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Regulation of the Ste4p G protein beta Subunit Activity in the

Pheromone Response Pathway of Saccharomyces cerevisiae

Abstract

Advisor: Professor Jeanne P. Hirsch

The pherom one response in Saccharomyces cerevisiae is activated by 

the binding of pherom one to its receptor, which belongs to the G p ro tein - 

coupled receptor family. The Gpy complex transduces the signal in the  

pherom one response, which results in arrest in the G, phase of the cell cycle, 

transcriptional activation of mating-specific genes, and cellu lar 

m orphogenesis.

The m echanism  of receptor-m ediated heterotrim eric G -protein  

activation has been thoroughly investigated. However, the regulatory 

m echanism s controlling G(3y complex activity subsequent to dissociation

from Ga-GTP are not well-understood. The goal of this w ork w as to 

investigate m echanism s of regulating Gpy activity in the p h e ro m o n e  

response pathw ay through 1) characterization of Ste4p-mediated receptor 

inhibition and 2) identification of the m ating function of SSF1.

The STE3DAF m utation results in the inappropriate expression of a- 

factor receptor (Ste3p) in MATa. cells. Expression of this receptor inh ib its
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pherom one-induced cell cycle arrest, a phenom enon  termed receptor 

inhibition. STE4so alleles were isolated which were able to reverse receptor 

inhibition. The Ste4pSD was capable of restoring both pherom one-m ediated  

cell cycle arrest and transcriptional activation in STE3DAF cells. To identify the  

m echanism  of Ste4p-mediated receptor inhibition the localization of Ste4p 

was observed in STE3DAf cells. The Ste4p-GFP fusion protein appeared to be 

differentially localized in STE3DAF cells com pared to wild type cells after 

pherom one exposure. The results suggest that G-protein signaling m ay be 

controlled through regulating the Gpy localization in response to d ifferent 

signals from the cell surface.

C haracterization of the mating function of SSF1 was also exam ined. 

SSF1 and SSF2 are redundan t essential genes, w hich w hen overexpressed, 

results in increased m ating efficiency in a strain  containing a defective Gf$

subunit. Overexpression of SSF1 resulted in increased mating pro jection  

form ation. Cells depleted of Ssfp proteins w ere defective in p ro jection  

formation. These results suggested that Ssflp m ay increase mating efficiency 

through regulating cellular m orphogenesis. A Ssflp-GFP fusion  

dem onstrated nucleolar localization, which suggested that Ssflp m ay 

indirectly prom ote projection formation.
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L Introduction

A. Heterotrim eric G protein signal transduction

Diverse stim uli including horm ones, photons, n eu ro tran sm itte rs , 

phospholipids, peptides and odorants activate m em bers of the G -protein 

coupled receptor (GPCR) family. The extracellular activation of a GPCR, 

prom otes intracellular responses by activation of effector pro teins th ro u g h  

heterotrim eric G proteins. Members of the G protein-coupled receptor fam ily 

share com m on structural characteristics, including seven hydrophobic 

transm em brane dom ains and a hydrophilic carboxy-term inal tail (review ed 

in (41)). The intracellular dom ains of the serpentine receptors m ediate  

interaction w ith the heterotrim eric G proteins, which in tu rn  activate the

appropriate effectors. Heterotrimeric G proteins are com posed of a , (3 and y 

subunits and are encoded by many genes, which includes at least 20 G a, 6 G|3, 

and 12 Gy m am m alian genes (reviewed in (59)).

The heterotrim er is associated w ith the receptor in the inactive state in  

w hich the a  subunit is bound to GDP. Ligand-mediated activation causes a 

conform ational change in the receptor that results in GDP release. The h igh  

intracellular concentration of GTP results in its rapid b ind ing  to the a  

subunit, which causes a conform ational shift and dissociation of the a  from
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the Py complex. The GPy complex is effectively a single functional un it and 

can only be separated by denaturing conditions. Downstream effectors may be 

activated by Ga-GTP or free GPy complexes.

Effectors of G a and GPy

The m any G a subunits can be categorized into four m ain classes based 

on the cellular response elicited as follows: Ga^ which activates adenylate 

cyclase, Ga,, which inhibits adenylate cyclase, G aq, which activates 

phospholipase C-P, and G a 12, which has largely unknow n function. The 

am ino acid sequence of the GP subunit contains seven WD repeats w hich 

form a seven-bladed propeller structure composed of repeating p-sheets. The 

GPy complex does not undergo a conform ational change upon dissociation 

from G a which suggests that G a confers negative regulation by binding to 

and blocking the GPy effector interface (20, 135). In m am m alian system s the 

GPy complex is responsible for activation of a variety of effectors, includ ing  

phospholipase C-p, phospholipase A2, G protein-gated inward rectifier K*

channels, adenylyl cyclase, and G protein- coupled receptor kinases (review ed 

in (26)).

Regulators of Ga and Gpy signaling

Signal deactivation is dependent on the intrinsic rate of hydrolysis of 

GTP by G a. The Ga-GDP complex induces dissociation of G a  from effectors
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and reassociation w ith GPy. The slow catalytic activity of G a  m ay be 

m odulated by a growing family of regulators of G protein signaling (RGS 

proteins) (reviewed in (8)). RGS proteins are GTPase activating proteins

(GAPs) for G a subunits, conferring negative regulation on G pro tein

signaling. The first RGS gene, SST2, was identified in S. cerevisiae by a 

m utation  that prevents recovery from pherom one-induced growth arrest (16, 

17, 39). A characteristic 120-residue RGS core is present in at least 19 

m am m alian genes (8), therefore RGS protein-m ediated regulation of GTPase 

activity will likely prove to be a widespread m echanism  of regulating G 

pro tein  signaling.

Phosducin is thought to regulate G protein signaling by b inding to the 

Gpy complex and preventing the reassociation w ith Ga-GDP (5, 87). It has 

been dem onstrated that a region of the carboxy term inus of phosducin  is 

sufficient for high affinity interactions w ith the Gpy complex (9). In addition, 

it has recently been dem onstrated that an interaction between phosducin  and 

G a  m ay increase the extent of inhibition on G protein signaling (4). Protein 

kinase A-dependent phosphorylation of phosducin prevents the inhib itory  

effects of phosducin on G protein signaling (5), however the biological 

significance of this finding is not known.

B. The pheromone response pathw ay signal transduction

Cells respond to their external environm ent by recognizing an 

extracellular signal, transm itting  the signal across the cell m em brane, and
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eliciting a response through activation of the appropriate signal transduction  

pathw ay. The pherom one response in the budding yeast Saccharomyces 

cerevisiae  is initiated by the binding of a secreted peptide pherom one to its 

cell surface receptor. Mating occurs between haploid cells of opposite m ating  

types, w hich are either a or a  m ating type. The differential expression of 

m ating type specific genes is controlled by regulatory proteins encoded by the 

m ating-type (MAT) locus (reviewed in (137)). The M A T a  gene encodes two 

proteins, M atalp  and Mata2p which regulate the transcription of the m ating- 

type specific genes. In M A T a  cells, expression of a-specific genes, such as the 

a-factor structural genes and the a-factor receptor is positively regulated by 

M ata lp . Transcription of a-specific genes, such as the a-factor structural genes 

and the a-factor receptor is repressed by Mata2p. M A T  a cells do not express 

either M ata lp  or Mata2p. Therefore, they express only a-specific genes, 

because a-specific genes are not induced and a-specific genes are not repressed. 

Signal transduction of the pherom one response pathw ay

Haploid M A T  a and M A T a  cells produce the secreted peptide 

ph ero m o n es a-factor and a-factor, respectively. These pherom one ligands 

b ind  to the appropriate receptor located on the surface of cells of the opposite 

m ating type; the a-factor receptor (encoded by STE3) is present on the surface 

of M A Ta cells and the a-factor receptor (encoded by STE2) is present on the 

cell surface of M ATa  cells (reviewed in (138))(See Table 1- Gene List). The 

pherom one receptors are m em bers of the G protein-coupled receptor fam ily 

and are coupled to a heterotrim eric G-protein composed of a , (3, and y
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subun its  (encoded by GPA1, STE4, and STEW). The yeast pherom one response 

p a th w ay  utilizes two com m on eukaryotic signaling modules, a heterotrim eric 

G p ro tein  and a m itogen-activated protein (MAP) kinase cascade (49) (Figure 

1-1). The G protein  py complex transduces the signal to the dow nstream  

kinase cascade m ost likely through the p21-activated kinase (PAK) 

hom ologue, Ste20p (89, 94). The serine-threonine kinase Ste20p 

phosphorylates the m am m alian MEKK homo log, S te llp  (155). S te llp  th e n  

phosphorylates and activates the MEK hom olog, Ste7p (101). The d u a l 

specificity kinase, Ste7p, in tu rn  phosphorylates the MAP kinases Fus3p an d  

K sslp , which have partially redundant function (48).

Initial epistasis experim ents suggested that Ste5p acts at a step betw een 

Ste20p and S te llp  (61, 85, 139). However, more recent results dem onstra te  

th a t the pherom one pathw ay signal transduction is not a sim ple lin ea r 

pathw ay. Ste5p forms a m olecular scaffold by interacting w ith each of th e  

com ponents of the MAP kinase cascade (25, 95, 112). In addition, Ste5p 

contains a cysteine-rich dom ain sim ilar to the LIM-type zinc-finger w hich h as 

been  dem onstrated to m ediate dim erization and signal transduction (70, 156). 

Therefore, Ste5p m ay act as a scaffold protein to m aintain specificity of th e  

m any  cellular kinases or may act in a m anner analogous to receptor tyrosine 

kinases to prom ote cross-phosphorylation of the associated kinases.
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Figure 1-1. Schematic representation of the pheromone response pathw ay 

Saccharomyces cerevisiae.
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C. Major responses of pherom one pathw ay activation

Mating pathw ay signaling results in transcription of mating-specific 

genes and arrest in the Gt phase of the cell cycle. Activated MAP kinase 

phosphorylates Stel2p which is the transcription factor required for m ating  

specific transcriptional activation (43, 46, 47). The Stel2p transcription factor 

prom otes transcription of mating-specific genes by binding to the pherom one- 

response elements (PRE) located in the upstream  regulatory regions of 

pherom one-regulated genes (43, 47). Mating-specific genes are required for 

functions including Gt arrest, polarized m orphogenesis, cell adhesion, cell 

fusion, karyogamy, and desensitization of the signal (reviewed in (83)).

The other target of the MAP kinases is Farlp, the cyclin-dependent 

kinase inhibitor. The activated MAP kinase phosphorylates Farlp  and 

prom otes the association of Farlp w ith the Cln-Cdc28p kinase complex (105, 

106,145). Cdc28p is the budding yeast hom ologue of p34cdc2 and is the catalytic 

subunit of the cyclin-dependent kinase (CDK) that promotes progression 

through the cell cycle (154). G1 cyclins (encoded by CLN1, CLN2, and CLN3) 

are the regulatory components of the CDK required for the Gt to S transition  

(121, 154). The binding of Farlp to the Gj cyclin-dependent kinase results in  

inactivation of the complex, and thus arrest in the Gx phase of the cell cycle 

(106). Arrest in the Gt phase of the cell cycle prior to initiation of Start 

prevents initiation of a new cycle of DNA synthesis and budding. Therefore, 

conjugating yeast cells arrest in the Gt phase of the cell cycle at a stage w h en
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both m ating partners contain haploid nuclear content. Nuclear fusion during 

zygote form ation results in form ation of a nucleus w ith diploid nuclear 

content.

In addition to pherom one-induced transcriptional activation and cell 

cycle arrest, m orphological changes are also induced in response to 

pherom one stim ulation. The cell undergoes m orphological changes by 

prom oting  projection form ation towards the direction of the h ighest 

pherom one concentration (127). The ability to sense the pherom one gradient, 

create polarity w ithin the cell, and form a projection tow ards the highest 

pherom one gradient is im portant for high efficiency mating. Cells that are 

no t capable of projection form ation are characterized w ith w eak m ating  

defects when m ated to wild type cells and severe m ating defects w hen both 

partners contain defects in polarized morphogenesis (22, 81).

Cell polarization and projection formation

Cells undergo polarized m orphogenesis during bud form ation and 

m ating projection form ation, how ever differences exist betw een these two 

processes. Bud form ation occurs in haploid or diploid cells during the  

vegetative life cycle, whereas m ating projection form ation occurs in haplo id  

cells, which are preparing for conjugation, after exposure to pherom one. Cells 

form ing m ating projections are m orphologically dissim ilar from budding 

cells (Figure 1-2). Conjugating yeast lack the tight constriction present at the  

bud  neck, a junction betw een the m other and daughter cell (See arrow head,
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Bud formation Mating projection 
formation

Figure 1-2. M orphology of cells undergoing bud form ation and m ating 

projection form ation.

M orphology of vegetative cells undergoing bud  form ation (left) as compared 

to cells preparing for conjugation undergoing projection form ation (right). 

Live cells were photographed using differential interference optics.
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Figure 1-2). Vegetative yeast undergo bud form ation in late Gt w hich  

progresses through the cell cycle, whereas, haploid m ating yeast are arrested 

in the phase of the cell cycle. Finally, bud site selection is genetically 

predeterm ined, whereas m ating projection site selection is dependent on 

external cues. Mating cells m ust sense and respond to the ph e ro m o n e  

gradient by polarizing towards a m ating partner; the cell m ust override its 

intrinsic polarity and repolarize the cytoskeleton and secretory apparatus to 

deliver proteins involved in secretion and fusion to the m ating projection 

tip.

Despite the differences m entioned above, significant sim ilarities also 

exist between bud formation and projection formation. Both of these 

processes require a spatially restricted grow th in the plasma m em brane and 

rearrangem ent of the cell wall. Polarized m orphogenesis of m ating  

projection form ation and bud form ation both require similar even ts 

involving the following steps: 1) site selection, 2) polarity establishm ent, and 

3) organization of the cytoskeleton tow ard the region of polarized growth. In 

addition, certain proteins have conserved functions during bud and 

projection form ation.

Site selection

The first step in cellular m orphogenesis is site selection, which requires 

recognition of a landm ark to prom ote the localization of polarity  

establishm ent proteins to the site of cell growth (23). The p h e ro m o n e  

receptor genes, STE2 and STE3, encode proteins that are thought to be
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involved in site selection during projection formation. Cells expressing a 

m utation  of the STE2 gene (ste2-T326), which encodes a C -term inal 

truncation of the a-factor receptor, do not form projections; however, they  are 

still capable of signaling (81). Receptor clustering is observed in cells exposed 

to pherom one (72). The intracellular dom ains of receptors m ay cluster in  

response to pherom one binding and act as the spatial cue for the rec ru itm en t 

of polarity establishm ent proteins.

Polarity establishment

The next step in cellular m orphogenesis is polarity estab lishm en t 

(Figure 1-3). CDC42, CDC24, and BEM1 are three genes known to be requ ired  

for polarized axis formation. Cells containing m utations in these polarity  

establishm ent genes enlarge isotropically and are unable to localize cell- 

surface grow th to form projections. The polarity establishm ent p ro te in s 

Cdc42p, Cdc24p and Bemlp localize to the bud tip, a region of polarized cell 

grow th during bud form ation (1, 19, 22, 24). Polarity establishm ent d u rin g  

m ating projection formation also requires the same set of proteins: Cdc42p, 

Cdc24p, and Bem lp with the addition of Spa2p (22, 51). These polarity  

establishm ent genes encode a diverse group of proteins required for polarized  

axis form ation. Cdc42p is a Rho-type GTPase, and Cdc24p is its associated 

guanine nucleotide exchange factor (GEF). The hum an homologue of Cdc42p 

(Cdc42Hs) regulates formation of filopodia (102). Spa2p is predicted to form  a 

coiled-coil structure, which may prom ote filam ent formation required for 

interaction w ith cytoskeletal elements (51). Bem lp contains tw o src-
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hom ology 3 (SH3) dom ains which may be im portan t for interaction w ith the  

cytoskeleton (22, 51).

Organizing the cytoskeleton

The final event in projection form ation is organization of the  

cytoskeleton and secretory apparatus toward the region of polarized grow th. 

Actin is though t to be required during bud form ation to orient the secretory 

pathw ay tow ards the presum ptive bud tip (3). The actin cytoskeleton is 

essential for polarized grow th, however, there are actin-dependent and actin- 

independent processes that serve to define a functional order for p ro te ins 

involved in establishm ent of cell polarity. Cdc42p and Bem lp are the first 

polarity establishm ent proteins that localize to the incipient bud tip in an  

actin-independent m anner (3). After Cdc42p and B em lp m ark the incip ien t 

bud site, Spa2p and cytoskeletal elem ents called septins (CdclOp, C dcllp , 

Cdcl2p) are targeted to the incipient bud site independently  of actin (3). 

D uring projection form ation, it is probable that Cdc42p localizes to the  

projection tip early and prom otes the organization of the actin cytoskeleton.

It has been suggested that proteins essential for signal transduction  

form a signaling complex which activates a group of proteins called the  

m orphology complex. Bem lp was show n to interact w ith  Ste5p, Ste20p, actin  

and Farlp  (88, 92). The finding that B em lp associates w ith signaling 

molecules and cytoskeletal elements suggests a role in bridging the signaling 

complex to the m orphology complex. Therefore, the m orphology complex is
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composed of proteins that prom ote localized and polarized growth of the cell 

and links the signaling complex to the cytoskeletal network.

M utations in two genes, SPA2 and FAR1 , define two different classes of 

defects in projection formation. Spa2p is a polarity establishm ent protein that 

restricts cell growth to the bud tip in vegetatively growing cells (133). A stra in  

containing a null allele of SPA2 enlarges in a uniform  m anner and has a 

rounder appearance com pared to wild type cells due to the inability to 

properly polarize and restrict growth (133). Strains containing null alleles of 

SPA2 are defective in projection formation (51).

In addition to its role as a cyclin-dependent kinase inhibitor, Farlp  also 

regulates polarity during  mating. The carboxy-terminal dom ain of Farlp  is 

involved in regulating cellular morphology (146). Cells containing the farlAc  

allele, which encodes a protein lacking the carboxy term inus, form n o rm al 

pherom one-dependent projections. However, the cells are defective in  

orienting the projection towards the highest pherom one concentration and 

instead form projections in the direction of the incipient bud site (146). Cells 

exposed to pherom one m ust ignore in ternal cues that prom ote bud 

form ation to reestablish polarity and direct the secretory apparatus in the  

direction of the highest pherom one gradient to prom ote mating. This 

m utation identified a novel function for F arlp  in regulating the o rien tation  

of the m ating projection toward the m ating partner, however, the  

mechanism by which F arlp  controls polarity is still unknow n (146).
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D. Adaptation to pheromone signaling

A characteristic of biological signaling systems is the ability to undergo 

adaptation by decreasing the response to a prolonged stim ulus. Haploid yeast 

exposed to pherom one undergo cell cycle arrest and prepare for fusion. 

However, if conjugation does not occur it is essential to term inate signaling 

and resum e vegetative growth. Adaptation from pherom one response 

pathw ay signaling occurs at m any levels including, pherom one, receptor, and 

G proteins. M utations in genes that act as negative regulators of pherom one 

pathw ay signaling display increased sensitivity to pherom one and define 

different steps in adaptation.

D egradation of pherom ones

a-factor is produced by M A T a  cells and binds to the a-factor receptor

present on the cell surface of M A T  a. cells. M A T  a cells produce a secreted 

endopeptidase, encoded by SST1 (BARI)  (93). The a-specific SST1 gene 

product cleaves a-factor and prom otes recovery of M A T  a cells from  

pherom one pathw ay signaling. In addition, a m em brane-associated a-factor 

degrading activity has been dem onstrated in M A T  a  cells (96). Therefore, the

concentration of pherom one in the environm ent is regulated by production 

of pheromone-specific peptidases.

