2 ura3-52 leii2-3112 lv';2-8Ql his3A200 barl::LYS2 ACTI 
MATa ade2 ura3-52 Ieu2-3,112 Ivs2-801 his3A200 barl:;LYS2 ACTI 

S K I  

S K I  

S K I  

S K I  

S K I  

S K I  

S K I  

S K I  

S K I  

S2S8C 

S2S8C 

S2S8C 

S288c 

S288C 
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IGY154 MATa ade2 tira.V52 Ieu2-3.n2 lvs2-801 his3A200 barl::LYS2 S288c 
MATa ade2 ura3-52 leu2-3,112 lys2-801 his3A200 barl::LYS2 

artl-101::HlS3 
actl-l0l::HIS3 

IGY155 MATa ade2 iira3-52 leii2-3.112 Ivs2-8Q1 his3A200 barl::LY52 S288c 
MATa ade2 ura3-52 leu2-3,112 lys2-801 his3A200 barl:;LYS2 

artl-105::HIS3 
act I-105::HIS3 

[GY156 MATa ade2 tira3-52 leLi2-.3.1I2 lys2-801 his3A200 barl::LYS2 S288c 
MATa ade2 ura3-52 leu2-3,112 lys2-801 his3A200 barl::LYS2 

arn-119::HlS3 
actl-ll9;:HIS3 

IGY157 MATa ade2 iira3-.n2 leu2-3.112 lvs2-801 hi53A200 barl::LYS2 S288c 
MATa ade2 ura3-52 Ieii2-3,112 lys2-80l his3A200 barl::LYS2 

arH-120::HI53 
actl-120:;HIS3 

IGYI58 MATa adp2 iira3-n2 leii2-3.112 lvs2-801 his3A200 barl::LYS2 S288c 
MATa ade2 ura3-52 leu2-3,112 lys2-801 his3A200 barl::LYS2 

artl-122::H[S3 
actl-122::HIS3 

IGY159 MATa ade2 iirn3-.=i2 Ieu2-3.n2 lvs2-801 his3A200 barl::LYS2 S288c 
MATa ade2 ura3-52 Ieu2-3,n2 Iys2-801 his3A200 barI::LYS2 

artT-125::HlS3 
actl-125::HIS3 

IGY160 MATa ade2 iira3-=i2 leu2-3.112 lvs2-801 his3A200 barl::LYS2 S288c 
MATa ade2 ura3-52 Ieu2-3,n2 lys2-801 his3A200 barI::LYS2 

artl-129::HIS3 
actl-129;:HIS3 

IGY161 MATa ade2 iira3-52 leu2-3.112 lvs2-801 his3A200 barI::LYS2 S288c 
MATa ade2 ura3-52 leu2-3,112 lys2-801 his3A200 barl::LYS2 

artl-124::HlS3 
actl-124;:HIS3 

IGY162 MATa ade2 iira3-52 Ien2-3.n2 Iys2-801 his3A200 barl::LYS2 S28Sc 
MATa ade2 ura3-52 leu2-3,112 lys2-801 his3A200 barl::LYS2 

actl-104::HIS3 
actl-104::HIS3 

AAY2076 MATa ura3-S2 Ipu2-3.1I2 arg4-NspI hi.s3::LfRA3 actl-n9 SKI 
MATa ura3-52 Ieu2-3,I12 arg4-BglII his3::URA3 actl-U9 

Table 7-4. 

Strains used in Chapter VII. 

GENERATION OF actl MUTATIONS 
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The his3::LlRA3 mutation in AAY2077 was generated as follows. 

AAB33 was digested with Ndel and Nsil freeing URA3 coding sequence. 

This fragment and Bglll digested AAB77 were blunted with Klenow and 

ligated. This replaces HIS3 coding sequence with URA3. Thisplasmid was 

digested with Plel and Kpnl releasing his3::URA3 that was used for 

integrations. Transformants were selected for growth on plates lacking 

uracil and screened for histidine auxotrophy. This system did not generate 

histidine auxotrophy efficiently. 

The actl  mutations were generated in the SKI background by 

transplacement. Vectors containing the actl mutation plus flanking DNA 

fused to HIS3 were digested with EcoRI freeing the actl DNA. Integration 

was selected by plating transformants on media lacking histidine. 

AAY2077 was used as the parent strain for these transformations 

His"^ prototrophs were sporulated and dissected to ensure that only 

one integration event had occurred. Further, genetic characterization was 

done to establish which actl alleles conferred temperature sensitive growth 

phenotypes. Integrations were confirmed by PCR using a novel technique I 

developed. Briefly, a wad of cells (-3x10"^ cells/ml) was taken from a patch 

and resuspended in ddH20. Glass beads were added and the samples were 

vortexed 3 minutes in a multivortexer. An aliquot was taken and diluted 

15-fold in ddH20. This was then used as the DNA stock for PCR. Most of 

the actl alleles create a new restriction site pattern. Therefore, following 

PCR amplified DNA was digested to demonstrate the presence of the 

mutation. 
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Generation and confirmation of the actl  alleles in the S288c 

background was done by Kurt Toenjes and Sharon Brower. The technique 

was essentially the same as described above however a detailed description 

is in preparation for publication. 

ENDOCYTOSIS ASSAYS 

Endocytosis assays for Ste6 half-life were performed as described 

previously [7]. Briefly, strains harboring AAB565 were grown to saturation 

in SC-met-cys-ura Gal. Cells were diluted to 3x10^ cells/ml in fresh SC-

met-cys-ura Gal and grown for 2-4 generations at 25°C (approximately 12 

hrs.). 1x10^ cells were pelleted, washed with ddH20, resuspended in 3.3ml 

fresh SC-met-cys-ura Gal, and incubated at the appropriate temperature 

(25°C or 37°C) for 15'. Prewarmed SC-met-cys-ura Gal was used for the 

37°C. Cells were pulsed for 15' with 120[iCi ^^S-Trans label and chased for 

90' with 50x excess cold Met and Cys. At various time points 500|a.l of cells 

were taken, pelleted, and stored at -80°C. Cells were base hydrolyzed and 

total protein was purified by TCA precipitation. Ste6-HA protein was 

immunoprecipitated with monoclonal a-HA and protein-A sepharose 

beads. Proteins were run in 8% acrylamide gels at 35mA, the gels were 

then dried and exposed on the phosphoimager. 
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Allele % Spo 23°C RM 37°C RM 25°C STE6 37°C SI 

Wild-tvpe 43 100 100 20 13 

-3' 16 78 33 MD ND 

-25b 4 59 65 ND ND 

-101 38 103 77 ND 100 

-104 43 108 142 ND ND 

-105 28 96 42 ND ND 

-111 86 53 ND ND 

-113 16 62 39 17 49 

-117 45 94 106 32 34 

-119 26 92 16 34 39 

-120 6 44 17 61 ND 

-122 12 19 25 52 25 

-123 44 ND ND 46 56 

-124 13 94 65 26 ND 

-125 8 19 15 ND 24 

-129 18 71 30 24 ND 

-135 47 106 88 68 ND 

Table 7-5. 

Compilation of data from sporulation assays and endocytosis assays^m the 
S288c background. % sporulation from Figure 7-3. 23°C RM and 37''C RM 
show the results of receptor-mediated endocytosis assays done by Johanna 
O'Dell (REF) at either 23°C or 37°C, data are presented as % of wild-t\pe. 25X 
STE6 and 37°C STE6 show the half-life in minutes of STE6-HA obtained at 
either 25=C or 37°C. 



119 

VIII. TYPE OF MEDIA CAN SUPPRESS THE sac6A SPORULATION 

DEFECT 

INTRODUCTION 

During the course of conduchng the experiments described in the 

previous chapters, I discovered that sacbA cells in the SKI background are 

able to form spores when incubated on rich media for extended periods. 

The ability of cells to sporulate on rich media is an interesting characteristic 

of the SKI background in general and not specific to the sacbA. Although 

wild-tvpe cells in the SKI background will sporulate under conditions 

wild-type cells in other strain backgrounds do not, including S288c, it 

appears the regulation by nitrogen and fermentable carbon sources are 

intact. A diploid wild-tvpe SKI cell can enter one of three developmental 

pathways: it can grow vegetatively, grow pseudohyphally, or sporulate. 

The decision of which pathway to enter is governed by availability of a 

nitrogen source and fermentable carbon source. In the presence of a 

nitrogen and fermentable carbon source the cell will divide vegetatively. If 

a diploid cell is starved for nitrogen but has a fermentable carbon source 

present it will divide pseudohyphally. Finally, if the cell is starved for 

nitrogen in the presence of a non-fermentable carbon source, it will 

sporulate. Since wild-type SKI cells undergo the appropriate 

developmental pathway under conditions that favor a specific pathway, I 

would suggest that the nutritional controls are intact in the SKI 

background. 
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If the nutritional cues are intact, why do cells in the SKI background 

sporuiate on rich media? Onset of spore formation in rich media occurs 

after four to five days incubation on plates. By this time wild-type colonies 

are approximately 5mm in diameter. Under these conditions, cells in the 

center of the colony are in an area of greatest nutrient depletion and 

presumably of low dextrose concentration. As the colony grows, more 

nutrients are removed from the media alleviating both glucose and 

nitrogen inhibition of sporulation. Therefore, it seems likely that SKI cells 

deplete the local concentrations of nutrients prior to the onset of 

sporulation. 

This chapter is devoted to understanding why sac6A cells, that are 

sporulation-defective in KAc, are sporulation-proficient on rich media. 

The initial approach used to address this problem was to identify the 

component(s) of rich media that allow sporulation of sacbA cells. These 

analyses demonstrate that the appropriate carbon sources, specifically 

dextrose or glycerol, are nessecary and sufficient to allow sporulation of the 

sac6A mutant. By sporulating wild-type and sac6A cells in sporulation 

media containing both acetate and glycerol, 1 establish that acetate is 

dominant to glycerol. This observation leads me to suggest that acetate 

induces a cytoskeletal-dependent pathway. To determine how prevalent 

glycerol sporulation is, I sporulated the actl alleles and other mutants 

described in chapters 6 and 7 in glycerol, actl-120 and -124 sporuiate better 

in glycerol than in acetate, similar to the sac6A. Howev^er, the sla2A and 

chcl-521 mutants sporuiate poorly in both acetate and glycerol. Therefore, 
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sporulation in givcerol may be unrelated to the endocvtic function I 

established in the previous chapters. 
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RESULTS 

sacbA ARE SPORULATION PROFICIENT ON RICH MEDIUM 

The standard sporulation medium used in laboratory conditions is 

1-2 % KAc. Using this medium, sac6A cells in the SKI background have a 

severe defect in spore formation, -1% (Table 8-1). This is in contrast to 

wild-tvpe cells that sporulate at -70%. An unusual property of the SKI 

background is the propensity to sporulate following prolonged incubations 

on rich medium, such as YPD. Wild-tvpe cells incubated for nine days on 

YPD sporulate to -35%. Surprisingly, the sacbA sporulates at ~10"o on YPD 

after prolonged incubation (Table 8-1). Therefore, sporulation in YPD is 

increased >10 fold compared to sporulation in KAc. The spores generated 

bv the sacbA on YPD are as viable as wild-type spores from 2% KAc, >95% 

(data not shown). Therefore, YPD is capable of partially suppressing the 

sporulation defect seen in KAc of the sacbA cells as well as suppressing the 

loss in viabilitv of sacbA cells that completed sporulation. 

Wild-type sacbA 

2% KAc 
YPD 

YPAc 

% Spo Days % Spo Days 
2% KAc 

YPD 
YPAc 

72±16 1 
34 9 
68 3 

1±1 1 
12 9 
<1 3 

Table 8-1. 

Sporulation of wild-tvpe, AAY2062, and sac6A, AAY2063, cells in the SKI 
background. Shown are a representative set of data. Prolonged incubation of 
sacbA cells in 1% KAc, 2% KAc, or YPAc does not yield an increased frequency 
in sporulation, however continual incubation on YPD leads to an increased 
rate of sporulation. Longer incubations are required in YPD and YPAc before 
onset of sporulation because the cells are capable of vegetative growth. 
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To determine whv the sac6A is competent for sporulation on YPD 

but not KAc, I attempted to establish whether individual components of 

YPD or KAc were responsible for the sporulation phenotype seen in cells 

harboring the sacbA mutation. The difference between YPD and KAc is 

two-fold. First, the carbon source is different. YPD contains dextrose, a rich 

carbon source that is initially metabolized by glycolysis in the cytoplasm, 

whereas 2% K^ contains acetate, a poor carbon source that is metabolized 

bv the TCA pathway in the mitochondria. Also, YPD contains yeast extract 

and peptone. These components are not completely defined, but are rich in 

amino acids and other biological components. The only other components 

in sporulation medium are potassium and the auxotrophic requirements 

of a giyen strain are supplemented. For the sacbA in the SKI background, 

both uracil and arginine are supplemented. 

To determine if a component(s) of the yeast extract or peptone is able 

to rescue the sporulation defect of the sacbA, both wild-type and sacbA cells 

were grown in YPAc. Unlike KAc, YPAc is capable of supporting 

vegetative growth; howe%'er after growth to saturation, YPAc serves as a 

potent sporulation medium for wild-type cells in the SKI background 

(Table 8-1). Although the sac6A does grow vegetatively in YPAc it is not 

sporulation competent (Table 8-1). Therefore, components of the yeast 

extract and peptone are not sufficient for rescue of the sac6A sporulation 

defect. 

Since components of veast extract or peptone do not suppress the 

sporulation defect of the sacSA, the difference in carbon source was 
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examined. Wild-tvpe and sacbA strains were incubated in 2% KAc and 

0.05% dextrose and analyzed for sporulation ability. Although 2% dextrose 

is inhibitory for sporulation (data not shown), 0.05% dextrose has been 

reported to allow sporulation. In the SKI background, 0.05% dextrose 

permits sporulation of wild-type cells (Figure 8-1). sacbA ceils are also able 

to sporulate in 0.05°o dextrose, but the rescue of the sporulation defect is 

temperature-sensitive. The temperature-sensitivity is specific for glucose 

as the inability of sacbA cells to sporulate in KAc is not suppressed by 

incubation at 23°C. Therefore, unlike YPAc, 0.05% glucose permits 

sporulation of mutants. 
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Figure 8-1. 

Sporulation of wild-type, AAY2062, (A.)  and sac6A, AAY2063, (B.)  cells in the 
SKI background. Cells were grown to saturation in YPD, washed with ddH20, 
resuspended in either 2% KAc or 0.05% Glucose, and incubated at 30°C. Solid 
bars show % sporulation and stippled bars show % dyad formation. % dyad 
formation is the percentage of dyads found in the sporulated population. At 
least 200 cells were counted for each sample. 
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sacbA ARE SPORULATION-PROFICIENT IN GLYCEROL BUT NOT 

OTHER NON-FERMENTABLE CARBON SOURCES 

The above results suggest that dextrose is suppressing the 

sporulation defect of the sacbA. However, the mechanism by which wild-

type SKI cells sporulate on rich media is unknown. One possibility is 

during growth on rich media the level of dextrose is reduced to a point that 

is no longer inhibitory, but sufficient to serve as a carbon source for 

sporulation, similar to sporulation in 0.05% dextrose. However, during 

vegetative growth, veast cells metabolize dextrose through glycolysis into 

simpler carbon sources, such as ethanol (Figure 8-2). Therefore another 

model to explain sporulation on rich media is, once the dextrose is 

depleted from the medium, these simpler carbon sources are used as an 

energy source for sporulation. 
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Figure 8-2. 