Receptor desensitization

In m am m alian systems, the decreased response to exposure of a specific 

agonist, term ed hom ologous desensitization, involves phosphorylation of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

receptors by second m essenger-dependent kinases and G protein-coupled 

receptor kinases (reviewed in (50)). The GRKs are targeted to the plasm a

m em brane by free G(3y complexes (109). As a resu lt of receptor

phosphorylation  by GRKs, an inhibitory protein of the arrestin  family is 

targeted to the receptor (reviewed in (50)), which stim ulates the endocytic 

uptake of receptors from the cell surface.

Pheromone receptor phosphorylation and ubiquitination

The hydrophilic C-term inal tail of members of the GPCR family has 

been dem onstrated to be im portant to receptor desensitization. In S. 

cerevisiae, deletion of the C-term inal hydrophilic dom ain of the pherom one  

receptors results in increased sensitivity to pherom one, w hich suggests that 

the carboxy term inal dom ain serves as an im portant regulatory dom ain for 

receptor function (10, 81, 119). Analysis of receptor truncation  m utations is 

com plicated by the fact that the C-term inal cytoplasmic tail is required for 

several cellular functions. Cells containing a m utation in  STE2 (ste2-T326), 

which encodes a carboxy term inally truncated receptor, display increased 

sensitivity to pherom one and defects in the m orphological response to 

pherom one (81).

Both the a-factor receptor (Ste2p) and the a-factor receptor (Ste3p) are

subject to phosphorylation w ithin  their C-terminal dom ains (119, 158). It is 

apparent that phosphorylation of Ste2p is a regulatory m odification, as 

m utation  of the distal phosphorylation sites in the C -term inal tail of Ste2p 

resulted in an increase in sensitivity to pherom one. These results
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dem onstrated that receptor phosphorylation results in pherom one pathw ay 

desensitization (21). D eterm ination of the exact role of phosphorylation  in  

receptor function is complicated by the fact that the receptor kinase has n o t 

been identified.

In addition to pherom one-stim ulated phosphorylation, the  

pherom one receptors are subject to constitutive phosphorylation (158). It has 

been proposed that constitutive phosphorylation of receptors m ay serve as a 

m olecular tag to identify old receptors destined for degradation (21, 72). T he 

ability to differentiate old and new  receptors m ay suggest a m eans of 

p rom oting  polarity w ithin the cell and signaling m ay initiate from  new ly 

synthesized receptors (21, 72).

The pherom one receptors are also subject to ligand-dependent and  

constitu tive ubiquitination (65, 124). Strains containing m utations in  

ubiquitin  conjugating enzymes display defects in Ste2p in te rnaliza tion , 

suggesting that ubiquitination is required for endocytosis (65). In addition , 

incorporation of a single lysine to arginine m utation in the C term inus of 

Ste2p results in complete inhibition of ubiquitination and in te rn a liza tio n  

(65). Ubiquitination targets the receptors for endocytosis and subsequent 

degradation in the vacuole (65). Vacuolar targeting of the receptors does n o t 

perm it recycling to the plasma m em brane. Therefore, it is apparen t that 

ligand-dependent ubiquitination is an im portant m echanism  for regulating 

receptor activity on the cell surface.
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Regulating Got and GP activity in the yeast pheromone response

Sst2p, a member of the RGS family, has been dem onstrated to be a 

negative regulator of G palp signaling, as described above. Strains contain ing  

m utations in SST2 display an increased sensitivity to pherom one, suggesting 

a role in adaptation (16,17, 39).

The Gp subunit is phosphorylated in response to p h e rom one  

induction (28). Expression of a phosphorylation defective G(3 subunit resulted 

in an enhanced sensitivity to pherom one (28). This supersensitivity to 

pherom one suggested that phosphorylation is involved in an adaptive 

response to pheromone. The residues required for phosphorylation of GP are

located w ithin a region which is not conserved in m am m alian GP subunits.

Phosphorylation of Ste4p is not required for signaling since deletion of the

residues that are essential for pherom one-dependent phosphorylation (A310-

346) does not abrogate signaling or m ating (28). Results have also been 

obtained dem onstrating that phosphorylation does not result in adaptation

(91). The biological significance of GP subunit phosphorylation is

undeterm ined, bu t it is possible that phosphorylation of GP may serve as

m olecular tag to identify subunits destined for pherom one-dependen t 

degradation.

MAP kinase dephosphorylation
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MSG5 was isolated in a screen for genes which when overexpressed 

resulted in suppression of the constitutive activation of the pherom one  

response pathway in a strain containing a null allele of GPA1 (42). In 

addition, a strain containing a null allele of MSG5 displayed supersensitiv ity  

to pherom one (42). The predicted protein sequence of Msg5p contained 

sequence similarity w ith  a protein phosphatase and was able to 

dephosphorylate Fus3p (42). These results suggested that Msg5p serves an  

adaptive function in the pherom one response pathway. Other negative 

regulatory phosphatases may exist that m odulate the activity of the 

pheromone response pathw ay at the level of the MAP kinase module.

Hormone destruction and receptor dow n regulation are adaptive 

mechanisms conserved from yeast to mammals. Adaptative m echanisms are 

present at many levels in the pherom one response pathway, as described 

above. The apparent redundancy in negative regulatory m echanism s m ay be 

required to balance the amplified stim ulatory signal. In addition, negative 

regulation of signal transduction at different levels perm its greater 

responsiveness and control over signaling.
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E. Significance

G-protein coupled receptors (GPCR) sense the outside w orld th ro u g h  

extracellular ligand binding surfaces and promote the appropriate response 

through cytoplasmic interfaces w ith the G-proteins. M ulticellular organ ism s 

require GPCRs and heterotrim eric G-proteins for neurotransm ission , taste, 

smell, vision, and m any horm onal responses. M utations in GPCRs 

dem onstrate the im portance of proper receptor function. Truncations in the  

vasopressin 2 receptor results in congenital nephrogenic diabetes insip idus 

(123). Autosomal dom inant m utations in the lu tropin  receptor and  

thyrotropin result in familial male precocious puberty and thyroid adenom as, 

respectively (104, 130). In addition, G protein activity m ediates cellu lar 

differentiation and altered activity results in oncogenesis (38, 62). Therefore, 

understanding the regulatory m echanism s of GPCR and heterotrim eric G 

protein  signaling may provide clues toward the elucidation of targets of 

therapy for hum an diseases resulting from receptor m utations.

In this work the pherom one response pathw ay of Saccharomyces 

cerevisiae is utilized as a m odel system to better understand  the regulatory 

m echanism s required for G protein mediated signaling. An obvious 

advantage of using yeast is the ease of genetic m anipulation. Additionally, in  

m olecular terms pherom one response signaling is one of the best understood  

pathw ays, which utilizes a heterotrim eric G protein linked to a MAP kinase 

cascade. The m echanism  of heterotrim eric G protein  activation th ro u g h
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serpentine receptors is conserved between yeast and m am m als. Therefore,

exam ination of the regulatory mechanisms of Gp signaling will likely provide

relevant inform ation for understanding higher eukaryotic G p ro tein  

signaling.

The focus of this w ork w as to better understand in m olecular term s the 

regulation of the Ste4p G-protein P subunit activity. The goals of the project 

include 1) investigation of the mechanism of Ste4p-m ediated receptor 

inhibition and 2) identification of the mating function of SSF1, a gene w hich  

w hen overexpressed suppresses m utations in STE4.
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Table 1. Gene List

Gene nam e_____________ Product_____________________________ Reference

SIGNAL TRANSDUCTION

STE2 a-factor receptor (present in M ATa  cells) (12,100)

STE3 a-factor receptor (present in M A T a  cells) (58,100)

GPA1 G protein a -  subunit (40,99)

STE4 G protein P-subunit (60)

STEW G protein y-subunit (150)

STE20 PAK kinase hom ologue (114)

STE5 scaffold protein (60)

STE11 MEKK (60,143)

STE7 MEK (14, 60)

FUS3 MAPK (45)

PROJECTION FORMATION

CDC42 rho-type GTPase (118)

polarity establishm ent protein

SPA2 polarity establishm ent protein (134)

BEM1 polarity establishm ent protein (22)

FAR1 cyclin-dependent kinase inhibitor (18)
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0. Pheromone pathw ay signaling  is inh ib ited  in STE3DAFcells

A. In troduction

1. Receptor inhibition

Haploid M A T a cells norm ally express Ste2p, the a-factor receptor, and  

undergo cell cycle arrest and transcriptional induction in response to a-factor 

stim ulation. However, M A T a cells containing the STE3DAF m u ta tio n , 

inappropriately express the a-factor receptor and exhibit resistance to 

pherom one induced cell cycle arrest; these cells undergo a p h e n o m e n o n  

term ed receptor inhibition (66) (See Figure 2-1).

The STE3DAF mutation, originally nam ed DAF2 (dom inant alpha-factor 

resistance) was isolated in a screen for m utations that resulted in resistance to 

a-factor-induced cell cycle arrest in M A T a cells (33). The STE3DAF allele 

contains a rearrangem ent in the 5' flanking region which perm its expression 

of wild type STE3 in all cell types, but does not alter the level of STE3 RNA as 

com pared to its level in M A T a  cells. The inappropriate expression of the a- 

factor receptor in M A T  a cells prevents signaling, however, the biological 

function of this m utation is not known. It has been suggested tha t the 

STE3DAF m utation may be im portant during  mating-type sw itching or 

recovery from zygote formation, a situation in which both receptors are 

transiently present on one cell surface (66). In these situations it w ould  be 

favorable to suppress the pherom one response pathway.
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Figure 2-1. Schematic representation of the STE3DAF phenotype.

Expression of the a-factor receptor (Ste3p) in M A T a  cells results in resistance 

to pherom one-induced cell cycle arrest and transcriptional activation at late 

tim epoin ts.
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STE3daf- m ediated receptor inhibition can suppress the constitutive cell 

cycle arrest caused by deletion of GPA1, the G protein a  subunit gene, and 

thus does not require the a  subunit for function (33, 66). Expression of STE2, 

w hich encodes the a-factor receptor, is not required for receptor inh ib ition ; 

deletion of the STE2 gene does not affect the ability of STE3DAF cells to suppress 

the constitutive cell cycle arrest in cells containing null alleles of GPA1 (66). 

Also, deletion of the carboxy term inus of Ste2p, which results in increased 

pherom one sensitivity, does not suppress the STE3DAF phenotype (33, 81). 

SST2  encodes a protein of the RGS family (regulators of G a signaling) and

strains containing m utations in  SST2 display an increased sensitivity to 

pherom one, suggesting a role in adaptation (16, 17, 39). However, STE3DAF 

does not required Sst2p; a MATa. STE3DAF sst2 strain displays the phenotype of 

receptor inhibition (66).

Initial characterization of the STE3OAF phenotype dem onstrated that 

M A T a  STE3DAF strains displayed increased basal levels of FUS1 RNA (33, 66). 

The STE3DAF m utation resulted in the expression of the a-factor receptor in  

M A T a  cells, which secrete a-factor encoded by the MFA1 and MFA2  genes. 

The constitutive binding of a-factor to the a-factor receptor (Ste3p) on the cell 

surface was suggested to form an autocrine loop that functioned to desensitize 

the cellular response to a-factor as a m echanism  of mediating receptor 

inhibition (66). However, this autocrine loop-mediated desensitization did 

not affect the STE3DAF phenotype, as deletion of MFA1 and MFA2 did n o t
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abrogate STE3DMf-mediated resistance to a-factor (66). Since MATa. STE3DAF

mfal m fa l  strains displayed the STE3DAF phenotype, but did no t display the 

high level of basal signaling, strains w ith this genotype were used in this 

w ork (See Table 2).

In addition to inhibition of cell cycle arrest, cells containing the STE3DAF 

m utation exhibit a block in pherom one-m ediated signaling at late tim e points 

after pherom one treatm ent (32). In STE3DAF cells, initial activation of the 

pherom one response pathw ay is sim ilar to that observed in wild type cells, as 

m easured by Fus3p MAP kinase activity and FUS1 RNA levels (32). 

H ow ever, at later time points after pherom one induction, STE3DAF cells 

display a decrease in signaling com pared to wild type levels (32). 

O verexpression of a hyperactive allele of STE5Hyp is able to suppress the 

STE3DAF phenotype, whereas overexpression of STE4 did no t appear to 

suppress the STE3DAF phenotype (32). This result dem onstrated that the 

m utation  acts upstream  of STE5. Furtherm ore, overexpression of STE20 in 

the presence of pherom one was able to suppress the STE3DAf phenotype, 

w hich suggested that receptor inhibition acted at a step between STE5 and 

STE4 (32). Taken together, the epistasis results demonstrated that the STE3DAF 

m utation acts at the level of or dow nstream  of STE4.
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2. Identification of STE4SD alleles

MATa. STE3DAF cells exposed to a-pherom one do not undergo cell cycle 

arrest and do not display pherom one-dependent transcriptional activation. 

Epistasis results suggested that STE3DAF m ay act at the level of the G -protein p

subunit. Therefore, a screen was undertaken to identify m utations in STE4, 

w hich encoded an altered protein capable of reversing receptor inh ib itio n

(31). The goal was to isolate STE4SD (term ed STE4so for suppressor of STE3CAf) 

alleles w hich were able to restore signal transduction in STE3DAF cells exposed 

to pherom one (Figure 2-2). To test the hypothesis that STE4 m ediates 

receptor inhibition, an error-prone polym erase chain reaction (PCR) 

m utagenic screen was undertaken (31). PCR m utagenesis was used to 

introduce random  changes in STE4, then the library of m utagenized STE4 was

transform ed into a M A T a Aste4 STE3DAF strain  w ith a plasm id containing a

gapped STE4 gene under the control of the STE4 prom oter (31). Expression 

of the STE4 alleles was achieved by in v ivo  recom bination of the PCR 

fragm ent and the gapped vector. To assay for pherom one-dependen t 

transcriptional induction, a reporter plasm id containing a FUSl-$-

galactosidase gene fusion was present in the strain which perm itted v isua l 

screening of colonies that responded to pherom one (31).

The isolation of STE4SD m utations that encode Ste4 proteins capable of 

inducing both pherom one-m ediated cell cycle arrest and  transcrip tional 

activation in STE3DAF cells suggested that the m utations isolated were
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Figure 2-2. Schematic representation of STE4SD suppression of the STE3DAF 

phenotype.
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able to reverse receptor inhibition (31). Three STE4SD alleles were isolated in  

the screen, w hich contained m ultiple point m utations and were able to 

reverse the STE3DAF phenotype to variable degrees as m easured by halo assay. 

The halo assay entails spreading a lawn of cells onto an agar plate, a filter disc 

is placed in the center of the lawn, and pherom one is added onto the disc and  

diffuses from the center. Cells undergo pherom one-dependent arrest in the  

center of the plate where concentrations of pherom one are higher. Cells o n  

the outer regions of the plate are not arrested since the concentration of 

pherom one is low er w ith increasing distance from the pherom one source. 

This threshold response to pheromone produces the characteristic halo of 

arrested cells.

Initial characterization of the STE4SD alleles

STE4sm suppressed receptor inhibition to the greatest extent as 

m easured by halo assay (31). The STE4sm allele contained the following th ree  

m utations: R162G, C182R, and I195V (31). The m utation R162G was located 

betw een WD repeats 2 and 3 and C182 and I195V were located w ithin W D 

repeat 3. The fraction of unbudded cells in a culture after the addition of a- 

factor is a quantifiable assay for pheromone sensitivity (110). Cells exposed to 

pherom one undergo arrest in the Gj phase of the cell cycle and do not in itia te  

bud form ation w hich begins at the advent of START. Therefore, the  

percentage of cells present in the Gj phase of the cell cycle is quantifiable by 

the percentage of unbudded cells. M ATa STE3DAF cells containing the STE4sm 

allele were 92% unbudded , as compared to STE3DAF cells containing wild type
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STE4 which were 60% unbudded (31). The results suggest that STE3DAf cells 

expressing the STE4SD1 allele appeared to undergo pherom one-dependent cell 

cycle arrest.

The other tw o alleles, STE4SD2 and STE4SD3f resulted in incom plete 

suppression of receptor inhibition, i.e. partial halos were formed (31). The 

STE4SD2 allele contained three m utations Q17L, Q21R, and M283V, w hich 

were located w ithin the N -term inus of Ste4p and w ithin  WD repeat 4 (31). 

MATa STE3DAF cells containing STE4SD2 were 70% unbudded (31). The STE4SDi 

allele also contained three mutations: L132I, N155D, and D270G (31). The 

mutations were located within WD repeat 2, WD repeat 5. The budding index 

of this allele in a STE3DAF strain was 66% (31). Since this allele had the

weakest phenotype as m easured by halo assay and budding index, it was no t 

studied further.

The m utations in the STE4SD alleles described above were created by 

random  PCR m utagenesis. Because there were m ultiple changes in each 

allele, it was necessary to determ ine the relative contribution of each po in t 

m utation present in the STE4SD alleles to the suppression of receptor 

inhibition. To accomplish this aim, the individual point m utations and 

combinations of po in t m utations were isolated and tested for the ability to 

reverse receptor inhibition. The percentage o ' unbudded cells was m easured 

to quantify the level pherom one-dependent G t arrest attributable to each of 

the alleles containing individual point m utations and combinations of po in t 

m utations (data not shown). Many of the individual point m utations in
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STE4 obtained in the screen did not dem onstrate an obvious phenotype in  

STE3DAF cells, therefore, these m utations were disregarded. Point m u ta tio n s  

which resulted in an ability to reverse receptor inhibition were constructed 

into a single allele which is able to reverse receptor inhibition to the greatest 

extent, as assayed by cell cycle arrest and pherom one-dependen t 

transcrip tional activation.

The goal of this work was to isolate an allele of STE4SD that w as capable 

of reversing receptor inhibition to the greatest extent. This allele should  be 

able to specpfically reverse receptor inhibition, w hich is assayed by the  

sustained  transcription of pherom one-inducible genes at late time points. In 

addition, expression of the STE4SD allele in wild type cells should  n o t 

dem onstrate  increased basal or pherom one-induced transcrip tional 

activation. Therefore, initial steps were taken to characterize the regulatory 

m echanism s of Ste4p activity in the context of the STE3DAF m utation.
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B. Materials and m ethods

1. Plasm id construction

A centromeric p lasm id containing the STE4 gene was constructed by cloning 

the 5 kb Sphl-Bam H l  fragm ent from plasm id M81pl2 (27) to produce 

YCpSTE4. The 5 kb Sphl-BamHl fragm ent from plasm id M81pl2 was cloned 

into pUC19 to produce pUC-STE4.1. A centrom eric plasmid containing STE4 

was constructed by subcloning the 5 kb Sphl-BamHl fragment from plasm id 

M 81pl2 into Y C p lac lll (52) to create YCpLSTE4. Centromeric LEU2 plasm ids 

containing STE4SD alleles were constructed by cloning the 5 kb Sphl-BamHl 

fragm ent from pUC-STE4.1 constructs that had been subjected to site-directed 

m utagenesis (Transform er Site Directed M utagenesis kit, Clontech) in to  

Y C placlll. The FUSl-lacZ reporter plasm id was constructed by cloning the 6 

kb Pstl fragment from pSB234 (kindly provided by E. Elion) into Y C placlll to 

create YCpFl-LZ.

A construct that fuses STE3 to the green fluorescent protein (GFP) gene 

w as m ade by first incorporating a Notl site immediately before the stop codon 

of an allele of STE3DAF through PCR-mediated (36) site-directed m utagenesis 

(Stratagene) w ith  oligonucleotide prim ers oSTE3Nl, 5'

G A A A AT ACTGC AGGCGGCCGCC AC AAGTGTGTC-3' and oSTE3N2, 5'- 

GACACACTTGTGGCGGCCGCCTGCAGTA1TTTC-3' using as a tem plate 

pDAF2m-4 (66). Next, a 0.7 kb fragm ent encoding the GFP gene containing
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flanking Notl  sites was subcloned into the N otl  site to produce pDAF2m- 

4GFP. A high copy plasm id containing the STE3-GFP fusion was constructed 

by cloning the 3 kb Sphl- Sacl fragment from pDAF 2m-4GFP into YEplacll2 

to make YEpSTE3-GFP. A construct encoding a truncated version of STE3

AC, which removes 107 residues from the carboxy-term inus of STE3 and also

incorporates a Notl site immediately prior to a stop codon, was constructed by 

PCR-mediated site-directed m utagenesis w ith oligonucleotide prim ers 

OSTE3C1, 5 ' - CATTTCTATGGCGGCCGCTGAATTCCAGATGATCC - 3' and 

OSTE3C2, 5 ' - GGATCATCTGGAATTCAGCGGCCGCCATAGAAATG - 3' 

using as a template pDAF2m-4 (66). A 0.7 kb fragm ent encoding the GFP gene 

was subcloned into the Not I site. A high copy plasm id containing the

STE3AC-GFP fusion was constructed by cloning the 2.7 kb Sphl- Sac I fragm ent 

from pDAF 2m-4GFP into Y Eplacll2 to make YEpSTE3AC-GFP.

Incorporation of point m utations into STE4 to create STE4SD1° was 

constructed by in vitro m utagenesis (Clontech) using oligonucleotide prim ers 

oBETA4 5 '-CTTTCG AAACTCC AT A AATGGT AC AG-3' and oBETA7 5'- 

GTATATACTGTAGGGTGACATTAT-3' using pUCSTE4.1 as a template to 

produce pUC-SDlO. A 2.1 kb BamHl-Sacl from pUC-SDIO cloned into BTL49 

(kindly provided by Thomas Leeuw) to produce YCpSDlO.
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2. Strains and M edia

Strains used in this study are listed in Table 4 and were derived from  

W3031A (obtained from R. Rothstein). The gpal::TRPl null allele was m ade 

by transform ation of a strain that contained a gpal::URA3  (40) with a 3.8 kb 

Smal fragment from a m arker sw ap plasmid p U T ll (34). The FAR1 gene was 

disrupted by transform ation w ith a 3.8 kb Xhol-Sacl fragm ent from pfarl-U l

(32) to create far 1 ::URA3. The ste2::LEU2 alleles was m ade by transform ation 

with a BamHl fragm ent from pAB506. The STE3DAF-LEU2 allele present in  

two strains was m ade by transform ation of each strain that contained a 

STE3DAF-TRP1 w ith  a 4.4 kb Smal-Xhol fragment from a m arker swap plasm id 

pTL7 (34). All strain constructions involving transform ations were 

confirmed by Southern blot.

Strains were grow n on YEPD (2% glucose) or YEP-Gal (3% galactose), and 

strains under selection were grow n on synthesis dropout m edia, as described 

(132).

3. Yeast m ethods

Yeast transform ations were perform ed by the lithium  acetate method (71) 

modified as described previously (66). Yeast RNA was extracted from cells as 

described previously (35). Halo assays were perform ed by spreading a lawn of 

cells onto a plate and placing a filter disk containing 5 |il a-factor onto the 

plate. Plates were incubated at 30°C for 1 -2 days.
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4. N orthern  blots

RNA was transferred to a nitrocellulose m em brane after form aldehyde- 

agarose gel electrophoresis as described (90). The m em branes w ere UV cross- 

linked using a Stratalinker UV box. Prehybridization and hybridization were 

done at 65°C in a buffer containing 0.9 M NaCl, 0.09 M sodium  citrate, 0.1% 

Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum  album in, 33 m M  

sod ium  pyrophosphate, 50 mM sodium  phosphate monobasic. The probes 

used  were gel-purified DNA restriction fragments 32-P labeled by random  

p rim er labeling using a Prime-It kit (Stratagene). The fragm ents used were: 

FUS1, a 1.4 kb EcoRl-HinDJB. fragm ent from pSL589 (97); ribosom al p ro tein  

gene TCM1 (126), a 0.8 kb Hpal-Sall fragm ent from plasm id pAB309A; 

phosphoglycerate kinase gene PGK1, a 0.5 kb BamHl-Xbal fragm ent from  

pPG Kl.

5. Im m unob lo ts

For im m unoblotting, cells were grow n to early log phase, pelleted, and 

w ashed once in TE (10 mM tris-HCl and 1 mM EDTA). Cells were 

resuspended in synthetic m edium  and a-factor was added to a final 

concentration of 3 gM  and aliquots were rem oved at 1 and 6 h r after a-factor 

addition. Cell lysates were prepared by harvesting 10 ml of log phase cells, 

w ashing  once w ith cold TE and resuspending in 350 pi of lysis buffer (50 m M

tris-HCl [pH 8.0], 1% SDS, 1 mM PMSF, 1 gg of [apoprotein, leupeptin , 

chym ostatin , and pepstatin] per ml). The m ixture was added to acid-washed
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beads (0.5 mm) and vortexed at high speed for 10 min. Glass beads and cell 

debris were separated from the lysate by centrifugation in a microfuge for 2 

m in. Protein concentration of the samples was determ ined using a 

bicinchoninic protein assay kit (Pierce) and equal am ounts were loaded onto  

SDS polyacrylamide gels (10% polyacrylamide). Separated proteins were 

transferred to nitrocellulose and the blot was probed w ith anti-Ste4p rabbit 

polyclonal antiserum  (67) at a dilution of 1:1000, an ti-Pm alp  m onoclonal 

antiserum  at a dilution of 1:10,000 (2), or anti-Pgklp polyclonal antibody at a 

d ilu tion  of 1:300,000. Donkey anti-rabbit im m unoglobulin  conjugated to 

horseradish peroxidase (Am ersham ) or goat anti-m ouse im m unog lobu lin  

conjugated to horseradish peroxidase (Amersham) were used at dilutions of 

1:10,000. Im m une complexes were detected w ith an enhanced 

chem ilum inescence kit (Amersham).

6. Differential centrifugation

For crude membrane preparations, approximately 4 x 109 cells were grow n to 

m id-log phase and a-factor was added to a final concentration of 0.1 (iM and

incubated at 30°C for 3 hr. Cells were pelleted for 5 m in at 1500 xg th en

resuspended in 15 ml of buffer A (50 mM Tris-HCl [pH 7.5], 5 mM EDTA, 1.0 

M NaCl, 1 mM PMSF. The m ixture was added to acid-washed glass beads (0.5 

mm) and vortexed for 2 min using a Bead-Beater (Biospec Products). Unlysed 

cells and cell debris were rem oved from the lysate by centrifugation at 700g 

for 5 min. To obtain a crude m em brane fraction, the supernatant (S20) was
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subjected to centrifugation at 20,000 g for 20 min. The m em brane pellet (P20) 

was resuspended in 1 ml buffer A. Protein concentration of the sam ples was 

determ ined using a bicinchoninic protein assay kit (Pierce) and equal 

am ounts were loaded onto SDS polyacrylamide gels (10% polyacrylamide). 

Immunobloting was accomplished as described above.

7. Microscopy

M A T  a. STE3 or M A T  a STE3DAF cells containing a GFP-STE4 gene fusion 

plasm id under the control of the STE4 promoter, were grown to log phase 

and a-factor was added to a final concentration of 0.1 pM. M A T a  cells

containing either a STE3-GFP plasmid or a STE3AC-GFP plasmid were grow n

to log phase and a-factor was added to a final concentration of 0.1 pM. 

Aliquots were taken at the indicated times and the fusion was observed 

directly on a Zeiss Axioskop using a FITC filter.
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Table 2. Strain List: Chapter II

S train_________________________Genotype

W 303-1A M A T  a leuZ-3,112 trpl-l canl-100
ura3-l ade2-l his3-ll,15

W303-1B M A T  a  leu2-3,112 trpl-l canl-100
ura3-l ade2-l his3-ll,15

The following strains are isogenic to W3031A:___________
H67-9D.Ba M ATa mfal-A3::HIS3 mfa2- A 2::HIS3

sstlr.hisG STE3

H67-6C.Ba M ATa mfal-A3::HIS3 mfa2- A 2::HIS3
sstlr.hisG STE3DAF25-TRP1

AC17-7B M ATa mfal-A3::HIS3 mfa2- A 2::HIS3
sstlrhisG ste4::HIS3 STE3

AC17-2B M ATa mfal-A3::HIS3 mfa2- A 2::HIS3
sstlrhisG ste4::HIS3 STE3OAF

K39-23B M A T a  mfal-A3::HIS3 mfa2- A 2::HIS3
sstlrhisG ste4::HIS3 gpalrTRPl 
STE3DAF25-TRP1

K39-23Bf M A T a  mfal-A3::HlS3 mfa2- A 2::HIS3
sstlrhisG ste4::HIS3 gpalrTRPl 
STE3DAF25-TRP1 farl::URA3

K39-23B.S2 M A T a  mfal-A3::HIS3 mfa2- A 2::HIS3
sstlrhisG ste4::HIS3 gpalrTRPl 
STE3DAF25-TRP1 ste2::LEU2

K39-23Df M ATa ste4::HIS3 STE3DAF25-TRP1
gpalrTRPl farlrU R A

Source_____

R. Rothstein

R. Rothstein

(32)

(32)

(30)

(30)

this study 

this study 

this study 

this study
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Table 3.

STE4 allele

STE4

STE4SD13

STE4SDW

C'T'p AA310-346

STE4 alleles

m utation position_______ m utant phenotype/reference

none wild type

Q17L, Q21R, R162G suppressor of STE3DAF
/  this study

Q17L, R162G suppressor of STE3nAF
/  this study

A310-346 phosphorylation
defective/ (28)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

C. Results

Receptor inhibition of mating pathway signaling is mediated by Ste4p

M A T a  cells containing the STE3OAF m utation, which results in the 

inappropriate expression of STE3, do not arrest in response to p h e ro m o n e  

stim ulation. The following lines of evidence suggest that the STE3DAF 

m utations acts at the level of the G protein (3 subunit: 1) STE3DAF is unable to

suppress the constitutive activation that results from overexpression of 

STE5Hyv; 2) the STE3DAF mutation is able to suppress the constitutive activa tion  

that results from overexpression of STE4; and 3) STE4SD alleles were obtained 

which were able to cause cell cycle arrest in STE3DAF cells (31, 32). In d iv id u a l 

STE4SD m utations did not result in complete suppression of STE3DAf. 

Therefore, it was necessary to construct combinations of ind iv idual po in t 

m utations to identify an allele that was able to reverse receptor inhib ition  to 

the greatest extent. Expression of this STE4SD allele should be able to reverse 

receptor inhibition by increasing pherom one-induced transcription only at 

late time points in STE3DAF cells. In addition, expression of the STE4SD allele 

should dem onstrate normal basal and pherom one-dependent transcrip tional 

activation.
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1. STE4SDU allele is capable of reversing receptor inhibition

The goal was to identify the com bination of m utations in STE4 that 

encoded a m utant protein capable of suppressing the STE3DAF phenotype to 

the highest level. To find the allele w ith the greatest ability to reverse 

receptor inhibition, different com binations of individual point m u ta tions 

were subjected to halo assay, as a m easure of pherom one-dependent cell cycle 

arrest.

Expression of individual point m utations resulted in partial reversion  

of the phenotype (31). Therefore, combinations of indiv idual poin t 

m utations were constructed to isolate the STE4SD allele that resulted in the 

highest level of signaling. The individual point mutation that resulted in the 

greatest ability to reverse receptor inhibition, as m easured by halo assay and 

budding index, was STE4SD4 which encodes the point m utation R162G. The 

m utations located in the N -term inus of STE4SD2, which encoded m u ta tions 

Q17L and Q21R also resulted in relatively high level of suppression of 

receptor inhibition. Therefore these three point m utations were in troduced 

into one allele, STE4SD13.

Pherom one-dependent cell cycle arrest was assayed in a M A T a  STE3DAF

Aste4 strain  containing a low copy plasm id encoding the STE4SD13 allele under

the control of the STE4 prom oter. This STE3DAF STE4SDU containing cell 

displayed a partially filled halo (Figure 2-3, bottom). Wild type M A T a  cells 

exposed to a-factor produce a clear halo of arrested cells and M A T a  STE3DAF 

cells that contain a wild type STE4 allele do not arrest in response to
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pherom one, therefore, do not produce a halo (Figure 2-3, left and  right). 

Therefore, expression of the STE4SDU allele in the STE3DAF s tra in  resulted  in  

the highest level of cell cycle arrest, albeit partial suppression of the STE3DAF- 

m ediated receptor inhibition was observed. This STE4SDI3 allele con tained  

the following mutations: Q17L, Q21R, and R162G. The m uta tions w ere 

located in the am ino term inus and between WD repeats 2 and 3 (Figure 2-4 

and Table 3- STE4 alleles).
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Figure 2-3. M utations in STE4 suppress receptor inhibition.

Halo assays were perform ed w ith 5 p.1 of 1 mM a-factor. Top left, a M A T  a 

STE3 ste4::HIS3 strain (AC17-7B) containing a low copy wild type STE4 

plasm id (YCpLSTE4); a M A Ta STE3DAF ste4::HlS3 (AC17-2B) strain contain ing  

either a low copy w ild type STE4 plasm id (YCpLSTE4; top right) or a low copy 

plasm id containing the allele STE4SDU (YCpLSD13; bottom).
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B3

1 M A A H Q M D S I T Y S N N V '

40 e a a r q e s k q l h a q i n k J & h k i q d a s l f q m a n k v t s l t k n

WD1 79 K I N L K P N I V L K G H N N K I S D F R W S R D S K R I L S A S Q D G F M L I W E l

WD2 121 S A S G L K Q N A I P L D S Q W V L S C A I S P S S T L V A S A G L N N N C T I Y & .
162

Figure 2-4. Locations of m utations on Ste4p G(3 stucture.

The Ste4p sequence is depicted as a seven-bladed P-propeller structure. The

STE4SD13 allele contains the following mutations: Q17L and Q21R and R162G,

which are represented by diam onds in the diagram. The sequence of am ino 

acids 1-162 of Ste4p is displayed above.
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2. STE4SDU prom otes sustained transcriptional activation in STE3DAF cells

MATa. cells containing the STE3DAF m utation inappropriately express 

the a-factor receptor and exhibit a decrease in transcriptional activation at late 

tim e points after pherom one treatm ent (32). Transcriptional induction of 

m any genes is required for cell adhesion, cell cycle arrest, cell fusion, and 

karyogam y during m ating. FUS1 RNA is a useful m arker for pherom one- 

dependen t transcriptional activation as it is induced up  to 100-fold in

response to a-factor treatm ent (97, 144). To test the ability of Ste4pSD13 to

increase signaling at late tim epoints, the STE3DAF cells expressing the STE4SD13

allele as the sole source of G(3 subunits were treated w ith a-pherom one, and

RNA was isolated to determ ine the level of FUS1 RNA induction. Wild type

M A T a  cells treated w ith a-factor displayed a significant increase in FUS1

RNA levels that rem ained high for three hours (Figure 2-5, lanes 1-4). In

M A T a  STE3DAF cells treated w ith a-factor, the FUS1 RNA levels increased at

one hour, but displayed a dram atic decrease by three hours (Figure 2-5, lanes 

5-8), as previously described (32). STE3DAF cells expressing the STE4SDU allele 

d isplayed a sim ilar increase in FUS1 RNA levels at 1 hour, bu t dem onstrated 

sustained expression of FUS1 RNA at three hours (Figure 2-5, lanes 9-12). The
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Figure 2-5. Effect of STE4SDU on pherom one-induced transcription.

(A) The following strains were treated w ith a-factor (0.1 fiM) for the indicated 

periods of time: a M A T a  STE3 ste4::HIS3 (AC17-7B) strain containing a wild 

type STE4 plasm id (YCpLSTE4; lanes 1-4); a M ATa STE3DAF ste4::HIS3 (AC17- 

2B) strain  containing either wild type STE4 (YCpLSTE4, lanes 5-8) or the 

m utant allele STE4SD13 (YCpLSD13; lanes 9-12). RNA was isolated, transferred 

to nitrocellulose, and hybridized w ith a FUS1 probe. The blot was 

rehybridized w ith PGK1 to determine the amount of RNA per lane. (B) The 

data were quantified by Phosphorlm ager analysis and the level of FUS1 RNA 

was norm alized to the control PGK1 RNA level. Values from the STE3 STE4 

strain  are represented by the open bars; values from the STE3DAF STE4sdu 

strain  are represented by the shaded bars. The graph shows the average 

values from duplicated experiments.
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level of FUS1 RNA w as quantified by Phosphorlm ager Analysis (M olecular 

Dynamics) and norm alized to PGK1 RNA levels. The norm alized  FUS1 

RNA levels were averaged from two independent experiments and calculated 

to be approximately 7-fold increased in STE3DAF cells containing STE4SD13 as 

compared to STE3DAF cells containing wild type STE4 (Figure 2-5B). Therefore, 

STE3DAF cells containing STE4SD13 display a partial reversal of receptor 

inhibition, as m easured by halo assay and pherom one-induced  

transcriptional activation.

3. In MATa cells STE4SDU does not confer supersensitivity to pherom one

STE4SD5 encodes an altered G protein P-subunit that resulted in  

supersensitivity to pherom one and caused enhanced suppression of receptor 

inhibition m ost likely by disrupting the interaction w ith G a subunit (31). 

This result suggested that expression of m utan t Ste4pSD proteins that cause 

constitutive signaling m ay increase signal transduction  in a m anner n o t 

specific to receptor inhibition. To test w hether the STE4SDU gene p roduct 

w ould cause supersensitiv ity  to pherom one, cell cycle arrest was assayed in  

wild type MATa  cells expressing the STE4SDU allele. The level of signaling in

a M A Ta  Aste4 strain transform ed with a low copy plasm id containing e ith e r

wild type STE4 or the STE4SDU allele was assayed for cell cycle arrest. W ild  

type M ATa  cells containing STE4 responded to pherom one and produced a 

halo of arrested cells (Figure 2-6, left). Wild type M ATa  cells expressing the
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Halo assays were perform ed w ith 5 fil of 1 mM a-factor. A 

containing either a w ild type STE4 plasmid (YCpLSTE4; left) 

containing STE4SD13 allele (YCpLSD13; right).
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STE4SD13 allele produced a halo of arrested cells indistinguishable in size from  

a strain  containing the wild type STE4 allele (Figure 2-6, right). S trains 

displaying increased sensitivity to pherom one produce a larger zone of 

arrested cells, as compared to a wild type strain, since the cells are able to 

respond to the lower concentration of pheromone present at distances fu rther 

from the pheromone source. Therefore, the STE4SD13 allele does not encode a

G|3 subunit that results in increased sensitivity to pherom one.

4. Signaling in wild type cells is not affected by STE4SDU

Expression of the STE4SD13 allele in wild type MATa. cells did not resu lt 

in increased sensitivity to pherom one, dem onstrating specificity for receptor 

inhibition. To test w hether the STE4SD13 allele has any effect on signaling in  

cells that do not express STE3DAF, the basal and pherom one-induced levels of 

FUS1 RNA were measured in w ild type M ATa  cells expressing STE4SD13 as the  

only copy of STE4. The level of FUS1 RNA induction in M A T a  cells 

containing STE4SD13 (Figure 2-7A, lanes 5-8) or STE4 (Figure 2-7A, lanes 1-4) 

was not significantly different in pherom one treated cells at all tim e points. 