Pathway of carbon source metabolism in yeast. In logarithmically growing 
cells, glucose in converted primarily to ethanol. Following glucose depletion, 
cells utilize ethanol through the citric acid cycle. Steps requiring ATP 
hydrolysis are shown in italics. ATP can be generated directly as in the 
PEP->pyruvate step or through electron transport designated e ATP. The 
number of ATP molecules generated by electron transport depends on the 
initial electron acceptor, either NAD"^ or FADH. 

In order to test the hypothesis that dextrose is converted into simpler 

carbon sources that are then used for sporulation, wild-type and sac6A cells 
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in the SKI background were sporulated in different non-fermentable 

carbon sources (Table 8-2). Although acetate is used for sporulation in 

laboratory conditions, numerous non-fermentable carbon sources are able 

to support sporulation [48|. These other carbon sources are not generally 

used in laboratory conditions because the level of sporulation achieved is 

not as high as with acetate. Further, the number of dyads and triads 

generated is more prevalent than tetrads. 

Wild-type sac 6 A 
1% KAc 70±13% 1±1% 
1% Glycerol 49±25% 30±6% 
1% Lactate 28±10% 0±0% 
1% Ethanol 1±1% 0±0% 

Table 8-2. 

% Sporulation of cells in different non-fermentable carbon sources. Cells 
were grown in YPD at 30°C to saturation, washed 2x with ddH20, resuspended 
in the appropriate carbon source, and incubated at 30°C. In glycerol, most 
sporulated cells gave rise to dyads. This is true for both wild-tv'pe, AAY2062, 
and sacbA, AAY2063, strains. At least 200 cells were counted for each sample. 

Wild-tv"pe cells can sporulate in acetate, glycerol, and lactate (Table 8-

2). However, ethanol, a carbon source reported to allow sporulation [48], is 

unable to support sporulation in this strain background. The sacbA is 

capable of sporulation in glycerol but not lactate or ethanol. 

Although the sac6A sporulates in glycerol, the level of sporulation is 

-60% of the wild-type level. This reduction in sporulation is similar in 

rich media, as sacSA cells sporulate to -65% of the wild-type level after 

prolonged incubation in YPD. Although wild-type cells show 55% 
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sporulation in glycerol, the majority of sporulated cells are dyads as 

opposed to sporulation in acetate which yields predominantly tetrads. 

For the sporulations described above l°o KAc was used as a 

sporulation media. Increasing the concentration of acetate to 2% can 

partially rescue the sporulation defect of mutants that do not utilize acetate 

well (Mitchell personal communication). In order to establish that the 

sporulation defect of sacbA cells in 1% KAc is not due to an inability to 

utilize acetate, wild-type and sac6A strains were incubated in 2°o KAc and 

2% glycerol and assayed for sporulation ability. Although 2% glycerol 

rescues the sporulation defect of the sac6A, 2% KAc still confers a strong 

sporulation defect on the sacbA (Table S-3). These results demonstrate that 

the sacbA sporulation defect can be partially suppressed by dextrose or 

glycerol but not by acetate, ethanol, nor lactate. 

°o Sporulation 
Wild-type sac6A 

^0 KAc 70±13 l±l 
2% KAc 72±16 1±1 

l°o Glycerol 49±25 30±6 
2% Glycerol 51±18 19±13 

Table 8-3. 

Sporulation of wild-type, AAY2062, and sac6A, AAY2063, strains in the SKI 
background is the same in either 1% or 2% KAc or 1% or 2% Glycerol. Cells 
were grown in YPD at 30°C to sattiration, washed 2x with ddH20, resuspended 
in the appropriate carbon source, and incubated at 30°C. In glycerol, most 
sporulated cells gave rise to dyads. This is true for both wild-type, and sac6A 
strains. At least 200 cells were counted for each sample. 
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ACETATE IS DOMINANT OVER GLYCEROL FOR SPORULATION 

Two opposing models address the difference between the effects of 

glycerol and acetate on sporulation of sac6A cells. First, acetate induces a 

sporulation pathway that requires an intact cytoskeleton, whereas glycerol 

or prolonged incubation on rich media does not. A second model suggests 

that glycerol and rich media induce a pathway that does not require an 

intact cytoskeleton. Although these models seem similar the key 

difference lies in whether acetate or glycerol is playing an active role. Other 

models are possible however, I believe these models are the simplest and 

most easily testable. 

To test these models a mixing experiment was done using 

sporulation media containing both glycerol and acetate to determine which 

carbon source is dominant. If either glycerol or acetate is inducing a 

cellular response then that agent should be dominant, yielding the 

sporulation phenotype of the activating agent. For instance, if acetate is 

inducing a cvtoskeletal-dependent sporulation, then in sporulation media 

containing both acetate and glycerol, the should be sporulation-

defective and wild-tvpe cells should have a high level of spore formation 

with a minimal number of dyads. Conversely, if glycerol is the activating 

agent, wild-type cells should sporulate less efficiently than seen in acetate 

and those cells that sporulate will contain mostly dyads and sacbA cells 

should be sporulation-proficient. 

Wild-type and sac6d strains were sporulated in media containing 

various ratios of both acetate and glycerol (Figure 8-3). Wild-type and sacbA 
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cells show acetate-like sporulation when acetate is in excess to glycerol. 

This result demonstrates that glycerol is not dominant to acetate. 

A. 100% 

80% 

60% 

40% 

20% 

0% 
% KAc 
%Glycerol 0 0.001 0.01 0.1 2 1.999 1.99 1.9 

^ 100% 

80% 

60% 

40% 

20% 

0% 
%KAc 2 1.999 1.99 1.9 0 0.001 0.01 0.1 

%Glycerol 0 0.001 0.01 0.1 2 1.999 1.99 1.9 

% Spo 

^ % Dyad 

1.999 1.99 1.9 0 0.001 0.01 0.1 
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Figure 8-3. 

Sporulation of wild-type (A.), AAY2062, and sac6A (B.), AAY2063, cells in the 
SKI background in the presence of both acetate and glycerol. Cells were 
grown to saturation in YPD, washed in ddH20, and resuspended in the 
appropriate sporulation media (above). % sporulation and % dyad formation 
was scored after overnight incubation at 30°C. % dyad is the number of dyads 
in the sporulated population. At least 200 cells were counted for each data 
point. 

Wild-type cells in 2% glycerol show decreased levels of sporulation 

and a high level of dyads compared to sporulation in acetate. However, in 

the presence of 0.1% acetate and 1.9% glycerol, wild-type cells show acetate

like sporulation, that is, a high rate of sporulation and decreased rate of 

dyad formation. Therefore, in the presence of 19-fold more glycerol, wild-

type behave as if in acetate and I conclude that acetate is a dominant carbon 

source to glycerol in wild-type cells. The case is similar in sacBA cells. In 

the presence of 1.9% glycerol and 0.1% acetate, sac6A do not sporulate. 

Complete reversion to glvcerol-like sporulation does not occur in sac6A 

cells until the KAc concentration is reduced to 0.001%. These results 

support the model that acetate is inducing a pathway that requires Sac6 

protein for sporulation. 

THE NATURE OF GLYCEROL SUPPRESSION IS UNKNOWN 

One difference between the media that allow sporulation of cells that 

contain the sac6A mutation versus those that do not is the pathway of 

metabolic breakdown (Figure 8-2). Both the metabolism of dextrose and 

glycerol utilize components of glycolysis, whereas lactate and acetate are 
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metabolized through the TCA cycle. Because of this, both dextrose and 

glycerol can theoretically yield more energy per unit molecule than either 

lactate or acetate. Utilization of glycerol, acetate, and lactate all require 

functional mitochondria. However, a reduction in mitochondrial function 

between wild-type and sac6A strains may be sufficient to allow sporulation 

by glycerol but not acetate. For example, reduction in the activity of the 

TCA cycle may not provide enough energy for sporulation in acetate, but 

the same defect may allow sporulation in glycerol because of the extra 

energy generated. 

To determine how efficiently sac6A cells utilize glycerol and acetate 

as carbon sources, the growth rates of wild-type and sac6A were determined. 

sacSA grow more slowly than wild-type regardless of whether dextrose, 

acetate, or glycerol is used as a carbon source (Figure 8-4). In both wild-type 

and sacSA strains, dextrose is a better carbon source than either glycerol or 

acetate. Regardless of whether glycerol or acetate is used as a carbon source, 

sac6A cells have identical growth rates. The same is true for wild-t\^e cells. 

This result demonstrates that the difference in sporulation ability between 

glycerol and acetate of sac6A cells is not due to a difference in energy 

production. 
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Figure 8-4. 

Growth of wild-type, AAY2062, (A.)  and sacSA, AAY2063, (B.) strains in 
different carbon sources. Cells were grown to saturation in the appropriate 

media (YPD (•), YPAc (•), or YPGly (o)). Cells were diluted to -1x10^ cells/ml 
in the appropriate media and allowed to grow 16 hours at 30°C. Cells were 
maintained in logrithmic growth during the 16 hour growth phase by 
diluting cells to -1x10^ cells/mi prior to attaining a density of 2x10^ cells/ml. 
Following the 16 hours logrithmic growth, cells were diluted to -1x10^ 
cells/ml and growth was followed for 8 hours at 30°C (shown). Cell density 
was determined using a Coulter counter. 

During sporulation in KAc the pH of the medium increases 2-3 pH 

units [84] (Table 8-4). The pH does not increase if glycerol or dextrose are 

used as the sporulation medium (data not shown). sac6A cells could be 

sensitive to the increase in pH during acetate utilization that is not found 

when either dextrose or glycerol is used as a carbon source. This would 

also explain the dominant affect acetate has in the presence of glycerol. In 

order to test this hypothesis, wild-type and sac6/\ strains were sporulated in 

KAc that was buffered with increasing concentrations of phosphate buffer 

(Table 8-4). In unbuffered sporulation media, initial pH 7.0, sporulating 

wild-type cells increase the pH of the media to 9.0 and sporulate to -80%. 

Preventing the pH from increasing above 8.0 does not affect wild-type 

sporulation. However, buffering wild-type cells to pH 7.5 completely 

inhibits sporulation. Although sac6A increase the pH similar to wild-type, 

neither buffering condition was sufficient to allow sporulation. 
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Wild-type sac6A 
Sporulation Final pH Sporulation Final pH 

1% KAc 81±0% 8.9 0±0% 8.7 
1% KAC+O.IMKPO4 76±4% 8.0 1±0% 7.8 
1% KAC+O.5MKPO4 0±0% 7.5 0±0°'o 7.5 

Table 8-4. 

Sporulation of wild-type, AAY2062, and sac6A, AAY2063, cells in pH buffered 
media. Cells were grown in YPD at 30°C to saturation, washed with ddH20, 
resuspended 1% KAc with or without KPO4, and incubated at 30°C. pH was 
determined using a pH meter after % sporulation was determined. The 
starting pH of 1% KAc was ~7.0. 

SPORULATION IN GLYCEROL DEPENDS ON THE CYTOSKELETON 

Although numerous mutations in actin confer sporulation defects 

(Figure 7-2), it is possible that some alleles are defective in sporulation 

because of defects independent of Sac6 protein. I have shown that glycerol 

is a more permissive sporulation medium than acetate for the sac6A 

mutant. Therefore, this phenotype provides an assay to identify which 

actin alleles behave like the sac6A. 

The allelic series of actin mutations in the SKI background (see 

Chapter 7) was sporulated in glycerol (Figure 8-5). Many actl mutations 

confer a sporulation defect in glycerol, that is, a reduced sporulation ability 

relative to wild-type, actl-124 sporulates at a level very similar to wild-type 

and actl-101, -102, and -133 have slight reductions in sporulation efficiency 

in glycerol. Two alleles, actl-120 and actl-124, show more sporulation 

(approximately two-fold in actl-124 and eight-fold in actl-120.) in glycerol 

than acetate (compare with Figure 7-2). From these data I conclude that 

actl mutants have a reduced sporulation level in glycerol compared to 
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wild-tvpe, a phenotvpe similar to the sacbA. Glycerol is a more permissive 

sporulation medium for actl-120 and -124 than acetate, again similar to the 

sac6A mutant. 
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Figure 8-5. 

Sporulation frequency of actl alleles in the SKI background. Cells were 
grown to saturation in YPD, washed with ddH20, resuspended in 2% 
Glycerol, and incubated at 23°C. Strains used are AAY2071 actl-120, AAY2072 
actl-129, AAY2076 actl-119, AAY2070 actl-122, AAY2075 actl-133, AAY2069 
actl-101, AAY2074 actl-124, AAY2073 actl-102, and AAY2062 wild-type (WT). 
At least 200 cells were counted for each sample. The error for actl-102 is 
±0.1%. 

The cytoskeleton mutants (sacSA and actl-120) that confer the 

strongest sporulation defects in acetate allow higher levels of sporulation 

in glycerol. It is formally possible that this level of sporulation in glycerol 
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is independent of Sac6 protein and the actin cytoskeleton. In order to test 

this possibility, wild-type cells were sporulated in glycerol in the presence 

of LatA in order to disrupt the actin cytoskeleton. Not surprisingly, LatA 

completely inhibits sporulation of wild-type cells sporulated in 2°o glycerol 

+ LatA (data not shown). This demonstrates that the level of sporulation 

seen for the sacbA and actl-120 in glycerol is not independent of the actin 

cytoskeleton. 

Since glycerol is a more permissive sporulation medium than 

acetate for actl and sacb mutants, I wanted to determine how prevalent this 

phenotype is. Therefore, the pep4A, the rlio^, the sla2A, and the chcl-521 

mutants were sporulated in glycerol at 23°C and 30°C. (Table 8-5) shows 

that glycerol is not capable of suppressing the sporulation defect of the 

pep4A, the rlio°, the sla2A, or the die 1-521 mutants. The clathrin mutation 

shows wild-type levels of sporulation in glycerol at 23°C, however this 

temperature is also permissive for sporulation in acetate 

1-2% Glycerol 
23°C ' 30°C 

1-2% KAc 
23°C 30°C 

Wild-type 
sacbA 
pep4A 
rlio ° 
sla2A 

chcl-521 

44±21 41±22 
7±6 21±12 
ND 0±0 
ND 0 
6±4 ND 

48±11 1±2 

72±18 71±14 
2±3 1±1 
1±0 0±1 
ND 0 
6±8 ND 

77±12 6±4 

Table 8-5. 

Glycerol is a more permissive sporulation media than acetate for sacbA cells 
but not other mutants. Cells were grown in YPD at 30°C (23°C for sla2A) to 
saturation, washed with ddHiO, resuspended sporulation media, and 
incubated at either 23°C or 30°C. The data represent the pool of experiments 
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done in 1% and 2% glycerol or KAc for these mutants. % sporulation was 
determined by counting at least 100 cells. 



140 

DISCUSSION 

In the SKI background, sporulation can occur in a variety of 

conditions not seen in other strain backgrounds. Using this ability, it has 

been demonstrated that the sacbA is proficient in sporulation, albeit to 

levels less than wild-type. Two conditions were found that reproducibly 

allow 10-100 fold more sporulation for sacbA cells than seen in acetate, a 

classical sporulation medium. These conditions include prolonged 

incubation on rich media and incubation in glycerol. A number of possible 

differences were tested to ascertain how these two media allow sporulation 

whereas other non-fermentable carbon sources do not. 1 show that 

buffering the pH of the media is not sufficient to permit sporulation of the 

sacbA. Further, since the growth rates of the sacbA is the same in both 

glycerol and acetate, the difference in sporulation ability is probably not due 

to differences in energy production. 