The FUS1 RNA levels were quantified and norm alized to PGK1 RNA levels 

by Phosphorlm ager analysis (M olecular Dynamics). The level of FUS 1 R N A  

differed in M ATa  containing either STE4SD13 or STE4 by less than 20% after 

treatm ent with pherom one for 3 h r (Figure 2-7B). In addition, the basal level 

of pherom one pathway signaling as measured by FUS1 RNA levels was 

unaltered in wild type MATa  cells expressing STE4 or STE4SD13 left untreated
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Figure 2-7. Ability of STE4SDU to signal in wild type MATa. and  M A T a  cells. 

(A) A M A T a STE3 ste4::HIS3 strain (AC17-7B) containing e ither a w ild type 

STE4 plasm id (YCpLSTE4, lanes 1-4) or a plasmid containing the STE4SDl3

allele (YCpLSD13, lanes 5-8) was treated with a-factor (O.lfiM) for the indicated 

periods of time and RNA was isolated. RNA blots w ere p repared  and 

hybridized as described in legend Figure 2-5. (B) The data from  the

experim ent shown in (A) were quantified by Phosphorlm ager analysis and 

the level of FUS1 RNA was norm alized  to the control PGK1 RNA level. 

Values from the STE4 strain are represented by the filled bars; values from  

the STE4SD13 strain are represented by  the shaded bars.

(C) A M A T a  STE3 ste4::HIS3 stra in  (AC18-9C) containing e ither a w ild type 

STE4 plasm id (YCpLSTE4, lanes 1-4) or a plasmid containing the STE4sm3 

allele (YCpLSD13, lanes 5-8) was treated with a-factor (40ng/m l) for the 

indicated periods of time and RNA was isolated. RNA blots w ere prepared 

and hybridized as described in legend Figure 2-5. (D) The data from  the

experim ent shown in (C) were quantified by Phosphorlm ager analysis and  the 

level of FUS1 RNA was norm alized to the control PGK1 RNA level. V alues 

from the STE4 strain are represented by the filled bars; values from  the 

STE4so13 strain are represented by the shaded bars.
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(Figure 2-7A, compare lanes 1 and 5). Constitutive activation of the  

pherom one response pathw ay is observed by an increase in the basal level of 

FUS1 RNA. Therefore, these results dem onstrate that the STE4sdu allele 

encodes a protein that does not affect either basal or pherom one-induced  

signaling in wild type M A Ta  cells.

The STE4SD13 allele appears to have an effect on signaling in M ATa  cells 

that inappropriately express the a-factor receptor (Ste3p), but this allele does 

not appear to have an effect on signaling in wild type M ATa  cells that lack the  

a-factor receptor. Therefore, it was of interest to test the ability of the m u ta n t 

Ste4pSDl3 to signal in w ild type M A T  a cells, which norm ally express Ste3p (a- 

factor receptor). A wild type M A T a  Aste4 strain was transform ed w ith a low

copy plasmid containing either the STE4 or STE4SDn allele, treated w ith a- 

factor, and the level of FUST. RNA was m easured. In M A T a  cells expressing 

the STE4SDU allele as the only copy of STE4, the FUS1 RNA levels w ere 

induced at 1 hr and declined gradually for the next two hours (Figure 2-7C, 

lanes 5-8). Wild type M A T  a  cells expressing the wild type STE4 allele also 

dem onstrated a similar trend of FUS1 RNA induction (Figure 2-7C, lanes 1-4). 

The FUS1 RNA levels were quantified and norm alized, as described above. 

The relative FUS1 RNA levels in M A T a  STE4 and M A T a  STE4SD13 strains

differed by less than 1.35-fold at 1 h r (Figure 2-7D). The apparent decrease in  

signaling in M A T  a  cells may reflect decreased sensitivity to a-factor due to 

degradation of a-factor by an extracellular protease (96). These results suggest
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that pherom one pathw ay signaling is not greatly affected by the expression of 

the STE4sdu allele in M A T a  cells.

5. STE4SDU suppression of receptor inhibition is independent of GPA1

The G-protein a  subunit acts as a negative regulator of G|3y signaling. 

Deletion of GPA1 in w ild type cells results in constitutive activation of the 

pherom one pathw ay due to the presence of free G(3y complexes. GPA1 n u ll 

cells arrest as large unbudded cells in the Gj phase of the cell cycle and contain  

high levels of pherom one-inducible transcripts resulting from the 

constitutive activation of pherom one signaling. M A T a  STE3DAF cells 

containing a null allele of GPA1 are able to suppress this constitu tive  

activation, dem onstrating that the STE3DAF m utation is independent of GPA1 

(33, 66). If STE4SDU encodes a protein that acts to specifically reverse the  

STE3DAF phenotype, then expression of STE4SDU should be able to increase 

signaling in a M A Ta STE3DAF strain containing a null allele of GPA1. To test 

this hypothesis, the level of pherom one signaling was m easured in a M A T a  

STE3daf strain containing a null allele of GPA1. W ild type strains lacking 

GPA1 do not require addition of pherom one to induce pherom one pathw ay 

signaling, as the pathw ay is constitutively activated, therefore, these strains 

also contained a null allele of PARI, which encodes the cyclin-dependent 

kinase inhibitor, to circum vent the constitutive grow th arrest resulting from  

Agpal. M A T a  STE3DAF cells containing wild type STE4 (Figure 2-8A, lane 3) 

w ere able to block the constitutive signaling resulting from  deletion of GPA1,
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Figure 2-8. Effect of STE4sou in cells lacking the G a and a-factor receptor 

genes.

(A) RNA was isolated from the following strains: a M A T a  STE3DAF ste4::HIS3 

gpal::TRPl farl::URA3 strain  (K39-23Df) containing either a wild type STE4 

p lasm id (YCpLSTE4, lane 1) or a plasm id containing the STE4sm allele 

(YCpLSDT.3, lane 2), and a M A T a  STE3DAF ste4::HIS3 gpalr.TRPl farl::URA3  

strain  (K39-23Bf) containing either a wild type STE4 plasm id (YCpLSTE4, lane 

3) or a plasm id containing the STE4SD13 allele (YCpLSD13, lane 4). (B) RN A  

was isolated from the following strains: a M ATa STE3DAF ste4::HlS3 gpal:TRPl 

stra in  (K39-23B) containing either a wild type STE4 plasm id (YCpLSTE4, lane 

1) or a plasm id containing the STE4SDU allele (YCpLSD13, lane 2), and a M A Ta  

STE3DAF ste4::HlS3 gpal::TRPl ste2::LEU2 strain (K39-23B.s2) containing e ither 

a w ild type STE4 plasm id (YCpLSTE4, lane 3) or a plasm id containing the 

STE4SDU allele (YCpLSD13, lane 4). RNA blots were prepared and hybridized 

as described in the legend to Figure 2-5. The data were quantified by 

Phosphorlm ager analysis and the level of FUS1 RNA was norm alized to the 

control PGK1 RNA level. The relative level of FUS1 RNA is show n below 

each lane.
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as previously described (33, 66). Expression of STE4SDU increased the FUS1 

RNA levels by approximately 3.5-fold compared to STE4 in the sam e strain  

(Figure 2-8A, compare lanes 3 and 4). The ability of the STE4SD13 allele to

reverse the STE3DAF phenotype in Agpal cells dem onstrates that Ste4pSD13 does

not m ediate receptor inhibition through the direct interaction w ith the Go.

subunit (G palp), as STE4SDU is capable of reversing the STE3DAF phenotype in  

the absence of GPA1. The results described above further support the theory 

that STE4SD13 is able to specifically reverse the STE3DAF phenotype.

6. STE4SD13 suppression of receptor inhibition is cell-type specific

M A T a  STE3daf Agpal cells containing the STE4SDn allele displayed

increased signaling. Therefore, it was of interest to test w hether expression of 

the STE4SDU allele in M A T a  A gpa l  cells can affect signaling. The FUS1 R N A  

levels w ere m easured in M A T a  A g p a l  cells containing the STE3DAF m u ta tion . 

The strains also contained a null allele of FAR1 to prevent cell cycle arrest as a

result of Agpa 1, as described above. Since deletion of GPA1 results in ligand 

and receptor independent pherom one response pathw ay signaling, this 

situation provided a m eans o f  testing w hether unoccupied Ste3p could 

likewise have an inhibitory function on signaling. The level of 

transcriptional activation in a M A T a  Agpal strain containing the STE3DAF 

allele was measured. The M A T a  Agpal STE3DAF strain contained
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approxim ately 3.8 fold greater FUS1 RNA than a MATa. A g p a l  STE3DAF s tra in  

(Figure 2-8, lanes 1 and 3). Expression of the STE4SD13 allele in either the  

M A T a  or the M A T a  strain resulted in sim ilar levels of FUS1 ind u c tio n  

(Figure 2-8A, lanes 2 and 4). Expression of Ste3pDAF in M A Ta  cells has an  

inhibitory effect, whereas expression of Ste3pDAF in M A T a  cells does n o t 

inhibit signaling in GPA1 null strains. STE4SD13 w as able to increase the basal 

level o f  FUS1 RNA in a M A T a Agpal STE3DAF strain , whereas expression of 

STE4SD13did not alter the basal level of FUS1 RNA in a M A T a  Agpal STE3DAF 

strain. These results dem onstrate that STE4SDI3 is able to specifically reverse  

the STE3DAF-m ediated suppression of constitutive signaling in a M ATa A g p a l

strain. This ability to increase signaling was cell-type dependent, as the level 

of signaling in the M A T a  A g p a l  strain expressing e ither STE4SD13 or STE4 was 

essentially identical. The results may suggest that a M A Ta-  specific gene is 

required for receptor inhibition and Ste4pSD13 is able to inhibit the function of 

this cell-type specific protein.

7. STE2 is not required for STE4SD13phenotype

The results presented above suggest that a cell-type specific gene acts 

dow nstream  of STE3DAF to m ediate receptor inhibition. STE2 is an obv ious 

M A Ta-  specific gene which could mediate receptor inhibition. However, it 

has previously been dem onstrated that deletion of STE2 does not affect 

STE3DAF- m ediated receptor inhibition (66). An experim ent was perform ed to
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test w hether expression of STE2 affects STE4SDI3-m ediated suppression of 

receptor inhibition. Basal FUS1 levels were m easured in the presence of 

either wild type STE4 or the STE4SD13 allele in a M A Ta STE3DAF Agpal strain  

containing either STE2 or a Aste2 allele. Expression of STE4SD13 alleles in

either M ATa Agpal STE2 or M A T a Agpal Aste2 strains resulted in an  

approxim ately 3-fold increase in basal FUS1 RNA levels com pared to the 

sam e strains containing wild type STE4 (Figure 2-8B, lanes 1-4). The results 

suggest that deletion of STE2 does not affect the ability of Ste4pSD13 to reverse 

receptor inhibition.

The results presented thus far indicate that expression of the STE4SDU 

allele in a M A Ta STE3DAF strain confers the ability to specifically reverse 

receptor inhibition, as assayed by pherom one-dependent transcriptional 

activation. The allele did not result in either supersensitivity to pherom one 

or constitutive activation of the pherom one response pathw ay in wild type 

M A T a  or M A T a  cells. The STE4sou allele was able to reverse the STE3OAF 

phenotype independently of GPA1 and STE2. In addition, the ability to 

reverse receptor inhibition was dem onstrated to be cell-type specific. 

Isolation of an allele of STE4 that was able to specifically reverse the STE3DAF 

phenotype supported the theory that receptor inhibition is m ediated by the

G(3 subunit Ste4p. Therefore, it was of interest to determ ine the regulatory

m echanism s that affect wild type Ste4p activity in the context of receptor 

inhibition, which will be described below.
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8. Electrophoretic mobility and relative abundance of Ste4p in STE3DAF cells 

Overexpression of Ste4p results in activation of the pherom one 

pathw ay due to an increase in the am ount of free GPy complexes (29, 103, 151). 

Therefore, one m echanism of pherom one pathw ay signaling dow nregulation  

may involve regulation of the total cellular abundance of Ste4p. It is plausible 

that STE3DAF cells may downregulate Ste4p activity through decreasing the

concentration of free G(3y complexes by decreasing the total cellular

abundance of Ste4p as compared to w ild type cells. To test this theory, the 

abundance of Ste4p was observed in wild type and STE3DAF cells. Total cell 

lysates were isolated in wild type and STE3DAF cells after treatm ent w ith  

pherom one for the indicated time points, and equivalent am ounts of total 

protein were subjected to im m unoblot analysis using polyclonal anti-Ste4p 

antiserum  (67). Wild type M A T  a cells treated with a-factor for 1 hr and 2 h r 

appeared to contain the same amount of Ste4p as cells left untreated (Figure 2- 

9A, lanes 1-3). After treatm ent for 4 hr w ith pherom one, the am ount of Ste4p 

in wild type cells appeared to increase slightly, com pared to Ste4p levels in 

cells left untreated (Figure 2-9A, lanes 1 and 4). This difference in abundance 

of Ste4p m ay reflect an increase in the pherom one-induced transcription of 

STE4. The am ount of Ste4p did not appear to be significantly altered in 

STE3DAF cells after treatm ent with pherom one for up to 2 hr, as compared to 

wild type cells (Figure 2-9A, lanes 1-3 and lanes 5-8). In contrast, the level of
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Figure 2-9. Electrophoretic mobility and relative abundance of Ste4p in 

STE3DAF cells.

The following strains were treated w ith a-factor (0.1 |i.M) for the indicated 

periods of time: (A) A M A T  a STE3 strain (H67-9D.Ba) (lanes 1-4), a M A T  a 

STE3daf strain (H67-6C.Ba) (lanes 5-8), and a strain containing a null allele of 

ste4 (AC17-7B) (lane 9). (B) A M A T a  STE3 ste4::HIS3 strain (AC17-7B)

containing a STE4A310~346 plasmid (YCpA36, lanes 1-4) and M A T a  STE3DAF

ste4::HIS3 strain (AC17-2B) containing a STE4*310'346 plasm id (YCpA36, lanes 5-

8). Cell extracts were prepared and resolved by SDS-PAGE. W estern blots 

were probed w ith an anti-Ste4p antiserum.
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Ste4p in STE3DAF cells exposed to pherom one for 4 hr did not appear to 

increase as observed in wild type cells (Figure 2-9A, lanes 4 and 8). T his 

finding is consistent w ith previous results show ing that an increase in  

pherom one-induced transcription is not observed at late time points in  

STE3DAF cells. The im m unoblot of cells containing a null allele of STE4 did 

not contain an observable band that corresponds to Ste4p (Figure 2-9, lane 9). 

These results suggest that Ste4p protein levels are not significantly altered in  

wild type or STE3DAF cells after treatm ent w ith pherom one. Signaling in  

STE3DAF cells has been dem onstrated to decrease after 1 hr of pherom one  

treatment, therefore, the effects of STE3DAF-m ediated receptor inhibition m ost 

likely occur p rior to 4 hr. Therefore, the absence of an increase in Ste4p levels 

in STE3daf cells may reflect the absence of signaling in STE3DAF cells that 

prevents transcriptional induction of Ste4p.

Post-translational m odification may be a m echanism  of regulating the  

activity of Ste4p. There was an observable difference in the electrophoretic 

mobility of Ste4p in wild type cells as com pared to STE3DAF cells after 

pherom one treatm ent. The predom inant species of Ste4p in wild type and  

STE3DAF cells p rior to pherom one treatm ent is a species of approximately 47 

kD (Figure 2-9A, lane 1 and 5). Treatm ent with pherom one for up to 4 hr in  

wild type strains resulted in the appearance of several slower m igrating 

species, which m ost likely represent phosphorylated species (Figure 2-9A, 

lanes 2-4). Pherom one-induced phosphorylation of the G(3 subunit has been 

described previously (28). In STE3DAF cells, the predom inant species of Ste4p
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appeared to be a slower m igrating band after exposure to pherom one for 1 hr, 

but at 4 hr the predom inant species of Ste4p appeared to be a faster m obility 

band that may represent a hypophosphorylated form of Ste4p (Figure 2-9A, 

lanes 5-8). Taken together, these results demonstrate that Ste4p abundance is 

not significantly altered in wild type and STE3DAF cells after 2 hr of pherom one 

treatm ent. After treatm ent of w ild type cells for 4 hr, there is a slight increase 

in the level of Ste4p most likely due to sustained transcription of STE4, w hich 

is not apparent in STE3DAF cells that undergo receptor inhibition at the sam e 

time poin t (32). However, Ste4p is differentially post-translationally m odified 

in STE3DAF cells, as compared to wild type cells. The role of phosphorylation  

in receptor inhibition will be further discussed below.

9. A region of Ste4p subject to phosphorylation is not essential for 

receptor inhibition

The crystal structure of the Gt(Jy complex dem onstrated that the Gp subun it 

contains seven WD repeats and has a seven-bladed propeller structure (135). 

The structure of the Ste4p G(3 subunit is predicted to form a sim ilar seven- 

bladed propeller structure based on the predicted protein sequence. H ow ever, 

in contrast to m etazoan GP subunits, the yeast P subunit contains two non- 

hom ologous regions; the first is located at the extreme amino term inus 

(corresponding to Ste4p residues 1- 35) of the protein and the second is located 

w ithin WD repeat 6 (corresponding to Ste4p residues 310-346). It was show n 

previously that deletion of the second non-homologo us region resulted in an
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altered protein, Ste4pA310'346, has previosuly been dem onstrated to be defective 

in pherom one-induced phosphorylation and resulted in supersensitivity  to 

pherom one (28). Phosphorylation of Ste4p is not essential for signal 

transduction, b u t has been reported to have a role in adaptation to 

pherom one (28). However, the exact function of phosphorylation in recovery 

from pherom one is not understood (28). Other alterations w ithin  this 

region, which w as dem onstrated to be subject to phosphorylation, m ay also be 

subject to other post-translational modifications not tested here. To test the 

requirem ent for this region of Ste4p on receptor inhibition, transcrip tional 

activation was m easured in STE3DAF cells containing the STE4*310'346 allele. 

W ild type and STE3DAF cells containing a low copy plasm id containing the 

STE4a3W-346 allele were treated w ith pherom one for the indicated times. The 

FUS1 RNA levels in wild type cells containing the STE4A310_346 allele increased

approxim ately 10-fold com pared to basal levels after 1 h r treatm ent w ith  

pherom one and rem ained high for 3 hr (Figure 2-10, lanes 2-4). STE3DAF cells

containing the STE4A3I0°46 allele displayed a 4-fold increase in FUS1 RNA 

levels at 1 hr and  decreased to basal levels by 2 hr (Figure 2-10, lanes 5-8). 

These results dem onstrate  that expression of the phosphorylation-defective

Ste4pA310'346, as the sole source of Gp subunits, did not result in sustained FUS1

RNA transcription after pherom one treatm ent at late tim e points. In fact, the 

FUS1 level after treatm ent w ith pherom one for 1 h r in STE3OAF cells 

containing the STE4A3l0~346 allele was significantly reduced com pared to STE3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

Figure 2-10. Effect of STE4A31°-346 on signaling.

A M A T  a. STE3 ste4::HIS3 strain (AC17-7B) was transform ed w ith  a plasm id 

containing the ST E ^ 10'346 allele (YCpA36, lanes 1-4) and a M A T  a STE3DAF 

ste4::HlS3 strain (AC17-2B) was transform ed wtih a plasm id containing the 

STE4a310'346 allele (YCpA36, lanes 5-8) were treated w ith a-factor (O.lfiM) for 

the indicated periods of tim e and RNA was isolated. RNA blots were 

prepared and hybridized as described in legend Figure 2-5. The data were 

quantified by Phosphorlm ager analysis and the level of FUS1 RNA was 

norm alized to the control PGK1 RNA level.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 8

STE 3 STE3d a f
Time (hr)
 ̂ a-factor: 0 1 2 3 0 1 2 3

1 2 3 4 5 6 7 8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

cells containing the STE4'*310346 allele (Figure 2-10, lanes 2 and 6). This

observation suggested that expression of the STE4*310'346 allele in STE3DAF cells 

appeared to prom ote receptor inhibition to a greater degree that cells 

expressing STE4. The m echanism  by which this allele prom otes receptor 

inhibition is unknown. These results support the previous finding that 

expression of this allele does not suppress the STE3DAF phenotype, as 

m easured by halo assay (30). Taken together, these results dem onstrate that 

expression of a phosphorylation defective Ste4pA310'346 does not inh ib it 

receptor inhibition in STE3DAF cells. However, other alterations w ith in  

residues 310-346 of Ste4p may be subject to o ther post-translational 

modifications not tested here. Therefore, deletion of the dom ain of Ste4p that 

has previously been dem onstrated to be essential for phosphorylation does 

not appear to be required for STE3DAF-mediated receptor inhibition.

Ste4pA310~346 abundance is not altered in STE3DAF cells

In wild type cells exposed to pherom one, the predom inant species of 

Ste4p appears as several slower migrating, presumably hyperphosphorylated 

species (Figure 2-9A, lanes 2-4). W hereas at late time points, in STE3DAF cells 

treated w ith pherom one, the predom inate form of Ste4p appeared to be a 

faster mobility species, which is presum ably hypophosphorylated (Figure 2- 

9A, lanes 6-8). To better assess the abundance of Ste4p in wild type and 

STE3DAf cells, Ste4pA310'346 was observed by im m unoblot analysis in w ild type 

and STE3DAF cells. Total cell lysates were isolated in w ild type and STE3DAF
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cells after treatm ent w ith  pherom one for the indicated tim e points and 

equivalent am ounts of total protein for each sample were loaded and 

subjected to im m unoblot analysis using polyclonal anti-Ste4p an tiserum  (67). 

The am ount of Ste4pA310'346 does not appear to be significantly altered in  

STE3DAF cells treated w ith pherom one for up to 8 hr, as com pared to w ild type 

cells (Figure 2-9B, lanes 1-8). The Ste4pA310'346 species identified by 

im m unoblo t displays a faster mobility than wild type Ste4p consistent w ith  

STE4a310'346 encoding an altered protein containing a deletion. N o slow er

m igrating species were observed after pherom one treatm ent, w hich supports 

the theory that deletion of the dom ain w ithin WD repeat 6 creates an altered 

Ste4p (Figure 2-9B, lanes 1-8). It is apparent that the levels of Ste4p are no t 

significantly altered in STE3DAF cells as com pared to wild type cells treated 

w ith  pherom one, dem onstrating that the m echanism  by w hich STE3DAF 

inhibited signaling does no t involve changes in the abundance of Ste4p.

10. Localization of a GFP-Ste4p fusion protein in wild type and 

STE3DAf cells

The STE4SDI3 m utation  characterized above was dem onstrated  to 

specifically reverse receptor inhibition, which suggested that receptor 

inhib ition  is m ediated through  Ste4p. However, regulation of the total 

cellular abundance of Ste4p is probably not the prim ary m echanism  of 

regulating Ste4p activity during  receptor inhibition. Therefore, it was of 

interest to determ ine w hether the subcellular localization of Ste4p is
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differentially regulated in STE3DAF cells treated with pherom one as com pared 

to wild type cells. To observe the localization of Ste4p, w ild type or STE3DAF 

cells containing a chrom osom al deletion of STE4 were transform ed w ith  a 

low copy plasmid containing a green fluorescent protein  (GFP)- STE4 gene 

fusion under the control of the STE4 prom oter. The strains were grow n to 

log phase then treated w ith pherom one for the indicated am ounts of tim e. 

The fusion protein in live cells w as subjected to direct observation using a 

Zeiss Axioskop with a FITC filter.

In cells left untreated, the GFP-Ste4p fusion appeared to reside partially 

at the plasm a membrane and also diffusely in either in ternal m em branes or 

the cytoplasm  (Figure 2-11A). This observation is consistent w ith cell 

fractionation results obtained previously that describe approxim ately 40% of 

Ste4p associated tightly w ith the plasm a membrane, 30% of Ste4p associated 

w ith in ternal membranes, and 30% of Ste4p associated w ith non -m em brane  

fractions as measured by density gradient centrifugation of cell fractions (67). 

After treatm ent with pherom one, w ild type MATa. cells initiated projection 

form ation at 1 hr and appeared to form full-length projections by 2 hr (Figure 

2-11, A - D). In M A T a cells treated w ith pherom one for 1 hr, the GFP-Ste4p 

fusion had  a polarized distribution and  appeared to associate w ith the plasm a 

m em brane at a position that corresponds to the presum ptive projection tip 

(Figure 2-11B). The fusion protein signal remained highly concentrated at the 

projection tip and the plasma m em brane in cells exposed to pherom one for 2
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and 3 hr (Figure 2-11C and 3-11D). Cells containing a vector alone d id  n o t 

display an observable signal (data not shown).

The localization of the GFP-Ste4p fusion in untreated M A T a  STE3DAF 

cells was essentially identical to that seen in untreated wild type M A T  a cells 

left untreated  (compare Figure 2-11A and Figure 2-12A). The GFP-Ste4p 

fusion signal appeared to have a polarized distribution tow ard the  

presum ptive projection tip in STE3DAF cells exposed to pherom one for 1 h r  

(Figure 2-12B); the signal appeared to be sim ilar to that seen in wild type cells 

exposed to pherom one for the same am ount of time (Figure 2-12B). After 

STE3DAf cells were treated for 2 hr w ith pherom one, the fusion protein signal 

appeared to rem ain predom inately localized to the projection tips (Figure 2- 

12C). However, after treatm ent for 3 h r w ith pherom one, the GFP-Ste4p 

fusion in STE3DAF cells did not appear to be associated predom inately w ith  the 

plasm a m em brane (Figure 2-12D). The STE3DAF cells resumed budding, w hich  

is consistent w ith these cells undergoing receptor inhibition of cell cycle 

arrest, as compared to wild type cells which formed projections in response to 

pherom one under the same conditions (compare Figure 2-11D and 2-12D).

In M A T  a STE3DAF cells exposed to pherom one for 3 hr, the GFP-Ste4p 

protein did not appear to be associated w ith  the plasma membrane. Instead it 

appeared to be associated within an in ternal com partm ent as the signal did 

not appear diffusely present throughout the cytoplasm, which is observed in  

cells expressing GFP alone (data not show n). However, the exact localization 

of the fusion protein has not yet been determ ined. In addition, at an

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73

Figure 2-11. Localization of GFP-Ste4p in wild type cells.

A MATa. STE3 ste4::HIS3 strain (AC17-7B) containing a low copy GFP-STE4

plasm id (BTL49) was treated with a-factor (O.lpM) for the indicated times. The

live cells were subjected to direct microscopic observation using a Zeiss 

Axioskop and FITC filter.
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Figure 2-12. Localization of GFP-Ste4p in STE3DAF cells.

A MATa. STE3daf ste4::HIS3 strain (AC17-7B) containing a low copy GFP-STE4

plasm id (BTL49) was treated w ith a-factor (O.lpM) for the indicated times. The

live cells w ere subjected to direct microscopic observation using a Zeiss 

Axioskop and FITC filter.
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interm ediate tim e point of 2.5 hr, a STE3DAF cells appeared to be com posed of a 

m ixture of cells either undergoing projection form ation or budding. T he 

fusion p ro tein  appeared to reside at the plasma m em brane in cells 

undergoing projection formation and the fusion protein appeared to reside 

w ith the plasm a m em brane and an in ternal fraction in cells undergoing bud 

form ation (data not shown). The results dem onstrate that after exposure to 

pherom one for 3 hr, MATa STE3DAF and  w ild type cells did not have the sam e 

pattern of localization of GFP-Ste4p. One

in terpretation  of these results is that one m echanism  of controlling the  

activity of Ste4p is through regulation of the localization of Ste4p. W ild type 

cells may be com petent to signal by the continued association of Ste4p w ith  

the plasm a m em brane.

11. Ste4p- and  Ste4pSD- GFP fusions differentially localize in STE3DAF cells

The w ild type Ste4p localized predom inately w ith the plasm a 

m em brane in M A T a  cells exposed to pherom one, however, the GFP-Ste4p 

fusion protein  d id  not appear to be associated w ith the plasma m em brane in

STE3DAF cells a t late time points. These results suggested that regulation of Gp 

subunit activity in the pherom one response pathway m ay include a 

m echanism  of regulating the localization of Ste4p. The STE4sd m u ta tio n s  

obtained previously were capable of specifically reversing receptor inh ib ition . 

Therefore, it was of interest to observe the localization of the altered p ro te in
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in STE3DAF cells. This aim was accomplished by first introducing the STE4SD 

po in t m utations w ithin  the coding region of STE4 in the GFP fusion  

construct. An allele of STE4iD1° (See Table 3) containing two of the three 

m uta tions (Q17L and R162G) that com prise the STE4SDU allele were 

in troduced by site-directed mutagenesis. Expression of the STE4SDW allele in a 

STE3DAF strain  was capable of reversing receptor inhibition as assayed by cell 

cycle arrest (data not shown). The relative contribution of the th ird  po in t 

m utation  (Q21R) tow ard reversing the receptor inhibition phenotype was less 

significant, therefore, it was not introduced into this allele. The GFP 

constructs containing gene fusions w ith either w ild type STE4 or STE4SD10 

w ere introduced into STE3DAF cells containing chromosomal deletions of STE4 

and  the fusion proteins were subjected to direct microscopic observation in  

live cells, as described above.

The m utant protein GFP-Ste4pSD10 signal appeared sim ilar to the w ild 

type GFP-Ste4p fusion signal in un treated  STE3DAF cells (Figure 2-13, top 

panels). Both the GFP-Ste4pSD10 and wild type GFP-Ste4p signals appeared 

polarized toward the presum ptive projection tip in STE3DAF cells exposed to 

pherom one for 1 hr (Figure 2-13 m iddle panels). After treatm ent for 3 h r  

w ith a-factor, the wild type GFP-Ste4p fusion in STE3DAF cells d id  not appear to 

be prim arily  plasm a m em brane associated, as described above (Figure 2-13, 

bottom  left panel). In contrast, the GFP-Ste4pSD10 fusion signal in STE3DAF cells 

exposed to a-factor for 3 hr appeared to be predom inately plasm a m em b ran e  

associated (Figure 2-13, bottom right panel). The pattern  of localization of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



79

Figure 2-13. Localization of GFP-Ste4pSD10 in STE3DAF cells.

A M A T a STE3DAF ste4::HlS3 strain (AC17-7B) containing either a GFP-STE4 

plasmid (BTL49) (left panels) or a GFP-STE4SDW plasm id (YCpGFP-SDIO) (right 

panels) were treated with a-factor (O.lpM) for the indicated times. The live

cells were subjected to direct microscopic observation using a Zeiss Axioskop 

and FITC filter.
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GFP-Ste4p and GFP-Ste4pSD10 fusion proteins appeared sim ilar in wild type 

cells treated with pherom one or left untreated (data no t show n), consistent 

w ith  the function of this allele to specifically reverse receptor inhibition.

The localization of a GFP-Ste4p fusion protein appeared differentially 

regulated in wild type and STE3DAF cells at late time points after p h erom one  

treatm ent. Expression of the STE4SD1° allele in MATa. STE3DAF cells 

dem onstrated that alteration of residues of Ste4p can specifically reverse 

receptor inhibition. In addition, the observation that the GFP-Ste4pSD10 fusion 

displayed an altered localization specifically in STE3DAF cells at late time points 

dem onstrated that the ability to reverse receptor inhibition is also associated 

w ith an increase in Ste4p association with the plasm a m em brane. Ste4pSD10- 

m ediated suppression of receptor inhibition displayed altered localization as 

com pared to wild type Ste4p in STE3DAF cells and appeared to become m ore 

plasm a membrane localized. The ability to localize to the plasm a m em brane 

a t late tim epoints after pherom one treatm ent is also seen in wild type cells 

exposed to pheromone. Therefore, it is plausible that control of Ste4p activity 

m ay entail a mechanism of regulating the localization of Ste4p.

12. Ste3p internalization is no t required for receptor inhibition

The results described above suggest that a GFP-Ste4p fusion pro tein  

becomes internalized in response to pherom one in STE3DAF cells. The 

evidence also suggests that Ste4p is not diffusely localized w ith in  the 

cytoplasm, but may rem ain associated with an in ternal m em brane. Recent
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evidence has dem onstrated that the G(3y complex in o ther system s may 

interact directly with GPCRs, perhaps as a mechanism to prom ote ligand- 

induced conformational changes in G a  or to promote the association between

the G a subunit and its receptor (107, 141, 142). If the Gpy complex directly 

binds to the a-factor receptor (Ste3p), then it is plausible that a-factor receptor 

endocytosis promotes Gp in ternalization during receptor inhibition. To test

w hether endocytosis of Ste3p is essential for receptor inhibition, a STE3AC363

allele, which removes 107 am ino acids from the carboxy term inus of Ste3p, 

w as constructed. It has been dem onstrated previously that cells containing 

the m utation STE3A365, w hich encodes a carboxy term inally  truncated 

receptor, do not display constitutive endocytosis of Ste3p (37). The halo assay 

w as used to measure cell cycle arrest in M A Ta  cells containing the STE3AC 

allele. A plasmid containing either a wild type STE3 allele or the STE3AC

allele, both under the control of the STE3DAF promoter, was introduced into 

M A T a  cells. A M ATa  strain containing vector alone was also tested and as 

expected, these cells arrested and produced a halo (Figure 2-14, bottom). MATa  

cells expressing STE3 were resistant to pherom one-induced cell cycle arrest 

and  did not form a halo (Figure 2-14, top left). Likewise, M A T a  cells 

containing the STE3AC allele w ere resistant to pherom one-inducible arrest

(Figure 2-14, top right). These results dem onstrate that constitu tive 

endocytosis of Ste3p is not essential for receptor inhibition.
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Figure 2-14. Receptor inhibition is not altered by preventing Ste3p 

endocytosis.

Halo assays were perform ed w ith  5 |il of ImM a-factor. M A T  a strains

containing the following plasm ids: Bottom, control vector (YEplacll2); top 

left, plasmid containing STE3DAF allele (YEpGFP-STE3); Top right, p lasm id 

containing STE3ACdaf allele (YEpGFP-STE3AC).
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Figure 2-15. Localization of Ste3p in MATa cells.

The following strains were treated w ith a-factor (0.1 (iM) for the indicated 

times: (A-C) a M A T a  STE3 strain (H67-9D.Ba) containing a STE3DAF p lasm id  

(YEpSTE3-GFP); (D-E) MATa STE3 strain (H67-9D.Ba) containing a STE3ACdaf

plasm id (YEpSTE3AC-GFP).
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To test further the hypothesis that receptor endocytosis is not a 

requirem ent for receptor inhibition, the subcellular localization of Ste3p 

receptor was observed in M ATa STE3DAF cells. A STE3-GFP gene fusion under 

the control of a STE3DAFprom oter and was introduced into M A Ta  cells. Cells

expressing Ste3p-GFP were grow n to log phase and treated with a-factor for 3

hr, then were subjected to direct microscopic observation. In the absence of 

pherom one, the localization pattern  of the Ste3p-GFP fusion appeared faintly 

at the plasm a membrane w ith punctate foci, which may represent endocytic 

vesicles transporting Ste3p from the plasma m em brane to the vacuole or 

secretory vesicles delivering Ste3p-GFP to the plasma m em brane (Figure 2-

15A). After a-factor treatm ent for 1 hr, the signal appeared largely plasm a 

m em brane associated w ith som e foci still observable (Figure 2-15B). The 

Ste3p-GFP fusion pattern appeared largely punctate w ith some cell surface 

signal after treatm ent w ith pherom one for 3 hr (Figure 2-15C). The results 

suggest that Ste3p is not restricted to the plasma m em brane in M A T  a STE3DAF 

cells treated w ith pherom one. The pattern of localization of Ste3p in M ATa  

cells was not reminiscent of the pattern of localization of Ste4p in STE3DAF 

cells (compare Figure 2-15C to Figure 2-12D).

In contrast, the pattern of localization of the endocytosis-defective

Ste3ACp-GFP fusion protein appeared primarily associated w ith the cell 

surface in untreated cells. Small foci were also observed which may represent 

secretory vesicles delivering Ste3ACp-GFP to the plasma m em brane (Figure 2-
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15D). The intensity of the signal appeared increased compared to the wild 

type Ste3p-GFP signal, which may be due to increased cell surface receptor 

num ber due to inhibition of endocytosis. T reatm ent w ith a-factor for 1 h r 

appeared to result in a slight increase in plasm a m em brane association of the 

fusion protein (Figure 2-15E). After treatm ent w ith a-factor for 3 hr, the cells 

containing the Ste3ACp-GFP fusion protein  appeared to contain m ore

punctate foci than cells treated for 1 hr, how ever the predom inant signal 

appeared localized to the plasma m em brane (Figure 2-15F). The results 

suggest that in MATa  cells exposed to pherom one, Ste3p-GFP is no t prim arily 

plasm a m em brane associated and Ste3ACp-GFP is prim arily plasm a

m em brane associated. The genetic and fluorescence results dem onstrate that 

endocytosis of Ste3p is not required for receptor inhibition.

13. Endocytosis is not essential for receptor inhibition

The previous results dem onstrate that a truncated version of Ste3p, 

which is defective in endocytosis, is capable of prom oting receptor inhibition. 

If Ste4p is targeted to an internal m em brane, another protein m ay prom ote 

endocytosis of Ste4p during receptor inhibition. To test whether endocytosis is 

essential for receptor inhibition, a strain  containing a m utation in  END4, a 

gene required for endocytosis, was assayed. END4 (also called SLA2 ) is 

required for endocytosis, actin cytoskeleton polarization, and grow th at h igh 

tem peratures (68, 147). END4 is also required for viability in a strain deleted
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Figure 2-16. Effect of end4 on receptor inhibition.

Halo assays were performed with 5 pi of 1 mM a-factor. Right, a M A T a  

end4::LEU2 strain  containing either a low copy STE3DAF plasmid (pDAF2m-8, 

left), or a control vector (YCp50, right).
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for the gene encoding actin-binding protein 1 (ABP1) (147). To test the ability 

of a strain  containing end4 to suppress the STE3DAF phenotype, either a 

plasm id containing STE3DAF or vector alone was transform ed into end4 cells 

and cell cycle arrest was m easured by the halo assay. The results dem onstrate 

that end.4 cells arrested in response to pherom one (Figure 2-16, left), w hereas 

end4 cells containing STE3DAF displayed resistance to cell cycle arrest (Figure 2- 

16, right). The binding of a-factor to its receptor norm ally results in  

internalization by receptor-m ediated endocytosis (73, 125). Strains

con ta in ing  end4 m utations display defects in receptor clearance and 

internalization, however, endocytosis is not required for signal transduction 

(116, 119). In fact, cells containing end4 m utations display an increased 

sensitivity to pheromone com pared to END4 cells (116). Therefore, inh ib ition  

of endocytosis does not appear to have an effect on receptor inhibition.