At this point it is unclear whv glycerol permits sporulation yet other 

non-fermentable carbon sources do not. However, an interesting 

observation was made when cells were sporulated in the presence of 

acetate and glycerol. Under these conditions it appears acetate is inducing a 

pathwav that requires Sac6 protein even when givcerol is in ~20x fold 

e.xcess. Because minute amounts of acetate dictate the manner of 

sporulation, I predicted that the mode of sporulation was decided early in 

the sporulation pathway. The assumption is that in the presence of both 

glycerol and acetate a cell preferentially uses acetate. The utilization of one 

carbon source over another has been demonstrated in yeast [9, 31, 85]. It is 
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also known that conimitment to sporulation is made very early in the 

sporulation pathway [84]. For example, cells only need limited exposure to 

acetate to permit sporulation, a phenomenon termed readiness. Readiness 

is defined as the ability of cells to complete sporulation when shifted from 

KAc to water. This occurs after 3 hours in sporulation media [84]. 

A difference between glycerol and acetate that has not been addressed 

pertains to the metabolic intermediates formed during utilization of 

glycerol and dextrose as carbon sources. It is possible that components of 

later stages of glycolysis, that is after the cleavage of fructose 1,6-

bisphosphate, are required for sporulation in cells lacking a functional 

cytoskeleton (see Figure 8-2). Cells utilizing acetate as a carbon source can 

only form these intermediates through gluconeogenesis due to the 

essentially irreversible step of pyruvate formation from 

phosphoenolpyruvate. Gluconeogenesis is essential for sporulation [112, 

113], although it is not clear what step(s) during sporulation require the 

gluconeogenic pathway. Therefore, in order to determine whether the 

cytoskeletal defect suppressed by glycerol is attributable to a defect in 

gluconeogenesis, the sporulation phenotype of gluconeogenic mutants, 

such as fructose 1,6-bisphosphatase, needs to be determined. 

The gluconeogeneic pathway is required for glycogen and inositol 

formation during sporulation [112, 114, 115]. Interestingly, inositol 

auxotrophs are sporulation-defective, arrest after meiotic DNA synthesis 

but before spore wall formation, and lose viability during sporulation in 

the absence of inositol in the media [115]. Therefore a simple experiment is 

to sporulate sacSA cells in acetate in the presence of inositol to detemine 
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whether inositol is sufficient to suppress the sporulation defect. A 

difficulty with this model is the fact that in the presence of both acetate and 

giverol sporulation is inhibited. One possibility is acetate inhibits the 

formation of inositol. However, until the experiment is done, this 

remains complete speculation. 

At this point it is unclear how sporulation in de.xtrose and glycerol 

relates to the actin cytoskeleton. Further, it is unknown whether these 

observations are related to the endocvtic role the cytoskeleton is playing 

during sporulation or whether this represents a novel set of phenotypes. 

Since glycerol is not suppressing the sporulation defect of either slalA or 

chcl-521 mutations it seems less likely that the glycerol observations are 

related to endocytosis. However, based on the fact that glycogen and 

inositol are both substrates for spore wall constituents which coincides 

with the arrest of the sacbA mutation, the possibility remains that these 

events are related. 

I have presented evidence suggesting acetate is inducing a pathway 

requiring Sac6 protein in a dominant manner to glycerol. In order to 

determine whether a signaling event is trulv occuring or the phenotypes 

seen in mixing experiments represent carbon source preferences, I propose 

the following experiments. First, it is critical to repeat the carbon source 

shift experiments to determine when a decision is made on the mode of 

sporulation. Further, if acetate is acting as a signaling molecule, then the 

dominant affect over glycerol should not require the metabolism of acetate. 

Therefore, in the presence of mutations that prevent acetate metabolism, 

such as acsl or acsZ [116, 117], wild-type cells should continue to show the 
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dominant affect of acetate when sporulated in the presence of both acetate 

and glycerol. 
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METHODS & MATERIALS 

STRAINS 

Table 8-6 lists the genotypes of the strains used in this section. See Chapter 

V. Materials & Methods for descriptions on the creation of these strains. 

Strain Genotype Background 
AAY2062 MATa ura3-52 Ieu2-3.112 arg4-NspI 

MATa ura3-52 leu2-3,112 arg4-Bgin 
S K I  

AAY2063 MATa ura3-n2 leu2-3.112 sac6:;LEU2 arg4-NIspI 
MATa ura3-52 leu2-3,112 sac6::LEU2 arg4-BglII 

S K I  

AAY2065 MATa ura3-52 leu2-3.112 arg4-Mspl rho" 
MATa ura3-52 leu2-3,112 arg4-Bgin rho' 

S K I  

AAY2064 MATa ura3-52 leu2-3,112 arg4-NIsp[ pep4::LELr2 
MATa ura3-52 leu2-3,112 arg4-BgiII pep4:;LEL'2 

S K I  

AAY2066 MATa ura3-n2 Ieu2-3.n2 arg4-NfspI abpl;:L'R.A3 
MATa ura3-52 leu2-3,112 arg4-BglII abpl::URA3 

S K I  

AAY2067 MATa ura3-32 Ieu2-3,112 arg4-NspI sla2::URA3 
MATa ura3-52 Ieu2-3,112 arg4-BgIII sla2;:URA3 

S K I  

AAY2069 MATa ura3-52 leu2-3.112 hLs3::URA3 actl-lOl 
MATa ura3-52 leu2-3,112 his3::URA3 actl-lOl 

S K I  

AAY2070 MATa iira3-.S2 Ieu2-3.112 arg4-Nsp[ his3::lJRA3 artl-122 
MATa ura3-52 leu2-3,112 arg4-Bgin his3::URA3 actI-122 

S K I  

AAY2071 MATa iira3-52 Ieu2-3.n2 arg4-Nfsp[ his3::URA3 actl-120 SKI 
MATa ura3-52 leu2-3,112 arg4-BgIII his3::(JRA3 actl-120 

AAY2072 MATa Lira3-32 Ieu2-3A12 arg4-NJsp[ his3::URA3 ac-t1-129 
MATa ura3-52 leu2-3,112 arg4-BglII his3::URA3 actl-129 

AAY2073 MATa iira3-52 leu2-3.112 arg4-NIspI his3::URA3 actl-102 
MATa ura3-52 leu2-3,112 arg4-BglII his3::URA3 actl-102 

AAY2074 MATa ura3-;S2 leLi2-3.n2 hi.s3::lJRA3 actl-124 
MATa ura3-52 leu2-3,112 his3::URA3 actl-124 

AAY2075 MATa ura3-.S2 leu2-3.112 his3::URA3 actl-133 
MATa ura3-52 leu2-3,112 his3::URA3 actl-133 

S K I  

AAY2076 MATa iira3-52 Ieu2-3.112 arg4-NrspI his3::LJRA3 actl-119 
MATa ura3-52 leu2-3,112 arg4-BglIl his3::URA3 actl-119 

S K I  

AAY2068 MATa ura3-32 IeLi2-3.112 arg4-NspI chcl-521 
MATa ura3-52 leu2-3,112 arg4-BglII chcl-521 

S K I  

Table 8-6. 

S K I  

S K I  

S K I  

Strains used for Chapter VIII. Detailed descriptions are given for these strains 
in the preceeding Chapters. 
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GROWTH AND SPORULATIONS 

Strains were grown and sporulated using standard techniques [92]. 

Sporulations were done in either 1% or 2% KAc except where noted. 
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X. CONCLUSIONS 

I have analyzed the role of the actin cytoskeleton during sporulation. 

By characterizing the phenotypes of cells carrying the sac6A mutation 

during sporulation, I have identified at least two requirements for the actin 

cytoskeleton. The first function occurs throughout sporulation and is 

required to maintain viability. The second function is for spore wall 

formation. I have also discovered that the sacSA mutation confers strain 

dependent phenotypes on the cells. 

THE ACTIN CYTOSKELETON AND SPORULATION 

Numerous genes have been identified whose products are required 

for the proper functioning of the actin cytoskeleton [13]. However, until 

recently the processes the actin cytoskeleton is involved in have not been 

well studied. In order to understand how the actin cytoskeleton functions, 

I have attempted to dissect the function(s) of the actin cytoskeleton during 

sporulation. 

Sac6 protein, the only known actin bundling protein in yeast, is 

required for sporulation in KAc the standard laboratory sporulation media. 

Using a strain background, SKI, that has efficient sporulation, the sacSA 

mutation causes an arrest phenotype after Mil and prior to spore formation 

(Figure 5-1 and Table 6-3). This suggests a role for Sac6 protein in spore 

wall formation, however phenotypes are readily apparent prior to this 

point. One phenotype is the loss of viability that begins approximately two 

hours after shift to sporulation medium (Figure 5-10). In the S288c 
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background, the sac6A causes arrest prior to the first meiotic division 

(Figure 5-1) but events leading up to MI are intact, including initiation and 

recombination (Figure 5-3 and 5-7). These results demonstrate that the 

terminal arrest phenotypes during sporulation of cells harboring the sac6A 

mutation are different between these two strain backgrounds. 

Do the different terminal arrest points represent different functions 

for Sac6 protein between the strain backgrounds or different results of the 

same function for Sac6 protein in the two backgrounds. Although purely 

speculative, I believe the latter model is the simplest and therefore most 

likely correct. In short, I think the sac6A mutation causes a similar defect in 

both strain backgrounds that causes an arrest response in cells of the S288c 

background but not the SKI background. The difference in responses could 

be due to differences in checkpoint controls between the two backgrounds. 

In this model, there is a defect present in the cells prior to MI. In the S288c 

background the cells sense this defect and arrest. However, in the SKI 

background the cells either do not sense the defect or adapt quickly 

proceeding through sporulation with this defect. Conceptual verification 

for this model comes from the fact that certain mutants preventing the 

completion of recombination proceed through MI and Mil with a defect 

and complete spore formation. 

The first defect seen in cells containing the sac6A mutation in the 

SKI background is the loss of viability. This defect is followed by a 

reduction in the number of sac6A cells that progress through the meiotic 

divisions (Figure 5-2) and an inability to form spore walls (Figure 5-1 and 

Table 6-3). I believe the decrease in sac6A cells completing the meiotic 
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divisions is probably due to the loss of vaability. The sac6A mutation causes 

a 2.5 fold reduction from wild-type of cells that complete either meiotic 

division (Table 6-4). This is in contrast to the s/n2A and chcl-521 mutations 

that undergo the meiotic divisions as efficiently as wild-type (Table 6-4). 

These two mutations behave qualitatively like the sacbA mutation during 

sporulation (Table 6-5). However, not only are the meiotic divisions not 

affected in the slaZA and chcl-521 mutants, these mutations do not appear 

to lose viability as dramatically as the sac6A (Figure 6-8). By 6 hours in 

sporulation media (the time of onset for the meiotic divisions (Figure 5-2)), 

the sacbA has lost approximately 70% of the starting plating efficiency 

(Figure 6-7). This is in contrast to the clicl-521 that retains approximately 

100% of its plating efficency after 6 hours in sporulation media (Figure 6-7). 

Since there are defects prior to spore wall formation, why does the 

sacbA mutant arrest prior to spore formation? There are two possibilities: 

1. There exists a second Sac6 dependent step that cannot be bypassed, or 2. 

The arrest point is an attribute of the loss of viability similar to the model 

proposed to explain the decrease in meiotic divisons. Two lines of 

evidence strongly support the first model. Unlike the meiotic divisions 

the slaZA and chcl-521 mutations confer strong blocks to spore wall 

formation similar to the sacbA (Table 6-2). It can be argued that the viability 

has dropped in the chcl-521 mutant when spore wall formation is 

occurring (Figure 6-7) and therefore the second model is correct. However, 

use of the actin depolymerizing drug LatA reveals an essential function for 

actin at the time of spore wall formation (Figure 6-3). Therefore, I believe 

that cells in the SKI background have at least two requirements for the 
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actin cvtoskeleton during sporulation. The first function occurs earlv in 

sporulation and maintains viability and the second function is required for 

spore wall formation. 

In conjunction with the LatA experiments, I characterized the arrest 

phenotvpes of other mutants during sporulation in the SKI background. 1 

took this approach to identify possible functions for the actin cvtoskeleton 

during sporulation. Although I have established a role for the actin 

cvtoskeleton in spore wall formation, there are numerous ways in which 

this function could be carried out. Further, the nature of the cytoskeletal 

requirement for maintenance of viability during sporulation is unknown. 

Sla2 protein and clathrin were shown to be required for spore formation 

and viability maintenance similar to Sac6 protein (Table 6-5). The arrest 

point of mutants affecting these three proteins represents an uncommon 

and therefore informative arrest point during sporulation. Mutations 

affecting recombination or svnaptonemal complex formation either arrest 

prior to MI or complete the sporulation pathway. Mutations that are 

defective in forming specific layers of the spore wall encapsulate the 

haploid nuclei in the other layers of the spore coat. The only mutations 

that are known to undergo the meiotic divisions but fail to form spore 

walls in the SKI background affect late acting secretion proteins [90] and the 

septins [12]. 

The sporulation defect of cells harboring the sac6A mutation in the 

SKI background is much less dramatic in glycerol. Using glycerol as a 

sporulation medium, sac6A cells show approximately a two fold reduction 

in sporulation level compared to wild-type (Table 8-2). This is in contrast 
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to sacSA cells sporulated in KAc which yields a 70 fold reduction in 

sporulation level compared to wild-type (Table 6-2). Sporulation in 

glycerol is dependent on the actin cytskeleton as LatA completely inhibits 

sporulation of wild-type cells in glycerol (data not shown). 

One model explaining the difference between glycerol and acetate is; 

glycerol serves as a better carbon source than acetate. Analysis of the 

growth rates of wild-type and sac6A in YPAc or YPGly demonstrates that 

this does not appear to be the case (Figure 8-4). In fact, evidence exists 

suggesting the opposite may be true. Wild-type cells sporulated in 2% 

glycerol give rise to a high percentage of dyads (Figure 8-3). However, 

addition of fresh glycerol or acetate late in sporulation to wild-type cells 

sporulated in glycerol favors tetrad formation (data not shown). This 

shows that addition of fresh carbon source suppresses the dyad phenotype. 

It has been suggested that sporulating cells only encapsulate two nuclei 

instead all four when starving in order to ensure enough energy will be 

present to complete encapsulation. Therefore, the preponderance of dyads 

seen during sporulation in glycerol may be a starvation response. This idea 

is further supported by an analysis that suggests yeast cells do not efficiently 

take up glycerol from the media [118]. 

Acetate is a dominant carbon source to glycerol in sporulation media 

(Figure 8-3). I do not understand the nature of this phenomenon, however 

acetate is clearly placing greater requirements on the cell for the actin 

cytoskeleton than glycerol. There seems to be two possible mechanisms by 

which acetate is exerting its dominant affect. The metabolism of acetate 

could itself place requirements on the cytoskeleton that glycerol 
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metabolism does not. For example, the extracellular pH increases 

dramatically when cells utilize acetate (Table 8-4) but not glycerol (data not 

shown) during sporulation. Although this affect does not appear to cause 

the cytoskeletal requirement (Table 8-4), other untested effects of acetate 

metabolism may. Another possibility to explain the dominant affect of 

acetate is, acetate causes the induction of a cytoskeletal pathway not seen in 

glycerol. In this case acetate is acting as a signaling molecule and will occur 

independently of metabolism. 