14. Abundance of soluble Ste4p is not altered in STE3DAF cells

Direct observation of the GFP-Ste4p fusion suggested Ste4p is 

differentially localized in wild type as compared to STE30AF cells exposed to 

pherom one. A plausible m echanism  of dow nregulation of Ste4p activity in  

STE3DAF cells may entail sequestration of Ste4p away from the plasm a 

m em brane. Ste4p was hypothesized to be targeted to an in ternal 

com partm ent rather than to a soluble cytoplasmic pool. This hypothesis is 

based on the observation that the GFP-Ste4p signal (See Figure 2-12F) did not
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Figure 2-17. Abundance of soluble Ste4p.

A M ATa STE3 strain (H67-9D.Ba) and a MATa. STE3DAF strain  (H67-6C.Ba), 

both containing a STE4d310'346 plasmid (YCpA36). The strains were grow n to 

log phase and treated w ith a-factor for 3 hr and cell extracts were separated 

into soluble (S20) and pellet (P20) fractions. Equal am ounts of protein w ere 

subjected to SDS-PAGE, and the proteins were detected by using  

im m unoblotting using anti-Ste4p antibodies and antibodies specific for Pgklp 

(cytosolic) and P m alp  (plasma membrane).
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become diffusely localized w ithin the cytoplasm  but appeared vesicular or 

particulate at late tim e points after pherom one treatm ent in STE3DAF cells. To 

test w hether Ste4p in STE3DAf cells exposed to pherom one was re-localized 

from the plasm a m em brane to a soluble fraction in STE3DAF cells, the soluble 

and insoluble fractions of STE3DAF and wild type cells treated w ith p h e ro m o n e  

were separated and subjected to im m unoblot analysis w ith anti- Ste4p 

antiserum . Post-translational modification of Ste4p in wild type cells exposed 

to pherom one appeared to complicate the determ ination of Ste4p abundance, 

therefore, the altered Ste4pA310'3'46 protein that does not alter receptor 

inhibition was used. Wild type and STE3DAF cells were grown to log phase, 

treated w ith pherom one for 3 hr, mechanically lysed and subjected to a low 

speed spin to rem ove nuclei and cellular debris. This cleared cell lysate was 

then subjected to differential centrifugation at 20,000 xg, to produce 

supernatan t (S20) and pellet (P20) fractions. The cleared cell lysate and 

supernatant (S20) contained cytoplasmic proteins, as observed by the Pgklp 

control (Figure 2-17, lanes 1-2 and lanes 3-4). The pellet contained crude 

cellular m em branes, as observed by the presence of Pm alp, which is a plasm a 

m em brane ATPase (Figure 2-17, lanes 5 and 6). The pellet did not contain the 

cytoplasmic protein marker Pgklp. Cleared cell lysates of w ild type and 

STE3daf cells contained comparable amounts of Ste4p (Figure 2-17, lanes 1 and 

2). Wild type and STE3DAF cells contained approxim ately equal am ounts of 

Ste4p in their cytosolic fractions (S20) (Figure 2-17, lanes 3 and 4). W ild type 

and STE3DAF cells also contained approxim ately equal amounts of Ste4p in the
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pellet fractions (P20) (Figure 2-17, lanes 5 and 6). These results suggest that the 

abundance of soluble Ste4p is not significantly increased in STE3DAF cells as 

compared to WT cells. Therefore, it appears unlikely that Ste4p, which did 

not appear to be associated w ith the plasma m em brane in STE3DAF cells at late 

time points after pherom one treatm ent, is localized to a soluble fraction. 

Therefore, two likely interpretations of these results are as follows: in M A T  a 

STE3DAF cells Ste4p is targeted 1) from the plasma m em brane to an in ternal 

m em brane pool or 2) from the plasma m em brane to a large protein complex 

or aggregate, which is not m em brane bound, but still pellets w ith the crude 

m em brane fraction. An alternative interpretation to account for the 

sim ilarities in abundance of Ste4p in the pellet fraction of STE3DAF and wild 

type cells is that Ste4p is actually not internalized in STE3DAF cells after 

treatm ent with pherom one, but rem ains associated w ith the plasm a 

m em brane fraction in both wild type and STE3DAF cells. An interpretation of 

these results may suggest that the fusion of the GFP to the Ste4p may result in  

alterations of the norm al activity and localization of Ste4p. However, the 

fusion protein activity is not significantly altered as m easured by m ating in  

wild type cells and receptor inhibition in STE3DAF cells (data not shown). The 

findings that the fusion protein is functional for both signal transduction and 

receptor inhibition m ay be interpreted to suggest that the localization of the 

GFP-Ste4p accurately reflects wild type Ste4p localization during receptor 

inhib ition .
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The abundance of Ste4p in the pellet fraction was not altered in STE3DAF 

cells as com pared to w ild type cells. It is unknow n w hether Ste4p rem ains 

m em brane-associated during  receptor inhibition-dependent in ternalization  

and, if so, the identity of this putative m em brane also rem ains to be 

elucidated. Further experim ents are required to determ ine w hether Ste4p 

changes localization in wild type and  STE3DAF cells and w hether Ste4p 

associates w ith m em branous structures.
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D. Discussion

MATa. cells expressing Ste3p are resistant to pherom one-induced cell 

cycle arrest (33). Epistasis experiments suggested that STE3DAF acts at a level 

between STE4 and  STE5 (32). The following results suggest that STE4SD 

m utations specifically reverse receptor inhibition: 1) the STE4SDU allele 

increased signaling, as assayed by FUS1 RNA transcription, at late tim epoints 

after pheromone treatm ent, 2) expression of STE4SD13 in w ild type M ATa  and 

M A T a  cells does not result in either increased basal or pherom one-induced

FUS1 RNA levels, 3) Ste4pSD13-mediated reversal of receptor inhibition is 

independent of the G protein a  subunit and the a-factor receptor (encoded by

GPA1 and STE2, respectively), and 4) the effect of STE4sdu is cell-type specific. 

Location of STE4sd13 m utations

The crystal structure of the Gt(3y complex and the G protein hetero trim er 

has been solved and it dem onstrates that, in contrast to the G a subunit, the 

Gpy complex does not undergo significant structural changes during G 

protein activation (84, 135). These results indicate that the G a  subunit may

negatively regulate Gp activity by blocking the interaction w ith dow nstream  

com ponents w hich bind to a common interface (135). Residues of the Ste4p 

GP subunit im portant for interaction w ith G palp  (the G a  subunit) have been 

m apped genetically (G124, W136, L138, and S151) (148). In addition, residues
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of Ste4p im portant for interaction with potential downstream  effectors Ste20p 

and Ste5p have also been m apped. (69, 89, 153). The m utations present in th e

STE4sd13 allele probably do not alter effector interactions since STE4SD13 allele 

encodes a protein w ith three m utations (Q17L, Q21R, R162G) that do n o t

overlap w ith effector interaction regions. In addition, Ste4pSD13 appeared to 

signal norm ally in wild type cells, suggesting that effector interactions are n o t 

altered. Two of these mutations map to the amino term inus of Ste4p and the  

third m utation  maps to a site within the second blade of the propeller. It is 

plausible that these m utations are essential for interaction w ith a nove l 

protein not yet identified, which may prom ote receptor inhibition.

Subcellular localization of Ste4p G(3 subun it during receptor inhib ition

The isolation of m utations in STE4 that encode an altered p ro te in  

capable of reversing receptor inhibition supports the view that the STE3OAF 

m utation represents a norm al cellular process in S. cerevisiae. In addition, it 

indicates that Ste4p m ediates receptor inhibition of mating pathw ay signaling. 

Therefore, prelim inary characterization of the receptor inhibition function of 

Ste4p in STE3DAF cells was undertaken. Results dem onstrated that a GFP-

Ste4p fusion appeared differentially localized in wild type and STE3DAF cells at 

late tim e points after pherom one treatment. Ste4p may be targeted away from 

the plasm a m em brane as a mechanism  of downregulating Ste4p activity 

during receptor inhibition. It has been docum ented previously that G 

proteins may interact w ith cytoskeletal elements. However, there was n o  

direct co-localization of the GFP-Ste4p and actin in wild type M ATa cells
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expressing the GFP-Ste4p which w ere incubated w ith rhodam ine-conjugated  

phalloidin (data not shown). The results suggest that Ste4p may becom e 

associated w ith  a protein complex or an internal m em brane during  receptor 

inhib ition .

C om partm entalization of heterotrim eric G proteins.

Previously, it has been dem onstrated that cellu lar 

com partm entalization of G proteins and receptors is an im p o rtan t 

m echanism  for regulating signaling. For example, G rcoupled receptors 

interact functionally w ith specific subsets of G proteins (55) and the specificity 

of signaling in reconstituted systems appears less than that observed in v i v o  

(79, 80). These results suggest that although G proteins are capable of 

interacting w ith specific receptors to initiate signaling, activation is n o t 

observed in v ivo  due to localization constraints. In addition, G p ro te in  

activity has been observed to be dependent on association w ith cytoskeletal 

elem ents (115, 160). Sequestration of signaling com ponents into cellu lar 

com partm ents may be an im portant m echanism  of regulating G p ro te in  

activity.

The association of heterotrim eric G proteins w ith m em brane dom ains 

m ay be a m echanism  of regulating signaling. The plasma m em brane of 

epithelial cells is organized into easily distinguishable apical and basolateral 

domains. These sm aller m em brane dom ains owe their insolubility in n o n ­

ionic detergent to the fact that they are rich in sphingolipids and cholesterol 

(11). Proteins know n to be associated w ith detergent insoluble m em branes
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are often linked to lipids, w hich include GPI anchored proteins and pro te ins 

w ith  long saturated acyl chains, such as Src-family kinases (131). The G a, GP, 

and  Gy subunits of the S. cerevisiae pherom one response pathw ay have been 

dem onstrated  to be associated w ith  m em branes that are detergent insoluble, 

how ever, the biological significance of this finding rem ains to be elucidated

(82). Heterotrimeric G pro tein  a  and P subunits have also been docum ented  

to be associated w ith detergent resistant m em branes in a h u m a n  

neuroblastom a cell line (117). In support of the theory that sequestration of 

signaling molecules into specific m em brane dom ains is of physiological 

significance, an enrichm ent of GPy complexes in these detergent resistan t 

m em branes was observed in serum -induced cells as com pared to serum - 

starved  cells (117).

The association of G proteins with m em branes requires lipid

m odification of the G a and Gy subunits (reviewed in (13)). The yeast Gy

subun it (Stel8p) is required for association of GP with cellular m em branes 

(67). It has been dem onstrated that residue C107 of the carboxy term ina l 

CAAX box in Stel8p is subject to prenylation, which is essential for 

m em brane association and activity, as introduction of the m utation  C107S 

resulted in sterility (56, 152). Since the GPy subunits form a complex that is 

dissociated only by denaturants, alterations in the lipid modification of Stel8p 

m ay be im portant for specifying interactions w ith different m em branes and 

m ay be a m echanism  of regulating GPy complex localization and activity.
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Therefore, cellular com partm entalization of G proteins m ay be an em erging 

and im portant means of controlling G protein activity.

There is increasing evidence that the GPy complex m ay interact directly 

w ith  G protein-coupled receptors. Fluorescence energy transfer experim ents 

have dem onstrated that the GtPr complex interacts with rhodopsin  (107). Also, 

regions w ithin the 7th WD repeat interact w ith a peptide derived from the 

th ird  intracellular loop of the ot2-adrenergic receptor (142). Direct binding of

Ste4p (GP) to Ste3p (a-factor receptor) to prevent GP association w ith effectors 

is a plausible mechanism of dow n-regulating GP activity. H ow ever, the 

following results do not support this theory: 1) a GFP-Ste4p fusion p ro te in  

appeared internalized during receptor inhibition, whereas a Ste3p-GFP fusion 

appeared predom inately plasm a m em brane associated; 2) expression of the

STE3&C allele that encodes an a-factor receptor that is defective in endocytosis 

did not affect receptor inhibition; 3) Ste3p inhibits signaling in M ATa cells, 

w ithout altering signaling in M A T  a  cells which norm ally express Ste3p.

Therefore, in the model proposed (Figure 2- 18), Ste4p in M A Ta STE3DAF cells 

does not become internalized by direct interaction with Ste3p. Instead, the 

Ste4p m ay become internalized by interaction with a regulatory factor (Factor 

R) which may be an a-specific protein activated by Ste3p.
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Figure 2-18. Model of receptor inhibition.

W ild type M ATa cells do not express Ste3p. Therefore in this m odel, these 

cells w ould not be capable of activating or inducing Factor R in response to 

pherom one treatm ent. In this case the signaling pathway would be active

(left). M A T  a STE3DAF cells or early zygotes (a /a ) express both p h e ro m o n e  

receptors. In this model Factor R w ould be induced or activated in response 

to pherom one treatment. The signaling pathw ay would be repressed (right).
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Cell type specific regulators of signaling

The STE45013 allele has an effect in MATa. cells in w hich Ste3p is 

expressed, how ever it does not have an effect in M A T a  cells that no rm ally  

express Ste3p. The finding that signaling is inhibited M A T a  STE3OAr cells at 

late time points may indicate that an a-specific regulatory factor (Factor R) 

m ay be subject to pherom one-dependent induction or activation. In the

m odel presented, M A T  a  cells norm ally express Ste3p, bu t do not express the  

a-specific inhibitor, therefore signaling is not affected by Ste3p expression. In 

w ild type M A T  a cells, Ste3p is not expressed, therefore, Factor R m ay not be 

induced or activated. In M A T a  STE3DAf cells or early zygotes (M A T a /a )  that

express both pherom one receptors, the a-specific Factor R may be present and 

capable of prom oting Ste4p internalization and dow n-regulation (Figure 2- 

18). This a-specific product cannot be Ste2p since a strain  containing a n u ll  

allele of STE2 does not suppress receptor inhibition. The m odel indicates tha t 

Factor R m ay have decreased affinity for Ste4pSD13 as a m echanism  of 

increasing the concentration of GPy present at the plasm a m em brane, w hich

reverses receptor inhibition.

Previous studies dem onstrated that an a-specific product exists that is 

able to inhibit mating in M A T a  cells that express Ste3p (7). The studies 

show ed that expression of different com binations of receptors and 

pherom ones altered m ating efficiency. STE3 and M F al  were expressed u n d e r 

the control of heterologous prom oters to perm it the expression of the a-factor
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receptor and a-factor in a MATa. ste2 ste6 strain  and a m ata l  strain. (In the  

M A T a  ste2 ste6 strain, deletion of ste2 elim inates expression of the a-factor 

receptor and deletion of ste6 eliminates the secretion of a-factor. m ata l  

strains do not express either a- or a-specific products.) The m ata l  strain

resulted in a 10-fold increase in mating efficiency as compared to the M ATa  

ste2 ste6 strain. The strains expressed identical receptor (a-factor receptor) and

pherom one (a-factor), therefore, the decrease in m ating efficiency of the

M ATa  strain w as due to the presence of an a-specific product, factor R.

The physiological relevance of the STE3DAF m utation has still not been 

determ ined. Since M ATa  cells do not express the a-factor receptor at any tim e 

during  the norm al life cycle, the STE3DAF m utation  probably does not play a 

role during  vegetative growth. Therefore, the ability of the a-specific 

regulatory factor to inhibit pherom one response pathw ay signaling may be 

im portant during  early zygote formation w hen both pherom one receptors are 

present on the cell surface. Cells expressing Ste3p may activate or induce 

factor R to inhibit signaling by sequestering Ste4p away from the plasm a 

m em brane through either a direct or indirect interaction. Ste4pSD13 may 

specifically reverse receptor inhibition through a decreased interaction w ith  

factor R. Inhibition of signaling is likely to be required to prom ote recovery 

from m ating and cell cycle progression of the newly formed zygote.
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E. Future Studies

The regulatory factor which is active in MATa. cells expressing Ste3p 

rem ains to be identified. This aim m ay be accomplished th rough  

identification of a-specific genes, which contain a2  operator sequences.

Alternatively, factor R m ay be identified th rough  identification of pro teins 

that differentially interact w ith Ste4p and Ste4pSD13 through two-hybrid 

interaction assays. Genes such as AKR1, SYG1, and CDC24, encode pro teins 

that have been dem onstrated to interact w ith the Ste4p GP subunit, as 

m easured by the two-hybrid assay, how ever the role of these proteins in  

receptor inhibition has not been examined (74, 113, 136). Another future a im  

is the determ ination of the physiological significance of receptor inhib ition . 

The identification of the STE4SDU allele w hich reverses receptor inh ib ition  

m ay provide a means of testing the recovery of m ating cells from p h erom one  

response pathw ay signaling. It is of interest to determ ine the localization of 

Ste4p in M A T  a STE3DAF cells at late time points after pherom one treatm ent; 

this aim may be accom plished through cell fractionation experiments. In  

addition, the fusion protein signal in wild type and STE3DAF cells treated w ith  

pherom one for 1 h r appears as small punctate foci which did not appear 

directly associated w ith the plasm a membrane. Identification of proteins tha t 

co-localize w ith these structures may be accomplished through indirect 

im m unofluorescence using known markers. The isolation of the STE4SDU
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allele dem onstrated that receptor inhibition is m ediated by Ste4p and 

supports the view that the STE3DAF m utation represents a cellular event in the 

yeast life cycle. The observation that the localization of Ste4p is altered in the 

two cell types suggested that cellular com partm entalization of Ste4p may be a 

m echanism  of regulating G protein  activity.
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D3. SSF1 Overexpression Increases Mating Efficiency

A. In troduction

SSF1 isolation and initial characterization

The studies presented here were designed to characterize the m ating  

function of the SSF1 gene. SSF1 (suppressor of sterile four) was isolated as a 

m ulticopy suppressor which increased the m ating efficiency of a strain that 

contained a tem perature sensitive G-protein p subunit (ste4ts)(l57). In 

addition to SSF1, other known genes isolated in the screen were STE18, which 

encodes the G-protein y subunit and STE5, which encodes the m olecular 

scaffold that interacts with com ponents of the MAP kinase p h e rom one  

response pathway. A closely related homolog, SSF2, was identified by 

hybridization of a SSF1 probe to yeast genomic DNA (157). Highly sim ilar 

partial cDNAs of unknow n function from  Arabidopsis thialiana and Flo mo  

sapiens have been identified; however, Ssf proteins do not share any obvious 

hom ology w ith know n proteins (157). Cells containing a deletion in e ither 

SSF1 or SSF2 do not have an obvious phenotype, but, deletion of both genes 

is lethal (157). Previously, a strain was constructed that contained n u ll 

m utations in SSF1 and SSF2 and also contained a plasmid with a copy of the  

SSF1 gene under the control of the GAL1 prom oter (157). The depletion  

phenotype was examined by sw itching the cells to glucose-containing 

m edium . Depletion of SSF gene products resulted in growth arrest and 

decreased m ating efficiency; the m ating efficiency of cells shifted to glucose for
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14 hours decreased by 10-fold and after 18 hours decreased by approxim ately 

100-fold with respect to cells expressing SSF1 (157). These results dem onstra te  

that depletion of SSF gene products results in growth arrest and a decrease in  

m ating efficiency.

The essential and m ating functions of Ssflp are unknown. In addition, 

it is not know n whether the essential function and the m ating function of 

Ssflp may be attributed to a single cellular process or to separate processes. 

The dual role of Ssf proteins may be explained by a single function. For 

example, control of cellular m orphology during both vegetative grow th and 

m ating requires polarized cell growth. Initial characterization of the m ating  

function was directed at exam ination of the role of Ssflp in signal 

transduction and mating projection formation, which is discussed below.

Part of the work presented here has been published in (77).
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B. M aterials and m ethods

1. Plasm id construction

pGAL-SSF1.14 and pSSFl-2 have been described previously (157). The 

pfarlc-1 ::URA3 plasmid, which contains a URA3  d isruption  of the carboxyl- 

term inal dom ain of FAR1, was constructed using a version of the 1.2 kb 

HmDin fragm ent that contains the URA3  gene in which the HmDIII sites 

have been converted to Xbal sites by filling them  in w ith  Klenow polym erase. 

The 1.2 kb Xbal fragment containing URA3 was cloned into the Xbal sites of a

2.4 kb Xhol-EcoRl fragm ent containing F A R l  from pJM306 (98), which had 

been cloned into pGEM-2 (Promega). The farlc-l::URA3  allele is predicted to 

express the am ino acids 1-536 of Farlp, w hich contains the region necessary 

for its G! arrest function (146).

The construct that fuses SSFl to green fluorescent protein (GFP) gene 

was m ade as follows: first, a N otl  site was inserted im m ediately before the 

stop codon in SSFl by perform ing the polym erase chain reaction (PCR; (36)) 

w ith oligonucleotide prim ers oSSFl-1, 5'-

CCGG ATCC AT CC AG AT AT AGC AG AC-3". and  oSHA3, 5'-

CCGGATCCTAGCGGCCGCATTCGACCTCACTAA-3' (SSFl sequences are 

underlined) to generate a fragm ent containing the entire coding region of 

SSFl. This 1.4 kb fragm ent was cloned into the BamFll site of YCplac33 (52), 

using the term inal BamHl sites present in the prim ers, to create pSSFlr-N otl.
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Then, a N otl  site was inserted at the 5 ' end  of the GFP gene by perform ing  

PCR w ith  oligonucleotides oGFP-1, 5 '

TTAGCGGCCGCAGTAAAGGAGAAGAACTTTTC-3 .̂ (GFP sequences 

underlined) and  the T 7 prim er, 5 A AT ACG ACTC ACT AT AG -3', using as the 

template plasm id pBluescript-S65T, which contains the version of GFP that 

has serine 65 changed to threonine (63). The 0.7 kb fragment generated by 

PCR was digested w ith N otl  and cloned into the N otl  site of pSSFlr-Notl to 

create pSF-GPl. The final construct, pSF-GP2, was created by cloning the 1.3 

kb Xbal fragm ent from pSF-GPl, containing a 3.4 kb Hpal- Xbal fragm ent, 

which includes the 5' end of SSF1 and 2.8 kb of upstream  flanking region, 

cloned into the  Smal-Xbal sites of YCplac33. YEpSFGP was constructed by 

cloning the 3.0 kb BamHl  fragm ent from pSF-GP2 into the BamHl site of 

YEp351.

2. Strains and m edia

Strains used in this study are listed in Table 4. H50-16C.Ba was constructed by 

transform ation of H50-16C w ith a 5.7 kb EcoRl-Sall fragment from pJGSSTl 

(46). Strain JH8-3510a was constructed using a GAL-HO construct to sw itch 

the m ating type of JH8-3510 (157) to M A T a. Strain JH8-3510a.sp was derived  

from JH8-3510a by d isruption  of the SPA2 gene using a 3.8 kb HinDlll-Sall

fragment from plasm id p210 to create the spa2-A3::URA3 allele (51). S tra in  

JH8-3510.fc w as derived from JH83510 by d isrup tion  of the carboxyl-term inal 

region of the FAR1 gene using a 2.0 kb HinDlll-EcoRl fragment from plasm id
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pfarlc-l::URA3 to create the farlc-l::URA3 allele. Strain JH111-1C was 

constructed by transform ation of strain W3031A (obtained from R. Rothstein) 

w ith a 3.8 kb Sacl Sphl fragm ent from p JH lll (157) to generate an ssfl::HIS3 

allele. Strain H67-9D.Ba has been described previously (32). Strain AC17-7B is 

a derivation of H67-9D.Ba in which the STE4 gene has been replaced with a 

ste4::HIS3 allele. M ating assays utilized strain W3031B (obtained from R. 

Rothstein) as the m ating partner. All strain constructions invo lv ing  

transform ations were confirm ed by Southern blot. Strains w ere grown on 

YEPD (2% glucose) or YEP-Gal (3% galactose), and strains under selection were 

grow n on synthetic dropout media, as described (132).

3. Yeast methods

Yeast transform ations were perform ed by the lith ium  acetate method (71) 

modified as described previously (66). Yeast RNA w as extracted from cells as 

described previously (35).

4. N orthern blots

RNA was transferred to a nitrocellulose m em brane after form aldehyde- 

agarose gel electrophoresis as described (90). The m em branes were UV cross- 

linked using a Stratalinker UV box. Prehybridization and hybridization were 

done at 65°C in a buffer containing 0.9 M NaCl, 0.09 M sodium  citrate, 0.1% 

Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine serum  album in, 33 m M  

sodium  pyrophosphate, 50 mM sodium  phosphate m onobasic. The probes 

used were gel-purified DNA restriction fragments 32-P labeled by random
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prim er labeling using a Prim e-It kit (Stratagene). The fragm ents used were: 

FUS1, a 1.4 kb EcoRl-HinDUl fragment from pSL589 (97); ribosomal pro te in  

gene TCM1 (126), a 0.8 kb Hpal-Sall fragment from  plasm id pAB309A; 

phosphoglycerate kinase gene PGK1, a 0.5 kb BamHI-Xbal fragm ent from  

pPGKl.

5. Mating Assays

Q uantitative m ating assays were performed essentially as described 

previously in (57). Briefly, approximately 1.5 x 107 cells from log phase 

cultures of M A T  a strains w ere mixed with an equal num ber of M A T  a  cells 

and filtered onto 0.45 m m  nitrocellulose filters (W hatm an). The filters w ere 

placed onto YEPD plates and incubated for 5 hr at 30°C, 34°C, or 37°C. Cells 

w ere resuspended in 4 ml of sterile water by vortexing, and the cell 

suspension was diluted and plated onto one type of selective plate to 

determ ine the num ber of M A T  a plus diploid cells and another type of 

selective plate to determ ine the num ber of diploid cells. M ating efficiency 

was calculated as the percentage of diploid cells divided by the num ber of 

M A Ta  plus diploid cells.

6. Im m unoblots

For im m unoblotting, cells were grown to early log phase, pelleted, and 

w ashed once in TE (10 mM tris-HCl and 1 mM EDTA). Cells were 

resuspended in synthetic m edium  and incubated at 30°C, 34°C, or 37°C for 3 

hr. For pherom one treated samples, a-factor was added to a final
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concentration of 3 |iM and aliquots were removed at 1 and  6 h r after a-factor 

addition. Cell lysates were prepared  by harvesting 10 ml of log phase cells, 

w ashing once w ith cold TE and  resuspending in 350 (il of lysis buffer (50 m M

tris-HCl [pH 8.0], 1% SDS, 1 mM PMSF, 1 (ig of [apoprotein, leupeptin , 

chym ostatin, and pepstatin] per ml). The m ixture was added to acid-washed 

beads (0.5 mm) and vortexed at high speed for 10 min. Glass beads and cell 

debris were separated from the lysate by centrifugation in a m icrofuge for 2 

m in. Protein concentration of the samples was determ ined  using a 

bicinchoninic protein assay kit (Pierce) and equal am ounts w ere loaded onto  

SDS polyacrylamide gels (10% polyacrylamide). Separated proteins were 

transferred to nitrocellulose and the blot was probed w ith  anti-Ste4p rabbit 

polyclonal antiserum  (67) at a dilu tion of 1:1000. Donkey anti-rabbit 

im m unoglobulin  conjugated to horseradish peroxidase (A m ersham ) was 

used at a dilution of 1:10,000 and im m une complexes w ere detected with an  

enhanced chem ilum inescence kit (Amersham).

7. Microscopy

For projection form ation assays, cells were grown at 30°C to log phase, 

pelleted, and washed once w ith  10 mM  Tris pH 8.0, 1 m M  EDTA. The cell 

pellet was resuspended in 5 m l selective m edium  to an O D ^  of 0.3, and a- 

factor was added to a final concentration of 3 nM for ste4ls cells or 6 pM for 

ste4‘s spa2 cells. After a 3 hr incubation, the cells were fixed for 1 h r w ith 3.7% 

formaldehyde. Cells w ere photographed with a lOOx objective using
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differential interference m icroscopy on a Zeiss Axiophot microscope using 

TMAX 3200 film.

For fluorescence microscopy, cells containing the Ssflp-GFP fusion 

protein were grown to log phase and incubated in 2 Hg/m l 4', 6-diam idine-2- 

phenylindole-dihydrochloride (DAPI) for 5 min room tem perature  to stain 

DNA. Indirect im m unofluorescence techniques were essentially as described 

in (111).

For double-label im m unofluorescence, cells were grow n to early log 

phase and fixed for 30 m in at room  tem perature in 3.7% form aldehyde. The 

cells were washed twice in 1 ml of 1.2 M sorbitol, 0.1 M phosphate  buffer pH

7.5 (solution A). Cell walls were removed by resuspending the fixed cells in 1 

ml solution A, adding 2 |il p-m ercaptoethanol and 3 p.1 of 15 m g /m l zymolase 

20T (Seikagaku), and incubating the samples at 37°C for 15 m in. 

Spheroplasted cells were attached to polylysine-coated wells and further 

perm eabilized by im m ersion in -20°C methanol for 5 min. Cells w ere washed 

w ith PBS-BSA (PBS +1% BSA) and incubated with a 1:1000 dilu tion  of anti- 

GFP polyclonal antibody (kindly provided by J. Kahana and  P. Silver) and a 

1:50 dilution of an ti-N oplp  m onoclonal antibody (2) for 2 hr. Cells were 

w ashed with PBS/BSA and then incubated with Texas-Red-conjugated anti­

m ouse antibody (1:200) and  FITC-conjugated anti-rabbit antibody (1:200) for 1 

hr. In control experim ents, the Texas-Red-conjugated anti-m ouse antibody 

show ed no reactivity w ith  the rabbit primary antibody and the FITC-
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conjugated anti-rabbit antibody show ed no reactivity with the prim ary  m ouse 

antibody. Cells were incubated w ith  DAPI (lug/m l) for 5 m in at room  

tem perature, then washed w ith PBS/BSA. Slides were m ounted  w ith 90% 

glycerol containing 1 m g /m l p-phenylenediam ine and 25 m g /m l N aN 3. cells 

w ere photographed w ith a lOOx objective using rhodamine, FITC or UV filters 

on  a Zeiss Axiophot microscope using TMAX 3200 film.
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Table 4. Strain List: Chapter III

S tra in_________________________Genotype_____________________ Source_____

W 303-1A M A T a leu2-3,112 trpl-1 canl-100 R. R othstein

ura3-l ade2-l his3-ll,15

W303-1B M A T a  leu2-3,112 trpl-1 canl-100 R. R othstein

ura3-l ade2-l his3-ll,15

H50-16C M A Ta ssfl-l::HIS3 ss/2-3::TRPl (157); A

[pGAL-SSF1.14]

H50-16C.Ba MATa ssfl-l::HIS3 ssf2-3::TRPl this study; A

sstl ::HISG [pGAL-SSF1.14]

JH111-1C M ATa ssfl-l::HIS3 (157); A

H67-9D.Ba MATamfal-A3::HIS3 mfa2- A 2::HIS3 (32); A

sstl::hisG

AC17-7B MATamfal-A3::HIS3 mfa2- A 2::HIS3 (32);A

sstlr.hisG ste4::HIS3

Strains designated A  in the reference colum n are isogenic to W3031A.
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Strain_________________________ Genotype_____________________ Source

SY873 M A T a  leu2 trpl ura3 canl-101 his4-519 Sprague lab

JH8-3510a M A Ta ste4-ts3510 (157); B

JH8-3510a.sp M A Ta ste4-ts3510 spa2-A3::URA3 this study; C

JH8-3510a.fc M A Ta ste4-ts3510 farlc-l::URA3 this study; C

Strains designated B in the reference colum n are isogenic to SY873. 

Strains designated C in the reference colum n are isogenic to JH8-3510a.
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C. R esults

Characterization of the mating function of SSF1

SSF1 and SSF2 encode hom ologous proteins that share an essential 

function. In addition, Ssf proteins appear to have a m ating function, since 

depletion of Ssf proteins results in a decrease in m ating efficiency, however, 

the role of Ssf proteins in m ating is unknown. To begin characterization of 

the role of Ssf proteins in m ating, pherom one-induced transcriptional 

activation and m ating projection formation, which are two major responses 

to pherom one response pathw ay activation, were assayed in cells depleted of 

SSF gene products.

1. SSF depletion does not abrogate signal transduction

Pheromone pathw ay signal transduction results in the activation of the 

transcription factor Stel2p th rough  a MAP kinase cascade. To determ ine 

w hether Ssf proteins are required to mediate signal transduction,

pherom one-induced transcription was assayed in cells depleted of SSF gene 

products. A Ass/Z Ass/2 strain containing a copy of SSF1 under the control of

the GAL1 prom oter was grow n to logarithmic phase in galactose, then was

transferred to glucose for 4, 8, and 12 hr to deplete cells of Ssf proteins. At the 

indicated time points, a-factor was added to an aliquot of cells and

pherom one pathw ay signaling was assayed by m easuring FUS1 RNA levels
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Figure 3-1. Pheromone-induced transcription in ssf cells.

A Assfl Assfl strain (H50-16C.Ba) containing a plasmid w ith the SSF1 gene 

under the control of the GAL prom oter (pGAL-SSF1.14) was grow n to log 

phase in galactose, then switched to glucose for the indicated periods of tim e.

At each time point, an aliquot of cells was treated w ith 0.1 pM a-factor for 30

m in and RNA was isolated. A N orthern  blot prepared from the RNA was 

hyrbridized with a FUS1 probe (A) and then rehybridized with a PGK1 probe 

(B) as a loading control.
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(Figure 3-1, lanes 2-5). The FUS1 RNA levels did not appear significantly 

altered after SSF depletion in glucose-containing m edium  for 4, 8, or 12 h rs 

(Figure 3-1, lanes 3- 5). FUS1 RNA appeared to be induced to the sam e extent 

in cells depleted of SSF gene products (Figure 3-1, lanes 3- 5) as in cells 

containing SSF gene products (Figure 3-1, lane 2). There was no significant 

difference in FUS1 RNA levels after norm alization to the control PGK1 RNA, 

as quantified by Phosphorlmager analysis. Depletion of SSF gene products for 

12 hr results in an approximately 10-fold decrease in mating efficiency (157). 

How ever, this decrease in mating efficiency does not appear to be the result of 

the inability of SSF-depleted cells to induce pherom one-dependen t 

transcription, as the signaling pathw ay appears to be intact in these cells. T his 

result indicates that the decrease in m ating efficiency seen in cells depleted of 

SSF gene products is probably not the result of disruption of signal 

transduction leading to transcriptional activation.

2. SSF depletion inhibits pherom one-dependent projection form ation

Depletion of SSF gene products did not appear to d isrupt signal 

transduction, therefore, the effect of SSF depletion on pherom one-dependen t 

m orphogenesis was observed. Pherom one-induced cellular m orphogenesis 

is required to choose a suitable m ating partner, and to facilitate cell and  

nuclear fusion. To test w hether Ssflp is involved in projection fo rm ation , 

cells w ere depleted of SSF gene products, treated w ith pheromone, and
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Figure 3-2. Morphology of SSF and ssf cell treated with a-factor.

A Assfl Ass/2 strain (H50-16C.Ba) containing a plasm id with the SSF1 gene 

under the control of the GAL prom oter (pGAL-SSF1.14) was grow n to log 

phase in galactose and then switched to glucose (A) or m aintained on  

galactose (B) for 12 hr. The cells were then exposed to 0.1 gM a-factor for 3 h r  

and photographed using differential interference contrast optics.
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observed microscopically. The Ass/1 Ass/2 cells containing a copy of SSF1 

under the control of the GAL1 prom oter, were incubated in glucose for 12 h r  

to deplete the cells of SSF1 or incubated in galactose to express SSF1 (control). 

The cells were then exposed to pherom one for 3 h r and observed 

microscopically. Control cells expressing SSF1, which w ere grown in  

galactose, were able to form norm al projections (Figure 3-2B). Cells depleted 

of SSF1, by growth in glucose w ere not able to form projections (Figure 3-2A), 

how ever the cells continued to increase in size, which suggests that the cells 

were still metabolically active. A population of the cells appeared to form  

pointed tips at two opposing poles of the cell, bu t no cells form ed full-length 

projections. Therefore, the observation that cells depleted of SSF gene 

products were unable to form projections is consistent w ith  a function of 

SSF1 in m ating projection form ation.

3. Overexpression of SSF1 does not dram atically increase pherom one- 

dependent transcriptional activation

The results presented above suggest that depletion of SSF gene 

products did not block signal transduction, as assayed by pherom one- 

dependent transcriptional activation. However, overexpression of SSF1

resulted in an increased m ating efficiency of a strain  containing a defective G(3 

subunit (157). Therefore, it was im portant to determ ine w hether SSF1 

overexpression increased m ating efficiency through increasing the
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pherom one pathway signaling. A strain  containing the ste4ts m uta tion  was 

incubated at either the perm issive tem perature (30°C) or the non-perm issive  

tem perature (37°C) for 2 hr, then either treated with pherom one or left 

untreated. RNA was isolated from the ste4,s cells and FUS1 levels w ere 

m easured, as described above. After treatm ent w ith pheromone at 30°C, ste4‘s 

cells containing a multicopy SSF1 p lasm id displayed a 1.4-fold increase in the 

levels of FUS1 RNA, as compared to the same strain containing a control

vector (Figure 3-3, lanes 3 and 4). At 37°C ste4‘s cells containing a m ulticopy

SSF1 plasm id displayed a 2.4-fold increase in FUS1 RNA levels over the  sam e 

strain  containing the control vector (Figure 3-3, lanes 7 and 8). The increase

in FUS1 levels conferred by overexpression of SSF1 in ste4‘s cells at 37°C is

relatively small compared to the 17-fold increase in mating efficiency (Figure 

3-5) conferred by overexpression of SSF1 at the same tem perature. These 

results suggest that signal transduction is not greatly affected by SSF1 

overexpression. In addition, overexpression of SSF1 did not result in an  

increase in the basal level of signaling at either 30°C (Figure 3-3, lanes 1 and 2)

or 37°C (Figure 3-3, lanes 5 and 6). Overexpression of some com ponents of

the signal transduction pathway, such as STE4, results in constitu tive  

activation of the pherom one response pathw ay (151). Therefore, it is 

im probable that SSF1 is a com ponent of the signaling pathway, but m ay act to 

increase m ating efficiency by m odulating another response, such as m ating  

projection formation.
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Figure 3-3. Pherom one-induced transcription in ste4ts cells overexpressing 

SSF1.