ENDOCYTOSIS AND SPORULATION 

The sacSA and slalA mutations confer similar phenotypes during 

sporulation (Table 6-5). Further, the products of the wild-type forms of 

these genes and actin are required for spore formation (Table 6-5 and Figure 

7-2 and 7-3). Sac6 protein and Sla2 protein are components of the actin 

cytoskeleton known to interact directly with F-actin. Further, these three 

proteins are known to be required for the internalization step of 

endocytosis [2, 5]. However, since these proteins are all cytoskeletal 

proteins, their function during sporulation can be due to numerous 

processes actin is known to be involved and have nothing to do with 

endocytosis. Support for an endocytic hypothesis comes from analyzing a 

non-cytoskeletal mutation, clicl-521, a mutation in the clathrin heavy 

chain. The chcl-521 missense mutation causes a temperature-sensitive 

sporulation phenotype (Table 6-3). At permissive temperature, the chcl-

521 sporulates like wild-type, but at restrictive temperature the chcl-521 

mutation confers a strong sporulation defect. Detailed analysis reveals a 
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terminal arrest point after the meiotic divisions and prior to spore 

formation similar to the sac6A and slalA. Finally, the sacSA, slalA, and 

chcl-521 mutants show a loss in viability during sporulation. Although 

clathrin and the actin cvtoskeleton have multiple and distinct functions in 

the cell [4, 13, 23, 97, 98], they share a role in the internalization step of 

endocytosis [95]. Therefore, at least one role for the actin cytoskeleton 

during sporulation is for endocytosis. 

Using the lipophilic dye, FM4-64, that is taken up by the endocytic 

pathway [102], I show endocytosis occurs throughout sporulation (Table 7-

1). Further, the sac6A was defective in uptake, showing a delay in the rate 

of dye internalization. To further identify and characterize a role for 

endocytosis during sporulation, an allelic series of actin mutations was 

assayed for sporulation ability and compared to receptor-mediated 

endocytosis data generated by Johanna Odell. A strong correlation, P<0.001, 

was seen between these two phenotypes demonstrating these two 

phenotypes are intimately related (Figure 7-4). 

Why is endocytosis required during sporulation? I believe the data 

presented in Chapters V and VI clearly demonstrates a requirement for the 

actin cytoskeleton and clathrin for spore formation. In wild-type cells the 

spore forms by modification of the four spindle pole bodies after Mil, 

fusion of cytoplasmic vesicles forming a double membrane sac (the 

prospore wall) originating at the modified SPB, expansion of the pospore 

wall to surround and finally enclose a haploid nucleus as well as some of 

the cytoplasm, and deposition of the spore wall contents into the lumenal 

space of the prospore wall [84]. Each of these events requires the targeting 
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of membranous components, such as the prospore wall, or components to 

intramembrane sites, such as the structural units of the spore wall. 

Therefore, the formation of the spore wall requires membrane trafficking. 

Membrane trafficking is classically thought of as being carried out by the 

secretory machinery, howeyer, endocytosis is also a form of membrane 

trafficking. 

Could the role of clathrin and the actin cytoskeleton in spore wall 

formation be attributable to a defect in secretion? Clathrin and the actin 

cytoskeleton have functions in the golgi-^ plasma membrane step of 

secretion pathway [119]. Further, golgi—^plasma membrane secretion 

components are required for spore wall formation [90], howeyer I belieye 

the evidence (see below) for endocytosis in spore wail formation is stronger 

than that for secretion. 

Clathrin is required for wild-type levels of receptor-mediated and 

constitutive endocytosis [4, 23]. This requirement for clathrin is thought to 

be direct because an endocytic defect occurs rapidly after shift of the 

temperature sensitive clicl-521 mutant to restrictive temperature [4, 97], 

The role for clathrin in secretion seems to be less direct. Clathrin is 

required for retention of golgi membrane proteins [98], but transport of 

proteins to the plasma membrane is intact in cells lacking the clathrin 

heavy chain [120]. The temperature-sensitive clathrin mutant has a defect 

in golgi—>vacuole transport [103], however, the cells adapt to this defect and 

restore wild-type rates of golgi-^vacuole transport within a few hours. 

chclA mutants do not show a golgi—»vacuole defect presumably because the 

cells have already adapted to loss of clathrin [23]. 
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Mutations affecting the actin cytoskeleton often affect endocytosis. 

actl, sac6, nii/o3 and myo5, and slal are cytoskeletal proteins that are 

required for the internalization step of endocytosis [2, 5, 38, 39J. Actin is 

thought to be directly involved in endocytosis because temperature-

sensitive mutants show immediate defects in endocytosis following shift to 

restrictive temperature [5]. The evidence for a cytoskeletal role in secretion 

is not compelling. Two lines of evidence implicate the cytoskeleton as 

being involved in the secretion pathway; the accumulation of secretory 

vesicles in actl, myoZ, ov tpml mutants and an accumulation of 

intracellular glycosylated invertase in actl mutants at restrictive 

temperature [91]. The fact that a massive increase in the number of 

secretory vesicles accumulate in cytoskeletal mutants suggests a defect in 

golgi-^plasma membrane transport. However, analysis of the rate of 

secretion of a variety of secreted proteins revealed no kinetic defects [30, 37]. 

The accumulation of intracellular glycosylated invertase in actl alleles 

supports a role for the cytoskeleton in golgi—>plasma membrane transport, 

however the level of external (secreted) invertase is not affected. Finally, 

in the presence of the actin depolymerizing drug LatA, a complete block in 

endocytosis is seen [6], yet yeast cells continue to enlarge demonstrating 

secretion is still occurring [94]. 

Evidence has been presented that suggests that seel, sec4, sec8, and 

spolO, components of the secretory vesicles plasma membrane machinery 

are required for prospore wall formation [90]. SP020 encodes a homolog of 

SEC9, that is required for secretory vesicle—>plasma membrane transport 

during vegetative growth. It has also been demonstrated that the plasma 
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membrane proteins Gasl and Ctsl are localized to the prospore wall [90]. 

This led to the hypothesis that the secretion machinery targets secretory 

vesicles to the prospore wall and not the plasma membrane late in 

sporulation. I think this model is incorrect and propose that Neiman is in 

fact characterizing changes in endocytic trafficking. 

All components of the secretory machinery involved in secretory 

vesicle—>plasma membrane transport that have been tested are defective 

for endocytosis [121]. This includes seel, sec4, sec8, and sec9. Mutants 

affecting earlier steps of the secretion process either do not affect or are not 

as defective for endocytosis as the secretory vesicle—>plasma membrane 

transport mutants. The hypothesis that Gasl protein and Ctsl protein are 

arriving at the prospore wall from the plasma membrane by endocytosis is 

as valid as the secretory vesicle-^prospore wail model proposed above. 

Based on the data obtained for the secretory mutants either model for the 

origin of the prospore wall is equally valid. However, the fact that both the 

actin cytoskeleton and clathrin are required for spore wall formation and 

are more important for endocytosis than secretion argues the endocytic 

origin of the prospore wall is correct. 

For plasma membrane—>prospore wall model to be true endocytic 

vesicles would have to be targeted away from the vacuole. There is no 

direct evidence for this (nor for redirection of secretory vesicles from the 

plasma membrane), however the vacuole undergoes a dramatic 

rearrangement during sporulation (Figure 7-2) [101]. The majority of the 

vacuole appears to be excluded from the spores following the meiotic 

divisions. Since the inner membrane of the prospore wall will serve as the 
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plasma membrane for the mature spore, the cell may direct plasma 

membrane components via endocytosis to the prospore wall such that 

upon spore germination, various transporters, permeases and pumps are 

already in place to allow vegetative growth. This model is purely 

speculative but can be tested by in the following manner. Allow cells to 

synthesize a pool of a long lived plasma membrane protein, such as the 

uracil permease, prior to sporulation. Sporulate cells and determine the 

localization of this plasma membrane protein during spore wall formation. 