A ste4ts strain (JH8-3510a) containing either a multicopy SSF1 plasm id (pSSFl- 

2; lanes 2, 4, 6, 8) or control vector (YEp351; lanes 1, 3, 5, 7) was incubated at 

either 30°C (lanes 1-4) or 37°C (lanes 5-8) and either treated w ith 3 |iM  a-factor

for 30 min (lanes 3, 4, 7, 8) or left untreated (lanes 1, 2, 5, 6). RNA was isolated 

and a N orthern blot was prepared from the RNA was hyrbridized w ith a 

FUS1 probe (A) and then rehybridized with a TCM1 probe (B) as a loading 

control.
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4. SSF1 overexpression increases projection form ation

Cells depleted of SSF gene products were incapable of form ing n o rm al 

m ating projections and overexpression of SSF1 did not significantly increase 

pherom one-induced signaling. Taken together, the results suggest that the 

mating-specific function of Ssflp involves m ating projection form ation. To 

test the effect of SSF1 overexpression on  projection form ation, ste4ts cells 

expressing either a m ulticopy SSF1 plasm id or control plasm id, were treated

w ith  a-factor and the m orphological response was observed microscopically 

at various tem peratures. A lthough the ste4‘s strain appeared to m ate at 

relatively high levels at 30°C, ste4‘5 cells containing vector alone were unable 

to form  full-length m ating projections after treatm ent for 3 hr w ith 3jiM a-

factor (Figure 3-4). This observation m ay indicate that this particular ste4‘s 

allele used encodes a protein that is at least partially defective in inducing  

m ating projection formation.

ste4‘s cells grown at 30°C containing a m ulticopy SSF1 plasm id w hich

w ere treated w ith 3(iM a-factor for 3 hr, displayed an increase in the

percentage of cells that appeared to form sm all m ating projections (Figure 3-4, 

see arrow head). Additionally, expression of the m ulticopy SSF1 plasm id in  

the ste4‘s strain resulted in the formation of projections that appeared to be of 

full-length (Figure 3-4, see arrow). No cells containing the vector alone w ere 

observed to form  full-length m ating projections. The results suggest that the
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Figure 3-4. Effect of SSF1 overexpression on the morphology of ste4ts cells 

treated w ith a-factor.

A ste4‘s strain (JH8-3510a) containing either a m ulticopy SSF1 plasm id (pSSFl- 

2; left panel) or control vector (YEp351; right panel) was treated w ith 3 pM a- 

factor for 3 hr at 30°C and photographed using differential interference

contrast optics. The arrow  marks a fully formed projection and the 

arrow head marks a partially formed projection (left panel).
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increase in m ating efficiency may be the result of a role of Ssflp  in p rom o ting  

m ating projection formation.

5. SSF1 overexpression preferentially increases m ating efficiency in a s tra in  

defective in projection formation

The results presented above suggest that the m ating function of Ssflp  is 

related to the morphological response, rather than to signal transduction. To 

better characterize the role of Ssflp in projection form ation, the effect of SSF1 

overexpression on m ating was m easured in strains containing defects in  

m ating projection formation. ste4ts strains were constructed that contained 

either Aspa2 or far 1 Ac deletion alleles. M utations in SPA2 and FAR1 define

two different classes of defects in m ating projections. H aploid cells containing 

a null allele of SPA2 are defective in projection form ation (133). Cells 

containing a truncated allele of FAR1 are not defective in m ating projection 

form ation, but rather are defective in directing polarity of the m ating  

projection tow ards the highest concentration of pherom one and instead form  

the projection at the site at which the incipient bud w ould have formed (44, 

146).

At the non-perm issive tem perature (37°C), the m ating efficiency of th e  

ste4‘s strain  containing a multicopy SSF1 plasm id was increased 17-fold as 

com pared to the vector alone (Figure 3-5). At 37°C the m ating frequency of 

strains containing the ste4ls m utation and either the Aspa2 or the fa r lAc
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Figure 3-5. Effect of SSF1 overexpression on the m ating efficiency of strains 

defective in projection form ation.

Q uantitative m ating assays were performed at 34°C or 37°C on ste4ls (JH8- 

3510a), ste4‘* Aspa2 (JH8-3510a.sp), and ste4ts farlAc  (JH8-3510a.fc) strains

containing either a m ulticopy SSF1 plasm id (pSSFl-2) or control vector 

(YEp351). Similar results were obtained from three independent experiments. 

A representative experim ent is shown.
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were below the level of detection (data not shown). Therefore, a semi- 

perm issive temperature of 34°C was used to assay the m ating efficiency of

these double m utant strains. Introduction of either the Aspa2 or the farlAc 

m utation into the ste4ts strain resulted in a reduction in m ating efficiency of 

approxim ately 1000-fold as compared to the parent ste4ts strain at 34°C (Figure

3-5). At 34°C, the mating efficiency of the parent ste4ts strain containing the

multicopy SSF1 plasmid was increased 4-fold as compared to vector alone 

(Figure 3-5). This quantity is significantly less than that observed at 37°C 

presum ably because the m ating efficiency of this strain is much higher at

34°C. The mating efficiency of the ste4ls Aspa2 strain containing the 

multicopy SSF1 plasmid was increased 127-fold as compared to vector alone 

(Figure 3-5). In contrast, the mating efficiency of the ste4‘s farlAc strain 

containing a multicopy SSF1 plasmid was increased by only 17-fold with 

respect to the vector alone (Figure 3-5). Therefore, the results indicate that 

SSF1 increases mating efficiency of a strain defective in the formation of

mating projections (Aspa2), but has less of an effect on cells capable of forming 

norm al projections (SPA2 and farlAc).

6. Morphology of Aspa2 ste4ts strains overexpressing SSF1

Overexpression of SSF1 increased the m ating efficiency of a strain 

containing a deletion in SPA2 by approximately 127-fold. Aspa2 strains are
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Figure 3-6. Effect of SSF1 overexpression on the m orphology of ste4's Aspa2 

cell treated with a-factor.

A ste4ts Aspa2 strain (JH8-3510a.sp) containing either multicopy SSF1 plasmid 

(pSSFl-2; left panel) or control vector (YEp351; right panel) was treated with 6 

(iM a-factor for 3 h r at 30°C and photographed using differential interference 

contrast optics.
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defective in m ating projection formation and form peanut-shaped cells only 

after treatm ent with high concentrations of pherom one (51, 146). Therefore, 

it was of interest to determine if SSF1 overexpression is able to increase 

projection formation in a strain that is defective in forming mating 

projections. To test this hypothesis, a ste4* Aspa2 strain containing either a

multicopy SSF1 plasmid or vector alone was treated with a-factor for 3 hrs 

and its morphology was observed microscopically. Overexpression of SSF1 

was able to increase pheromone-dependent projection formation, as observed 

by the larger m ating projections formed in cells containing a multicopy SSF1 

plasmid (Figure 3-6) compared to cells containing the vector alone (Figure 3- 

6). Therefore, overexpression of SSF1 can increase the mating efficiency of a 

strain containing a defect in mating projection formation and can also 

increase the percentage and extent of projection formation in this strain. The 

results dem onstrated that the SSFl-mediated increase in mating projection 

formation is independent of the SPA2 gene product.

7. Overexpression of SSF1 does not increase the abundance of Ste4p

The results presented thus far suggest that the specific role of Ssflp in 

m ating is to promote pheromone-dependent projection formation. 

However, the mechanism by which Ssflp promotes projection formation is 

not known. One explanation for the increase in m ating efficiency due to 

overexpression of SSF1 in a strain containing a temperature-sensitive G(5 

subunit may be that Ssflp functions to increase the abundance of Ste4p. To
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test this hypothesis, the total cellular abundance of Ste4p was measured in 

ste4ts strains containing either the multicopy SSF1 plasmid or vector alone by 

im m unoblot using a polyclonal anti-Ste4p antibody (67). The ste4ls strains

w ere incubated at 37°C, 34°C, or 30°C for 2 hr, and then treated with

pherom one. Approximately equal am ounts of protein were analyzed by SDS- 

PAGE. Overexpression of SSF1 did not appear to increase the abundance of 

Ste4pts as com pared to expression of the vector alone (Figure 3-7, lanes 1-6). A 

strain  containing a null allele of STE4 dem onstrated the specificity of the 

antibody (Figure 3-7B, lane 2). Although the Ste4pts protein appeared to be 

expressed at lower levels than the w ild type Ste4p protein (Figure 3-7B, lane 

1), there w as no significant increase in Ste4pte associated w ith overexpression 

of SSF1. To test whether overexpression of SSF1 alters the abundance of 

Ste4pB in response to pheromone, the ste4‘s strain containing either a 

m ulticopy SSF1 plasmid or vector alone were incubated for 2 hr at 34°C then

exposed to pherom one and assayed for Ste4pts abundance. The abundance of 

Ste4pts in cells overexpressing SSF1 did not appear to be affected by treatm ent 

w ith pherom one for either 1 hr or 6 hr w hen compared to cells left untreated 

(Figure 3-7C, lanes 4-6). In addition, there was no observable difference in the 

abundance of Ste4pls in cells containing the multicopy SSF1 plasmid or vector 

alone (Figure 3-7C, lanes 1-6). These results indicate that SSF1 overexpression 

does not result in an increase in the abundance of Ste4p as a mechanism of 

prom oting projection formation.
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Figure 3-7. Effect of SSF1 overexpression on the abundance of Ste4p in a ste4‘s 

strain.

(A) A ste4ts strain (JH8-3510a) containing either m ulticopy SSF1 plasmid 

(pSSFl-2; lanes 2,4, 6) or control vector (YEp351; lanes 1 ,3 ,5 ) was incubated at 

either 37°C (lanes 1, 2), 34°C (lanes 3, 4), or 30°C (lanes 5, 6) for 3 hr. Cell 

extracts were prepared and a Western blot containing these samples was 

probed with anti-Ste4p polyclonal antiserum. (B) Cell extracts were prepared 

from strains containing either wild type STE4 (H67-9D.Ba; lane 1) or a 

ste4::HIS3 allele (AC17-7B; lane 2) and a Western blot containing these 

sam ples was probed w ith anti-Ste4p polyclonal antiserum. (C) A ste4‘s strain 

(JH8-3510a) containing either multicopy SSF1 (pSSFl-2; lanes 4 ,5 ,6 ) or control

vector (YEp351; lanes 1, 2, 3) was incubated at 34°C for 2.5 h r and then either

treated with 3 |i.M a-factor for 1 hr (lanes 2, 5) for 6 h r (lanes 3, 6) or left

untreated (lanes I, 4). cell extracts were prepared and a W estern blot 

containing these samples w as probed w ith anti-Ste4p polyclonal antiserum.
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8. Localization of Ssflp

Many proteins known to be involved in establishing polarity or 

promoting morphological changes reside at the projection tip of cells exposed 

to pherom one (reviewed in (86)). Therefore, identification of the subcellular 

localization of Ssflp is relevant to determ ining whether Ssflp is directly 

involved in prom oting polarity or projection formation. To identify the 

subcellular localization of Ssflp, the coding sequence of SSF1 was fused in 

frame with the coding sequence of green fluorescent protein (GFP) (15). A

Assfl Assf2 strain  containing the plasmid encoding the Ssflp-GFP fusion was 

able to complem ent the viability defect, therefore, the fusion protein retains 

Ssflp function (data not shown). The Ssflp-GFP fusion protein was localized 

to a subregion of the nucleus, which appeared to correspond to the nucleolus 

(Figure 3-8A-C). After these cells were treated with pherom one for 3 hr, the 

localization did not appear to have an altered distribution in the cell (Figure 

3-8 D-F). Co-localization of Ssflp to the nucleolus was accomplished by 

indirect double immunofluorescence using a monoclonal antibody directed 

against the yeast nucleolar protein fibrillin (Noplp) (2) and anti-GFP 

polyclonal antibody as the primary antibodies. These results confirm that 

Ssflp is present in a subregion of the nucleus which corresponds w ith the 

nucleolus (Figure 3-9). Proteins that are directly involved in projection
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formation are observed at the plasma membrane. Therefore, these results 

indicate that the role of Ssflp in projection formation is physically indirect.
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Figure 3-8. Localization of Ssflp-GFP.

An ssfl::HIS3 (JH111-1C) containing a low copy SSF1-GFP plasm id (pSF-GP2) 

was grow n to log phase and either left untreated (A, B, C) or treated w ith 3 (iM 

a-factor for 3 hr (D, E, F). The cells were then strained with DAPI and viewed

by fluorescence microscopy with F'lTC (A, D) or UV (B, E) filters or w ith 

differential interference contrast optics (C, F).
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Figure 3-9. Co-localization of Ssflp-GFP and Noplp.

An ssfl::HIS3 strain (JH111-1C) containing a m ulticopy SSF1-GFP plasmid 

(YEpSFGP) was grown to early log phase and processed for indirect 

immunofluorescence with anti-GFP (A) and anti-N oplp (B) antibodies. The 

cells were also stained with DAPI (C).
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D. Discussion

The following observations suggest that the mating function of SSF1 is 

prim arily to promote m ating projection formation: 1) depletion of Ssf

proteins resulted in the inability to form pheromone-dependent projections 

w ithout altering pherom one-dependent transcriptional activation; 2) 

overexpression of SSF1 resulted in a significant increase in projection 

formation without significantly increasing pheromone pathw ay signaling, as 

m easured by transcriptional activation; 3) SSF1 overexpression was show n to 

greatly increase the mating efficiency of a Aspal strain, which has a specific 

defect in projection formation. In addition, SSF1 overexpression was shown 

to prom ote projection formation in the Aspa2 cells, which is consistent w ith a

role of SSF1 in pherom one-dependent morphogenesis. Taken together, these 

results suggest that the m ating function of Ssf proteins involves the 

morphological response to pherom one and altering the dosage of Ssf proteins 

has little effect on pheromone pathw ay signal transduction.

D epletion of Ssf proteins prevents projection formation

Cells depleted of Ssf proteins do not form pherom one-dependent 

projections. Some of the cells depleted of Ssf proteins, however, are capable 

of forming pointed tips in response to pheromone. The football-like 

m orphology of these cells m ay reflect successful completion of initial steps 

required for polarization. However, Ssfp proteins may be required for the
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synthesis, activation, or localization of specific proteins required in later steps 

in projection formation.

Linking the signal transduction complex to the cytoskeleton

Bem lp is required for polarized morphogenesis during budding and 

m ating projection formation (6,22). Cells containing null alleles of BEM1 are

unable to form projections and display resistance to pheromone, as assayed by

arrest (92). The signaling complex is thought to activate the morphology 

complex, which is composed of proteins essential for mediating pheromone- 

dependent morphological changes. It has been suggested that Bemlp links 

the signal transduction complex to the morphology complex (92). In addition, 

the interaction between Ste20p and actin is dependent on Bem lp (88), which 

suggests that the signaling complex and the actin cytoskeleton are linked 

through Bemlp.

Overexpression of BEM1 resulted in a 2.5-fold increase in the level of 

FUS1 expression (92). SSF1 overexpression results in a similar level of FUS1 

induction. Proteins involved in regulating morphological changes may 

increase m ating efficiency by prom oting projection formation. Bem lp, along 

w ith other proteins involved in controlling cellular morphology, are targeted 

to the projection tip in cells exposed to pheromone. The slight increase in the 

level of transcriptional induction m ay represent the level of transcriptional 

activation observed by overexpression of a morphology gene.
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S sflp  is a nucleolar protein

Proteins required for projection formation such as Spa2p, Cdc42p, and 

Bem lp are localized to the tips of m ating projections (22, 133, 159). However, 

inconsistent with a direct role of Ssflp in mating projection formation, Ssflp- 

GFP was shown to co-localize with a nucleolar protein N oplp. In fact, the 

protein sequence of Ssflp contains m any basic stretches, which may act as 

potential nuclear localization signals, for example at amino acids 399 to 404 

(KKQRKL). In addition, the am ino-term inus of Ssflp contains a potential 

nucleolar localization signal (KRRQKKR) at amino adds 3 to 9, which is 

similar to the amino-terminal nucleolar localization signal of the p27x'nI 

protein, encoded by the pX  region of the hum an T cell leukemia virus type I 

(HTLV-I) (53, 78, 128). The nucleolar localization of Ssflp suggests that its 

m ating function is indirect since localization of many components that 

prom ote morphological changes are localized to the projection tips. O ur 

immunofluorescence results can not rule out the possibility that Ssflp, in an 

am ount below the level of detection, may shuttle in and out of the nucleus. 

In this case, a fraction of Ssflp may be localized in the cytoplasm or plasm a 

m em brane for its mating function. Proteins that shuttle into and out of the 

nucleus have been described previously (108,120).

The nucleolus is the site of transcription of rDNA and processing of the 

rDNA transcripts, production of pre-ribosomal components, and biogenesis of 

ribosomal subunits (reviewed in (129)). This work demonstrated that the 

abundance of Ste4pls did not appear to be greatly altered by overexpression of
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SSF1. Therefore, it is unlikely that the m ating function of Ssflp is to increase 

the production of ribosomal subunits, resulting in an increase the relative 

abundance of proteins required for mating.

Pheromone pathw ay activation results in transcriptional activation 

and repression of m any genes which requires significant reorganization of the 

chromatin structure. Silent information regulators (Sir2p, Sir3p, and Sir4p) 

and histones H3 and H4 promote silencing a t telomeres and at the silent

mating-type loci (HM), which entails stable repression of M AT a  information

at the HML locus and repression of MATa. inform ation at the HMR (reviewed 

in (64). Haploid strains containing null alleles of SIR3 are defective in m ating 

due to the sim ultaneous expression of genes at the M AT  locus and the 

normally repressed HM  loci (122). In addition, a member of the silencing 

complex, Sir2p has been demonstrated to be localized within two nuclear 

domains: 1) at subtelomeric sites and 2) w ithin a subdom ain of the nucleolus 

in yeast (75). Sir3p is also targeted to the nucleolus in a Sir2-dependent 

m anner in strains that lack Sir4p (54). Therefore, a plausible mechanism of 

the role of Ssflp in the nucleolus is to regulate the activity of the silencing 

complex which m odulates chromatin structure resulting in transcriptional 

silencing.

Pheromone response pathway signal transduction promotes Sir3p 

hyperphosphorylation which results in increased silencing of HM  loci (140). 

Ssflp may regulate silencing through post-translational modification or 

redistribution of the Sir protein complex betw een nucleolar and genomic sites
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to regulate silencing. Defects in silencing of mating-type loci have been 

dem onstrated to result in mating defects (149). It is plausible that 

overexpression of SSF1 may promote alterations of chromatin structure by 

interacting with components of the silencing complex which results in an 

increase in mating efficiency by increased silencing of the HM  loci or by 

prom oting transcription of genes required for projection formation.

E. Future studies

Overexpression of SSF1 has been dem onstrated in this work to 

promote projection formation. However, Ssflp has also been demonstrated 

to reside w ithin a subregion of the nucleus that corresponds to the nucleolus, 

which suggests an indirect mechanism of prom oting cellular morphogenesis. 

To account for the ability of Ssflp to promote projection formation from this 

site, it was hypothesized that Ssflp may interact w ith silencing components, 

which control chromatin structure and regulates the accessibility of general 

and specific transcription factors to genomic sites. It would be of interest to 

determine whether any of the components of the silencing complex directly 

interact w ith Ssflp. In addition, it would be interesting to test whether other 

pheromone-inducible genes, especially genes which encode proteins

involved in controlling morphology, are regulated by Ssflp  overexpression.
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IV. Conclusions

The focus of this work was to better understand in molecular terms the 

regulation of the Ste4p G-protein p subunit activity. This work demonstrated

that the Ste4p GP subunit mediates receptor inhibition most likely through

altering its localization in M A T a. STE3DAF cells. However it is unclear whether 

the Ste4p is associated with an internal membrane or a large protein complex 

during receptor inhibition. Secondly, the mating function of SSF1, a gene, 

which when overexpressed suppresses the m ating defect in a strain 

containing a temperature sensitive GP subunit, was shown to promote

projection formation. However, since Ssflp did not appear to reside at the 

projection tip, this effect was most likely indirect.

This work utilized the pheromone response pathw ay of Saccharomyces 

cerevisiae as a model system to understand regulatory mechanisms of G

protein signaling. The RGS family of regulators of G a  signaling has already

been demonstrated to have similar activity in both S. cerevisiae and

m am m alian cells. Therefore, the identification of regulators of G^ signaling,

which may be conserved in mammalian systems, will be useful in 

understanding G protein signaling.
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