If the secretion pathwav is required for prospore wall formation the protein 

of interest will remain at the plasma membrane, however if endocytosis is 

required for prospore wall formation the protein of interest should be 

found at the prospore wall. 

Is the endocvtic function of the actin cytoskeleton required for 

maintenance of viability during sporulation? Since sacbA, slalA, and chcl-

521 mutants all show the decrease in viability, I would suggest endocytosis 

is required for maintenance of viability. An intriguing observation that 

may address this issue is, wild-type cells sporulate poorly at low cell 

concentrations [122]. It has been shown that cells secrete numerous nucleic 

acids during sporulation, and it appears these molecules act as signaling 

molecules for sporulation. For instance, the inability of cells to sporulate at 

low cell density sporulation can be rescued by incubation with the media 

from cells sporulated at high density or by high concentrations of adenine. 

Since sporulating cells do not make amino acids and nucleotides de novo 

[123-125], it is formallv possible that the cells need to reabsorb these secreted 

compounds. Reabsorbtion may require endocytosis since plasma 
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membrane transporter activity is inhibited during sporuiation by the 

increase in pH [123]. 

Another observation is that certain cytokinins affect sporuiation, 

both positivelv and negativelv [126]. Cytokinins are derivatives of adenine, 

one of the most important compounds secreted during sporuiation 

(above). This observation supports the model that these secreted 

molecules are acting as signaling molecules. This may be similar to the 

situation seen during mating. Upon receptor binding of mating factor a 

number of events occur that allow mating, including G1 arrest. G1 arrest 

must occur for mating to be successful, otherwise fusion may occur 

between cells at different points of the cell cycle. The same type of control 

mav occur during sporuiation. Receptors at the plasma membrane would 

sense these signals and stimulate promotion of sporuiation. In order to 

complete sporuiation, these receptors may have to be endocytosed to 

alleviate signaling. In the mating system, receptors do not have to be 

cleared to elicit G1 arrest, however endocytic mutations cause a 

supersensitivity to mating pheromone as assayed by increased growth 

inhibition bv halo assay. Therefore, endocytosis of receptor and ligand is 

required not for signaling but release of arrest to allow completion of the 

mating pathway. I suggest that the same may be true for sporuiation, a 

receptor must be removed from the plasma membrane to allow 

completion of the sporuiation pathway. If cells are maintained in this 

signaled state for extended periods of time, events may occur incorrectly. 

This could cause problems as extreme as the lethality seen in the sacSA, 

slaZA or chcl-521 strains. 
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MULTIPLE FORMS OF ENDOCYTOSIS IN YEAST? 

To assay endocytosis I studied the turnover of Ste6, a protein that is 

constitutively endocytosed [7], in a number of act! mutants. Preliminary 

results demonstrate actl mutants have defects in Ste6 half-life (Figure 7-5 

and Table 7-3), however these defects do not correlate with the sporulation 

or receptor-mediated endocytosis defects conferred by the actl mutants 

(Figure 7-6). This is important for two reasons. First, it shows that the 

actin mutations do not maintain the same level of defect for all 

phenotypes. This suggests the correlation between the sporulation and 

receptor-mediated endocytosis phenotypes is specific and makes it less 

likely that a third cytoskeletal activity is required for sporulation that 

coincidentally affects receptor-mediated endocytosis. 

More interestingly, the difference lack of a correlation between Ste6 

turnover and receptor-mediated endocytosis suggests there are two distinct 

types of endocytosis with different requirements for the actin cytoskeleton. 

In mammalian systems at least five types of endocytosis exists; clathrin 

mediated, caveolin mediated, clathrin caveolin independent, pinocytosis, 

and phagocytosis [127]. All of these endocytic processes require the actin 

cytoskeleton. I suggest the same is true in yeast. There are at least two 

forms of endocytosis in yeast clathrin dependent and clathrin independent. 

Endocytosis of a-factor receptor absolutely requires the actin cytoskeleton 

[6], but is only reduced two fold by the loss of clathrin [4]. 

Much work on clathrin-mediated endocytosis has been done in 

mammalian systems (Figure 9-1). In short, adaptin proteins interact with 
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the plasma membrane and establish sites for clathrin assembly. At the 

border of assembled clathrin coats, EpslS protein is found. As membrane 

blebbing occurs, dynamin localizes at the site of scission. Dynamin, which 

is essential for scission, appears to form a coil or ring around the vesicular 

neck and may constrict to drive vesicle formation. 

In yeast the situation may be similar. Adaptins form a structure at 

the plasma membrane. This structure serves as the recruitment site for 

clathrin. END3 encodes a protein required for endocytosis that has a region 

of homology to EpslS [43] and may be acting in a homologous fashion to its 

mammalian counterpart. At this point the similarity with the 

mammalian svtem appears to end in relation to the proteins involved in 

endocytosis. Yeast dynamin is required for downstream steps of 

endocytosis but not for internalization [128]. However actin may mediate 

the dynamin function in yeast. Actin is localized at finger-like membrane 

projections presumed to be cortical patches [17]. Similar to dynamin in 

mammalian cells, actin forms a series of rings or coil around the 

invagination. The type I myosins, encoded by MY03 and MY05, are 

defective for endocytosis and may serve to contract actin to promote 

membrane scission [38, 39]. Mechanistically, this is analogous to the 

dynamin system, GTP hydrolysis causes the dynamin molecules to move 

by each other, whereas ATP hydrolysis causes the myosin molecules to 

slide actin filaments. In both cases the ring or coil would constrict the neck 

of the budding vesicle until scission becomes biochemically favorable. 

Finally, Sac6 protein bundles actin filaments in a polarized manner. I 
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propose Sac6 crosslinks actin rings or coils thereby maintaining a spatial 

arrangement that allow the type I myosins to interact efficiently with actin. 

I believe the similarity between the components of mammalian 

clathrin mediated endocytosis and yeast proteins involved in endocytosis 

supports a model that clathrin mediated endocytosis is similar in the two 

systems. Ste6 protein endocytosis has different actin requirements from a-

factor receptor (Table 7-3). Because general cellular processes are highly 

conserved throughout eukaryotes, I believe Ste6 protein endocytosis is 

controlled bv a svstem analogous in mammalian cells, such as caveolin 

mediated, clathrin caveolin independent, or pinocytosis. Although 

caveolin is not found in yeast, a functional homolog may exist much as I 

propose actin and mvosin are acting as a functional homolog of dynamin 

for membrane scission. 

A THOUGHT ON GLYCEROL 

If endocytosis is essential for sporulation, why do sac6A cells 

sporulate in glycerol (Table 8-4)? In a model described above, the increase 

in pH caused bv acetate utilization during sporulation causes a dependence 

on endocytosis for uptake of secreted nutrients. In glycerol the pH does not 

increase thereby alleviating the need for endocytosis. If this model were 

correct, then glycerol should allow sporulation in cell harboring the chcl-

521 mutation. This is not the case (Table 8-4). 

Actin is required for all endocytosis [6] however, there appears to be 

two distinct types of actin-mediated endocytosis. I would propose the 

following model which is complete speculation. Of the two forms of actin-
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mediated endocvtosis, one is dependent on clathrin and the other is 

dependent on Sac6 protein. Sporulation in acetate requires that both 

pathways are intact. However, in glycerol the need for the Sac6 protein 

dependent pathway is alleviated and only the clathrin dependent pathway 

is required. Since all endocytosis appears to require the actin cytoskeleton, 

LatA is expected to inhibit sporulation in both acetate and glycerol as seen 

(data not shown). 
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